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ABSTRACT 

 

Axonal damage, demyelination and inflammation of the central nervous system are the 

major pathological features of multiple sclerosis (MS). MS is thought to be due to an 

abnormal T cell mediated immune response. Oxidative stress plays an important role in 

the advancement of MS. The reduced glutathione (GSH) has very important role in the 

management of oxidative stress. In our experiment we used Experimental autoimmune 

encephalomyelitis (EAE) animal model that mimic human MS and tested the effect of 

Thymoquinone (TQ) a constituent of oil of Nigella Sativa also known as black seed. 

Thirty female mice strain C57BL/6J between 6 to 12 weeks of age were placed into 3 

groups of 10 and MOG was used subcutaneously (s.c) to induce EAE. Group A, the 

control group. Group B, received MOG (s.c) and TQ intraperiotoneally (i.p) from day 1 

till day 50. Group C, received MOG (s.c) and TQ (i.p) was given on the appearance of 

first sign and symptoms of Chronic relapsing EAE (CR-EAE). All Mice were examined 

daily for behavioral deficits and all euthanized and sacrificed on day 50. 

 In this study we found mice belonging to group C (EAE with TQ treatment after 

the appearance of chronic symptoms) were observed to have the highest mean clinical 

scores in both the acute and chronic phases of EAE with symptom reduction following 

the TQ injections. Group B (which received daily TQ injections) had decreased 

symptoms compared to Group A and C. Glutathione level dropped significantly in the 

control group (p < 0.05) and increased (p > 0.05) in groups B and C mice who received 

TQ injections. We also noted that EAE clinical signs correlated well with the extent of 

perivascular lymphocyte infiltrate compared with normal histology following TQ 

injections. 

 Our results indicate that TQ, due to its anti-oxidant effects is almost 80% 

preventive and 50% curative in CR-EAE. These results could assist further studies on the 

mechanism of the action of TQ in CR-EAE and on the possibility of treating the chronic- 

relapsing phase of human multiple sclerosis. It seems within the realm of possibility that 

TQ may be as, if not more, therapeutically efficacious as interferon β and glatiramer 

acetate. 

 

 ii



Acknowledgements 
 
 
 

I have had the pleasure to work at University of Saskatchewan, an exceptional institute of 

research with dynamic and international environment. Looking back over this period, I 

have the feeling it was a productive and intensive part of my life. However, to reach here 

would not have been possible without the help of many people from the scientific 

community. I want to thank all those who have been generous to me and helped me by 

any means during this time. 

First and foremost, I am most grateful to my supervisor Dr. Adel Mohamed for 

his guidance, advice, enthusiasm and encouragement throughout the course of 

preparation, research and thesis writing.  Also appreciation goes to my co-supervisors Dr. 

J. Kalra, my graduate chair Professor M. Qureshi and Dr. J. Krahn. 

Other personnel who assisted me in technical portions of the experiment includes. 

Dr. R. Husain, Dr.V. Skihar, Vijihta Senanayake, Dr. Mir Dad Afridi and Sara Spate. 

Also many thanks are due to Heather Neufeld and Karen Yuen for their 

administrative support. 

Lastly I am so grateful to my mother, my wife, my sisters and the rest of my 

family. Most importantly, thanks to my late father M. Waris Shah and my late brother-in-

law Jahanzaib Hashmi who always encouraged me to do my best in all matters of life. To 

them I dedicate this thesis. 

  

 

  

 

 

 
 
 

 

 

 

 iii



TABLE OF CONTENTS 

                                                                                                                                 Page 

 

PERMISSION TO USE …………………………………………………………….ⅰ 

ABSTRACT………………………………………………………………………….ⅱ 

ACKNOWLEDGEMENTS…………………………………………………………ⅲ 

TABLE OF CONTENTS……………………………………………………………ⅳ 

LIST OF TABLES……………………………………………………………….......iv 

LIST OF FIGURES………………………………………………………………….iv 

LIST OF ABBREVIATIONS………………………………………………….…….iv 

1.0 LITERATURE REVIEW………………………………………………………. .1 

1.1 Introduction………………………………………………………………...1 

1.1.1 Epidemiology of MS…………………………………………....2 

       1.1.1.1 Pathogenesis of MS……………………………………....3 

       1.1.1.2 Risk Factors of MS..……………………………………..4 

       1.1.1.3 Patterns of MS…………………………………………...6 

       1.1.1.4 The Diagnostic Criteria of MS…………………………...9 

       1.1.1.5 Treatment of MS…………………………………………12 

1.1.2 EAE…………………………………………………………..13 

       1.1.2.1 History of EAE………………………………………….13 

       1.1.2.2 EAE and its patterns……………………………………..14 

       1.1.2.3 Pathological features of MS and EAE…………………..16 

                1.1.2.4 Different Models of EAE ……………………………....16 

         1.1.3 Oxygen Free Radicals……………………………………….....19 

                1.1.3.1 Mechanism of production……………………………….19 

                1.1.3.2 Oxidative Toxicity and Neurodegeneration…………......20 

                1.1.3.3 Mechanism of Oxidative stress……………………….....24 

                1.1.3.4 Management of Oxidative Stress………………………..26 

                1.1.3.5 Regulation of Cellular GSH……………………………..26 

                1.1.3.6 Degenerative Diseases and GSH………………………..27 

        1.1.4 Nigella Sativa…………………………………………………..27 

 iv



        1.1.5 Thymoquinone………………………………………………....32 

1.2 HYPOTHESIS…………………………………………………………...36 

1.3 RATIONALE FOR THE STUDY……………………………………….37 

1.4 OBJECTIVES…………………………………………………………....38 

2.0 MATERIALS AND METHODS……………………………………..................38 

2.1MATERIALS……………………………………………………38 

        2.1.1 Experimental Animals……………………………………38 

        2.1.2 EAE Induction…………………………………………....39 

        2.1.3 TQ Treatment…………………………………………….39 

        2.1.4 GSH Measurement……………………………………….39 

2.2Methods…………………………………………………………..39 

        2.2.1 Experimental Design……………………………………...39. 

        2.2.2 Experimental Procedure………………………………......40 

        2.2.3 Methods of Tracking the Mice…………………………....42 

        2.2.4 Inhaled Anesthetization of Mice………………………….42 

        2.2.5 Blood Collection from Cardiac Puncture………………...43 

        2.2.6 Red Cell Glutathione Measurement Using Asensi’s    

                 Modification……………………………………………...43 

                                   2.2.7 Blood Sample Preparation………………………………..43 

                                   2.2.8 Spectrophotometric Determination ……………………....43 

        2.2.9 Measurement of GSH…………………………………….44 

        2.3.0 Histology……………………………………………….....44 

                                   2.3.1 Statistical Analysis………………………………………..45 

3.0 RESULTS…………………………………………………………………………45 

                   3.1 Behavioural Analysis of mice…………………………………………45 

                                   3.1.1 Behavioural Analysis of Group ‘A’ Mice………………...49 

                       3.1.2 Behavioural Analysis of Group ‘B’ Mice………………...49 

                       3.1.3 Behavioural Analysis of Group ‘C’ Mice………………...54 

           3.2 Serum Analysis for GSH………..………………………………….54 

           3.3 Histological Analysis……………….……………………………....58 

4.0 DISCUSSION.........................................................................................................63 

 v



5.0 CONCLUSION……………..…………………………………………………….65 

6.0 REFERENCES.......................................................................................................66 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 vi



List of Tables 

 
                                                                                                                                 Pages 
 
Table 1: Modified Pender Scale, percentage of disease appeared in each group and their 
comparison………………………………………………………………………………46 
 
Table 2: Mean Clinical Scores and standard deviations assigned to C57BL/6J mice 
belonging to groups A, B and C for the 50-day period post EAE immunization…..........47 
 
Table 3: Reduced Glutathione Measurement in Red cells of Mice by using 
Spectrophotometer at 340 nm……………………………………………………………56 
 
Table 4: Diagnostic criteria for multiple sclerosis ……………………………………...11 
 
Table 5: Pathological features of multiple sclerosis and the most suitable EAE models… 
……………………………………………………………………………………...........17 
 
Table 6: Commonly used rodent EAE models ………………………………………....18 
 
  
   
 
  
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   

 vii



List of Figures 

 

                                                                                                                                      Pages 

 

Figure 1: Clinical scores assigned to C57BL/6J mice belonging to groups A over the 50-

day post EAE immunization period…………………………………………………...…50  

 

Figure 2: Clinical scores assigned to C57BL/6J mice belonging to groups B over the 50-

day post EAE immunization period……………………………………………………...51 

 

Figure 3: Clinical scores assigned to C57BL/6J mice belonging to groups C over the 50-

day post EAE immunization period...................................................................................52 

 

Figure 4: Max clinical score (and their comparison) assigned to each C57BL/6J mouse in 

groups A, B and C over the 50-day post immunization period…….……………………53 

 

Figure 5: Pattern of the disease, comparison between groups and Mean clinical scores of 

C57BL/6J mice belonging to groups A, B and C over the 50-day post EAE immunization 

period……………………………………………………………………………….……48 

 

Figure 6: Mean glutathione concentrations in the blood serum…………………...….....57 

 

Figure 7: Brain with normal histology (H & E)……………………………..……...…...58 

 

Figure 8: Transverse section of cerebral hemisphere of Group A mouse (A3 = Tail 

paralysis) with clinical score 2……………………………………….….……………….59 

 

Figure 9: Transverse section of Spinal cord with Perivascular cuffing of lymphocytes of 

Group A mouse (A3 = Tail paralysis) with clinical score 2 ………….…........................60 

 

 viii



Figure 10: Transverse section of cerebral hemisphere of group C mouse (C10 = Hind 

limbs paralysis) with clinical score 4, showing chronic infiltration of lymphocytes……61 

 

Figure 11: Under light microscope transverse section of cerebral hemisphere of Group B 

mouse who received daily TQ, much better recovery observed…………………………62 

 

Figure 12.1: Relapsing-remitting Multiple Sclerosis………………………………..…...7 

 

Figure 12.2: Relapsing-remitting Multiple Sclerosis………………………..……………7 

 
Figure 12.3: Secondary-Progressive Multiple Sclerosis………………………..………...8 
 

Figure 12.4: Primary-Progressive Multiple Sclerosis………………………….…………8 

 

Figure 12.5: Progressive-Relapsing Multiple Sclerosis……………….………………….9 

  

Figure 13: Destruction patterns in Multiple Sclerosis Plaque……………………..……..5 
 

Figure 14: Mechanism of production of Oxygen Free Radicals………………………...20 

 

Figure 15: Auto-Toxic loop in Neurodegeneration…………………………………..…23 

 

Figure 16: Nigella Sativa Flower……………………………………………………..…29 

 

Figure 17: Nigella Sativa Seed………………………………………………………….29 

 

Figure 18: Chemical structure of Thymoquinone…….....................................................32 
 

 

 
 

 
 
 

 ix



List of Abbreviations 
 
SYMBOL                                      Full Name 

ADCC                                    Antibody-dependent cell mediated cytotoxicity 

ADP    Adenosine Diphosphate 

ATP    Adenosine triphosphate 

AIDS    Acquired immune deficiency syndrome /acquired  

                                                Immunodeficiency syndrome 

AGEs    Advanced Glycation End products 

AOM    Azoxymethane 

BBB    Blood Brain Barier 

BAEP    Brainstem Auditory Evoked Potential 

Ca    Calcium 

CAT    Catalase 

CDNB                                     1-chloro-2,4-dinitrobenzene 

CO2    Carbon dioxide 

CCl4    Carbon tetrachloride 

CNS     Central Nervous System 

CSF    Central Spinal Fluid 

CCSVI    Chronic Cerebrospinal Venous Insufficiency 

CFA                                       Complete Freund’s adjuvant 

COX                                    Cyclooxygenase 

CMV                                      Cytomegalovirus 

DM                                         Diabetic Melitus 

DNA                                       Deoxyribonucleic acid 

DTQ                                        Dithymoquinone 

DLA                                      Dalton's lymphonia ascites 

DOX                                       Doxorubucin 

EAE                                       Experimental Allergic Encephalomyelitis / Experimental          

                                               Auto-immune Encephalomyelitis 

EBV                                        Epstein Bar Virus 

EAC                                        Ehrlich Ascites Carcinoma 

 x



eNOS    endothelial NOS 

FDA    Food and Drug Administration 

GI    Gastro Intestinal 

GST    Glutathione S-Transferase 

GPx                                         Glutathione Peroxidase 

GRed    Glutathione Reductase 

GSH    Reduced Glutathione 

GSSG    Oxidized-glutathione 

GCS    L-y-glutamyl-L-cysteine synthase (a phase 2 Enzyme) 

HIV    Human Immunodeficiency Virus 

HLA    Human Leukocyte Antigen 

IL    Inter Luekin 

INF ß    Interferon ß   

iNOS    inducible NOS 

IgA    Immunoglobulin A 

IgM    Immunoglobulin M 

IgG    Immunoglobulin G  

I/R    Ischemia / Reperfusion 

KB cells   A cell line derived from a human carcinoma of the   

                 nasopharynx, used as an assay for antineoplastic agents   

MS    Multiple Sclerosis 

MBP    Myelin Basic Protein 

MRI    Magnatic Resonance Imaging 

MHC    Major Histocompatibility Complex 

MOG    Myelin Oligodendrocyte Glycoprotein 

MIC    Minimum Inhibitory Concentration 

MPP+    1-methyl-4-phenylpyridinium 

MPTP    1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

mtNOS   mitochondrial NOS 

NSAID   Non Steriod Anti Inflammatory Drugs 

NO    Nitric Oxide 

 xi

http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Pyridine
http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Pyridine


NO2    Nitrogen dioxide 

NOS    Nitric Oxide Synthase 

NT    Nitro Tyrosine 

nNOS    neuronal NOS 

NF-kB    Nuclear Factor kappa B 

NAD+     Nicotinamide adenine dinucleotide 

NADH    Nictinamida adenine dinucleotide hydrogenase 

NK cells                                  Natural Killer cells 

NS                                           Nigella Sativa 

NSPN    Nigella Sativa and phyllanthus nituri capsule 

OFRs    Oxygen Free Radicals 

OCB    Oligoclonal Bands 

PMN    Polymorph nuclear leukocyte 

PCR    Polymerase Chain Reaction 

PLP    Proteolipid Protein 

PG                                           Prostaglandin 

PN                                           Phyllanthus Nituri 

PTZ    Pentylene tetrazol 

PFTs    Pulmanory Function Tests 

PCC    Protein Carbonyl Content 

PTH    Parathyroid Harmone 

RRMS    Relapsing-Remitting Multiple Sclerosis 

RNS    Reactive Nitrogen Species 

RAGE                                     Receptor for AGEs 

SLE    Systemic Lupus Erythamatous 

SPMS    Secondary-Progressive Multiple Sclerosis 

SOD    Superoxide dismutase 

SGPT    Serum Glutamic Pyruvic Transaminase 

SGOT    Serum Glutamic Oxaloacetic Transaminase 

STZ    Streptozotocin 

Se                                           Selenium 

 xii



 xiii

TNF    Tumor Necrosis Factor  

TGF    Transforming Growth Factor / Tumour Growth Factor 

TQ                                           Thymoquinone 

THY                                        Thymol 

THQ                                        Thymohydroquinone 

TOS    Total Oxidant Status 

TAC    Total Antioxidant Capacity 

TCA    Trichloroacetic acid 

VEP    Visual Evoked Potential 

VDRL    Venereal Disease Research Laboratory  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
                                          
 
 
 
 
 
 
 
 
 

 

 



1.0 Literature Review 

 

1.1 Introduction 

Multiple Sclerosis (MS) is one of the complex, common and unpredictable inflammatory 

disorders of the central nervous system (CNS) of human beings. Auto reactive immune 

cells attack on myelin, oligodendrocytes or axons. The disease follows the pattern of a 

chronic low grade disseminated inflammation in the CNS (Chard et al., 2002a) and later 

acute focal inflammation (Noseworthy et al., 2000). This results in different attacks with 

worsening of neurological function followed by a complete or incomplete recovery.  

Myelin surrounds and protects the neurons and in MS, scaring occurs to this 

myelin sheath. This is termed as demyelination. Demyelination of nerve fibres blocks 

impulses and mild to severe signs and symptoms appear. In MS particularly the white 

matter of the CNS is affected which is made up of nerve fibres. Communicating signals 

within the CNS and between CNS and body run through these nerve fibres. In the white 

matter the lesions or plaques appear in the damage areas at different sites. The term 

'multiple sclerosis' comes from 'scars’ meaning ‘scleroses - known as lesions’ (Clanet M, 

2008).    

MS was first recognized as a disease in the late 19th century and in the 1960’s 

some of the disease process was understood by researchers as an inflammation and 

demyelination. Dr. James Dawson at the University of Edinburgh in 1916 performed 

detailed microscopic examinations of the brains of patients who had died with MS and 

describe the process of the inflammation around blood vessels and the damage to the 

myelin (Dawson JD, 1916). The cell Oligodendrocyte that makes myelin was discovered 

in 1928. Lord Edgar Douglas Adrian in 1925 recorded the first electrical transmission of 

nerves and performed a series of experiments to determine how the nervous system 

works. Six Nobel Prizes were awarded for these studies that explain only myelinated 

nerve transfers impulses. 

MS is actively researched and several therapies are currently available that can 

ameliorate the symptoms and slow down disease progression. These include Interferon ß, 

and glatiramer acetate (a mixture of peptide fragments). For severe forms of MS the most 

recent treatment is an antibody-based therapy. Clinical trials are underway to discover 
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new therapies. The current investigation was undertaken to determine whether the anti-

oxidant effect of Thymoquinone can inhibit the development of acute as well as chronic 

relapsing phases of EAE in mice. 

 

1.1.1 Epidemiology of MS 

The peak age of onset of MS is between 20 and 30 years (Debouverie M, et al., 

2008). Almost 70% of patients manifest symptoms between ages 21 and 40. MS very 

rarely occurs prior to 10 years or after 60 years of age. However, studies show that 

patients could be as young as 3 and as old as 67 years of age. Like other immune 

mediated diseases, females are affected more frequently, 3 times more than males 

(Brissaud O, et al., 2001). There are about 300,000 patients suffering from Multiple 

Sclerosis in North America today (Kurtzke J, et al, 1983; Compston A, et al,1994 and 

Sadovnick AD, et al, 1994). Studies show that MS is very specific in geographic 

distribution around the world. Incidences of MS are significantly higher in the far north 

latitudes of the northern and the southern hemispheres compared to far south latitudes 

(Compston A, et al., 1994). These reports are based on the incidence of the disease in 

northern United States, Canada, Scandinavia, Australia and New Zealand. MS is less 

common in people living near the equator (Alonso A, et al., 2008). The data from 

migration studies shows that exposure to a higher risk environment occurs before 15 

years of age (adolescence) the migrant assumes a higher risk of getting MS (Sadovnick 

AD, et al., 1994). This concept is nicely illustrated in studies of native-born South 

African white population with low incidence of the disease versus high incidence of MS 

among white immigrants from Great Britain, where the disease is much more prevalent. 

There are also population studies that show difference in susceptibility to MS between 

different populations. Lapps in Scandinavia appear to be resistant to the disease. Native 

Americans and Hutterites infrequently suffer from MS as compared to other residents of 

the North America. MS is uncommon in Japan, China and South America. Caucasian 

populations are at greater risk than Asian or African populations (Kurtzke J, et al., 1983). 

There is influence of genetic factors on MS. The incidence of MS in first degree relatives 

(parents, children and siblings) is 20 times higher than in general population. 

Monozygotic twin show the concordance rate of 30% while Dizygotic twins show 
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concordance rate of less than 5% confirming that genetic factors as well as environmental 

exposure (Hillert J, et al., 1993). 

 

1.1.1.1 Pathogenesis of MS 

 Multiple sclerosis is an autoimmune disease characterized by the inflammatory 

demyelination of neurons in the CNS. The exact pathogenesis of the disease is unknown, 

but it is believed that MS is the result of an immune reaction. The immune system in 

response attacks these proteins thus causing damage to myelin and eventually formation 

of plaques. These plaques (lesions) can be found throughout the CNS but mostly in the 

white matter, cerebellum, brainstem, optic nerve and spinal cord leading to the reduction 

of conduction of action potentials along axons ultimately causing neuromuscular 

dysfunction.  

MS has different clinical and pathological features which show that a variety of 

pathways are involved that cause tissue injury like inflammation, axon degeneration and 

demyelination. MS is a heterogeneous disorder (Weiner, at al, 2004). The majority of 

scientists believe that MS starts as an autoimmune inflammatory disorder mediated by 

auto reactive lymphocytes (Roach, et al., 2004). Later, MS is dominated by microglial 

activation and chronic neurodegeneration (Compston A, et al., 2008). Inflammation along 

with BBB breakdown is noted (with the help of MRI) in the initial stages of most 

demyelinating lesions especially in patients with relapsing-remitting and secondary 

progressive MS. Histopathological examination of these MS lesions both biopsy and 

autopsy, disclosed the presence of inflammatory T cells, B cells, and macrophages 

(Lucchinetti, et al., 2000). Increased levels of oligoclonal IgM and IgG are found in the 

CSF of MS patients. Myelin reactive T cells are also found in CSF, peripheral circulation 

and in plaques of patients with MS (Oksenberg, et al., 1993 and Zhang, et al., 1994). 

The risk of developing MS is associated with certain class I and class II alleles of 

the MHC, protiens involved in T-cell activation and regulation (Compston A, et al., 1999 

and Friese, et al., 2008). It is believed that MS is associated with polymorphisms in the 

interleukin 7 receptor (IL-7R) gene that encodes the interleukin 7 receptor alpha chain 

(IL-7Ralpha), a cytokine receptor involved in the differentiation and maintenance of B 

cells and T cells (Hafler, et al., Gregory SG, et al., Lundmark F, et al., 2007). The current 
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understanding of MS pathological features includes demyelination, loss of 

oligodendrocytes and axonal injury. However several scientists still believe that the direct 

proof of an autoimmune cause of MS is not entirely certain since during the progression 

of MS, a degenerative phase of cerebral atrophy and axonal loss occur that are not clearly 

related to inflammation and immune mechanism (Frohman, et al., 2006). 

 In autopsy tissue (from MS patients with acute and chronic relapsing 

disease) the new lesions in the white matter are more dominant than primary and 

secondary lesions. Diffuse white matter injury and greater demyelination in brain cortex 

are the key features found in such patients (Kutzelnigg, et al., 2005). It is assume that all 

lesions that are found in MS patients are due to inflammation caused by lymphocytes and 

microglia cells. In acute and chronic relapsing MS, plaques are found in the following 

four patterns (Lassmann, et al., 2001): 

Pattern I In this pattern, plaques are characterized by T-cells and macrophages along with 

damage of myelin (Figure 13).  

Pattern II where the key feature of such lesions is the precipitation of immunoglobulins 

and complement components, especially in those areas where breakdown of myelin 

occurs. 

Pattern III where lesions show signs of oligodendrocyte dystrophy along with loss of 

MOG and oligodendrocyte apoptosis. The same patterns are found in the brain during 

hypoxia (Aboul-Enein, et al., 2003).  

Pattern IV characterized by degeneration of oligodendrocytes in lesions and small circles 

of plaques in white matter near active demyelination areas. 

 

  

1.1.1.2 Risk Factors of MS 

Includes heredity, age, gender, race, infection and geographical factors. A study 

by Trond Riise, et al (2003), suggests the increased frequency of MS among smokers. 

Vitamin D supplementation may help in MS and may be a useful addition to therapy. 

However, current studies are in small populations and are confounded by other variables 

(Brown SJ, 2006). Few studies show the importance of Vitamin B12 in MS, but its   
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(Brain 2006, 129, 1953–1971). 

 

Figure 13: Destruction patterns in the multiple sclerosis plaque. (A) In the healthy CNS 

oligodendrocytes ensheathe the axon and form myelin internodes of regular size. (B) 

Cytotoxic attack can destroy the myelin sheath via T-cell and macrophage inflammation. 

Cytotoxic T cells secrete perforin and granzyme as effector molecules directed towards 

the target (left). Humoral factors destroy the myelin sheath via local deposition of 

antibodies, which then activate complement as shown here (right) or phagocytic effector 

cells via ADCC (not shown). (C) Damage towards the oligodendrocyte and the axon is 

mediated via cytotoxic products of macrophages / microglia (left), with nitric oxide (NO) 

as one of the major constituents. Note that the oligodendrocyte shows typical morphology 

of apoptosis. On the right side, the diffuse pattern of axonal and myelin destruction is 

illustrated, where as yet no unequivocal pathogenetic mechanism has been identified.  
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replacement does not show any significant effect. Exposure to toxins especially organic 

solvents, welding and some other chemical compounds are reported to increase the risk of 

MS by some researchers (Gronning M, et al., 1993, Mortensen JT, et al., 1998, 

Landtblom AM, et al., 1997). Mercury and Zinc poisoning is considered to be risk factors 

for MS but stronger association is reported between dental caries and MS than body 

levels of mercury in MS patients (McGrother CW, et al., 1999). Hashimoto Thyroiditis in 

population based studies was reported to have a link with MS (Karni A, et al., 1999). The 

first few months of pregnancy may contribute to MS relapse (Sadovnick AD, et al., 

1994). According to this study, reduction in relapse phase of MS is found in the last three 

months of pregnancy. In another study, low risk of MS is found with good prognosis in 

pregnancy (Runmarker B, et al., 1995). 

All the above non-infectious factors need additional of research regarding their 

role in the onset of MS and are considered low risk factors for MS as compared to 

heredity, age, gender, race, infection and geographical factors. 

 

1.1.1.3 Patterns of MS 

MS is considered a disease which is aggravated by three risk factors; genetics, 

environment and immune factors. It is believed that MS occurs in the following four 

different patterns : 

 

1. Relapsing-remitting MS (RRMS): 

It is the most common pattern of MS. Almost 85% of the MS population has this 

form in the early stages of the disease while 55% of all MS patients are currently 

classified as relapsing-remitting (Jacobs LD, et al., 1999). The key features of this RRMS 

are inflammation, demyelination, axonal transection and re-myelination. Patients usually 

have full recovery after the first few attacks (Figure 12.1) but incomplete recovery 

(Figure 12.2) after a series of attacks (Lublin FD, 1996). With time, clinical impairment 

occurs and plaques in white matter of the brain can be seen by MRI (Thompson AJ, et al., 

1990 and Revesz T, et al., 1994). 
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Figure 12.1: Canadian Journal of Neurological Sciences, June 2006 

 

 

 
 

Figure 12.2: Canadian Journal of Neurological Sciences, June 2006 

  

2. Secondary-Progressive MS (SPMS):  

RRMS mostly changes into SPMS after the long run. In this pattern inflammation 

may occur or absent and disability slowly moves from mild to severe (Figure 12.3). MRI 

reveals enlarged ventricles, thinning of corpus callosum and diffuse atrophy of whole 

brain and spinal cord (Lublin FD, 1996). Almost 30% of MS patients show this form at 

any time (Jacobs LD, et al., 1999). 
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Figure 12.3: Canadian Journal of Neurological Sciences, June 2006   

 

3. Primary-Progressive MS (PPMS): 

About 10% of patients suffer with PPMS (Jacobs LD, et al., 1999). PPMS is 

characterized by insidious onset with gradual progression of symptoms without any sign 

of relapse (Figure 12.4). The main symptoms are difficulties in walking, increased 

disabilities and worsening of other motor dysfunction. MRI may reveal few small 

cerebral lesions, however, spinal cord lesions are usually large and numerous (Lublin FD, 

1996). This form may affect both men and women equally and usually diagnose after 40 

years of age. 

 
                                Figure 12.4: Canadian Journal of Neurological Sciences, June 2006 
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4. Progressive-Relapsing MS (PRMS):  

About 5% of MS patients have PRMS (Jacobs LD, et al., 1999). Patients suffer with a 

progressive and relapsing course of disease (Lublin FD, 1996) and do not experience 

remissions like patients with RRMS. Patients face steadily worsening disease from the 

start (Figure 12.5). 

 

 

 

              
 

Figure: 12.5. Canadian Journal of Neurological Sciences, June 2006 

 

 

1.1.1.4 The diagnostic criteria for MS  

Accurate diagnosis of MS is critical, though not always easy to make. The 

diagnosis of RRMS in a young patient is usually easy to make, while diagnosing PPMS is 

more challenging (Tandon PN, et al., 1989).The diagnosis of MS is made on the basis of 

clinical signs and symptoms, laboratory tests and most importantly with the help of MRI. 

The National Multiple Sclerosis Society and International Federation of MS Societies 

modified and simplified the Poser criteria in 2001 and recommended both MRI and 

clinical findings in order to diagnose MS (McDonald WI, et al., 2001). Due to 

 9



advancement in MRI techniques, the international panel in association with the National 

Multiple Sclerosis Society (NMSS) of America recommended revised diagnostic criteria 

for MS and replaced Poser criteria (1984) and older Schumacher criteria (1965). This 

new criteria has become known as the McDonald criteria (Table 4) after their lead author  

According to this criteria, one clinical episode of demyelination followed by detection of 

new lesions on MRI, three months after the initial attack (McDonald WI, et al., 2001). 

MRI is important in diagnosis as well as patient follow-up to know the effectiveness of 

different therapies. Despite all the importance of MRI, there is no clear correlation 

between MRI findings and clinical disabilities, so other laboratory tests play a supportive 

role. These tests provide supportive evidence for diagnosis of MS but are non-specific 

(Chiappa KH, 1984). 

Electrophysiological Tests including Visual Evoked Potential (VEP) and 

Brainstem Auditory Evoked Potential (BAEP) are also helpful. MS affects anterior optic 

pathways. Almost 86% of patients who had normal optic disc showed abnormal VEP 

(Halliday AM, et al., 1973) and 60% of patients without clinical signs of brainstem 

involvement showed abnormalities of BAEP (Chiappa KH, et al., 1980). Lumbar 

puncture for the analysis of CSF is also used to support the diagnosis of MS. CSF is 

usually positive for oligoclonal bands (OCB) in about 85 % of MS patients and it is 

sensitive. CSF examination for the presence of OCB is still the best single laboratory test 

providing support for the diagnosis of MS. Many of the non-MS conditions in which 

OCB appear can be differentiated clinically from MS. Therefore, OCB provides powerful 

supportive evidence for the diagnosis of MS (Thompson EJ, et al., 1990). 

The differential diagnosis of MS vary and depend of the clinical situations, the 

two basic rules to diagnose MS are the presence of more than one lesion in spinal cord or 

brain and a history of a minimum of two episodes of relapses in a one month time period. 
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 Table 4 

  

Recommended diagnostic criteria for multiple sclerosis: guidelines from the International 

Panel on the diagnosis of multiple sclerosis (Ann Neurol. 2001; 50:121-127). 

 

 

Clinical Presentation Additional Data Needed 

• 2 or more attacks (relapses)  
• 2 or more objective clinical 

lesions  

None; clinical evidence will suffice 
(additional evidence desirable but must be 
consistent with MS) 

• 2 or more attacks  
• 1 objective clinical lesion 

Dissemination in space, demonstrated by:   
• MRI  
• or a positive CSF and 2 or more MRI lesions 

consistent with MS  
• or further clinical attack involving different site  

• 1 attack  
• 2 or more objective clinical 

lesions  

Dissemination in time, demonstrated by:  
• MRI  
• or second clinical attack  

• 1 attack  
• 1 objective clinical lesion  
(monosymptomaticpresentation) 

Dissemination in space by demonstrated by:  
• MRI  
• or positive CSF and 2 or more MRI lesions 

consistent with MS                  and 
Dissemination in time demonstrated by: 
• MRI                 or               second clinical attack  

Insidious neurological progression 
suggestive of MS 
(primary progressive MS) 

Positive CSF           and 
Dissemination in space demonstrated by:  
• MRI evidence of 9 or more T2 brain lesions  
• or 2 or more spinal cord lesions  
• or 4-8 brain and 1 spinal cord lesion  
• or positive VEP with 4-8 MRI lesions  
• or positive VEP with <4 brain lesions plus 1 spinal 

cord lesion  
Dissemination in time demonstrated by: 
• MRI        
•  or continued progression for 1 year  
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For MS the McDonald criteria is considred as the gold standard (Polman CH, et al., 

2005). The aim of the Natinal Multiple Sclerosis Society and the International Federation 

of MS Society congregate, an International Panel on the Diagnosis of MS was to simplify 

and clarify the original criteria (McDonald WI, et al., 2001). But according to this 

International Panel, this new criteria is helpful in diagnosing the MS in adult Caucasians 

of Western European ethnicity. Physicians from Latin Americans and Asians, however, 

have concerns about the validity of these criteria in their community (Polman CH, et al., 

2005).   

 

1.1.1.5 Treatment of MS 

 This include disease modifying therapies and symptomatic treatment. 

A. Disease-Modyfying Therapies: include 

1. Mitoxantrone (Hartung HP, et al., 2002) 

2. Glatiramer acetate (Johnson KP, et al., 1998) 

3. Interferon β-1a, Interferon β-1a, and Interferon β-1b (Weinstock-Guttman B, 

et al., 1995)   

B. Symptomatic Treatment : include 

              1.   Depression: Amitriptyline --Selective Serotonin Reuptake Inhibitors (Peter  

                    AC, 2004).   

              2.   Fatigue: Amantadine (Krupp LB, et al., 2002)  

              3.   Spasticity : Gabapentin, benzodiazepines, tizanidine (Cutter NC, et al., 2000) 

              4.   Cortisteroid. 

              5.   Sexual dysfunction :  Sildenafil citrate (Hatzichristou DG, 2002)   

              6.  Bladder urgency: Oxybutynin  (Appell RA, et al., 2001) 

C. New drugs 

              1. Natalizumab (Antegren- antibody therapy): Approved for  RRMS (Sweet BV,  

                  2007).      

               2.Cyclophosphamide (Weiner HL, et al., 2002), methotrexate (Goodkin DE, et   

                   al., 1995) and IgG (Achiron A, et al., 1998) 

D. Statins: Atorvastatin (Youssef S, et al., 2002) 

E. Autologous Bone Marrow Transplantation (Freedman MS, et al., 2002) 
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F. Plasma exhange therapy (Weinshenker BG, et al., 1999). 

 

1.1.2. Experimental Autoimmune Encephalomyelitis 

 Experimental Autoimmune Encephalomyelitis (EAE) is also called 

Experimental Allergic Encephalomyelitis. EAE disclose numerous features that are 

comparable to the human form of MS. Most of the current MS animal research regarding 

the pathology of MS has been acquired through EAE model. Biochemical and 

histological studies of the brain, spinal cord and blood of EAE induced animal has 

identified the locations of plaques in the CNS and assist in understanding types of 

immune cells that involved in demyelination. EAE has been induced in mice, rats, 

rabbits, monkeys, guinea pigs, macaques and marmosets, however, species like mice and 

rats are used more often because of ease in handling, breeding, short life span and 

availability. 

 

1.1.2.1 History of EAE 

 History of EAE began in the 1920s (Gold R, et al., 2006), when Koritschoner and 

Schweinburg induced spinal cord inflammation in rabbits by inoculation with human 

spinal cord (Koritschoner RS, et al., 1925). In the 1930s, some researchers tried to induce 

the Encephalitic complications with the help of rabies vaccination and they repetitively 

used Immunization of rhesus monkeys with CNS tissue (Rivers, et al., 1933). 

Subsequently EAE was induced in many different species, including rodents and primates 

using new mineral oil-based adjuvant by Jules Freund combined with brain extracts. The 

use of Freund’s adjuvant results in disease after only a single injection (Kabat, et al., 

1951). In the 1950s, rats and guinea pigs became the standard species to study EAE. 

Later, there was the discovery of heat-inactivated mycobacterium tuberculosis, which 

when added to the adjuvant (CFA) was found to enhance the response to sensitization 

with CNS tissue. For many years, rats and guinea pig models of EAE dominated research 

in autoimmune-mediated inflammation of the CNS. In rats and guinea pig, active 

immunization with CNS tissue, myelin or myelin basic protein (MBP) in CFA resulted in 

a higher incidence of EAE. Until the 1980s, the intrinsic variability of EAE induced by 

immunization made many researchers define it as “allergic” because the autoimmune 
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origin of EAE was still under debate. Often, the world ‘allergic’ is linked to any hyper 

reactivity of the immune system towards foreign particles. A major breakthrough was to 

know the central role of autoimmune reactions in EAE when Ben-Nun, Cohen and 

Wekerle developed techniques to grow antigen-specific T cells in-vitro in the rat and 

explained that the adoptive transfer of MBP-specific T-cell lines induced EAE in naı¨ve 

syngeneic recipients (Ben-Nun, et al., 1981). Eventually proof was achieved by selecting 

auto aggressive T lymphocytes from naı¨ve rats (Schluesener HJ, et al., 1985). This data 

provided strong evidence in favour of the presence of potentially CNS auto aggressive T 

clones in the normal immune system, which forms the basis for an autoimmune reaction. 

After this, these models became a major experimental tool for exploring T-cell function 

and regulation in neuro inflammation and autoimmune disease. From these studies it it 

became clear that EAE can reproduce most of the neuropathlogical, immunological and 

clinical aspects of multiple sclerosis (Hohlfeld R, et al., 2001). 

 We can assume that we will better understand MS once the pathogenesis of EAE 

is explored, and that new therapies discovered in EAE could benefit persons affected with 

MS affected persons. 

 

1.1.2.2 EAE and its Pattern 

 The first clinical signs of EAE are generally observed within 9–12 days of 

sensitization; however, subsequent disease activity is dependent on the species under 

investigation and the mode of sensitization (Gold R, et al., 2006). Both MS and EAE are 

characterized by a considerable cellular infiltration of the CNS with leukocytes whose 

phenotypes (predominantly T-helper cells and macrophages) have been noted in the 

mouse, rat, guinea pig, and in brain tissue from MS patients (Weiner HL, et al., 1984). 

Like MS, EAE takes several clinical forms including: - 

 

Acute EAE:  

This form has key features like perivascular inflammation and small areas of 

demyelination. Acute EAE is generally a monophasic disease that produces dominant 

inflammation in the perivascular area and sometimes small areas of demyelination 

(Feurer C, et al., 1985). 
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Chronic Relapsing EAE:  

This form is further characterized into first attack, first remission and relapse 

(Wisniewski HM, et al., 1977). In chronic relapsing EAE, the inflammatory reaction 

studied and severity of inflammation increase according to the stages of the disease. 

During the early stages of the first attack, the inflammatory reaction is dominated by 

PMN leukocytes along with edema and sometime hemorrhages. In response this tissue 

reaction occurs consisting of myelin as well as axon damage. It effects the entry zones 

and subpial white matter in the lower thoracic and lumbo-sacral spinal cord, with less 

damage in grey and white matter in other areas of the brain (Jervis GA, et al., 2007).  

During first remission, a variable quantity of perivascular inflammatory cuffs of 

lymphocytes and mononuclear cells are found. Cellular infiltration into the neural 

parenchyma is restricted to small numbers of perivascular areas (Adams RD, et al., 

1952). 

During the relapsing phase of EAE, there is a massive invasion of mononuclear 

cells into the neural parenchyma, causing formation of large plaque-like zones of 

demyelination in the white matter. In this phase of the disease axonal damage is rare and 

the lesions are predominantly confined to the lower thoracic and lumbo-sacral spinal 

cord. With increasing duration of the disease, higher segements of the spinal cord, as well 

as the brain stem, cerebellar white matter, centrum semiovale and fornix are involved 

(Adams RD, et al., 1952). Scientists believe that chronic relapsing form of EAE, offers 

important resemblance to MS. A model of chronic relapsing EAE in the Lewis rat has 

highly reproducible features, such as the number, timing and severity of attacks (Feurer 

C, et al., 1985).  

 These two clinical forms of EAE are similar in many aspects to MS (Raine C, et 

al., 1984). Chronic-relapsing EAE (CR-EAE) shows closer resemblance to MS, 

especially with respect to its clinical course. Morphologically, CR-EAE has the two key 

characteristic features of MS lesions, which are the presence of recent and old 

demyelinating plaques and the periventricular distribution of lesions. Moreover, in both 

CR-EAE and MS, advanced disease is associated with chronic rather than acute lesions 

(Wisniewski, et al., 1977). Therefore the CR-EAE model is a reliable model to study 

therapies for MS and other CNS autoimmune diseases. 
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Today conventional therapeutic methods to EAE or MS include nonspecific suppression 

of the immune system. Several immunosuppressive agents like cyclophosphamide 

(Paterson, et al., 1966 and Karussis, et al., 1992), cyclosporine A (Feurer C, et al., 1988 

and Schuller-Levis, et al., 1986), azathioprine, corticosteroids, and total lymphoid 

irradiation (Strober S, et al., 1986) have been used. Suppression of the disease by such 

drugs requires extensive administration and these drugs have cyto-reductive effects on 

the body cells and cause many harmful side effects. Discontinuation of such treatment is 

usually associated with reoccurrence of paralytic signs. Treatment of current ongoing 

CR-EAE with specific immunomodulations with anti-T-cell receptor variable region V.3 

gene products and T-cell receptor binding peptides (Howell, et al., 1989 and Zaller DM, 

et al., 1990) and anti-oxidants are still under experimental trials. 

 

1.1.2.3 Pathological features of MS and EAE 

The pathological features of MS are complex and with a lot of variations among 

MS patients and the different stages of the disease. Similar variations were found in 

different models of EAE species and strains (Table 5).  

 

1.1.2.4 Models of EAE 

To understand the pathology and therapeutic modalities of MS, scientists are 

using different EAE models. The use of different models of EAE is rather practical 

because no single model can define the whole aspect of MS. To study the effectiveness of 

new MS therapies, it is important to use drugs with different mechanisms of action, in 

EAE induced animals. Until recently, most reported research data concluded that myelin 

specific T-cells are responsible for MS. These cells are capable of initiating an 

autoimmune disease in the CNS after crossing BBB. Different brain proteins are used to 

induce EAE in animals like MBP, PLP and MOG. In some species MBP is effective 

while in others PLP and MOG more effective. In this study we have used MOG to induce 

EAE in the mice of strain C57BL/J. The different EAE models are listed in Table 6. 
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Table 5 

 

Pathological features of multiple sclerosis and the most suitable EAE models (Brain                   

2006, 129, 1953–1971) 

 

Feature of multiple sclerosis 
lesion 

Most suitable EAE Model References 

CD4+ T-cell-mediated 
inflammation 

Acute-EAE in Lewis rat Ben-Nun et al., (1981) 

CD8+ T-cell-mediated 
inflammation 

Passive transfer of CD8+ T 
cells in mice 

Huseby et al., (2001), 
Cabarrocas et al., 
(2003), Sun et al., 
(2001) 

T-cell- and macrophage-
mediated demyelination 

Chronic EAE in C57BL/6 
mice induced by MOG 
peptide 35-55 

Mendel et al., (1995) 

T-cell- and antibody-mediated 
demyelination 

Chronic EAE in DA and BN 
rats or in marmosets 
sensitized with recombinant 
MOG 1-125 

Storch et al., (1998), 
T’Hart et al., (2004) 

Inflammation-induced hypoxia-
like tissue injury 

LPS injection into white 
matter 

Felts et al., (2005) 

T-cell- and macrophage-
mediated demyelination with 
increased oligodendrocyte 
susceptibility 

Chronic EAE in CNTF-
deficient mice sensitized 
with MOG 35-55 

Linker et al., (2002) 

Axonal injury in demyelinated 
plaques. 

All chronic EAE models in 
mice and rats 

Kornek et al.,. (2000) 

Cortical demyelination Recombinant MOG 1–125 
induced EAE in marmosets 
or in LEW 1.W and LEW 
1.AR1 rats 

Pomeroy et al.,. 
(2005), T. M. Storch et 
al., 
unpublished data 
 

Global diffuse axonal injury in 
the normal appearing white 
matter 

So far no model available  
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Table 6 

 

Commonly used rodent EAE models (Brain 2006, 129, 1953–1971) 

 

Model Similarities to 
human disease 

Differences 
from human 
disease 

Further comments 

Lewis rat Active 
EAE (CNS 
myelin, MBP, 
MOG, PLP) 

T-cell inflammation  
and weak antibody 
response 

Monophasic, 
little 
demyelination 

Reliable model, commonly 
used for therapy studies. 
With guinea-pig MBP 
little 
Demyelination 

Adoptive-transfer 
EAE (MBP, S-
100, MOG, 
GFAP) 

Marked T-cell 
inflammation. 
Topography of 
lesions 

Monophasic, 
little 
demyelination 

Homogeneous course, 
rapid onset. Differential 
recruitment of Tcells / 
macrophage depending on 
auto antigen 

Active EAE or 
AT-EAE + co-
transfer of anti-
MOG antibodies 

T-cell inflammation 
and 
Demyelination 

Only transient 
demyelination 

Basic evidence for role of 
antibodies in 
demyelination 

Congenic Lewis, 
DA, BN strains 
Active EAE 
(recombinant 
MOG) 

Relapsing–remitting 
disorders,may 
completely mimic 
histopathology of 
multiple sclerosis and 
subtypes 

No 
spontaneous 
disease 

Chronic disease course, 
affection of the optic 
nerve, also axonal damage 
similar to multiple 
sclerosis 

Murine EAE 
(SJL, C57BL/6, 
PL/J, Biozzi 
ABH) Active 
EAE (MBP, 
MOG, PLP and 
peptides) 

Relapsing–remitting 
(SJL, Biozzi) and 
chronic-progressive 
(C57BL/6) disease 
courses with 
demyelination and 
axonal damage 

No 
spontaneous 
disease 

Pertussis (toxin) required 
for many strains, whilst it 
is often not needed for SJL 
and some Biozzi EAE 
models. Higher variability 
of disease incidence and 
course, often cytotoxic 
demyelination in 
C57BL/6. With rat MBP 
inflammatory vasculitis 
with little demyelination 
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1.1.3 Oxygen Free Radicals 

 The existence of oxygen free radicals (OFRs) within the inflammatory process is 

widely recognised and well accepted. Free radicals are involved in more than one 

hundred human diseases (Sen CK, et al., 2002) like AIDS, cancer and tumour formation, 

aging, gastritis, ischemic injury and reperfusion injury and atherosclerosis (Prasad K, et 

al., 1997). The significant involvement of OFR, reactive oxygen species and anti-oxidant 

in human diseases and in health are now well known by every field of biological science 

and medicine. OFR are the natural by-products of normal metabolism of oxygen and can 

damage the cell tissue. Examples of OFRS are superoxide, hydrogen peroxide, hydroxyl 

radical, nitrogen dioxide, nitric oxide and Chlorofluorocarbon. 

 

 

1.1.3.1 Mechanism of production of Oxygen Free Radicals 

Oxygen is a vital substance for life but in aerobic organisms oxygen leads to 

oxidative stress, metabolic impairment and subsequently cell death. The basic source of 

energy is from the ATP, which is stored in the cells. This source is very limited so ATP 

must be continuously generated. ATP is produced through the oxidation of glycogen and 

fat which are present in muscle (Pang CY, 1990).The end step of oxidation needs 

molecular oxygen as an electron acceptor and takes place through the Krebs cycle and 

electron transport chain of muscle mitochondria. The reduction of molecular oxygen to 

water needs four electrons and can be completed by tetravalent reduction of oxygen to 

water, which further occurs in mitochondria while univalent reduction of oxygen leads to 

OFR. In the univalent pathway, molecular oxygen reduces by one electron with the 

formation of superoxide radicals. This superoxide radical further reduce to hydrogen 

peroxide (H2O2) and hydroxyl radicals (OH) and finally to water (Figure 14). 

Mitochondria are the place where OFR formation occurs in conditions such as metabolic 

stress and altered tissue oxygenation (Jensen PK, 1966). 
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1.1.3.2 Oxidative Toxicity and Neurodegeneration 

Nitric oxide (NO) plays an important role and acts as a vital biological messenger. 

Depending on the amount of NO and the biological environment, NO can be 

neuroprotective or neurotoxic (Beckman JS, et al., 1990). NO is generated by NOS. 

There are three forms of NOS in the CNS. One form is nNOS. During mitochondrial 

respiratory dysfunction, activation of nNOS leads to excessive production of NO. The 

second form is iNOS. During inflammation, activation of macrophages and microglia 

occurs and they contain iNOS. iNOS generates increased level of NO for a long period in 

inflammatory conditions.  The third form is eNOS located in endothelial cells. eNOS 

generates NO during BBB dysfunction. Recently the fourth form of NOS, mitochondrial 

NOS (mtNOS), was discovered. mtNOS produces RNS through the respiratory chain 

(Gonsette RE, 2008). Two free radicals, superoxide (O²¯) and nitric oxide (NO) combine 

to  give rise to Peroxynitrite. 

          O2 
 

 

Mitochondria 

P450 Oxidases 

 
                                                            Fe+² ͜    Fe+³ (Redox reaction)  

         O²¯                    SOD                    H2O2                      OH¯               H2O 

                                                                

                                                                                           2GSH 
                                                               GPx                                                  GRed 

                                                                                           GSSG 
 

                                                               H2O 

 
Figure 14: Mechanism of production of Oxygen Free Radicals (Juurlink BHJ, 1999) 
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The reduction of molecular oxygen to water needs four electrons and can be completed 

by tetravalent reduction of oxygen to water while univalent reduction of oxygen leads to 

OFR. 

Peroxynitrite is a very toxic compound. Inside living organisms there is a high 

concentration of CO² and bicarbonate. Peroxynitrite reacts very rapidly with CO² and this 

result into two potent oxidants: carbonate radical (CO³-) and NO² (Augusto O, et al., 

2002). 

Peroxynitrite and its secondary products can oxidize DNA, carbohydrates, lipids, 

proteins and especially tyrosine resulting in nitro tyrosine (NT) which can be measured as 

a marker by immunohistochemistry (Gonsette RE, 2008). In MS lesions NT has been 

found suggesting its pathological role (Cross AH, et al., 1998, Oleszak EL, et al., 1998; 

Liu JS, et al., 2001). In MS and EAE there are similarities regarding the appearance of 

peroxynitrite in lesions and inflammatory process. Mononuclear cells in acute MS lesions 

are mostly positive for NT and these include macrophages, ependymal and perivascular 

cells; inactive chronic lesions, however, lack NT positive cells (Hill KE, et al., 2004). In 

EAE, peroxynitrite is detected as the disease starts but it cannot be traced in remission 

and chronic phase of EAE (Van der Veen RC, et al., 1997).  

The two major pieces of evidence which support the role of peroxynitrite in EAE 

are oligodendrocytes which show resistant to NO toxicity, but sensitivity to peroxynitrite 

toxicity (Jack CS, et al., 2004) and the inflammatory reaction and clinical signs decrease 

in EAE using injection of a peroxynitrite catalyst. Peroxynitrite acts through NO 

mediated mechanism (Cross AH, et al., 2000). When peroxynitrite is injected into the 

corpus callosum of rats, destruction of myelin and the formation of MS like lesions occur. 

(Touil T, et al., 2001). Amyloid precursor protein staining, shows links with 

demyelination and it is used as a marker for axonal damage (Gonsette RE, 2008) 

Neuronal cells are sensitive to oxidative stress due to their weak anti-oxidant 

defense. Peroxynitrite oxidizes mitochondrial proteins which lead to infiltration of 

inflammatory cells. This in turn causes dysfunction of mitochondria which includes 

reduction in ATP synthesis, changes in membrane potential, breaks in DNA strands, 

depression in respiratory chain and production of ROS. All these cause death of 

oligodendrocytes and other neuronal cells and degeneration of axons (Qi X, et al., 2006). 
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Oxidation of tyrosine by peroxynitrite leads to inactivation of proteins like 

neurofilament-L present in motor neurons (Strong M, et al., 2003) and also inactivation 

of mitochondrial proteins like SOD, ATPase and cytochrome C (Radi R, 2004). 

Concentrations of antioxidant enzymes are high in astrocytes than other neuronal cells 

(Makar TK, et al., 1994). Inflammation induces iNOS formation in astrocytes which in 

turn is cytotoxic to motor neurons (Cassina P, et al., 2002). On the other hand, 

concentrations of antioxidant enzymes are low in oligodendrocytes but iron concentration 

is high. Both these factors make them vulnerable to oxidative stress (Smith KJ, et al., 

1999). eNOS formation in endothelial cells causes peroxynitrite production which plays a 

role in damaging the BBB as peroxynitrite can damage the tight junction (Mazzon E, et 

al., 2002). Mitochondrial dysfunction is associated with MS progression (Andrews HE, et 

al., 2005; Kalman B, et al., 2003) and oxidative stress not only cause destruction of 

myelin, but also inhibits the healing process (Gonsette RE, 2008). 

A lot of research in the field of neurodegenerative diseases is being investigated 

and until now many scientists believe that peroxynitrite plays a key role in the 

pathogenesis of neurodegenerative diseases (Coyle JT, et al., 1993; Radi R, 2004; 

Avshalumov MV, et al., 2002 and Rao SD, et al., 2004). According to this theory, 

inflammatory processes lead to peroxynitrite formation, which initiates the overload of 

glutamate through activation of glutamate receptors. This overload causes the impairment 

of mitochondrial energy metabolism. Transfer of unpaired electron and univalent 

reduction of molecular O² to O²ˉ then occurs. Mitochondrial overload of Ca²+ produces 

NO that reacts with O²ˉ leading to secondary production of peroxynitrite which again 

initiate the same cycle and this cycle is associated with chronic MS lesions (Gonsette RE, 

2008). This cycle is shown in figure 15.   
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Figure 15: Auto-Toxic loop in Neurodegeneration (Multiple Sclerosis 2008; 14: 22–

34). Both in MS and in neurodegenerative diseases, inflammation initiates microglia 

activation. In MS, inflammation is immune-mediated but in neurodegenerative diseases 

the primary causes of inflammation remain speculative. Activated microglia produce O²ˉ 

and NO free radicals that combine to induce primary synthesis of peroxynitrite. 

Peroxynitrite inhibits glutamate transporters and/or activates glutamate receptors causing 

glutamate overload. The resulting excitotoxicity entails mitochondrial dysfunction, 

calcium overload and subsequent production of NO and O²ˉ. Their recombination leads to 

the secondary synthesis of peroxynitrite that reinitiates the cycle. 
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1.1.3.3 Mechanism of Oxidative Stress: 

The mechanism that generates oxidative stress and inflammation is metabolic 

mechanisms (Juurlink BHJ, 1999). The metabolic mechanisms give rise to three of the 

following: - 

1. Peroxides – source of strong oxidants. 

2.  Production of dicarbonyls that interact with macromolecules to form advanced 

glycation end products 

3. Activation of transcription factor NF-kB, which has role in expression of pro-

inflammatory genes.    

Stroke, neurotrauma and neurodegenerative diseases cause oxidative stress (Juurlink 

BHJ, 1998). Glutamate excitotoxicity occurs due to oxidative stress and lead to increase 

in intracellular calcium and sodium in an uncontrollable fashion and ultimately ATP 

depletion and cell death occur (Juurlink BHJ, 1999). Studies show that the brain makes 

only 2% of the total body mass but it consumes about 20% of all oxygen in the body in 

its resting condition (Juurlink BHJ, 1999 and Sokoloff L, 1989). Large amounts of 

superoxide forms within brain and this production increases with age (Sawada M, et al., 

1987). Superoxides form when CNS faces ischemia or injury. ATP depletion causes 

membrane depolarization and this is seen when blood supply is decreased (Folbergrova J, 

et al., 1997). A release of glutamate leads to membrane depolarization if intracellular 

calcium rises either by physical injury of the plasma lemma or by activation of voltage 

dependent calcium channels (Katayama Y, et al., 1995). Mitochondrial calcium cycle is 

then disturbed because of increases in intracellular calcium, resulting in consumption of 

reduced pyridine nucleotides and damaged mitochondria (Juurlink BHJ, 1999). ATP 

production is decreased by damaged mitochondria. The oxygen reduction process is also 

affected and this leads to increased production of superoxide ions during the respiratory 

chain reaction (Richter C, et al., 1991). Phospholipase C can be activated by Calcium and 

rises to diacylglycerol by diacylglycerol lipase and subsequently mono-acyl lipases 

resulting release of arachidonic acid. In this way the metabolic cascade starts and 

increases inflammatory eicosanoids in injured CNS that in response causes neutrophil 

accumulation and formation of strong oxidants (Juurlink BHJ, 1999 and Bazan NG, et al., 

1995). When NADH depletes to NAD radicals because of superoxide ions, a reaction 
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occurs with molecular O2 leading to a new superoxide anion. This starts a free radical 

chain reaction depleting more NADH storage of the cell (Juurlink BHJ, 1999). 

Another metabolic mechanism that generates oxidative stress is the activation of 

NF-kB which in turns causes expression of pro-inflammatory genes found in both acute 

and chronic inflammation (Juurlink BHJ, 1999). Oxidative stress increases in brain injury 

and stoke lead to up regulation of pro-inflammatory genes such as iNOS and COX-2 is 

followed by up-regulation of cell adhesion molecules on the endothelium. After this 

infiltration of leukocytes occurs, an acute inflammation state begins that causes tissue 

damage. COX-2, which is the product of pro-inflammatory genes, leads to formation of 

free radicals and PGs (Vane JR, et al., 1998 and Dubois RN, et al., 1998) further 

aggravating the oxidative stress. 

Metabolic mechanisms also give rise to production of dicarbonyls that interact 

with macromolecules to form advanced glycation end products and subsequently lead to 

the increase formation of ROS (Juurlink BHJ, 1999). Sugar molecules (glucose or 

fructose) are reducing molecules, which bind to lipid or protein molecule without the 

effect of enzyme gives rise to glycation. AGEs form by alteration of proteins by non-

enzymatic glycosylation and it is believed that it is associated with DM (Brownlee, 

1995), aging (Thorpe SR, et al., 1996) and Alzheimer’s disease (Markesbery WR, 1997). 

Juurlink BHJ (1999) mentioned effects of AGEs on cellular metabolism. One is by 

modification of function of proteins like glycation of GRed inactivates the enzyme 

(Blakytny R, et al., 1992). GRed has a key role in GSH optimum level. Both DM 

complications and red blood cell’s GSH level have negative correlation (Thornalley PJ, et 

al., 1996b). Other effect of AGEs is their interaction with lactoferrin like protein and 

glycoprotein (Thornalley PJ, et al., 1998). Alzheimer’s disease has been linked with 

activation of ß-Amyloid peptide which belongs to RAGE (Yan SD, et al., 1996). The 

most striking effect of RAGE is activation of NFkB (Yan SD, et al., 1994). RAGE has 

two binding sites for NF-kB (Li J, et al., 1997) which causes expression of pro-

inflammatory genes responsible for inflammation (Juurlink BHJ, 1999). 
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1.1.3.4 Management of Oxidative Stress 

According to Juurlink BHJ (1999) the following measures will be helpful in the 

management of oxidative stress: 

1. By outlining the central role of reduced-glutathione (GSH) in 

A. Peroxides Scavenging 

B. Dicarbonyls Scavenging 

C. Inhibition of NFkB activation 

2. Cellular GSH levels are maintained by  

A. Balance between consumption 

B. Oxidation of GSH to GSSG (oxidized-glutathione) via variety of reactions 

C. Reduction of GSSG to GSH 

D. De novo synthesis of GSH 

3. The important enzyme which has a role in GSH synthesis is GCS (a phase 2 

enzyme) found in many fruits and vegetables.  

Free radicals are playing an important role in the development and progression of many 

disorders. The brain is particularly susceptible to free radical attack because it generates 

more oxidative-by-products per gram of tissue than any other organ. The brain's main 

antioxidant is glutathione- its importance cannot be overstated.  

 

1.1.3.5 Regulation of Cellular GSH 

According to Juurlink BHJ (1999), the cellular GSH content depends upon: 

1. Consumption of GSH (used to form a conjugate, catalyzed by Glutathione S-

transferase to eliminate electrophilic harmful compounds. 

2. Oxidation of GSH to GSSG via variety of reactions 

3. Reduction of GSSG to GSH. 

4. De novo synthesis of GSH. 

In regulating intracellular levels of GSH, GRed is the key enzyme which uses 

NADPH as electron donor to reduce GSSG to GSH. Oxidative stress inactivates GRed 

just like glycation. Juurlink BHJ (1999) emphasizes that regulation of GSH synthesis is 

complex and there are two important reactions:- 
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1. L-glutamic acid + L-cysteine + ATP ----  L-gamma-glutamyl-L-cysteine + ADP +Pi  

                                                                                                                                                                              

 

2. L-gamma-glutamyl-L-cysteine + ATP + glycine ----  glutathione + ADP + Pi   

 

 

1.1.3.6 Degenerative diseases and GSH 

It is quite clear that GSH plays a key role in preventing oxidative stress and the 

pro-inflammatory phase. Juurlink BHJ (1999) emphasizes the importance of GSH for: 

1. Scavenging of peroxides. 

2. Reducing oxidized-ascorbate which is important for regeneration of vitamin E. 

3. Scavenging of dicarbonyls thus preventing formation of AGEs. 

4. Inhibiting activation of NFkB which is key transcription factor involved in activating 

transcription of pro-inflammatory genes such as COX-2, iNOS, intracellular adhesion 

molecules, pro-inflammatory cytokines and chemokines. 

GSH play a key role in reducing oxidative stress. The Brain and spinal cord have 

low GSH concentration, between 1-2umol/g wet weight, while in liver GSH 

concentration is 8-10umol/g wet weight. GSH in CNS is mostly found in astrocytes. GPx 

activity is also mainly localized in astrocytes. The low GSH level and decreased GPx 

activity makes the neurons more sensitive to increase production of peroxides, this is 

followed by a very high proportion of poly-unsaturated fatty acids in membranes of 

neurons and oligodendrocytes (Juurlink BHJ, 1999). 

 

1.1.4 Nigella Sativa 

Nigella Sativa (NS) is also called fennel flower plant and belongs to the Buttercup 

(Ranunculaceae) family. The maximum height of this plant is about 60 cm. It has pale 

bluish or white flowers (Khan MA, 1999) as shown in Figure 16. It is an annual 

flowering plant. The flowers grow terminally on its branches while leaves grow opposite 

each other in pairs on either side of stem. NS reproduces with itself and forms a fruit 

capsule which consists of many white trigonal seeds (Figure 17). This fruit capsule opens 

on maturation and seeds turn black on exposure to the air (Schleicher P, et al., 1998). The 
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scientific name is a derivative of Latin “Niger” meaning “Black” (Duke JA, et al., 2003). 

There are different names of NS in England it is called Black Cumin, Funnel Flower, 

Onion Seed and Fitch, in French Cheveux de Venus and Nigelle, in Russian Charnushka, 

in India and Pakistan it is called Munga Reala and Kalongi, in German Zwiebelsame, 

Nigella or Schwarzktimmel. In Spanish its names are Niguilla or Pasionara while Turkish 

calls it Corek otu siyah. In Italy its name is Nigella, in Bangladesh kalijeera, in Persian it 

is famous as Siyah daneh, in Hebrew it is kezah (Duke JA, et al., 2003) and in Middle 

East Habbatul barakah (Ali BH, et al., 2003). Nigella Sativa is found wild in southern 

Europe, South East Asia and Northern Africa (Salem ML, et al., 2005).  

Nigella Sativa consists of about 35% carbohydrates, 21% protein (eight of nine essential 

amino acids) and 35-38% fats (fixed oil). These fats are made of both saturated and 

unsaturated fats. Its major component is TQ (Fig.No.8) which is about 27.8 % - 57% and 

others active ingredients are DTQ, THY and THQ (Salem ML, et al., 2005). 

The percentage of components in its oil is like this saturated acid 18.1%, 

monounsaturated acids 23.8%, linoleum acid (omega-6) 57.9%, oleic acid 23.7% and 

stearic acid 2.6%. It also protect breast carcinoma from apoptosis (Breyer S, et al., 2009). 

4-Acylhydrazones and 6-alkyl derivatives of thymoquinone (TQ) were tested for growth 

inhibition of MCF-7/T opo breast carcinoma cells. TQ also protects erythrocytes against 

lipid per oxidation and protein degradation (Bilto YY, et al., 2004). There are over 150 

research papers of Black Seed effects on animals that have been published and have 

confirmed many healing properties traditionally attributed to Black Seed. Its anti oxidant 

activity against CCL4-induce toxicity and DOX hepatotoxicity in rats is confirmed by El-

Dakhakhny M, et al., 2000. The antiviral effect of NS in preventing CMV in mice was 

due to increased number of macrophages and gamma interferon (Salem ML, et al., 2000). 

Since 1959, there have been over 65 studies at international universities and articles 

published in various journals showing remarkable results supporting some of the 

traditional uses of NS in human including its role in acute tonsillopharyngitis, as an anti 

hypertensive, anti carcinogenic, anti heliminthic, anti diabetic, anti bacterial, anti 

histaminic, anti bacterial, anti myocotic, anti inflammatory, anti diuretic and anti 

lactogenic agent.   
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Figure 16 Nigella Sativa Flower 

 
 

Figure 17: Nigella Sativa Seeds 
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In a study investigating the potential effect antiepileptogenic and antioxidant effects of 

NS oil against Pentylene tetrazol-induced kindling in mice. Ilhan et, al looked at whether 

NS oil could (i) suppress the convulsive and lethal effects of PTZ in kindled mice (anti-

epileptogenic effect), and (ii) attenuate the PTZ-induced oxidative injury in the brain 

tissue (antioxidant effect) when given as a pre-treatment prior to each PTZ injection 

during kindling acquisition. Valproate, a major antiepileptic drug, was also tested for 

comparison. Both substances significantly decreased oxidative injury in the mouse brain 

tissue, however, they found NS oil to be the more effective in preventing PTZ-induced 

seizures (Ilhan et al, 2005). The data obtained from their studies support the hypothesis 

that the neuroprotective action of NS oil may correlate with its ability to inhibit not only 

excessive reactive oxygen species (ROS) formation but also seizure generation. 

 Ozugurlu, et al, in 2005 studied the effect of NS oil against experimental allergic 

encephalomyelitis in rats via nitric oxide and other oxidative stress parameters and found 

that treatment of the rats with NS inhibited ROS production induced by EAE showing 

diminished levels of MDA and NO of both brain and medulla spinalis tissues.  

Kanter M, et al., in 2005 studied the Hepatoprotective effects of Nigella sativa 

together with Urtica dioica L on lipid peroxidation, antioxidant enzyme systems and liver 

enzymes in carbon tetrachloride-treated rats and found that NS and Urtica dioica decrease 

the lipid per-oxidation, liver enzymes, and increase the anti-oxidant defense system 

activity in the CCl4-treated rats. In another study by Kanter M, et al., in 2005 on gastro 

protective activity of NS oil and its constituent against acute alcohol-induced gastric 

mucosal injury in rats confirms NS can partly protect gastric mucosa from acute alcohol-

induced mucosal injury. A Study by Agarwal R, et al., in 1979 showed that black seed oil 

increases the milk output of breastfeeding mothers.  

Another study by Ali BH (2004), confirms the usefulness of NS oil in 

ameliorating signs of gentamicin nephrotoxicity in rats. Gentamicin nephrotoxicity has 

been shown to involve the generation of OFR and free radical scavengers have been 

shown to ameliorate the nephrotoxicity. His results suggest that the treatment with NS oil 

produced a dose-dependent amelioration of biochemical and histological indices of 

gentamicin nephrotoxicity and its increased GSH and total antioxidant status 
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concentration in renal cortex. Scientists and researchers believe the scavenging role of 

NS and its use in the treatment of various inflammatory diseases is reasonable and useful.  

 

1.1.5 Thymoquinone 

Thymoquinone (TQ) (2-methyl-5-isopropyl-1, 4-benzoquinone) occurs naturally 

in plants (Figure 18). It is the main constituent of volatile oil of NS seeds which contain 

18-24% of TQ (Mansour M, et al., 2004). Recently, numerous studies have been carried 

out in animal models as well as in cellular models. These studies have suggested that TQ 

is involved in many biological activities (Badary OA, et al., 2003). TQ has been reported 

to inhibit oxidation of the brain membrane (Houghton PJ, et al., 1995). In vivo, TQ has 

shown scav/enging effects against free radicals that cause tissue damage in experimental 

animals (Al-Shabanah OA, et al., 1998; Badary OA, et al., 2003 and Mohamed A, et al., 

 
Figure 18: Thymoquinone. Molecular Formula: C10 H12 O2, Molar Mass 164.2 

gm/mol 
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2003). TQ also has shown to protect the mice against chemically induced carcinogenesis 

(Badary OA, et al., 1999 and 2001). The exact mechanism of antioxidant effects of TQ is 

not completely known. A lot of research has been done that confirms TQ is a potent 

superoxide radical scavenger (Mansour MA, et al., 2002; Kruk I, et al., 2000). A study by 

Al-Majed AA, et al., (2006) supports the neuroprotective effect of TQ against transient 

forebrain ischemia-induced neuronal damage in the rat hippocampus. In this study rats 

were divided randomly into five groups: control, sham, ischemia, TQ and ischemia plus 

TQ. Transient forebrain ischemia was induced with bilateral occlusion of both common 

carotid arteries for 10 min followed by 7 days of reperfusion. Thymoquinone was 

administered (5 mg/kg/day p.o.) 5 days before ischemia and continued during the 

reperfusion time. Animals were sacrificed, and brain tissues were isolated for 

histopathological examination. Hippocampal tissues were also used for determination of 

MDA levels (an end product of lipid peroxidation); GSH levels and the activities of the 

antioxidant enzymes CAT and SOD were tested as well. Forebrain I/R neural injury in 

rats was demonstrated by histopathological observation, which revealed 77% neural cell 

death in the hippocampus. Forebrain I/R oxidative injury in rats was demonstrated by a 

significant increase in malonaldehyde (MDA) and a significant decrease in GSH 

contents, CAT and SOD activities in the hippocampal tissue compared to the control and 

sham-operated-groups. Pre-treatment of TQ attenuated forebrain ischemia-induced 

neuronal damage manifested by significantly decreasing the number of dead hippocampal 

neuronal cells (24% in TQ-treated versus 77% for ischemia, P<0.001), which confirm the 

protective role of TQ in I/R injury. Also, pre-treatment of ischemic rats with TQ 

decreased the elevated levels of MDA and increased GSH contents, CAT and SOD 

activities to normal levels. This suggests protection of TQ against oxidative stress.  

A study by Houghton PJ, et al., (1995) shows that fixed oil of NS and derived TQ 

inhibit eicosanoid generation in leukocytes and membrane lipid peroxidation. In this 

study, samples of the expressed fixed oil from different sources of NS seeds were 

examined by thin-layer and gas chromatography for content of fixed oils and TQ, and 

these substances were tested as possible inhibitors of eicosanoid generation and 

membrane lipid peroxidation. The crude fixed oil and pure TQ both inhibited the 

cyclooxygenase and 5-lipoxygenase pathways of arachidonate metabolism in rat 
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peritoneal leukocytes by dose-dependent inhibition of thromboxane B2 and leukotriene 

B4. This study further suggesting and support the traditional use of NS and its derived 

product TQ as a treatment for rheumatism and related inflammatory diseases. 

A study by Radad K, et al., (2009), suggests TQ protects dopaminergic neurons 

against MPP+ and rotenone. MPP+ is toxic and acts by interfering with oxidative 

phosphorylation in mitochondria, causing depletion of ATP and cell death. It also inhibits 

the synthesis of catecholamines, reduces levels of dopamine and cardiac norepinephrine, 

and inactivates tyrosine hydroxylase. The neurotoxin MPTP is converted in the brain into 

MPP+ by the enzyme MAO-B (monoamine oxidase type B), causing parkinsonism in 

primates by killing dopamine-producing neurons in the substantia nigra. The chloride of 

MPP+ has been used as a herbicide under the trade name cyperquat (Vinken PJ, et al., 

1994). Rotenone is an odorless chemical that is used as a broad-spectrum insecticide and 

pesticide. It occurs naturally in the roots and stems of several plants such as the jicama 

vine plant. It causes Parkinson's disease-like symptoms if injected into rats. Rotenone 

kills the freshwater snail Lymnaea stagnalis by attacking the mitochondria in its neurons. 

In this study primary dopaminergic cultures from mouse mesencephala were used to 

investigate the neuroprotective effects of TQ against MPP+ and rotenone toxicities. 

According to the result of this study, TQ rescued 25% of THir neurons against MPP+. In 

short-term rotenone toxicity, TQ (from days 8-12 i.v.) saved about 65%, 74% and 79% of 

THir neurons at concentrations of 0.01, 0.1 and 1 micron, respectively, compared with 

cell loss induced by rotenone. In long-term rotenone toxicity, concomitant treatment of 

cultures with TQ significantly rescued about 83-100% of THir neurons. 

In another study by Hamdy NM, et al., (2009), NS oil and its active constituent 

TQ reduces oxidative stress in the heart and brain in an experimental model of diabetes 

mellitus using STZ. Oxidative stress was assessed by measuring cardiac and brain NO, 

lipid peroxide levels, GSH and antioxidant enzyme activities, i.e. glutathione-S-

transferase and CAT. Cardiac metabolic damage was estimated by measuring cardiac 

creatine kinase muscle and brain types (CK-MB). Brain monoamine levels were also 

evaluated. STZ diabetes induced a significant increase in heart and brain NO and MDA 

concentrations compared with the control group. These changes were attenuated by post 

treatment of rats with NS oil and TQ. STZ diabetes induced oxidative stress resulted in a 
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significant decrease in GST, GSH and CAT. These lowered levels were improved by 

either NS oil or TQ administration. Serum CK-MB was decreased in the diabetic rats, 

which recovered with NS oil and TQ administration. During the course of diabetes, there 

was a marked increase in norepinephrine and dopamine concentrations and a marked 

decrease in serotonin concentration compared to the control group. These findings were 

partly reversed by oral administration of either NS oil or TQ. It is concluded that NS and 

TQ correct STZ-diabetes-induced alterations in CK-MB and brain monoamines due to 

their antioxidant properties. 

The other study that supports the anti oxidative effect of TQ is presented by 

Fouda AM, et al., (2008). According to this study TQ ameliorates renal oxidative damage 

and proliferative response induced by mercuric chloride (HgCl2) in rats. HgCl2 (3 

mg/kg) was administered subcutaneously to each one of two groups of rats: (i) HgCl2-TQ 

group that received TQ (10 mg/kg/day); and (ii) HgCl2 group that received vehicle 

instead of TQ. A third group of rats was reserved as control group. Rats were killed 24, 

48 and 72 hours after HgCl2 administration for histological and biochemical studies. 

Results show that treatment with TQ offers imperative protection from HgCl2-induced 

nephrotoxicity. The deterioration of antioxidant enzymes, increment of serum creatinine 

and histological damage caused by HgCl2 are markedly improved by TQ treatment. 

Apoptosis and proliferative reactions are also reduced. The maximum protection offered 

by TQ treatment was particularly noticeable 48 and 72 hours after administration of the 

toxic agent at the time when histological damage, renal cell apoptosis and proliferative 

reactions reached their maximum. These observations may be suggestive partially to the 

antioxidant effect of TQ and suggest that it may be a clinically valuable agent in the 

prevention of acute renal failure caused by inorganic mercury intoxication. 

The study that shows the effects of TQ and selenium on the proliferation of 

osteoblasts cells in tissue culture is done by Barron J, et al., (2008). Osteoblasts cells 

were treated with conventional low, medium and high doses of TQ and Se to obtain an 

optimal dose for combined treatment. Results and biochemical markers were evaluated at 

24, 48 and 72 hours for all groups. The combined dose of TQ and Se produced decreased 

cell counts, increased cellular damage, decreased alkaline phosphatase levels, and 

decreased glutathione levels as compared to control (P>0.05). These results indicate that 

 34



the combined use of TQ and Se may be an effective treatment option against human 

osteosarcoma cells. The study by Erdurmus M, et al., (2007) supports the inhibitory 

effects of topical TQ on corneal neovascularization. In this study the effect of TQ on 

corneal neovascularization in rats is compare with triamcinolone acetonide. TQ was 

shown to have an inhibitory effect, comparable with that of triamcinolone, on corneal 

neovascularization in this rat model. However, TQ decreased corneal neovascularization 

in a dose-dependent manner. 

The list of proven beneficial effects of TQ is long and we suggest that anti-

oxidant effect of TQ should be explored and its use in neurodegenerative diseases like 

MS should be consider. 

 

1.2 HYPOTHESIS 

Experimental findings have shown parallel relationships between MS and EAE. 

In MS lesions the most important factor is axonal injury and axonal injury is also 

recognized as a normal response to inflammation in EAE. MS like histopathology is seen 

in C57BL/6 mice with EAE induced by immunization with MOG35-55 (Calida DM, et 

al., 2001). Extensive cortical demyelination can be present in chronic EAE. So EAE 

therefore can be used as a model to test the different therapies for CNS-targeted 

autoimmune disorders. Many of the immunosuppressive therapies currently used to treat 

MS trigger a range of undesirable side effects; however, discontinuation of these 

therapies is often associated with a reappearance of symptoms.  

Neuronal cells are sensitive to oxidative stress due to their weak anti-oxidant 

defense. Infiltration of inflammatory cells causes dysfunction of mitochondria which 

includes reduction in ATP synthesis, changes in membrane potential, breaks in DNA 

strands, depression in respiratory chain and production of ROS. All these factors lead to 

death of oligodendrocytes and other neuronal cells and degeneration of axons (Qi X, et 

al., 2006).  

Researchers believe that mitochondrial dysfunction contribute to MS progression 

(Andrews HE, et al., 2005 and Kalman B, et al., 2003) and that oxidative stress not only 

causes destruction of myelin but also inhibits the process of its healing (Gonsette RE, 

2008). Oxidative stress has a central role in ageing and is associated with 
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neurodegenerative diseases (Juurlink BHJ, 1999). It is important for the cell to scavenge 

the peroxides produced which is principally done by using seleno-enzyme glutathione 

peroxidase (GPx) which in turn uses GSH as electron donor. GPx scavenging efficiency 

increases with increasing intracellular GSH concentration. The important enzyme that 

regulates intracellular levels of GSH is GRed which uses NADPH as an electron donor to 

reduce GSSG to GSH. Oxidative stress inactivates GRed (Juurlink BHJ, 1999).  

Evidently, anything helpful in the management of oxidative stress will also be 

beneficial in preventing and treating these neurodegenerative disorders. Many 

experimental studies have been done on the anti-oxidant effects of TQ, an oil constituent 

of NS (also called Black Seed). Scientists and researchers believe the scavenging role of 

NS and its principal constituent TQ are effective in the treatment of various inflammatory 

diseases. In vivo, TQ has shown scavenging effects against free radicals that cause tissue 

damage in experimental animals (Al-Shabanah OA, et al., 1998; Badary OA et al., 2003 

and Mohamed A, et al., 2003). 

Based on the above background knowledge it is therefore hypothesized that 

Thymoquinone (TQ) due to its anti-oxidant effect is preventive and or curative in 

Chronic-Relapsing EAE. 

 

1.3 RATIONALE FOR THE STUDY 

EAE characteristically has been regarded as an acute monophasic illness; however, after 

the development of chronic-relapsing models of EAE in the Lewis rat, EAE indeed 

became a suitable and relevant tool for research of MS. Despite this, however, in some 

views the relationship between MS and EAE remains controversial. The chronic 

relapsing form of EAE offers important similarities to the human disease MS and most of 

the treatments investigated in phase 2 and phase 3 clinical studies in MS were first 

examined in EAE. In this study we focus on CR-EAE observing its severity and 

comparing it with acute EAE before and after TQ injections. The exact mechanism of 

action of TQ is not known. In this study we also observe the effect of TQ on serum GSH 

level in both acute and CR-EAE. GSH plays a role in preventing oxidative stress. This 

study will help elucidate the relationship between acute and CR-EAE and, moreover, the 

effects of TQ on GSH before and after CR-EAE. 
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1.4 OBJECTIVES 

The objectives of this study are to determine: 

(1) Whether CR-EAE clinical signs correlate well with the extent of perivascular 

lymphocytics infiltrate compared with normal histology following TQ. 

(2) Whether serum GSH level increases or decreases in EAE mice receiving TQ. 

(3) Whether TQ can prevent the development of acute and chronic EAE in C57BL/6J 

mice. 

(4) Whether TQ can cure CR-EAE in C57BL/6J mice. 

To achieve the above objectives we have done:  

(1) Clinical analysis – Clinical signs and symptoms were scored using a modified Pender 

Scale. 

(2) Biochemical analysis -- Red cell GSH was measured by spectrophotometer using 

Asensi’s modification of the Brigelius et al., method. 

(3) Histological analysis – Brain and spinal cord tissues slides were prepared and stained 

with Heamatoxylin and Eosin and then examined by light microscope for the presence of 

perivascular lymphocyte infiltrate inflammation. 

 

2.0 MATERIALS AND METHODS 

2.1 Materials  

The University of Saskatchewan Committee on Animal Care and Supply 

approved the study; protocol # 19990102.  

2.1.1 Experimental Animals 

The study involved 30 young female mice of strain C57BL/6J aged from 6 to 12 

weeks. The mice, each weighing from 20 – 22 grams, were obtained from the stock of the 

University of Saskatchewan’s Animal Resources Centre bred mice, as supplied by 

Charles River Laboratories International (Quebec). The mice were kept in the Animal 

Care Facility – College of Medicine Health Science Building, University of 

Saskatchewan and housed in a quite place with a regular 12 hours light / 12 hours dark 

cycle. In order to minimize the stress, the environment was kept noise and vibration free. 

All mice were given appropriate food and water. 
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2.1.2 EAE Induction 

MOG35-55 peptide emulsified in Complete Freund’s Adjuvant (CFA) supplied 

by Hooke Laboratories (Hooke Kit™ MOG35-55/CFA Emulsion PTX – EK 0115) was 

used to induce EAE in C57BL/6. The kit consists of two components, each delivered in 

separate pre-filled syringes –MOG35-55 in CFA emulsion, and pertussis toxin (PTX) in 

PBS.  

The emulsion provides antigen needed to expand and differentiate MOG-specific 

autoimmune T cells. Tissue dendritic cells pick up the antigen and take it to the draining 

lymph nodes, where priming of T cells takes place. Pertussis toxin enhances EAE 

development by providing additional adjuvant. PTX injection affects cell trafficking, 

development of Th17 cells and integrity of the blood brain barrier. 

 

2.1.3 Thymoquinone Treatment 

TQ in powdered form 5-gram packages was supplied by Sigma-Aldrich 

Laboratories.  

2.1.4 Serum GSH Measurement 

Measurement of serum GSH on the spectrophotometer was done by using CDNB 

and GST (from equine) from Sigma-Aldrich Laboratories. 

 

2.2 Methods 

 

2.2.1 Experimental design 

Thirty mice were used in this experiment, and separated into Group A, Group B, 

and Group C. Ten mice were placed in each group.  

Group A: 

10 mice were given immunization by subcutaneous injection of 0.2ml of emulsion 

(MOG in CFA); then after 2 hrs i.p injection of 0.1ml of PTX was given; then 0.1ml of 

PTX was repeated after 22-24 hours. Group A was used as the control group of EAE for 

the acute and relapsing stages. The acute phase ran for 28 days post - EAE induction 

while the chronic phase ran for 50 days post - EAE induction. 
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Group B: 

10 mice received immunization in the same way as did Group A, and i.p TQ (15mg/kg) 

was given after the second dose of PTX from day 1 until day 50 in order to prevent the 

CR EAE. 

Group C: 

10 mice received immunization in the same way as did Group A, then i.p TQ 

(15mg/kg) was started on the appearance of first sign and symptoms of CR EAE to treat 

the CR EAE. 

All mice were examined daily for behavioral deficits (as outlined in Table 1) by 

two individuals who were blinded as to the injections the mice had received. All mice 

were sacrificed on day 50. 

2.2.2 Experimental procedures 

Because stress reduces EAE susceptibility in mice, minimizing mouse stress is 

very important for successful EAE induction (Levine S et al., 1962 and 1987; Bukilica M 

et al., 1991; Griffin AC et al., 1990 and 1993). We therefore used several techniques to 

lower mouse stress. When mice arrived in our Animal Care Facility, we allowed 10 days 

for their acclimatization before we began our experiment. We used in total 6 ventilated 

cages for the 30 mice (each group of 10 mice comprised 2 cages with 5 mice per cage). 

We performed all procedures in the mouse room so as to avoid moving the mice to a 

separate procedure room, since moving mice on carts contributes the stress. We also tried 

to avoid excessive touching of the mice and any necessary handling throughout the 50 – 

day test period was done gently. Since application of anaesthesia can aggravate stress, we 

avoided using it on the mice. Throughout the course of our work, we saw no evidence of 

mouse stress. 

The technique used for s.c injection of MOG35-55 is very important for 

successful EAE induction. In our experiment, we followed the procedures recommended 

by Hooke Laboratories Inc. The procedure explained below is for right - handed injection 

and should be reversed if injecting with left hand. First, grip the mouse tail with the 

finger and thumb of the right hand, then restrain the mouse against the cage top lid with 

the three remaining fingers of right hand. With the left hand, further restrain the mouse 

by placing two fingers behind its head. With the right hand, inject the mouse 
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subcutaneously on its upper back with 0.1 ml of emulsion of MOG35-55. Keep the 

needle inserted into the subcutaneous space for 10 to 15 seconds to avoid leakage of the 

emulsion. Using the same basic technique, inject the mouse subcutaneously on its lower 

back with 0.1 ml of emulsion of MOG35-55. Again, keep the needle inserted into the 

subcutaneous space for 10 to 15 seconds and lightly pull on the syringe plunger to avoid 

leakage. All 30 mice were immunized in this way. 

Two hours after performing the above procedure, we intraperitoneally injected a 

first dose of PTX of about 0.1 ml per mouse. Pertussis toxin enhances EAE development 

by providing additional adjuvant. PTX injection affects cell trafficking, development of 

Th17 cells and integrity of the blood brain barrier. Then 22-26 hours after injection of the 

emulsion of MOG35-55, we intraperitoneally injected a second dose of PTX also of 

about 0.1ml into the mice. All 30 mice received PTX in this way.  

In the Group B 10 mice, for the duration of the 50 – day experiment, we 

intraperitoneally injected TQ (15mg/kg) 0.1ml/day on the same day and immediately 

following their second dose of 0.1ml of PTX. With the Group C 10 mice, we 

intraperitoneally injected TQ of about 0.1ml immediately after the onset of first sign of 

CR-EAE, and continued the injections till the day 50 (All mice of group C received TQ 

on different days as the symptoms appeared). 

Intraperitoneal injection is a common method for administrating the drugs to 

mice. First the mouse is placed on the cage lid and the loose skin behind its ears is 

grasped with the thumb and forefingers. As soon as the mouse’s head was restrained, we 

picked up the mouse and secured its tail between the ring finger and little finger. The 

injection site was the lower left quadrant of the mouse’s abdomen because vital organs 

are absent from this area. We disinfected that area with a 75% alcohol - soaked cotton 

ball and penetrated only the tip of the needle into the abdominal wall to prevent the 

injection into the intestine. In this way intraperitoneal injections of PTX and TQ were 

administrated. 

As soon as the first signs of paralysis were observed, each mouse was provided 

with food on the floor of the cage, and with easily accessible water. One mouse from 

Group A (the control group) died at the time of intraperitoneal injection of PTX, most 

probably due to stress or fear. All mice developed bumps of emulsion at the injection 
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sites 3 to 5 days after injection. In some mice, alopecia developed at the site of injection 5 

to 7 days after injection. In most mice, the emulsion bumps remained at the sites of 

injection for the duration of the experiment (50 days). Some of the mice that developed 

CR-EAE (at approximately 35 days) cleared the emulsions by developing skin ulcers at 

the injection sites. On the advice of a veterinarian, antibiotic ointment was applied to 

those sites. The ointment helped in controlling the skin ulcers, but by day 50 the skin 

ulcers still had not healed completely. We therefore concluded that EAE development 

does not depend on the mice either clearing or not clearing emulsion from the injection 

sites. 

2.2.3 Methods of Tracking the Mice 

Because of the stress factor involved, we avoided attaching tags for identification 

purposes around or on the necks, ears, or tails of the mice. Instead, in order to track each 

mouse of each group, we marked rings with a black ink pen on the tails of the mice. The 

Mouse 1 of each group received one ring on its tail and the three were named A1, B1 and 

C1 accordingly. Similarly, the tail of mouse 2 of each group was marked with 2 rings and 

named them A2, B2, and C2 respectively. The same pattern continued until all 30 mice 

were labelled. We also labelled the cages and recorded the dates of immunizations and 

TQ treatments. On three separate sheets assigned to each of Group A, Group B, and 

Group C, following twice – daily examinations we recorded and scored data regarding 

any change in behaviour of each mouse using a modified Pender scale.        

Symptoms were scored on a modified Pender scale as follows: 0 - no symptoms; 1 

- tail weakness; 2 - tail paralysis; 3 - hind limb weakness; 4 - hind limb paralysis; 5 - 

forelimb weakness; 6 - forelimb paralysis. All mice were sacrificed 50 days after 

induction of EAE, under inhaled anaesthesia. Blood samples were obtained by cardiac 

puncture during the time of deeply inhaled anaesthesia, and stored at - 80°C. When the 

mice died, brain and spinal cord tissue were fixed by a 10% Formalin solution. 

2.2.4 Inhaled anaesthetization of the Mice 

Isoflurane at 2% per 2.5L of oxygen was given via route of nose (cone) for 20-40 

minutes. We placed each mouse in the chamber and isoflurane was administered at the 

flow rate of 3-5 mm of Hg. As soon as the mouse went into deep anaesthesia, We 

removed it from the chamber and O2 was given through the nasal cone. Then we pinned 
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all four limbs of the mouse and cardiac puncture was performed at this stage. After 

collection of 1 ml of blood and its storage, O2 was stopped and the mouse was sacrificed 

for histology purposes. 

2.2.5 Blood Collection from Cardiac Puncture 

 1 ml of blood was collected from cardiac puncture of each mouse and for this, the 

mouse was sedated under inhaled anesthesia. After administrating deep anesthesia, the 

thorax area was disinfected with a saturated 75% alcohol cotton ball and a finger was 

used to locate the maximum heart palpitation site. Next a 27 G needle was inserted with 1 

ml syringe through the thoracic wall at the point of maximum heart palpitation and 1 ml 

of blood was withdrawn slowly by the right hand. After collection of 1 ml of blood, the 

blood was centrifuged at 300 rpm for 5 minutes. Then plasma was removed and the 

RBCs  stored at - 80°C for the measurement of GSH.  

2.2.6 Red Cell Glutathione Measurement Using Asensi’s Modification 

Red cell glutathione was measured using Asensi’s (1999) modification of the 

method by Brigelius et al. The measurement is based on conjugation of chlorobenzene 

with GSH in a reaction catalyzed by glutathione transferase, forming an adduct of s-2, 4 

dinitrophenyl glutathione which is read at 340 nm wavelength. This method measures 

reduced-glutathione (GSH) levels in the red cell. 

2.2.7 Blood Sample Preparation 

RBCs of all the 29 mice collected and stored at -80°C. From each mouse 0.5 ml 

of RBCs was collected and added 0.5 ml of ice - cold 30 % of TCA containing 2mM 

EDTA (or 15% TCA in 1 mM EDTA). This concentration of TCA is important in order 

to prevent the loss of GSH. TCA acts as a deproteinizing agent, while EDTA blocks the 

normal reactivity of metal ions. After vortex, this preparation centrifuged at 15000 rmp 

for 10 minutes at 4°C and then we removed the acidic supernatant. Extra amounts of this 

supernatant were stored at - 80°C for future use.  

2.2.8 Spectrophotometric Determination  

About 0.5 M potassium phosphate was made and buffered at pH 7, containing 1 

mM of EDTA. The other important reagent was CDNB. we added 2 mg of CDNB per ml 

of warm ethanol in a fume hood because of flammability. Therefore our control sample 

was a mixture of 25 ul of supernatant, 10 ul of CDNB, and 825 ul of 0.5 M potassium 

 42



phosphate. In order to zero the spectrophotometer, blank microcuvette was prepared 

using 850 ul of distilled water. We put this control sample into the microcuvette which 

was then placed into the spectrophotometer. We recorded the absorbance at 340 nm as a 

baseline until the endpoint of reaction, which usually occurred at about 5 minutes. 

2.2.9 Measurement of GSH 

For the measurement of GSH, glutathione transferase was added to the “control 

sample” to give the “test sample”. Glutathione transferase is a catalyst and catalyze the 

reaction and helps in conjugation of chlorobenzene with glutathione forming an adduct of 

s-2, 4 dinitrophenyl glutathione (this adduct contains the GSH amount) and read at 340 

nm wavelength in the spectrophotometer. We made the test sample mixture by adding 10 

ul of Glutathione-S-Transferase (500U/ml of 0.01 M phosphate buffer) to 825 ul of 0.5 M 

potassium phosphate, 10 ul of CDNB and 25 ul of supernatant in the microcuvette. We 

then placed the microcuvette in the spectrophotometer and the formation of s-2, 4-

dinitrophenyl glutathione was recorded by the absorbance change after 5 minutes at 340 

nm. The final step was the calculation of concentration of GSH by using the Beer 

Lambert formula: 

C = A / E 

 

Where A = Absorbance recorded, E = 9600/M cm and C = concentration of GSH in 

RBCS.  

Test samples and control GSH concentrations were recorded and compare for all 

mice. The mean GSH levels and standard deviations were calculated for each group. 

2.3.0 Histology 

After sacrifice, each mouse was immediately perfused with 10 ml of PBS and 

then with 10 % formalin to enter the subarachnoid space, using magnified lamp, each 

mouse brain and spinal cord were dissected and sectioned into 2mm/diameter, then 

immersed into 10 % buffered formalin for 72 hours before taking them for processing 

into tissue culture machine. Here it takes 24 hour. Then these fixed tissues were 

embedded in paraffin. Similarly, four transverse sections of the brain (frontal cortex to 

medulla) and multiple (n _ 9 to 13 sections/animal) transverse sections of the cervical, 

thoracic, lumber and sacral spinal cord were sectioned in 8 micrometer thicknesses. All 
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slides were stained with haematoxylin and eosin (H & E) and examined under light 

microscope. Light microscopic examination (X40 objective) was used to identify the 

inflammatory cell infiltrate and perivascular cuffing. The number of inflammatory foci 

that contained at least 20 cells was counted in each stained section. (Score of 20 cells for 

mild, 40 for moderate and 60 and above for severe). 

 

2.3.1 Statistical Analysis 

The results were expressed as the mean ± standard deviation. Significant 

differences in the glutathione concentrations in the serum were compared to the control 

by the paired “T” test, a value of p< 0.05 was considered significant. 

 

3.0 RESULTS 

Three parameters were used behavioural, biochemical and histological analysis. 

 

3.1 Behavioural Analysis of Mice 

Immunization of the C57BL/6J mice with MOG35-55 resulted in symptoms on 

7 or 8 days after EAE induction. Behavioural examination of all mice using a 

modified Pender scale was conducted by 2 individuals who were blinded to the 

experimental grouping (Table 1). An ascending pattern of paralysis resulted in 

symptoms progressing from transient tail weakness, paralysis to hind limb                              

weakness and paralysis, a pattern characteristic for the acute phase of EAE. 

Partial to full recoveries were recorded around 28 days after EAE induction. 

Recoveries were followed by a reappearance of symptoms that continued to 50 

days post-immunization, at which point the mice were sacrificed (Figure 5). The 

reappearance of symptoms indicated a progression from the acute phase to the 

chronic - relapsing phase of the disease. Clinical scores were assigned to the 

mice for 50 days post-immunization, and the mean clinical scores and standard 

deviations for each group were calculated for 50 days (Table 2). 

Mice of group C (EAE treated with TQ after the appearance of chronic 

symptoms) were observed to have the highest mean clinical scores in both acute and 

chronic phases of EAE, with symptom reduction in 5 out of 10 mice following TQ 
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Table 1: Modified Pender Scale, percentage of disease appeared in each group and 

their comparison 

 

 

 

Clinical 

Score 

 

Clinical Symptoms 

 

Group A 

 

Group B 

 

Group C 

 

n/n 

 

% 

 

n/n 

 

% 

 

n/n 

 

% 

 

0 

 

No  Symptoms 

 

  0/10 

 

0 

 

8/10 

 

80 

 

0/10 

 

0 

 

1 

 

Tail  Weakness 

 

3/10 

 

30 

 

1/10 

 

10 

 

4/10 

 

40 

 

2 

 

Tail  Paralysis 

 

4/10 

 

40 

 

1/10 

 

10 

 

3/10 

 

30 

 

3 

        Hind  Limbs 

          Weakness         

 

1/10 

 

10 

 

0/10 

 

0 

 

2/10 

 

20 

 

4 

Hind  Limbs  

Paralysis 

 

1/10 

 

10 

 

0/10 

 

0 

 

1/10 

 

10 

 

5 

Fore  Limbs  

Paralysis 

 

0/10 

 

0 

 

0/10 

 

0 

 

0/10 

 

0 

 

6 

 

Death 

 

1/10 

 

10 

 

0/10 

 

0 

 

0/10 

 

0 
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Table 2: Mean Clinical Scores and standard deviations assigned to C57BL/6J mice 

belonging to groups A, B and C for the 50-day period post EAE immunization.   

 

Days 
After EAE 
Induction 

Group A Group B Group C Days 
After EAE 
Induction 

Group A Group B Group C 

1 0.000 + 
0.000 

0.000 + 
0.000 

0.000 + 
0.000 

26 0.444 + 
0.882 

0.000 + 
0.000 

0.700 + 
1.059 

2 0.000 + 
0.000 

0.000 + 
0.000 

0.000 + 
0.000 

27 0.222 + 
0.667 

0.000 + 
0.000 

0.800 + 
1.033 

3 0.000 + 
0.000 

0.000 + 
0.000 

0.000 + 
0.000 

28 0.000 + 
0.000 

0.100 + 
0.316 

0.500 + 
0.850 

4 0.000 + 
0.000 

0.000 + 
0.000 

0.000 + 
0.000 

29 0.000 + 
0.000 

0.100 + 
0.316 

0.500 + 
0.850 

5 0.000 + 
0.000 

0.000 + 
0.000 

0.000 + 
0.000 

30 0.000 + 
0.000 

0.200 + 
0.632 

0.300 + 
0.675 

6 0.000 + 
0.000 

0.000 + 
0.000 

0.000 + 
0.000 

31 0.000 + 
0.000 

0.200 + 
0.632 

0.200 + 
0.422 

7 0.333 + 
1.000 

0.000 + 
0.000 

0.000 + 
0.000 

32 0.000 + 
0.000 

0.200 + 
0.632 

0.200 + 
0.422 

8 0.444 + 
1.014 

0.000 + 
0.000 

0.000 + 
0.000 

33 0.444 + 
1.333 

0.200 + 
0.632 

0.400 + 
0.966 

9 0.444 + 
1.014 

0.000 + 
0.000 

0.000 + 
0.000 

34 0.444 + 
1.333 

0.200 + 
0.632 

0.500 + 
1.269 

10 0.444 + 
1.014 

0.100 + 
0.316 

0.100 + 
0.316 

35 0.556 + 
1.333 

0.200 + 
0.632 

0.500 + 
1.269 

11 0.556 + 
1.130 

0.100 + 
0.316 

0.100 + 
0.316 

36 0.556 + 
1.333 

0.200 + 
0.632 

0.700 + 
1.337 

12 0.778 + 
1.093 

0.100 
+0.316 

0.400 + 
0.966 

37 0.556 + 
1.333 

0.200 + 
0.632 

0.700 + 
1.337 

13 0.778 + 
1.093 

0.000 + 
0.000 

0.400 + 
0.966 

38 0.556 + 
1.333 

0.100 + 
0.316 

0.600 + 
1.075 

14 0.778 + 
1.093 

0.000 + 
0.000 

0.400 + 
0.966 

39 0.556 + 
1.333 

0.100 + 
0.316 

0.600 + 
1.075 

15 0.889 + 
1.054 

0.000 + 
0.000 

0.700 + 
1.160 

40 0.556 + 
1.333 

0.100 + 
0.316 

0.600 + 
1.075 

16 0.889 + 
0.928 

0.000 + 
0.000 

1.000 + 
1.333 

41 0.556 + 
1.333 

0.100 + 
0.316 

0.500 + 
1.080 

17 1.111 + 
0.928 

0.000 + 
0.000 

1.200 + 
1.317 

42 0.556 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

18 1.333 + 
0.866 

0.000 + 
0.000 

1.300 + 
1.252 

43 0.556 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

19 1.111 + 
0.782 

0.000 + 
0.000 

1.300 + 
1.252 

44 0.556 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

20 0.889 + 
0.928 

0.000 + 
0.000 

1.600 + 
1.075 

45 0.444 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

21 0.889 + 
0.928 

0.000 + 
0.000 

1.600 + 
1.075 

46 0.444 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

22 0.778 + 
0.972 

0.000 + 
0.000 

1.400 + 
1.174 

47 0.444 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

23 0.667 + 
1.000 

0.000 + 
0.000 

1.400 + 
1.174 

48 0.444 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

24 0.667 + 
1.000 

0.000 + 
0.000 

0.900 + 
1.101 

49 0.444 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 

25 0.667 + 
1.000 

0.000 + 
0.000 

0.800 + 
1.033 

50 0.444 + 
1.333 

0.000 + 
0.000 

0.400 + 
0.843 
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Figure 5: Pattern of the disease, comparison between groups and Mean clinical 

scores of C57BL/6J mice belonging to groups A, B and C over the 50-day post EAE 

immunization period. Group A was induced with EAE, group B was induced with EAE 

plus received daily Thymoquinone injections and group C was induced with EAE with 

Thymoquinone injections following the apparance of chronic symptoms. Clinical scores 

were based on a modified Pender scale as follows: 0-no symptoms; 1-tail weakness; 2-tail 

paralysis; 3-hindlimb weakness; 4-hindlimb paralysis; 5-forelimb weakness; 6-forelimb 

paralysis. 
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injections. Group B, which received daily TQ injections, had decreased symptoms 

compared to Groups A and C. 

Only two mice of group B [mouse (B3) and mouse (B6)] displayed symptoms of 

EAE, which were limited to tail weakness and tail paralysis (Figure 2). Symptoms 

appeared in all mice from group A (received no treatment for EAE), with clinical scores 

ranging from 1 to 4 (Figure 9). Mice belonging to group C also had clinical scores 

ranging from 1 to 4, with mouse (C5) and mouse (C10) developing the chronic symptoms 

that are characteristic of the chronic - relapsing phase of the disease (Figure 3). 

 

3.1.1 Behavioural Analysis of Group A Mice (Control Group): 

On the first day of immunization of first doze of PTX, mouse (A1) died. The 

clinical behaviours of the other 9 mice (A2 to A10) are shown in Figure 1. In the control 

group, symptoms appeared on day 9 beginning with tail weakness, first noticed in mouse 

(A7). Progression of symptoms continued from tail paralysis to hind limb paralysis in the 

rest of the control group until complete recovery occurred on day 28. The acute phase 

therefore had a total duration of 28 days. Reappearance of symptoms was observed on 

day 34 and these continued to day 50, when the mice were sacrificed. We found tail 

weakness in 3 [mouse (A4), mouse (A7), and mouse (A9)] out of the 9 mice. Tail 

paralysis was recorded in 4 [mouse (A3), mouse (A5), mouse (A8), and mouse (A10)] 

out of the 9 mice, while hind limbs weakness and hind limbs paralysis occurred in mouse 

(A2) and mouse (A6) respectively. Figure 1 shows the maximum clinical score noted for 

each mouse (on day 50 before sacrifying) and some mice showed maximum score . All 

mice developed acute and chronic EAE (each with only one relapse); all mice had deficits 

at the time of sacrifice on day 50.  

 

3.1.2 Behavioural Analysis of Group B Mice: 

Group B mice received TQ treatments daily for 50 days after immunization. The 

individual clinical behaviours of mice (B1) to (B10) are shown in Figure 2. In this group, 

symptoms appeared on day 11 in two mice only [(B3 and B6)] and disappeared in both 

on day 27. Duration of the acute phase in this group was 16 days, followed by 

reappearance of symptoms in the same 2 mice [(B3 and B6)] on day 35. The symptoms  
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Figure 1: Clinical scores assigned to C57BL/6J mice belonging to groups A over the 

50-day post EAE immunization period.  Group A was induced with EAE (Mouse # 1 

Died). Clinical scores were based on a modified Pender scale as follows: 0-no symptoms; 

1-tail weakness; 2-tail paralysis; 3-hindlimb weakness; 4-hindlimb paralysis; 5-forelimb 

weakness; 6-forelimb paralysis. 
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Figure 2: Clinical scores assigned to C57BL/6J mice belonging to groups B over the 

50-day post EAE immunization period.  Group B was induced with EAE with daily 

Thymoquinone injections. Clinical scores were based on a modified Pender scale as 

follows: 0-no symptoms; 1-tail weakness; 2-tail paralysis; 3-hindlimb weakness; 4-

hindlimb paralysis; 5-forelimb weakness; 6-forelimb paralysis. 
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Figure 3 : Clinical scores assigned to C57BL/6J mice belonging to groups C over the 

50-day post EAE immunization period.  Group C was induced with EAE with 

Thymoquinone injections following the presentation of chronic symptoms. Clinical 

scores were based on a modified Pender scale as follows: 0-no symptoms; 1-tail 

weakness; 2-tail paralysis; 3-hindlimb weakness; 4-hindlimb paralysis; 5-forelimb 

weakness; 6-forelimb paralysis. 
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Figure 4: Max clinical score (and their comparison) assigned to each C57BL/6J 

mouse in groups A, B and C over the 50-day post immunization period. Group A was 

induced with EAE, group B was induced with EAE with daily Thymoquinone injections 

and group C was induced with EAE with Thymoquinone injections following the 

presentation of chronic symptoms. Clinical scores were based on a modified Pender scale 

as follows: 0-no symptoms; 1-tail weakness; 2-tail paralysis; 3-hindlimb weakness; 4-

hindlimb paralysis; 5-forelimb weakness; 6-forelimb paralysis. 
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continued in these 2 mice to day 50, when the mice were sacrificed. Tail 

weakness in mouse (B3) and tail paralysis was recorded in mouse (B6) and the 

remaining 8 mice showed no symptoms. In this B Group, 80 % of mice had 

clinical scores of zero while 20 % of mice had clinical scores ranging from 1 to 

2. 

 

3.1.3 Behavioural Analysis of Group C Mice: 

Group C mice received TQ treatments after the reappearance of symptoms of 

chronic - phase EAE. The individual clinical behaviours of mice (C1) to (C10) are shown 

in Figure 3. In this group, symptoms appeared on day 7 in all 10 mice and disappeared on 

day 28; therefore, the acute phase duration was about 21 days. All mice had recurrence of 

symptoms. In 5 mice, [mouse (C3), (C5), (C8), (C9), and (C10)] chronic relapse occured 

on day 33, in 3 mice, [mouse (C1), (C2) and (C7)] symptoms recurred on day 35 and in 

the remaining 2 mice of Group C [mouse (C4) and (C6)] signs and symptoms reappeared 

on day 36. Each mouse in Group C started receiving TQ on the day its symptoms 

returned and remained on TQ until it was sacrificed (day 50).   

Overall, tail weakness was noted in 4 mice [(C2), (C4), (C6), and (C7)], tail 

paralysis in 3 mice [(C3), (C5), and (C9)], hind limbs weakness in 2 mice, [mouse (C1) 

and (C8)] and hind limbs paralysis occurred in one mouse [(C10)].  

Four mice with tail weakness and one mouse with hind limb weakness (C1) 

showed signs of recovery with resolution of symptoms on day 42 to day 44 (each scoring 

0 on the Pender scale at day 50). Therefore we concluded that 50% of the mice in this 

group were cured and had improved clinical scores from 3 to 0, i-e, the 4 mice that had 

only tail weakness (clinical score 1) and mouse (C1) which had hind limbs weakness 

(clinical score 3) were symptoms free. The remaining 50 % of the mice including mouse 

(C10), who had hind limb paralysis (maximum clinical score 4) were symptomatic on the 

day of their sacrifice (day 50) and these mice had clinical score from 2 to 4[(C3), (C5), 

(C8), (C9) and (C10)].   
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3.2 Serum Analysis for GSH 

The assay for glutathione in the blood serum was based on the enzymatic 

conjugative reaction catalyzed by glutathione-s transferase (GST) between 1-chloro-2, 4-

dinitrobenzene (CDNB) and GSH - producing s-2, 4-dinitrophenyl glutathione. Test 

sample and control GSH concentrations were recorded for all mice (Table 3). The mean 

GSH levels and standard deviations were calculated for each group (Figure 6). Mice 

belonging to group A showed significant drops in serum GSH levels in test samples as 

compared to the control samples, in contrast to those of mice in groups B and C, which 

showed increases in serum GSH levels in the test samples as compared to the control 

samples. We also noticed that the mean concentration of GSH of Group A mice (who did 

not receive TQ) is higher than the Groups B and C.    

The RBC glutathione levels have been shown to correlate with the clinical score  

(Table 3). In Group A all mice have shown decrease level of GSH in their respective test 

samples than their control samples and this decrease level of GSH in Group A is 

associated with worse clinical score. The 2 mice, (B3) and (B6)] of Group B with tail 

weakness (clinical score 1) and tail paralysis (clinical score 2) respectively have shown 

GSH level less than their control samples, while the remaining 8 mice of this group with 

clinical score zero had a GSH level higher than their control samples. 

In Group C, the 5 mice [(C1),(C2),(C4),(C6) and (C7)] with improvement in their 

symptoms following TQ treatment have increased GSH level compared with  their 

control. The rest 5 mice [(C3),(C5),(C8),(C9) and (C10)] showed increase in high clinical 

score and decreased level of GSH than their control samples. Mouse C10 which had the 

highest clinical score of 4 (Hind limb paralysis), also had the lowest GSH level among all 

mice in all three groups. 
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Table 3 

 

 

Reduced Glutathione Measurement in Red cells of Mice 

By using Spectrophotometer at 340 nm 

Group   “A” Group   “B” Group   “C” 

Mice Control Test Sample Mice Control Test Sample Mice Control Test Sample

A1 Died  B1 0.042 0.051 u Mol C1 0.047 0.065 u Mol

A2 0.035 0.027 u Mol B2 0.050 0.066 u Mol C2 0.016 0.050 u Mol

A3 0.089 0.058 u Mol B3 0.019 0.010 u Mol C3 0.042 0.033 u Mol

A4 0.055 0.049 u Mol B4 0.029 0.046 u Mol C4 0.041 0.049 u Mol

A5 0.053 0.038 u Mol B5 0.021 0.027 u Mol C5 0.028 0.020 u Mol

A6 0.080 0.066 u Mol B6 0.046 0.023 u Mol C6 0.026 0.041 u Mol

A7 0.101 0.095 u Mol B7 0.014 0.021 u Mol C7 0.021 0.029 u Mol

A8 0.079 0.062 u Mol B8 0.021 0.029 u Mol C8 0.076 0.036 u Mol

A9 0.056 0.048 u Mol B9 0.048 0.054 u Mol C9 0.019 0.012 u Mol

A10 0.087 0.069 u Mol B10 0.059 0.071 u Mol C10 0.013 0.011 u Mol
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(p > 0.05) 

(p > 0.05) 

(p < 0.05) 

 

 

Figure 6: Mean glutathione concentrations in the blood serum. Group A was induced 

with EAE, group B was induced with EAE with daily TQ injections and group C was 

induced with EAE with TQ injections following the appearance of chronic symptoms. 

The standard deviations of each sample were calculated and found significant differences 

in glutathione concentrations as compared to the control were determined by the paired 

T-test. Significant differences were accepted for P < 0·05 as indicated by the star. 
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.Histological Analysis 

Histological examination showed the presence of lymphocytic cellular infiltrates 

in all mice of groups A, 5 mice of Group C and 2 mice of Group B. Lesions were 

assessed by the presence of inflammatory cells in the spinal cord and the brain 

parenchyma. The lesion sites were pronounced in the lower segment of the spinal cord 

(lumbar and sacral regions) and the mid brain. Histological lesions correlated with the 

demonstrable symptoms. Mice with greater clinical Pender scores showed a significant 

increase in the inflammatory cell infiltrate. In mice of groups A and C with CR-EAE, 

lesions were chronic (figures 9 and 10) as compared to those found in mice with Acute 

EAE (figure 8). Normal histology was noted in 8 mice of group B with clinical score 0 

(figure 11), while the other two mice with clinical score 1 and 2 showed moderate 

increase in inflammatory cells. The histological findings in all mice correlate with 

clinical score not with acute or chronic phase because we had not sacrificed any mouse 

after the acute phase. All mice scarified after chronic phase of the disease (on the day 50).  

These results suggest that chronic inflammatory lesions occurred in the CR-EAE 

phases of groups A and C were absent in Group B mice likely due to the anti-oxidant 

effect of TQ. 
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Figure 7: Brain with normal histology (H & E) 
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Figure 8: Transverse section of cerebral hemisphere of Group A mouse (A3 = Tail 

paralysis) with clinical score 2.  
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Figure 9: Transverse section of Spinal cord with Perivascular cuffing of lymphocytes of 

Group A mouse (A3 = Tail paralysis) with clinical score 2. 
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Figure 10: Transverse section of cerebral hemisphere of group C mouse (C10 = Hind 

limbs paralysis) with clinical score 4, showing chronic infiltration of lymphocytes. 
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Figure 11: Transverse section of cerebral hemisphere of Group B mouse who received 

daily TQ, much better recovery observed. 
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4.0 DISCUSSION 

EAE is an autoimmune demyelinating disease of the central nervous system that 

is widely accepted as an animal model for human MS. In EAE mice model, the 

symptoms characterized by acute (monophasic), chronic relapsing and remitting 

paralysis, associated with inflammatory and demyelinating lesions in the white matter of 

the CNS. In addition, EAE is often characterized by decreased GSH levels (Mohamed A, 

et al., 2003 and Mehryar Z, et al., 2007) In this study, we examined the effect of TQ on 

the disease progression using behavioural, histological and biochemical studies. 

Our results indicate that the symptoms of the acute phase of EAE ranged from tail 

weakness to hind limb paralysis on various days after induction until the 28th day in all 

mice of Group A and Group C, while Group B ranged from no changes to hind limb 

weakness until the 27th day in two out of 10 mice. The recurrence of symptoms was 

observed in all mice of Group A, 2 mice of Group B and in 10 mice of Group C. Only in 

one relapse occurred after acute phase and relapse observed in all mice of group A, 2 

mice of Group B and 10 mice of Group C. On day 50, clinical signs and symptoms were 

present in all mice of Group A, 2 mice of Group B while 5 mice of Group C. In the 

chronic phase 80% of Group B mice were free of symptoms, and 50% of Group C mice 

showed symptoms improvement. Severity of the disease was less in Group B both phases 

of compared to Group A and C. The severity of the disease was almost identical in Group 

A and C in the acute phase, while in the chronic phase it was less severe in Group C than 

A.   

Our experiment showed a significant drop in GSH levels (P<0.05) compared with 

the control samples in the Group A, while a slight (but statistically non-significant 

(P>0.05)) increase in GSH levels in the test samples in the mice treated with TQ (Group 

B and C) compared with the control. Moreover, the RBC glutathione levels shown 

appeared to correlate with the clinical score. The mouse with maximum clinical score has 

the lowest GSH concentration compared with the control sample. Histological 

examination of spinal cord and brain sections were consistent with EAE (perivascular 

mononuclear cuffing, focal collections and scattered mononuclear infiltrates). We 

observed parenchymal cellular infiltrates in each animal of group A, in 5 mice of Group 

C and in 2 mice of Group B. Patchy inflammatory reaction was found in brain and spinal 
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cord in all mice with clinical scores ranging from 1 to 2 while patchy nature of lesion 

turns to extensive damage manifested by worsening degree of neurological deficit. 

Lesions correlated well with the detectable symptoms and cellular infiltrates. The mice 

belonging to groups A and C with maximum clinical score showed widely disseminated 

parenchymal cellular infiltration compared to those found in the mice with minimum 

clinical score. Normal histology was noted in 8 mice of group B with a clinical score of 

0. Common inflammatory sites were mid-brain hemisphere, lumbar and sacral regions of 

spinal cord. 

The above results support our hypothesis that TQ is significantly useful in 

preventing the development of the Acute and CR-EAE phases (evident in Group B) while 

TQ is partially effective in improving the CR-EAE symptoms (evident in Group C). 

The strength of this study are as follows. First, we demonstrated that TQ has a 

beneficial role in ameliorating symptoms progression of both acute as well as chronic 

relapsing phases of the EAE in C57BL/6J mice. Second, we described the histological 

findings of chronic parenchymal and peri-vascular cuffing of inflammatory cells in the 

CR-EAE phases of groups A and C which were only subtle in the Group B which 

received daily TQ injections. Third, the RBC glutathione levels appear to correlate with 

the clinical score as well as histological findings. Fourth, a significant drop in GSH levels 

in test samples compared with control samples was observed in mice belonging to group 

A, the group that did not receive any treatment with TQ. This suggests that oxidative 

stress plays a role in the progression of EAE symptoms alternatively, increased GSH 

levels in test samples compared with control samples in mice treated with TQ in group B 

and C. 

There are some limitations to this study. A relatively small number of animals 

were used (30 mice total, 10 mice per group). One mouse in the control group died during 

the injection of the second dose of MOG, thought to be either due to stress factor or 

injection technique error. Histological evaluation did not specifically check for 

demyelinating plaques, as the aim was to use H&E staining to identify the inflammation. 

Finally, the mean concentration of GSH in Group A mice (which did not receive TQ), 

was actually higher than both Group B and C (which did receive TQ). All these factors 

suggest that further research should be done. 
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5.0 CONCLUSIONS 

The results of the present study suggest that: 

1. TQ is 80 % preventive in both acute and CR-EAE phases of EAE 

2. 50% curative in the CR-EAE phases. 

3. Serum GSH level of CR-EAE phase correlate with the clinical score and 

histological findings. 

4. Serum GSH level is decreased significantly in CR-EAE mice (value of p < 0.05) 

control group and increased insignificantly in those who received TQ (value of p 

> 0.05). 
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