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KEYWORDS Abstract Experimental autoimmune encephalomyelitis (EAE) is a well-established animal model
Experimental autoimmune of multiple sclerosis. This study aimed to investigate the protective and therapeutic effects of Nigella
encephalomyelitis (EAE); sativa (N. sativa) seeds (2.8 g/kg body weight) in EAE-induced rats. EAE-induced animals were
Multiple sclerosis (MS); divided into: (1) EAE-induced animals (“EAE” group). (2) “N. sativa + EAE” group received a
Nigella sativa (N. sativa); daily oral administration of N. sativa 2 weeks prior to EAE induction until the end of the
Inflammation; experiment. (3) “EAE + N. sativa” group received a daily oral administration of N. sativa after
Remyelination;

the appearance of the first clinical signs until the end of the experiment. All animals were sacrificed
at the 28th day post EAE-induction. Disease pathogenesis was monitored using a daily clinical
scoring, body weight, open field test, histopathological and ultrastructural examination and
determination of some oxidative stress parameters in the cortex and hippocampus. N. sativa
ameliorated the clinical signs and suppressed inflammation observed in EAE-induced rats. In
addition, N. sativa enhanced remyelination in the hippocampus. However, protection of rats with
N. sativa administered 2 weeks prior to EAE induction and its continuation until the end of the

Oxidative stress
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DF, demyelinated fiber; DO, dark oligodendrocyte process; DTNB, 5,5-dithiobis-2-nitrobenzoic acid; EAE, experimental autoimmune
encephalomyelitis; GSH, reduced glutathione; GST, glutathione-S-transferase; H&E, hematoxylin and eosin; LA, light astrocyte process; LO, light
oligodendrocyte process; M, myelinated fiber; MDA, malondialdehyde; MO, medium oligodendrocyte process; MOG, myelin oligodendrocyte
glycoprotein; MS, multiple sclerosis; NO, nitric oxide; N. sativa, Nigella sativa; PBS, phosphate buffered saline; PD, partially demyelinated fiber;
RNI, reactive nitrogen intermediates; ROI, reactive oxygen intermediates; ROS, reactive oxygen species; TBA, thiobarbituric acid; TCA,
trichloroacetic acid; OFT, open field test; R, remyelinated fiber; TEM, transmission electron microscope; TQ, thymoquinone; U, unmyelinated
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experiment resulted in a significant increase in the cortical lipid peroxide level with reference to
control and “EAE” rats. In conclusion, N. sativa seeds could be used as a protective agent or an
adjunct treatment for EAE even when the treatment started after the appearance of the first clinical
signs. However, the dose and duration of N. sativa must be taken into consideration to avoid its

probable pro-oxidant effect.

© 2014 The Egyptian German Society for Zoology. Production and hosting by Elsevier B.V. All rights

reserved.

Introduction

Multiple sclerosis (MS) is an immune-mediated, demyelinating
neurodegenerative disease of the central nervous system (CNS)
of young adults with a female predominance (Compston and
Coles, 2002, 2008). It is a chronic progressive, potentially dis-
abling disorder with considerable social impact and economic
consequences (Sadovnick and Ebers, 1993). Experimental
autoimmune encephalomyelitis (EAE) is a well-established ani-
mal model of MS in which the immune system attacks the
myelin protein of the CNS and leads to inflammatory demye-
lination and oligodendrocyte loss (Frohman et al., 2006;
Compston and Coles. 2008; Moore, 2010).

Experimental autoimmune encephalomyelitis is induced in
laboratory animals by immunization with myelin-derived
antigens; and believed to be mediated by activation of
myelin-reactive CD4+ T cells. Expression of high levels of
proinflammatory cytokines and chemokines (small chemotac-
tic cytokines) in the brain is thought to contribute to the initi-
ation and maintenance of EAE (Godiska et al., 1995;
Ransohoff et al., 1996). Myelin oligodendrocyte glycoprotein
(MOG) is a strong encephalitogen, comprising less than
0.05% of all myelin proteins and located exclusively on the
surface of CNS myelin sheaths. MOG is a unique myelin auto-
antigen as it induces not only an encephalitogenic T-cell
response in susceptible species, but also a demyelinating auto-
antibody response (Gold et al., 20006).

Zamvil and Steinman (1990) reported that EAE develop-
ment is characterized by the infiltration of reactive leukocytes
into the CNS. Recruited reactive macrophages/microglia are
effector cells in EAE impairing oligodendrocyte axon function
(Raivich and Banati, 2004). Astrocytes are involved in multiple
and complex actions, including the regulation of the produc-
tion of pro- and anti-inflammatory cytokines (De Groot
et al., 1999; Ambrosini et al., 2002, 2005). In addition, a num-
ber of studies reported that reactive oxygen species (ROS) play
a key role in myelin damage, contributing to several of the pro-
cesses underlying MS pathogenesis (Miller et al., 2010; Van
Horssen et al., 2011).

The use of natural products as drugs has increased substan-
tially over the last decade to treat many pathological condi-
tions instead of the use of synthetic drugs because of their
safety, availability, and ease of administration. Nigella sativa
(N. sativa), also known as black seed or black cumin, belongs
to the family of the Ranunculaceae and it is native to Mediter-
ranean countries. Many beneficial biological properties of N.
sativa extracts have been reported such as anti-inflammatory
(Houghton et al., 1995; Alemi et al., 2013; Pichette et al.,
2012), antioxidative (Burits and Bucar, 2000) and neuroprotec-
tive (Kanter et al., 2006). In addition, N. sativa has been widely
used in neurodegenerative diseases like Parkinson and

Alzheimer because of its antioxidant potential (Hajra, 2011).
Therefore, the aim of the present study was to investigate the
protective and therapeutic effects of N. sativa in the cortex
and the hippocampus of EAE-induced female Wistar rats.

Methods

Experimental animals, induction of EAE and clinical scoring

Adult female Wistar rats (age between 6 and 8 weeks) were used
in this experiment. They were maintained under fixed appropri-
ate conditions of housing and handling and were given food and
water ad libitum. All animals received humane care in compli-
ance with the guidelines of the Ethics Committee of the National
Research Center, Egypt that followed the recommendations of
the National Institutes of Health Guide for Care and Use of
Laboratory Animals (Publication Nos. 85-23, revised 1985).

The EAE was induced according to Adelmann et al. (1995)
with some modifications. Under light Halothane anesthesia,
EAE was induced by a single subcutaneous injection in the tail
base with an emulsion of 100 pg MOG3s_s5 dissolved in 100 pl
phosphate buffered saline (PBS), mixed with 100 pl complete
Freund’s adjuvant (CFA) containing 1 mg/ml of Mycobacte-
rium tuberculosis.

For the evaluation of the disease course, all rats were
weighed and examined daily from the sensitization until the
28th day after immunization. An adapted EAE scoring scale
was used (Al-Izki et al., 2012). Animals were scored 0 = nor-
mal. 0.5 = incomplete flaccid tail. 1 = fully flaccid tail.
1.5 = semi-impaired righting reflex. 2 = impaired righting
reflex. 2.5 = weakness of hind limb. 3 = hind limb paresis.
4 = complete hind limb paralysis. 5 = moribund/death. Con-
trol rats were handled in the same manner as the rats of other
EAE-induced groups to affront the same degree of stress.

Chemicals

Rat synthetic myelin oligodendrocyte glycoprotein peptidess_ss
(MOGs;s_55) was purchased from Titan Biotech Limited,
Bhiwadi, India. Phosphate buffered saline (PBS) was obtained
from the Bio Basic Inc., USA. Complete Freund’s adjuvant
(CFA), Thiobarbituric acid (TBA) and reduced glutathione
were purchased from Sigma Aldrich, Germany. 1-Chloro-
2,4-dinitrobenzene (CDNB) was purchased from Sigma
Aldrich, St. Louis, USA. Trichloroacetic acid (TCA) was
obtained from SDFCL (SD Fine-Chem Limited), Egypt.
Potassium phosphate buffer pH 7.4 (50 mM/L, Triton x 0.1%,
EDTA 0.5 mp), potassium phosphate buffer pH 6.5 (100 mM/
L) and kits for the determination of oxidative stress parame-
ters were obtained from Bio Diagnostic Co., Giza, Egypt.



184

H.M. Fahmy et al.

Narcotan Halothane was obtained from EIMC (Egyptian
International Medical Centre) pharmaceuticals Co., Egypt.

N. sativa seeds

Syrian N. sativa seeds were purchased from a local market in
Cairo, Egypt. Grinded whole N. sativa seeds were suspended
in distilled water and given orally to rats (2.8 g/kg body
weight) by means of a gastric tube. The LDs, of N. sativa oil
in rats is 28.8 ml/kg (Zaoui et al., 2002). The dose of N. sativa
seeds used in this study was calculated as 1/10 of LDs, of its
oil, to be completely safe.

Experimental design

Animals immunized with MOG were divided into 3 groups: (1)
EAE-induced animals (“EAE” group) received a daily oral
administration of distilled water until the end of the experi-
ment. (2) The animals of the second group (“N. sati-
va + EAE” group) received a daily oral administration of N.
sativa 2 weeks prior to EAE induction until the end of the
experiment. (3) The animals of the third group (“EAE + N.
sativa” group) received a daily oral administration of N. sativa
after the appearance of the first clinical signs until the end of
the experiment. All animals were sacrificed by sudden decapi-
tation at the 28th day post immunization. Control animals
received a single subcutaneous injection of 200 ul PBS in the
tail base and then received daily oral injections of distilled
water until the end of the experiment. They were sacrificed
simultaneously with the treated groups.

Open field (OF) test

The apparatus was a square 66 x 66 cm with surrounding walls
of 30 cm height. The base of the OF was divided into 36
squares. The central zone represented 25% of the total arena.
The duration of the test was set to be ten min. The OF param-
eters measured were the number of squares crossed, the time
spent in the central zone, the number of rears, the number of
grooming, the number of fecal boli and the number of urine
patches. The OF test was done once on the 20th day post
immunization.

Histopathological assessment

After decapitation, brains were fixed in buffered neutral 10%
formalin, embedded in paraffin and sectioned at 8 micrometer
thickness. The brain sections were stained with hematoxylin
and eosin (H&E) according to Banchroft et al. (1996). Slides
were then examined through the light microscope (Zeiss, Ger-
many) to investigate the deep cerebral cortex and white matter
and hippocampus.

Transmission electron microscopy (TEM ) for brain tissues

Brains from different experimental groups were dissected to
obtain the cortex and hippocampus and then were fixed with
1% glutaraldehyde and 1.5% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.2, at 4°C. The samples were then
washed with PBS followed by washing in 0.1 M cacodylate

buffer, pH 7.2, and post-fixed in 1% osmium tetroxide in
0.1 M cacodylate buffer for 1.5 h at room temperature. The
samples were then washed briefly in deionized water, dehy-
drated by a graded ethanol series; infiltrated using propylene
oxide and EPON epoxy resin and finally embedded in epoxy
resin. The samples that had been mixed with epoxy resin were
loaded into capsules and polymerized at 60 °C for 24 h. Thin
sections were cut using a RMC MT-X ultramicrotome and
collected on copper grids. Images were collected using a JEOL
transmission electron microscope JEM 1400 (Joel, LTD,
Tokyo, Japan) operating at 80 kV.

Biochemical analysis

Tissue homogenization

After decapitation, the brains were transferred rapidly to an
ice-cold Petri dish. Each brain was dissected to remove the
cortex and hippocampus. The brain samples were weighed
and kept at —58 °C until analyzed. Each brain sample was
then homogenized in 5% w/v 50 mM phosphate buffer, pH
7.6. The homogenates were centrifuged at 8000 rpm
(xg = 7012) for 15min. The supernatants were stored at
—58 °C until use.

Determination of lipid peroxidation

Lipid peroxidation was assayed by measuring the levels of mal-
ondialdehyde (MDA) in the brain tissues. MDA was deter-
mined by measuring thiobarbituric reactive species using the
method of Ruiz-Larrea et al. (1994) in which the thiobarbituric
acid reactive substances react with thiobarbituric acid to pro-
duce a pink colored complex whose absorbance is read at
532 nm in a Helios Alpha Thermospectronic (UVA 111615,
England).

Determination of reduced glutathione (GSH) levels

The assay of reduced glutathione (GSH) levels was performed
using Biodiagnostic Kit No. GR 25 11, which is based on the
spectrophotometric method of Beutler et al. (1963). It depends
on the reduction of 5,5-dithiobis-2-nitrobenzoic acid (DTNB)
with glutathione to produce yellow color the absorbance of
which is measured at 405 nm in a Helios Alpha Thermospec-
tronic (UVA 111615, England).

Determination of nitric oxide (NO) levels

The assay of nitric oxide (NO) was carried out using Biodiag-
nostic Kit No. NO 25 33. This method is based on the spectro-
photometric method of Montgomery and Dymock (1961)
which depends on the measurement of endogenous nitrite con-
centration as an indicator of nitric oxide production. The
resulting azo dye has a bright reddish—purple color whose
absorbance is read at 540 nm in a Helios Alpha Thermospec-
tronic (UVA 111615, England).

Determination of catalase activity

Catalase activity was measured using Biodiagnostic Kit No.
CA 25 17 which is based on the spectrophotometric method
described by Aebi (1984). Catalase reacts with a known quan-
tity of hydrogen peroxide and the reaction is stopped after
1 min with catalase inhibitor. In the presence of peroxidase,
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the remaining hydrogen peroxide reacts with 3, 5-dichloro-2-
hydroxybenzene sulfonic acid (DHBS) and 4-aminophenazone
to form a chromophore with color intensity inversely propor-
tional to the activity of catalase in the sample. The absorbance
of chromophore color is read at 510 nm in a Helios Alpha
Thermospectronic (UVA 111615, England).

Determination of glutathione-S-transferase (GST) activity

Glutathione-S-transferase (GST) activity was determined
according to the method of Habig et al. (1974). 0.4 ml potas-
sium phosphate buffer (50 mmol/l; pH 6.5), 0.1 ml of supernatant,
1.2 ml water and 0.1 ml CDNB (1-chloro-2,4-dinitrobenzene,
30 mmol/l) were added and incubated in a water bath at
37 °C for 10 min. After incubation, 0.1 ml of reduced glutathi-
one (30 mmol/l) was added. The change in absorbance was
measured at 340 nm at one min interval.

Statistical analysis

The maximum clinical score, the days of relapse and the days
of remission were assessed using non-parametric statistics,
Kruskal-Wallis test followed by Mann—Whitney U statistics
(P < 0.05 was considered significant). Data of body weights,
open field and oxidative stress parameters were analyzed by
analysis of variance (ANOVA) followed by Duncan’s post
hoc test when the F-test was significant (p < 0.05). All analyses
were performed using SPSS software (version 16.0) for
windows.
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Results

Effect of EAE induction by MOG and its treatment with
N. sativa on the daily clinical scores in Wistar rats

As shown in Fig. 1 and Tables 1 and 2, relapse and remission
episodes alternated, suggesting a relapsing-remitting EAE
model. N. sativa administration after the disease onset attenu-
ated the severity of the clinical signs from 13th day post immu-
nization and until the end of the experiment. Meanwhile, N.
sativa in the “N. sativa + EAE” group greatly prevented the
clinical signs during the whole course of the experiment com-
pared to the “EAE” group. The “N. sativa + EAE” group
showed a significant decrease in the days of relapses with
respect to the “EAE + N. sativa” and “EAE” groups.

The cumulative clinical score/rat (sum of scores measured
from disease onset/rat, as an index of disease severity) for
the EAE-induced groups is demonstrated in Fig. 2. The “N.
sativa + EAE” group showed a significant decrease in the
cumulative score/rat with respect to both the “EAE” and
“EAE + N. sativa” groups.

Effect of EAE induction by MOG and its treatment with N.
sativa on the body weight of EAE in adult female Wistar rats

As shown in Fig. 3, the “EAE” group showed a general
decrease in body weight from 4th day post immunization until
the end of the experiment. “N. sativa + EAE” group showed a

N.Sativa+EAE
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Fig. 1
Values represent mean + S.E.M.

Effect of EAE induction by MOG and its treatment with N. sativa (2.8 g/kg body) on the daily clinical scores in Wistar rats.

Table 1 Summary of clinical data obtained from the EAE induced group and N. sativa (2.8 g/kg) treated and protected groups.
Groups Number of rats Incidence of % of rats recovered from

in each group EAE signs EAE signs until decapitation
“EAE” 12 11/12 (91.67%) 5/11 (45.45%)
“EAE + N. sativa” 11 10/11 (91.00%) 10/10 (100.00%)
“N. sativa + EAE” 9 8/9 (88.89%) 7/8 (87.50%)




186

H.M. Fahmy et al.

Table 2 Effect of a daily oral administration of N. sativa (2.8 g/kg) on the days of relapse and remission in EAE induced adult female

Wistar rats.

Number of animals
in each group

Experimental groups Days of relapse

Days of remission

Mean rank Mann—Whitney U  Significance

Mean rank Mann—Whitney U  Significance

“EAE” 11 11.77 46.50
“EAE + N. sativa” 10 10.15
“EAE” 11 12.41 17.50
“N. sativa + EAE” 8 6.69
“EAE + N. sativa” 10 12.15 13.50
“N. sativa + EAE” 8 6.19

n.s. 10.23 46.50 n.s.
11.85

’ 7.73 19.00 :
13.12

- 6.90 14.00 :
12.75

n.s.: non-significant.
* p < 0.05 significant.
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sent mean = S.E.M. A and B: different letters mean significant
changes. Significance was tested using the Mann—Whitney U-test.
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significant increase in body weight in comparison to the con-
trol group from 11th to 20th day post immunization. However,
treatment of EAE-induced rats with N. sativa seeds
(“EAE + N. sativa™) failed to restore the recorded significant
decrease of body weight in sick rats to control values.

Effect of EAE induction by MOG and its treatment with
N. sativa on open field parameters recorded from adult female
Wistar rats

From Table 3 it can be noticed that the rats of the “EAE”
group, significantly, spent more time in the center than those
of the other groups. The number of rears was significantly
increased in the “N. sativa + EAE” group with reference to
other tested groups.

Effect of EAE induction by MOG and its treatment with
N. sativa on the histopathological findings in Wistar rats

Perivascular mononuclear cell aggregation was observed in the
deep cerebral gray matter, lesions including glial cell prolifera-
tion in the deep gray matter associated with neuronal degener-
ation and necrosis among variable numbers of motor neurons
(Fig. 4c), while lesions in the white matter, including diffuse

+- N.Sativa +EAE

—TT T T T T T T T T T

01234567 8 9101112131415161718192021222324252627282930
Days post immunization

Fig. 3  Effect of EAE induction by MOG and its treatment with N. sativa (2.8 g/kg) on the body weight of adult female Wistar rats.

Values represent mean + S.E.M.
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Table 3 Effect of EAE induction by MOG and its treatment with N. sativa (2.8 g/kg) on some open field parameters recorded from

adult female Wistar rats.

Parameters measured Control group “EAE” group % D “EAE + % D “N. sativa + % D F-test
N. sativa” group EAE” group

Number of squares 161.67 + 9.34 (6) 146.50 + 8.50 (6) —9.38 158.83 + 1341 (6) —1.76 141.17 + 6.37 (6) —12.68 n.s.

crossed

Number of rears 22.00 £ 2.11 (6) A 24.67 + 1.58 (9) A 12.14 2383 £ 1.58 (6) A 832 30.00 = 1.13 (6) B 36.36

Time spent in center  11.17 = 0.87 (6) A 17.57 = 2.36 (7) B 5730 7.57 £ 0.72 (7) A —32.23  7.50 = 1.15(6) A —32.86

in seconds

Number of grooming
Number of fecal boli
Number of urine
patches

10.36 + 1.22 (8) AB
3.38 £ 1.13 (8)
1.40 + 0.43 (10)

5.75 £ 0.80 (8)
1.25 + 0.41 (11)

742 £ 0.74 (11) A —30.70
7012 3.44 £ 0.78 (9) 1.78
~10.71

1144 = 1.18 (6) B 7.62 8.71 + 1.43 (7) AB —18.06 ~
4.86 + 0.88 (7) 4379 n.s.

211 £048(9) 5071 122 +036(8)  —12.86 ns.

Values represent mean + S.E.M.
Number of animals is shown between parentheses.
% D: percentage difference with reference to control values.
n.s.: non-significant.
A and B: different letters mean significant changes.
* p < 0.05 significant.

gliosis with perivascular mononuclear cell aggregation were
observed in Fig. 4d. The extent of glial cell proliferation and
neuronal damage was reduced in the “EAE + N. sativa”
group and markedly ameliorated in the “N. sativa + EAE”
group (Fig. 4 e and h).

Extensive neuronal necrosis comprising the Cornu Ammo-
nis 3 (CA3) (Fig. 5e-h) and vacuolation of granular cells were
observed in the Dentate gyrus (DG) region in the “EAE”
group compared with the “EAE + N. sativa” and “N. sati-
va + EAE” groups that showed normal histological structure
of granular cells (Fig. 5i-1).

Effect of EAE induction by MOG and its treatment with
N. sativa on the ultrastructure of myelin sheath using
transmission electron microscopy (TEM ) in Wistar rats

The ultrastructural examination of the “EAE” group revealed
slight demyelination of the cerebral cortex and partial to com-
plete demyelination of the hippocampus (Figs. 6 and 7). TEM
micrographs of the brain areas of the “EAE + N. sativa”
group showed slight demyelination of the cerebral cortex, par-
tial incomplete and complete remyelination of most nerve
fibers of the hippocampus. Meanwhile, micrographs of the
“N. sativa + EAE” group showed normal myelin sheath struc-
ture of the cerebral cortex. In addition, most of the myelinated
fibers were in a state of remyelination in the hippocampus.

Effect of EAE induction by MOG and its treatment with
N. sativa on some oxidative stress parameters in different brain
areas of Wistar rats

As shown in Table 4, cortical MDA levels showed non-signif-
icant changes between the control, “EAE” and “EAE + N.
sativa” groups. However, a significant increase was recorded
in the cortical MDA level of the “N. sativa + EAE” group
in comparison to both control and “EAE” groups. Cortical
GSH levels revealed significant increases in both “EAE” and
“EAE + N. sativa” groups relative to control value. Mean-
while, a significant decrease was observed in the GSH level
in the “N. sativa + EAE” group in comparison to the control,
“EAE” and “EAE + N. sativa” groups. Variations in cortical

NO levels demonstrated significant decreases in both “EAE”
and “EAE + N. sativa” groups with respect to control levels.
However, a significant increase in NO level was recorded in the
“N. sativa + EAE” group in comparison to other experimen-
tal groups. Catalase activity in the cortex of the “EAE + N.
sativa” group showed a significant decrease relative to other
experimental groups. The cortical GST activity recorded sig-
nificant decreases among the experimental groups except for
a non-significant change between the “EAE” and “EAE + N.
sativa’ groups.

Variations in the oxidative stress parameters in the hippo-
campus are presented in Table 5. The hippocampal MDA lev-
els recorded significant decreases among the experimental
groups except for a non-significant change between the control
and “EAE” groups. A significant increase in NO level in the
“EAE + N. sativa” group with respect to the control and
“N. sativa + EAE” groups was also observed. In addition, a
significant decrease in catalase activity in the “EAE + N. sati-
va” group with respect to the control, “EAE” and “N. sati-
va + EAE” groups was detected.

Discussion

It has been reported that active induction in which animals
were given a CNS antigen results in the initiation of an
immune response within the CNS, which leads to either a mon-
ophasic EAE, relapsing-remitting (RR) EAE or a chronic EAE
depending on the antigen and the species or strain of animal
used (Baker et al., 2011; Batoulis et al., 2011; Denic et al.,
2011; ‘t Hart et al., 2011). In the present study, rats of
the “EAE” group showed alternative periods of relapses
and remissions, suggesting a relapsing remitting (RR) EAE
model.

Protective treatment with N. sativa showed a significant
reduction in the number of days of relapses with respect to
the “EAE + N. sativa” group. Moreover, the “N. sati-
va + EAE” group showed a significant decrease in the cumu-
lative score/rat with respect to both the “EAE” and
“EAE + N. sativa” groups. Thus, it could be suggested that
N. sativa ameliorates the “‘clinical” manifestations of EAE
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EAE+N.Sativa

N.Sativa+EAE

Fig.4 Cerebrum deep gray matter and white matter (H & E x400). (a) Control group showing normal stained motor neurons in the deep
cerebral gray matter that are surrounded by glial cells. (b) Control group showing small blood vessel with normal clear Virchow Robin
space. (c) “EAE” group showing extensive glial cell proliferation associated with necrosis and shrinkage of motor neurons (arrow). (d)
“EAE” group showing perivascular lymphocytic aggregation with extensive glial cell proliferation in the cerebral white matter. (e)
“EAE + N. sativa” group showing mild glial cell proliferation in cerebral gray matter with single neuronal damage. (f) “EAE + N.
sativa” group showing glial cell proliferation in the cerebral white matter with normal empty Virchow Robin space. (g) “N.
sativa + EAE” group showing normal motor neuronal structure and normal glial cell distribution. (h) ““N. sativa + EAE” group showing

mild glial cell proliferation in the cerebral white matter.

and decreases the severity of the disease, especially in the pro-
tected “N. sativa + EAE” group.

Experimental autoimmune encephalomyelitis is accompa-
nied by an impressive loss of body weight (Encinas et al.,
2001). Weight loss in EAE is most likely due to side effects
of inflammatory mediators (Strassmann et al., 1992). Al-Izki
et al. (2012) suggested that losing weight indicates active dis-
ease and gaining weight indicates recovery. The observed sig-
nificant decrease in body weights in the “EAE” group is in
line with the results of Pollak et al. (2000) and may indicate
active disease and could arise from anorexia (Wekerle and
Kurschus, 2006), suppression of appetite or decreasing ability
to adequate fluid intake (Encinas et al., 2001).

Traditionally, a tincture prepared from N. sativa seeds has
been shown to be useful in the cases of loss of appetite

(Sharma et al., 2009). In addition, it has been reported that the
supplements of medicinal plant mixture including N. sativa seeds
improved the daily body weight gain for different farm animals
(El-Gaafarawy et al., 2003; Hassan, 2009). In parallel with these
reports, pre-treatment of rats, in the present study, with N. sativa
seeds 2 weeks prior to immunization and continuation of N. sati-
va administration till 28th day post immunization succeeded in
restoring the body weight of sick animals to control values from
7th to 10th day besides the 21th day post immunization. More-
over, the “N. sativa + EAE” group showed significant increase
in body weight in comparison to the control group from 11th to
20th day post immunization. The failure in restoring control
body weight in the “EAE + N. sativa” group may be attributed
to the short period of administration of N. sativa seeds in com-
parison to the “N. sativa + EAE” group.
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EAE+N.Sativa

N.Sativa+EAE

-

Fig. 5 Hippocampus (H&E x400). Cornu Ammonis (CA1) (a) Control group showing normal thickness of small pyramidal cells that
have vesicular nuclei. (b) “EAE” group showing a decrease in the thickness of small pyramidal cell layer with loss of neurons associated
with proliferation of capillary endothelium. (c) “EAE + N. sativa” group showing a focal reduction in the small pyramidal cell layer
thickness with focal loss neurons. (d) “N. sativa + EAE” group showing maintaining of the normal thickness of small pyramidal cell.
CA3. (e) Control group showing aggregation of large pyramidal cell with vesicular nuclei. (f) “EAE” group showing extensive necrosis of
large pyramidal cells with shrinkage of the cytoplasm and deep basophilic pyknotic nuclei (arrow). (g) “EAE + N. sativa” group showing
individual necrosis of large pyramidal cell (arrow). (h) “N. sativa + EAE” group showing individual necrosis of large pyramidal cell.
Dentate gyrus (DG). (i) Control group showing compact aggregation of small granular cells and molecular layer that contained pyramidal
and glial cells. (j) “EAE” group showing vacuolation and extensive loss of granular cell associated with neuronal necrosis, neuronophagia
(arrow) and glial cell proliferation in the molecular layer. (k) “EAE + N. sativa” group showing necrosis of individual neurons (arrow)
with glial cell proliferation. (1) “N. sativa + EAE” group showing mild glial cell proliferation of the molecular layer associated with

necrosis of individual neurons (arrow).

Behavior in the open field is used as a measure of exploration,
anxiety, and locomotor behavior (Frye and Rhodes, 2008). The
number of central square entries and the duration of time spent
in the central square are measures of exploratory behavior and
anxiety. A high frequency/duration of these behaviors indicates
the high exploratory behavior and low anxiety levels (Walsh and
Cummins, 1976). In the present work, rats of the “EAE” group
spent significantly more time in the center compared to the other
tested groups. It may be suggested that the rats of the “EAE”
group showed higher exploratory and lower anxiety behavior
levels besides less emotion with respect to other groups, which
is inconsistent with the findings of the previous studies (Peruga
et al., 2011; Rodrigues et al., 2011).

The number of line crosses and the frequency of rearing in
OFT are usually used as measures of locomotor activity, but

are also measures of exploration and anxiety. A high frequency
of these behaviors indicates increased locomotion and explora-
tion and/or a lower level of anxiety (Walsh and Cummins,
1976). In the present OFT, rats of the “N. sativa + EAE”
group showed a significant increase in the number of rears with
respect to other experimental group. It could be suggested that
N. sativa when given 2 weeks prior to EAE induction increased
the locomotor activity as well as the exploration and decreased
the anxiety of rats. These results are in line with the significant
amelioration of the clinical signs detected in the “N. sati-
va + EAE” group. Moreover, a previous study showed that
N. sativa seed constituents (aqueous extract, fixed oil, volatile
oil, and major constituents of the volatile oil) produced anti-
anxiety effect in different tests used as models for exploration
of induced anxiety (Raza et al., 2006).
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Fig. 6 TEM micrographs of the cortex. (A) Control group, (B) “EAE” group, (C) “EAE + N. sativa” group and (D) “N.
sativa + EAE” group. M, myelinated fiber; U, unmyelinated fiber; PD, partially demyelinated fiber; R, remyelinated fiber; MO, medium
oligodendrocyte process; DO, dark oligodendrocyte process; LA, light astrocyte process; DA, dark astrocyte process.

From the above literature and the present results of the
OFT, it could be suggested that the number of rears is the pref-
erable OFT parameter to test the EAE induced behavior
changes in Wistar rats rather than the time spent in the center.

The present histopathological examination of the rats
belonging to the “EAE” group revealed the appearance of per-
ivascular mononuclear cell aggregation in the deep cerebral
cortex and white matter, which is in agreement with previous
study of Zamvil and Steinman (1990).

Autoimmune encephalomyelitis has originally been
believed to be a “‘white matter disease.” However, some
reports suggest additional pathologic changes in the gray mat-
ter, including loss and/or atrophy of motor neurons also exist
(Derfuss et al., 2009; Rudick and Trapp, 2009). These reported
alterations in the gray matter of MS patients were evidenced in
the present histopathological examination of the brain of rats
belonging to the “EAE” group in which perivascular mononu-
clear cell aggregation and lesions including glial cell prolifera-
tion associated with neuronal degeneration and necrosis
among variable numbers of motor neurons were seen in the
deep cerebral cortex.

Demyelination in EAE as in MS is a result of inflammatory
lesions in the white matter responsible for clinical deficits
(Trapp et al., 1999). In the present study, the ultrastructural
examination of brain areas of rats of the “EAE” group
revealed slight demyelination of the cerebral cortex in addition
to partial to complete demyelination of the hippocampus.

From the present clinical signs, histopathological findings
and ultrastructural examination of rats belonging to the
“EAE” group, it could be concluded that a single subcutane-
ous immunization of Wistar rat with 100 pg MOG in CFA
containing 1 mg/ml of M. tuberculosis at the base of the tail
could provide a successful EAE animal model for MS that

LL}

fulfills the majority of histopathological characteristics of the
well-established EAE models.

A key principle of traditional Chinese medicine is that mul-
tiple ingredients in a plant extract are more effective and less
toxic than a single purified active ingredient or a purified drug
derived from a plant product (Wong et al., 2010). Based on this
concept, the whole N. sativa seed was the choice in this study
to be less toxic, easy to administrate and more effective than its
single purified active ingredients.

It has been reported that inflammatory cytokines and medi-
ators are key components in the inflammatory process
(Germano et al., 2008). N. sativa seeds were used as anti-
inflammatory (Houghton et al., 1995; Mutabagani and El-
Mahdy, 1997) agent. Several studies revealed that N. sativa
seed oil contains potent, but non-toxic compounds that sup-
press excessive inflammatory molecules (Shahzad et al., 2009;
Butt and Sultan, 2010).

In the present investigation, the extent of glial cell prolifer-
ation and neuronal damage in the deep cerebral cortex was
reduced in the “EAE + N. sativa” group and markedly ame-
liorated in the “N. sativa + EAE” group as compared to the
“EAE” group. Regarding the hippocampus, the “EAE + N.
sativa” and “N. sativa + EAE” groups showed normal histo-
logical structure of granular cells.

Thymoquinone (TQ), most active ingredient in N. sativa,
has been proved experimentally to be an anti-inflammatory
substance (Chehl et al., 2009). It significantly reduced the levels
of pro-inflammatory mediators {IL-1f, IL-6, TNF-a, IFN-y
and PGE (2)} and increased level of IL-10 in arthritic rats
(Umar et al., 2012). Moreover, Mohamed et al. (2005) found
that encephalomyelitis could be prevented and ameliorated
by TQ treatment. Therefore, the protective and the ameliora-
tive effects of N. sativa administration to EAE-induced rats,
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Fig. 7 TEM micrographs of the hippocampus. (A) Control group, (B) “EAE group”, (C) “EAE + N. sativa” group and (D) “N.
sativa + EAE” group. M, myelinated fiber; U, unmyelinated fiber; DF, demyelinated fiber; R, remyelinated fiber; LO, light
oligodendrocyte process; MO, medium oligodendrocyte process; DO, dark oligodendrocyte process; LA, light astrocyte process; DA: dark
astrocyte process.

Table 4 Effect of EAE induction by MOG and its treatment with N. sativa (2.8 g/kg) on the levels of MDA, GSH and NO and
activities of catalase and GST in the cortex of adult female Wistar rats.

Oxidative stress parameter Control group “EAE” group “EAE + N.sativa” group  “N.sativa + EAE” group  F-test
Value % D Value % D Value % D

MDA (nmol/g tissue) 290 £ 0.26 (6) A 233 + 0.26 (6) A —19.66 3.61 £ 0.30 (7) AB 2448 511 +0.70 8) B 76.21

GSH (mmol/g tissue) 3.60 £ 0.34 (6) A 530 £0.19(8) B 47.20 5.11 + 0.46 (8) B 41.94 1.59 £ 0.16 (6) C —55.83 °

NO (umol/g tissue) 0.41 + 0.04 (6) A 0.25 + 0.03 (6) B —39.02 0.23 + 0.02 (7) B —43.90 0.99 + 0.08 (6) C 141.50 °

Catalase (U/g tissue) 13.99 + 0.91 (5) A 14.01 £ 0.61 (5) A 0.14 7.96 = 0.79 (6) B —43.10 13.96 + 0.95(6) A —0.21

GST (U/g tissue) 747 £0.11 (5) A 531 £033(6) B —28.92 577 £ 0.53 (8) B —22.76 4.12 £ 034 (7) C —44.85 °

Values represent mean + S.E.M.
Number of animals is shown between parentheses.
% D: percentage difference in comparison to control group.
A, B and C different letters mean significant changes.
* p < 0.05 significant.

in the present study, could be due to its anti-inflammatory role In the present investigation, partial to complete remyelina-
through the suppressive effect of its components on the inflam- tion in the N. sativa treated and protected groups were clearly
matory cytokines and mediators which are the key components detected by the ultrastructural examination of the brain areas
in the inflammatory processes (Germano et al., 2008). under investigation.
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Table 5 Effect of EAE induction by MOG and its treatment with N. sativa (2.8 g/kg) on the levels of MDA, GSH and NO and
activities of catalase and GST in the hippocampus of adult female Wistar rats.

Oxidative stress parameter Control group “EAE” group

“EAE + N. sativa” group *“N. sativa + EAE” group F-test

Value

% D  Value % D

Value % D

MDA (nmol/g tissue)
GSH (mmol/g tissue)
NO (umol/g tissue)
Catalase (U/g tissue) 6.74 £ 0.36 (6) A
GST (U/g tissue) 9.10 + 0.40 (6)

19.51 £ 0.66 (6) A 21.00 = 1.17 (6) A
578 £0.78(6)  5.14 £ 0.69 (6)
0.39 = 0.03 (6) A

6.36 £ 0.26 (7) A

9.14 £ 0.77 (7)

0.48 + 0.03 (7) AB

7.63 15.69 = 1.41 (5) B —19.58 847 + 127(5)C -56.59

1107 4.26 £ 043 (6) —26.30 6.62 + 0.49 (6) 14.53 n.s.
23.08 0.58 + 0.03 (6) B 48.72 0.45 £ 0.06 (6) A 1538
~5.64 3.53 £ 0.69 (6) B —47.63 6.62 = 0.65(5) A —1.78 °

044  9.42 £ 0.96 (6) 3.52 830 £ 041 (5)  —8.79 n.s.

Values represent mean + S.E.M.
Number of animals is shown between parentheses.
% D: percentage difference in comparison to control group.
n.s.: non-significant.
A, B and C: different letters mean significant changes.
* p < 0.05 significant.

It has been suggested that the inactivation of microglia
inhibits EAE (Heppner et al., 2005). Previously, it had been
reported that reactive microglia/macrophage contribute to
demyelination in EAE by killing oligodendrocyte with the
release of TNF-o (Zajicek et al., 1992). In addition, the
events that occur around the lesion site include the prolifer-
ation of astrocytes, which leads to astrocytic hypertrophy
and the expression of inhibitory molecules (Silver and
Miller, 2004).

As seen in the pathological examination, in the present
study, N. sativa administration resulted in a decreased number
of reactive astrocytes and proliferated microglial cells in the
EAE-induced rats. In support of the present role of N. sativa,
Bano et al. (2009) suggested that N. sativa is useful as a poten-
tial treatment for neurodegeneration after chronic toluene
exposure in rats. Hence, it could be suggested that the detected
remyelinating power of N. sativa in the EAE-induced rats
might be due to its inhibitory effect on astrocytic and microg-
lial proliferation.

Several studies reported that the elimination of macro-
phages or microglia suppresses clinical and histopathological
manifestations in rodent models of MS (Bauer et al., 1995;
Polfliet et al., 2002; Heppner et al., 2005). Therefore, the ame-
lioration in clinical symptoms, in the present study, in the N.
sativa treated groups could be attributed to the suppression
of inflammatory cells.

It is well known that the CNS is equipped with an endoge-
nous antioxidant defense mechanism consisting of antioxidant
enzymes. Production of these cytoprotective enzymes is
induced upon exposure to ROS via a mechanism regulated
at the transcriptional level (Itoh et al., 2003, 2004;
Motohashi and Yamamoto, 2004).

Reduced glutathione is the major thiol present in the brain
tissue, and the most important redox buffer in cells, which has
an important role in the protection against oxidative injury
due to ROS (Wang and Ballatori, 1998). Therefore, the present
significant increases in GSH contents in the cerebral cortex of
the “EAE” group were expected in view of the increased pro-
duction of ROS. Unfortunately, these significant increases in
cortical GSH persisted after the treatment of EAE-induced
rats with N. sativa and reversed to significant decreases in
the protected group.

Zheng and Bizzozero (2010) measured the levels of GSH
and lipid peroxidation products in the cerebellum during the
acute and chronic phases of MOG-induced EAE in Cs;BL/6
mice. They found that GSH levels were reduced in both acute
and chronic phases of EAE and the amount of lipid peroxida-
tion products was similar to that in controls both at the peak
of the disease and in the chronic phase. Moreover, in a recent
study of Dasgupta et al. (2013), the authors measured the lev-
els of GSH and lipid peroxide in the spinal cord regions during
the course of MOGs;s.ss peptide-induced EAE in Cs;BL/6
mice. The results showed that GSH levels were reduced during
acute EAE and returned to normal values in the chronic EAE
while the amount of lipid peroxidation products was high in
acute EAE and decreased to nearly normal levels in the
chronic phase.

The present data of the “EAE” group revealed non-signif-
icant changes in MDA levels in the cortex and hippocampus,
which is in agreement with the results of Zheng and
Bizzozero (2010) and Dasgupta et al. (2013). In addition,
non-significant changes in GSH levels in the hippocampus of
the “EAE” group was observed, which disagree with the
results of Zheng and Bizzozero (2010) but agree with those
of Dasgupta et al. (2013). In view of these results and the
above-mentioned literature, it could be suggested that the pres-
ent relapsing-remitting EAE-induced Wistar rat model
attained the chronic stage at the time of decapitation (28th
day post immunization). Thus, the present EAE model could
be considered as a chronic-relapsing EAE model.

Treatment of EAE-induced animals with N. sativa after the
appearance of the first clinical signs revealed non-significant
changes in the cortical levels of MDA, GSH and NO as well
as the activity of GST in comparison to the “EAE” group.
However, protection of rats with N. sativa administered
2 weeks prior EAE induction and continuation of N. sativa
administration until 28th day post immunization resulted in
a significant increase in the cortical MDA level with reference
to control and “EAE” rats and reversed the results of GSH
and NO recorded in both “EAE” and “N. sativa’ groups.
Unluckily, this increase in the cortical MDA level could be
considered as one of the probable drawbacks of N. sativa
administration and this controversy between treated and pro-
tected groups could be due to the longer duration of N. sativa
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administration in the protected group. In accordance with
these results, Alhosin et al. (2010) had found that TQ could
produce ROS metabolites, which in turn trigger mitochondrial
membrane potential loss in Jurkat cells. Moreover, TQ has
been reported to exert anti-oxidant activity at lower concentra-
tion (Mansour et al., 2002), but at higher concentration, it
showed significant pro-oxidant effects (EL-Najjar et al.,
2010; Koka et al., 2010).

Nitric oxide is a reactive molecule that is synthesized by
macrophages and microglia during inflammation (Hendriks
et al., 2005). It has been found that the levels of NO/ONOO™
stable end products are elevated in MS patients (Giovannoni,
1998). In contrast to these studies, the data of the present
investigation revealed a significant decrease in the cortical
NO level in the rats of the “EAE” group in comparison to
the control level.

It has been reported that NO has contradictory roles in cel-
lular systems such as an oxidant or sometimes a scavenger of
superoxide anion (Fadillioglu et al., 2003; Ilhan et al., 2004).
Gulati et al. (2007) reported a reversal of function of NO from
antioxidant at lower concentration, to pro-oxidant at higher
concentration.

El-Mahmoudy et al. (2002) investigated the effect of TQ on
NO production by macrophages after lipopolysaccharide stim-
ulation and found that TQ suppresses the production of NO
by macrophages. This reveals that TQ mediates its inhibitory
effect on NO production via reduction of iNOSmRNA and
protein expression. The authors suggested that this might be
important in ameliorating the inflammatory and autoimmune
conditions. As TQ is the main active component in N. sativa
seeds, therefore, the present significant decrease in the cortical
NO level in the “EAE + N. sativa” group is in accordance
with the study of El-Mahmoudy et al. (2002).

In the hippocampus, results of both treated and protected
groups showed a significant decrease in MDA level accompa-
nied by a significant increase in NO level and decrease in cat-
alase activity in the case of the treated group “EAE + N.
sativa’ only.

There is evidence that serum NO may have protective
immunomodulatory effects: NO inhibits Th; cell proliferation,
and the expression of adhesion molecules and proinflamma-
tory cytokines (Taylor-Robinson et al., 1994; De Caterina
et al., 1995). Rats recovering from EAE had significantly
increased serum NO production and this seemed to protect
them against a second episode of the disease (O’Brien et al.,
1999). Moreover, Hummel et al. (2006) described the antioxi-
dant effect of NO. A previous study of Kanner et al. (1992)
showed that NO reduced the generation of ROS, such as
hydrogen peroxide and superoxide and prevented lipid perox-
idation. Therefore, it could be suggested that the increase in
NO level in the hippocampus of the “EAE + N. sativa” group
may provide a protective mechanism against suspected incom-
ing relapse.

It is noticeable from the present oxidative stress analysis
that the effect of N. sativa is variable in different brain areas,
which may be due to the differential uptake of N. sativa con-
stituents. In addition, the dose and duration of N. sativa
administration must be taken into consideration to avoid its
probable pro-oxidant effect.

In conclusion, the whole N. sativa seeds could attenuate the
clinical signs, suppress inflammation and lead to remyelination
in EAE-induced Wistar rats. Therefore, N. sativa seeds could

be used as a protective agent or an adjunct treatment for
EAE even when the treatment started after the appearance
of the first clinical signs.

Funding

This research received no specific grant from any funding
agency in the public, commercial, or not for — profit sectors.

Conflict of interest

No conflict of interest.

References

Adelmann, M., Wood, J., Benzel, 1., Fiori, P., Lassmann, H.,
Matthieu, J.M., Gardinier, M.V., Dornmair, K., Linington, C.,
1995. The N-terminal domain of the myelin oligodendrocyte
glycoprotein (MOG) induces acute demyelinating experimental
autoimmune encephalomyelitis in the lewis rat. J. Neuroimmunol.
63, 17-27.

Aebi, H., 1984. Catalase in vitro. Methods Enzymol. 105, 121-126.

Alemi, M., Sabouni, F., Sanjarian, F., Haghbeen, K., Ansari, S., 2013.
Anti-inflammatory effect of seeds and callus of Nigella sativa L.
extracts on mix glial cells with regard to their thymoquinone
content. AAPS Pharm Sci. Technol. 14, 160-167.

Alhosin, M., Abusnina, A., Achour, M., Sharif, T., Muller, C., Peluso,
J., Chataigneau, T., Lugnier, C., Schini-Kerth, V.B., Bronner, C.,
Fuhrmann, G., 2010. Induction of apoptosis by thymoquinone in
lymphoblastic leukemia Jurkat cells is mediated by a p73-depen-
dent pathway which targets the epigenetic integrator UHRFI1.
Biochem. Pharmacol. 79, 1251-1260.

Al-Izki, S., Pryce, G., O’Neill, J.K., Butter, C., Giovannoni, G., Amor,
S., Baker, D., 2012. Practical guide to the induction of relapsing
progressive experimental autoimmune encephalomyelitis in the
Biozzi ABH mouse. Mult. Scler. Relat. Disord. 1, 29-38.

Ambrosini, E., Columba Cabezas, S., Serafini, B., Muscella, A., Aloisi,
F., 2002. Astrocytes are the major intracerebral source of macro-
phage inflammatory protein-3alpha/CCL20 in relapsing experimen-
tal autoimmune encephalomyelitis and in vitro. Glia 41, 290-300.

Ambrosini, E., Remoli, M.E., Giacomini, E., Rosicarelli, B., Serafini,
B., Lande, R., Aloisi, F., Coccia, E.M., 2005. Astrocytes produce
dendritic cell-attracting chemokines in vitro and in multiple
sclerosis lesions. J. Neuropathol. Exp. Neurol. 64, 706-715.

Baker, D., Gerritsen, W., Rundle, J., Amor, S., 2011. Critical appraisal
of animal models of multiple sclerosis. Mult. Scler. J. 17, 647-657.

Banchroft, J.D., Stevens, A., Turner, D.R., 1996. Theory Practice of
Histological Techniques, Fourth ed. Churchill Livingstone, New
York, London, San Francisco Tokyo, p. 125.

Bano, F., Wajeeh, M., Baig, N., Naz, H., Akhtar, N., 2009.
Antiobesity, antihyperlipidimic and hypoglycemic effects of Nigella
sativa. (Kalonji). Pak. J. Biochem. Mol. Biol. 42, 136-140.

Batoulis, H., Recks, M.S., Addicks, K., Kuerten, S., 2011. Experi-
mental autoimmune encephalomyelitis — achievements and pro-
spective advances. APMIS 119, 819-830.

Bauer, J., Huitinga, I., Zhao, W., Lassmann, H., Hickey, W.F.,
Dijkstra, C.D., 1995. The role of macrophages, perivascular cells,
and microglial cells in the pathogenesis of experimental autoim-
mune encephalomyelitis. Glia 15, 437-446.

Beutler, E., Duron, O., Kelly, B.M., 1963. Improved method for the
determination of blood glutathione. J. Lab. Clin. Med. 61, 882-888.

Burits, M., Bucar, F., 2000. Antioxidant activity of Nigella sativa
essential oil. Phytother. Res. 14, 323-328.

Butt, M.S., Sultan, M.T., 2010. Nigella sativa: reduces the risk of
various maladies. Crit. Rev. Food Sci. Nutr. 50, 654-665.


http://refhub.elsevier.com/S2090-9896(14)00026-5/h0005
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0005
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0005
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0005
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0005
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0005
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0010
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0015
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0015
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0015
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0015
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0020
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0020
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0020
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0020
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0020
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0020
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0025
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0025
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0025
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0025
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0030
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0030
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0030
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0030
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0035
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0035
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0035
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0035
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0040
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0040
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0045
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0045
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0045
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0050
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0050
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0050
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0055
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0055
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0055
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0060
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0060
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0060
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0060
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0065
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0065
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0070
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0070
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0075
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0075

194

H.M. Fahmy et al.

Chehl, N., Chipitsyna, G., Gong, Q., Yeo, C.J., Arafat, H.A., 2009.
Anti-inflammatory effects of the Nigella sativa seed extract, thymo-
quinone, in pancreatic cancer cells. HPB (Oxford) 11, 373-381.

Compston, A., Coles, A.,2002. Multiple sclerosis. Lancet 359, 1221-1231.

Compston, A., Coles, A., 2008. Multiple sclerosis. Lancet 372,
1502-1517.

Dasgupta, A., Zheng, J., Perrone-Bizzozero, N.I., Bizzozero, O.A.,
2013. Increased carbonylation, protein aggregation and apoptosis
in the spinal cord of mice with experimental autoimmune enceph-
alomyelitis. ASN Neuro 5, e00111.

De Caterina, R., Libby, P., Peng, H., Thannickal, V., Rajavashisth, T.,
Gimbrone, M.A.J., Shin, W.S., Liao, J.K., 1995. Nitric oxide
decreases cytokine- induced endothelial activation. Nitric oxide
selectively reduces endothelial expression of adhesion molecules
and proinflammatory cytokines. J. Clin. Invest. 96, 60—68.

De Groot, C.J., Montagne, L., Barten, A.D., Sminia, P., Van Der
Valk, P., 1999. Expression of transforming growth factor (TGF)-
betal, -beta2, and -beta3 isoforms and TGF-beta type I and type I1
receptors in multiple sclerosis lesions and human adult astrocyte
cultures. J. Neuropathol. Exp. Neurol. 58, 174—187.

Denic, A., Johnson, A.J., Bieber, A.J., Warrington, A.E., Rodrigues,
M., Pirko, 1., 2011. The relevance of animals models in multiple
sclerosis research. Pathophysiology 18, 21-29.

Derfuss, T., Parikh, H., Velhin, S., Braun, M., Mathey, E., Krumb-
holz, M., Kimpfel, T., Moldenhauer, A., Rader, C., Sonderegger,
P., Pollmann, W., Tiefenthaller, C., Bauer, J., Lassmann, H.,
Wekerle, H., Karagogeos, D., Hohlfeld, R., Linington, C., Meinl,
E., 2009. Contactin-2/TAG-1-directed autoimmunity is identified in
multiple sclerosis patients and mediates gray matter pathology in
animals. Proc. Natl. Acad. Sci. U.S.A. 106, 8302-8307.

El-Gaafarawy, A.M., Zaki, A.A., El-Sedfy, R., El-Khenawy, K.H.L.,
2003. Effect of feeding Nigella sativa cake on digestibility, nutritive
value and reproductive performance of Frisian Iranian cows and
immuno activity of their offspring. Proc. of the 9th conf. on animal
nutrition, October. Egypt. J. Nutr. Feeds 6, 539-549.

El-Mahmoudy, A., Matsuyama, H., Borgan, M.A., Shimizu, Y., El-
Sayed, M.G., Minamoto, N., Takewaki, T., 2002. Thymoquinone
suppresses expression of inducible nitric oxide synthase in rat
macrophages. Int. Immunopharmacol. 2, 1603-1611.

El-Najjar, N., Chatila, M., Moukadem, H., Vuorela, H., Ocker, M.,
Gandesiri, M., Schneider-Stock, R., Gali-Muhtasib, H., 2010.
Reactive oxygen species mediate thymoquinone-induced apoptosis
and activate ERK and JNK signaling. Apoptosis 15, 183-195.

Encinas, J.A., Lees, M.B., Sobel, R.A., Symonowicz, C., Weiner, H.L.,
Seidman, C.E., Seidman, J.G., Kuchroo, V.K., 2001. Identification
of genetic loci associated with paralysis, inflammation and weight
loss in mouse experimental autoimmune encephalomyelitis. Int.
Immunol. 13, 257-264.

Fadillioglu, E., Erdogan, H., Iraz, M., Yagmurca, M., 2003. Effects of
caffeic acid phenethyl ester against doxorubicin-induced neuronal
oxidant injury. Neurosci. Res. Commun. 33, 132-138.

Frohman, E.M., Racke, M.K., Raine, C.S., 2006. Multiple sclerosis-
the plaque and its pathogenesis. N. Engl. J. Med. 354, 942-955.
Frye, C.A., Rhodes, M.E., 2008. Infusions of 3o, 5a-THP to the VTA
enhance exploratory, anti-anxiety, social, and sexual behavior and
increase levels of 3o, Sa-THP in midbrain, hippocampus, dien-
cephalon, and cortex of female rats. Behav. Brain Res. 187, 88-99.

Germano, G., Allavena, P., Mantovani, A., 2008. Cytokines as a key
component of cancer-related inflammation. Cytokine 43, 374-379.

Giovannoni, G., 1998. Cerebrospinal fluid and serum nitric oxide
metabolites in patients with multiple sclerosis. Mult. Scler. 4, 27-30.

Godiska, R., Chantry, D., Dietsch, G.N., Gray, P.W., 1995. Chemo-
kine expression in murine experimental allergic encephalomyelitis.
J. Neuroimmunol. 58, 167-176.

Gold, R., Linington, C., Lassmann, H., 2006. Understanding patho-
genesis and therapy of multiple sclerosis via animal models:
70 years of merits and culprits in experimental autoimmune
encephalomyelitis research. Brain 129, 1953-1971.

Gulati, K., Chakraborti, A., Ray, A., 2007. Modulation of stress
induced neurobehavioral changes and brain oxidative injury by
nitric oxide (NO) mimetics in rats. Behav. Brain Res. 183, 226—
230.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S-
transferases. The first enzymatic step in mercapturic acid forma-
tion. J. Biol. Chem. 249, 7130-7139.

Hajra, N., 2011. Nigella sativa: the miraculous herb. Pak. J. Biochem.
Mol. Biol. 44, 44-48.

Hassan, S.A., 2009. Effect of some medicinal plants supplementation
on daily intake, live weight gain and carcass characteristics of
Awassi lambs. Egypt. J. Nutr. Feeds 12, 65-73.

Hendriks, J.J., Teunissen, C.E., de Vries, H.E., Dijkstra, C.D., 2005.
Macrophages and neurodegeneration. Brain Res. Brain Res. Rev.
48, 185-195.

Heppner, F.L., Greter, M., Marino, D., Falsig, J., Raivich, G.,
Hovelmeyer, N., Waisman, A., Rulicke, T., Prinz, M., Priller, J.,
Becher, B., Aguzzi, A., 2005. Experimental autoimmune encepha-
lomyelitis repressed by microglial paralysis. Nat. Med. 11, 146-152.

Houghton, P.J., Zarka, R., de las Heras, B., Hoult, J.R., 1995. Fixed
oil of Nigella sativa and derived thymoquinone inhibit eicosanoid
generation in leukocytes and membrane lipid peroxidation. Planta
Med. 61, 33-36.

Hummel, S.G., Fischer, A.J., Martin, S.M., Schafer, F.Q., Buetner,
G.R., 2006. Nitric oxide as a cellular antioxidant: a little goes a
long way. Free Radic. Biol. Med. 40, 501-506.

Ilhan, A., Akyol, O., Gurel, A., Armutcu, F., Iraz, M., Oztas, E., 2004.
Protective effects of caffeic acid phenethyl ester against experimen-
tal allergic encephalomyelitis-induced oxidative stress in rats. Free
Radic. Biol. Med. 37, 386-394.

Itoh, K., Tong, K.I., Yamamoto, M., 2004. Molecular mechanism
activating Nrf2-Keapl pathway in regulation of adaptive response
to electrophiles. Free Radic. Biol. Med. 36, 1208-1213.

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., O’Connor, T.,
Yamamoto, M., 2003. Keapl regulates both cytoplasmic-nuclear
shuttling and degradation of Nrf2 in response to electrophiles.
Genes Cells 8, 379-391.

Kanner, J., Harel, S., Granit, R., 1992. Nitric oxide, an inhibitor of
lipid peroxidation by lipoxygenase. Lipids 27, 46-49.

Kanter, M., Coskun, O., Kalayci, M., Buyukbas, S., Cagav, F., 2006.
Neuroprotective effects of Nigella sativa on experimental spinal
cord injury in rats. Hum. Exp. Toxicol. 25, 127-133.

Koka, P.S., Mondal, D., Schultz, M., Abdel-Mageed, A.B., Agrawal,
K.C., 2010. Studies on molecular mechanisms of growth
inhibitory effects of thymoquinone against prostate cancer cells:
role of reactive oxygen species. Exp. Biol. Med. (Maywood) 235,
751-760.

Mansour, M.A., Nagi, M.N., El-Khatib, A.S., Al-Bekairi, A.M., 2002.
Effects of thymoquinone on antioxidant enzyme activities, lipid
peroxidation and DT-diaphorase in different tissues of mice: a
possible mechanism of action. Cell Biochem. Funct. 20, 143-151.

Miller, E., Mrowicka, M., Malinowska, K., Zolynski, K., Kedziora, J.,
2010. Effects of the whole body cryotherapy on a total antioxida-
tive status & activities of some antioxidative enzymes in blood of
patients with multiple sclerosis-preliminary study. J. Med. Invest.
57, 168-173.

Mohamed, A., Afridi, D.M., Garani, O., Tucci, M., 2005. Thymoqui-
none inhibits the activation of NF-kappaB in the brain and spinal
cord of experimental autoimmune encephalomyelitis. Biomed. Sci.
Instrum. 41, 388-393.

Montgomery, H.A.C., Dymock, J.F., 1961. The determination of
nitrite in water. Analyst 86, 414-416.

Moore, G.R., 2010. Current concepts in the neuropathology and
pathogenesis of multiple sclerosis. Can. J. Neurol. Sci. 37, S5-
S15.

Motohashi, H., Yamamoto, M., 2004. Nrf2-Keap! defines a physio-
logically important stress response mechanism. Trends Mol. Med.
10, 549-557.


http://refhub.elsevier.com/S2090-9896(14)00026-5/h0080
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0080
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0080
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0085
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0090
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0090
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0095
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0095
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0095
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0095
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0100
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0100
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0100
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0100
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0100
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0105
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0105
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0105
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0105
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0105
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0110
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0110
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0110
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0115
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0115
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0115
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0115
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0115
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0115
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0115
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0120
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0120
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0120
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0120
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0120
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0125
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0125
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0125
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0125
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0130
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0130
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0130
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0130
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0135
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0135
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0135
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0135
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0135
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0140
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0140
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0140
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0145
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0145
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0150
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0150
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0150
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0150
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0155
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0155
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0160
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0160
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0165
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0165
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0165
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0170
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0170
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0170
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0170
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0170
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0175
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0175
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0175
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0175
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0180
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0180
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0180
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0185
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0185
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0190
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0190
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0190
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0195
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0195
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0195
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0200
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0200
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0200
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0200
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0205
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0205
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0205
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0205
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0210
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0210
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0210
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0215
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0215
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0215
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0215
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0220
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0220
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0220
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0225
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0225
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0225
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0225
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0230
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0230
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0235
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0235
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0235
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0240
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0240
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0240
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0240
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0240
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0245
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0245
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0245
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0245
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0250
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0250
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0250
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0250
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0250
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0255
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0255
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0255
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0255
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0260
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0260
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0265
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0265
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0265
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0270
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0270
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0270

Nigella sativa in encephalomyelitis-induced rats

195

Mutabagani, A., El-Mahdy, S.A.M., 1997. A study of the anti-
inflammatory activity of Nigella sativa L. and thymoquinone. Saudi
Pharm. J. 5, 110-113.

O’Brien, N., Charlton, B., Cowden, W., Willenborg, D., 1999. Nitric
oxide plays a critical role in the recovery of Lewis rats from
experimental autoimmune encephalomyelitis and the maintenance
of resistance to reinduction. J. Immunol. 163, 6841-6847.

Peruga, I., Hartwig, S., Thone, J., Hovemann, B., Gold, R., Juckel, G.,
Linker, R.A., 2011. Inflammation modulates anxiety in an animal
model of multiple sclerosis. Behav. Brain Res. 220, 20-29.

Pichette, A., Marzouk, B., Legault, J., 2012. Antioxidant, anti-
inflammatory, anticancer and antibacterial activities of extracts
from Nigella sativa (black cumin) plant parts. J. Food Biochem. 36,
539-546.

Polfliet, M.M., van de Veerdonk, F., Dopp, E.A., van Kesteren-
Hendrikx, E.M., van Rooijen, N., Dijkstra, C.D., van den Berg,
T.K., 2002. The role of perivascular and meningeal macrophages in
experimental allergic encephalomyelitis. J. Neuroimmunol. 122, 1-
8.

Pollak, Y., Ovadia, H., Goshen, I., Gurevich, R., Monsa, K., Avitsur,
R., Yirmiya, R., 2000. Behavioral aspects of experimental autoim-
mune encephalomyelitis. J. Neuroimmunol. 104, 31-36.

Raivich, G., Banati, R., 2004. Brain microglia and blood-derived
macrophages: molecular profiles and functional roles in multiple
sclerosis and animal models of autoimmune demyelinating disease.
Brain Res. Brain Res. Rev. 46, 261-281.

Ransohoff, R.M., Glabinski, A., Tani, M., 1996. Chemokines in
immune-mediated inflammation of the central nervous system.
Cytokine Growth Factor Rev. 7, 35-46.

Raza, M., El-Hadiah, T.M., Al-Shabanah, O.A., 2006. Nigella sativa
seed constituents and anxiety relief in experimental models. J.
Herbs Spices Med. Plants 12, 153-164.

Rodrigues, D.H., Vilela Mde, C., Lacerda-Queiroz, N., Miranda, A.S.,
Sousa, L.F., Reis, H.J., Teixeira, A.L., 2011. Behavioral investiga-
tion of mice with experimental autoimmune encephalomyelitis.
Arq. Neuropsiquiatr. 69, 938-942.

Rudick, R.A., Trapp, B.D., 2009. Gray-matter injury in multiple
sclerosis. N. Engl. J. Med. 361, 1505-1550.

Ruiz-Larrea, M.B., Leal, A.M., Liza, M., Lacort, M., de Groot, H.,
1994. Antioxidant effects of estradiol and 2-hydroxyestradiol on
iron induced lipid peroxidation of rat liver microsomes. Steroids 59,
383-388.

Sadovnick, A.D., Ebers, G.C., 1993. Epidemiology of multiple
sclerosis: a critical overview. Can. J. Pharm. Sci. 20, 17-29.

Shahzad, M., Yang, X., Raza Asim, M.B., Sun, Q., Han, Y., Zhang,
F., Cao, Y., Lu, S., 2009. Black seed oil ameliorates allergic airway
inflammation by inhibiting T-cell proliferation in rats. Pulm.
Pharmacol. Ther. 22, 37-43.

Sharma, N.K., Ahirwar, D., Jhade, D., Gupta, S., 2009. Medicinal and
pharmacological potential of Nigella sativa: a review. Ethnobotan-
ical Rev. 13, 946-955.

Silver, J., Miller, J.H., 2004. Regeneration beyond the glial scar. Nat.
Rev. Neurosci. 5, 146-156.

Strassmann, G., Fong, M., Kenney, J.S., Jacob, C.O., 1992. Evidence
for the involvement of interleukin 6 in experimental cancer
cachexia. J. Clin. Invest. 89, 1681-1684.

Taylor-Robinson, A., Liew, F., Severn, A., Xu, D., McSorley, S.,
Garside, P., Padron, J., Phillips, R.S., 1994. Regulation of the
immune response by nitric oxide differentially produced by T
helper type 1 and T helper type 2 cells. Eur. J. Immunol. 24, 980—
984.

Trapp, B.D., Bo, L., Mork, S., Chang, A., 1999. Pathogenesis of tissue
injury in MS lesions. J. Neuroimmunol. 98, 49-56.

‘t Hart, B.A., Gran, B., Weissert, R., 2011. EAE: imperfect but useful
models of multiple sclerosis. Trends Mol. Med. 17, 119-125.

Umar, S., Zargan, J., Umar, K., Ahmad, S., Katiyar, C.K., Khan,
H.A., 2012. Modulation of the oxidative stress and inflammatory
cytokine response by thymoquinone in the collagen induced
arthritis in Wistar rats. Chem. Biol. Interact. 197, 40-46.

Van Horssen, J., Witte, M.E., Schreibelt, G., de Vries, H.E., 2011.
Radical changes in multiple sclerosis pathogenesis. Biochim.
Biophys. Acta 1812, 141-150.

Walsh, R.N., Cummins, R.A., 1976. The open-field test: a critical
review. Psychol. Bull. 83, 482-504.

Wang, W., Ballatori, N., 1998. Endogenous glutathione conjugates:
occurrence and biological functions. Pharmacol. Rev. 50, 335-356.

Wekerle, H., Kurschus, F.C., 2006. Animal models of multiple
sclerosis. Drug Discov. Today 3, 359-367.

Wong, A.M., Zhang, Y., Kesler, K., Deng, M., Burhenn, L., Wang,
D., Moro, A., Li, Z., Heber, D., 2010. Genomic and in vivo
evidence of synergy of a herbal extract compared to its most active
ingredient: rabdosia rubescens vs. oridonin. Exp. Ther. Med. 1,
1013-1017.

Zajicek, J.P., Wing, M., Scolding, N.J., Compston, D.A.S., 1992.
Interactions between oligodendrocytes and microglia. A major role
for complement and tumour necrosis factor in oligodendrocyte
adherence and killing. Brain 115, 1611-1631.

Zamvil, S.S., Steinman, L., 1990. The T lymphocyte in experimental
allergic encephalomyelitis. Annu. Rev. Immunol. 8, 579-621.

Zaoui, A., Cherrah, Y., Mahassini, N., Alaoui, K., Amarouch, H.,
Hassar, M., 2002. Acute and chronic toxicity of Nigella sativa fixed
oil. Phytomedicine 9, 69-74.

Zheng, J., Bizzozero, O.A., 2010. Accumulation of protein carbonyls
within cerebellar astrocytes in murine experimental autoimmune
encephalomyelitis. J. Neurosci. Res. 88, 3376-3385.


http://refhub.elsevier.com/S2090-9896(14)00026-5/h0275
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0275
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0275
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0280
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0280
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0280
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0280
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0285
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0285
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0285
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0290
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0290
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0290
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0290
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0295
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0295
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0295
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0295
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0295
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0300
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0300
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0300
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0305
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0305
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0305
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0305
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0310
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0310
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0310
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0315
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0315
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0315
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0320
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0320
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0320
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0320
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0325
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0325
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0330
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0330
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0330
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0330
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0335
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0335
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0340
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0340
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0340
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0340
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0345
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0345
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0345
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0350
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0350
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0355
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0355
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0355
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0360
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0360
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0360
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0360
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0360
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0365
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0365
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0370
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0370
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0375
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0375
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0375
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0375
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0380
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0380
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0380
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0385
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0385
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0390
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0390
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0395
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0395
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0400
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0400
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0400
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0400
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0400
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0405
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0405
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0405
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0405
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0410
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0410
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0415
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0415
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0415
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0420
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0420
http://refhub.elsevier.com/S2090-9896(14)00026-5/h0420

	Nigella sativa as an anti-inflammatory and promising remyelinating agent in the cortex	and hippocampus of experimental autoimmune encephalomyelitis-induced rats
	Introduction
	Methods
	Experimental animals, induction of EAE and clinical scoring
	Chemicals
	N. sativa seeds
	Experimental design
	Open field (OF) test
	Histopathological assessment
	Transmission electron microscopy (TEM) for brain tissues
	Biochemical analysis
	Tissue homogenization
	Determination of lipid peroxidation
	Determination of reduced glutathione (GSH) levels
	Determination of nitric oxide (NO) levels
	Determination of catalase activity
	Determination of glutathione-S-transferase (GST) activity

	Statistical analysis

	Results
	Effect of EAE induction by MOG and its treatment with 	N. sativa on the daily clinical scores in Wistar rats
	Effect of EAE induction by MOG and its treatment with N. sativa on the body weight of EAE in adult female Wistar rats
	Effect of EAE induction by MOG and its treatment with 	N. sativa on open field parameters recorded from adult female Wistar rats
	Effect of EAE induction by MOG and its treatment with 	N. sativa on the histopathological findings in Wistar rats
	Effect of EAE induction by MOG and its treatment with 	N. sativa on the ultrastructure of myelin sheath using transmission electron microscopy (TEM) in Wistar rats
	Effect of EAE induction by MOG and its treatment with 	N. sativa on some oxidative stress parameters in different brain areas of Wistar rats

	Discussion
	Funding
	Conflict of interest
	References


