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ABSTRACT

Cerebral I/R causes oxygen deprivation to the brain tissue and generation
of reactive oxygen species (ROS) which can stimulate immune
responses, leading to inflammatory cells activation and infiltration.
Methods: Rats were subjected to general anesthesia during which an
occlusion of bilateral common carotid arteries for half hour then
reperfusion for one hour with and without pretreatment with Dimethyl
fumarate (DMF) at 50 mg/kg intraperitoneal (i.p) 24 hr. before
ischemia.HO-1, TLR2, and TLR4 antibodies were assessment by IHC
technique while ELISA type used to measure Nrf2, NF-«B and MDA in
brain tissue levels. Levels of nuclear Nrf2 were increased significantly
(P<0.05) in the DMF group. The levels of NF-kB and MDA were
decreased significantly (P<0.05).

INTRODUCTION

Stroke is considered as one of the major health problem
worldwide which can cause increased rates of death [1].
The World Health Organization (WHO) has estimated that
cerebral ischemia caused death accounted for 9.7% globally
and more than 85% in countries with the low-middle
economic state [2] while decrease to 42% in countries with
the high-economic state. The principal systems of
reperfusion damage incorporate oxidative stress, leukocyte
invasion, mitochondrial instruments, platelet activation
and aggregation, supplement actuation, and blood-brain-
barrier (BBB) interruption, which at last prompt cerebrum
edema or hemorrhagic change and in the long run causing
huge neuron death and neurological dysfunctions. ROS and
the recruitment of leukocytes in post-ischemic micro
vessels is often accompanying by the accumulation of
platelets. Platelets then bind to its surface receptors such as
P and E-selectin, glycoproteins, and the fibronectin
receptor [3]. This binding can lead to up-regulation of
ICAM  through the
proinflammatory mediators from platelet. Platelets are
strongly attracting to and activating the sub endothelial
molecules such as collagen and Von Will brand factor.
Reestablishing ATP levels during reperfusion, as an
outcome, permits dynamic take-up of Ca'? by the
mitochondria, bringing about huge Ca*? over-burden and
pulverization of the mitochondrial content. High level of
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Histological findings including: hemorrhage, dark neurons, and necrosis
were reduced in DMF groups in addition to the reduction in the infarction
area. Neuroprotective effect of DMF against cerebral I/R injury probably
occurred via up-regulation of nuclear Nrf2 and down-regulation of
inflammatory and oxidative stress.
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Ca™ in the mitochondria causes opening mitochondrial
permeabilitytransition pore (MPTP) [4] which causes
mitochondrial swelling, inner membrane depolarization,
oxidative stress generationsuch as ROS, RNS, O and
hydrogenperoxide (H202), and they in the long run prompt
oxidative stress. ROS causes lipid oxidation, membrane
damage, distribute DNA and cell processes. In addition to
the distribution the balance of the BBB that permitting the
penetration of neutrophils and different cells [5]. Nrf2 is a
transcription-factor that considered as a master regulator of
oxidative stress due to its role in the drug metabolism
especially in phase II drug metabolism or conjugation of
xenobiotics. Nrf2 is a member of the cap‘n’collar (CNC)
basic-leucine-zipper transcription-factor which regulates
the basal or stress-inducible
components of glutathione and thioredoxin-antioxidant
systems. As a result, it plays an important role in the
adaptation of cells to ROS and xenobiotics [6]. GSH
synthesis is under the control of two enzymes which are y-
glut amyl cysteine ligase and glutathione synthesize [7].
NQOIL catalyzes the reduction and detoxification quinines
and Oz * scavenger. Nrf2 is the major regulatory system of
GSH via controlling and modulator release of y-glut amyl
cysteine ligase. Dimethyl fumarate (DMF), a fumarate ester,
is a recently FDA approved drug for the treatment of
multiple sclerosis (MS) and psoriasis under market name
Ticfedra [8]. DMF is a potent anti-oxidant and anti-
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inflammatory agent which has a mechanism of action via
activation of Nrf2 pathway. Thereby it causes modulation
of the glutathione system and enhancement of cellular
response to oxidative stress. Following administration,
DMF can not be detected in the plasma because it
undergoes rapid hydrolysis to its active metabolite,
monomethyl fumarate, before entering the systemic
circulation [9]. In the current study, we evaluate the role of
DMF in ameliorating damage caused by cerebral I/R injury.

MATERIALS AND METHODS

Twenty-four Albino male rats weight ranged between 250-
350 g were obtained from animal house, Faculty of Science,
University of Zakho. The rats were kept in the animal
house at Faculty of Medicine, University of Kufa in a well-
ventilating room under a 12hr/12hr cycle (light/dark) at
temperature 25+2 °C and they were given standard animal
diet and free access to water [18]. The experiment was
approved by University of Kufa-Animal Care and Research
Committee, and the investigation according to the
Laboratory Animals Guide Care.

Study groups

Rats were divided into four groups after one week of
acclimatization, as follows: Sham group: Rats were
subjected to general anesthesia without occlusion of the
bilateral common carotid arteries. Control group
(ischemic-reperfused): Rats were subjected to general
anesthesia followed by occlusion of bilateral common
carotid arteries (BCCAO) for half an hour then reperfusion
for one hour but not receive any drug [10]. Vehicle group:
Rats were subjected to the same surgical procedure as in
control group but received the vehicle of drugs, DSMO,
intraperitoneal (i.p) 24 hr. before ischemia. Dimethyl
fumarate group: Rats were subjected to the surgical
procedure as control group plus DMF at 50 mg/kg
intraperitoneal (i.p) 24 hr. before ischemia [11].

Drug Preparation: DMF (Cat No. 242926) was purchased
from Sigma Aldrich, (Germany) and dissolved in stock
solution (29 mg/ 1 ml DMSO plus enough distill water).

Induction of global brain ischemia: Rats were subjected to
general anesthesia via injection of ketamine and xylazine i.p
at 100 mg/kg and 10 mg/kg respectively [12], when rats
became unconscious, an incision on the neck was made and
carotid arteries were seen then by using vascular clamps
blocked the arteries on both sides (left and right) at same
time as possible for 30 min, after 30 min the clamps were
removed from the arteries to begin reperfusion for 1 hr to
induce global cerebral ischemia/ reperfusion injury. After 1
hr of reperfusion, rats were decapitated, brains were
removed quickly and cold in pre-cold PBS solution, then
transfer to freezer for 10 min, after that each brain was cut
to three slices, one for histopathological and immune-
histopathological studies, second for TTC staining, and
third for ELISA study [13].

207 Systematic Review Pharmacy

Assessment of cerebral infarction by using of TTC stain:
Rats were sacrificed after 30 min BCCAO and 60 min
reperfusion. Brains were rapidly removed and frozen at -
20°C for 10 min with cold PBS. Brain tissues were an
assessment by 2, 3, 5 Triphenyl tetrazolium chloride stain
(TTC) M. wt. = 334.8 was purchased from Direvo industrial
biochemical staining that immediately prepared by
dissolved it in PBS at 0.2 % (w/ v) concentration before
slicing of the brains. After brains cuts into coronal slices, it
immersed in TTC stain at 37°C for 30 min in a glass Petri
dish with aluminum foil covering to prevent the effect of
light on TTC stain followed by immersion in PBS-10% par
formaldehyde. Infarct volume was measured by using
digital imaging (digital camera) and image analysis
software (image ] system). The infarct area was measured
by Swanson’s method [14]. The total volumes of both white
area (infarction area) and red area (valid area) were
measured, and the infarct percentage (I) was calculated as:

hite ar
0p) = WhItearea  , 1nos
totalarea

Histopathological assessment: At the end of reperfusion,
brain tissues were put in formalin and immersed in a
paraffin wax, cut 6 puM thick sections, then stained by
hematoxylin-eosin (H and E) and seen under a microscope.
The pathological scoring scale used in this study as
following: Normal (0): there is no edema, RBCs, or
eosinophilic neurons, slight (1): there is either edema or
eosinophilic neurons. Moderate (2): there are edema,
eosinophilic neurons, and a little number of RBCs. Severe
(3): there are edema, ecosinophilic neurons, RBC, and
necrosis.

SAMPLES PREPARATION

Tissue preparation for MDA and NF-kB measurement:
The brain tissues were cut into very small pieces under cold
condition followed by homogenized with homogenization
solution which contains PBS, cocktail inhibitor and Triton
X100 for 20 min by using a ultrasonic liquid processor
under cold condition followed by centrifuging at 2,000 -
3,000 r.p.m for 20 min at 4°C and stored at —80°C for future
analysis [15].

Cytoplasmic and Nuclear extraction of Nrf2: The
extraction and isolation of Nrf2 from tissue samples were
performed according to (Cat no. ab221978) was purchased
from Beyotime biotechnology, China.

Measurement levels of Nrf2, MDA, and NF-xB through
ELISA technique: The collected supernatants obtained
from all groups were used for measuring of Nrf2 at
cytoplasmic and nucleus level, in addition to MDA, and
NE-kB levels by ELISA (Nanjing Pars Biochem CO., Ltd,
China) according to manufacturer protocol.

Measurement levels of HO-1, TLR2, and TLR4 through
immunohistochemistry: At end of reperfusion, brain
tissues cut into 6 uM thick sections, dew axing, and
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immersed in xylene to be followed by dehydration using
different concentration of alcohol 100%, 95%, 90%, and
70%. Break down the crosslink between formalin and
antigen, we used retrieval buffer in water bath and then
blocked the peroxides effect by using blocking agent.
Incubation the brain tissues with primary antibody
purchased from Cosabio, USA followed by secondary
antibody and finally stained by using DAB and hematoxylin
solution and see under microscope.

Statistical analysis: The data are expressed as mean
+standard error of the mean (SEM). One-way analysis of
variance (ANOVA) followed by Turkey’s post hoc; a P
value of < 0.05 was considered to be statistically significant.
Analyses were done by using SPSS software update version

RESULTS

DMF reduced infarction area percentages: Analysis of the
infarct area for the whole brain in all groups has been
measured by software (image J). DMF has clearly reduced
the white (infracted) area in comparison to control group
(data not shown). A photographic analysis showed that
DMTF reduced infarction area percent significantly (p<0.05)
as compared to control group (13.81£1.81% vs.
43.15+7.72%) as seen in Table (1).

DMF reduced cytoplasmic level of Nrf2 in brain tissue:
Cerebral I/R injury represents an acute stage of oxidative
stress, therefore we expect that there will be an
enhancement in cytoprotective mechanisms in the brain
tissue including translocation of Nrf2 form the cytoplasm
to the nucleus. Our results showed that CI/ RI reduced
cytoplasmic levels of Nrf2 as compared to sham group
(49.23£1.30 vs. 73.41+2.11 mg/ ml) while DMF caused
significant (p<0.05) further reduction in the cytoplasm level
of Nrf2 as compared to control group (36.77+0.86 vs.
49.23+1.30 mg/ ml) as seen in Table (2).

DMTF increased nuclear level of Nrf2 in brain tissue: We
found that DMF elevated the level of Nrf2 in nucleus
significantly (p<0.05) as compared to control group
(41.03£0.56 vs. 31.49+0.43 mg/ ml) as shown in Table (3).

DMEF didn’t cause expression of HO-1: Cerebral I/R injury
didn’t cause any changes in HO-1 level. We analyzed the
HO-1 level in brain tissue for all groups via the
immunohistochemistry technique as shown in Figure (1).
DMF reduced MDA level: We found that MDA level of
DMF group was reduced significantly (p<0.05) as
compared to control group (0.54+0.03 vs.1.22+0.05
pmole/ml) as shown in Table (4).

DMF reduced level of NF-kB: Cerebral 1/ R injury caused
elevation in NF-«xB level. DMF reduced level of NF-kB
significantly (p<0.05) as compared to control group
(114.73+5.92 vs. 166.18+7.73 mg/ml) as shown in Table (5).
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DMF inhibited the expression of TLRs: An IHC study
showed that control and vehicle groups expressed TLR4
and TLR2 with weak-moderate intensity and few positive
cells while DMF inhibits expression of them in brain
tissues, we found insignificant difference (p<0.05) between
DMEF group and sham group as shown in Figure (2).

DMF reduced brain damage scores: Cerebral I/ R injury
caused brain tissue damage which can be classified as: mild,
moderate, or severe damage. A histopathological
examination, as shown in Figure (3), revealed elevated
brain tissue damage scores significantly (p<0.05) in control
and vehicle groups when compared to sham group with
significant improvement (p<0.05) in DMF group.

DISCUSSION

BCCAO is one of several models to study the brain
ischemic stroke in rats [16] it caused increase in oxidative
stress, inflammatory responses, cell death, and neurological
damage within minutes after the onset of ischemia. In the
present study, we suggested that pretreatment rats with
DMF (50 mg/kg) ameliorates BCCAO-induced cerebral
ischemia-reperfusion injury after 30 min cerebral ischemia
and 60 min reperfusion in an experimental rat model by
increasing Nrf2 nuclear level, reduced infarct volume,
decreased MDA content, modulation inflammation
response by reducing level of NF-kB, TLR2, and TLR4.
Cerebral I/ R injury causes dysfunction and death of
neurons in the brain tissues due to elevated inflammatory
and oxidative mediators. Nrf2 is a transcription factor has a
regulatory role in cell survival by up regulation of anti-
oxidative and cytoprotective genes [17]. In our study, we
found that minimal infarction area percent was shown in
sham group that an indicated there are minimum necrotic
cells in non-ischemic brain slices and we noted increase
significantly in untreated groups after induction of BCCAO
when compared to sham group that indicated increased of
necrotic cell due to down regulate Na/k -ATPase pump,
increase oxidative stress and inflammatory response, while
pre-treatment with Nrf2 activator drugs 24 hr. before
ischemia reduced the infarction area percent significantly
due to the increase of the nuclear level of Nrf2 to induce
anti-oxidant genes and also reduce inflammatory markers
and this result suppose our suggestion, Ruihe Lin et al.
(2016) who study the effect of DMF on middle cerebral
artery occlusion and they found that DMF reduced the size
of infarction about 30 % [18].

DMF increases accumulation of nuclear Nrf2 level of
brain tissue: In our experiment, we found that maximum
cytoplasmic and minimal nuclear level of Nrf2 was shown
in sham group which indicated a basal level of protein in
non-ischemic brain and we noted that cytoplasmic level
decreased while nuclear level increased significantly in
untreated groups after induction of BCCAO when
compared to sham group that indicated Nrf2 released from
its complex and translocated to nucleus due to increase in
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stress and inflammation. Pretreatment with DMF reduced
cytoplasm level and increased nuclear level of Nrf2 as
compared to control group which indicated more Nrf2
accumulation in nucleus. Several authors studied the effect
of Nrf2 activator on the CI/ RI but no study of DMF on this
model. Chen et al. shown that BCCAO didn’t increase the
nuclear level of Nrf2 and reported that endogenous Nrf2
protein insufficient to protect neurons against I/R while
administration of rifampicin significantly decreased
cytoplasm and elevated nuclear Nrf2 levels in the nucleus.
Keita Yamauchi et al. (2016) found that treatment of mice
with RS9 (derivative of Bardoxolone) elevated the level of
Nrf2 after focal ischemia. Wang H et al. (2019) who studied
the effect of swertiamain on same our model, they found
that swertiamain reduced the cytoplasmic level of Nrf2 and
elevated its nuclear level [19]. Cerebral I/R injury induce
oxidative stress which may result in tissue damage,
abnormal lipid metabolism and cellular membranes
disturbance by lipid per oxidation while pre-treated with
Nrf2 activators before ischemia decreased per oxidation.
We found that sham group has low MDA level and we
noticed increased in MDA level in control group after
induction of cerebral I/ R that indicated MDA generated to
increase stress. Pretreatment with DMF reduced MDA level
significantly when compared to control group which
indicated reduction in oxidative stress and brain damage.
Several studies showed that MDA level increased in control
group while pretreatment different Nrf2 activators reduced
its level [20]. Yang Yao et al. (2016) found that when mice
undergo left middle cerebral artery occlusion and treated
with DMF, MDA level was reduced significantly as
compared to control. These results support our finding of
Nrf2 induced brain cells protection of membrane per
oxidation. In our study, we found that HO-1 does not
express after CI/ RI according to immunohistochemistry
staining while the positive control (normal human spleen)
showed high expression of HO-1. We proposed that the
time of administration of Nrf2 activators before I/R was not
enough to induce expression of HO-1.Jie Han et al. (2014)
who studied Epigallocatechin Gallate (Nrf2 activators) and
found HO-1 increased in treated groups significantly after
2hr. ischemia and 24 hr. reperfusion [21]. Other author
found HO-1 increased after 3 days of ischemia and
continue over 48 or more. Activation of Nrf2 inhibits NF-
kB translocated and binding to its promoters. Nrf2 inhibits
factors could activate NF-xB including TNEF-q, IL-1, ROS,
and oxidative stress which be elevated after 10-30 min. after
cerebral ischemia. In our experiment, we found that low
NEF-kB level was shown in sham group and its level
increased significantly in control group after induction of
BCCAO that indicated NF-kB over expression.
Pretreatment with DMF 24 hr. before ischemia reduced
NE-kB level significantly when compared to control group
which indicated accumulation of Nrf2 protein in nucleus
causing reduction in brain inflammation. Keita Yamauchi
et al. (2016) suggested Nrf2 activator (RS9) decreased the
level of the NF-xB reflecting the anti-inflammatory

209 Systematic Review Pharmacy

mechanism of RS9 [22]. In our study, we found that
pretreatment with DMF inhibits TLR2 and TLR4
expression after 30 min ischemia and 1 hr. reperfusion
while the control and vehicle groups show weak-moderate
intensity with few positive cells. These receptors are
component of innate immune system and inhibition of
their expression by pharmacological Nrf2 activator reduced
the inflammation response. Hyakkoku K et al. (2010), who
studied the expression of TLR4 in MCAO, found that the
number of positive cells increases in control group after
ischemia-reperfusion. Tissue kallikrein (Nrf2 activator)
reduced TLR4 cerebral I/R expression and this reduction
was better seen when tissue kallikrein administered
immediately than that of 12 hr. after reperfusion. Cerebral
I/ R injury cause interruption in blood-brain barrier, edema
formation, and induce pyknotic and dark eosinophilic
neurons [23-24]. In our experiment, we found that low
damage score was shown in sham group which indicated a
basal score in non-ischemic brain slices and we noted that
the damage scores increased significantly in control group
after induction of BCCAO. While pretreatment by DMF
reduced damage scores when compared to control group
which indicated activation of Nrf2 protein reduces brain
damages such as hemorrhage and necrosis. Chandrasekhar
et al. (2010) who noticed that microscopic examination of
control group brain tissue showed congestion of blood
vessels and neurotic necrosis features after BCCAO. Our
results elucidated the neuroprotective effect of DMF in
improving brain tissue damage induced by cerebral I/ R
injury through its ability to increase nuclear Nrf2
translocation ~ and  thereby  down-regulation  of
inflammatory and oxidative stress markers which
eventually reduced brain tissue damage.
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Figure 1: HO-1 expression for all experimental groups. Absence of HO-1 expression by Immunohistochemistry Staining was
seen in all experimental groups. A positive
control, using normal spleen tissue, was used to test the validity of the antibody (X 10x40).
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Figure 2: TLR2 and TLR4 expression in all experimental groups. Immunohistochemistry Staining showed control and
vehicle groups with 10-15 positive cells while for DMF group <10% positive cells with moderate intensity. A positive control,
using normal spleen tissue was used to test the validity of the antibody. (X 10x40).

Figure 3: Histological scores of brain tissue damage

Group Mean + SEM PhCl P value
Lower Upper
Sham 0.59 £ 0.09% 0.17% 0.61%
Control 43.15+£7.72% 23.30% 63.01% #P<0.05
DMSO (vehicle) 42,18 £2.11% 36.75% 47.62% #P<0.05
DMF 13.81 £1.81% 9.14% 18.47% *P<0.05

Table (1): Percentages of infracted areas for all experimental groups
Data expressed by one-way ANOVA. # vs sham, * vs control.
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Group Mean = SEM 95% C1 P value
Lower Upper
Sham 7341 +2.11 67.99 78.83
Control 49.23 +1.30 45.88 52.57 #P<0.05
DMSO (vehicle) 47.54 +1.43 43.87 51.22 #P<0.05
DMF 36.77 £ 0.86 34.56 38.97 *P<0.05
Table (2): Cytoplasm level (ng/ml) of Nrf2 in all experimental groups
Data expressed by one-way ANOVA * vs sham, # vs control.
Group Mean + SEM 95% CI P value
Lower Upper
Sham 22.67 £0.72 20.82 24.52
Control 31.49+0.43 30.40 32.59 #P<0.05
DMSO (vehicle) 31.66 + 0.64 30.01 33.30 #P<0.05
DMF 41.03 £ 0.56 39.60 42.46 * P<0.05
Table (3): Nuclear level (ng/ml) of Nrf2 in all experimental groups
Data expressed by one-way ANOVA. * vs sham, # vs control.
Group Mean = SEM 9% C1 Pvalue
Lower Upper
Sham 0.44 +0.03 0.35 0.52
Control 1.22 £0.05 1.09 1.36 #P<0.05
DMSO (vehicle) 1.23 +0.05 1.11 1.35 #P<0.05
DMF 0.54 +0.03 0.48 0.61 *P<0.05
Table (4): MDA levels (umole/ml) for all experimental groups
Data expressed by one way ANOVA.# vs sham, * vs control.
Group Mean + SEM 95% C1 P value
Lower Upper
Sham 108.62 £ 32.17 74.86 142.39
Control 166.18 +7.73 158.07 174.28 #P<0.05
DMSO (Vehicle) 159.80 £ 22.68 136.01 183.60 #P<0.05
DMF 114.73 £5.92 108.52 120.95 *P<0.05

Table (5): NF-«B levels (ng/ml) for all experimental groups
Data expressed by one-way ANOVA. # vs sham, * vs control.
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