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A B S T R A C T   

Multiple sclerosis (MS) is an inflammatory demyelinating neurodegenerative disease that negatively affects 
neurotransmission. It can be pathologically mimicked by experimental autoimmune encephalomyelitis (EAE) 
animal model. ATP-sensitive potassium channels (KATP) plays a crucial role in the control of neuronal damage, 
however their role in MS are still obscure. Additionally, Carvedilol showed a promising neuroprotective activity 
against several neurological disorders. Therefore, the present study aimed to investigate the potential neuro
protective effect of KATP channel opener (nicorandil) as well as α and β adrenoceptor antagonist (Carvedilol) 
against EAE induced neurodegeneration in mice. Mice was treated with nicorandil (6 mg/kg/day; p.o.) and 
carvedilol (10 mg/kg/day; p.o.) for 14 days. Nicorandil and carvedilol showed improvement in clinical scoring, 
behaviour and motor coordination as established by histopathological investigation and immunohistochemical 
detection of MBP. Furthermore, both treatments downregulated the protein expression of TLR4/ MYD88/TRAF6 
signalling cascade with downstream inhibition of (pT183/Y185)-JNK/p38 (pT180/Y182)-MAPK axis leading to 
reduction of neuroinflammatory status, as witnessed by reduction of NF-κB, TNF-α, IL-1β and IL-6 contents. 
Moreover, nicorandil and carvedilol attenuated oxidative damage by increasing Nrf2 content and SOD activity 
together with reduction of MDA content. In addition, an immunomodulating effect via inhibiting the gene 
expression of CD4, TGF-β, and IL-17 as well as TGF-β, IL-17, and IL-23 contents along with anti-apoptotic effect 
by decreasing Bax protein expression and Caspase-3 content and increasing Bcl-2 protein expression was 
observed with nicorandil and carvedilol treatments. In conclusion, nicorandil and carvedilol exerted a neuro
protective activity against EAE induced neuronal loss via inhibition of TLR4/MYD88/TRAF6/JNK/p38-MAPK 
axis besides antioxidant and anti-apoptotic effects.   

1. Introduction 

Multiple sclerosis (MS) is an inflammatory demyelinating, immune 

mediated and pathologically complicated disease of the central nervous 
system (CNS) [1], that is neuropathologically characterized by forma
tion of inflammatory infiltrates, demyelinating plaques, and axonal 
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damage [2]. Experimental autoimmune encephalomyelitis (EAE), a 
widely used approach for mimicking MS clinical motor, sensory, and 
cognitive impairment, is used to examine the pathophysiological 
mechanisms that contribute to the clinical course of MS and to evaluate 
potential novel therapeutics for the management of the disease [3]. 

Microglia-induced neuroinflammation is a significant contributor to 
the initiation and advancement of neurodegenerative disorders, 
including as Alzheimer’s disease (AD), Parkinson’s disease (PD), Hun
tington’s disease, and MS [4–6]. Sustained excessive microglia activa
tion leads to neuronal damage together with neurotoxic substances 
release, including nitric oxide (NO), tumour necrosis factor (TNF)-α, 
inducible nitric oxide synthase (iNOS) and reactive oxygen specials 
(ROS), all of which are implicated in neurodegenerative disorders [7,8]. 
Toll-like receptors (TLRs), which are essential for the innate immune 
response, are members of the type I transmembrane receptor family. The 
majority of these receptors are found on microglia and macrophages 
[5,9]. Noteworthy, among the TLR family, the activation of TLR4 via 
binding to high-mobility group box 1 protein (HMGB1), a ubiquitous 
nuclear protein of damage-associated molecular patterns (DAMPS) that 
released from necrotic cells as a pro-inflammatory cytokine into the 
extracellular space in response to injury, infection, and inflammation 
[10]. Indeed, TLR4 activation results in recruitment of myeloid differ
entiation factor 88 (MyD88) to stimulate tumour necrosis factor 
receptor-associated factor (TRAF)-6 to activate mitogen-activated pro
tein kinases (MAPKs) family that finally led to nuclear factor-kappa B 
(NF-κB) activation. The latter trigger the transcription of a range of pro- 
inflammatory factors, such as interleukin-1β (IL-1β), TNF-α, IL-6, and 
iNOS [11,12]. Additionally, the proliferation of CD4+ T cells, which are 
crucial for the development of experimental autoimmune encephalo
myelitis (EAE), is augmented by TLR4 activation [13]. Autoimmune 
disorders are thought to develop and advance via the TLR-MyD88 sig
nalling pathway [14] in addition to its role in the pathogenesis of EAE 
induced MS via controlling dendritic cell antigen presentation, disrup
tion the integrity of the blood–brain barrier, and T and B cells activation 
[15]. 

Indeed, ATP-dependent potassium (KATP) channel controls cellular 
metabolism together with electric activity [16] that is expressed mainly 
in microglia [17,18]. It was reported previously that KATP channel is 
implicated in brain ischemic injury, and KATP channel knockdown ex
acerbates ischemic injury via amplifying reactive glia and inflammatory 
responses [19]. In addition, other studies revealed that KATP channels 
play crucial role in regulating inflammatory responses that is involved in 
disease pathogenesis [20,21]. Noteworthy, nicorandil, a KATP channel 
opener, attenuated chronic cerebral hypoperfusion (CCH) induced 
impaired learning and memory via decreasing serum nitrosative stress, 
brain oxidative stress and inflammation [22]. Moreover, nicorandil has 
been reported to exert a neuroprotective effect against HD [23] and PD 
[24]. Furthermore, nicorandil attenuates inflammasome activation and 
TLR4 signalling cascade to guard against inflammation generated by 
oxygen-glucose deprivation in BV-2 cells [25]. 

In parallel, carvedilol, is an antihypertensive drug with non-selective 
β-adrenergic and selective α-adrenergic blocking activities that have 
been used clinically in congestive heart failure and left ventricular 
dysfunction [26]. Carvedilol is reported to possess anti-inflammatory 
effect via downregulating TLR4 expression and inhibiting its down
stream signalling transduction [27]. Moreover, carvedilol demonstrated 
a neuroprotective effect against several models of transient focal stroke 
through free radical scavenging properties [28]. According to the 
aforementioned data, the current study was designed to investigate the 
neuroprotective effect of KATP channel opener, nicorandil, and carve
dilol against EAE-induced MS with emphasis on TLR4/ p38MAPK/NF-κB 
signalling transduction. 

2. Materials and methods 

2.1. Ethics statement 

The research adheres to the ARRIVE guidelines and the National 
Institutes of Health’s Guide for the Care and Use of Laboratory Animals 
(NIH publication No. 85–23, revised 2011), both of which were 
endorsed by the Ethics Research Committee of the Faculty of Pharmacy, 
Cairo University (Cairo, Egypt; Permit number 3195). Every possible 
effort was made to reduce animal suffering throughout the experiment. 

2.2. Animals 

Male Swiss albino mice, weighing 18–25 g, were used. Additionally, 
for EAE induction, the spinal cord from male Sprague–Dawley rats 
weighing 200–250 g was mixed with the same volume of complete 
Freund’s adjuvant (CFA). All animals were obtained from the animal 
facility of Faculty of Pharmacy, Cairo University (Cairo, Egypt). Animals 
were allowed to acclimate to laboratory conditions for one week before 
starting the experiment. One week was allotted for the animals to 
acclimate to laboratory conditions prior to the commencement of the 
experiment. The animals were maintained in controlled environments 
with a light–dark cycle of 12 h, humidity at 60 ± 10 %, and a constant 
temperature of 23 ± 2 ◦C. Ad libitum water and standard chow diet were 
unlimitedly provided to the mice, and all behavioural examinations 
were conducted in a laboratory with adequate insulation. 

2.3. Induction of experimental autoimmune encephalomyelitis (EAE) and 
clinical scoring 

EAE was actively induced using the Sprague–Dawley rat spinal cord 
(SCH) (1 g spinal cord mixed with the same volume of complete 
Freund’s adjuvant (CFA) (Sigma-Aldrich, MO, USA) and thoroughly 
emulsified using a sonicator. Each mouse was immunized with a sub
cutaneous injection (100 μl) on day 0 and 7 at two separate sites on the 
back [29]. EAE clinical score was determined daily by a blinded 
observer based on the degree of paralysis on a scale from 0 to 7: no 
symptoms (normal) = 0; partial tail paralysis = 1; full tail paralysis = 2; 
hindlimb weakness = 3; partial hindlimb paralysis = 4; full hindlimb 
paralysis = 5; partial forelimb paralysis = 6; moribund state or death = 7 
[30]. 

2.4. Experimental design 

Mice were randomly divided into six groups, (n = 12/group); Group I 
received normal saline containing 0.5 % w/v carboxy methyl cellulose 
(CMC) (0.2 mL; p.o.; Sigma-Aldrich, MO, USA) and served as normal 
control group. Group II received nicorandil (6 mg/kg/day; p.o.; Sigma- 
Aldrich, MO, USA) [31]. Group III received carvedilol (10 mg/kg/day; p. 
o.; Sigma-Aldrich, MO, USA) [32]. Groups IV-VI were immunized with 
SCH in CFA at days 0 and 7 (100 μl; s.c.), whereas group IV was left 
untreated, meanwhile group V received nicorandil (6 mg/kg/day; p.o.) 
[31] and group VI. received carvedilol (10 mg/kg/day; p.o.) [32]. All 
treatments were conducted for 14 days, whereas nicorandil and carve
dilol were suspended in saline containing 0.5 % w/v CMC. The animals 
underwent behavioural evaluations on day 15 and 16, after which they 
were euthanized and their entire brains were rapidly removed, rinsed 
with ice-cold saline, flash-frozen in liquid nitrogen, and subsequently 
kept at − 80 ◦C. Isolated brains were subsequently categorized randomly 
into three subsets. The first subset (n = 3/group) was employed to 
evaluate parameters using western blot technique after immersing with 
RIPA buffer provided with protease and phosphatase inhibitors. Mean
while, in the second subset (n = 6/group), the brain was divided into 2 
hemispheres; the right one (n = 6) was homogenised with phosphate 
buffer saline (PBS) to measure parameters by ELISA and the left one (n 
= 6) was submerged with lysis buffer to evaluate parameters via PCR 
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method. Finally, the last subset (n = 3/group) were fixed in 10 % formol 
saline for histopathological analysis of the corpus callosum and immu
nohistochemical evaluation of myelin basic protein (MBP). Scheme 1 
provides a comprehensive overview of the chronological sequence of 
behavioural assessments and interventions. 

2.5. Behavioural tests 

Behavioural investigations were conducted throughout the light 
cycle starting from 8am for two consecutive days. On the initial day, the 
open field and rotarod tests were performed, followed by the grid walk 
assignment and footprint tests on the subsequent day, with a two-hour 
interval between each test [6]. The open field test involved the utiliza
tion of ANY-Maze video tracking software (Stoelting Co, USA) to 
monitor the movement patterns of animals. 

2.5.1. Open field test (OFT) 
The objective of the open field test was to estimate spontaneous 

locomotion. The experimental setup comprised a cubic box constructed 
of wood, measuring 44 × 44 × 44 cm. The floor was polished black and 
the walls were red. White lines partitioned the box into sixteen equal 
squares. For five minutes after being individually positioned in the 
apparatus’s center, the mice were permitted to investigate the field. The 
animals were observed, and data collected using an overhead camera. 
Various metrics were recorded, including the total distance travelled, 
mean speed, time immobile, and the number of rearing frequencies, 
which refers to the count of rearings performed on the hind limbs, using 
an overhead camera and the data were analysed using ANY-Maze video 
tracking software (Stoelting Co, USA). To prevent interference, the floor 
was cleansed following each animal examination [33]. 

2.5.2. Rotarod test 
The rotarod apparatus was utilized to assess motor coordination and 

grip strength. The apparatus measured 120 cm in length, with a diam
eter of 3 cm, was partitioned into five compartments using discs with a 
diameter of 24 cm, and were subjected to a constant rotational speed of 
25 rpm. Animals underwent training sessions for three days prior to 
experimental procedures. Those that maintained their position on the 
rod for a duration of five minutes were selected to participate in the 
experiment. The test was executed following the performing of OFT, and 
the time for mice to fall was documented manually as fall-off latency 

[29]. 

2.5.3. Grid walk task test 
A metal square grid with raised properties, measuring 32 cm × 20 

cm × 50 cm, was utilized. Each grid cell inside the structure had an 
entrance with a diameter of 11 x 11 mm. The grid equipment was sit
uated within a chamber designed to reduce sound transmission, and the 
space was illuminated with low-intensity illumination. Following each 
experiment, the device was cleaned using a solution consisting of 70 % 
ethanol. The camera was positioned beneath the equipment at an 
approximate angle ranging from 20 to 40 degrees in order to evaluate 
the animals’ foot-faults, namely their stepping errors. The animals were 
allotted a duration of 5 min to traverse the elevated wire surface. The 
actions exhibited on the grid were documented and subsequently sub
jected to analysis. The number of foot-faults for each limb was tallied 
manually and subsequently compared to the total number of steps taken 
by that particular limb. A step was deemed to be a foot-fault when it 
failed to provide support and the foot passed through the aperture of the 
grid [34]. 

2.5.4. Footprint test 
Black nontoxic paint was applied to the forefeet and the hindfeet of 

mice in order to obtain footprints. After providing the animals with 
access to a confined rectangular box contains runway that possesses the 
following dimensions: a length of 50 cm, a width of 10 cm and walls that 
are 10 cm in height, a sheet of white paper was positioned on the run
way’s floor. We determined the walking pattern of each mouse manually 
by calculating the mean distance travelled of one foot using 3 hind paw 
strides when the animal moves at constant rate as stride length and the 
average side-to-side distance between the two hind paws as stride width 
[33]. 

2.6. Biochemical parameters 

2.6.1. Western blot analysis of TLR4, MyD88, TRAF6, (pT183/Y185)- 
JNK, p38 (pT180/Y182)-MAPK, Bax and Bcl-2 

To maintain protein integrity, the first subset of brains was subjected 
to homogenization using RIPA lysis buffer (50 mM Tris HCl, 150 mM 
NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, and 1 % Triton X-100 at 
pH 8) and a cocktail of freshly prepared protease-phosphatase in
hibitors. Assay Kit for Bradford Protein (Bio BASIC INC, ON, Canada): 

Scheme 1. Chronological sequence for experimental design and behaviourial assessment.  
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This kit was utilized to quantify proteins. A 5 min boiling of 10 µg 
protein concentration from each sample in Laemmli buffer was followed 
by separation by SDS-PAGE and transfer to a PVDF membrane that had 
been immobilized with 5 % bovine serum albumin (BSA). In order to 
assess protein expression, a membrane was incubated with primary 
antibodies (Thermo Fisher Scientific, MA, USA) against TLR4 (2 µg/ml; 
cat#: PA5-23124), MyD88 (1:1000; cat#: 14-6223-63), TRAF6 (1:1000; 
cat#: PA5-29622), (pT183/Y185)-JNK (1:1000; cat#: 44-682G), p38 
(pT180/Y182)-MAPK (1:1000; cat#: 44-684G), Bax (1:2000; cat#: PA5- 
11378), Bcl-2 (1:1000; cat#: PA5-27094) and β-actin (1:1000; cat#: 
PA1-183) polyclonal antibody on a roller shaker at 4 ◦C overnight For 
two hours, at room temperature, secondary antibodies were subse
quently used to probe the membranes (Dianova, Hamburg, Germany). 
Densitometric analysis was employed to determine the quantity of target 
proteins using image analysis software integrated into the ChemiDoc™ 
MP Imaging System (version 3) (Bio-Rad, CA, USA). Ten percent acryl
amide was utilized for each protein under investigation. After normal
izing for β-actin protein expression, the results were presented in 
arbitrary units (AU). 

2.6.2. ELISA assay of NF-κB p65, IL-6, IL-1β, IL-23, IL-17, TGF-β, TNF-α 
and Nrf2 

In the second subset, brains (right hemispheres) were homogenized 
in phosphate buffer saline (PBS), where MyBioSource ELISA kits (CA, 
USA) were utilised to ascertain NF-κB p65 (cat#: MBS2505513), IL-1β 
(cat#: MBS825017), interleukin-23 (IL-23) (cat#: MBS2023294), Nrf2 
(cat#: MBS752046), TGF-β (cat#: MBS175818) and IL-17 (cat#: 
MBS2508197). In addition, TNF-α was quantified using kits purchased 
from Cusabio (Wuhan, PRC; cat#: CSB E11987r) and IL-6 was assessed 
using Elabscience ELISA kit (Wuhan, PRC; cat#: E-MSEL-M0001). The 
manufacturer’s prescripts were followed, and the outcomes were dis
played as pg/mg protein for NF-κB p65, IL-6, IL-1β, IL-23, TNF-α, TGF-β 
and IL-17, ng/mg protein for Nrf2. In parallel, Colorimetric assay kits 
(Biodiagnostic, Cairo, Egypt) were used to assess superoxide dismutase 
(SOD) activity and lipid peroxidation biomarker measured as malon
dialdehyde (MDA) in adherence to the guidelines provided by the 
manufacturer. The results were presented as U/gm protein for SOD and 
as nmol/gm protein for MDA. 

2.6.3. Quantitative RT-PCR 
In lysate buffer, brains were homogenized in order to assess the 

mRNA expression of Caspase-3, CD4, TGF-β, and IL-17. Brain tissue was 
processed for total RNA extraction using the RN easy Mini kit (Qiagen, 
Venlo, Netherlands). The purity of the extracted RNA was determined 
spectrophotometrically at 260/280 nm. cDNA was transcribed from 
equal quantities of RNA (1 μg) using the Reverse Transcription System 
(Promega, Leiden, Netherlands) in accordance with the protocol pro
vided by the manufacturer. Using SYBR Green Master Mix (Applied 
Biosystems, CA, USA), quantitative RT-PCR was executed on CD4, TGF- 
β, IL-17, and Caspase-3. In summary, a 25 μl reaction mixture was 
prepared by combining 5 μl of cDNA with 12.5 μl of SYBR Green 
mixture, 5.5 μl of RNase free water, and 2 μl of each primer. The primer 

sequences are detailed in Table 1. Forty cycles were utilized to complete 
the PCR amplifications: 15 s at 95 ◦C for denaturation, 60 s at 60 ◦C for 
annealing, and 60 s at 72 ◦C for extension. In order to calculate the 
relative expression of target genes, the 2 − ΔΔCT formula was 
employed, where the expression levels were first normalized to β-actin 
[35]. 

2.7. Histopathological examination 

Brain tissue specimens (n = 3/group) were subjected to fixation 
using 10 % neutral buffered formalin for a duration of 72 h, after which 
the formalin solution was changed on a daily basis. Following trimming 
and processing in successive grades of ethanol, xylene was used to clear 
the samples, followed by the process of infiltrating, and embedding 
synthetic wax into paraplast tissue embedding media. Sagittal brain 
sections with a thickness of 5 μm were sectioned using a rotatory 
microtome. Haematoxylin and Eosin (H&E) as well as luxol fast blue 
(LFB) stains were performed for investigation of corpus callosum in 
brain samples as lesions in this area are important clue in the diagnosis 
of multiple sclerosis [29]. Tissues stained with H&E were examined 
under light microscope for assessment of corpus callosum [36]. More
over, LFB staining was employed to determine the average proportion of 
myelinated nerve fibers in the corpus callosum using six non- 
overlapping fields for analysis. Indeed, Leica application module- 
operated full HD microscopic camera (Leica Microsystems GmbH, 
Wetzlar, Germany) was utilized to acquire all micrographs and data for 
histological analysis [37]. 

2.8. Immunohistochemical detection of MBP 

Deparaffinised 5 μm thick brain tissue section were cut and prepared 
for evaluation of Mylin basic protein (MBP). Tissue sections underwent 
treatment with a 3 % hydrogen peroxide solution for a duration of 20 
min. Following this, they were rinsed with PBS and subsequently sub
jected to an overnight incubation at a temperature of 4 ◦C with an Anti- 
MBP antibody (Abcam, ab209328, 1:100). After subjecting sections to a 
PBS wash, they were incubated with secondary antibody (Dako, Car
penteria, CA, USA) for a duration of 20 min then with horseradish 
peroxidase HRP Envision reagent (Dako, Carpenteria, CA, USA) for a 
duration of 20 min. After another wash with PBS, the reaction was 
observed for 10 min using 3, 3′-diaminobenzidine tetrahydrochloride 
(DAB Substrate Kit, Vector Laboratories Inc., Burlingame, CA, USA). In 
preparation for microscopic examination, sections were subsequently 
dehydrated, clarified in xylene, counterstained with haematoxylin. The 
average percentage area of MBP immunohistochemical expression in 
immunostained tissue sections was calculated, without including non- 
specific DAB staining or DAB depress (if found) or negative blue back
ground, by analysing six arbitrarily non-overlapping fields from the 
corpus callosum region using Leica application module-operated full HD 
microscopic camera (Leica Microsystems GmbH, Wetzlar, Germany) 
[29]. Indeed, positive control was stained with the whole process 
including primary antibody incubation process, whereas in negative 
control, staining process was carried out without the primary antibody 
used in the incubation step. 

2.9. Statistical analysis 

All data determined were expressed as mean ± S.D. Results were 
analysed using one-way analysis of variance test (one-way ANOVA) 
followed by Tukey’s multiple comparison test for all parameters. The 
clinical scoring was analysed utilizing two-way ANOVA and the Bon
ferroni multiple comparisons post hoc test. The statistical analysis was 
conducted utilizing version 5 of the GraphPad Prism software. In all 
statistical analyses, a significance p < 0.05 was established. 

Table 1 
Primer sequences used for qPCR.  

mRNA species Accession number Primer sequence (5′–3′) 

CD4 NM_001001908.2 F: GTAAGAGAAGCAGAGGGGAAGAG 
R: GATTCTTGATGATCAGGGGAAAG 

TGF-β NM_011577.1 F: TGCTAATGGTGGACCGCAA 
R: CACTGCTTCCCGAATGTCTGA 

IL-17 NM_002190.3 F: CGGACTGTGATGGTCAACCTGA 
R: GCACTTTGCCTCCCAGATCACA 

Caspase-3 NM_012922.2 F: GTGGAACTGACGATGATATGGC 
R: CGCAAAGTGACTGGATGAACC 

β-actin NM_007393.5 F: GAGACCTTCAACACCCCAGC 
R: ATGTCACGCACGATTTCCC  
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3. Results 

No statistically significant differences were observed among the 
control group (Gp1), nicorandil group (Gp2), and carvedilol group 
(Gp3) for all measured parameters. Therefore, all subsequent compari
sons were made relative to the control group. 

3.1. Effect of nicorandil and carvedilol on clinical scoring in EAE mice 

As depicted in Fig. 1, Mice injected with spinal cord homogenate and 
CFA demonstrated an increment in EAE clinical signs that was wors
ening by time indicating disease progression. The severity of EAE clin
ical sign increased after the second immunization and was witnessed by 
paralysis of both hind- and forelimbs at the end of the study (median =
5.2), as compared to control group. Alternatively, mice treated with 
nicorandil, and carvedilol showed an improvement in EAE clinical signs, 
as compared to the insult and almost all animals appears as control 
group. 

3.2. Effect of nicorandil and carvedilol on behaviour and motor 
incoordination in EAE mice 

Multiple sclerosis (MS) causes brain damage and neuronal loss with 
subsequent motor incoordination. In Figs. 2 and 3, EAE mice displayed 
marked reduction in distance travelled (93 %), mean speed (89 %), and 
rearing frequency (93 %) in open field test (OFT) as well as fall-off la
tency (96 %) in rotarod test, along with increase in time immobile by 
3.2-folds in OFT, when comparing to control group. In parallel, the 
insult group demonstrated an upsurge in %foot fault by 8.7-folds in grid 
walk test together with an obvious decline in both stride length and 
width by 46- and 36 %, respectively in footprint test, relative to control 
group. 

In opposition, nicorandil and carvedilol treatment improved motor 
deficits associated with the insult that was demonstrated as an increase 
in distance travelled by 8.2-and 9.8-folds, mean speed by 4.6-and 5.3- 
folds, and rearing frequency by 8.8-and 9.4-folds in OFT as well as fall- 
off latency by10.7-and 15-folds in rotarod test together with a decrease 
in time immobile (44- and 49 %) in OFT, respectively relative to EAE 
mice. Additionally, nicorandil and carvedilol markedly decreased foot 
fault percentage (71- and 74 %) respectively in grid walk test, along with 
significant increase in stride length by 1.5-folds and stride width by 1.4- 
folds respectively in footprint test, as compared to EAE mice. 

3.3. Effect of nicorandil and carvedilol on histopathological impairments 
in EAE mice 

Demyelination and atrophy of the corpus callosum are a prominent 
pathological feature of MS as it is the main fiber tract in the brain 
involved in the performance of complex tasks, such as sensory integra
tion and cognition [29]. Corpus callosum changes were assessed using 
haematoxylin and eosin (H&E; Fig. 4) as well as Luxol fast blue (LFB; 
Fig. 5) to evaluate the neuroprotective effect of both nicorandil and 
carvedilol on EAE-induced demyelination of corpus callosum. Control 
samples (Fig. 4A-C) demonstrated normal organized histological struc
tures of corpus callosum region (black arrow) with abundant records of 
dense backed myelinated nerve fibers as observed in LFB stain, besides 
normally organized oligodendrocytes (blue arrow) were detected. On 
the contrary, EAE mice (Fig. 4D) showed focal disorganized demyeli
nated nerve fibers with significant vacuolization and higher inter axonal 
spaces in rostral body zone (dashed arrow) of corpus callosum, evi
denced by a 35 % decrease in percentage area of LFB myelinated nerve 
fibers, relative to control. In addition, significant oligodendrocytic loss 
was observed with higher records of reactive microglial infiltrates (red 
arrow). Interestingly, nicorandil-treated mice (Fig. 4E) showed signifi
cant improvement and protective efficacy with remarkable higher re
cords of remyelinated nerve fibers (black arrow), manifested by 1.5- 
folds increase in LFB myelinated nerve fibers, as compared to EAE 
group. In addition, an increase in oligodendrocytic populations (blue 
arrow) with minimal reactive microglial infiltrates were recorded. 
Similarly, carvedilol treatment (Fig. 4F) showed the same protective 
effect as nicorandil with even more enhanced remyelination process, 
witnessed by 1.6-folds increase in LFB myelinated nerve fibers, as 
compared to the insult in addition to higher records of microglial in
filtrates were detected (red arrow). 

3.4. Effect of nicorandil and carvedilol on MBP immunoreactivity in EAE 
mice 

Myelin basic protein (MBP) plays a vital role in the structure and 
signalling of myelin and oligodendrocytes [31]. Control sections showed 
normal distribution of MBP, whereas EAE mice demonstrated a signifi
cant decrease in the MBP immunoexpression (46 %) in corpus callosum, 
when comparing to control group. Otherwise, sections taken from 
corpus callosum of nicorandil, and carvedilol treated mice demonstrated 
an obvious increase in MBP immunoreactivity by 2-and 1.9-folds 
respectively comparative to EAE-mice (Fig. 6). 

Fig. 1. Effect of Nicorandil and Carvedilol on EAE induced changes in clinical score. Data are presented as mean ± SD of 12 mice per group, using two-way 
ANOVA followed by Bonferroni post hoc test; p < 0.05. EAE; Experimental autoimmune encephalomyelitis. 

A.M. Mustafa et al.                                                                                                                                                                                                                             



International Immunopharmacology 127 (2024) 111387

6

3.5. Effect of nicorandil and carvedilol on TLR4, MyD88, TRAF6, p38 
(pT180/Y182)-MAPK and (pT183/Y185)-JNK in EAE mice 

In Fig. 7, EAE showed significant increase in the protein expressions 
of TLR4, MyD88, TRAF6, p-p38-MAPK and p-JNK by 5.5, 6.5, 4.7, 7.4 
and 4.5-folds respectively compared to control mice. Oppositely, nic
orandil and carvedilol succeeded to inhibit the activation of TLR4 signal 
transduction and reversed the aforementioned parameters, as compared 
to EAE-group. 

3.6. Effect of nicorandil and carvedilol on neuroinflammatory markers in 
EAE mice 

EAE demonstrated a significant elevation in neuroinflammatory 
markers, namely NF-κB, IL-6, IL-1β, and TNF-α, with corresponding in
creases of 2.2, 3.94, 3.79, and 3.59 compared to the control group. On 
the contrary, nicorandil and carvedilol reversed EAE-induced inflam
matory status through decreasing the protein contents of NF-κB (38- and 
42 %), IL-6 (47- and 50 %), IL-1β (45- and 49 %) and TNF-α (45- and 49 

Fig. 2. Effect of Nicorandil and Carvedilol on EAE induced changes in (A) distance travelled (B) mean speed (C) time immobile (D) rearing frequency and 
(E) number of line crossings in Open field test as well as (F) representative track plots of mice during the test. Data are presented as mean ± SD of 12 mice per 
group, using one-way ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune encephalomyelitis. 

Fig. 3. Effect of Nicorandil and Carvedilol on EAE induced changes in (A) fall off latency in rotarod test, (B) Foot fault % in grid walk task, as well as (C) 
Stride length, (D) Stride width and (E) representative footprints of each group in Footprint test. Data are presented as mean ± SD of 12 mice per group, using 
one-way ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune encephalomyelitis. 
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Fig. 4. Effect of Nicorandil and Carvedilol on EAE induced histopathological alterations. A-F photomicrographs represent staining of corpus callosum 
with H&E (Scale bar 50). [A] Control group, [B] Nicorandil alone treatment, [C] Carvedilol alone treatment, [D] EAE group, [E] Nicorandil treated group and 
[F] Carvedilol treated group. Well organized histological structures of corpus callosum region (black arrow), normal organized oligodendrocytes (blue arrow), 
focal disorganized demyelinated nerve fibers (dashed arrow), and oligodendrocytic loss with higher records of reactive microglial infiltrates (red arrow). EAE; 
Experimental autoimmune encephalomyelitis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 5. Effect of Nicorandil and Carvedilol on EAE induced nerve fiber demyelination. A-F photomicrographs represent Luxol Fast Blue (LFB) staining of 
myelinated nerve fibers in Corpus Callosum (Scale bar 50). [A] Control group, [B] Nicorandil alone treatment, [C] Carvedilol alone treatment, [D] EAE group, 
[E] Nicorandil treated group, [F] Carvedilol treated group and [G] Area % of LFB reactive myelinated nerve fiber. Data are presented as mean ± SD of 3 mice per 
group, using one-way ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune encephalomyelitis. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Effect of Nicorandil and Carvedilol on EAE induced changes in MBP immunoreactivity. A-F photomicrographs represent immunohistochemical 
staining of MBP in Corpus Callosum (Scale bar 50). [A] Control group, [B] Nicorandil alone treatment, [C] Carvedilol alone treatment, [D] EAE group, [E] 
Nicorandil treated group, [F] Carvedilol treated group and [G] % area of MBP immunoexpression. Data are presented as mean ± SD of 3 mice per group, using one- 
way ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune encephalomyelitis. 

Fig. 7. Effect of Nicorandil and Carvedilol on EAE induced alteration in protein expression of (A) TLR4, (B) MyD88, (C) TRAF6, (D) (pT183/Y185)-JNK, (E) 
p38 (pT180/Y182)-MAPK and (F) Western blot for [TLR4, MyD88, TRAF6, (pT183/Y185)-JNK, p38 (pT180/Y182)-MAPK and β-actin] for different groups. 
Data are presented as mean ± SD of 3 mice per group, using one-way ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental 
autoimmune encephalomyelitis. 
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%), as compared to EAE mice (Fig. 8). 

3.7. Effect of nicorandil and carvedilol on immunopathological status in 
EAE mice 

EAE induced immunopathological status manifested as an increase in 
CD4, TGF-β, IL-17 gene expression by 6.5, 5.5 and 6.2-folds, respectively 
as well as TGF-β, IL-17 and IL-23 contents by 3.9, 4.7 and 2-folds, 
respectively relative to control group. Contrariwise, treatment with 
nicorandil and carvedilol demonstrated an immunomodulating effect 
that was witnessed as a decline in the gene expression of CD4 (62 %), 
TGF-β (48 %) and IL-17 (50 %) as well as the contents of TGF-β (50 %), 
IL-17 (53 %) and IL-23 (37 %), as compared to EAE mice (Fig. 9). 

3.8. Effect of nicorandil and carvedilol on oxidative stress status in EAE 
mice 

EAE exacerbated oxidative stress status that was witnessed as a sig
nificant decrease in Nrf2 content and SOD activity (56 %) as well as 
increase in MDA content by 2.9-folds compared to control group. On the 
other hand, nicorandil and carvedilol treatment markedly increase both 
Nrf2 content by 1.9-folds and SOD activity by 2-folds respectively, in 
addition to significant decrease in MDA content (53 %) as compared to 

EAE mice (Fig. 10). 

3.9. Effect of nicorandil and carvedilol on Bax, Bcl-2 and Caspase-3 in 
EAE mice 

EAE manifested a significant increase in Bax protein expression by 
3.6-folds as well as caspase-3 gene expression by 8.3-folds, along with 
decline in Bcl-2 protein expression (81 %), as compared to control 
group. In opposition, nicorandil and carvedilol succeeded to inhibit 
apoptotic influx and decreased Bax protein expression (56- and 60 %) as 
well as caspase-3 gene expression (52- and 53 %), together with incre
ment in Bcl-2 protein expression by 4-folds respectively, as compared to 
EAE mice (Fig. 11). 

4. Discussion 

The present study establishes the potential neuroprotective effects of 
nicorandil and carvedilol against EAE-induced multiple sclerosis in a 
mouse model. This conclusion is supported by a range of observed ef
fects, including the improvement of clinical signs and motor impair
ment, the suppression of the TLR4/MyD88/TRAF6 signalling cascade 
with downstream inhibition of the JNK/p38-MAPK axis, reduction of 
inflammatory markers (NF-κB p65, TNF-α, IL-1β, and IL-6), alleviation 

Fig. 8. Effect of Nicorandil and Carvedilol on EAE induced alteration in the contents of (A) NF-κB p65, (B) TNF-α, (C) IL-1β and (D) IL-6. Data are presented 
as mean ± SD of 6 mice per group, using one-way ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune 
encephalomyelitis. 
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of oxidative stress, immunomodulation, and inhibition of apoptotic flux. 
In MS, extensive glia activation in brain and spinal cord results in 

release of pro-inflammatory cytokines and chemokines which leads to 
significant alteration of neuronal signalling, resulting in multifocal 
demyelination and axonal loss, that consequently causes a wide range of 
motor, cognitive, and sensory symptoms [38]. Previous studies 
demonstrated the role of EAE in glial activation and neurodegeneration 
that lead to sever motor abnormalities raising the contribution of 
microglia in mediating motor disorder in CNS [39,40]. Indeed, EAE has 
been proven to cause primary demyelination of axonal tracks, impaired 
axonal conduction in the CNS [41] together with, ascending paralysis 
beginning in the tail and hind limbs and progressing to the forelimbs in 
animals, as reported herein and previously [42]. Moreover, open field, 

rotarod, grid walk and footprint tests were used to evaluate the motor 
and behavioural abnormalities induced by EAE. Noteworthy, nicorandil 
and carvedilol treatment attenuated behavioural abnormalities induced 
by EAE and showed obvious improvement in motor incoordination, lo
comotor activity, grip strength. 

Toll like receptor 4 (TLR4) is widely acknowledged to be activated in 
autoimmune disorders [43] and its activation results in expression of 
various inflammatory cytokines, leading to persistent inflammation and 
tissue damage [44]. Myeloid differentiation 88 MyD88 is an adaptor 
protein that links TLRs to its downstream molecules [45]. The involve
ment of the TLR-MyD88 signalling pathway in the pathogenesis of 
neurological disorders such as MS has been reported [46]. In EAE, 
DAMPS such as HMGB1 are released from ongoing inflammation, 

Fig. 9. Effect of Nicorandil and Carvedilol on EAE induced alteration in (A) CD4 gene expression, (B) IL-17 gene expression, (C) IL-17 content, (D) TGF-β 
gene expression, (E) TGF-β content and (F) IL-23 content. Data are presented as mean ± SD of 6 mice per group, using one-way ANOVA followed by Tukey’s post 
hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune encephalomyelitis. 

Fig. 10. Effect of Nicorandil and Carvedilol on EAE induced alteration in (A) Nrf2 content, (B) SOD activity, and (C) MDA content. Data are presented as 
mean ± SD of 6 mice per group, using one-way ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune 
encephalomyelitis. 
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demyelination and breakdown products and binds to TLRs that are 
expressed in microglia, astrocytes and neurons [47]. When TLRs 
recognize DAMPS, the death domains of both MyD88 and IL-1 receptor- 
associated kinase-4 (IRAK-4) interact and form the MyD88-IRAK-4 
complex, which induces the phosphorylation of IRAKs. Afterwards, 
IRAKs interact with TRAF6 which promotes TGF-β activated kinase-1 
(TAK-1) and TAK1-binding proteins (TABs) activation after leaving 
MyD88 [48]. TABs elicit NF-κB signalling pathway through the phos
phorylation of I-kB (IkB), which results in its ubiquitylation and 
degradation. This degradation subsequently permits NF-κB to be 
released and translocated to the nucleus [49,50]. Moreover, TAK-1 can 
activate JNK and P38-MAPK, triggering a positive feed forward in
flammatory cycle [48]. 

Noteworthy, nicorandil activates ATP-dependant potassium (KATP) 
channels both directly and indirectly by a NO-cGMP mediated mecha
nism [44], that result in reducing the expression and release of inflam
matory mediators from both macrophages and microglia. Indeed, 
nicorandil reduced the protein expression of TLR4 and its downstream 
target proteins as reported herein. 

In the same context, nicorandil exerted a neuroprotective effect 
against cerebral ischemia and neurodegenerative conditions via opening 
KATP channels [51,52]. Noteworthy, activation of KATP causes inhibition 
of HMGB1-induced TLR4/MyD88/NF-κB signalling transduction [53]. 
Additionally, KATP regulates neuronal activities, specifically synaptic 
plasticity processes that are essential for memory formation [54]. 
Notably, nicorandil produced an anti-inflammatory effect against 
rheumatoid arthritis via inhibiting TLR4/MyD88 signalling pathway 
[44], thus activation of KATP channels could be a promising therapeutic 
agent to guard against neuroinflammation induced by TLR4 activation. 

Carvedilol, an antihypertensive drug with non-selective β receptor 
and α1 receptor blocking effect, has antioxidant, anti-inflammatory and 
neuroprotective effects [55]. In the current study, carvedilol inhibited 
TLR4 activation and the downstream signal transduction; effects that 
could be attributed to metal chelating and free radical scavenging 
abilities of carvedilol [56], where the antioxidant activity of carvedilol 
comes from the carbazole moiety [57]. Noteworthy, ROS over
production creates oxidative stress status that results in release of 
DAMPs and activation of TLR4 which have been implicated in 

demyelination and axonal damage in EAE [58,59]. In the same context, 
carvedilol reduced the expression of TLR4 and its subsequent signalling 
cascade in the hepatic tissues of rats with cholestatic liver fibrosis [27]. 

NF-κB is a transcription factor that plays a vital role in inflammatory 
response, and its activation contributes to the pathogenic processes of 
various inflammatory diseases [60]. In EAE, activation of TLR4/ 
MyD88/TRAF6 signalling pathway stimulates NF-κB that stimulates the 
synthesis of pro-inflammatory cytokines. [10]. Inflammatory cytokines 
including IL-6, IL-1β and TNF-α produced by microglia activation are 
important in the pathogenesis of MS and critical for EAE development 
[61], particularly in the early stages causing immune system activation 
and destruction of oligodendrocytes and myelin [62]. Indeed, those in
flammatory cytokines and co-stimulatory molecules expression in 
macrophages were inhibited by downregulating NF-κB pathway activity 
[63]. Interestingly, pre-treatment with nicorandil decreased IL-6 and 
TNF-α production as reported herein and previously in kidney ischae
mia–reperfusion injury [64], in addition to reduction of IL-1β; effects 
could be attributed to supressing NF-κB activity. Furthermore, carvedilol 
showed marked reduction in IL-1β and TNF-α secretion as reported 
herein and in experimental autoimmune myocarditis (EAM) [65]. 
Noteworthy, activation of β-adrenergic receptors within CNS enhances 
inflammation via increasing the expression of IL-1β [66], consequently 
blocking of β-adrenergic receptors using carvedilol inhibits IL-1β. In 
parallel, inhibiting NF-κB activity could be another reason for 
decreasing IL-1β, IL-6 and TNF-α. 

Concerning immunopathological alteration, activation of TLR4 
augments the proliferation and viability of CD4+ T cells [13]. Indeed, 
cluster of differentiation 4 (CD4+) T cells are essential for immune re
sponses regulation by secreting cytokines that regulate various cellular 
functions [67]. A previous study demonstrated the contribution of 
CD4+ T cells in demyelination, inflammation, disability and disease 
progression in animal model of MS via interleukin-17 (IL-17) production 
[68,69]. Moreover, strong immunoreactivity of Transforming growth 
factor-beta (TGF-β), an important injury-response factor and modulator 
of immune responses, was observed in the CNS of EAE mice [70]. 
Notably, inhibition of TGF-β signalling reduced the accumulation of T 
cells in the CNS leading to amelioration of EAE progression [71]. In 
addition to TGF-β, IL-23 is a crucial factor for EAE induction through its 

Fig. 11. Effect of Nicorandil and Carvedilol on EAE induced alteration in the protein expression of (A) Bax, and (B) Bcl-2, as well as (C) Caspase-3 gene 
expression and (D) Western blot for (Bax, Bcl-2 and β-actin) for different groups. Data are presented as mean ± SD of 3–6 mice per group, using one-way 
ANOVA followed by Tukey’s post hoc test; p < 0.05. * vs control, # vs EAE. EAE; Experimental autoimmune encephalomyelitis. 
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contribution in the differentiation and propagation of T helper 17 
(Th17) [72,73]. Furthermore, in EAE mice, IL-23 promotes the expan
sion of a subpopulation of Th cells that express cytokines IL-17, IL-6, and 
TNF-α specifically [74]. Of interest, IL-17 has been implicated in various 
models for autoimmune diseases such as the animal model for MS [75]. 
In mice with EAE knocking out either IL-17 or IL-23 abrogated the dis
ease [76]. In the current study, nicorandil and carvedilol supressed the 
expression of CD4+, TGF-β, IL-17 and IL-23 through inhibiting TLR4/ 
MyD88 signalling, indicating the immunomodulatory effect against 
EAE. 

Several studies reported the crucial role of ROS in myelin phagocy
tosis and pathogenesis of MS [77,78]. Indeed, ROS and reactive nitrogen 
species (RNS) produced during the inflammatory response, leads to 
monocyte interactions with brain endothelium, causing loss of blood–
brain barrier integrity and tight-junction alterations [79]. Furthermore, 
oxidative stress has been linked to mitochondrial injury and energy 
failure, which could explain some of the pathological features of mul
tiple sclerosis, such as demyelination, oligodendrocyte apoptosis, and 
astrocyte dysfunction [80]. In addition, marked elevated level of oxi
dants has been found in serum and cerebrospinal fluid of rodent induced 
by EAE [81]. A previous study has demonstrated the role of Nrf2 
improvement in preventing the effect of oxidative stress via scavenging 
ROS and promoting the expression of antioxidants enzymes such as SOD 
and glutathione peroxidase [82]. Of note, suppression of SOD activity 
aggravated tissue injury in an EAE mouse model, whereas injury and 
disability was reduced after SOD enhancement [83]. Furthermore, it has 
been reported that inhibiting MDA ameliorates neurological deficits in a 
rodent model of EAE [84]. Herein, nicorandil and carvedilol showed 
antioxidant activity against oxidative stress induced by EAE via elabo
ration of Nrf2 that led to increase in SOD activity and reduction of MDA 
content. Also, the inhibition of NF-κB activity could be another reason 
for increasing Nrf2 content as reported herein and previously [85]. 

Several CNS disorders have been linked to imbalance in Bax/Bcl-2/ 
caspase-3 apoptotic signalling cascade [86]. Indeed, Bcl-2 and Bax 
proteins are members of Bcl-2 family that control apoptosis via regu
lating numerous mitochondrial functions [81]. Bcl-2 is one of the most 
vital pro-survival proteins, whereas Bax is a crucial mediator of 
apoptosis, so controlling apoptosis requires a delicate balance between 
pro- and anti-apoptotic proteins [81]. Moreover, cysteine-aspartic pro
teases-3 (Caspase-3), a key enzyme in apoptosis, is involved in neuronal 
death and was significantly increased in EAE mice model and inhibiting 
its activation plays a neuroprotective role in MS [88]. In the current 
study, a significant increase in Bax protein expression as well as caspase 
gene expression along with reduction in Bcl-2 protein expression was 
demonstrated in EAE mice, that play a vital role in initiation of apoptotic 
flux as observed herein and previously [87]. Furthermore, oxidative 
stress causes downregulation of Bcl-2 which contributes to apoptotic 
cascade activation and accelerates the death process following EAE in
duction [81]. In parallel, the stress-activated MAPK pathway not only 
plays a clear role in the process of inflammation but also enhances 
apoptotic cascades in the presence of excessive oxidative stress [89]. The 
translocation of cytoplasmic JNK to the nucleus can be triggered by 
oxidative stress, resulting in the subsequent production of the pro- 
apoptotic protein Bax and the effector caspase-3 [90]. In addition, the 
activation of p38-MAPK is necessary for the translocation of Bax protein 
into the mitochondria and subsequent release of cytochrome c [91]. It 
has been reported that nicorandil and carvedilol can regulate Bcl-2/Bax/ 
caspase-3 apoptotic signalling in cardiac myocytes and testicular tissues 
respectively [92,93]. Similarly, in the present study, nicorandil and 
carvedilol increased Bcl-2 expression concomitant with decrease in both 
Bax and caspase-3 expression. 

In conclusion, the current study demonstrates for the first time the 
role of TLR4/MyD88/ TRAF6/JNK/p-38MAPK/NF-κB p65 pathway in
hibition and Bcl-2 upregulation in the neuroprotective and anti- 
inflammatory effect of nicorandil and carvedilol against EAE induced 
neuronal loss, which might offer a new potentiality for the possible role 

of anti-ischemic drugs in treating MS. 
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