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Abstract

Background and Aim Multiple sclerosis (MS) is a demyelinating neurodegenerative inflammatory disease affecting mainly
young adults. Microgliosis-derived neuroinflammation represents a key hallmark in MS pathology and progression. Nebivolol
(Neb) demonstrated antioxidant, anti-inflammatory and neuroprotective properties in several brain pathologies. This study
was conducted to investigate the potential neuroprotective effect of Neb in the cuprizone (Cup) model of MS.

Methods C57B1/6 mice were fed 0.2% Cup mixed into rodent chow for 5 weeks. Neb (5 and 10 mg/kg/day) was administered
by oral gavage during the last 2 weeks.

Results Neb prevented Cup-induced weight loss and motor deficits as evidenced by increased latency to fall in the rotarod
test and enhanced locomotor activity as compared to Cup-intoxicated mice. Neb reversed Cup-induced demyelination as
confirmed by Luxol fast blue staining and myelin basic protein western blotting. Administration of Neb modulated micro-
glial activation status by suppressing M1 markers (Iba-1, CD86, iNOS, NO and TNF-a) and increasing M2 markers (Arg-1
and IL-10) as compared to Cup-fed mice. Furthermore, Neb hindered NLRP3/caspase-1/IL-18 inflammatory cascade and
alleviated oxidative stress by reducing lipid peroxidation, as well as increasing catalase and superoxide dismutase activities.
Conclusion These findings suggest the potential neuroprotective effect of Neb in the Cup-induced model of MS in mice, at
least partially by virtue of shifting microglia towards M2 phenotype, mitigation of NLRP3 inflammasome activation and
alleviation of oxidative stress.
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Introduction

Multiple sclerosis (MS) is a demyelinating inflammatory
disease of the central nervous system (CNS) representing the
main cause of non-traumatic disability in young adults. The
etiology of MS is not well understood. However, it may be
related to viral infections, genetic predisposition, and many
environmental factors (Dobson and Giovannoni 2019). Epi-
demiological studies have shown that MS has an estimated
worldwide prevalence of 2.8 million people (Walton et al.
2020). The pathophysiology of MS is complex; including
peripheral T-cells infiltration into the CNS, oligodendrocytes
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apoptosis, microgliosis, and neuroinflammation leading to
demyelination and axonal injury (Lassmann 2014a).
Microgliosis plays an essential role in neuroinflammation
and demyelination (Lassmann 2014b). Microglia, the CNS
macrophages, are present in two main phenotypes: the clas-
sical pro-inflammatory M1 phenotype and the alternatively
activated anti-inflammatory M2 phenotype (Xu et al. 2015).
The M1 microglia exacerbate inflammation by producing
cytotoxic mediators; such as tumor necrosis factor-alpha
(TNF-a) and reactive oxygen species (ROS). By contrast,
the M2 microglia release anti-inflammatory protective
mediators such as interleukin 10 (IL-10) and hence promote
tissue repair (Mayer et al. 2016). The nucleotide-binding
oligomerization domain-like (NOD-like) receptor pyrin-
containing 3 inflammasome (NLRP3) is a multimeric protein
complex involved in amplifying inflammatory signals by the
maturation of pro-inflammatory IL-18 (Shen et al. 2018).
The serum and active lesions of MS patients show higher
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IL-18 levels (Cannella and Raine 2004; Keane et al. 2018).
Inhibiting the NLRP3 inflammasome pathway was shown to
inhibit microglial activation status in vitro by suppressing
M1 polarization (Slusarczyk et al. 2018). All the aforemen-
tioned data suggest that suppressing the NLRP3 inflamma-
some is a potential pharmacological target for alleviating
microgliosis and neuroinflammation.

Demyelination is experimentally induced by the cop-
per chelator, cuprizone (Cup) (Matsushima and Morell
2001). Feeding of 0.2% (w/w) Cup mixed into rodent chow
for 5-6 weeks has been widely used to produce consistent
demyelination in many brain areas; including the largest
myelinated tract: the corpus callosum (CC) (Hiremath et al.
1998; Goldberg et al. 2015). Demyelination is evident after
3 weeks of Cup feeding (Vega-Riquer et al. 2019). The cop-
per-dependent mitochondrial enzyme, cytochrome c oxidase,
is inhibited by Cup leading to oligodendrocytes apoptosis
and accumulation of myelin debris triggering recruitment of
microglia that produce excess pro-inflammatory cytokines
thus exacerbating demyelination as reviewed (Sen et al.
2019).

Nebivolol (Neb), a third-generation p-blocker, is an
anti-hypertensive drug with distinct profile compared to
other B-blockers due to its vasodilatory effect through the
nitric oxide (NO) pathway (Kamp et al. 2010). It has been
recognized as a strong antioxidant and anti-inflammatory
drug (EI-Sheikh et al. 2019). Furthermore, Neb can cross
blood-brain barrier (BBB) (Prisant 2008) and provides
neuroprotection against cerebral ischemia/reperfusion
injury (Heeba and El-Hanafy 2012), reserpine-induced
neuro-behavioral alterations (Nade et al. 2013) and cispl-
atin-induced depressive-like behavior (Abdelkader et al.
2017) in rats. Wang et al. showed that Neb reduces amyloid
neuropathology in a mouse model of Alzheimer’s disease
(Wang et al. 2013). It has been proven that Neb attenuates
inflammation and microglial activation by decreasing pro-
inflammatory cytokines secretion and NLRP3 inflamma-
some activation (Xie et al. 2016; Gao et al. 2019).

Accordingly, the present study was conducted to assess
the potential neuroprotective effect of Neb in the Cup model
of MS and to characterize the potential mechanism with
respect to demyelination, oxidative stress, neuroinflamma-
tion and microgliosis in addition to its effect on the NLRP3
inflammasome pathway.

Material and methods
Animals
Thirty male C57B1/6 mice, weighing 20-25 g, were pur-

chased from Theodor Bilharz research institute (Giza,
Egypt). Mice were housed in plastic cages at constant
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temperature (21 +2 °C) and under a 12 h light/dark cycle.
Animals were acclimated for 2 weeks before starting the
experiment and were provided access to rodent chow and
water ad libitum. Body weight was measured weekly dur-
ing the experiment. Animal handling strictly complied
with institutional and international guidelines concern-
ing the care and use of laboratory animals and complied
with the National Institutes of Health guide for the care
and use of laboratory animals (NIH Publications No. 8023,
revised 1978). The experimental protocol was evaluated and
approved by the research ethics committee of the Faculty of
Pharmacy, Ain Shams University, Cairo, Egypt (Approval
number: 274, December 2019).

Drugs and chemicals

Cuprizone [Bis(cyclohexanone) oxaldihydrazone] was pur-
chased from Fluka, Sigma-Aldrich Co. (USA). Nebivolol
was obtained as a generous gift from Marcyrl Pharmaceu-
tical industries (Cairo, Egypt). Carboxymethyl cellulose
(CMC) was purchased from El-Nasr Pharmaceutical Com-
pany (Cairo, Egypt). Nebivolol was suspended in 0.5% CMC
aqueous solution and vortexed thoroughly until a uniform
suspension was obtained. All other chemicals were of the
highest pure grade commercially available.

Experimental design

Animals were randomly assigned into one of 5 groups
(n=06):

The first group served as a control group and received
standard rodent chow for 5 weeks and the vehicle (0.5%
CMC) during the last 2 weeks. The second group received
a 0.2% Cup diet for 5 weeks plus oral gavage of 0.5% CMC
during the last 2 weeks. The third and fourth groups received
a0.2% Cup diet for 5 weeks plus oral gavage of Neb (5 and
10 mg/kg/day, respectively) suspended in 0.5% CMC during
the last 2 weeks (Baumhiikel et al. 2008). The fifth group
received standard rodent chow for 5 weeks, in addition to an
oral daily dose of 10 mg/kg Neb in 0.5% CMC during the
last 2 weeks (Fig. 1).

On day 35, animals were subjected to neurobehavioral
tests; rotarod test and locomotor activity assessment. Then,
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Fig. 1 Study timeline showing Cup and Neb dosing regimens
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animals were euthanized by cervical dislocation; whole
brains were excised, and the two hemispheres were sepa-
rated. One hemisphere was stored at— 80 °C for biochemical
analyses and the other hemisphere was fixed in 10% neutral
buffered formalin for 72 h for histopathological examination.

Neurobehavioral assessment
Rotarod test

Motor coordination and balance were evaluated using the
rotarod apparatus. Mice were trained to walk on a rotating
rod with increasing speed from 4 to 35 rpm over 3 min. On
the next day, decreased ability to remain on the rotating rod
(latency to fall) over 5 min was recorded (Chang et al. 2017).

Locomotor activity

Locomotor activity of mice was assessed using an activity
monitor (Opto-Varimex-Mini Model B, Columbus Instru-
ments, Columbus, OH, USA). Mice (n=6) were allowed
1 min habituation in the recording chamber, then, the fre-
quency of interruption of 15 infrared rays (4=875 nm, scan
rate =160 Hz, diameter =0.32 cm, and spacing=2.65 cm)
was recorded over 5 min in the dark. The locomotor activ-
ity of animals was expressed as counts/5 min (Zhang et al.
2012; Chang et al. 2017).

Histopathological examination

Histopathological examination was conducted by an inde-
pendent researcher who was blind to the animal treatments.
Briefly, brain samples were flushed and fixed in 10% neu-
tral buffered formalin for 72 h. Samples were trimmed, pro-
cessed in serial grades of ethanol, cleared in xylene then
infiltrated and embedded into paraplast wax tissue embed-
ding media. Four micrometer-thick tissue sections were cut
by rotatory microtome for the demonstration of CC total
area and mounted on glass slides from different samples.
For Luxol fast blue (LFB) staining, the sections were depar-
affinized, then rinsed in 100% ethanol and 95% ethanol, and
then incubated in an LFB solution (0.01% in 95% ethanol)
overnight at 60 °C. Whole brain sections were processed
in 0.05% lithium carbonate solution, differentiated in 70%
ethanol and counterstained with periodic acid—Schiff (PAS)
stain, and then examined microscopically to detect cortical
demyelination/remyelination. Six random non-overlapping
fields were captured from the CC in six sections from each
group (6 mice/group) for the determination of the posi-
tive area percent of myelinated nerve fibers in CC regions
stained by LFB. All micrographs were obtained using a full
HD microscopic camera operated by the Leica application
module (Leica Microsystems GmbH, Wetzlar, Germany).

Image analysis was performed using ImageJ software (ver-
sion 1.50i) (Drury,and Wallington 1983).

Assessment of oxidative and nitrosative stress markers

Brain lipid peroxidation levels were measured colorimetri-
cally as thiobarbituric acid reactive substances (TBARS)
using kits purchased from Biodiagnostic (Giza, Egypt)
according to the manufacturer’s instructions. Results were
expressed as nmol malondialdehyde (MDA )/ml. Antioxidant
catalase (CAT) and superoxide dismutase (SOD) enzymes’
activities in the brain were assessed using colorimetric kits
purchased from Biodiagnostic (Giza, Egypt) according to
the manufacturer’s instructions. Results were expressed as
unit/mg protein. Brain NO level was quantified as nitrite and
measured colorimetrically using a kit obtained from Bio-
diagnostic (Giza, Egypt) according to the manufacturer’s
instructions. Results were expressed as nmol nitrite/mg
protein.

Assessment of tumor necrosis factor alpha, interleukin 10
and interleukin 18

Tumor necrosis factor alpha (TNF-a), IL-10 and IL-18 were
measured in brain homogenate using a sandwich enzyme
immunoassay technique utilizing ELISA kits according to
the manufacturer’s instructions. TNF-a and IL-18 ELISA
kits were purchased from Elabscience (Houston, USA),
while IL-10 ELISA kit was purchased from Cloud-Clone
Corporation (Houston, USA). Concentration was expressed
as pg/mg protein.

Western blot

Brain whole tissue lysates were prepared using RIPA buffer
standard protocol (Bio Basic Inc, Markham, Ontario, Can-
ada). Then, samples were centrifuged, and protein quantifi-
cation was performed using Bradford Protein Assay Kit (Bio
Basic Inc, Markham, Ontario, Canada). Protein (20 pg) was
loaded per well of a 10% SDS-PAGE gel using electropho-
resis buffer, separated, and then transferred onto a PVDF
membrane (Bio-Rad Laboratories, Hercules, CA, USA).
Membrane blocking was done using TBST and 5% BSA
for 1 h followed by overnight incubation with one of the
following primary antibodies (1:1000): myelin basic pro-
tein (MBP) (CAT # ab155995; Abcam, Cambridge, MA,
USA), arginase-1 (Arg-1) (CAT # 93,668; Cell Signaling
Technology, Danvers, MA, USA), ionized calcium-binding
adapter molecule 1 (Iba-1) (CAT # 17,198; Cell Signal-
ing Technology, Danvers, MA, USA), cluster of differen-
tiation 86 (CD86) (CAT # ab112490; Abcam, Cambridge,
MA, USA), inducible nitric oxide synthase (iNOS) (CAT #
ab136918; Abcam, Cambridge, MA, USA), NLRP3 (CAT #
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AG-20B-0014, AdipoGen, San Diego, CA, USA) or cleaved
caspase-1 (CAT # 89,332; Cell Signaling Technology, Dan-
vers, MA, USA). Afterwards, the membranes were rinsed
and incubated with secondary goat anti-rabbit IgG HRP-
linked antibody solution (1: 5000) against the blotted target
protein for 1 h at room temperature. Development was done
using Clarity ™ Western ECL chemiluminescent substrate
(Bio-Rad Laboratories, Hercules, CA, USA). The signal was
captured using a Chemi Doc MP imager (Bio-Rad Laborato-
ries, Hercules, CA, USA). Load correction was done using
anti-f3-actin polyclonal antibody (1:1000; CAT# 4970; Cell
Signaling Technology, Danvers, MA, USA). Quantification
of band densities was done using imagelJ software (version
1.50i) (Gallo-Oller et al. 2018).

Statistical analysis

Statistical analysis was implemented using GraphPad Prism
software (version 9, ISI® software, USA). Normality test
was performed using D’Agostino-Pearson normality test.
Bartlett’s test was performed to test for homogeneity of
variances. Since the data proved to be normally distributed
and have homogenous variances, parametric tests were
employed. Body weight results were analyzed using two-
way ANOVA followed by Bonferroni post hoc test. Multiple
comparisons for all other parameters were performed using
one-way ANOVA followed by the Tukey post hoc test. Data
were presented as mean + standard deviation (SD). Inter-
group statistical significance was considered at p value less
than 0.05.

Results

Neb improved cup-induced decrease in locomotor
activity

Administration of Cup for 35 days induced a significant
decrease in the locomotor activity by 39.95%, as compared
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Fig.3 The effect of Neb on Cup-induced body weight changes. a,
b:Statistically significant from the control and Cup-treated groups,
respectively, at P<0.05. Statistical analysis was performed using
two-way ANOVA followed by Bonferroni test for multiple compari-
sons between groups

to the control group (p <0.0001) (Fig. 2a). Co-treatment
with Neb (5 and 10 mg/kg) significantly increased the loco-
motor activity in comparison to Cup-intoxicated animals
by 1.23 (»p <0.05) and 1.48-fold (p <0.0001), respectively
(Fig. 2a).

Neb enhanced cup-induced changes in motor
coordination and balance

Rotarod test showed that Cup-intoxicated animals spent
less time on rotarod as evidenced by the statistically signifi-
cant decrease in the latency to fall by 60.58%, compared to
the control group (p <0.0001) (Fig. 2b). However, Neb (5
and 10 mg/kg)-treated animals showed statistically marked
increase in the latency to fall by 1.36 (p <0.05) and 2.15-fold
(»<0.0001), respectively, as compared to Cup-intoxicated
animals (Fig. 2b).

Neb reduced cup-induced body weight loss

As shown in Fig. 3, no significant difference in body weight
was detected in all experimental groups for the first 13 days

Control

Cup

Cup+Neb (5 mg/kg)
Cup+Neb (10 mg/kg)
Neb (10 mg/kg)

BEOORO

Fig.2 The effect of Neb on Cup-induced motor abnormalities.
a Locomotor activity test. b Rotarod test. Data are presented as
means+SD (n=6). a, b, c: Statistically significant from the con-
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followed by Tukey’s test for multiple comparisons between groups
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of Cup administration. On day 14, two-way ANOVA
revealed that Cup-treated mice showed a significant body
weight loss as compared to the control group (p <0.001).
Consumption of Cup from day 14 to day 35 led to further
body weight loss as evidenced by a significant decline in
body weight, compared to the control group (p <0.0001).
Treatment with Neb started from day 21 till day 35. The
first week of Neb treatment resulted in increase in body
weight, as compared to the Cup-treated group; however,
this difference did not reach statistical significance for both
doses. On the other hand, the last week of co-treatment with
Neb (10 mg/kg) reduced the significant weight loss of Cup-
exposed mice (p <0.001). However, the increase in body
weight of mice co-treated with Neb (5 mg/kg) did not reach
statistical significance.

Neb attenuated cup-induced demyelination

Myelin status was assessed by LFB staining of the CC and
western blotting of MBP. Significant demyelination was
detectable in Cup-intoxicated mice as shown by a decrease
in the intensity of LFB staining and the percentage of myeli-
nated neurofibers by 61.85%, compared to the control group
(p<0.0001) (Fig. 4). Co-treatment with Neb (5 and 10 mg/
kg) resulted in increase in the intensity of LFB staining and
the percentage of myelinated neurofibers by 1.28 (p <0.05)
and 1.69-fold (p <0.0001), respectively. In addition,

Cup-intoxication decreased the protein expression levels of
MBP by 73.13% (p <0.0001), in comparison to the con-
trol group (Fig. 5). However, co-treatment with Neb (5 and
10 mg/kg) upregulated MBP expression by 1.79 (p <0.01)
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Fig.5 a Western blot analysis of brain MBP. b Densitometric quanti-
tation of MBP protein expression. Data are presented as means +S.D.
(n=3). a, b, c: Statistically significant from the control, Cup and
Cup+Neb (5 mg/kg)-treated groups, respectively, at P<0.05. Sta-
tistical analysis was performed using one-way ANOVA followed by
Tukey's test for multiple comparisons between groups
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Fig.4 a Representative photomicrograph of LFB stained CC sections
(Control group) showing normal positive staining intensity (arrow). b
Cup group showing a significant decrease in staining intensity (star).
¢, d Cup+Neb (5 and 10 mg/kg), respectively, both showing elevated
staining intensity as compared to Cup-intoxicated mice (arrow). e
Neb (10 mg/kg) showing positive staining intensity (arrow). Mag-

nification 400x. f Percentage of myelinated neurofibers resulting
from LFB expressed as a percentage of control. Data are presented
as means +SD (n=6). a, b, ¢: Statistically significant from the con-
trol, Cup and Cup+Neb (5 mg/kg)-treated groups, respectively, at
P <0.05. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s test for multiple comparisons between groups
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and 3.45-fold (p <0.0001), respectively, indicating that Neb
protected against Cup-induced demyelination.

Neb attenuated microglial activation
and suppressed M1 polarization in cup-intoxicated
mice

The protein expression of the microglial activation marker;
Iba-1, was significantly increased by 6.42-fold (p < 0.0001)
in Cup-intoxicated mice compared to the control group
while Neb (5 and 10 mg/kg) administration significantly
downregulated Iba-1 level by 36.51% (p <0.001) and
66.67% (p <0.0001), respectively, in comparison to Cup-
treated mice. M1 polarization was evaluated by assessing
M1 markers: CD86, iNOS, NO and TNF-a levels. The pro-
tein expression of CD86 and iNOS was significantly higher
in Cup-intoxicated mice by 6.6 and 4.8-fold (p <0.0001),
respectively, as compared to the control group. Treatment
with Neb (5 mg/kg) resulted in a significant reduction of
the protein expression of CD86 and iNOS by 52.94% and
53.03%, respectively, (p <0.0001), as compared to Cup-
treated mice. Similarly, Neb (10 mg/kg)-treated mice
exhibited a significant decline in CD86 and iNOS protein
expression levels by 79.89% and 71.02%, respectively,
(p <0.0001), in comparison to Cup-treated mice (Fig. 6).
The levels of TNF-a and NO were significantly elevated in
Cup-intoxicated animals by 1.39 and 1.48-fold, respectively,
compared to the control group (p <0.0001). Treatment with
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Neb (5 mg/kg) significantly reduced the levels of TNF-a
by 14.96% and NO by 12.41% (p <0.01), as compared to
Cup-treated mice. Moreover, Neb (10 mg/kg) significantly
reduced the levels of TNF-a and NO by 32.88% and 23.75%,
respectively, (p <0.0001), as compared to Cup-treated mice
(Fig. 7).

Neb promoted M2 polarization in cup-intoxicated
mice

M2 polarization was analyzed using M2 markers; Arg-1 and
IL-10. As shown in Fig. 8, statistically significant decrease
in the protein expression levels of Arg-1 was observed in
Cup-treated mice by 73.54% (p <0.0001), as compared to
the control. In contrast, Neb (5 and 10 mg/kg) upregulated
Arg-1 protein expression by 2.54 and 3.38-fold, respectively,
(»<0.0001), in comparison to Cup-intoxicated mice. Inter-
estingly, Cup also reduced IL-10 levels by 24.61% compared
to the control group (p <0.0001). However, co-treatment
with Neb (5 and 10 mg/kg) increased IL-10 levels by 1.16
(p<0.05), and 1.35- fold (p <0.0001), respectively, in com-
parison to Cup-treated mice (Fig. 9).

Neb counteracted NLRP3 inflammasome activation
in cup-treated mice

The effect of Neb on NLRP3 inflammasome activation was
evaluated by assessment of the protein expression levels of

_ 3 Control
5 = Cup
7]
§ 4 Cup+Neb (5 mg/kg)
g E= Cup+Neb (10 mg/kg)
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s
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Fig.6 a Western blot analysis of brain Iba-1, CD86 and iNOS. b, ¢
and d Densitometric quantitation of Iba-1, CD86 and iNOS protein
expression, respectively. Data are presented as means=+SD. (n=3).
a, b, c¢: Statistically significant from the control, Cup and Cup + Neb
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(5 mg/kg)-treated groups, respectively, at P <0.05. Statistical analysis
was performed using one-way ANOVA followed by Tukey’s test for
multiple comparisons between groups
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Fig.7 The effect of Neb on TNF-a (a) and nitrite (b) levels in the
brain tissues of Cup-treated mice. Data are presented as means +SD
(n=6). a, b, c: Statistically significant from the control, Cup and
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Fig.8 a Western blot analysis of brain Arg-1. b Densitometric
quantitation of Arg-1 protein expression. Data are presented as
means+S.D. (n=3). a, b, ¢: Statistically significant from the con-
trol, Cup and Cup+Neb (5 mg/kg)-treated groups, respectively, at
P <0.05. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s test for multiple comparisons between groups
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Fig.9 The effect of Neb on IL-10 levels in the brain tissues of Cup-
treated mice. Data are presented as means+SD (n=6). a, b, c: Sta-
tistically significant from the control, Cup and Cup+Neb (5 mg/
kg)-treated groups, respectively, at P<0.05. Statistical analysis was
performed using one-way ANOVA followed by Tukey's test for multi-
ple comparisons between groups
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Neb (10 mg/kg)

Cup+Neb (5 mg/kg)-treated groups, respectively, at P<0.05. Sta-
tistical analysis was performed using one-way ANOVA followed by
Tukey’s test for multiple comparisons between groups

NLRP3 and cleaved caspase-1 (Fig. 10) in addition to the
level of its end-product; IL-18 (Fig. 11). Administration of
Cup upregulated the protein expression levels of NLRP3
and cleaved caspase-1 by 4.47 and 5.78-fold, respectively,
as well as IL-18 level by 1.48-fold, compared to the control
group (p <0.0001). Co-treatment with Neb (5 mg/kg) sup-
pressed NLRP3 activation as evidenced by a decrease in
NLRP3 and cleaved caspase-1 protein expression levels by
45.33% and 42.93%, respectively, (p <0.0001), and IL-18
levels by 9.41% (p <0.001), in comparison to Cup-treated
animals. Moreover, treatment of Cup-administered mice
with Neb (10 mg/kg) downregulated NLRP3 and cleaved
caspase-1 protein levels by 61% and 79.49%, respectively,
as well as IL-18 level by 27.21%, (p <0.0001).

Neb alleviated cup-induced oxidative stress

Oxidative stress was determined by measuring MDA lev-
els in addition to catalase and SOD activities. Adminis-
tration of Cup resulted in a significant elevation in MDA
level by 2.08-fold, when compared to the control group
(»<0.0001) (Fig. 12a). Administration of Neb (5 mg and
10 mg/kg) resulted in a statistically significant decline in
MDA levels by 14.12% (p <0.01) and 45.65% (p <0.0001),
respectively, as compared to Cup-treated mice. Catalase
activity was significantly reduced by 65.62% (p <0.0001)
in Cup-intoxicated animals in comparison to the control
group. Noteworthy, Neb (5 and 10 mg/kg) administration
significantly ameliorated Cup-induced decrease in catalase
activity by 1.65-fold (p <0.01) and 2.76-fold (p <0.0001),
respectively, in comparison to Cup-treated mice (Fig. 12b).
Likewise, Cup-treated mice exhibited a statistically signifi-
cant decrease in SOD activity by 52.77%, as compared to
the control animals (p <0.0001). On the other hand, Neb (5
and 10 mg/kg)-treated mice showed a statistically signifi-
cant elevation in SOD activity by 1.39-fold (»p <0.01) and
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Fig. 10 a Western blot analysis of brain NLRP3 and cleaved cas-
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Fig. 11 The effect of Neb on IL-18 levels in the brain tissues of
Cup-treated mice. Data are presented as means+SD (n=6). a, b, c:
Statistically significant from the control, Cup and Cup+Neb (5 mg/
kg)-treated groups, respectively, at P<0.05. Statistical analysis was
performed using one-way ANOVA followed by Tukey’s test for mul-
tiple comparisons between groups

1.71-fold (p <0.0001), respectively, in comparison to Cup-
administered mice (Fig. 12c).

Discussion

The present study aimed to investigate the potential neu-
roprotective effect of Neb in the Cup model of MS and to
elucidate the possible underlying mechanisms. Our findings
showed that Neb administration significantly reversed Cup-
induced demyelination, motor abnormalities, and weight
loss via downregulating NLRP3 inflammasome signaling,
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cant from the control, Cup and Cup+ Neb (5 mg/kg)-treated groups,
respectively, at P<0.05. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s test for multiple comparisons
between groups

promoting M2 polarization, and alleviating oxidative stress,
suggesting the neuroprotective effect of Neb against Cup-
induced model of MS in mice.

Sustained neuroinflammation involving microglia repre-
sents a key pathological hallmark in MS (Fani Maleki and
Rivest 2019). Counteracting MS neuroinflammatory demy-
elination by targeting microglial M1/M2 phenotypic shift
and NLRP3 inflammasome pathway has received growing
attention as evidenced by many studies (Aryanpour et al.
2017; Barati et al. 2019; Zhang et al. 2021). The Cup model
highly reflects the neuroinflammatory demyelinating aspects
of MS pathology. In addition, Cup induces demyelination
without altering the BBB integrity ensuring no involvement
of the peripheral inflammatory cells (Bakker and Ludwin
1987; Gudi et al. 2014). Hence, inflammatory mediators
and ROS are mainly produced by microglia making the Cup
model ideal for evaluating the effect of Neb on microgliosis
and its deleterious role in demyelination.

Microglia, the main CNS immune cells, are implicated
in CNS development and homeostasis as well as in clearing
debris (Ginhoux et al. 2013). Disturbance of CNS homeo-
stasis leads to microglial activation for protection against
tissue damage. However, chronic activation in neurode-
generative diseases evokes a state of excessive microglial
activation causing a cycle of inflammation and neurotoxic-
ity rather than resolving the damage (London et al. 2013).
On the other hand, the neuroprotective role of microglia
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in MS has been well-documented; microglia phagocytize
myelin debris, recruit oligodendrocytes progenitor cells and
release regenerative factors for remyelination (Napoli and
Neumann 2010). This dual role of microglia is explained by
the fact that they exist as two activation patterns; classical
pro-inflammatory M1 activation and alternative anti-inflam-
matory M2 activation (Mayer et al. 2016). New therapeutic
strategies should suppress harmful effects of aberrant micro-
glial activation while retaining microglial physiological neu-
roprotective functions thus selective M2 polarization rather
than complete microglial inhibition should be our target (Du
et al. 2017).

M1 microglial activation is associated with excessive pro-
duction of pro-inflammatory cytokines, such as TNF-a as
well as enzymes; such as iNOS for NO production. This is in
addition to the upregulation of cell surface molecules; such
as CD86 (David and Kroner 2011; Orihuela et al. 2016).
On the other hand, M2 microglial activation results in the
release of anti-inflammatory cytokines; such as IL-10 and
enzymes; such as Arg-1 for tissue repair (David and Kroner
2011). Our study showed that Cup intoxication significantly
increased M1 markers levels (TNF-a, iNOS, NO and CD86)

and suppressed M2 markers levels (IL-10 and Arg-1). This
finding comes in line with many reports proving that M1
polarization contributes to Cup-induced inflammatory
cascade (Aryanpour et al. 2017; Barati et al. 2019). Neb
treatment significantly decreased the levels of M1 markers
and augmented the levels of M2 markers. It was previously
shown that Neb can suppress M1 polarization by reducing
the density of macrophages expressing the M1 marker CD68
(Pyka-Fosciak et al. 2013). To the authors’ knowledge, this
is the first study to demonstrate that Neb promotes M2 polar-
ization which strengthens the promising modulatory effect
of Neb on microglia-derived neuroinflammation.

iNOS and Arg-1 are markers of M1 and M2 polarization,
respectively (David and Kroner 2011) with a common sub-
strate (arginine) but different products making iNOS a potent
inducer of inflammation, that is counteracted by Arg-1 (Kuo
1998; Aryanpour et al. 2017). Excessive expression of iNOS
by activated microglia and associated high levels of NO
is a hallmark of MS lesions (Smith and Lassmann 2002).
Various mechanisms explain the deleterious role of NO in
demyelination. The current study showed that Cup-induced
increase in iNOS protein expression and NO levels were
coincident with low Arg-1 protein expression. This effect
was attenuated by the Neb administration. The decrease of
NO levels by Neb may be attributed to the fact that iNOS is
not significantly expressed in the CNS unless inflammation
occurs (Hanisch and Kettenmann 2007; Ghasemi and Fatemi
2014). Hence, lower NO levels were detected in Neb-treated
mice, by virtue of regulation of microglial phenotypic
switching and subsequent reduction in M1-associated iNOS
expression. This comes in line with another study which
showed that Neb reduced NO levels in cisplatin-induced
nephrotoxicity (Morsy and Heeba 2016).

Additionally, Iba-1 is a microglial surface protein which
is widely used to assess all microglia regardless of their
phenotype (Ito et al. 1998; Walker and Lue 2015). In our
demyelinating model, Cup significantly increased Iba-1 pro-
tein expression, while co-treatment with Neb significantly
suppressed it which further support our data indicating alle-
viation of neuroinflammation and microgliosis.

NLRP3 inflammasome is a multimeric protein complex
involved in sensing danger signals. It is composed of sen-
sor protein NLRP3, apoptosis-associated speck-like (ASC)
adaptor protein and executor enzyme pro-caspase-1. The
NLRP3 inflammasome complex formation triggers process-
ing pro-IL-1f and pro-IL-18 into their active forms (Shen
et al. 2018). Over-activation of NLRP3 inflammasome acti-
vation is implicated in MS pathogenesis as evidenced by
elevated levels of caspase-1 and IL-18 in MS patients serum
and cerebrospinal fluid (CSF) (Losy and Niezgoda 2001;
Keane et al. 2018). Many studies showed that NLRP3 regu-
lates microglial phenotypic switching suggesting that inhibi-
tion of NLRP3 inflammasome represents a potential strategy
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for alleviating neuroinflammation (Heneka et al. 2013; Liu
et al. 2018; Cui et al. 2020).

The potential pathological implication of the NLRP3/
caspase-1/IL-18 pathway in Cup-induced demyelination is
suggested by increased NLRP3 levels in Cup-fed animals,
compared to the control. In addition, Jha et.al demonstrated
that the knockout of NLRP3, caspase-1 or IL-18 gene
delayed Cup-induced demyelination and neuroinflamma-
tion (Jha et al. 2010). In accordance, our study showed that
Neb significantly decreased NLRP3 and cleaved caspase-1
protein expression as well as IL-18 levels in Cup-fed mice
compared to untreated Cup-fed animals, highlighting the
anti-inflammatory effect of Neb. This further confirms the
modulatory effect of Neb on microglial activation status pre-
viously suggested by the current study as the suppression
of NLRP3 inflammasome and its downstream inflammatory
mediators contributed to the alleviation of microgliosis. This
finding is in line with previous studies that demonstrated
the inhibitory effect of Neb on NLRP3 inflammasome in a
rat model of obesity-induced myocardial toxicity (Xie et al.
2016) and vascular remodeling (Gao et al. 2019).

In the present study, Cup-intoxicated mice exhibited
motor abnormalities as evidenced by decreased locomotor
activity and latency to fall in the rotarod test in agreement
with previous studies (Ghaiad et al. 2017; Abd El Aziz
et al. 2021). This is explained by the fact that Cup-induced
CC demyelination impairs bilateral motor coordination
(Liebetanz and Merkler 2006). Furthermore, Cup led to
body weight loss in line with many previous studies (Hashi-
moto et al. 2017; Elbaz et al. 2018). Co-treatment with Neb
resulted in significant improvement in motor performance in
addition to reversing Cup-induced body weight loss. These
results may be related to Neb antioxidant and anti-inflam-
matory effects demonstrated in this study.

The MBP is an essential myelin protein involved in the
assembly and compaction of myelin sheath layers (Fulton
et al. 2010). In the present study, Cup decreased MBP gene
expression in accordance with the results of other studies
(Chen et al. 2014; Abdel-Maged et al. 2020) as Cup chelates
copper which is essential in myelin compaction resulting in
myelin destabilization and degeneration (Frid et al. 2015).
However, we showed, for the first time, that Neb treatment
significantly increased MBP expression, as compared to the
Cup group. This finding is in line with the histopathological
examination which showed increased LFB staining intensity
and the percentage area of myelinated fibers. Hence, Neb
treatment reversed Cup-induced changes in myelin status
due to its antioxidant, anti-inflammatory and modulatory
effect on microglia activation shown in this study.

The copper-chelating agent, Cup, chelates the cop-
per of the mitochondrial enzyme cytochrome c oxidase
hence disturbing the electron transport chain leading to
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mitochondrial dysfunction and excessive generation of
ROS resulting in the reduction of the antioxidant enzymes
such as catalase and SOD (Ghaiad et al. 2017). In addi-
tion, it was found that Cup increases MDA levels in the
corpus callosum leading to cell death (Largani et al. 2019).
Myelin is characterized by a high lipid-to-protein ratio
essential for myelin-packed structure (Williams et al.
1993) which makes myelin prone to oxidative damage.
In our study, Cup intoxication-induced oxidative stress as
shown by elevated MDA levels and decreased catalase and
SOD enzymatic activities which is consistent with previ-
ous studies (Shiri et al. 2020). Administration of Neb alle-
viated Cup-induced oxidative stress by decreasing MDA
levels and increasing catalase and SOD enzymatic activi-
ties. These findings are consistent with previous studies
proving antioxidant properties of Neb (Nade et al. 2013;
Imbaby et al. 2014; Refaie et al. 2018; El-Sheikh et al.
2019).

In conclusion, the current study investigated the poten-
tial neuroprotective effect of Neb in the Cup model of
MS. We demonstrated that oral administration of Neb
significantly counteracted Cup-induced demyelination,
motor impairment and weight loss. In addition, Neb alle-
viated oxidative stress, attenuated neuroinflammation and
microgliosis by modulating the microglial activation state
and suppressing the NLRP3 inflammasome pathway. It is
worth noting that, according to the FDA body surface area
conversion (Food and Drug Administration 2005; Nair
and Jacob 2016), the tested Neb doses are close to the
clinically used doses with reported safety and tolerability
(Fongemie and Felix-Getzik 2015). Taken together, Neb
might prove beneficial in the management of MS.

Acknowledgements We would like to thank Dr. Mohamed Abdelrazik
Khattab, Department of Cytology and Histology, Faculty of Veterinary
Medicine, Cairo University, Giza, Egypt for accomplishing the histo-
logical investigation, and Dr. Laila A. Rashed, Department of Medi-
cal Biochemistry and Molecular Biology, Faculty of Medicine, Cairo
University, Cairo, Egypt for her help in western blotting technique.

Author contributions All authors contributed to the study’s conception
and design. Material preparation, data collection and analysis were
performed by AGN and HEM. The first draft of the manuscript was
written by AGN and all authors commented on previous versions of
the manuscript. All authors read and approved the final manuscript.

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB). The authors have not disclosed
any funding.

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.



Nebivolol elicits a neuroprotective effect in the cuprizone model of multiple sclerosis in... 2207

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abd El Aziz AE, Sayed RH, Sallam NA, EI Sayed NS (2021) Neu-
roprotective effects of telmisartan and nifedipine against cupri-
zone-induced demyelination and behavioral dysfunction in mice:
roles of NF-kB and Nrf2. Inflammation. https://doi.org/10.1007/
$10753-021-01447-6

Abdelkader NF, Saad MA, Abdelsalam RM (2017) Neuroprotective
effect of nebivolol against cisplatin-associated depressive-like
behavior in rats. J Neurochem. https://doi.org/10.1111/jnc.13978

Abdel-Maged AES, Gad AM, Rashed LA et al (2020) Repurposing of
secukinumab as neuroprotective in cuprizone-induced multiple
sclerosis experimental model via inhibition of oxidative, inflam-
matory, and neurodegenerative signaling. Mol Neurobiol. https://
doi.org/10.1007/s12035-020-01972-9

Aryanpour R, Pasbakhsh P, Zibara K et al (2017) Progesterone therapy
induces an M1 to M2 switch in microglia phenotype and sup-
presses NLRP3 inflammasome in a cuprizone-induced demyeli-
nation mouse model. Int Immunopharmacol. https://doi.org/10.
1016/j.intimp.2017.08.007

Bakker DA, Ludwin SK (1987) Blood-brain barrier permeability dur-
ing cuprizone-induced demyelination Implications for the patho-
genesis of immune-mediated demyelinating diseases. J Neurol Sci.
https://doi.org/10.1016/0022-510X(87)90055-4

Barati S, Ragerdi Kashani I, Moradi F et al (2019) Mesenchymal
stem cell mediated effects on microglial phenotype in cuprizone-
induced demyelination model. J Cell Biochem. https://doi.org/
10.1002/jcb.28670

Baumbhikel M, Schlimmer N, Biiyiikafsar K et al (2008) Nebivolol,
but not metoprolol, improves endothelial function of the corpus
cavernosum in apolipoprotein E-knockout mice. J Pharmacol Exp
Ther. https://doi.org/10.1124/jpet.107.135681

Cannella B, Raine CS (2004) Multiple sclerosis: cytokine receptors on
oligodendrocytes predict innate regulation. Ann Neurol. https://
doi.org/10.1002/ana. 10764

Chang H, Chen G, Yin L et al (2017) Increased central dopaminergic
activity might be involved in the behavioral abnormality of cupri-
zone exposure mice. Behav Brain Res. https://doi.org/10.1016/j.
bbr.2017.05.045

Chen S, Zhang H, Pu H et al (2014) N-3 PUFA supplementation ben-
efits microglial responses to myelin pathology. Sci Rep. https://
doi.org/10.1038/srep07458

Cui W, Sun C, Ma Y et al (2020) Inhibition of TLR4 induces M2
microglial polarization and provides neuroprotection via the

NLRP3 inflammasome in Alzheimer’s disease. Front Neurosci.
https://doi.org/10.3389/fnins.2020.00444

David S, Kroner A (2011) Repertoire of microglial and mac-
rophage responses after spinal cord injury. Nat Rev Neurosci
12(7):388-399

Dobson R, Giovannoni G (2019) Multiple sclerosis—a review. Eur J
Neurol 26(1):27-40

Drury RAB, Wallington EA (1983) Carleton’s histological technique.
Oxford University Press, Oxford

DuL, Zhang Y, Chen Y et al (2017) Role of microglia in neurological
disorders and their potentials as a therapeutic target. Mol Neuro-
biol 54(10):7567-7584

Elbaz EM, Senousy MA, El-Tanbouly DM, Sayed RH (2018) Neuro-
protective effect of linagliptin against cuprizone-induced demy-
elination and behavioural dysfunction in mice: a pivotal role
of AMPK/SIRT1 and JAK2/STAT3/NF-kB signalling pathway
modulation. Toxicol Appl Pharmacol. https://doi.org/10.1016/j.
taap.2018.05.035

El-Sheikh AAK, Morsy MA, Abdel-latif RG (2019) Modulation of
eNOS/iNOS by nebivolol protects against cyclosporine a-medi-
ated nephrotoxicity through targeting inflammatory and apop-
totic pathways. Environ Toxicol Pharmacol. https://doi.org/10.
1016/j.etap.2019.03.018

Fani Maleki A, Rivest S (2019) Innate immune cells: monocytes,
monocyte-derived macrophages and microglia as therapeutic
targets for alzheimer’s disease and multiple sclerosis. Front Cell
Neurosci 13:355

Fongemie J, Felix-Getzik E (2015) A review of nebivolol pharma-
cology and clinical evidence. Drugs. https://doi.org/10.1007/
$40265-015-0435-5

Frid K, Einstein O, Friedman-Levi Y et al (2015) Aggregation of
MBP in chronic demyelination. Ann Clin Transl Neurol. https://
doi.org/10.1002/acn3.207

Fulton D, Paez PM, Campagnoni AT (2010) The multiple roles of
myelin protein genes during the development of the oligoden-
drocyte. ASN Neuro 2(1):AN20090051

Gallo-Oller G, Ordofiez R, Dotor J (2018) A new background sub-
traction method for Western blot densitometry band quantifi-
cation through image analysis software. J] Immunol Methods
457:1-5

Gao J, Xie Q, Wei T et al (2019) Nebivolol improves obesity-induced
vascular remodeling by suppressing NLRP3 activation. J Cardio-
vasc Pharmacol. https://doi.org/10.1097/FJC.0000000000000667

Ghaiad HR, Nooh MM, El-Sawalhi MM, Shaheen AA (2017) Resvera-
trol promotes remyelination in cuprizone model of multiple scle-
rosis: biochemical and histological study. Mol Neurobiol. https://
doi.org/10.1007/s12035-016-9891-5

Ghasemi M, Fatemi A (2014) Pathologic role of glial nitric oxide in
adult and pediatric neuroinflammatory diseases. Neurosci Biobe-
hav Rev 45(168):182

Ginhoux F, Lim S, Hoeffel G et al (2013) Origin and differentiation
of microglia. Front Cell Neurosci. https://doi.org/10.3389/fncel.
2013.00045

Goldberg J, Clarner T, Beyer C, Kipp M (2015) Anatomical distribu-
tion of cuprizone-induced lesions in C57BL6 mice. J Mol Neuro-
sci. https://doi.org/10.1007/s12031-015-0595-5

Gudi V, Gingele S, Skripuletz T, Stangel M (2014) Glial response dur-
ing cuprizone-induced de- and remyelination in the CNS lessons
learned. Front Cell Neurosci 8:73

Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versa-
tile effector cells in the normal and pathologic brain. Nat Neurosci
10(11):1387-1394

Hashimoto M, Yamamoto S, Iwasa K et al (2017) The flavonoid baica-
lein attenuates cuprizone-induced demyelination via suppression
of neuroinflammation. Brain Res Bull. https://doi.org/10.1016/].
brainresbull.2017.09.007

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10753-021-01447-6
https://doi.org/10.1007/s10753-021-01447-6
https://doi.org/10.1111/jnc.13978
https://doi.org/10.1007/s12035-020-01972-9
https://doi.org/10.1007/s12035-020-01972-9
https://doi.org/10.1016/j.intimp.2017.08.007
https://doi.org/10.1016/j.intimp.2017.08.007
https://doi.org/10.1016/0022-510X(87)90055-4
https://doi.org/10.1002/jcb.28670
https://doi.org/10.1002/jcb.28670
https://doi.org/10.1124/jpet.107.135681
https://doi.org/10.1002/ana.10764
https://doi.org/10.1002/ana.10764
https://doi.org/10.1016/j.bbr.2017.05.045
https://doi.org/10.1016/j.bbr.2017.05.045
https://doi.org/10.1038/srep07458
https://doi.org/10.1038/srep07458
https://doi.org/10.3389/fnins.2020.00444
https://doi.org/10.1016/j.taap.2018.05.035
https://doi.org/10.1016/j.taap.2018.05.035
https://doi.org/10.1016/j.etap.2019.03.018
https://doi.org/10.1016/j.etap.2019.03.018
https://doi.org/10.1007/s40265-015-0435-5
https://doi.org/10.1007/s40265-015-0435-5
https://doi.org/10.1002/acn3.207
https://doi.org/10.1002/acn3.207
https://doi.org/10.1097/FJC.0000000000000667
https://doi.org/10.1007/s12035-016-9891-5
https://doi.org/10.1007/s12035-016-9891-5
https://doi.org/10.3389/fncel.2013.00045
https://doi.org/10.3389/fncel.2013.00045
https://doi.org/10.1007/s12031-015-0595-5
https://doi.org/10.1016/j.brainresbull.2017.09.007
https://doi.org/10.1016/j.brainresbull.2017.09.007

2208

A.G.Naeem et al.

Heeba GH, El-Hanafy AA (2012) Nebivolol regulates eNOS and iNOS
expressions and alleviates oxidative stress in cerebral ischemia/
reperfusion injury in rats. Life Sci. https://doi.org/10.1016/j.1fs.
2011.12.001

Heneka MT, Kummer MP, Stutz A et al (2013) NLRP3 is activated
in Alzheimer’s disease and contributes to pathology in APP/PS1
mice. Nature. https://doi.org/10.1038/nature11729

Hiremath MM, Saito Y, Knapp GW et al (1998) Microglial/mac-
rophage accumulation during cuprizone-induced demyelination
in C57BL/6 mice. J] Neuroimmunol. https://doi.org/10.1016/
S0165-5728(98)00168-4

Imbaby S, Ewais M, Essawy S, Farag N (2014) Cardioprotective effects
of curcumin and nebivolol against doxorubicin-induced cardiac
toxicity in rats. Hum Exp Toxicol. https://doi.org/10.1177/09603
27114527628

Ito D, Imai Y, Ohsawa K et al (1998) Microglia-specific localisation
of a novel calcium binding protein, Ibal. Mol Brain Res. https://
doi.org/10.1016/S0169-328X(98)00040-0

Jha S, Srivastava SY, Brickey W1J et al (2010) The inflammasome sen-
sor, NLRP3, regulates CNS inflammation and demyelination via
caspase-1 and interleukin-18. J Neurosci. https://doi.org/10.1523/
JNEUROSCI.4088-10.2010

Kamp O, Metra M, Bugatti S et al (2010) Nebivolol: Haemodynamic
effects and clinical significance of combined f-blockade and nitric
oxide release. Drugs 70(1):41-56

Keane RW, Dietrich WD, de Rivero Vaccari JP (2018) Inflammasome
proteins as biomarkers of multiple sclerosis. Front Neurol. https://
doi.org/10.3389/fneur.2018.00135

Kuo L (1998) Arginase modulates nitric oxide production in activated
macrophages. Am J Physiol 274(1):H342-H348

Largani SHH, Borhani-Haghighi M, Pasbakhsh P et al (2019) Oligo-
protective effect of metformin through the AMPK-dependent on
restoration of mitochondrial hemostasis in the cuprizone-induced
multiple sclerosis model. J] Mol Histol. https://doi.org/10.1007/
$10735-019-09824-0

Lassmann H (2014a) Multiple sclerosis: lessons from molecular neu-
ropathology. Exp Neurol 262:2-7

Lassmann H (2014b) Mechanisms of white matter damage in multiple
sclerosis. Glia 62(11):1816-1830

Liebetanz D, Merkler D (2006) Effects of commissural de- and remy-
elination on motor skill behaviour in the cuprizone mouse model
of multiple sclerosis. Exp Neurol. https://doi.org/10.1016/j.expne
urol.2006.05.032

Liu Y, Gao X, Miao Y et al (2018) NLRP3 regulates macrophage M2
polarization through up-regulation of IL-4 in asthma. Biochem J.
https://doi.org/10.1042/BCJ20180086

London A, Cohen M, Schwartz M (2013) Microglia and monocyte-
derived macrophages: Functionally distinct populations that act in
concert in CNS plasticity and repair. Front Cell Neurosci. https://
doi.org/10.3389/fncel.2013.00034

Losy J, Niezgoda A (2001) IL-18 in patients with multiple sclerosis.
Acta Neurol Scand. https://doi.org/10.1034/j.1600-0404.2001.
00356.x

Matsushima GK, Morell P (2001) The neurotoxicant cuprizone as a
model to study demyelination and remyelination in the central
nervous system. In Brain Pathol 11(1):107-116

Mayer AMS, Murphy J, MacAdam D et al (2016) Classical and alter-
native activation of cyanobacterium Oscillatoria sp lipopolysac-
charide-treated rat microglia in vitro. Toxicol Sci. https://doi.org/
10.1093/toxsci/kfv251

Morsy MA, Heeba GH (2016) Nebivolol ameliorates cisplatin-induced
nephrotoxicity in rats. Basic Clin Pharmacol Toxicol. https://doi.
org/10.1111/bept. 12538

Nade VS, Shendye NV, Kawale LA et al (2013) Protective effect of
nebivolol on reserpine-induced neurobehavioral and biochemical

@ Springer

alterations in rats. Neurochem Int. https://doi.org/10.1016/j.neuint.
2013.07.002

Nair A, Jacob S (2016) A simple practice guide for dose conversion
between animals and human. J Basic Clin Pharm. https://doi.org/
10.4103/0976-0105.177703

Napoli I, Neumann H (2010) Protective effects of microglia in multiple
sclerosis. Exp Neurol 225(1):24-28

Orihuela R, McPherson CA, Harry GJ (2016) Microglial M1/M2
polarization and metabolic states. Br J Pharmacol 173(4):649-665

Prisant LM (2008) Nebivolol pharmacologic profile of an ultraselective
vasodilatory B1-blocker. J Clin Pharmacol 48(2):225-239

Pyka-Fosciak G, Jawien J, Gajda M et al (2013) Effect of nebivolol
treatment on atherosclerotic plaque components in apoE-knockout
mice. J Physiol Pharmacol 64(6):745-750

Refaie MMM, El-Hussieny M, Zenhom NM (2018) Protective role of
nebivolol in cadmium-induced hepatotoxicity via downregulation
of oxidative stress, apoptosis and inflammatory pathways. Environ
Toxicol Pharmacol. https://doi.org/10.1016/j.etap.2018.01.011

Sen MK, Mahns DA, Coorssen JR, Shortland PJ (2019) Behavioural
phenotypes in the cuprizone model of central nervous system
demyelination. Neurosci Biobehav Rev 107:23-46

Shen HH, Yang YX, Meng X et al (2018) NLRP3: a promising
therapeutic target for autoimmune diseases. Autoimmun Rev
17(7):694-702

Shiri E, Pasbakhsh P, Borhani-Haghighi M et al (2020) Mesenchymal
stem cells ameliorate cuprizone-induced demyelination by tar-
geting oxidative stress and mitochondrial dysfunction. Cell Mol
Neurobiol. https://doi.org/10.1007/s10571-020-00910-6

Slusarczyk J, Trojan E, Glombik K et al (2018) Targeting the NLRP3
inflammasome-related pathways via tianeptine treatment-sup-
pressed microglia polarization to the M1 phenotype in lipopoly-
saccharide-stimulated cultures. Int J Mol Sci. https://doi.org/10.
3390/ijms19071965

Smith KJ, Lassmann H (2002) The role of nitric oxide in multiple
sclerosis. Lancet Neurol 1(4):232-241

US Food and Drug Administration (2005) Guidance for Industry:
estimating the maximum safe starting dose in initial clinical
trials for therapeuticsin adult healthy volunteers. Silver Spring,
MD: US Food and Drug Administration

Vega-Riquer JM, Mendez-Victoriano G, Morales-Luckie RA, Gonza-
lez-Perez O (2019) Five decades of cuprizone, an updated model
to replicate demyelinating diseases. Curr Neuropharmacol. https://
doi.org/10.2174/1570159x15666170717120343

Walker DG, Lue LF (2015) Immune phenotypes of microglia in human
neurodegenerative disease: challenges to detecting microglial
polarization in human brains. Alzheimer’s Res Ther 7(1):1-9

Walton C, King R, Rechtman L et al (2020) Rising prevalence of multi-
ple sclerosis worldwide Insights from the atlas of MS. Mult Scler
J. https://doi.org/10.1177/1352458520970841

Wang J, Wright HM, Vempati P et al (2013) Investigation of nebiv-
olol as a novel therapeutic agent for the treatment of alzhei-
mer’s disease. J Alzheimer’s Dis. https://doi.org/10.3233/
JAD-2012-120904

Williams KA, Deber CM, Klrschner OA (1993) The structure and func-
tion of central nervous system myelin. Crit Rev Clin Lab Sci.
https://doi.org/10.3109/10408369309084665

Xie Q, Wei T, Huang C et al (2016) Nebivolol ameliorates cardiac
NLRP3 inflammasome activation in a juvenile-adolescent animal
model of diet-induced obesity. Sci Rep. https://doi.org/10.1038/
srep34326

XuY, Xu Y, Wang Y et al (2015) Telmisartan prevention of LPS-
induced microglia activation involves M2 microglia polarization
via CaMKKp-dependent AMPK activation. Brain Behav Immun.
https://doi.org/10.1016/j.bbi.2015.07.015

Zhang Y, Zhang H, Wang L et al (2012) Quetiapine enhances oligoden-
drocyte regeneration and myelin repair after cuprizone-induced


https://doi.org/10.1016/j.lfs.2011.12.001
https://doi.org/10.1016/j.lfs.2011.12.001
https://doi.org/10.1038/nature11729
https://doi.org/10.1016/S0165-5728(98)00168-4
https://doi.org/10.1016/S0165-5728(98)00168-4
https://doi.org/10.1177/0960327114527628
https://doi.org/10.1177/0960327114527628
https://doi.org/10.1016/S0169-328X(98)00040-0
https://doi.org/10.1016/S0169-328X(98)00040-0
https://doi.org/10.1523/JNEUROSCI.4088-10.2010
https://doi.org/10.1523/JNEUROSCI.4088-10.2010
https://doi.org/10.3389/fneur.2018.00135
https://doi.org/10.3389/fneur.2018.00135
https://doi.org/10.1007/s10735-019-09824-0
https://doi.org/10.1007/s10735-019-09824-0
https://doi.org/10.1016/j.expneurol.2006.05.032
https://doi.org/10.1016/j.expneurol.2006.05.032
https://doi.org/10.1042/BCJ20180086
https://doi.org/10.3389/fncel.2013.00034
https://doi.org/10.3389/fncel.2013.00034
https://doi.org/10.1034/j.1600-0404.2001.00356.x
https://doi.org/10.1034/j.1600-0404.2001.00356.x
https://doi.org/10.1093/toxsci/kfv251
https://doi.org/10.1093/toxsci/kfv251
https://doi.org/10.1111/bcpt.12538
https://doi.org/10.1111/bcpt.12538
https://doi.org/10.1016/j.neuint.2013.07.002
https://doi.org/10.1016/j.neuint.2013.07.002
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1016/j.etap.2018.01.011
https://doi.org/10.1007/s10571-020-00910-6
https://doi.org/10.3390/ijms19071965
https://doi.org/10.3390/ijms19071965
https://doi.org/10.2174/1570159x15666170717120343
https://doi.org/10.2174/1570159x15666170717120343
https://doi.org/10.1177/1352458520970841
https://doi.org/10.3233/JAD-2012-120904
https://doi.org/10.3233/JAD-2012-120904
https://doi.org/10.3109/10408369309084665
https://doi.org/10.1038/srep34326
https://doi.org/10.1038/srep34326
https://doi.org/10.1016/j.bbi.2015.07.015

Nebivolol elicits a neuroprotective effect in the cuprizone model of multiple sclerosis in... 2209

demyelination. Schizophr Res. https://doi.org/10.1016/j.schres. Publisher's Note Springer Nature remains neutral with regard to

2012.04.006 jurisdictional claims in published maps and institutional affiliations.
Zhang N, Jin L, Liu C et al (2021) An antarctic krill oil-based diet

elicits neuroprotective effects by inhibiting oxidative stress and

rebalancing the M1/M2 microglia phenotype in a cuprizone model

for demyelination. J Funct Foods. https://doi.org/10.1016/j.jff.

2020.104309

@ Springer


https://doi.org/10.1016/j.schres.2012.04.006
https://doi.org/10.1016/j.schres.2012.04.006
https://doi.org/10.1016/j.jff.2020.104309
https://doi.org/10.1016/j.jff.2020.104309

	Nebivolol elicits a neuroprotective effect in the cuprizone model of multiple sclerosis in mice: emphasis on M1M2 polarization and inhibition of NLRP3 inflammasome activation
	Abstract
	Background and Aim 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Animals
	Drugs and chemicals
	Experimental design
	Neurobehavioral assessment
	Rotarod test
	Locomotor activity
	Histopathological examination
	Assessment of oxidative and nitrosative stress markers
	Assessment of tumor necrosis factor alpha, interleukin 10 and interleukin 18
	Western blot
	Statistical analysis


	Results
	Neb improved cup-induced decrease in locomotor activity
	Neb enhanced cup-induced changes in motor coordination and balance
	Neb reduced cup-induced body weight loss
	Neb attenuated cup-induced demyelination
	Neb attenuated microglial activation and suppressed M1 polarization in cup-intoxicated mice
	Neb promoted M2 polarization in cup-intoxicated mice
	Neb counteracted NLRP3 inflammasome activation in cup-treated mice
	Neb alleviated cup-induced oxidative stress

	Discussion
	Acknowledgements 
	References




