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Ibudilast (IBD) is a new drug that has been released as treatment for multiple
sclerosis (MS). Retinoic acid (RA), a metabolite of vitamin A, is known for its pro-
regenerative and anti-inflammatory properties, therefore, it has been suggested
as a supplementary treatment for MS. The objective of this study is to investigate
the therapeutic effects of RA and IBD against cuprizone (CPZ) induced mouse
models. Seventy-two Swiss Albino male Mice (SWR/J) were divided into two main
groups control (n = 18); normal chow and CPZ (n = 54); 0.25% of CPZ mixed into
chow at demyelination stage (first 5 weeks). The following 4 weeks included two
stages of remyelination: early remyelination (2 weeks after CPZ discontinuation)
and late remyelination (week 9). In the early stage of remyelination, the CPZ group
was divided into four subgroups beside daily treatment intraperitoneal injections
CPZ (+ve control- no treatment), RA (20 mg/kg), IBD (10 mg/kg), and RA + IBD,
with (n = 12/group), while the control group had 12 mice. At the end of each
stage 6 mice/ group were sacrificed. Mice response to different treatments was
assessed using several locomotor and cognitive behavior tests including open
field test, rotarod test, grip strength test, novel object recognition test (NORT) and
Y-maze test. The expression levels of several genes MS associated genes Tumer
Necrosis Factor- Alpha (TNF- «), Cyclooxygenase-2 (COX-2), Nerve Growth Factor
(NGF), Signal transducer and activator of transcription 3 (STAT-3) and Nuclear
factor kappa-light-chain-enhancer of activated b-cell (NFKB-P105) in the brain of
mice were measured using quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR) analysis. The results demonstrated that RA supplementation
helped in alleviating the symptoms of MS induced mice with or without using IBD
treatment. This was indicated as an improvement in locomotor activity, motor
coordination and muscular strength as well as improving the cognition and memory
functions. The mRNA expression pattern of various MS associated genes indicated
that the treatments effectively mitigated the detrimental effects of CPZ in mouse
brain. The findings of this study indicate that RA supplements could be effectively
unitized as adjuvant therapy alongside with IBD for MS treatment.
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1 Introduction

Neurodegenerative diseases (NDs) are a variety of heterogeneous
disorders which are characterized by loss of neurons associated with
protein deposition leading to progressive destruction of central
nervous system (CNS) structure and function (Garofalo et al., 20205
Wilson et al., 2023). Multiple sclerosis (MS) is one of the most popular
neurodegenerative diseases that typically occurs during the most
productive period of life, between 20 and 40 years (Walton et al., 20205
Yamout and Alroughani, 2018; Sandal Kilic et al., 2025). According to
the MS atlas, the disease affects over 2.8 million individuals globally,
with a higher prevalence observed in females compared to males
(Voskuhl et al., 2020; Gold et al., 2019).

The formation of plaques in the white and gray matter of the brain
as well as throughout the CNS is a hallmark of MS. These plaques are
characterized by varying levels of neuroinflammation, gliosis,
neurodegeneration, and axonal loss (Popescu et al., 2013; Kreiter et al.,
2024). The process begins with the release of autoantigens from the
CNS into peripheral blood, where they are recognized by dendritic
cells. This recognition activates T-cells in the peripheral circulation,
which then interact with specific adhesion molecules on brain
microvascular endothelial cells (BMEC) and migrate through the
blood-brain barrier (BBB) into the CNS (Baecher-Allan et al., 2018;
Gold and Wolinsky, 2011). Once the T-cell within CNS is re-activated
by local antigen presenting cells (APCs) such as macrophages, it leads
to the production of pro-inflammatory cytokines such as Interferon
gamma (INF-y), Tumor Necrosis Factor Alpha (TNF- @), Interleukin-6
(IL-6) and Interleukin-17 (IL-17). These cytokines chronically activate
resident cells in CNS such as astrocytes and microglia cells (Kamm
etal, 2014; Loma and Heyman, 2011). Once antibodies bind to the
myelin sheath, macrophages initiate phagocytosis of the myelin
marked by these antibodies (Cosentino and Marino, 2013). As a result
of myelin degeneration around axons plaques were formed. Clinically,
these plaques translated into initial relapses that evolve over time into
progressive severity and disability in MS patients (Christogianni et al.,
2018; Grzegorski and Losy, 2017).

The exact etiology of MS remains undetermined; however,
both environmental and genetic factors contribute to an increased
risk of developing the disease (Leray et al., 2016; Shi et al., 2024).
To date, the MS disease remains incurable; however, the US Food
and Drug Administration (FDA) and European Medicines Agency
(EMA) have approved fifteen disease modifying therapies (Hauser
and Cree, 2020; Reich et al., 2018). Ibudilast (IBD), is a novel drug
classified as a pyrazolo pyridine, an organic compound known for
its therapeutic potential. It is a nonselective inhibitor of cyclic
nucleotide phosphodiesterase (PDE) that can cross blood-brain
barrier, inhibits glial activation and produces macrophage
migration inhibitory factor (Ray et al., 2014; Rolan et al., 2009). In
vitro study revealed that IBD is also a powerful anti-inflammatory
agent with neuro-protective effects (Mizuno et al, 2004).
Furthermore, IBD enhances the levels of cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP), reduces the pro-inflammatory cytokines (IL-1p, IL-6, and
TNF-a), reactive oxygen species (ROS) and nitric oxide (NO) and
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improves the synthesis of anti-inflammatory substances such as
IL-10, Nerve growth factor (NGF), neurotrophin-4, and glial cell-
line derived neurotrophic factor (Goodman et al., 2016; Sharifian
et al., 2023; Kolahdouzan et al., 2019). Many studies found that
IBD offers therapeutic benefits in both clinical trials and
pre-clinical studies using animal models of MS such as
experimental autoimmune encephalomyelitis (EAE)
(Angelopoulou et al., 2022).

Retinoic Acid (RA), also known as vitamin A, is a compound that
studied for its
immunomodulation. It reduces pro-inflammatory cytokines such as
IL-17, TNF-a, IL-1p, and IL-12, while enhancing anti-inflammatory
cytokines like IL-10 (Khosravi-Largani et al., 2018; Wang et al., 2007).

Based on the biological activities of RA, it is considered as a promising

has been extensively effectiveness  in

candidate for modulating immune responses and facilitating axonal
regeneration in MS (Ruschil et al., 2021). RA has been shown to exert
neuroprotective effects in astrocyte through bind to RXR receptor
which regulates the expression of several anti-inflammatory genes
(Goodman et al., 2016). In EAE model, RA demonstrated synergistic
effects with atorvastatin by reducing pro-inflammatory cytokines and
enhancing anti-inflammatory cytokines (Abtahi Froushani et al.,
2014). However, none of these studies have reported the effect of IBD
and RA administration on CPZ animal models of MS. Therefore, this
study aimed to explore the potential therapeutic effect of IBD and RA
administration individually and in combination on CPZ-induced
toxicity in mouse brain.

The Cuprizone (CPZ) is a copper-chelating agent that induces
neurotoxicity in rodent CNS by provoking oligodendrocyte
apoptosis, along with microgliosis and astrogliosis in corpus
callosum (CC) (Gudi et al., 2009; Mooshekhian et al., 2022;
Patergnani et al., 2017). This model is commonly used to study CNS
demyelination and spontaneous remyelination following CPZ
withdrawal from the diet (Gharagozloo et al., 2022; Samtani et al.,
2023). Research has demonstrated that a few days of CPZ
intoxication disrupts the homeostasis of essential ions, such as
sodium, manganese, zing, iron, and copper, in various regions of the
body (Moldovan et al., 2015; Varga et al., 2018) As a result, both
endoplasmic reticulum (ER) and mitochondrial functions are
compromised in the brain and liver of mice (Acs et al., 2013; Solti
etal., 2015). The formation of megamitochondria plays a significant
role in the progression of nervous system degeneration, which is a
key factor in neurodegenerative diseases. This leads to the inhibition
of metalloenzymes, such as monoamine oxidase, ceruloplasmin,
cytochrome oxidase, and superoxide dismutase, which contain
copper as a cofactor (Ruiz et al., 2021). As a consequence, adenosine
triphosphate (ATP) production declines, and antioxidant enzyme
levels, which are responsible for neutralizing harmful reactive
oxygen species (ROS) and reactive nitrogen species (RNS), are
reduced (Faizi et al., 2016; Vega-Riquer et al., 2019). As a result,
concentration of ROS and RNS increases, which ultimately disrupts
ER function (Di Meo et al.,, 2016). This disturbance causes a
decrease in mRNA levels, the accumulation of misfolded proteins,
and triggers the unfolded protein response (UPR). This response
leads to a massive influx of calcium into the cytosol, ultimately
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causing stress in oligodendrocytes (OLGs) (Malhotra and
Kaufman, 2007).

To complete OLG apoptosis in the CPZ model, the activation of
innate immune cells such as microglia, macrophages, and astrocytes
occurs, facilitating the phagocytosis of myelin. These events are
accompanied by the release of inflammatory mediators like Nitric
Oxide (NO), Interleukin-1 beta (IL-1p), TNF-a, IFNy, and IL-6. The
apoptosis of OLGs leads to demyelination in the white matter areas,
including the corpus callosum (CC), internal capsule, thalamus,
anterior commissure, and cerebellar peduncles (Vega-Riquer et al.,
2019). After CPZ withdrawal, myelin protein’s re-expression and
remyelination occurs.

As consequence of neuroinflammation induced by CPZ
behavioral changes such as weakness, lethargy, and weight loss were
initially assessed qualitatively through visual observation (Petronilli
and Zoratti, 1990). Since then, several studies have documented
behavioral alterations caused by CPZ intoxication, including motor
impairments, muscle weakness, and cognitive deficits (Kondo et al.,
2016; Elbaz et al., 2018).

To the best of our knowledge, no previous study has investigated
the therapeutic effect of combining RA and IBD in the CPZ mouse
model. Therefore, the aim of this study is to investigate the potential
therapeutic effect of IBD and RA against MS in CPZ mouse model on
promoting remyelination and improving motor behavioral deficits
during both early and late stages of remyelination in the CPZ-induced
demyelination model, as well as exploring the potential benefits of
their combination.

2 Materials and methods
2.1 Experimental animals

A total of 72 SWR/J male mice aged 6-7 week, weighing 18 to 25 g
were obtained from the animal house unit at King Fahd Medical
Research Center (KFMRC), King Abdulaziz University (KAU),
Jeddah, Saudi Arabia. Mice were housed as five mice per a standard
cage (33 x 15 x 13 cm) and the cage was cleaned twice a week. All
mice were maintained under standard environment conditions
(12:12 h light-dark cycle, at room temperature 23.0 + 1.0°C and
humidity of 60.0 + 5.0% with ad libitum). All animal experiments
were performed according to the guidelines of biomedical ethics
committee (Reference No. 617-20) at KAU following the rules and
regulations of the Animal Care and Use Committee at KFMRC, which
complied with the “System of Ethics of Research on Living Creatures”
guidelines prepared by King Abdulaziz City for Science and
Technology. The protocol of this current research is approved by the
biomedical ethics research committee at KAU with the approval No.
ACUC-20-10-24.

2.2 Preparation of the drugs

2.2.1 Cuprizone

CPZ (C9012-25G) was purchased from Thermo-Fisher Scientific
(Waltham, MA, USA). To induce demyelination in mice, CPZ was
administrated for 5 weeks at a concentration of 0.25%. This was
prepared by mixing approximately 0.25 g of CPZ with 100 g of ground
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standard rodent chow and 100 mL of water, added gradually. Rodent
chow mixed with CPZ was prepared weekly and replaced daily (Zhan
et al,, 2020; Templeton et al., 2019).

2.2.2 Retinoic acid

RA (R2625-1G) was obtained from Sigma- Aldrich (St. Louis,
Missouri, United States). RA was freshly prepared by dissolving it into
normal saline containing 5% DMSO. Each mouse received a daily
dose of 20 mg/kg of RA administered via intraperitoneal injection (IP)
in a volume of 0.2 mL during the noon time (between 12:00 PM and
2:00 PM). This dosage was selected based on previous research
(Arrieta et al., 2011). The weights of mice were measured weekly, and
the dosages of RA were adjusted accordingly.

2.2.3 Ibudilast

IBD (KC-404-2G) was purchased from Adooq Bioscience®
Company (Barranca Pkwy, Irvine, CA). IBD was freshly prepared by
dissolving it in normal saline containing 5% DMSO (Kagitani-
Shimono et al., 2005). Each mouse received a daily dose of 10 mg/kg
of IBD administered via intraperitoneal injection (IP) in a volume of
0.2 mL during the noon time (between 12:00 PM and 2:00 PM). This
dosage was selected based on previous research (Kagitani-Shimono
et al., 2005). The weights of mice were measured weekly, and the
dosages of IBD were adjusted accordingly.

2.3 Experimental design

The total duration of this experiment was 9 weeks divided into
three stages: demyelination (weeks 1-5), early remyelination (weeks
6-7) and late remyelination (weeks 8-9). During the demyelination
stage (weeks 1-5), 72 mice were divided into two primary groups:
control group (18 mice) which was given a regular rodent chow diet
and CPZ group (54 mice) which received a rodent chow diet
containing 0.25% CPZ. After 5 weeks, 6 mice from these two main
groups were sacrificed to perform the measurements.

The subsequent 4 weeks included two stages of remyelination:
early remyelination [occurring 2 weeks after CPZ withdrawal (weeks
6-7)] and late remyelination (occurring at the end of week nine).
During the early remyelination stage, the CPZ group was divided into
four subgroups based on the intraperitoneal treatments they received:
CPZ group (5% DMSO), RA group (10 mg/kg-daily), IBD group
(20 mg/kg-daily) and RA +IBD group (10 mg/kg + 20 mg/kg -
sequentially, daily), with ensuring that the average weight in each
group was equal, in addition to the primary control group (5%DMSO).
Each group consisted of 12 mice. Around 30 mice (6/group) were
euthanized by the end of the early remyelination stage for
measurements. Finally, at the late stage of remyelination, the
remaining 6 mice in each group were sacrificed by the end of week 9
for measurements (Figure 1). All mice in each stage were used to
assess the behavior.

2.4 Behavioral tests

2.4.1 Open field test
The open-field test (OFT) was conducted to evaluate the
exploratory and locomotor activity of mice (Gould et al., 2009;
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RA + IBD (CPZ mice treated with combination of RA and IBD treatment).
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Experimental design. The experimental procedure and the timeline of inducing multiple sclerosis (MS) through CPZ (demyelination) and the
spontaneous remyelination stages (early and late). After MS induction by CPZ, mice were switched to normal chow diet to induce remyelination and
divided into four groups: Control (CPZ mice with no therapeutic treatment), RA (CPZ mice treated with RA), IBD (CPZ mice treated with IBD) and

Seibenhener and Wooten, 2015). The open field apparatus consisted
of a square chamber (45 x 45 cm?) enclosed by walls; height 34 cm
high. During the testing phase, each mouse was positioned in the
corner of the chamber and allowed to acclimate for 3 min. The
movement of the mouse was tracked and recorded using a video
camera mounted above the arena (Alghamdi and Abo Taleb, 2020).
The EithoVision tracking system (Noldus Information Technology,
Wageningen, the Netherlands) was used to quantitively assess the total
distance moved (TDM) in centimeters and the velocity (cm/s) during
the observation period.

2.4.2 Rotarod test

Motor coordination and balance in mice were evaluated using a
rotarod apparatus (BR1001, B.S Technolab INC.,, Seoul, South Korea).
Mice were placed on a rotating drum with accelerating speed of 4 to
40 rpm over a duration of 300 s, and the latency to fall was recorded
(Shoji et al., 2023; Maity-Kumar et al., 2022). Each mouse underwent
three trials within a 60-min rest period in-between each trial (Hattori
et al,, 2012). Falls occurring within the first 5 s were not considered
due to poor positioning, and a brief rest time was allowed
before retesting.

2.4.3 Grip strength test

The Neuromuscular function of mice was assessed using Grip
Strength Meter (GSM) (Columbus Instruments, Columbus, OHIO
43204, USA). Each mouse was positioned on a grid and allowed to
grasp the grids with its forelimbs, the grid was then slowly pulled
backward until the mouse release its grip. The maximum peak force
exerted by the mouse was measured in Newtons (N). Each mouse
underwent three trials, and the average force (g) was calculated
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considering body weight (force/body weight) for each individual
mouse (Han et al., 2020).

2.4.4 Novel object recognition test

Rodent memory and learning were evaluated using the novel
object recognition test (NORT) (Labban et al., 2021). This test was
performed over 2 days: Habituation Day and Test Day. On
habituation day, each mouse was placed in an empty arena and
allowed to move freely for 10 min. Test day (which occurs after
24 h) consists of two phases: familiarization and novel phases.
During familiarization phase, two identical “called familiar” objects
(F1, F2) were placed in opposing quadrants of the arena while a
mouse is placed in the center, allowing it to investigate both objects
for 3 min. The test phase started 10 min after the familiarization
phase, where one of the objects was replaced with a novel object
(N) in the same location. The mouse was then returned to the
center of the arena for another 3 min to explore both the familiar
and novel objects. After each test, the arena was washed with 10%
ethanol to eliminate any olfactory cues. The EthoVision XT8A
video tracking device automatically recorded the frequency of
sniffing as well as the time spent exploring each object. The
percentage of sniffing frequency was calculated using equation
(Equation 1) and the ability of memory was assessed using the
discrimination index (DI) which was calculated using equation
(Equation 2):

Frequency of sniffing (%) =
novel or familiar object frequency of sniffing «100

total frequency of sniffing of the two objects )
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Discrimination index (DI) =
Novel Object Exploration Time -
Familiar Object Exploration Time

x100 (2)
Total Exploration Time

2.4.5 Y-maze test

The Y-maze spontaneous alternation test was used to assess short-
term spatial recognition memory in mice (Kraeuter et al., 2019). The
Y-maze consists of three identical arms labeled A, B, and C that are
arranged at 120-degree angles, with walls measuring 10 cm wide and
40 cm high. Each mouse was placed within arm (A), facing wall and
allowed to freely move through the maze for 8 min (Prieur and Jadavji,
2019). The number of entries into the arms was manually recorded
when the four limbs crossed the entry point excluding the initial entry
into arm (A). Alternation was calculated when the mouse visited three
different arms consecutively (CBA, ABC, BCA). The percentage of
spontaneous alternation was calculated using the equation
(Equation 3) (Adilijiang et al., 2015).

#alt ti
Alternation (%) -_ratemallo 409 3)

total arm visit —2

2.5 Samples collection

By the end of week five and week nine, a random selection of half
of the mice in each group was chosen for euthanasia via 5% of
isoflurane anesthesia and subsequent decapitation. Plexiglass chamber
containing Isoflurane 5% (Baxter healthcare, Deerfield, Illinois,
United States) was used to anesthetize the mice until they were fully
anesthetized, as confirmed by the absence of a tail pinch reflex and the
lack of spontaneous movement and then decapitated by placed them
on the guillotine, and their heads chopped off. The entire brain of each
mouse was then obtained through dissection. The collected brains
were kept in RNA-later solution for future analysis and stored
at —80°C.

2.6 RNA isolation and quantitative
real-time PCR (qRT-PCR)

Total RNA was extracted from mouse brain tissue using Trizol-
chloroform method (Sharma et al, 2023). Complementary DNA
(cDNA) was synthesized from RNA using SuperScript™ IV First-Strand
Synthesis System (Cat No.: 18091050, Invitrogen™) according to the
manufacturer’s instructions. The expression levels of mRNA of five genes
(TNF-a, COX-2, NGE STAT-3 and NFKB-P105) were quantified using
qRT-PCR using PowerUp™ SYBR Green PCR Master Mix (Applied
Biosystems). Briefly, 100 ng of cDNA was added to 5 mL of SYBR Green
PCR Master Mix and 1 mL of each primer (forward and reverse
primers). The concentration of each primer was 10 pmol. The gPCR
reaction conditions were: 50°C for 2 min, followed by one cycle of
activation of Dual-Lock™ DNA polymerase at 95°C for 2 min, followed
by 40 cycles of 95°C for 15 s and anneal/extend at 60°C for 1 min (if
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primer Tm > 60°C) and a final extension at 72°C for 60 s. For primers
having Tm less than 60°C, the annealing temperature was determined
for each primer set (52-59°C). The qPCR was performed using
StepOne™  Real-Time PCR System (Applied Biosystems).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
reference gene. The fold change was calculated using Livak method
(2"42ty (Livak and Schmittgen, 2001; Schmittgen et al., 2000). The
primers sequences used for gPCRare provided in Supplementary Table S1.

2.7 Statistical analysis

All data are expressed as a mean standard error of the mean
(SEM) and were statistically analyzed using GraphPad Prism 10.1.0.
Unpaired T-test analysis was used to compare relative expression fold
and behavioral parameters during the demyelination stages. One-way
analysis of variance (ANOVA) followed by post hoc Tukey’s test was
used to compare differences between groups in relative expression
folds and behavioral tests. A two-way analysis of variance (ANOVA)
followed by Sidak’s post hoc test was used to analyze NORT data
across all stages. Differences between groups were considered
statistically significant when p < 0.05.

3 Results

3.1 Effect of IBD and RA and their
combination on motor function of
CPZ-induced MS mice

3.1.1 Effects of IBD and RA on locomotor activity

The therapeutic effects on IBD and RA and their combination on
the locomotor activity of CPZ-induced MS mice was assessed by
measuring the total distance moved TDM and velocity in an open
field. At demyelination stage, the CPZ group showed significant
decrease in TDM, and velocity compared to C group (p = 0.0036 and
p=0.0037 respectively) (Figures 2A,D). At the end of early
remyelination stage, the comparison between groups revealed
significant differences in TDM [F (, s5) = 5.871, p = 0.0005] and in
velocity [F (4, 55 = 5.640, p =0.0007]. The CPZ group showed a
significant decrease in TDM, and velocity compared to C group
(p =0.0029, and p = 0.0040 respectively). On the other hand, the
comparison showed a significant increase in TDM and velocity in RA
group compared to CPZ group (p=0.0028, and p=0.0048
respectively). Conversely, there was a non-significant difference shown
between CPZ and mice treated with IBD (p = 0.6419) and RA + IBD
(p =0.7422) (Figures 2B,E).

At the end of the late remyelination stage, the comparison
between groups revealed significant differences in TDM [F
25 = 1.034, p =0.4095] and in velocity [F (4 25 = 1.195, p = 0.3374]
(Figures 2E,F). However, The CPZ group showed a non-significant
difference in TDM, and velocity compared to C group (p = 0.9623,
and p = 0.9605 respectively). Although there was a non-significant
difference in TDM and velocity between CPZ and mice treated with
(p=0.3788, and p=0.3396 respectively), IBD (p=0.9920, and
P =0.9996 respectively), and RA + IBD (p = 0.9996, and p = 0.9996
respectively) (Figures 2C,F).
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FIGURE 2
Locomotor activity of CPZ-induced MS mice. (A—C) Total distance movement during demyelination and (early and late) remyelination stage,
respectively. (D—F) Velocity of movement during demyelination and (early and late) remyelination stage, respectively. At demyelination n = 18/C group
and n = 54/CPZ group, early remyelination n = 12/group, late remyelination n = 6/group. * Indicates a significant difference vs. the control group; #
indicates a significant difference vs. CPZ group. **p < 0.01, and **p < 0.01.

3.1.2 Effects of IBD and RA and their combination
on motor coordination

Motor coordination of mice was measured as the latency to fall.
At the end of the demyelination stage, there was a significant difference
between C and CPZ p =0.0065 (Figure 3A). At the end of early
remyelination stage, there was a significant difference in locomotor
activity value between groups [F (55 = 6.003, p = 0.0004]. However,
there was a non-significant difference in locomotor activity between
C and CPZ (p =0.7446). In contrast, the comparison revealed a
significant improvement in locomotor activity in mice treated with RA
and IBD group compared to CPZ group (p = 0.0010 and p = 0.0196
respectively) (Figure 3B). Conversely, there was a non-significant
difference shown between CPZ and mice treated with combination
RA +IBD (p = 0.2389). At the end of late remyelination stage, there
was a significant difference in locomotor activity [F  ,s = 0.8271,
p =0.5205]. Tukey’s HSD post hoc test showed a non-significant
difference in locomotor activity and balance between C and CPZ
(p = 0.9001). Moreover, there was a non-significant difference between
CPZ and mice treated with RA (p => 0.9999), IBD (p = 0.9864),
RA +1IBD (p = 0.9177) (Figure 3C).

3.1.3 Effects of IBD and RA and their combination
on muscle strength

At the end of the demyelination stage CPZ group significantly
reduced muscular strength in mice compared to the control group
(p <0.0001) (Figure 4A). Like the locomotor activity and motor
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coordination, at the end of the early remyelination stage, there was a
significant difference in muscular strength value between groups [F
@, 55 = 7.548, p=<0.0001]. The CPZ group was still shown a
significant decrease in muscle strength compared to the control
group (p=0.0039). In comparison RA and the RA +IBD
combination showed a significant increase in muscular strength
compared to the CPZ group (p < 0.0001 and p = 0.0016 respectively).
On the other hand, there was a non-significant difference between
CPZ and IBD (p =0.2742) (Figure 4B). At the end of the late
remyelination stage, there was a significant difference in muscular
strength between groups [F (4 ,5) = 9.947, p = <0.0001]. There was a
non-significant difference in muscular strength between C and CPZ
(p = 0.5431). While there was still a significant increase in muscular
strength in RA and RA +IBD combination compared to CPZ
(p <0.0001 and p = 0.0030 respectively). Whereas the IBD is not
showing any significant compared with CPZ (p = 0.4058) (Figure 4C).

3.2 Effect of IBD and RA and their
combination on cognitive functions of
CPZ-induced MS mice

3.2.1 Effects of IBD and RA and their combination
on spatial memory

At the end of the demyelination, CPZ group showed a
significant decrease in the percentage of spontaneous alterations
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Grip strength assessment of CPZ-induced MS mice. (A) Grip strength at demyelination stage in CPZ-induced MS-mice, (B) Grip strength early
remyelination. (C) Grip strength at late remyelination stages. At demyelination n = 18/C group and n = 54/CPZ group, early remyelination n = 12/group,
late remyelination n = 6/group. * Indicates a significant difference vs. control group; # indicates a significant difference vs. CPZ group. **p < 0.01,

**+%p < 0.0001, #p < 0.05, #*p < 0.01, **#p < 0.001, and ****p < 0.0001.

compared to the control group (p = 0.0011) (Figure 5A). At the
end of late remyelination stage, there was a significant difference
between groups in spontaneous alternation [F ( .5 = 8.126,
p = 0.0002]. There was a significant improvement in spontaneous
alterations in RA and RA + IBD combination compared to CPZ
group which was already undergoing spontaneous remyelination
(p =0.0061, p = 0.0003 respectively). While treatment with IBD
alone also enhanced spontaneous alterations, however, its effect
was inferior a non-significant (p = 0.1056) (Figure 5B).
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3.2.2 Effects of IBD and RA and their combination
on recognition memory and memory
performance

At the end of demyelination stage, analysis revealed no
significant differences in the frequency of sniffing (%) for each
familiar object within the group [F (140 = 0.01184, p = 0.9135].
There was no significant difference in the percentage of time spent
sniffing familiar objects 1 and 2 (F1, F2) within C group
(p =0.9921) and within CPZ group (p =0.9997) during the
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Frequency of sniffing in novel object recognition test (NORT). (A,B) Effect of CPZ on the percentage of sniffing in NORT at end of demyelination stage.
(C,D) Effect of different treatments on the percentage of sniffing of CPZ-induced MS-mice at late Remyelination. A two-way ANOVA followed by
Sidak's post hoc test was used. (E,F) Discrimination index (DI) during the NORT. F1: Familiar object 1, F2: Familiar object 2, N: Novel object, Data are
presented as mean + SEM. An Unpaired T-test was used. At demyelination n = 18/C group and n = 54/CPZ group, late remyelination n = 6/group. *
Indicates a significant difference, *p < 0.5, **p < 0.01, *** p < 0.001, ****p < 0.0001.

familiarization phase (Figure 6A). During the test phase there was ~ (p < 0.0001). Interestingly, a significant decrease was observed in
a significant increase in frequency of sniffing of the novel object  terms of frequency of sniffing of the novel object compared to
compared to the sniffing of familiar object within C group  familiar object within CPZ group (p = 0.0156) (Figure 6B). At the
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end of the late remyelination stage, no significant difference was
found in the frequency of sniffing (%) for each familiar object
within the group during familiarization phase [F (; ) = 29.22,
p =0.0003] (Figure 6C). However, there was a non-significant
difference in frequency of sniffing of the novel object compared
to the sniffing of familiar object within C group (p = 0.1306) and
within CPZ group (p = 0.7747). Whereas a significant increase in
frequency of sniffing of novel objects compared to familiar objects
shown during test phase within RA group (p = 0.0013), and IBD
group (p =0.0001). Interestingly, the combined treatment
(RA +IBD) failed to exert any significant change in terms of
sniffing frequency (p = 0.9904) (Figure 6D).

Regarding memory performance, at the end of demyelination
stage, there was a significant decrease in discrimination index (DI) in
CPZ group compared to the control group (p = 0.0001) (Figure 6E).
At the end of the late remyelination stage, the comparison showed no
significant variation in DI within the group [F (4 ,5 = 0.6662,
p = 0.6214]. The analysis revealed that there is no significant difference
in DI between C and CPZ (p =0.9946). Although there was a
non-significant difference between CPZ and mice treated
with RA (p=0.8063), IBD (p=0.7034), RA +IBD (p =0.7215)
(Figure 6F).

10.3389/fnmol.2025.1567226

3.3 Effects of IBD and RA and their
combination on the expression of
MS-associated genes in CPZ-induced MS
mice

3.3.1 Relative expression of NFKB-p105, COX2,
TNF-a, STAT-3 and NGF

3.3.1.1 NFKB-p105

At the end of demyelination stage, NFKB-p105 levels were
significantly increased CPZ group compared to the control group
(p =0.0209) (Figure 7A). At the end of the early remyelination stages,
there was a significant difference in fold change of mRNA level in
NFKB-p105 [F (4 10) = 16.11, p < 0.0002]. The level of fold change of
mRNA in NFKB-p105 was still significantly high in the CPZ group
compared to the C group in the end of early remyelination stages
(p =0.0040). In contrast, the comparison showed a significant
decrease in mRNA fold change level in NFKB-p105 in all treated
groups, including RA (p = 0.0038), IBD (p = 0.0003) and RA + IBD
(p = 0.0257) compared to CPZ group (Figure 7B). At the end of the
late remyelination stages, there was a non-significant difference in fold
change of mRNA level in NFKB-p105 [F (4 10) = 6.874, p < 0.0063]. The

Expression levels of mMRNA of MS associated genes in the brain of CPZ-induced MS mice in demyelination, and (early and late) remyelination stages.
(A—C) NFKB-p105, (D-F) COX-2, (G-I) TNF-a, (J-L) STAT3, (M—0) NGF. The expression in calculated fold change relative to the expression of GAPDH
reference gene. The sample size n = 3/group. * Indicates a significant difference vs. the control group; * indicates a significant difference vs. CPZ
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level of fold change of mRNA in NFKB-p105 was returned to normal
in the CPZ group compared to the C group (p = 0.2565). Although
there was a non-significant difference between CPZ and mice treated
with RA (p =0.9444), IBD (p=0.3581), RA +IBD (p =0.0649)
(Figure 7C).

3.3.1.2 COX-2

At the end of demyelination stage, COX-2 levels were significantly
increased CPZ group compared to the control group (p = 0.0458)
(Figure 7D). At the end of the early remyelination stages, there was a
significant difference in fold change of mRNA level in COX-2 [F
10) = 10.69, p = 0.0012]. The level of fold change of mRNA in COX-2
was still significantly higher in the CPZ group compared to the C
group in the end of early remyelination stages (p = 0.0018). Whereas
the comparison showed a significant decrease in mRNA fold change
level in COX-2 in all treated groups, including RA (p = 0.0025), IBD
(p=0.0017) and RA + IBD (p =0.0012) compared to CPZ group
(Figure 7E). At the end of the late remyelination stages, there was a
significant difference in fold change of mRNA level in COX-2 [F
10) = 56.21, p < 0.0001]. The level of fold change of mRNA in COX-2
was significantly decreased in the CPZ group compared to the C
group (p < 0.0001). On the other hand, there was a non-significant
difference between CPZ, and mice treated with RA (p = 0.1318), IBD
(p = 0.5326), RA + IBD (p = 0.3976) (Figure 7F).

3.3.1.3 TNF-a

At the end of the demyelination stage, TNF-a levels were
significantly increased CPZ group compared to the control group
(p =0.0098) (Figure 7G). At the end of the early remyelination
stages, there was a significant difference in fold change of mRNA
level in TNF-at [F (4, 10) = 30.87, p < 0.0001]. The level of fold change
of mRNA in TNF-a was still significantly higher in the CPZ group
compared to the C group in the end of early remyelination stages
(p <0.0001). In contrast, the comparison showed a significant
decrease in mRNA fold change level in TNF-« in all treated groups,
including RA (p =0.0016), IBD (p <0.0001) and RA +IBD
(p = 0.0002) compared to CPZ group (Figure 7H). At the end of the
late remyelination stages, there was a significant difference in fold
change of mRNA level in TNF-a [F (4 o) = 64.93, p < 0.0001]. The
level of fold change of mRNA in TNF-a was significantly decreased
in the CPZ group compared to the C group (p < 0.0001). Moreover,
there was still a significant decrease between CPZ, and mice treated
with RA (p = 0.0126), IBD (p = 0.0389), RA + IBD (p = 0.0268)
(Figure 71).

3.3.1.4 STAT-3

At the end of the demyelination stage, STAT-3 levels were
significantly increased CPZ group compared to the control group
(p =0.0157) (Figure 7]). At the end of the early remyelination stages,
there was a significant difference in fold change of mRNA level in
STAT-3 [F (4,10 = 11.99, p = 0.0008]. The level of fold change of mRNA
in STAT-3 remained significantly higher in the CPZ group compared
to the C group in the end of early remyelination stages (p = 0.0012).
On the other hand, the comparison revealed a significant reduction in
mRNA fold change level in STAT-3 across all treated groups, including
RA (p=0.0016), IBD (p=0.02939) and RA +IBD (p =0.0022)
compared to CPZ group (Figure 7K). At the end of the late
remyelination stages, there was a significant difference in fold change
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of mRNA level in STAT-3 [F (4 10 = 519.7, p < 0.0001]. The level of fold
change of mRNA in STAT-3 was significantly decreased in the CPZ
group compared to the C group (p < 0.0001). Conversely, there was a
non- significant difference in fold change of mRNA level in STAT-3
between CPZ and mice treated with RA (p = 0.3028), IBD (p > 0.9999),
RA +IBD (p > 0.9999) (Figure 7L).

3.3.1.5 NGF

At the end of the demyelination stage, NGF levels significantly
increased in CPZ group compared to the control group (p = 0.0073)
(Figure 7M). At the end of the early remyelination stages, there was a
significant difference in fold change of mRNA level in NGF [F (,
10) =42.97, p <0.0001]. The level of fold change of mRNA in NGF
remained significantly higher in the CPZ group compared to the C
group in the end of early remyelination stages (p < 0.0001). In contrast,
the comparison showed a significant decrease in mRNA fold change
level in NGF across all treated groups, including RA (p < 0.0001), IBD
(p <0.0001) and RA +IBD (p < 0.0001) compared to CPZ group
(Figure 7N). At the end of late remyelination stage, there was a
significant difference in fold change of mRNA level in NGF [F
10) = 774.4, p < 0.0001]. The level of fold change of mRNA in NGF was
significantly decreased in the CPZ group compared to the C group
(p < 0.0001). Contrariwise, there was a non- significant difference in
fold change of mRNA level in NGF between CPZ and mice treated
with RA (p=0.4105), IBD (p=0.9675), RA +IBD (p =0.8416)
(Figure 70).

4 Discussion

MS is one of the most abundant neurodegenerative diseases with
an annually increasing prevalence. Until now, there has been no cure
for MS, but the FDA has approved disease modifying medication that
alleviates symptoms and controls progression of MS. Therefore, there
is a constant need to improve the modest effect of these medications
factors that
neurodegenerative and inflammatory effects of MS. In order to

by supplementing with nutritional suppress
discover the potential role of RA as a booster for IBD. The main
objective of this study was to explore the potential therapeutic effects
of RA as a booster for IBD against CPZ-induced behavioral and
molecular change in MS mouse model. Around 85% of patients’
diagnosis with MS showed motor function deficits such as movement,
speed, balance, and 43-70% showed cognitive impairment. Thus,
several behavioral tests such as open-field, rotarod, and grip strength
were conducted to evaluate motor deficits, while novel object
recognition and Y-maze assessments were performed to evaluate
cognitive impairment in CPZ animal model. Thoroughly, our data
showed that administration of CPZ for 5weeks declined the
locomotor activity, memory and muscle strength, as indicated by
significant decrease in motor coordination, TDM, velocity, percent
spontaneous alteration, percent sniffing and grip strength compared
to the control group which is consistent with (Faizi et al., 2016; Elbaz
etal., 2018; Alghamdi and Abo Taleb, 2020; Han et al., 2020; Lubrich
et al., 2022; Barros and Fernandes, 2021; Omotoso et al., 2018; Jambi
etal., 2024; Fo et al., 2024; Al-Otaibi et al., 2023). Furthermore, the
decline in locomotor activity and memory in CPZ model is attributed
to severe demyelination, activation of microglia, astrocytes, and
apoptosis of oligodendrocyte in Corpus Callosum.
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Neuroinflammation plays a critical role in neurodegenerative
diseases where inflammatory initiate demyelination correlated to
motor, learning and memory deficits. In CPZ animal model, the
pro-inflammatory cytokines caused demyelination by microglia and
astrocyte activation (Gudi et al., 2014; Praet et al., 2014). In the current
study, we examined the relative expression levels of inflammatory
genes such as (NFKB-P105, TNF-a, STAT-3, COX-2, and NGF) in
mice brain during different stages of the study. The Nuclear factor
kappa B subunit p105 is a component of the NFKB gene that plays a
role in breaking down the myelin sheath, causing oligodendrocyte loss
and axonal damage by activating astrocytes and microglia (Yue et al.,
2018; Blank and Prinz, 2014). Likewise, cyclooxygenase-2 (COX-2) is
an enzyme member of the oxidoreductase family that leads to
inflammation and causes oligodendrocytes damage, activating
astrocytes, microglia, and macrophages (Carlson et al, 2010).
Moreover, Signal transducer and activator of transcription 3 (STAT-3)
in activated astrocyte, microglia, and macrophage promote some of
pro-inflammatory cytokines such as (TNF-a, IL-6 and NO), which
leads to tissue damage and neurons deficits (Molet et al., 2016).
Additionally, TNF-a is critical inflammatory cytokines that cause
tissue damage (Jang et al., 2021). NGF is a polypeptide synthesized by
neurons and stimulates neurons’ growth, and function (Pouso and
Cairrao, 2022). The results showed a significant increase in expression
of NFKB-p105, COX-2, TNF-a, NGE, and STAT-3 in CPZ mouse
brain compared with control group which is consistent with previous
studies (Elbaz et al., 2018; Ghaiad et al., 2017).

At the early remyelination stage, our results showed that the
locomotor activity and muscle strength of the CPZ group was
significantly decreased compared to the control group except for
rotarod performance, which was improved as in control group (Han
et al,, 2020; Al-Otaibi et al., 2023; Abo Taleb and Alghamdi, 2020).
These behavioral defects were accompanied with elevated levels of
(NFKB-p105, TNF-a, STAT-3, COX-2, and NGF), which agrees with
previous findings (Elbaz et al., 2018; Ghaiad et al., 2017). On the other
hand, all these results ameliorated and became equivalent to the
control group in the late remyelination stage except for rotarod
performance which remained unchanged while the expression levels
of COX-2, TNF-a, NGE and STAT-3 genes showed a significant
decrease compared to control group.

Regarding the effect of RA, IBD, and their combination at
remyelination stages, our results showed that the administration of RA
alone led to significant improvements in various behavioral
performances compared to CPZ group, as evidenced by enhanced
motor coordination, velocity, TDM, and recognition memory. The
improvement observed in motor coordination can be attributed to
several key factors. RAs well-known antioxidative and anti-
inflammatory properties help reduce oxidative stress, prevent
neuronal damage, and alleviate inflammation, which can otherwise
impede motor coordination and balance (Ahlemeyer et al., 2001; Kang
et al., 2024). Additionally, studies suggest that RA can modulate
synaptic strength and connectivity, which plays a crucial role in
synaptic plasticity—a fundamental process for motor learning and
fine-tuning motor skills (Hsu et al., 2019; Rothwell et al., 2017).

The improvement in velocity and TDM reflects the broader
positive effects of RA. It has been shown to reduce microglial activity
2022),
oligodendrocytes (Morrison et al., 2020), and prevent axonal damage,

(Pouso and Cairrao, improve the maturation of

all of which are critical for maintaining efficient neural function.
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Furthermore, RA has been found to promote muscular strength,
particularly during the early stages of remyelination, compared to the
CPZ group.

The improvement in cognitive function seen after RA
administration can be attributed to several factors. RA has been found
to promote neurogenesis in certain brain regions, such as the
hippocampus (Bonnet et al., 2008), which may enhance learning,
memory, and cognitive flexibility (Behairi et al., 2016; Pallet and
Touyarot, 2015). Additionally, RA can modulate neurotransmitter
systems in the brain, including the glutamatergic and cholinergic
systems (Mufson et al., 2008), both of which are crucial for cognitive
functions and synaptic transmission. These factors provide potential
explanations for the observed improvements, suggesting they may
contribute to the enhanced spontaneous alternation in mice following
RA treatment.

The results observed with RA in the novel object recognition test
may be attributed to the activation of RA receptors expressed in brain
regions like the hippocampus. This activation of retinoic acid receptors
(RARs) has been shown to enhance memory formation (Bonhomme
et al., 2014; Sharma et al., 2022). These factors contribute to the
enhanced behavioral performance observed in mice treated with
RA. To the best of our knowledge, no previous studies reported the
impact of RA administration on behavioral tasks in CPZ model.

Moreover, IBD administration alone led to significant
improvements in various behavioral performances compared to CPZ
group, as evidenced by enhanced motor coordination, and recognition
memory at late remyelination. The improvement in coordination can
be attributed to various properties of IBD including reducing
inflammation that disrupts neuronal signaling in the CNS and
modulating of neurotransmitters (Ray et al., 2014). The enhancement
seen in the recognition memory deficits at late remyelination it might
be due to reducing inflammation and beta-amyloid deposition
(Kadota et al., 2022; Oliveros et al., 2023).

However, despite showing a significant result in the novel object
exploration test, there was no significant difference in the
discrimination index compared to the CPZ group. These findings
suggest that while overall exploratory behavior may vary between
groups, the ability to distinguish between familiar and novel objects
remains similar across all groups. It is important to note that the small
sample size may limit the generalizability of these results and warrant
further investigation with larger sample sizes. In addition, we found
that combined treatment with RA + IBD also improved muscular
strength and recognition memory in Grip Strength and Y-maze tests
at late remyelination.

To prove the positive impacts of RA and IBD (alone and in
combination) on behavior defects and remyelination rate, the
expression levels of NFKB-P105, TNF-a, STAT-3, COX-2, and NGF
were conducted. Our results showed that treatment with RA
significantly decreased the expression levels NFKB-P105, TNF-a,
STAT-3, COX-2, and NGF in mouse brain at end of early remyelination
stage compared with the CPZ group. The explanation of RA result
might be attributed to their anti-inflammatory and antioxidant effects
(Siddikuzzaman, 2013). Several studies in AD animal model were
showed the upregulation in expression of retinoic acid receptor
(RAR)-b and transforming growth factor-b1, which directly decrease
the nuclear factor-jB (NFjB) transcription activity; consequently,
TNF-a and NO activity were inhibited (Tjalkens et al., 2017). Both the
IBD and RA + IBD groups showed comparable results to the RA
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group. The explanation of IBD result might be attributed to their anti-
inflammatory and antioxidant effects (Baudouin et al., 2021), whereas
studies showed IBD suppressed the activity of NO, ROS, IL-1f, IL-6
and TNF-qa, and enhanced the IL-10 and NGF (Mizuno et al., 2004;
Fox et al., 2016).

The current study reveals new discoveries about the anti-
inflammatory impacts of RA, IBD, and RA + IBD in the CPZ
model that have not been documented before. It is worth
mentioning that RA and IBD are known anti-inflammatory drug
that has been thoroughly researched for their impact on various
inflammatory conditions. However, this research does not indicate
any interaction between RA and IBD, as there was no significant
effect of RA on the action of IBD. While Both RA and IBD were
administered independently, and their effects appeared to
be separate rather than combined. More research is necessary to
clarify the specific mechanism by which the effect of RA and IBD
administration influences behavioral and molecular changes in the
CPZ model.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author(s).

Ethics statement

The animal study was approved by The animal study was
conducted in compliant with the guidelines of biomedical ethics
committee (Reference No. 617-20) at KAU, in accordance to the
rules and regulations of the Animal Care and Use Committee at
KFMRC and ap-proved by the biomedical ethics research committee
at KAU (approval No. ACUC-20-10-24). The study was conducted
with  the
institutional requirements.

in  accordance local  legislation  and

Author contributions

KA: Methodology, Software, Writing - original draft. GA:
Methodology, Writing - review & editing. KA-O: Validation,

References

Abo Taleb, H. A., and Alghamdi, B. S. (2020). Neuroprotective effects of melatonin
during demyelination and Remyelination stages in a mouse model of multiple sclerosis.
J. Mol. Neurosci. 70, 386-402. doi: 10.1007/s12031-019-01425-6

Abtahi Froushani, S. M., Delirezh, N., Hobbenaghi, R., and Mosayebi, G. (2014).
Synergistic effects of atorvastatin and all-trans retinoic acid in ameliorating animal
model of multiple sclerosis.  Immunol.  Investig. 43, 54-68. doi:
10.3109/08820139.2013.825269

Acs, P, Selak, M. A., Komoly, S., and Kalman, B. (2013). Distribution of
oligodendrocyte loss and mitochondrial toxicity in the cuprizone-induced experimental
demyelination model. J. Neuroimmunol. 262, 128-131. doi:
10.1016/j.jneuroim.2013.06.012

Adilijiang, A., Guan, T,, He, J., Hartle, K., Wang, W., and Li, X. (2015). The protective
effects of Areca catechu extract on cognition and social interaction deficits in a
Cuprizone-induced demyelination model. Evid. Based Complement. Alternat. Med. 2015,
1-11. doi: 10.1155/2015/426092

Frontiers in Molecular Neuroscience

12

10.3389/fnmol.2025.1567226

Writing - review & editing. MA: Conceptualization, Investigation,
Project administration, Supervision, Writing — review & editing. BA:
Formal analysis, Writing — review & editing. HAls: Data curation,
Formal analysis, Writing - review & editing. NA: Validation,
Visualization, Writing - review & editing. HAlh: Validation, Writing -
review & editing. SA: Writing - review & editing, Data curation. UO:
Conceptualization, Investigation, Supervision, Writing — review &
editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnmol.2025.1567226/
full#supplementary-material

Ahlemeyer, B., Bauerbach, E., Plath, M., Steuber, M., Heers, C., Tegtmeier, E, et al.
(2001). Retinoic acid reduces apoptosis and oxidative stress by preservation of SOD
protein level. Free Radic. Biol. Med. 30, 1067-1077. doi: 10.1016/S0891-5849(01)00495-6

Alghamdi, B. S., and Abo Taleb, H. A. (2020). Melatonin improves memory defects in
a mouse model of multiple sclerosis by up-regulating cAMP-response element-binding
protein and synapse-associated proteins in the prefrontal cortex. J. Integr. Neurosci. 19,
229-237. doi: 10.31083/j.jin.2020.02.32

Al-Otaibi, K. M., Alghamdi, B. S., Al-Ghamdi, M. A., Mansouri, R. A.,
Ashraf, G. M., and Omar, U. M. (2023). Therapeutic effect of combination vitamin
D3 and siponimod on remyelination and modulate microglia activation in
cuprizone mouse model of multiple sclerosis. Front. Behav. Neurosci. 16:1068736.
doi: 10.3389/fnbeh.2022.1068736

Angelopoulou, E., Pyrgelis, E. S., and Piperi, C. (2022). Emerging potential of the
phosphodiesterase (PDE) inhibitor Ibudilast for neurodegenerative diseases: an update
on preclinical and clinical evidence. Molecules 27:8448. doi: 10.3390/molecules27238448

frontiersin.org


https://doi.org/10.3389/fnmol.2025.1567226
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnmol.2025.1567226/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2025.1567226/full#supplementary-material
https://doi.org/10.1007/s12031-019-01425-6
https://doi.org/10.3109/08820139.2013.825269
https://doi.org/10.1016/j.jneuroim.2013.06.012
https://doi.org/10.1155/2015/426092
https://doi.org/10.1016/S0891-5849(01)00495-6
https://doi.org/10.31083/j.jin.2020.02.32
https://doi.org/10.3389/fnbeh.2022.1068736
https://doi.org/10.3390/molecules27238448

Alyami et al.

Arrieta, O., Hernindez-Pedro, N., Fernandez-Gonzalez-Aragén, M. C,
Saavedra-Pérez, D., Campos-Parra, A. D., Rios-Trejo, M. A., et al. (2011). Retinoic acid
reduces chemotherapy-induced neuropathy in an animal model and patients with lung
cancer. Neurology 77, 987-995. doi: 10.1212/WNL.0b013e31822e045¢

Baecher-Allan, C., Kaskow, B. J., and Weiner, H. L. (2018). Multiple sclerosis:
mechanisms and immunotherapy. Neuron 97, 742-768. doi: 10.1016/j.neuron.2018.01.021

Barros, C., and Fernandes, A. (2021). Linking cognitive impairment to
Neuroinflammation in multiple sclerosis using neuroimaging tools. Mult. Scler. Relat.
Disord. 47:102622. doi: 10.1016/j.msard.2020.102622

Baudouin, C., Kolko, M., Melik-Parsadaniantz, S., and Messmer, E. M. (2021).
Inflammation in Glaucoma: from the back to the front of the eye, and beyond. Prog.
Retin. Eye Res. 83:100916. doi: 10.1016/j.preteyeres.2020.100916

Behairi, N., Belkhelfa, M., Rafa, H., Labsi, M., Deghbar, N., Bouzid, N, et al. (2016).
All-trans retinoic acid (ATRA) prevents lipopolysaccharide-induced neuroinflammation,
amyloidogenesis and memory impairment in aged rats. J. Neuroimmunol. 300, 21-29.
doi: 10.1016/j.jneuroim.2016.10.004

Blank, T., and Prinz, M. (2014). NF-k B signaling regulates myelination in the CNS.
Front. Mol. Neurosci.:7:47. doi: 10.3389/fnmol.2014.00047

Bonhomme, D, Pallet, V., Dominguez, G., Servant, L., Henkous, N., Lafenétre, P, et al.
(2014). Retinoic acid modulates intrahippocampal levels of corticosterone in middle-
aged mice: consequences on hippocampal plasticity and contextual memory. Front.
Aging Neurosci. 6:6. doi: 10.3389/fnagi.2014.00006

Bonnet, E., Touyarot, K., Alfos, S., Pallet, V., Higueret, P, and Abrous, D. N. (2008).
Retinoic acid restores adult hippocampal neurogenesis and reverses spatial memory
deficit in vitamin A deprived rats. PLoS One 3:e3487. doi: 10.1371/journal.pone.0003487

Carlson, N. G, Rojas, M. A, Redd, J. W, Tang, P, Wood, B., Hill, K. E., et al. (2010).
Cyclooxygenase-2 expression in oligodendrocytes increases sensitivity to excitotoxic
death. J. Neuroinflammation 7:25. doi: 10.1186/1742-2094-7-25

Christogianni, A., Bibb, R., Davis, S. L., Jay, O., Barnett, M., Evangelou, N., et al.
(2018). Temperature sensitivity in multiple sclerosis: an overview of its impact on
sensory and  cognitive  symptoms. Temperature 5,  208-223. doi:
10.1080/23328940.2018.1475831

Cosentino, M., and Marino, E. (2013). Adrenergic and dopaminergic modulation of
immunity in multiple sclerosis: teaching old drugs new tricks? J. Neuroimmune
Pharmacol. 8, 163-179. doi: 10.1007/s11481-012-9410-z

Di Meo, S., Reed, T. T., Venditti, P, and Victor, V. M. (2016). Role of ROS and RNS
sources in physiological and pathological conditions. Oxidative Med. Cell. Longev. 2016,
1-44. doi: 10.1155/2016/1245049

Elbaz, E. M., Senousy, M. A., El-Tanbouly, D. M., and Sayed, R. H. (2018).
Neuroprotective effect of linagliptin against cuprizone-induced demyelination and
behavioural dysfunction in mice: a pivotal role of AMPK/SIRT1 and JAK2/STAT3/NE-
kB signalling pathway modulation. Toxicol. Appl. Pharmacol. 352, 153-161. doi:
10.1016/j.taap.2018.05.035

Eo, H., Hee Kim, ], Im, H., Gyoung, J. L, Huh, E.,, Pun, R,, et al. (2024). 6-Shogaol
attenuates natural aging-induced locomotive and cognitive declines through suppression
of p75 neurotrophin receptor in vivo. J. Funct. Foods 113:106025. doi:
10.1016/.j{F.2024.106025

Faizi, M., Salimi, A., Seydi, E., Naserzadeh, P, Kouhnavard, M., Rahimi, A., et al.
(2016). Toxicity of cuprizone a cu ** chelating agent on isolated mouse brain
mitochondria: a justification for demyelination and subsequent behavioral dysfunction.
Toxicol. Mech. Methods 26, 276-283. doi: 10.3109/15376516.2016.1172284

Fox, R. ], Coftey, C. S., Cudkowicz, M. E., Gleason, T., Goodman, A., Klawiter, E. C.,
et al. (2016). Design, rationale, and baseline characteristics of the randomized double-
blind phase II clinical trial of Ibudilast in progressive multiple sclerosis. Contemp. Clin.
Trials 50, 166-177. doi: 10.1016/j.cct.2016.08.009

Garofalo, M., Pandini, C., Bordoni, M., Pansarasa, O., Rey, E, Costa, A., et al. (2020).
Alzheimer’s, Parkinsons disease and amyotrophic lateral sclerosis gene expression
patterns divergence reveals different grade of RNA metabolism involvement. Int. J. Mol.
Sci. 21:9500. doi: 10.3390/ijms21249500

Ghaiad, H. R., Nooh, M. M., El-Sawalhi, M. M., and Shaheen, A. A. (2017). Resveratrol
promotes Remyelination in Cuprizone model of multiple sclerosis: biochemical and
histological study. Mol. Neurobiol. 54, 3219-3229. doi: 10.1007/s12035-016-9891-5

Gharagozloo, M., Mace, J. W,, and Calabresi, P. A. (2022). Animal models to investigate
the effects of inflammation on remyelination in multiple sclerosis. Front. Mol. Neurosci.
15:995477. doi: 10.3389/fnmol.2022.995477

Gold, R., and Wolinsky, J. S. (2011). Pathophysiology of multiple sclerosis and the
place of teriflunomide: MS pathophysiology and the place of teriflunomide. Acta Neurol.
Scand. 124, 75-84. doi: 10.1111/j.1600-0404.2010.01444.x

Gold, S. M., Willing, A., Leypoldt, E, Paul, E, and Friese, M. A. (2019). Sex differences
in autoimmune disorders of the central nervous system. Semin. Immunopathol. 41,
177-188. doi: 10.1007/s00281-018-0723-8

Goodman, A. D., Gyang, T., and Smith, A. D. (2016). Ibudilast for the treatment of
multiple sclerosis. Expert Opin. Investig. Drugs 25, 1231-1237. doi: 10.1080/13543784.
2016.1221924

Frontiers in Molecular Neuroscience

10.3389/fnmol.2025.1567226

Gould, T. D, Dao, D. T., and Kovacsics, C. E. (2009). “The open field test” in Mood
and anxiety related phenotypes in mice. ed. T. D. Gould (Totowa, NJ: Humana
Press), 1-20.

Grzegorski, T., and Losy, J. (2017). Cognitive impairment in multiple sclerosis — a
review of current knowledge and recent research. Rev. Neurosci. 28, 845-860. doi:
10.1515/revneuro-2017-0011

Gudi, V., Gingele, S., Skripuletz, T., and Stangel, M. (2014). Glial response during
cuprizone-induced de- and remyelination in the CNS: lessons learned. Front. Cell.
Neurosci. 8:73. doi: 10.3389/fncel.2014.00073

Gudi, V., Moharregh-Khiabani, D., Skripuletz, T., Koutsoudaki, P. N., Kotsiari, A.,
Skuljec, J., et al. (2009). Regional differences between grey and white matter in cuprizone
induced demyelination. Brain Res. 1283, 127-138. doi: 10.1016/j.brainres.2009.06.005

Han, S.R,, Kang, Y. H,, Jeon, H,, Lee, S., Park, S.]., Song, D. Y,, et al. (2020). Differential
expression of miRNAs and behavioral change in the Cuprizone-induced demyelination
mouse model. Int. J. Mol. Sci. 21:646. doi: 10.3390/ijms21020646

Hattori, S., Takao, K., Tanda, K., Toyama, K., Shintani, N., Baba, A, et al. (2012).
Comprehensive behavioral analysis of pituitary adenylate cyclase-activating polypeptide
(PACAP) knockout mice. Front. Behav. Neurosci.:6. doi: 10.3389/fnbeh.2012.00058

Hauser, S. L., and Cree, B. A. C. (2020). Treatment of multiple sclerosis: a review. Am.
J. Med. 133, 1380-1390.¢2. doi: 10.1016/j.amjmed.2020.05.049

Hsu, Y. T, Li, J., Wu, D,, Stidhof, T. C., and Chen, L. (2019). Synaptic retinoic acid
receptor signaling mediates mTOR-dependent metaplasticity that controls hippocampal
learning. Proc. Natl. Acad. Sci. USA 116, 7113-7122. doi: 10.1073/pnas.1820690116

Jambi, E. J., Alamri, A., Afzal, M., Al-Abbasi, F. A., Al-Qahtani, S. D., Almalki, N. A.
R, et al. (2024). 6-shogaol against 3-Nitropropionic acid-induced Huntington’s disease
in rodents: based on molecular docking/targeting pro-inflammatory cytokines/NF-kB-
BDNF-Nrf2 pathway. Rafeeq M, editor. PLoS One 19:e0305358. doi:
10.1371/journal.pone.0305358

Jang, D. I, Lee, A. H.,, Shin, H. Y, Song, H. R, Park, J. H., Kang, T. B,, et al. (2021).
The role of tumor necrosis factor alpha (TNF-a) in autoimmune disease and current
TNF-a inhibitors in therapeutics. Int. J. Mol. Sci. 22:2719. doi: 10.3390/ijms22052719

Kadota, N., Yoshida, A., Sawamoto, A., Okuyama, S., and Nakajima, M. (2022).
Ibudilast reduces IL-6 levels and ameliorates symptoms in lipopolysaccharide-induced
Sepsis mice. Biol. Pharm. Bull. 45, 1180-1184. doi: 10.1248/bpb.b22-00284

Kagitani-Shimono, K., Mohri, I, Fujitani, Y., Suzuki, K., Ozono, K., Urade, Y., et al.
(2005). Anti-inflammatory therapy by ibudilast, a phosphodiesterase inhibitor, in
demyelination of twitcher, a genetic demyelination model. J. Neuroinflammation 2:10.
doi: 10.1186/1742-2094-2-10

Kamm, C. P, Uitdehaag, B. M., and Polman, C. H. (2014). Multiple sclerosis: current
knowledge and future outlook. Eur. Neurol. 72, 132-141. doi: 10.1159/000360528

Kang, J. B., Son, H. K., Shah, M. A., and Koh, P. O. (2024). Retinoic acid attenuates
ischemic injury-induced activation of glial cells and inflammatory factors in a rat stroke
model. PLoS One 19:¢0300072. doi: 10.1371/journal.pone.0300072

Khosravi-Largani, M., Pourvali-Talatappeh, P, Rousta, A. M., Karimi-Kivi, M.,
Noroozi, E., Mahjoob, A., et al. (2018). A review on potential roles of vitamins in
incidence, progression, and improvement of multiple sclerosis. eNeurologicalSci 10,
37-44. doi: 10.1016/j.ensci.2018.01.007

Kolahdouzan, M., Futhey, N. C,, Kieran, N. W,, and Healy, L. M. (2019). Novel
molecular leads for the prevention of damage and the promotion of repair in
neuroimmunological disease. Front. Immunol. 10:1657. doi: 10.3389/fimmu.2019.01657

Kondo, M. A., Fukudome, D., Smith, D. R., Gallagher, M., Kamiya, A., and Sawa, A.
(2016). Dimensional assessment of behavioral changes in the cuprizone short-term
exposure model for psychosis. Neurosci. Res. 107, 70-74. doi:
10.1016/j.neures.2016.01.006

Kraeuter, A. K., Guest, P. C,, and Sarnyai, Z. (2019). The Y-maze for assessment of
spatial working and reference memory in mice. Methods Mol. Biol. 1916, 105-111. doi:
10.1007/978-1-4939-8994-2_10

Kreiter, D., Postma, A. A., Hupperts, R., and Gerlach, O. (2024). Hallmarks of spinal
cord pathology in multiple sclerosis. J. Neurol. Sci. 456:122846. doi:
10.1016/j.jns.2023.122846

Labban, S., Alghamdi, B. S., Alshehri, E S., and Kurdi, M. (2021). Effects of melatonin
and resveratrol on recognition memory and passive avoidance performance in a mouse
model of Alzheimer’s disease. Behav. Brain Res. 402:113100. doi:
10.1016/j.bbr.2020.113100

Leray, E., Moreau, T., Fromont, A., and Edan, G. (2016). Epidemiology of multiple
sclerosis. Rev. Neurol. 172, 3-13. doi: 10.1016/j.neurol.2015.10.006

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data
Using Real-Time Quantitative PCR and the 2—AACT Method. Methods. 25:402-8.

Loma, I, and Heyman, R. (2011). Multiple sclerosis: pathogenesis and treatment. Curr.
Neuropharmacol. 9, 409-416. doi: 10.2174/157015911796557911

Lubrich, C., Giesler, P, and Kipp, M. (2022). Motor behavioral deficits in the
Cuprizone model: validity of the Rotarod test paradigm. Int. J. Mol. Sci. 23:11342. doi:
10.3390/ijms231911342

frontiersin.org


https://doi.org/10.3389/fnmol.2025.1567226
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1212/WNL.0b013e31822e045c
https://doi.org/10.1016/j.neuron.2018.01.021
https://doi.org/10.1016/j.msard.2020.102622
https://doi.org/10.1016/j.preteyeres.2020.100916
https://doi.org/10.1016/j.jneuroim.2016.10.004
https://doi.org/10.3389/fnmol.2014.00047
https://doi.org/10.3389/fnagi.2014.00006
https://doi.org/10.1371/journal.pone.0003487
https://doi.org/10.1186/1742-2094-7-25
https://doi.org/10.1080/23328940.2018.1475831
https://doi.org/10.1007/s11481-012-9410-z
https://doi.org/10.1155/2016/1245049
https://doi.org/10.1016/j.taap.2018.05.035
https://doi.org/10.1016/j.jff.2024.106025
https://doi.org/10.3109/15376516.2016.1172284
https://doi.org/10.1016/j.cct.2016.08.009
https://doi.org/10.3390/ijms21249500
https://doi.org/10.1007/s12035-016-9891-5
https://doi.org/10.3389/fnmol.2022.995477
https://doi.org/10.1111/j.1600-0404.2010.01444.x
https://doi.org/10.1007/s00281-018-0723-8
https://doi.org/10.1080/13543784.2016.1221924
https://doi.org/10.1080/13543784.2016.1221924
https://doi.org/10.1515/revneuro-2017-0011
https://doi.org/10.3389/fncel.2014.00073
https://doi.org/10.1016/j.brainres.2009.06.005
https://doi.org/10.3390/ijms21020646
https://doi.org/10.3389/fnbeh.2012.00058
https://doi.org/10.1016/j.amjmed.2020.05.049
https://doi.org/10.1073/pnas.1820690116
https://doi.org/10.1371/journal.pone.0305358
https://doi.org/10.3390/ijms22052719
https://doi.org/10.1248/bpb.b22-00284
https://doi.org/10.1186/1742-2094-2-10
https://doi.org/10.1159/000360528
https://doi.org/10.1371/journal.pone.0300072
https://doi.org/10.1016/j.ensci.2018.01.007
https://doi.org/10.3389/fimmu.2019.01657
https://doi.org/10.1016/j.neures.2016.01.006
https://doi.org/10.1007/978-1-4939-8994-2_10
https://doi.org/10.1016/j.jns.2023.122846
https://doi.org/10.1016/j.bbr.2020.113100
https://doi.org/10.1016/j.neurol.2015.10.006
https://doi.org/10.2174/157015911796557911
https://doi.org/10.3390/ijms231911342

Alyami et al.

Maity-Kumar, G., Stinder, L., DeAngelis, M., Lee, S., Molenaar, A., Becker, L., et al.
(2022). Validation of Mct 8/Oatplcl dKO mice as a model organism for the Allan-
Herndon-Dudley syndrome. Mol. Metab. 66:101616. doi: 10.1016/j.molmet.2022.101616

Malhotra, J. D., and Kaufman, R. J. (2007). Endoplasmic reticulum stress and oxidative
stress: a vicious cycle or a double-edged sword? Antioxid. Redox Signal. 9, 2277-2294.
doi: 10.1089/ars.2007.1782

Mizuno, T., Kurotani, T., Komatsu, Y., Kawanokuchi, J., Kato, H., Mitsuma, N., et al.
(2004). Neuroprotective role of phosphodiesterase inhibitor ibudilast on neuronal cell
death induced by activated microglia. Neuropharmacology 46, 404-411. doi:
10.1016/j.neuropharm.2003.09.009

Moldovan, N., Al-Ebraheem, A., Lobo, L., Park, R., Farquharson, M. J., and Bock, N. A.
(2015). Altered transition metal homeostasis in the cuprizone model of demyelination.
Neurotoxicology 48, 1-8. doi: 10.1016/j.neuro.2015.02.009

Molet, J., Mauborgne, A., Diallo, M., Armand, V., Geny, D., Villanueva, L., et al. (2016).
Microglial Janus kinase/signal transduction and activator of transcription 3 pathway
activity directly impacts astrocyte and spinal neuron characteristics. J. Neurochem. 136,
133-147. doi: 10.1111/jnc.13375

Mooshekhian, A., Sandini, T., Wei, Z., Van Bruggen, R., Li, H., Li, X. M, et al. (2022).
Low-field magnetic stimulation improved cuprizone-induced depression-like symptoms
and demyelination in female mice. Exp. Ther. Med. 23:210. doi: 10.3892/etm.2022.11133

Morrison, V. E., Smith, V. N.,, and Huang, J. K. (2020). Retinoic acid is required for
oligodendrocyte precursor cell production and differentiation in the postnatal mouse
Corpus callosum. eNeuro 7:ENEURO.0270-19.2019. doi:
10.1523/ENEURO.0270-19.2019

Mufson, E. ], Counts, S. E., Perez, S. E., and Ginsberg, S. D. (2008). Cholinergic system
during the progression of Alzheimer’s disease: therapeutic implications. Expert. Rev.
Neurother. 8,1703-1718. doi: 10.1586/14737175.8.11.1703

Oliveros, G., Wallace, C. H., Chaudry, O., Liu, Q.,, Qiu, Y., Xie, L., et al. (2023).
Repurposing ibudilast to mitigate Alzheimer’s disease by targeting inflammation. Brain
146, 898-911. doi: 10.1093/brain/awac136

Omotoso, G. O., Gbadamosi, 1. T., Afolabi, T. T., Abdulwahab, A. B., and
Akinlolu, A. A. (2018). Ameliorative effects of Moringa on cuprizone-induced memory
decline in rat model of multiple sclerosis. Anat. Cell Biol. 51, 119-127. doi:
10.5115/acb.2018.51.2.119

Pallet, V., and Touyarot, K. (2015). Vitamin A and cognitive processes. Nutr. Aging 3,
21-31. doi: 10.3233/NUA-150048

Patergnani, S., Fossati, V., Bonora, M., Giorgi, C., Marchi, S., Missiroli, S., et al. (2017).
Mitochondria in multiple sclerosis: molecular mechanisms of pathogenesis. Int. Rev. Cell
Mol. Biol. 328, 49-103. doi: 10.1016/bs.ircmb.2016.08.003

Petronilli, V., and Zoratti, M. (1990). A characterization of cuprizone-induced giant
mouse liver mitochondria. J. Bioenerg. Biomembr. 22, 663-677. doi: 10.1007/BF00809070

Popescu, B. E G., Pirko, I, and Lucchinetti, C. E (2013). Pathology of multiple
sclerosis:  Where do we stand?  Continuum 19, 901-921.  doi:
10.1212/01.CON.0000433291.23091.65

Pouso, M. R., and Cairrao, E. (2022). Effect of retinoic acid on the neurovascular unit:
a review. Brain Res. Bull. 184, 34-45. doi: 10.1016/j.brainresbull.2022.03.011

Praet, J., Guglielmetti, C., Berneman, Z., Van Der Linden, A., and Ponsaerts, P. (2014).
Cellular and molecular neuropathology of the cuprizone mouse model: clinical
relevance for multiple sclerosis. Neurosci. Biobehav. Rev. 47, 485-505. doi:
10.1016/j.neubiorev.2014.10.004

Prieur, E., and Jadavji, N. (2019). Assessing spatial working memory using the
spontaneous alternation Y-maze test in aged male mice. Bio Protoc. 9:e3162. doi:
10.21769/BioProtoc.3162

Ray, L. A,, Roche, D. J. O., Heinzerling, K., and Shoptaw, S. (2014). Chapter twelve-
opportunities for the development of neuroimmune therapies in addiction. Inf. Rev.
Neurobiol., 381-401. doi: 10.1016/B978-0-12-801284-0.00012-9

Reich, D. S, Lucchinetti, C. F, and Calabresi, P. A. (2018). Multiple Sclerosis. N. Engl.
J. Med. 378, 169-180. doi: 10.1056/NEJMra1401483

Rolan, P, Hutchinson, M., and Johnson, K. (2009). Ibudilast: a review of its
pharmacology, efficacy and safety in respiratory and neurological disease. Expert. Opin.
Pharmacother. 10, 2897-2904. doi: 10.1517/14656560903426189

Rothwell, C. M., de Hoog, E., and Spencer, G. E. (2017). The role of retinoic acid in
the formation and modulation of invertebrate central synapses. J. Neurophysiol. 117,
692-704. doi: 10.1152/jn.00737.2016

Ruiz, L. M., Libedinsky, A., and Elorza, A. A. (2021). Role of copper on mitochondrial
function and metabolism. Front. Mol. Biosci. 8:711227. doi: 10.3389/fmolb.2021.711227

Ruschil, C., Dubois, E., Stefanou, M. I, Kowarik, M. C., Ziemann, U, Schittenhelm, M.,
etal. (2021). Treatment of progressive multiple sclerosis with high-dose all-trans retinoic
acid - no clear evidence of positive disease modifying effects. Neurol. Res. Pract. 3:25.
doi: 10.1186/s42466-021-00121-4

Frontiers in Molecular Neuroscience

14

10.3389/fnmol.2025.1567226

Samtani, G., Kim, S., Michaud, D., Hillhouse, A. E., Szule, J. A., Konganti, K., et al.
(2023). Brain region dependent molecular signatures and myelin repair following
chronic demyelination. Front. Cell. Neurosci. 17:1169786. doi: 10.3389/fncel.2023.1169786

Sandal Kilic, A., Hidiroglu, S., Bakar, M. T,, Gulkac, B. O., Saracoglu, B. M., Kay, A. E.,
etal. (2025). Qualitative insights into the diagnosis, treatment, and socioeconomic and
psychological challenges of patients with multiple sclerosis in a Turkish public hospital.
J. Mult. Scler. Res. 4, 79-88. doi: 10.4274/jmsr.galenos.2025.2024-5-1

Schmittgen, T. D., Zakrajsek, B. A., Mills, A. G., Gorn, V., Singer, M. J., and Reed, M. W.
(2000). Quantitative Reverse Transcription-Polymerase Chain Reaction to Study mRNA
Decay: Comparison of Endpoint and Real-Time Methods. Anal. Biochem. 285:194-204.

Seibenhener, M. L., and Wooten, M. C. (2015). Use of the open field maze to measure
locomotor and anxiety-like behavior in mice. J. Vis. Exp. 96:52434. doi: 10.3791/52434

Sharifian, A., Varshosaz, J., Aliomrani, M., and Kazemi, M. (2023). Nose to brain
delivery of Ibudilast micelles for treatment of multiple sclerosis in an experimental
autoimmune encephalomyelitis animal model. Int. J. Pharm. 638:122936. doi:
10.1016/j.ijpharm.2023.122936

Sharma, R., Sharad, S., Minhas, G., Sharma, D. R., Bhatia, K., and Sharma, N. K.
(2023). DNA, RNA isolation, primer designing, sequence submission, and phylogenetic
analysis. In: Basic Biotechniques for Bioprocess and Bioentrepreneurship [Internet].
Elsevier. 197-206. Available from: https://linkinghub.elsevier.com/retrieve/pii/
B978012816109800012X

Sharma, S., Shen, T., Chitranshi, N., Gupta, V., Basavarajappa, D., Sarkar, S., et al.
(2022). Retinoid X receptor: cellular and biochemical roles of nuclear receptor with a
focus on neuropathological involvement. Mol. Neurobiol. 59, 2027-2050. doi:
10.1007/s12035-021-02709-y

Shi, M., Liu, Y., Gong, Q., and Xu, X. (2024). Multiple sclerosis: an overview of
epidemiology, risk factors, and serological biomarkers. Acta Neurol. Scand.
2024:7372789.

Shoji, H., Ikeda, K., and Miyakawa, T. (2023). Behavioral phenotype, intestinal
microbiome, and brain neuronal activity of male serotonin transporter knockout mice.
Mol. Brain 16:32. doi: 10.1186/s13041-023-01020-2

Siddikuzzaman, G. V. M. B. (2013). Antioxidant potential of all- trans retinoic acid
(ATRA) and enhanced activity of liposome encapsulated ATRA against inflammation
and tumor-directed angiogenesis. Immunopharmacol. Immunotoxicol. 35, 164-173. doi:
10.3109/08923973.2012.736520

Solti, I, Kvell, K., Talaber, G., Veto, S., Acs, P, Gallyas, F, et al. (2015). Thymic atrophy
and apoptosis of CD4+CD8+ Thymocytes in the Cuprizone model of multiple sclerosis.
PLoS One 10:€0129217. doi: 10.1371/journal.pone.0129217

Templeton, N., Kivell, B., McCaughey-Chapman, A., Connor, B., and La Flamme, A. C.
(2019). Clozapine administration enhanced functional recovery after cuprizone
demyelination. PLoS One 14:¢0216113. doi: 10.1371/journal.pone.0216113

Tjalkens, R. B., Popichak, K. A., and Kirkley, K. A. (2017). Inflammatory activation of
microglia and astrocytes in manganese neurotoxicity. Adv. Neurobiol. 18, 159-181. doi:
10.1007/978-3-319-60189-2_8

Varga, E., Pandur, E., Abrahdm, H., Horvéth, A, Acs, P, Komoly, S., et al. (2018).
Cuprizone administration alters the Iron metabolism in the mouse model of multiple
sclerosis. Cell. Mol. Neurobiol. 38, 1081-1097. doi: 10.1007/s10571-018-0578-5

Vega-Riquer, J. M., Mendez-Victoriano, G., Morales-Luckie, R. A, and
Gonzalez-Perez, O. (2019). Five decades of Cuprizone, an updated model to replicate
demyelinating  diseases.  Curr.  Neuropharmacol. 17,  129-141.  doi:
10.2174/1570159X15666170717120343

Voskuhl, R. R, Patel, K., Paul, E, Gold, S. M., Scheel, M., Kuchling, J., et al. (2020). Sex
differences in brain atrophy in multiple sclerosis. Biol. Sex Differ. 11:49. doi:
10.1186/513293-020-00326-3

Walton, C., King, R., Rechtman, L., Kaye, W,, Leray, E., Marrie, R. A,, et al. (2020).
Rising prevalence of multiple sclerosis worldwide: insights from the atlas of MS, third
edition. Mult. Scler. 26, 1816-1821. doi: 10.1177/1352458520970841

Wang, X., Allen, C., and Ballow, M. (2007). Retinoic acid enhances the production of
IL-10 while reducing the synthesis of IL-12 and TNF-a from LPS-stimulated monocytes/
macrophages. J. Clin. Immunol. 27, 193-200. doi: 10.1007/s10875-006-9068-5

Wilson, D. M., Cookson, M. R., Van Den Bosch, L., Zetterberg, H., Holtzman, D. M.,
and Dewachter, I. (2023). Hallmarks of neurodegenerative diseases. Cell 186, 693-714.
doi: 10.1016/j.cell.2022.12.032

Yamout, B., and Alroughani, R. (2018). Multiple Sclerosis. Semin. Neurol. 38, 212-225.
doi: 10.1055/s-0038-1649502

Yue, Y., Stone, S., and Lin, W. (2018). Role of nuclear factor kB in multiple sclerosis
and experimental autoimmune encephalomyelitis. Neural Regen. Res. 13, 1507-1515.
doi: 10.4103/1673-5374.237109

Zhan, J., Mann, T., Joost, S., Behrangi, N., Frank, M., and Kipp, M. (2020). The
Cuprizone model: dos and do nots. Cells 9:843. doi: 10.3390/cells9040843

frontiersin.org


https://doi.org/10.3389/fnmol.2025.1567226
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.molmet.2022.101616
https://doi.org/10.1089/ars.2007.1782
https://doi.org/10.1016/j.neuropharm.2003.09.009
https://doi.org/10.1016/j.neuro.2015.02.009
https://doi.org/10.1111/jnc.13375
https://doi.org/10.3892/etm.2022.11133
https://doi.org/10.1523/ENEURO.0270-19.2019
https://doi.org/10.1586/14737175.8.11.1703
https://doi.org/10.1093/brain/awac136
https://doi.org/10.5115/acb.2018.51.2.119
https://doi.org/10.3233/NUA-150048
https://doi.org/10.1016/bs.ircmb.2016.08.003
https://doi.org/10.1007/BF00809070
https://doi.org/10.1212/01.CON.0000433291.23091.65
https://doi.org/10.1016/j.brainresbull.2022.03.011
https://doi.org/10.1016/j.neubiorev.2014.10.004
https://doi.org/10.21769/BioProtoc.3162
https://doi.org/10.1016/B978-0-12-801284-0.00012-9
https://doi.org/10.1056/NEJMra1401483
https://doi.org/10.1517/14656560903426189
https://doi.org/10.1152/jn.00737.2016
https://doi.org/10.3389/fmolb.2021.711227
https://doi.org/10.1186/s42466-021-00121-4
https://doi.org/10.3389/fncel.2023.1169786
https://doi.org/10.4274/jmsr.galenos.2025.2024-5-1
https://doi.org/10.3791/52434
https://doi.org/10.1016/j.ijpharm.2023.122936
https://doi.org/10.1007/s12035-021-02709-y
https://doi.org/10.1186/s13041-023-01020-2
https://doi.org/10.3109/08923973.2012.736520
https://doi.org/10.1371/journal.pone.0129217
https://doi.org/10.1371/journal.pone.0216113
https://doi.org/10.1007/978-3-319-60189-2_8
https://doi.org/10.1007/s10571-018-0578-5
https://doi.org/10.2174/1570159X15666170717120343
https://doi.org/10.1186/s13293-020-00326-3
https://doi.org/10.1177/1352458520970841
https://doi.org/10.1007/s10875-006-9068-5
https://doi.org/10.1016/j.cell.2022.12.032
https://doi.org/10.1055/s-0038-1649502
https://doi.org/10.4103/1673-5374.237109
https://doi.org/10.3390/cells9040843

	Potential therapeutic effects of ibudilast and retinoic acid against cuprizone-induced behavioral and biochemical changes in mouse brain
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 Preparation of the drugs
	2.2.1 Cuprizone
	2.2.2 Retinoic acid
	2.2.3 Ibudilast
	2.3 Experimental design
	2.4 Behavioral tests
	2.4.1 Open field test
	2.4.2 Rotarod test
	2.4.3 Grip strength test
	2.4.4 Novel object recognition test
	2.4.5 Y-maze test
	2.5 Samples collection
	2.6 RNA isolation and quantitative real-time PCR (qRT-PCR)
	2.7 Statistical analysis

	3 Results
	3.1 Effect of IBD and RA and their combination on motor function of CPZ-induced MS mice
	3.1.1 Effects of IBD and RA on locomotor activity
	3.1.2 Effects of IBD and RA and their combination on motor coordination
	3.1.3 Effects of IBD and RA and their combination on muscle strength
	3.2 Effect of IBD and RA and their combination on cognitive functions of CPZ-induced MS mice
	3.2.1 Effects of IBD and RA and their combination on spatial memory
	3.2.2 Effects of IBD and RA and their combination on recognition memory and memory performance
	3.3 Effects of IBD and RA and their combination on the expression of MS-associated genes in CPZ-induced MS mice
	3.3.1 Relative expression of NFKB-p105, COX2, TNF-α, STAT-3 and NGF
	3.3.1.1 NFKB-p105
	3.3.1.2 COX-2
	3.3.1.3 TNF-α
	3.3.1.4 STAT-3
	3.3.1.5 NGF

	4 Discussion

	References

