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Abstract

Background Through the antioxidant and anti-inflammation pathways, melatonin is proposed as a safe and effective interven-
tion in neurological diseases. This study aims to evaluate the effects of melatonin supplementation on the neurobehavioral
and clinical outcomes in animal models of multiple sclerosis (MS).

Methods This study was conducted following the PRISMA statement. Animal studies that reported the effects of melatonin
in preclinical MS models, including the experimental autoimmune encephalomyelitis (EAE) and cuprizone model for demy-
elination are included in this study. A systematic search in PubMed, Web of Science, Embase, and Scopus up was conducted
in April 2023. The collaborative Approach to Meta-Analysis and Review of Animal Experimental Studies (CAMARADES)
critical appraisal tool was used for the quality assessment of the studies and the quantitative synthetizes were conducted
using the comprehensive meta-analysis software.

Results Out of 542 studies, finally 21 studies, including 14 studies in the EAE model and 7 studies of the toxic demyelination
method with cuprizone were included. The route of administration was intraperitoneal in 18 studies, oral in 2 studies, and
subcutaneous in 1 study. The quantitative synthesis of the EAE clinical severity scale was associated with significant differ-
ences (standardized mean difference [SDM]: —2.52; —3.61 to—1.42; p value <0.01). In subgroup analyses, the difference
was statistically significant in the mouse subgroup (SMD: —2.60; —3.74 to — 1.46; p value <0.01).

Discussion This study encountered that melatonin may be associated with improved behavioral and cognitive outcomes of
preclinical models of MS with acceptable safety profiles.

Funding The research was supported by the Student Research Committee, Tabriz University of Medical Sciences (grant
number: 71005).
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Introduction

Multiple sclerosis (MS) is a progressive inflammatory
autoimmune disease of the myelin that influences around
2.3 million people worldwide (Alghamdi and AboTaleb
2020). It is the most common demyelination disease of the
central nervous system (CNS) and usually affects young
adults (Alghamdi and AboTaleb 2020; Long et al. 2018).
Demyelination interrupts neuronal signals, causing abnor-
malities correlated with the affected neurons (Alghamdi
and AboTaleb 2020). The exact etiology of MS is still not
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comprehended, but it has been revealed that genetic, envi-
ronmental, and viral factors may contribute to the initiating
of an aberrant autoimmune attack, which may cause myelin
and axonal damage (Long et al. 2018).

Animal models of MS have been crucial for dissecting the
effects of interventions (Burrows et al. 2019). Experimental
autoimmune encephalomyelitis (EAE) is an animal model that
resembles demyelinating in the CNS and autoimmune inflam-
mation, which is a well-known model to discover the patho-
genesis of MS (Gold et al. 2006). The cuprizone model is also
a representative of toxic demyelination which is a valuable tool
for MS preclinical studies (Torkildsen et al. 2008), especially
for the progressive phenotype of the disease (Zhan et al. 2020).
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Melatonin, N-acetyl-5-methoxytryptamine, is a neuro-
modulator produced in the pineal gland (Ramos Gonzalez
et al. 2021). It is a small, nonpolar, amphiphilic molecule
that can traverse any membrane in the body, involving cell
membranes, mitochondrial membranes, and the blood—brain
barrier (BBB) (Abo Taleb & Alghamdi 2020; Long et al.
2018). Melatonin receptors are expressed on the cell mem-
branes of monocytes, B cells, and CD4 +and CD8 + T cells
(Ramos Gonzalez et al. 2021). It has been revealed that mel-
atonin displays multifunctional properties, involving anti-
aging, as an antioxidant, and also has modulatory effects
on both adaptive and innate immunity (Long et al. 2018).
Numerous studies have described alterations in melatonin
levels and its leading metabolite, 6-sulphatoxymelatonin, in
MS patients (Long et al. 2018). The neuroprotective effects
of melatonin through antioxidant and anti-inflammatory effi-
cacy may lead to improved neurobehavioral, motor, and cog-
nitive functions in various neurological pathologies (Potes
et al. 2023).

Multiple studies examined the effects of melatonin
administration in rodent models of MS, which encouraged
us to perform this systematic review of the preclinical stud-
ies. This study is focused on the severity of the disease, as
well as the cognitive and behavioral outcomes of melatonin
supplementation on rodent models of MS.

Methods

This systematic review was performed based on the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (Page et al. 2021).

Inclusion and exclusion criteria

All original animal study publications that were related to
our review topic and reported the severity of the disease,
cognitive and behavioral outcomes of melatonin supplemen-
tation in MS models are included in this study. Letters to the
editors, conference papers, studies with overlapping data,
human studies, reviews, and articles published in languages
other than English were excluded.

Search strategy

Two reviewers (A.N. and S.M.) separately conducted a sys-
tematic literature search in the online databases including
MEDLINE via PubMed, Web of Science, Embase, and Sco-
pus up to April 2023. (melatonin) AND ((experimental AND
autoimmune AND encephalomyelitis) OR "multiple scle-
rosis" OR EAE OR (allergic AND encephalomyelitis) OR
Cuprizone) keywords were searched without any limitation.
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Also, to find possibly suitable studies, researchers explored
the reference lists of related studies found.

Selection process and data extraction

Three authors (S.M., H.R., and A.N.) independently evalu-
ated the titles and abstracts of the publications attained after
duplicate removal by the EndNote reference manager. The
full texts of appropriate studies were independently checked
for eligibility by two authors (A.N. and E.N.). The follow-
ing information was extracted from the included articles:
first author, year of publication, number of animals, ani-
mal strain, study duration, method of MS induction, age of
animals, melatonin dosage, route and duration of admin-
istration, outcome assessment scales, results, and main
conclusion. Data extraction was conducted by one author
(E.N., AM., AE., or HR.) and double-checked by two
other authors (A.N., R.M-H., S.M., or S.R.). A third author
controlled any disagreements between authors in all stages
(S.S-E.).

Quality assessment

Two authors (P.V. and R.M-H.) independently assessed
the quality of the included studies using the Collabora-
tive Approach to Meta-Analysis and Review of Animal
Experimental Studies (CAMARADES 2023) checklist and
referred the disagreement to another author (S.S-E.). The
checklist includes 10 items that assess publication in a peer-
reviewed journal, control of temperature, random allocation
to treatment and control groups, allocation concealment,
blinded assessment of outcome, use of anesthetics without
significant intrinsic neuroprotective activity, animal model,
sample size calculation, compliance with animal welfare
regulations, and a statement of potential conflict of interests.

Meta-analysis

The quantitative synthetizes was conducted using the third
version of comprehensive meta-analysis (CMA3) software
with 95% confidence intervals (CIs) and 0.05 level of sig-
nificance for p value. Studies that have reported the clini-
cal severity scale scores after melatonin supplementation in
the EAE model, were included in the meta-analysis. Mean,
standard devotion (SD), and the number of animals in each
group were utilized for calculating the effect size in each
study. Standard error values are also converted in SD with
the following formula:

SD = SE \/n

Also, subgroup analyses based on strain type (mouse
or rat) were conducted and the outcome is reported in
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standardized mean difference (SDM) with 95% ClIs. Due to
the high level of heterogeneity based on the I? index, random
effect model analysis was utilized. The final results of the
meta-analyses are presented in the forest plot.

Results
Literature search and study description

542 studies were screened in the title/abstract stage after
the duplicate studies were taken out of the Eq. 26 articles’
full texts were examined, and 21 studies were found to
be included in this systematic review. Three studies were
excluded as did not assess the effects of melatonin in the
EAE model (Dokoohaki et al. 2017; Mahmoodi et al. 2020;
Sharif et al. 2017) and two studies did not report any sever-
ity, behavioral or cognitive outcomes (Majid Ghareghani

et al. 2023a, b; Kashani et al. 2014). Further information
about the selection process is indicated in the PRISMA flow
diagram (Fig. 1).

General characteristics of the studies and risk
of bias

Out of 21 included studies; 14 were conducted based on
the EAE model of MS and the rest 7 studies, utilized the
toxic demyelination method with cuprizone. Melatonin was
administered orally in two studies, subcutaneously in one,
and intraperitoneally in the rest of the studies (18 studies).
Detailed methods of MS inductions, the duration of the treat-
ment, and the dosage of the medication varied between stud-
ies, as presented in Table 1. The following tests were used
to assess the cognitive and behavioral outcomes of rodent
models of MS: Rotarod performance test, Grid floor activ-
ity cage test, Y-Maze test, Grip strength test, Open field test

Identification of studies via databases and registers ]

Records removed before
screening:
Duplicate records removed
(n =667)

Records excluded
(n=516)

Reports not retrieved
(n=0)

Reports excluded (n=5)
- Not assessed the effects of
melatonin in EAE (N=3).
- No behavioural or cognitive
outcomes (n=2).

Fig.1 PRISMA flow diagram [
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(Locomotor activity), Severity score, Clinical signs score,
EAE severity scale, Cumulative neurological disability, Tail-
flick test, and Novel Object Recognition (NOR). The results
of quality assessments are presented in Table 2.

Results of individual studies

Melatonin treatment at pharmacological doses (10 mg/kg/d),
compared to phosphate-buffered saline (PBS) treated rats,
significantly increased the severity of EAE at the onset of
symptoms in female Lewis rats (Ghareghani et al. 2017).
This study was the only one which reported harmful out-
comes with melatonin treatment in the acute phase of MS
and found that melatonin exacerbates EAE by enhancing the
serum levels of lactate. Another study of this research group
assessed the effects of the combination of 10 consecutive
days of treatment with melatonin (10 mg/kg/day) and muscle
relaxant drug, baclofen (10 mg/kg/day) in EAE. This study
found the effectiveness of melatonin treatment alone, or in
combination with baclofen, by enhancing re-myelination
and reducing inflammation and oxidative stress (Ghareghani
et al. 2018a, b, c). Another investigation of the EAE severity

as well as factors affecting bone metabolism in MS found
that melatonin reduced EAE severity and improved out-
comes related to EAE. Additionally, EAE mice treated with
melatonin had a reduction in osteoporosis risk (Ghareghani
et al. 2018a, b, ¢). A 2019 study compared untreated EAE
mice, with animals treated with physiological or pharmaco-
logical melatonin. Animals in the experimental group had a
considerably decreased overall level of neurological impair-
ment. This study indicated a negative impact of melatonin
on EAE recovery by delaying the re-myelination process by
inhibiting the pyruvate dehydrogenase complex (Ghareghani
et al. 2019). In light of the previously mentioned study, the
same research team in a study of 32 adult (10-12 weeks old)
female C5S7BL/6 mice, showed melatonin (10 mg/kg/day)
alone and in combination with PDK4 inhibition by diiso-
propylamine dichloroacetate, may complement one another's
therapeutic effects and offer potential as a novel treatment
strategy for MS and other demyelinating disorders (Ghar-
eghani et al. 2022).

Ortiz et al. showed that the injection of melatonin alone
or in combination with interferon p-1b (IFNf-1b) or glati-
ramer acetate (GA) reduced the maximal disease score

Table 2 Quality assessment

: . Author, years
of included studies based on
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N
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CAMAREDES checklist (Ramos Gonzalez et al. 2021)

(Ortiz et al. 2022)

(Labunets, Utko, Toporova, 2021c)

(Wen et al. 2016)

(Labunets et al. 2021a, b, ¢)
(Alvarez—Sénchez et al. 2015)
(Chen et al. 2016)

(Ghareghani et al. 2017)
(Alghamdi and AboTaleb 2020)
(Ghareghani et al. 2019)

(Abo Taleb and Alghamdi 2020)
(Long et al. 2018)
(Mufioz-Jurado et al. 2022)
(Ghareghani et al. 2018a, b, c)
(Vakilzadeh et al. 2016)

(I. Labunets et al. 2021a, b, ¢)
(Kang et al. 2001)

(Jand et al. 2022)

(Gharib et al. 2022)
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Bolds are the overall scores of the studies

Studies fulfilling the criteria of: (1) peer-reviewed publication; (2) control of temperature; (3) random allo-
cation to treatment or control; (4) allocation concealment; (5) blinded assessment of outcome; (6) use of
anesthetic without significant intrinsic neuroprotective activity; (7) animal model (aged, diabetic, or hyper-
tensive); (8) sample size calculation; (9) compliance with animal welfare regulations; and (10) statement of

potential conflict of interests
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and the cumulative index score in EAE and ameliorated
immune-mediated Brain damage, delaying the onset and
progression of the damage (Ortiz et al. 2022). Fifty-one
days of administration of melatonin (1 mg/kg) either used
alone or in combination with other conventional medications
was found to be an effective treatment for MS in Escribano
et al.’s study of 25 male Dark Agouti rats (Escribano et al.
2022). The clinical score was considerably lower in the mel-
atonin-treated EAE animals compared to the solvent-treated
controls after 13 days after subcutaneous injection, accord-
ing to Chen et al., study. This study found that high-dose
melatonin (1 mg/kg, 5 days a week) significantly improves
the severity of established EAE by modulation of adaptive
immunity (Chen et al. 2016). Gonzalez et al.’s study found
that melatonin treatment reduced symptoms more quickly
than GA in male Sprague—Dawley rats with relapsing—remit-
ting EAE. Regarding the first relapse-remission cycle, IFN-f
and GA had better result than melatonin (Ramos Gonzalez
et al. 2021).

Additional effects of melatonin on the cuprizone model
of demyelination are also investigated. A study on 80 129/
Sv mice, found that melatonin enhances the effect of umbili-
cal cord-derived multipotent mesenchymal stromal cells
(UC-MMSCs) in cuprizone-treated mice. This study also
found that after melatonin injections, the number of crossed
squares and boluses in experimental mice increases to the
values of intact animals (Labunets, Utko, Toporova, et al.,
2021a). In a related work on aged rats, melatonin injections
improved the impact of human UC-MMSCs on the behav-
ioral responses of elderly mice fed a cuprizone diet and also
cause favorable changes in the parameters of motor and
emotional activity (I. Labunets et al. 2021a, b, ¢). The same
researchers found that the manifestations of the beneficial
effect of transplanted UC-MMSCs in combination with mel-
atonin on the behavioral outcomes of mice with a cuprizone
model of demyelination in both adults (6—7-month-old) and
aged (15-17-month-old) mice (Labunets, Utko, Toporova,
2021b).

Melatonin treatment (10 mg/kg i.p.) slowed the onset
and progression of MOG;s_s5 EAE, according to a study
that examined the neuroprotective effects of melatonin
on 32 female C57BL/6 mice in Long et al.’s study (Long
et al. 2018). Alvarez-Sanchez et al., in an evaluation of
immunomodulatory activities of melatonin, demonstrated
that, without changing the beginning of the disease, mela-
tonin decreased both the severity and incidence of EAE in
8-week-old female C57BL/6 mice (Alvarez—Sénchez et al.
2015). Based on an evaluation of 28 male C57BL/6 mice
in a study by Vakilzade et al., melatonin (at two doses of
50 and 100 mg/kg for 7 days) improved motor performance
and increased cell survival in a cuprizone toxic model of

@ Springer

demyelination (Vakilzadeh et al. 2016). In a study compar-
ing the therapeutic effects of melatonin (20 mg/kg i.p.) and
N-acetylserotonin, Wen et al. found that melatonin is equally
efficient as N-acetylserotonin at reducing clinical signs in the
EAE model of MS. Melatonin supplementation was associ-
ated with reduced clinical scores when administered before
or after symptom onset (Wen et al. 2016). As a result of a
study of melatonin at various doses on EAE mice, it was
determined that melatonin, at all doses tested, can alleviate
the severity of EAE (Jand et al. 2022). The last study on
17 Sprague—Dawley rats of both sexes found that melatonin
significantly decreased disease severity and duration (Kang
et al. 2001).

After 9 weeks of melatonin therapy (80 mg/kg/day),
researchers evaluated the grip strength test and the open
field test and concluded that melatonin reduced weight gain
and enhanced motor activity in male and female SWR/J
mice during the demyelination stage. In the re-myelination
stage, protective effects only observed in male mice sug-
gest an interaction between exogenous melatonin therapy
and female sex hormones (Abo Taleb & Alghamdi 2020).
This study was the only one which shed light on the sex-
specific effects of melatonin therapy in animal models of
toxic demyelination. In another study, Alghamdi and Abo
Taleb injected 80 mg/kg of melatonin daily for 5 weeks in
30 Male SWR/J mice to examine the hormone's impact on
memory. They found that melatonin increased locomotor
activity, prolonged nociception latency, and improved novel
object recognition in the MS mouse model (Alghamdi &
AboTaleb 2020). An experiment involving 50 mice adminis-
tered melatonin (10 mg/kg) for three weeks demonstrate that
melatonin improves locomotion, psychological condition,
and cognition impairment (Gharib et al. 2022).

Meta-analysis

To perform a meta-analysis, we included studies that com-
pared the clinical severity scale in melatonin-treated groups
with the EAE group treated with the ineffective substance.
In eight studies (Chen et al. 2016; Ghareghani et al. 2017,
2022, 2019; Ghareghani et al. 2018a, b, c; Jand et al. 2022;
Kang et al. 2001; Ortiz et al. 2022), a significant difference
was reported between the melatonin and placebo groups,
but in the other two studies, it was not statistically signifi-
cant (AlvareZ-SénChez et al. 2015; Wen et al. 2016). In the
meta-analysis, the difference between the melatonin and pla-
cebo groups was significant (SMD: —2.52; 95%CI: —3.61
to—1.42; p value <0.01). In subgroup analyses, the differ-
ence between melatonin and EAE was only meaningful in
the mouse subgroup (SMD: —2.60; 95%CI: — 3.74 to — 1.46;
p value <0.01). Figure 2 presents the details and the forest
plot of the meta-analyses.
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Study name Subgroup within study Statistics for each study

Std diff
in means

Standard
error

Lower Upper
Variance  limit limit
(Chen et al., 2016)
(Ghareghani et al., 2018)
(Ghareghani etal., 2019) - 1
(Ghareghani et al., 2019) - 2
(Alvarez-Sanchez et al., 2015)
(Wen et al., 2016)
(Ghareghani et al., 2022)
(Jand etal, 2022)-1
(Jand etal., 2022)-2
(Jand etal, 2022)-3
(Jand et al., 2022)- 4

-1.108
-1.821
-4.405

0.469
0.595
0.925
0.721

0.220
0.354
0.856
0.520

-2.028
-2.987
-6.219
-4.353

-0.188
-0.655
-2.591
-1.526

Mouse
Mouse
Mouse
Mouse -2.939
0.968
0.000

0.669
0.408
1179
0.828
0.567
0711
0.560
0.583

0.447
0.167
1.389
0.685
0321
0.506
0314
0.340

-0.342
-0.800

2279

0.800
-3.727
-3.635
-1.841
-2.179
-1.785
-1.461

Mouse
Mouse
-6.037
-5.258
-2.952
-3.573
-2.882
-2.603

-8.347
-6.881
-4.063
-4.967
-3.980
-3.745

Mouse
Mouse
Mouse
Mouse

Mouse

(Ortiz et al., 2022) Rat -5.803 0.932 0.868 -7.629 -3.977
(Ghareghani et al., 2017) Rat 2.005 0.775 0601 0486 3.525
(Kang et al, 2001) Rat -1.201 0.528 0279 -2.235 -0.166

-1.629
-2.521

1923
0.558

3.699
0311

-5.399
-3.614

2.140
-1.428

Std diff in means and 95% CI

Z-Value p-Value

2362 0018 —_—r—

-3.062  0.002 ——

-4760  0.000 —f—

-4.076  0.000 ——

1449 0147 ——
0000 1.000 —
-5.123  0.000 e—————

-6.351  0.000 —_——

-5.207  0.000 —r—

-5.024  0.000 ——

-5.147  0.000 —

-4.467  0.000 ——

-6.228  0.000 —_—

2587 0010 —_—
2275 0023 —_—

-0.847 0397 &

-4521  0.000 B

Fig.2 The forest plot and details of meta-analysis of the effects of melatonin supplementation on the clinical severity scale in EAE

Discussion

This systematic review of preclinical studies includes 21
animal studies, which examines the effects of melatonin
administration on behavioral and cognitive outcomes in
rodent models of MS. Based on the findings, treatment
with melatonin may be associated with improved behav-
ioral and cognitive outcomes of rodents with acceptable
safety profile. Results of our quantitative synthesis found
statistically significant effects for the use of melatonin in
animal models of MS in improving the clinical severity
scale, which was evident only in studies involving mice in
the sensitivity analysis.

The discovery of unique gene variations linked to aber-
rant melatonin secretion as well as the well-established
relationship between melatonin and the immune system
support the idea that dysregulation of the melatonin
pathway may play a role in the etiology of MS (Skarlis
& Anagnostouli 2020). Melatonin levels in MS patients
are often unaltered, however, lower levels are related to
the severity and clinical features of the disease, so low
melatonin levels have been linked to severe exacerbations
of MS (Kern et al. 2019).

Melatonin due to its antioxidant function, can attenuate
oxidative stress by reducing the main oxidative stress mark-
ers, activation of the Nrf2/antioxidant responsive element
signaling pathway, and protecting against mitochondrial dys-
function. Moreover, melatonin could induce Nrf2 to stop
apoptosis and restore the cellular redox potential. Melatonin
also regulates the response of regulatory and effector T cells
and reduces the amount of pro-inflammatory cytokines due
to its immunomodulatory and anti-inflammatory proper-
ties, providing a more protective cytokine microenviron-
ment (Mufloz-Jurado et al. 2022). Hawkes et al. found that
melatonin can decrease neutrophil function, boost NK cell

and monocyte levels, control CD4 +, and CDS8 + cells dif-
ferentiation, and regulate B-cell activation while investigat-
ing the impact of melatonin on the immune system in MS.
Melatonin can also influence the NO/NOS pathway, enhance
mitochondrial activity, and prevent NF-kB from moving into
the nucleus, all of which have an impact on how the immune
system functions (Hawkes et al. 2021).

Most of the studies suggested the positive effects of mela-
tonin on behavioral and cognitive outcomes in rodent models
of MS. In addition, considering the antioxidant effects of
melatonin, as well as the oxidative stress basis of MS (Naseri
et al. 2022; Tobore 2021), future clinical trials are suggested
to assess the effects of exogenous melatonin supplementa-
tion in patients with different phenotypes of MS, with dif-
ferent levels of disability.

While the prevalence of MS is significantly higher at
latitudes above 40 degrees North and South, populations
in these areas receive little sunlight, which may cause a
longer increase in melatonin synthesis and release. These
findings are made by Ghareghani et al. in their study on the
relationship between latitude, vitamin D, melatonin, and gut
microbiota. They contend that melatonin therapy would not
be an effective strategy for treating MS patients with low
melatonin levels or vitamin D deficiency because the func-
tions and synthesis of these two hormones are at odds with
one another, and they recommend that a balance should exist
between these two hormones (Ghareghani et al. 2018a, b,
¢). According to a recent study by Ghareghani et al., taking
vitamin D or melatonin may help people with MS, though
doing so over the long term can upset their balance, which
is crucial for the immune cells’ fine-tuning of performance
(Ghareghani et al. 2023a, b).

The positive effects of melatonin on cognitive outcomes of
animal models of MS are reported in two studies (Alghamdi
and AboTaleb 2020; Jallouli et al. 2022). Considering the
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correlation between inflammation, oxidative stress, and cog-
nitive outcomes of MS (Talebi et al. 2021), as well as the
beneficial effects of melatonin supplementation in improving
cognitive outcomes previously reported in other neurologi-
cal conditions such as Alzheimer’s Disease (Majidazar et al.
2022). In addition, Morsali et al. implied that literature-derived
evidence is in favor of melatonin’s benefits in clinical studies
(Morsali et al. 2023), which shed light on the importance of
future well-designed clinical studies on this topic.

The function of melatonin in cognitive and behavioral out-
comes in mouse models of MS was examined in this study
as the first systematic review and meta-analysis of preclinical
studies. The main advantages of this study were its systematic
approach and thorough database scanning across four major
databases. Due to differences between the groups, and assess-
ment scales, there were insufficient studies that considered
other outcomes other than the clinical severity scale, which
prevented us from a comprehensive meta-analysis.

Conclusion

Melatonin is beneficial and efficient in rodent models of MS
and has an appropriate safety profile. Melatonin as a sup-
plement may be associated with improved outcomes in MS;
however, there is a need for future well-designed clinical
studies on this topic to achieve an evidence-based conclusion
and clinical recommendations.
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