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Abstract
Multiple sclerosis (MS) is a devastating chronic autoimmune demyelinating disease of the central nervous system (CNS), 
thought to affect more than 2.5 million people worldwide. Regulation of the sleep-wake cycle might influence disease activ-
ity and the frequency of relapses in patients. As melatonin (or sleep hormone) involves the regulation of circadian rhythms, 
much attention has been paid to the management of MS symptoms with melatonin. This review describes the pharmacological 
mechanisms underlying the neuroprotective effects of melatonin and recent clinical evidence from MS patients. Apparent 
risks and benefits of melatonin therapies are also discussed. Various in vivo and clinical data presented in this up-to-date 
review suggest that melatonin may possibly possess a protective role against the behavioral deficits and neuropathological 
characteristics of MS. Multiple mechanisms of the neuroprotective effects of melatonin such as mitochondrial protection and 
antioxidant, anti-inflammatory, and anti-apoptotic properties, as well as its anti-demyelinating function are also discussed. A 
large body of evidence shows that melatonin potently regulates the immune system, demyelination, free radical generation, 
and inflammatory responses in neural tissue, which are mediated by multiple signal transduction cascades. In the present 
article, we focus on different pathways that are targeted by melatonin to prevent the development and progression of MS.

Key Points 

Multiple sclerosis (MS) is a disabling neuroinflamma-
tory disease affecting the central nervous system (CNS), 
particularly in young adults.

Melatonin is the main secretory production of the pineal 
gland, which activates the intracellular pathways and 
changes several gene expressions; it has shown notice-
able effects on reducing development of MS.

Alterations of melatonin in cellular pathways lead to 
the suppression of oxidative damage, inflammatory 
responses, apoptosis, and demyelination; melatonin is 
also able to pass through the blood–brain barrier, sug-
gesting a potential role for melatonin as a safe agent for 
protecting neurons and their supportive cells against MS.
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1  Introduction

Multiple sclerosis (MS) is a chronic neuroinflammatory 
demyelinating disease of the human central nervous sys-
tem (CNS) that is characterized by episodic reversible 
symptomatic attacks of demyelinating neurological defi-
cits, causing disruption in neuronal signaling, axonal func-
tion, and physical disability in young to middle-aged indi-
viduals, particularly women [1, 2]. MS commonly shows 
seasonality in the incidence of flare-ups—its symptoms are 
more likely to occur in spring/summer than in fall/winter, 
and also are more frequent in northern than in southern 
climates. MS is supposed to be an immune-mediated dis-
order, yet the antigen specificity of the immune response 
has not been identified [3]. The precise etiology of MS is 
unknown; however, epidemiological data confirmed that 
both environmental and genetic factors are major con-
tributors [3]. A series of studies demonstrated that the 
formation of lesions in the CNS, inflammation, and the 
destruction of myelin sheaths are the main hallmarks of 
MS. The pathophysiology of MS can be divided into two 
subsets: the inflammatory processes and the degenerative 
processes that affect both white and gray matter [4]. In 
brief, MS lesions are formed by immune-mediated dys-
regulation of the blood–brain barrier, facilitating the trans-
mission of activated inflammatory cells into the brain and 
spinal cord in which focal lymphocytic infiltration allows 
inflammation, demyelination, gliosis, and neuronal signal-
ing disruption, and eventually causes neuronal and axonal 
degeneration within the CNS [5–7]. The pineal gland is 
a neuroendocrine transducer that receives photoperiodic 
information from the retina and circadian superchiasmatic 
nucleus oscillator, enabling mammals to respond to the 
annual changes in photoperiods by the activation/inactiva-
tion of the reproductive axis [8–14]. Melatonin as the most 
important secretory product of the pineal gland has radical 
scavenging and antioxidant properties; it is well tolerated 
and safe, thus it has been proposed as a neuroprotective 
agent against brain ischemia [15]. Examination of possible 
beneficial effects of melatonin, or melatonin analogs, in 
treating or preventing MS flare-ups opens a new chap-
ter in melatonin neuropharmacology, in which it could 
be prescribed either in lower doses given as a “replace-
ment therapy” or in larger doses as a medicine. Although 
melatonin is available on the market, it has noteworthy 
drawbacks, including short-term feelings of depression, 
unwanted drowsiness, and stomach cramps. Melatonin 
stimulates the activities of superoxide dismutase (SOD) 
and glutathione peroxidase (GPx), but inhibits the pro-oxi-
dant enzyme nitric oxide synthase (NOS), thus it could be 
a very powerful antioxidant molecule. The production of 
melatonin decreases with age [16], and maintaining high 

levels of melatonin could slow age- and cancer-related 
changes [17, 18].

2 � Methodology of the Literature Search

Databases including the Cochrane library, PubMed, and 
Scopus were searched with the keywords ‘Multiple scle-
rosis’, ‘MS’, and ‘Neurodegenerative disease’ in the title/
abstract and ‘Melatonin’ in the whole text in order to find 
relevant citations. Data were collected from the year 1964 
until 2018 (December), and only English-language articles 
were included. A total number of 4638 records were col-
lected, and 25 relevant studies assessing the efficacy of mela-
tonin in clinical trials in patients with MS and animal models 
of MS were used in the main structure of this review (Fig. 1).

3 � Melatonin Biosynthesis 
and Bioavailability

In mammalians, melatonin is produced in the pineal gland 
in the dark phase of the light/dark cycle and it is promptly 
distributed to the tissues via the blood circulation. It acts 
as a circadian signal used by the superchiasmatic nucleus 
clock to send the circadian message to the melatonin target 
structures (containing melatonin receptors). Melatonin also 
has a chronobiotic effect, in that it directly influences the 
superchiasmatic nucleus that contains melatonin-R [19] to 
affect the circadian clock [20]. Melatonin is also synthe-
sized peripherally in the retina, Harderian gland, and the 
gut [21–31]. It was shown that pinealectomy reduces the 
plasma concentration of melatonin in structures contain-
ing melatonin-R [32, 33], indicating that melatonin plays 
an auto/paracrine role. Melatonin can change the release of 
dopamine, 5-HT, noradrenalin, and acetylcholine, and thus 
bias the postsynaptic response [34–37].

Melatonin is able to enhance the vasoconstriction of the 
rat caudal artery [37], and it may modulate the function of 
the gamma-aminobutyric acid receptor type A (GABA-A) 
[38] through the activation of several receptor subtypes. 
Interaction of exogenous melatonin in humans with the 
GABAergic system [39] provoked sedative, analgesic, anti-
convulsive, and anxiolytic effects. High doses of melatonin 
administered in vivo generally led to stimulation of the 
immune system by increasing T-cell activity and lympho-
cytes, producing several humoral responses, and inhibiting 
the age-related thymus involution. Administration of mela-
tonin in an in vitro model also enhanced the T-helper and 
natural killer (NK) cell activities, production of interleukin 2 
(IL-2) and interferon gamma (IFNγ), and expression of IL-1 
mRNA in human monocytes. Melatonin has a revitalizing 
effect on transplanted pineal functionality in old mice [40], 
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thus functioning as an antiaging/antioxidant bioactive sub-
stance, probably linked to lipophilic melatonin diffusion into 
the cell (cytosol and nucleuses) [41], and exerts a protective 
radical scavenger effect on cellular macromolecules [17, 18].

Micromolar doses of melatonin are able to deactivate the 
free-radical molecules and the hydroxyl anion radical, pro-
ducing a cyclic 3-hydroxy-melatonin-derivative, which is 
eliminated by the kidneys. The anti-carcinogenic effect of 
melatonin has also been found in in vivo and in vitro mod-
els, in particular with estrogen-responsive breast cancers 
[42–47]. In vitro, 1 nM to 0.1 μM of melatonin was found 
to produce a 40–60% reduction in human breast tumor cells, 
due to the association with oxidative phosphorylation, which 
leads to cell alteration and finally to autophagic response. 
Melatonin can stimulate the transcriptional activity of estro-
gen receptors in the signal transduction pathway, and thus 
may be described as a potent coadjutant in the treatment 
of tumors, at least at micromolar doses. In fact, it helps to 
protect the cells from carcinogenic compounds by acting 
together with retinoic acid to strongly reduce breast cancer 
development [48, 49]. Melatonin may also be useful for the 

synchronization of important biological functions and can 
prevent circadian clock alterations [50]. One of the most 
important metabolic pathways of the amino acid trypto-
phan are the kynurenine and serotine pathways, which pro-
duce some of the kynurenine metabolites, e.g., kynurenic 
acid, 3-OH-kynurenine, quinolinic acid, NAD, and some 
other neuroactive compounds like serotonin (5-HT) and 
melatonin. These two metabolic pathways are known to be 
involved in the control of certain immune and nervous dis-
eases [51].

However, very little is known about the links between 
these two tryptophan metabolisms. Melatonin is synthesized 
from tryptophan, and is then hydroxylated and decarboxy-
lated, which leads to the production of 5-HT. Serotonin is 
subsequently acetylated on the amine group and methyl-
ated on the hydroxyl group in position 5. In addition, other 
metabolites involved in the tryptophan catabolism could 
have different biological effects such as on the immune sys-
tem and as inflammation modulators. N-Acetyl serotonin and 
melatonin also possess anti-inflammatory and antioxidant 
activities, quinolinic acid has excitotoxic activity, while 

Fig. 1   PRISMA diagram. Of 
4102 articles evaluated by group 
consensus, 4077 articles were 
excluded because they did not 
meet the inclusion criteria
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hydroxyanthranilate exhibits anti-inflammatory activity, and 
these effects may be exerted directly on the CNS [52, 53].

The enzyme indole-amine-2,3-dioxygenase (IDO) has 
an important regulatory function, modulating the trypto-
phan conversion to kynurenine and other metabolites. This 
enzyme is involved in several inflammatory diseases includ-
ing MS [54, 55]. Indeed, IFN-γ is able to up-regulate IDO, 
producing more immunosuppressive [56] and neurotoxic 
[57] by-products in tryptophan catabolism, following the 
kynurenine pathway.

Tryptophan is metabolized by the melatonin pathway 
only when the enzyme tryptophan hydroxylase produces 
5-hydroxytryptophan, which, as mentioned above, will be 
converted to 5-HT, N-acetyl serotonin, and melatonin. Fur-
thermore, melatonin and N-acetyl serotonin may also func-
tion as immune-signaling messengers, thus playing a crucial 
role in MS [58]. N-Acetyl serotonin has been shown to be 
effective in experimental models of ischemic injury, and 
also has potent anti-inflammatory and antioxidant effects 
[59]; however, these positive properties have not yet been 
investigated in MS.

In this pathway, the limiting step has been shown to be 
the acetylation of 5-HT by the enzyme aryl alkyl amine 
N-acetyl transaminase (AANAT) in the pineal gland and 
in the mucosal enterochromaffin cells, where AANAT is 
expressed [60]. Moreover, melatonin is largely present in 
the gut, where it can be produced by the O-methylation of 
N-acetyl-5-HT. The enzyme AANAT has been recently 
cloned from humans, but ovine AANAT is more frequently 
used by researchers, in a truncated version that has better 
solubility [61, 62].

Brain melatonin production is thus strongly controlled 
by the AANAT enzyme through its phosphorylation by pro-
tein kinase-A, and other kinases such as Rho kinase and the 
checkpoint protein 1 (CHK1) [63], as well as by ethero-
dimerization between the phosphorylated AANAT and the 
chaperone-like 14.3.3 protein [64]. This complex provides 
a protective barrier against proteasome-mediated destruc-
tion. AANAT catabolism takes place mainly in the pineal 
gland; on the other hand, retinal AANAT is protected against 
catabolism during the day time [65]. Melatonin catabolism 
is less understood than its metabolism, but it is known that 
a portion of melatonin is eliminated unmodified; IDO is 
responsible for the remaining catabolism [66], being a ubiq-
uitous enzyme. It has been reported that IDO is not able to 
work on melatonin or N-acetyl-tryptophan [67]; indeed, IDO 
catalyzes the conversion of tryptophan to kynurenine and a 
peroxidase-like reaction, which is independent of the pres-
ence of hydrogen peroxide [67].

H2O2 is a co-substrate of many heme-containing enzymes, 
but several reports [68, 69] show that myeloperoxidase 
(MPO) could also be responsible for the oxidative catabo-
lism of melatonin due to its affinity to IDO for melatonin in 

a micromolar range. Melatonin is mainly cleaved by a path-
way mediated by MPO, but under tryptophan breakdown, 
melatonin is not attached to IDO, but becomes a substrate 
for MPO [70].

Oxidative catabolism forms N1-acetyl-N2-formyl-
5-methoxykynurenine (AFMK), a kynurenine derivative, 
which is then spontaneously or through kynurenine formam-
idase action transformed to N1-acetyl-5-methoxy-kynure-
nine (AMK). These substances may be associated with some 
in vivo functions of melatonin. The existence of two path-
ways has been validated in rat adrenal pheochromocytoma 
(PC12) cells [71]. AANAT expression is up-regulated in sta-
ble IDO1 knockdown cells and its over-expression is inhib-
ited by IDO1 expression. Correspondingly, the expressions 
of IDO1 and AANAT are dose- and time-dependent, once 
melatonin is administered, demonstrating that melatonin 
enhances the kynurenine pathway, but inhibits the seroto-
nin pathway. Phosphorylation of Janus kinase 2 (JAK2) and 
activation of transcription 1 (STAT1) are also improved by 
melatonin in a time-dependent manner; this process may 
be reversed by the inhibitor AG490. Melatonin promotes 
the nuclear translocation of STAT1 and nuclear factor kappa 
light-chain enhancer of activated B cells (NF-kB), both 
involved in IDO1 up-regulation [71, 72].

4 � Pharmacokinetics and Oral Bioavailability 
of Melatonin

The pharmacokinetics of melatonin have been investigated 
in humans following intravenous [73] and oral [74] admin-
istration in rats, dogs, and monkeys. The apparent half-life 
of melatonin was 34.2 min after intravenous administration 
of 3 mg/kg. The doses have been normalized to oral bio-
availability, where following a 10 mg/kg oral dose it was 
over 100% in monkeys; in vitro permeability studies on 
CaCo-2 cells revealed that melatonin is adequately absorbed 
in humans; on the contrary intrinsic clearance in humans 
is lower than that of rats, as shown in studies performed 
in rat and human livers [75]. Fourtillan and collaborators 
described the first cross-over study on melatonin bioavail-
ability in males and females, through the quantification of 
exogenous and endogenous melatonin. After intravenous 
administration, melatonin reaches a plasma level < 165 pg/
ml in males and 200 pg/ml in females; however, after 1 h 
amounts dropped to < 70 pg/ml, indicating that supra-
physiological levels may be present after the consump-
tion of melatonin supplements. Melatonin is transformed 
to 6-hydroxy-melatonin in the liver and eliminated in the 
urine as sulphatoxy-melatonin [76]. Following oral admin-
istration, the maximum plasma concentration (Cmax) was 
threefold higher for females than for males, but no gender 
difference was detected for total body clearance. Moderate 
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tissue distribution is positively correlated with the volume 
of distribution at steady state (Vd,ss) and the elimination half-
life (t½) is estimated to be 40 min for each administration.

Melatonin can exert sleep-inducing effects with no rel-
evant collateral effects, similar to common hypnoinduction, 
but after oral administration, the bioavailability reaches 
below 20%, mainly due to first-pass metabolism in the liver; 
however, transdermal delivery systems have lag time and 
depot-effects limiting their usefulness [76].

Recently Flo et al. described the first pharmacokinetic 
study of melatonin administered transdermally, in which 
pharmacokinetic parameters were shown to be affected by 
the time of administration during the day in rats [77]. This 
circadian variation could also be expected in humans since 
melatonin levels interfere with glucose metabolism [78, 79]. 
The low solubility of melatonin in water also represents a 
problem for buccal delivery, thus, a nasal formulation has 
been proposed; however, this delivery system is ineffec-
tive for clinical use in light of serious local irritation and 
pain [79]. In 2004 Mao et al. developed melatonin starch 
microspheres for intranasal administration. It has been 
shown that > 80% of them are present in the nose tissues 
2 h after administration, compared to 30% obtained with a 
solution. Absorption was fast, with a time taken to reach the 
maximum concentration (Tmax) of 7.8 min and bioavail-
ability calculated to be near 84% [80]. Critically, patients 
lost circadian rhythms and had low endogenous melatonin; 
exogenous melatonin produces supra-physiological ephem-
eral concentrations, resulting in an inconsistent therapeutic 
effect on sleep. Bellapart et al. studied the oral administra-
tion of exogenous melatonin with a 3-mg dose, followed 
by a 0.5-mg dose after 1 h, and reported that this protocol 
produced sustained concentrations of serum melatonin over 
12 h overnight in ill patients [81].

5 � Melatonin and Neuroprotection

Neurons are very sensitive to injuries, with subsequent cell 
death, probably due to their high-energy demand and chemi-
cal composition. Neuronal death or damage has profound 
effects on a person’s behavior and physiological functions, 
affecting normal living. A number of acute events, such as 
hypoxia, stroke, mechanical trauma, prolonged hypoglyce-
mia, neurotoxins, some types of viruses, and radiation are 
able to produce serious damage to the brain. Some mecha-
nisms are also involved in neurodegenerative disorders, 
which are typically chronic and progressive disorders, char-
acterized by selective and symmetric neuronal death, in dif-
ferent areas such as the motor, sensory, or cognitive systems. 
The causes of neurodegenerative diseases are still largely 
unknown. Glutamate cytotoxicity, injuries evoked by the 
action of free radicals, and dysfunction of the mitochondria 

are processes that have been recognized to be among the 
most common physiopathological mechanisms behind neu-
ronal loss. Melatonin has been proposed to be a scavenger 
for oxygen radicals and a lipid antioxidant. It also exerts 
strong anti-excitatory and sedative effects at higher doses. 
Several reactive species, e.g. hydroxyl radical, carbonate 
radical (CO3

·–), and peroxyl radical (ROO·, ONOO–), as well 
as damaged lipid, protein, and DNA, can induce neuronal 
death. The superoxide anion (O2

·–) is formed by mitochon-
drial electron leakage, whereas nitric oxide (·NO) is recog-
nized to be a neurotransmitter. These substances are very 
labile and several enzymes are able to scavenge them, pre-
venting cell injury. Physiologic defense against radicals and 
oxidants includes the enzyme family of SOD, able to trans-
form O2

·– to H2O2 and O2. The cycle is completed by the 
enzymes GPx and catalase (CAT), which can metabolize 
H2O2. Pathological conditions in which there is an unfavora-
ble balance between free radicals and elimination procedures 
generate so-called “oxidative stress”, which enhances oxida-
tive damage to the biomolecules. The CNS is highly sensi-
tive to oxidative stress due to its elevated oxygen utilization, 
which, per se, may increase the generation of free reactive 
oxygen species (ROS). The presence of specific enzymes 
like SOD, GPx, glutathione reductase (GR), and CAT, 
together with substances like glutathione (GSH), are lower 
in the CNS than in other parts of the body. In addition, a 
higher amount of iron and ascorbate was detected in the 
specific part of the CNS that may furnish the pro-oxidative 
state and could generate free radicals. The study of neuro-
degenerative diseases is a major topic of research. It has 
been well accepted that the consumption of a large amount 
of fresh fruit and vegetables may help to prevent the occur-
rence of neurodegenerative diseases. Adequate consumption 
of vitamins C and E has also been assumed to be important 
in preventing age-associated neurodegenerative diseases. In 
this regard, melatonin may play a significant role. As this 
product is synthesized in the pineal gland, its production 
gradually reduces with the age, and this may be related to 
the insurgence of the neurodegenerative diseases with aging, 
which is probably related to the increase of oxidative stress. 
Furthermore, melatonin deficiency has been related to neu-
ronal degeneration in various experimental models of neu-
rodegenerative diseases, and melatonin intake has a positive 
effect in preventing and maintaining neuronal degeneration. 
Pyramidal neurons of the hippocampus are vulnerable to 
ischemia, which evokes a series of physiologic events, 
including the formation of oxygen free radicals (ROS). Phar-
macokinetic and structural properties of melatonin, for 
example amphiphilicity, allow its presence and protective 
action in the brain [82]. Continuous intravenous administra-
tion of melatonin for 6 h prevented the damage of these 
neurons in CA1-4 areas of the hippocampus after 15 min of 
acute cerebral ischemia. This neuroprotective effect can be 
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explained by the increase of GPx and mitochondrial respira-
tory complex I and IV activities [18]. In therapy, the mela-
tonin hormone could be directly applied into the ischemic 
tissue or melatonin-secreting cells could be implanted in 
stroke-induced areas [83]. The administration of 5 mg/kg 
melatonin intraperitoneally (i.p.) in rat models of stroke, 
where their pineal glands were removed, decreased the white 
and gray matter in ischemic areas and reduced inflammatory 
responses, but also caused cerebral edema [84]. Several 
in vivo and in vitro studies reported that melatonin may also 
protect the glial cells, as they secrete trophic factors such as 
glial cell-line-derived neurotrophic factor (GDNF) with neu-
roprotective effects [85]. Rats exposed to chronic immobili-
zation stress (CIS) for 6 weeks showed increases in the adre-
nal size and the level of corticosterone; in addition the 
presence of an anxiety-like behavior was observed. Further-
more, the levels of serotonin, noradrenaline, and oxytocin 
were decreased in the frontal cortex [86]. Chronic adminis-
tration of melatonin mitigated these biochemical and histo-
logical alterations, partly mediated by its effect to produce 
the release of oxytocin and monoamines, and down-regu-
lated the expression of CgA [86]. Melatonin is able to sup-
press NOS, causing the down-regulation of NO formation 
against Ca2+-dependent excitotoxicity and peroxynitrite-
dependent radicals. This aspect makes melatonin a good 
candidate for therapy in the treatment of amyotrophic lateral 
sclerosis (ASL) [87]. In a pilot program in Gottingen, three 
ASL patients entered into a study to investigate the possible 
adverse effects of chronically administered melatonin at a 
high dose. This study demonstrated that melatonin was 
largely tolerated during the time of the study, without the 
insurgence of the adverse effects in subjects with an onset of 
ASL from 2 to 4 years [87]. In another study that included 
children with muscular dystrophy, a dose of 70 mg/day of 
melatonin decreased the cytokines and lipid peroxidase [88]. 
Melatonin is reported to reduce the formation of amyloid 
beta (Aβ) (the main neurotoxin involved in Alzheimer dis-
ease, AD), aggregation, and neurotoxicity in patients treated 
for AD [89]. Melatonin also inhibited the secretion of amy-
loid precursor protein (APP) in diverse cell lines. Melatonin 
blocks the formation of β-sheets and amyloid fibrils, inter-
acting with Aβ proteins [90]. It is worth noting that the pro-
tective activity of melatonin could also be mediated through 
the GABAergic system [91]. In addition, it has been demon-
strated that melatonin is able to prevent the neurotoxicity 
produced by the over-activation of the kainite glutamate 
receptors, supporting the theory that melatonin can prevent 
cell death due to glutamate toxicity [92–94]. As mentioned, 
MLD may reduce the damage of the hippocampal region 
CA1 after brain ischemia [95, 96]. Indeed, in rats deficient 
in MLF, following a stroke or excitotoxic seizure, brain inju-
ries are more marked than in normal rats [94], suggesting 
that the lack of melatonin results in more widespread 

damage of neuronal cells. This effect also enhanced peptide 
clearance, through proteolytic degradation produced by the 
insulin-degrading enzyme (IDE). There was an attenuation 
in tau hyper-phosphorylation, once neuroblastoma cells 
treated with melatonin were exposed to N2a and SH-SYS5Y; 
this was mediated by affecting protein kinases and antago-
nized the oxidative stress [97]. Melatonin attenuates the 
production of pro-inflammatory cytokines and NO in rat 
brain [98] and inhibits the NF-κB binding to DNA [99], 
indicating a neuroprotective effect of melatonin on the cho-
linergic neurons. In fact, melatonin can prevent the inhibi-
tion of the choline transport and choline acetyl transferase 
(ChAT) induced by peroxynitrite in the synaptic vesicles of 
hippocampus in AD patients [100]. The reduction of mela-
tonin in the cerebrospinal fluid and plasma could also be a 
marker for early detection of AD [92]. In AD, melatonin 
improved sleep quality and reduced progression of cognitive 
decay in several open-label study case reports [101]. Con-
sidering its binding properties and potency, melatonin could 
be used in combination with other treatments currently avail-
able [102], which could be beneficial for subjects with AD; 
however, melatonin receptor agonists showed limited benefit 
in laboratory animal models of AD [103]. Several studies 
showed that patients with Parkinson disease (PD) have mod-
ifications in melatonin production and in the expression of 
melatonin receptors MT1 and MT2 in the SNC [104]. Exog-
enous administration of melatonin induced neuroprotective 
effects in animal models of PD induced by different toxins, 
due to its antioxidant activity promoting reduced levels of 
free radicals [105]. Melatonin was also able to prevent 
hydroxyl radical production by DA auto-oxidation in vitro. 
Free radical damage is an essential aspect of neonatal hem-
orrhagic brain injury, leading to cerebral dysfunction. In 
neonatal mice, melatonin attenuates the development of 
white matter cysts, and following intrauterine asphyxia mel-
atonin administration to pre- and near-term fetal sheep 
reduced oxidative stress and cell death. Melatonin amelio-
rated the cognitive and sensory-motor dysfunction in juve-
nile rats. Furthermore, administration of melatonin to a 
pregnant female in an animal model reduced fetal brain oxi-
dative stress, and restored myelination of the nerve, white 
matter, and motor functions [106].

Patients with mild cognitive impairment treated with 
melatonin exhibited significant improvement following the 
application of neuropsychological challenges consisting 
of Mattis’ test and the Digit-symbol test [107] since in 
neurodegenerative processes, the disorganization of circa-
dian rhythm is responsible for sun-downing and behavio-
ral problems. Hence, positive results derived from experi-
mental studies make pharmacological doses of melatonin 
highly desirable for patients with mild cognitive impair-
ment [108].
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6 � Multiple Sclerosis (MS): Pathophysiology 
and Current Treatments

MS is a chronic neuroinflammatory demyelinating dis-
ease of the human CNS [1, 2]. Depending on the disease 
courses, MS patients may experience relapsing/remitting 
MS (RRMS), secondary progressive MS (SPMS), or pri-
mary progressive MS (PPMS). Upon relapsing, exacerba-
tions of neurologic dysfunction decline, and, thereafter, 
intermittent clinical remission takes place. In the next 
stage, SPMS occurs in a deteriorating manner, with or 
without acute exacerbations during the progressive course, 
and the disability is seriously progressed [109]; notably, 
neurodegenerative processes were found to be the prime 
underlying mechanism. PPMS is another pathologic form 
of MS, with less inflammatory signs, where the neurologic 
disability occurs from the early onset of the disease with-
out regular or occasional relapses. Pathophysiologically, 
PPMs is not different from relapsing forms of MS that 
have progressed to SPMS [109–111].

MS usually starts with inflammatory demyelination 
triggered by an inflammatory attack on the myelin com-
ponents and destruction of the myelin sheath [4] and with 
deterioration of oligodendrocyte cells, which are attrib-
uted with the maintenance or repair of the myelin sheath 
and neuronal signaling transmission [111]. It has long 
been believed that MS has its roots in inflammation and 
T cells (also called autoreactive lymphocytes) activated 
outside the CNS. These are known to play key roles in 
such events by disrupting the blood–brain barrier, acti-
vating macrophages, and attacking the myelin [111]. T 
cells are reactivated by local antigen-presenting cells by 
releasing the relevant antigens to CD4+ T-helper cells in 
the periphery and by producing autoreactive pro-inflam-
matory T helpers (Th 1 and Th 17). Within the CNS, tar-
get antigens are recognized, T cells are reactivated, and 
macrophages become functional. Together, these immune 
cells induce the CNS cascade of inflammatory events via 
pro-inflammatory cytokines (e.g., IL-12, IL-23, IFNγ, 
tumor-necrosis factor-α (TNF-α)) and other destructive 
stressors (e.g., proteases, free radicals, antibodies), which 
later stimulate additional inflammatory cells, along with 
microglial and astrocyte cells. Accordingly, the myelin-
directed inflammatory responses result in demyelination, 
axonal loss, and irreversible neurological deficits [3, 112, 
113]. Collectively, inflammation strictly interplays MS by 
contributing to a set of different pathways. For instance, 
it has been found that the intestinal microbiome, part of 
the brain-gut axis, is also involved in the pathophysiol-
ogy of MS mainly through CNS demyelination, where the 
gastrointestinal barrier is broken down (intestinal barrier 
dysfunction) and the content of the intestinal microbiome 

reaches the CNS microglia through the blood circulatory 
pathway and modifies its function [114]. Cerebral corti-
cal pathology (e.g., cortical inflammation, demyelination, 
neurodegeneration, and atrophy) was also shown to be 
correlated with disease progression and disability [115].

Mechanistic experiments and clinical evidence suggest 
that MS disease-modifying therapies should aim at manipu-
lating the inflammatory state, and promoting nervous system 
regeneration and neuroprotection [116, 117]. At least ten 
disease-modifying therapies (DMTs) have obtained approval 
for use in suppressing RRMS, including first-generation 
injectable drugs (glatiramer acetate and interferon β), oral 
drugs (e.g., fingolimod, teriflunomide, dimethyl fumarate), 
and second-generation injectable humanized monoclonals 
(e.g., natalizumab, alemtuzumab) [117]. Current predictive 
biomarkers and pharmacogenomics in conjunction with 
remarkable advances in imaging techniques are rapidly 
moving in the direction of individual therapeutic strate-
gies within the context of sequential monotherapy, escala-
tion therapy (immunomodulatory and immunosuppressive 
drugs), induction and maintenance therapies, and combina-
tion strategies (for a comprehensive review, see [117]). Stud-
ies targeting the symptomatic features of MS, remyelination 
and repair, and oligodendrocyte precursor cell inhibitors 
would be of great interest.

Indeed, complimentary medicine appears to be help-
ful. Clinical documentations have suggested that several 
medicinal plant species (e.g., Cannabis sativa, Boswellia 
papyrifera, Ginkgo biloba, Camellia sinensis, Panax gin-
seng) could also help to manage the main complications 
of MS, including spasticity, fatigue, scotoma, incontinence, 
tremor, memory performance, and functional ability, in a 
way that is more tolerated with less adverse effects [118]. 
More recently, dietary patterns were also demonstrated to be 
potentially important in MS treatment, although their defini-
tive impacts require further discussion [119].

7 � Melatonin and MS: Neuropharmacological 
Mechanisms and Clinical Evidence

7.1 � Animal Studies

MS exclusively affects human life; non-human primates are 
resistant to MS [120]. Due to the difficulty of accessing the 
CNS of MS patients, a number of animal models have been 
established for translational research in order to understand 
the pathophysiological details of MS and for development 
of treatments. Due to the high similarity between the clinical 
and histopathological features of experimental autoimmune 
encephalomyelitis (EAE) and human MS, EAE is the most 
commonly used model for human inflammatory demyeli-
nating disease, particularly MS. In EAE, the interaction 
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between some immune-neuropathological mechanisms leads 
to a condition that mimics the key features of MS pathogen-
esis, such as inflammation, demyelination, axonal loss, etc. 
[121]. Another known model is the cuprizone toxic demy-
elination model. In this model, young animals are fed with 
cuprizone for specific oligodendrocyte death induction and 
subsequent reversible demyelination, making this excellent 
for studying the factors that can prevent demyelination and 
stimulate remyelination [122]. Here, we present the reliable 
animal studies that evaluated the effects of melatonin on 
MS. Figure 2 depicts the most relevant neuropharmacologi-
cal signaling cascades involved in the protective effect of 
melatonin against the development of MS.

7.1.1 � Behavioral Effects of Melatonin

It was shown that 5 weeks of administration of cuprizone 
significantly declined the distance moved and velocity of 
mice in an open field test. Intraperitoneal administration of 
melatonin in doses of 50 and 100 mg/kg during the last week 
of cuprizone treatment restored their ability, and increased 
the velocity and distance moved dose dependently, while 
melatonin alone did not show any changes in a healthy con-
trol group [123]. The enhancement of nociception latency 
in cuprizone-treated animals after melatonin administration 
was noted, suggesting the anti-nociceptive effect of mela-
tonin [123]. In an EAE-induced model, mice treated with 
N-acetyl serotonin and melatonin prior to or after the onset 
of symptoms showed that they were both able to decrease 
the symptom severity and delay symptom onset. Although 
N-acetyl serotonin was more effective than melatonin, 

pre-treatment of N-acetyl serotonin and melatonin showed 
more prominent effects than when given post administration 
[124]. Such effects were also confirmed in a study where 
melatonin was administered from day 0 after EAE induction, 
which was representative of the prophylactic/therapeutic 
effect of melatonin in mice. Melatonin decreased the severity 
of clinical symptoms without changing its onset time [125]. 
Generally, paralysis is considered another clinical manifes-
tation of EAE induction in rats. In Kang’s study, although 
both melatonin-treated and vehicle-treated groups showed 
paralysis to some extent, the duration and severity of the 
disease were significantly decreased in the melatonin group 
[126]. The maximum clinical scores were lower, the latent 
period was postponed, and the advanced stage was shorter in 
melatonin-treated mice compared with the untreated group 
[127].

7.1.2 � Anti‑oxidative Effects of Melatonin

It is well established that inflammation-induced oxidative 
stress can contribute to the pathogenesis of MS and its ani-
mal model, EAE [128]. Activated macrophages and astro-
cytes release large amounts of ROS or reactive nitrogen spe-
cies (RNS) [129]. The main cellular components like lipids, 
proteins, and nucleic acids (e.g., RNA, DNA) are damaged 
with ROS, leading to cell death and tissue damage by necro-
sis or apoptosis [128]. Stress response against ROS-mediated 
toxicity is mediated by the activation of genes responsible 
for anti-oxidative action [129]. Normally, the nuclear factor-
E2-related factor (Nrf2) links to Keap1 in the cytoplasm, but 
under stress conditions, Nrf2 is evaded and translocated to 

Fig. 2   Neuropharmacological 
targets involved in prevent-
ing and therapeutic effects of 
melatonin against multiple 
sclerosis (MS) development. 
Mfn mitofusin, NF nuclear 
factor, ICAM intracellular adhe-
sion molecule, IFN interferon, 
Treg T regulatory, Th T helper, 
IL Interleukin, Nrf2 nuclear fac-
tor E2-related factor, ARE anti-
oxidant response elements, 
HO-1 heme oxygenase-1, 
GSH glutathione, ROS reactive 
oxygen species, CAT​ cata-
lase, SOD superoxide dis-
mutase, NADPH nicotinamide 
adenine dinucleotide phosphate, 
NQO nicotinamide quinone 
oxidoreductase, MOG myelin 
oligodendrocyte glycoprotein
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the nucleus and binds to the antioxidant response elements 
(ARE), inducing the transcription of ROS-protective genes 
such as SOD, CAT, heme oxygenase-1 (HO-1), nicotinamide 
adenine dinucleotide phosphate (NADPH), and quinone oxi-
doreductase 1 (NQO1) [130].

In an EAE animal model, melatonin treatment resulted 
in higher levels of antioxidant agents including SOD and 
CAT, and decreased the thiobarbituric acid reactive sub-
stances (TBARS) and ROS concentrations versus untreated 
ones. Overall, Nrf2/ARE pathway up-regulation following 
melatonin administration could contribute to the HO-1 and 
NQO1 expressions in the spinal cord of mice and anti-oxida-
tive action [127]. Such results were also observed in another 
study when melatonin was administered alone or in combi-
nation with baclofen in EAE-model mice; in both groups, 
the levels of the antioxidant enzymes like SOD and CAT 
increased and malondialdehyde (MDA; the lipid peroxida-
tion marker) reduced in comparison with that of the control 
group; however, the combined group (melatonin + baclofen) 
exhibited stronger antioxidant activity [131]. In Kashani’s 
study, in order to assess the free radical-mediated activity 
of melatonin following cuprizone-induced demyelination, 
estimations of MDA and GSH tissue levels were carried 
out in the corpus callosum of mice on the cuprizone diet. 
Melatonin antagonized the effect of cuprizone and increased 
the GSH level significantly, and decreased the MDA level 
[132]. In EAE mice, pre- and post-treatment of melatonin 
and N-acetyl serotonin reduced the number of p67phox, 
NADPH oxidases activator subunit, and the iNOS positive 
cells in the spinal cord of treated mice versus untreated mice 
[124]. Furthermore, free radicals can activate NF-κB, lead-
ing to the up-regulation of a set of genes that play crucial 
roles in the pathogenesis of MS, such as TNF-α, intracellu-
lar adhesion molecule 1 (ICAM-1) and vascular-cell adhe-
sion molecule 1 (VCAM-1) [128]. The administration of 
melatonin in cuprizone-treated mice enhanced NF-κB and 
reduced the HO-1 level dose dependently [123].

7.1.3 � Effects of Melatonin on Mitochondrial Function

The diverse functions of the mitochondria make it one of 
the crucial components of the body, and any mitochondrial 
abnormality such as mitochondrial enzyme function failure, 
gene expression defect, or an imbalance of the mitochondrial 
fusion and fission can contribute to the development and 
progression of MS lesions [133]. The mitochondrial den-
sity, length, and number within the cross sections of axons 
in the corpus callosum of the cuprizone-induced mice was 
reduced after melatonin administration, while there was no 
detectable change in their size before and after melatonin 
treatment. Melatonin significantly increased the levels of 
all four mitochondrial subunits, which were down-regu-
lated after cuprizone induction. In addition, the expression 

of mitofusin mfn1, an important mediator of mitochondrial 
fusion, increased following melatonin administration [132].

7.1.4 � Anti‑inflammatory Effects of Melatonin

The fundamental units of the nervous system, the neurons, 
are the target of inflammatory processes in MS [134]. The 
progression of MS, as well as that of EAE, is mediated by 
the infiltration of T- and B-lymphocytes, in addition to the 
activation of microglia and macrophages [124]. N-Acetyl 
serotonin or melatonin administration (following the onset 
of symptoms) significantly reduced the number of activated 
microglial and infiltrated lymphocytes in the EAE mouse 
spinal cord [124]. Another immune response that was 
affected by melatonin was reported in the study by Alvarez, 
where melatonin decreased the peripheral and central Th1/
Th17 ratio and increased the regulatory responses such as 
IL10 synthesis and T regulatory (Treg) frequency. On the 
other hand, there was a reduction of the T-effector memory 
population and CD44 expression. CD44 is widely used as a 
marker of antigen-experienced T cells (Ag-Tcells), the prin-
cipal ligand of which is hyaluronan (HA). CD44 is involved 
in the recruitment of T cells to sites of inflammation; adhe-
sion of T cells to the endothelium; in Th cells survival, 
polarization, and differentiation; as well as in Treg cells’ 
maintenance and suppression. The surface expression of 
CD44 is elevated in circulating T cells of MS patients during 
the relapse phase. It has been demonstrated that melatonin 
down-regulates the expression of CD44 in T-effector cells, 
and up-regulates the CD44 level in Treg cells [125]. IFN-γ 
secretion produced by Th-1 cells leads to the destruction of 
myelin and oligodendrocytes through activating phagocytic 
macrophages and inhibiting developmental myelination or 
remyelination of the demyelinated lesions in EAE [135].

In an attempt to find the mechanism underlying the reduc-
tion of the clinical severity of the EAE model following 
the administration of melatonin, mononuclear cells were 
driven from the spleens and CNS of mice treated with 
either melatonin or solvent. Flow cytometry analysis of the 
lymphocyte subsets showed a significant reduction in the 
Th17 population of the CD4 T-cell subset of the CNS in 
the melatonin-treated group, mainly in correlation with the 
IL-17 reduction in the CNS. IL-10 increased in the splenic 
Treg cells of the melatonin-treated mice, while the percent-
ages of splenic Tregs were not different in the solvent- ver-
sus the melatonin-treated group. Following melatonin treat-
ment, the expressions of IFN-γ, IL-17, IL-6, and CCL20 
were also suppressed [136]. Melatonin or N-acetyl serotonin 
treatment increased the number of activated microglia and 
CD4+ T-cells in the white matter of EAE mice reduced near 
to normal levels [124]. Subsequent to oral administration of 
melatonin in EAE-induced Lewis rats, histological analysis 
of the spinal cord showed less inflammatory cell infiltration 
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versus the vehicle group. In addition, immunohistochemical 
detection showed a significant enhancement (about twofold) 
of the proportion of NK+ cells/total inflammatory cells in 
melatonin-treated animals’ versus the vehicle-treated ani-
mals. Adhesion molecule intensity was also compared in the 
two groups; the ICAM-1 immunoreactivity was reduced in 
the melatonin group but the LFA-1 immunoreactivity was 
the same in the two groups [126]. Melatonin treatment could 
reduce the numbers of inflammatory cells (mainly single 
nucleus) infiltrated in the spinal cord of EAE mice [127]. 
In contrast to the previous studies, in a study conducted on 
young Lewis EAE model rats, the administration of mela-
tonin enhanced the ratio of IFN-γ/IL-4 (as an indicator of 
the ratio of Th-1/Th-2), although the increase was observed 
in both pro- and anti-inflammatory cytokines; however, the 
increase in IFN-γ was more prominent than in IL-4 [137].

7.1.5 � Anti‑apoptotic Effects of Melatonin

Oligodendrocytes, known as myelinating cells of the CNS, 
have been shown to play a key role in the pathophysiology 
of MS [138]. In the cuprizone-induced model of demyeli-
nation, the inhibition of copper-dependent mitochondrial 
enzymes caused oligodendrocyte degeneration. Evaluation 
of apoptotic markers in cuprizone-treated mice after mela-
tonin administration showed that in cuprizone-treated mice, 
melatonin treatment reduced the mean amount of apoptotic 
cells by reducing the caspase-3 and Bax (pro-apoptotic pro-
tein), as well as by increasing the Bcl-2 (anti-apoptotic pro-
tein) level and therefore reducing the Bax/Bcl-2 ratio [123] 
in a dose-dependent manner.

7.1.6 � Anti‑demyelinating Effects of Melatonin

Demyelination has a pivotal role in the pathogenesis of MS. 
In a study by Kashani, in the corpus callosum sections of 
the cuprizone-induced mice, following melatonin treatment, 
the myelin loss and the number of oligodendrocytes were 
nearly restored to normal, according to both staining param-
eters luxol fast blue (LFB) and proteolipid protein (PLP) 
[132]. In contrast, administration of melatonin did not show 
any initiation of myelin production in a cuprizone model of 
demyelination [123]. Myelin oligodendrocyte glycoprotein 
(MOG), located at the outer surface of myelin sheaths, and 
the oligodendrocyte membranes are considered to have great 
importance in myelination. Due to the late postnatal devel-
opmental expression, MOG is known as a marker for oligo-
dendrocyte maturation [139]. Melatonin treatment with or 
without baclofen, a muscle relaxant, indicated an elevation 
in the expression of MOG, compared to untreated samples 
in EAE-induced mice [131]. A significant reduction in the 
loss of mature oligodendrocytes, demyelination, and axonal 

injury were observed in the spinal cord of EAE mice after 
melatonin and N-acetyl serotonin administration [124].

7.1.7 � Effects of Melatonin on Bone Health

Although physical inactivity is likely the most important 
contributing factor to low bone mineral density (BMD) 
in MS, the higher chance of developing osteoporosis in 
MS patients than in the other non-inflammatory disabling 
diseases, besides the presence of similar inflammatory 
cytokines in both osteoporosis and MS, suggests a stronger 
correlation between these diseases and their pathogenesis. 
Additional factors that may play role in the incidence of 
osteoporosis in MS include a low level of vitamin D, and 
the use of some medications (e.g., glucocorticoids and anti-
convulsants) [140]. Procalcitonin, a precursor of calcitonin 
involved in calcium homeostasis, also has been suggested to 
be a marker of systemic inflammation and autoimmune dis-
eases. Melatonin treatment in EAE mice showed enhanced 
serum levels of 25-hydroxyvitamin D and osteocalcin a 
marker of bone matrix synthesis. In addition, melatonin 
reduced the procalcitonin level [141]. Table 1 presents a 
summary of melatonin intervention in animal models of MS.

7.2 � Clinical Studies

7.2.1 � Effects of Melatonin on MS Symptoms

In a case-control study, the association between the poly-
morphisms in the tryptophan hydroxylase2 (TPH2) and 
melatonin receptor 1B (MTNR1B) gene with PPMS was 
investigated. The disability and dysregulation of the mela-
tonin pathway were assumed to be the main cause of the 
disease progression [142]. In another study, the clinical cor-
relation between serum melatonin and procalcitonin in MS 
patients was investigated. Forty-six volunteers including 
23 MS patients (19 women and four men), and 23 healthy 
subjects (19 women and four men) were participated. A 
significant increase (p < 0.05) in the serum level of proc-
alcitonin was observed in MS patients compared with the 
healthy participants. The melatonin serum level decreased 
significantly (p < 0.05) in MS patients, in comparison with 
the healthy controls [141].

The effect of IFN-β-1b therapy on melatonin secre-
tion, fatigue, and sleep features was investigated by Mela-
mud et al. [143]. In this study, 25 volunteers including 12 
healthy subjects and 13 female RRMS patients participated. 
Patients were evaluated prior (6 weeks) and after treatment 
with IFN-β-1b for 4 months. Fatigue was calculated based 
on the Fatigue Impact Scale (FIS); the day/night levels of 
6-sulphatoxy-melatonin (6-SMT) were also assessed. Sleep 
efficiency was significantly decreased in the MS group 
(p < 0.05), and the urine melatonin metabolite level was 
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decreased in IFN-β-1b-pretreated patients (p < 0.001). In 
addition, after 4 months of IFN-1β therapy, total fatigue 
significantly decreased (p = 0.068) compared with controls. 
Moreover, the urine melatonin metabolite level in the pre-
treated patient group reduced significantly [143].

Adamczyk-sowa et al. [144] determined the effect of 
melatonin supplementation on chronic fatigue syndrome in 
MS patients. 102 MS patients participated in the treatment, 
which involved taking oral melatonin (5 mg per day) over 
3 months. This research showed that the lipid hydroxyper-
oxide (LHP) concentrations were significantly higher in all 
the studied MS groups (p = 0.000003). However, a signifi-
cant decrease was seen in the plasma LHP concentration in 
MS patients, while in the RRMS-relapse group the plasma 
level of homocysteine was significantly higher compared 
with the RRMS-pretreated group (p = 0.02). No significant 
difference was reported in the plasma homocysteine concen-
tration before and after melatonin therapy. The fatigue score 
was significantly lower in the RRMS pretreated group. The 
degree of fatigue on the MFIS score decreased significantly 
in the RRMS pretreated group [144].

A relationship between the tolerability and the efficacy 
of supplemental therapy with melatonin, motor cognitive 
and neuroimaging in MS patients was investigated in RRMS 
patients. Twenty-three RRMS patients received melatonin 
(3 mg/day) and INF-1β once weekly for 12 months. No sig-
nificant effect on the extended disability status scale (EDSS), 
MS functional composite (MSFC), and Beck Depression 
Inventory-second edition 17 (BDI-II) was reported for the 
treatment with melatonin on the clinical and functional 
debility and development of brain lesions [145]. In a case-
control study of an Iranian MS population, Gholipour et al. 
showed the urinary level of melatonin decreased in MS 
patients compared with the control group [146].

7.2.2 � Anti‑oxidative Effects of Melatonin

Miller et al. [147] studied the correlation between melatonin 
and the decrease of oxidative stress in the erythrocytes of MS 
patients. SPMS patients (n = 16) including 11 females and 
five males were exposed to melatonin (10 mg daily/30 days) 
and 13 subjects were included as controls. Melatonin caused 
a significant increase in SOD and GPx, and decreased the 
MDA level in erythrocytes of SPMS patients [147]. In 
another experiment, the correlation between melatonin sup-
plementation and oxidative stress parameters, especially oxi-
dative protein modifications of the blood serum, for example 
the levels of N′-formyl kynurenine, kynurenine, dityrosine, 
carbonyl groups, advanced glycation products (AGEs), 
advanced oxidation protein products (AOPP), and MDA, 
was investigated. Thirty-six patients with RRMS received 
250 μg IFN-β-1b subcutaneously (SC) every day, and 25 
RRMS patients received IFN-β-1b plus 5 mg melatonin 

supplementation orally over a period of 3 months. The total 
levels of oxidative proteins were elevated in the blood serum 
in the control group. The N′-formyl kynurenine (p < 0.001), 
kynurenine (p < 0.01), AGEs, and carbonyl (p < 0.05) levels 
were decreased only in the group treated with IFN-β plus 
melatonin, whereas the dityrosine (p < 0.001) and AOPP 
levels were reduced in both groups of patients treated with 
IFN-β and IFN-β-1b plus melatonin [148].

In another study, the total oxidant status, total anti-
oxidant capacity, and their influence on the sleep quality 
and depression level of MS were evaluated. In this study, 
melatonin (5 mg) was administrated daily over 3 months to 
volunteers including 102 MS patients (69 women, 33 men) 
and 20 healthy controls (13 women and seven men). The 
serum level of total oxidant decreased significantly in all MS 
patients (p < 0.05). The total anti-oxidant capacity level was 
significantly lower only in the mitoxantrone-treated group 
and increased after melatonin supplementation (p < 0.05).

It was shown that melatonin can act as an antioxidant 
and can recover reduced sleep quality in MS patients [147]. 
Following melatonin therapy, INF-β and glatiramer acetate 
were reduced in the treated group, and an increase in SOD 
activity was observed (p < 0.05) [149]. In another study, 
the correlation between anti-oxidative melatonin therapy 
and ceruloplasmin concentration, as an immune-modifying 
agent, was assessed in MS patients. In this study, 117 vol-
unteers including 102 MS patients and 15 healthy controls 
participated. MS patients were supplemented with melatonin 
for 3 months. Melatonin caused a decline in ceruloplasmin 
level (p < 0.05), making ceruloplasmin a valuable serum 
marker for the chronic demyelinating process that occurs in 
oxidative stress mechanisms as well as a neurodegenerative 
marker, but not a marker of acute-phase MS [150].

In a study conducted in 14 healthy subjects and 12 female 
patients with RRMS treated with melatonin, melatonin ther-
apy significantly increased the sirtuin1 (SIRT1) (p < 0.001), 
manganese-dependent-SOD (MNSOD) (p = 0.003) and CAT 
(p < 0.001) mRNA levels of the peripheral blood mononu-
clear cells (PBMCs) in RRMS patients. In MS patients, 
SIRT1 activity was not correlated with CAT and MNSOD 
activities before melatonin treatment, whereas after mela-
tonin therapy, a significant correlation was detected between 
SIRT1 and CAT activities in PBMCs patients (p = 0.039). 
The mRNA expression of CAT in untreated PBMCs in 
RRMS patients was significantly high (p = 0.01) [151]. In 
a case-control study the correlation between melatonin and 
the pathogenesis of MS was investigated. In this process, 
35 patients with MS and 35 healthy subjects were evalu-
ated. There was no difference between the melatonin level 
in patients with dissimilar clinical features such as disease 
duration, first attack, and treatment type, and no correlation 
was observed between the melatonin level and sleep quality. 
Melatonin can have a broad range of actions in neurogenesis 
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immunomodulation, improvement of the immune defense, 
removal of free radicals, prevalence of lipid metabolism, and 
neuroprotection [152].

Mrowicka et al. [153] investigated the influence of mela-
tonin on the cellular Cu Zn-SOD in red blood cells of MS 
patients. The experiment included 33 subjects who were 
immobilized and 17 subjects with normal physical activ-
ity. Melatonin was given at a dose of 5 mg daily, 1 h before 
sleep. A slight increase was reported in Cu Zn-SOD activity 
(+ 3.1%) 10 days after alloplasty and melatonin adminis-
tration, whereas a considerable rise in the enzyme activity 
(+ 23.3%) was noted 30 days after restoration and melatonin 
supplementation in the treatment group. The average Cu Zn-
SOD activity was lower in the controls. These results indi-
cated that short- and long-lasting hypokinesis leads to an 
increase in ROS generation, which is shown by an increase 
in Cu Zn-SOD activity. The results of the study on SOD 
activity demonstrated that the oral administration of mela-
tonin for a period of 30 days has a more satisfactory impact 
on anti-oxidative courses than 10-day’s melatonin consump-
tion [153].

7.2.3 � Anti‑inflammatory Effects of Melatonin

Farez et al. [154, 155] showed that melatonin levels are 
modulated by seasonal variations overnight. The study was 
conducted on 139 RRMS patients. Melatonin caused a sig-
nificant increase of expression of the repressor transcription 
factor Nfil3, blocked the differentiation of the pathogenic 
Th17 cells, increased the generation of protective Tr1 cells 
through Erk1/2, and enhanced the trans-activating of the 
IL-10 promoter by ROR-α. A higher serum melatonin level 
was associated with the lower expression of IL17. A positive 
relationship was found between higher IL10 expression in 
peripheral CD4+T cells and melatonin in serum (p = 0.003). 
Melatonin modified various human Th17 and Tr1cells 
in vitro, and endogenous melatonin levels are related to the 
expression levels of IL17 and IL10 in peripheral CD4+T 
cells in RRMS patients [154, 155].

8 � Conclusion

Oxidative stress and inflammation are important factors 
underlying the process of demyelination. Many studies have 
confirmed that melatonin has significant protective effects 
against redox signaling in both MS animal models and clini-
cal studies. Redox signaling was potentially regulated by 
melatonin through reduction of ROS, increasing the GSH 
and NADPH content, as well as activating the antioxidant 
enzymes (e.g., HO-1, SOD, CAT, and NQO1) mediated by 
Nrf2/ARE pathway. It has been revealed that melatonin has 

a highly anti-inflammatory effect in both animal models (six 
studies) and MS patients (two studies). Basically, melatonin 
protects neurons by reducing the neuroinflammatory media-
tors (e.g., IFN-γ, IL-17, IL-4, IL-6, and CCL20), endothe-
lial activation of ICAM-1, microgliosis and induction of 
IL-10, as well as by increasing the population of Treg cells 
instead of Th1 cells. According to the results of five stud-
ies, it could be concluded that melatonin possibly decreases 
the severity of clinical symptoms and behavioral deficits in 
animal models of MS. Of six clinical studies that evalu-
ated the effects of melatonin on MS symptoms, a number 
of studies only measured the level of melatonin in patients 
and some others used melatonin as supplementary therapy; 
thus, the differences in the results make it difficult to form 
conclusions. Although there are no reports of risks regarding 
melatonin supplementation from human studies, it seems 
that adherence to risk-assessment plans outlined by standard 
protocols is necessary. Since melatonin is usually used as a 
supplement and its properties are shared by the effects of 
routine therapies, stringent follow-up of patients, besides the 
utilization of proper control individuals, is recommended. 
Several factors including bone health (one study), apoptosis 
(one study), mitochondrial function (one study), and anti-
demyelinating effects (two studies) were evaluated in ani-
mal models, and the clinical monitoring of MS patients are 
also suggested. Melatonin supplementation may modulate 
the apoptosis pathway by decreasing the expression of pro-
apoptotic genes (Bax and caspase3) and increasing the level 
of anti-apoptotic gene Bcl-2 as well as decreasing mitochon-
drial noxious enzymes. Another signaling pathway involved 
in neuronal function, which was found to be modulated by 
melatonin, is mature oligodendrocyte degeneration and mye-
lin loss. Notably, melatonin promotes the oligodendrogen-
esis and repopulation of mature oligodendrocytes in vivo, 
which has substantial implications for remyelination in MS.

The conclusions of this article are derived from a com-
prehensive review of the literature and indicate that there 
is an urgent need for detailed screening of molecular 
mechanisms that mediate the neuroprotective effects of 
melatonin in both animal and human subjects. Though it 
seems that melatonin alone cannot resolve the therapeutic 
challenges of MS, it possibly may reveal new therapeutic 
interventions or new functions. Further evaluation of cel-
lular and molecular mechanisms with an emphasis on the 
effects of melatonin may lead to the development of new 
management schemes for MS.
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