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Abstract: Multiple Sclerosis (MS) is a neurodegenerative disease that mainly affects young adults. The high
prevalence of the disease and its impact on patients' quality of life led to priority being given to the
etiopathogenesis of the disease to identify possible modifiable factors and consequent effective intervention
strategies. Recent hypotheses suggest that the etiopathogenesis of MS is multifactorial and includes factors
related to the immune system, neuroinflammation and neurodegeneration. In this scenario, sleep has a close -
although indirect - relationship with MS, through its relationship with each of those factors. In particular, the
role of cytokines in immune system impairment and neuroinflammation, mitochondrial dysfunction and
oxidative stress in neurodegeneration all are associated with sleep in different forms. Furthermore, melatonin
in relation with vitamin D has a potential therapeutic effect in MS sleep-related problems. Given the growing
interest of research in the mechanisms underlying MS and therapies able to alleviate MS-related symptoms at
all stages of the disease, a more in-depth study of the role of sleep disturbances and the factors intrinsically
related to sleep and MS could be useful both to investigate the etiopathogenetic factors of MS and to develop
potential non-invasive intervention strategies for MS treatment.
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1. Introduction

Multiple Sclerosis (MS) is one of the most debilitating neurodegenerative diseases affecting
about 2.4 million people in the world's population [1]. MS mainly affects young adults between the
second and fourth decade of life. Its high prevalence, early onset and the effects of the disease on the
quality of life have led to a significant increase in research on MS in recent decades. It is possible to
assume that most patients, in the early years of the disease, present the clinical form called "relapsing-
remitting MS" (RRMS), which presents with relapses followed by recovery. Over the years, the
corresponding clinical forms, progressive relapsing-remitting MS (PRMS) and secondary progressive
MS (SPMS) [2], lead to a worsening of the quality of life and clinical conditions, in terms of persistent
symptoms and lack of recovery after relapses.

Several factors make the course of the disease difficult to predict, which is highly subjective. In
a first phase, visual disturbances may occur (such as optic neuritis), changes in gait and balance,
fatigue, episodes of paralysis, sensory deficits [3].

The effects of MS on the brain are known, with the appearance of focal areas of inflammation
and demyelination, neuronal and oligodendrocyte loss and reactive astrogliosis [4]. Brain tissue and
spinal cord damage is initiated by T-cell mediated inflammation and demyelination and
neurodegeneration are driven by heterogeneous mechanisms, including innate and adaptive
immune systems [5]. With regard to the etiopathogenesis of the disease, little is yet known about the
causes leading to demyelination and neuronal loss and the great clinical variability in terms of
different symptomatology, different prognosis and different progression create confusion in
achieving a unified hypothesis on the MS pathogenic mechanisms.

Within the different hypotheses, the factors that are commonly recognized as being directly or
indirectly part of the pathogenesis in MS are some cytokines, which would contribute to the process

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202311.0897.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2023 doi:10.20944/preprints202311.0897.v1

of neuroinflammation and immune system dysregulation; and mitochondrial dysfunction and
oxidative stress closely involved in the neurodegenerative process [3]. Furthermore, the role of
melatonin as a possible “future vitamin D” is growing in interest in the field of MS research.

Although little is known about the etiopathogenesis of MS, some pharmacological treatments
are effective - although not resolutive - in slowing the progression of the disease. In the last decade,
research on the etiopathogenesis of the disease has focused attention on the possible multifactorial
nature of MS, assuming that many factors act and interact each other, triggering to onset of the
disease.

Within this scenario, sleep seems to have a more or less direct relationship with each of the
factors related to the etiopathogenesis of MS, confirming the presence of marked sleep disorders
throughout the course of the disease. In particular, patients with MS complain of insomnia, sleep
breathing disorders (SBD), restless leg syndrome (RLS), disorders of the sleep-wake rhythm [6]. In
addition, there is growing evidence of the bidirectional relationship between sleep and the immune
system [7], whose malfunctioning in MS is at the root of the origin and progression of the disease.

This review discusses empirical evidence that assumes the possible multifactorial nature of the
etiopathogenesis of MS. In the light of recent advances and evidence on the implications of many
factors to which sleep is linked, we examine in depth the relationships between sleep, disturbed sleep
and sleep loss with each of the factors considered, with particular reference to immune system,
neuroinflammation and neurodegeneration. Furthermore, considerable space will be given to new
evidence concerning the cellular and molecular mechanisms of MS, with particular reference to
cytokines. These molecules, in fact, are produced by T lymphocytes and monocytes and play a
fundamental role in both innate and acquired immune responses. Of specific interest for the
relationship between sleep and MS is the role of specific cytokines, such as some types of pro-
inflammatory interleukins (IL-18 and IL-6) and tumour necrosis factor (TNF).

On the basis of the state of the art of the empirical evidence on the mechanisms linking sleep and
MS, possible intervention strategies for the prevention and treatment of disturbed sleep are
described. The role of melatonin, in particular, is currently considered a candidate of preference for
therapeutic interventions in sleep-related disorders in MS. Other therapeutic hypotheses assume that
acting on sleep in terms of: (i) improving its quality, (ii) regulating normal circadian rhythms and (iii)
resolving sleep disturbances can have a beneficial effect on the quality of life of MS patients.

2. Etiopathogenesis of MS: A New Multifactorial Approach

Although little is yet known about the causes of MS, the literature is consistent in stating that
genetic, environmental and immune factors are all implicated in the etiopathogenesis of the disease
[8].

Considering the etiopathogenesis of MS as multifactorial means taking into account all the
factors that could contribute to the onset of the disease. Research on the causes of MS is hampered by
the great heterogeneity of the disease, from different points of view: radiological and
histopathological changes, the appearance of very different symptoms, the inability to define the
course of the disease and the different responses of patients to pharmacological treatments [9].

Although there is no definite knowledge on the explanation of the pathophysiology in MS, two
different hypotheses have been formulated regarding the possible peripheral or central origins of the
disease. In recent years, both hypotheses have been supported by some empirical evidence,
suggesting that the combination of both paradigms may be the most comprehensive model for
revealing the complex origins of MS. The theory that postulates a peripheral origin of the initiation
of processes that triggers MS is called “outside-in” [10]. According to this theory, the autoimmune
attack against myelin would originate from the peripheral activation of reactive T cells migrating into
the central nervous system (CNS). At the molecular level the development of the autoimmune
response, typical of MS, would be due to the cross-reactivity between self and non-self antigens [11].
Underlying the formation of lesions in MS is the recruitment of pathogenic T cells called CD4+ 'helper’
and CD8+ 'killer' cells, that migrate from the periphery to the CNS. Antigen presenting cells (APCs),
such as monocytes, macrophages, microglia, dendritic cells and B cells activate naive CD4+ T cells
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and encourage differentiation of CD4+ Th17 and Th1 cells through inflammatory cytokines, such as
IL-18, IL-6, IL-23 and IL-12 [12]. The recruitment of these cells would be responsible for the
mobilisation of phagocytes that are capable of producing harmful inflammatory mediators and, with
the presence of infiltrated T cells, of degrading the myelin sheath [13].

The 'inside-out' theory, on the other hand, recognises MS as a primary neurodegenerative
disease and points to cytodegeneration, mainly directed at the oligodendrocyte-myelin complex,
leading to the release of strongly antigenic constituents, as the initial event that triggers the
inflammatory and autoimmune response in predisposed individuals [11]. The basis for this theory is
axonal damage, which has been found to occur at an early stage of the disease. This suggests the
possibility of an initial event in the CNS where apoptosis of oligodendrocytes and activation of
microglia would take place, which would be at the origin of the early lesions in MS. The death of
oligodendrocytes would alter the myelin sheath, allowing microglia to scavenge and accumulate at
the site of injury, as evidenced by the fact that macrophages are the predominant cell type in both
chronic and active plaques [13]. In this case, the recruitment of immune cells would be a secondary
response to the events initiated in the CNS [13]. Even this theory, however, recognises the immune
cell reaction to antigenic components as a highly characterising event in MS, although it identifies the
origin of the triggering events in the CNS.

Lesion types can be divided on the basis of the major constituents of inflammatory infiltrates
and CSF characteristics: lesions of pattern I display infiltration of T cells and macrophages; in the
pattern II there is a contribution of humoral mechanisms to disease pathology, with the add of
antibodies and complement deposition. The main features of pattern III are the distal
oligodendrogliopathy with the dysregulation of mielin protein expression and apoptosis of
olygodendrocytes, evident in an inflammatory background [14,15].

Yet, currently knowledge indicates and classifies MS as an autoimmune disease. The key
mechanisms underlying MS mainly concern the immune system, neuroinflammation and
neurodegeneration.

Beyond the peripheral or central origin of MS, the disease is characterized by two phases: at the
beginning of a new lesion there is predominance of acute inflammation and then a state of chronic
inflammation followed by neurodegeneration [16]. During the first phase there is the penetration of
blood brain barrier (BBB) by the immune cells activated against the myelin sheath. The inflammation
in MS is partly due to the components of the innate and adaptive immune systems [17,18]. In
summary, there is proliferation and dysregulation of pro-inflammatory T lymphocytes (Thl and
Th17) and activation of B cells and secretion of inflammatory cytokines [19].

Inflammatory pathognomic events in MS also activate neurodegenerative processes that lead to
the destruction of oligodendrocytes, axons and ultimately neurons [17,18]. The brain, spinal cord and
retinal atrophy are the result of the presence of neurodegeneration even in the early stages of the
disease, which means that both acute inflammation and neurodegeneration processes coexist from
the very first symptoms of the disease in the grey matter and the white matter [20].

Thus, neuroinflammation - defined as the response of the reactive elements of the central
nervous system (CNS) to an altered homeostasis from inside or outside the CNS - and
neurodegeneration are closely related and seem to occur also in parallel, and an important role could
be played by cytokines, which determine synaptic dysfunction. Cytokines, in fact, together with
microglial cells, myeloid infiltrating cells, astrocytes and oligodendrocytes are the main reactive
components of the CNS [21,22].

Hence, starting from the deficit of the immune system, the processes of neuroinflammation and
neurodegeneration and all the factors underlying these systems contribute in different ways to the
development, course and different clinical manifestations of the disease.

Bearing in mind the involvement of these systems, recent literature has indicated which factors,
closely related to the immune system and the processes of neuroinflammation and
neurodegeneration play a role in MS. It should be noted that there are many factors that appear to
contribute directly or indirectly to the etiopathogenesis, development and progression of the disease,
and this review will consider the factors that could be primarily implicated in MS and related to sleep
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in various forms. According to Tobore's multifactorial approach [3], mitochondrial dysfunction
(MtD), oxidative stress and vitamin D all seem to play an important role in MS and also have a
modulatory effect on many other factors involved in the disease [3]. Each of these factors has a
relationship with sleep, which in turn seems to have a close indirect relationship with MS.

3. Disturbed Sleep in MS

Although recent research suggests that sleep disorders are common in MS and have the potential
to contribute to chronic symptoms, sleep assessment is not routinely incorporated into MS clinical
care [23]. It has been found that the presence of sleep disturbances in MS patients is about 50% [24]
and they appear 4 times more frequently than in the general population [25].

Many studies in the literature agree that the most common sleep disorders in MS are insomnia,
sleep-disordered breathing (SDB; with particular reference to Obstructive Sleep Apnoea Syndrome;
OSA) and motor disorders, such as Restless Legs Sydrome (RLS) and Periodic Limb Movement of
Sleep (PLMS). Moreover, although there is no definite association with disturbed sleep yet, many
patients complain of a sort of feeling of tiredness during the day. This symptom is often associated
with fatigue, a very common condition in MS. Fatigue is defined as “a subjective lack of physical
and/or mental energy that is perceived by the individual or caregiver to interfere with usual and
desired activities” and, more recently, as reversible motor and cognitive impairment with reduced
motivation and desire to rest [26,27]. It is important to emphasize that the conditions of fatigue and
sleepiness are to be considered distinct, sleepiness being defined as an abnormal probability of falling
asleep during normal waking hours. This distinction, when based self-report measures, may not be
so clear as compared to objective measures (e.g., via the Multiple Sleep Latency Test, MSLT, for
evaluating daytime sleepiness) [28].

Beyond the association between sleep disorders and MS, it is interesting to discuss the results of
the numerous works that have investigated MS and disturbed sleep in terms of sleep fragmentation,
a common feature of insomnia, OSA, RLS and PLMS. In other words, in the light of recent evidence
linking sleep and MS also at the etiopathogenetic level, it is necessary to consider sleep structure itself
- and not only primary sleep disorders - as a modifiable factor linked to MS at various levels. Indeed,
sleep fragmentation, poor sleep efficiency or sleep deprivation (SD), whatever the cause, are factors
closely linked to a number of typical MS disturbances. In particular, sleep fragmentation, could be a
cause or concomitant cause of the cognitive disturbances found in many MS patients.

For this reason, a number of studies have investigated the relationship between disturbed sleep,
MS and cognition. A recent study aimed to determine direct and indirect longitudinal associations
between sleep disturbances and self-perceived cognitive dysfunction in women with MS compared
with a control group (n=524) [29]. Specifically, the aim was to define whether the perceived
dysfunction in MS was mediated and/or moderated by sleep disorders. The working hypothesis was
that the higher prevalence of suspected or diagnosed OSA, sleepiness and insomnia in MS patients
should predict cognitive difficulties after a 4-years period. The results of the study showed that OSA,
insomnia and sleepiness could differentially moderate or mediate the effect of MS on perceived
cognition in women. The cognitive functions under consideration were multiple, including working
memory, comprehension and visuospatial functions. Different sleep disorders appeared to moderate
or mediate cognitive dysfunction differentially: OSA was strongly associated with verbal
comprehension, whereas insomnia and sleepiness showed the strongest associations with working
memory and, to a lesser extent, with verbal comprehension and attention.

Again, with reference to cognition, objective sleep measures assessed by polysomnography
(PSG) were also analysed in relation to cognitive and physical fatigue measures in MS patients [30].
The results of this cross-sectional work pointed out that sleep impairment was strongly correlated
with cognitive but not with physical fatigue. Specifically, patients who had lower sleep efficiency,
increased sleep onset latency and Wakefulness After Sleep Onset (WASO) had more cognitive
fatigue. This could imply that the lack of good sleep quality would make these patients more easily
fatigued in cognitive tasks that could interfere with their profession. Indeed, the finding that PSG
measures do not show significant correlations with age, disease duration or degree of severity
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suggests that sleep impairment could be present at any stage of MS, beyond disease severity and
even in professionally active young patients. Furthermore, this study also emphasises the increase in
N1 and concomitant decrease in N3 (Slow Wave Sleep, SWS) and REM in patients with increased
cognitive fatigue. This could imply that the lack of good sleep quality would make these patients
more easily fatigued in cognitive tasks that could interfere with their profession. Indeed, the finding
that PSG measures do not show significant correlations with age, disease duration or degree of
severity suggests that sleep impairment could be present at any stage of MS, beyond disease severity
and even in professionally active young patients. Furthermore, this study also emphasises the
increase in N1 and concomitant decrease in N3 (Slow Wave Sleep, SWS) and REM in patients with
increased cognitive fatigue. Learning and synaptic homeostasis in the brain are considered to be
largely dependent on SWS. Lack of N3 could make the patient less receptive to new information and
result in worsening learning ability. Preserved memory, the ability to learn new information and the
ability to form new memories all depend on N3 which, when affected, results in worsening in all
these domains. The worsening or absence of REM can also worsen memory and learning.
Interestingly, only 38% of patients complained of sleep disturbances but at PSG level 88% of patients
had at least one alteration among the sleep markers considered: worse sleep efficiency, increased
latency, reduced or absent N3 and REM, increased WASOQO, increased respiratory event index (REI)
and increased PLMS. This suggests a possible discrepancy between subjective and objective measures
of sleep quality [30]. In this regard, a study evaluated the discrepancies between self-reported and
device-measured sleep parameters [31] to determine the agreement between subjective and objective
measures of sleep quality. Patients completed a sleep diary for 7 days and wore an actigraph as an
objective measure of sleep quality for 7 nights. There was considered acceptable agreement between
the two methods concerning total bedtime and total sleep time, but not for sleep onset latency,
number of nocturnal awakenings and sleep efficiency. This suggests that it would be important to
use both measures to capture all aspects of sleep quality in MS patients.

In general, it can be stated that many of the studies that have examined the main sleep disorders
in MS have focused on subjective measures of sleep quality and sleep disturbance and on assessing
the association between sleep disorders and quality of life (QoL) in MS patients, suggesting a relation
between sleep disorders and MS, given the high percentage of MS patients who suffer from sleep
disorders and the consequent negative impact on patients' QoL.

The recent literature evidence, however, especially with reference to the last decade, also
includes several studies that have investigated sleep with objective recording methods that are
considered more reliable.

Among the studies that have investigated sleep by PSG recordings, Braley and co-workers
analysed for the first time the relationship between PSG data and a key group of self-reported
symptoms (fatigue, tiredness, lack of energy and drowsiness) in MS patients compared to a control
group [32]. The findings on sleepiness were similar between the two groups, whereas fatigue,
tiredness and lack of energy were reported more in the MS patient group. Among these patients,
fatigue correlated with sleepiness, and decreased sleep efficiency correlated with fatigue, tiredness
and lack of energy. Thus, fatigue and related symptoms could be dependent on MS per se or in
relation to reduced sleep efficiency, which suggests the need of measuring and possibly intervening
on sleep impairment as a potentially modifiable factor which worsens MS symptoms in the form of
fatigue and further related symptoms.

These results point to the possibility of acting early and, above all, on modifiable elements which
impact on the QoL of MS patients: treating sleep disorders would mean being able to intervene more
or less directly on MS-related cognitive dysfunctions as well.

Concerning the assessment of sleep-disorder-related to QoL in MS, a recent cross-sectional study
was conducted on 152 MS patients with different levels of physical disability, who were administered
questionnaires with socio-demographic and clinical information and questionnaires on sleep,
sleepiness and QoL [25]. The results showed that 66% of the patients suffered from insomnia and that
this was significantly more frequent in patients suffering from sphincter-related disorders, fatigue,
sexual disorders and mood disorders. Excessive Daytime Sleepiness (EDS), on the other hand, was
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present in 41% of the patients and was unrelated to mood disorders. The presence of sleep disorders,
however, significantly worsened the patients' QoL, particularly in the area of their family life. Even
more recently, QoL in relation to SD was evaluated in a cross-sectional study that analysed data from
a longitudinal study of 1717 MS patients [33]. In particular, this study assessed whether (i) sleep
difficulties are prevalent and common in MS compared to the general population; (ii) how sleep is
related to some common symptoms in MS; and (iii) whether sleep quality is associated with QoL. The
results of this work also confirmed that poor sleep quality (assessed by questionnaires) was strongly
associated with a deterioration in QoL. In particular, clusters related to fatigue, cognition, anxiety
and depression, pain and sensitivity were independently associated with poor sleep quality. Sleep
quality, daytime sleepiness and RLS symptoms were associated with reduced self-reported QoL
independently of MS-related symptoms.

The presence of sleep disturbances in a high percentage of MS patients, the deleterious effects of
disturbed sleep on symptoms and QoL, and the fact that disturbed sleep is present from the earliest
stages of the disease - when the first brain damage evidenced by Magnetic Resonance Imaging (MRI)
occurs - have led in recent years to investigate the involvement of specific brain regions related to
sleep disturbances and MS. In this regard, a review analysed the relationship between the presence
of sleep disorders (SBD, RLS, PLMD and insomnia) and MRI images of MS patients to identify
possible alterations of specific neuroanatomical patterns [34]. While insomnia is considered
secondary to other MS-related symptoms such as nocturia and pain, SBD and RLS could be a
consequence of damage to specific areas of the CNS. With regard to SBD, multiple lesions at the level
of the pontine tegmentum and medulla have been found in MS patients with pronounced sleep
apnoea detected with PSG [35]. In the case of RLS, the neuropathological background in MS patients
could involve the descending dopaminergic fibres controlling motor and sensory pathways with
particular reference to the hypothalamus, which represents the main source of dopamine for the
spinal cord via the diencephalon-spinal pathway, as suggested by Koblinger and co-workers [36]. In
the case of high numbers of PLMS, the review also suggests a possible relationship with
demyelination of axons involved in motor movements in the frontal lobe and right insular white
matter [37]. Ferini-Strambi and colleagues [38], on the other hand, found that major MRI lesions in
MS patients with PLMS were identified in the infratentorial regions, particularly in the brainstem and
cerebellum, but not in other regions.

When referring to sleep and wakefulness, but also to phenomena such as sleepiness, alertness,
learning, memory and stress response, one of the most involved brain regions is the locus coeruleus
(LC). This brain region is located on the lateral face of the fourth ventricle in the upper dorsolateral
pontine tegmentum and is considered the primary source of noradrenaline (NA) [39], a
neurotransmitter with powerful anti-inflammatory and neuroprotective effects [40]. The interest of
NA processes in relation with MS is evident due to the fact that NA can modulate synaptic
transmission, membrane potential and excitability of of neurons and, in blood vessels, contribute to
the regulation of blood flow and BBB permeability [40]. Furthermore, LC has been studied with
respect to regulation of neuroinflammation [41]. What happens in the LC/NA system in case of MS?
There is evidence of NA changes in MS and its animal models, and treatments that increase them are
beneficial. Alterations in peripheral NA and adrenoceptor levels in MS patients have been reported
by some studies, as well as changes in NA in the CSF [42]. Significant increases in glial activation in
and around LC were observed in MS brains, as well as reductions in NA-LC levels. This confirms
that LC damage occurs in humans and animals, although the loss of LC neurons has not yet been
directly observed.

In conclusion, these works suggest that sleep alterations are implicated in the clinical expression
of MS. Considering the role of sleep in myelin regeneration and, consequently, on disease outcome
and the possibility that sleep alterations may be implicated in the promotion of fatigue, cognitive
dysfunction, mood alterations and other clinical features of MS [43], further studies on this issue
would be important.
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4. MS and Sleep: A Strong Indirect Relationship
4.1. Immune System and Sleep: Basic Principles Related to MS

Communication between the peripheral immune system and the CNS occurs through various
mechanisms, such as direct neural innervation, humoral mediator activities and active transport
systems that move substances through the BBB [44,45]. The CNS, on its side, actively modulates the
information received from the peripheral immune system by creating their bidirectional
communication [46]. Sleep-related changes during an immune challenge are active processes: the
interactions between sleep and the immune system are also bidirectional, with immune activation
altering sleep and disrupted sleep affecting immune function [44,47].

Direct communication between the immune system and the CNS occurs through the action of
cytokines and other molecular patterns on the vagus nerve, which innervates peripheral organs, and
vagal afferents project to different parts of the brain involved in sleep regulation, such as the
supraoptic and paraventricular nucleus of the hypothalamus, the nucleus of the solitary tract, the
ventrolateral medulla and amygdala [44]. In the context of the relationship between sleep and the
immune system with regard to MS, the mechanisms of active transport of substances from the
peripheral immune system to the CNS via the BBB are crucial. Indeed, substance transport
mechanisms are influenced by sleep, circadian processes and disturbed sleep [48,49]. In particular,
the active transport of cytokines such as IL-1, IL-6 and TNF is a key contributor to the sleep changes
that occur during the course of chronic, inflammatory diseases, such as MS.

Neuroimmunological research has accumulated much evidence on the relationship between the
brain and the cytokine-immune-endocrine system and sleep is associated with changes at peripheral
cytokines, cellular immune functions end endocrine levels [50]. It has been suggested that certain
cytokines and neuroendocrine substances impact on sleep and sleep-wake rhythms and such
peptides also influence the immune system [50]. Within this context, it is necessary to define this
relationship, as MS is considered an autoimmune disease, showing a malfunctioning of the immune
system leading to a state of acute (at the beginning of a new lesion) and/or chronic inflammation
(later in the course of the disease) in which cellular and molecular mechanisms also involved in sleep
regulation play fundamental roles.

Several neuroimmune pathways promote framework by which sleep can impact host defences
[50]. Sleep plays an important role in the regulation of both adaptive and innate immune responses;
it appears that sleep disturbances can lead to downregulation (worse response to infectious
challenge) or up-regulation (increased genomic markers of inflammation) of adaptive immunity [51].
Sleep impacts the two principal effector system: the hypothalamus-pituitary-adrenal (HPA) axis and
the sympathetic nervous system (SNS) which, in turn, regulate both adaptive and innate immune
responses [51]. The HPA axis facilitates the interaction between the brain and the immune system by
the action of adrenocorticotropin hormone (ACTH) and cortisol on immune cells [52]. In humans, the
nocturnal sleep shows a strong down-regulation of the hypothalamus-pituitary-adrenal axis (HPA)
and the sympathetic nervous system (SNS) that express the concomitant drop in cortisol, epinephrine
and norepinephrine blood levels [52]. On the other hand, some hormones considered to be serving
mediators for cell growth, differentiation and restoration show increased levels in the blood during
sleep: these are pituitary growth hormone (GH), melatonin, prolactin and leptin [53,54]. These
hormones, although having different cellular sources, have an action that can be considered
synergistic on the immune system.

The evidence of the sleep contribution in the regulation of innate immunity is also manifest with
the progressive increase of natural killer (NK) cell activity that reaches its minimum during the first
part of the night and shows the peak in the late morning hours [55], with an attenuation in case of
disturbed sleep [56,57]. With regard to the influence of sleep on adaptive-type immunity, it is
observed that the number of leucocytes and monocytes and subsets of lymphocytes including T-
helper cells (CD4+), cytotoxic T-cells (CD8+), activated T-cells and B-cells reach their maximum in the
evening and decrease throughout the night with the minimum in the morning hours [53].

There is large evidence that focused on SD effects on immune and inflammatory functions [58].
Total SD impact several immune components involved in the early host responses to infection: it has
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been observed progressive increase in neutrophil and monocyte levels and NK activity during 64
hours of total SD [59]; in vitro-stimulated lymphocytes showed enhanced capacity to produce
interferon (IFN) and neutrophils had reduced ability to phagocytose [60]. The increases in leukocyte
counts, in particular neutrophil and monocyte were observed also in chronic partial sleep deprivation
protocols (4 h of sleep for three consecutive nights) and in acute partial sleep deprivation (2 h of sleep
for one night) [61,62].

A partial SD protocol (4 hours of sleep for 5 consecutive nights) measured the immunological
effects of sleep loss in healthy young adults by assessing peripheral blood mononuclear cells (PBMC)
[63]. The results showed an increase in lymphocyte activation and production of pro-inflammatory
cytokines such as IL1-£3, IL-6 and IL-17 that remained elevated even after two nights of recovery sleep,
suggesting possible persistent changes in the immune system. Some evidence points that when sleep
fragmentation is limited to one or two nights, the levels of inflammatory markers did not change
[64,65], as well as in case of daytime naps [61,66]. It interesting to note that nap, in this sense, could
be considered protective: in healthy adults the increase in IL-6 levels after sleep deprivation was
reversed after two-hours nap [67].

4.2. Possible Cellular and Molecular Links between Sleep and MS in Neuroinflammation

As mentioned above, although the pathogenesis of MS is unclear, some underlying dynamics
are known: there is an autoimmune response directed against CNS antigens due to myelin-reactive
CD4+ T cells and B cells, and underlying the autoimmune response would be a violation of tolerance
to myelin and other CNS antigens, leading to obstinate peripheral activation of self-reactive T
lymphocytes [68]. Once T-lymphocytes are activated peripherally, they can cross the BBB via
interaction with receptors on the surface of T-lymphocytes (VLA-4) and via receptors found on the
capillaries of epithelial cells (VCAM-1). This type of process is facilitated by other factors consisting
of adhesion molecules, chemokines and matrix metalloproteinases (MMPs) [69]. Once in the CNS, T
lymphocytes undergo reactivation due to encountering autoantigenic peptides in the brain
parenchyma that bind with MHC II-type molecules expressed by cells residing in the CNS, i.e.
dendritic cells, macrophages and B cells [70]. The result of this process is an inflammatory response
that leads to the release of cytokines and chemokines and the recruitment of additional immune cells
to the site of inflammation with further activation of myelin (in particular, macrophages present in
the CNS), which causes persistent inflammation and damage to myelin [71-73].

Data from recent literature investigating the development of neuroinflammation in
neurodegenerative diseases emphasize the importance of external factors, including sleep quality, in
the development of neuroinflammation, with particular reference to the role of microglia and
astrocytes [74-76]. It has been shown that astrocytes contribute in homeostatic and circadian
regulation of sleep and could be considered as possible therapeutic candidate for sleep disorders in
neurodegenerative diseases [77]. Although these studies were not directly referred to MS, it is
reasonable to suggest a possible implication of microglia and astrocytes also in the processes of
neurodegeneration and neuroinflammation in relation with MS.

Currently, it is well known that certain biochemical factors play a role in sleep regulation,
although many mechanisms still need to be investigated [78]. Since the 1990s, many studies have
provided evidence for such substances termed “sleep regulatory substances” (SRS) [79-82,47]. To be
defined as SRS a substance must have certain necessary characteristics, such as (i) undergoing
changes with the propensity to sleep (the substance or its receptor), (ii) the administration must
have a somnogenic effect or inhibit sleep, (iii) the blockage of its action or the inhibition in its
production must have effects on sleep and (iv) the changes in the substance must vary during a
disease-state associated with altered sleep and (v) the substance must act on known sleep-regulatory
circuits [47,78,82]

In this scenario, the cytokines IL-1, TNF-at and IL-6 are certainly recognised as SRS: many
molecular, genetic, electrophysiological and biochemical studies have shown specific effects on sleep-
related behaviour or the sleep-wake cycle [78]. Other neurochemicals are important in sleep
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regulation, such as adenosine, reactive oxygen species (ROS), prostaglandin D2 and growth
hormone-releasing hormone (GHRH) [83].

SD stimulates the increased expression of immune-signalling cytokines that promote
inflammatory processes associated with a range of disease states, including autoimmune disorders.
Cytokines, in turn, affect sleep and this suggests a pathway through which high levels of cytokines
involved in inflammatory processes can dysregulate sleep [84].

Certain cytokines, such as IL-1, TNF and IL-6 are implicated in the regulation of the sleep-wake
cycle and are the same cytokines that stimulate inflammatory responses [85]. For instance, high
circulating levels of these cytokines promote the development of a cascade of pro-inflammatory
processes that include the activation of immune cells and stimulate the recruitment and infiltration
of these cells at sclerotic plaque sites [86]. Thus, some proinflammatory cytokines that play a role in
exacerbating neuroinflammation in MS are cytokines that also play a role in sleep regulation (IL-1,
TNF-a and IL-6). Although the mechanisms underlying the relationship between sleep and MS are
unclear, there are many 'common grounds' that would lead to investigate this relationship.

The immune system shows dynamic variation during a normal sleep-wake cycle due to a
combination of circadian and sleep-related factors [84]. Immune cells show their peak early in the
night and progressively decrease to their lowest value in the morning, probably due to increased
adhesion to blood vessel walls and/or migration into lymphoid tissue [57]. IL-1, IL-6 and TNF reach
their peak during the night [87,88]. These changes are similar to those of growth hormone and
opposite to cortisol, whose levels are at their nadir before sleep and peak between 7:00 and 9:00 AM
[84].

In order to summarise the possible molecular mechanisms linking sleep and MS, it is necessary
to consider the main works in the literature that have investigated, even indirectly, the role of IL-1,
IL-6 and TNF in relation to sleep, immune system and inflammation mechanisms.

IL-1

The IL-1 cytokine family has several functions in the immune response, inflammation and sleep
[89,90]. IL-1 are dysregulated in several diseases in which patients also have sleep disorders, such as
vascular disorders, cancer and brain damage [91-94]. The sleep-altering actions of IL-1 family
members appear to depend, at least in part, on the downstream activity of the receptors on which
they act [89]. In animals, low doses of IL-1 increase NREM sleep, whereas with increasing dose,
NREM sleep is inhibited in a circadian-rhythm dependent manner [95]. In a study in which IL-1
was administered to rabbits at the onset of darkness, it was observed that the animals slept
approximately 3 hours longer than usual in the 12-hour period following the administration [96]. In
the case of mice, injection of IL-1 into the intracerebroventricular space in the brain was associated
with increased NREM and reduced REM sleep [97]. It was also found that IL-18 applied in the
brainstem, at the level of the raphe nuclei and LC, increased NREM in rats [98,99]. Interestingly, high
dosages of IL-13 could lead to increased wakefulness [79], possibly due to the increased expression
of anti-inflammatory cytokines (IL-4, IL-10 or IL-13) that could attenuate the increased sleep
following sleep-promoting stimuli and lead to increased induction of compensatory wakefulness
molecules [89,100]. Spontaneous sleep and sleep responses following deprivation were attenuated
after administration of anti-IL-1a and anti-IL-11 antibodies in rabbits [101].

In healthy adults, administration of anakinra, a recombinant IL-1 receptor antagonist drug, does
not alter total sleep duration or the relative length of the different sleep stages, although EEG spectral
power analysis shows an increase in Slow Wave Activity (SWA; 0.5-4 Hz) during NREM [103].

TNF-a

TNF-a is produced by most nucleated cells such as glia and neurons [104]. It is involved in
immune functioning, inflammation, cell survival, proliferation and differentiation, cognitive
functions, mood and fatigue [105]. Alteration in TNFa expressions are related with pathological
conditions that have sleep dysregulation [105] showing its role in sleep regulation and circadian
biology [106]. Levels of mRNA encoding IL-1 and TNF-a are at their highest in the brain during sleep,
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just as TNF-a protein levels in the brain and IL-1 levels in the CSF have a sleep-related diurnal rhythm
[105]. IL-1 e TNF-a have somnogenic effects that express through the activation of the nuclear factor
kappa B (NFkB), that increases pro-inflammatory cytokines and adhesion molecules as a result of
overexpression in macrophages at sites of inflammation. Activated microglia in lesions presents large
amounts of activated NF«B that may contribute at the low rate of oligodendrocyte death in MS [107].
Thus, systemic injection of IL-1 and TNF- a has been shown to cause increased delta
electroencephalographic (EEG) activity, typical of slow wave sleep, and increase the duration of
NREM sleep [96]. Both of these cytokines are associated with clinical conditions such as fatigue,
rheumatoid arthritis, chronic insomnia and influenza, with TNF-a also associated with MS [80,108].

Production of both TNF-a and IL-1 is enhanced following sleep deprivation and correlates with
greater amount of recovery sleep; the blockade of TNF-a or IL-1 blocks recovery sleep and mice
lacking type I IL-1 receptor and/or type I TNF-a receptor sleep less than controls [47]. These data
concerning TNF roles suggest that TNF drive the propensity to sleep [109]. In human, total sleep
deprivation provoked significant increases in the monocyte production of TNF-a in the successive
morning and increased in the transcription of TNF-a mRNA [110].

IL-6

IL-6 is classified as one of the pro-inflammatory cytokines that stimulate B-cell function [111]
and also plays an important role in non-immunological tissues: it is secreted by a variety of non-
immunological cells, such as adipocytes and endothelial cells [112,113]. Together with C-reactive
protein (CRP), it is one of the most important biomarkers of chronic or low-grade inflammation [114].
Many studies have noted the crucial role of IL-6 for the interaction between the immune system and
the CNS in inflammatory diseases, with particular reference to diseases whose symptoms are fatigue,
sleep disturbances and drowsiness [115].

IL-6 levels have a circadian profile peaking at 19:00 and 05:00 and night sleep appears to be
crucial for the nocturnal increase in IL-6 and TNF production by Toll-like receptor 4 (TLR4)-
stimulated monocytes [116,118]. Experimental sleep curtailment led to decreased IL-6 secretion
during the night [116], delaying the nocturnal increase of IL-6 and attenuating TNF production by
monocytes during the night. This would, therefore, lead to the overexpression of IL-6 during the day
[88,116,118]. Indeed, among those with sleep disorders with shorter SWS duration and longer REM
duration, IL-6 production is reduced at night and increases during the day [119]. Nocturnal IL-6 levels
appear to differ between sleep stages, but the evidences are still conflicting. Some data show the IL-
6 peak early in the night, coinciding with SWS [116], while others show the highest IL-6 levels later,
coinciding with REM sleep [88]. A sleep deprivation study showed that a night of total SD led to an
increase in IL-6 during the day and a decrease in IL-6 during the following night [116]. Furthermore,
these changes were correlated with increased sleepiness and fatigue during the day and deeper sleep
during the night following deprivation. Partial SD appeared to have similar effects: healthy adult
who slept 6 hours per night for one week showed higher rates of IL-6 secretion over 24 hours and
deeper sleep at night with higher levels of self-reported daytime sleepiness [120]. Thus, changes in
IL-6 levels appear to have an effect on both sleep and self-reported sleepiness [121]. IL-6 levels also
underwent changes in patients with insomnia (particularly difficulty falling asleep), who showed
increased IL-6 levels at night compared to the control group [122]. The levels changed in proportion
to the amount of sleep and showed a negative correlation with the amount of SWS, emphasising the
importance of both quality and quantity of sleep. As sleep or lack of sleep seems to have an effect on
IL-6 levels, inhibition of recombinant human IL-6 also influenced sleep and daytime symptoms, in
terms of increased fatigue, changes in sleep architecture, decreased ability to concentrate compared
to placebo [123].

4.3. Neurodegeneration: Mytochondria Dysfunction and Oxidative Stress

The processes of acute inflammation and neurodegeneration in MS co-exist since the early stages
of the disease as confirmed by the presence of brain, spinal cord and retinal atrophy (affecting both
white and gray matter) that could represent the first symptoms in MS presentation [20]. Among the

doi:10.20944/preprints202311.0897.v1
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different form of MS, RRMS has a highly neuro-inflammatory phenotype, while the SPMS and PPMS
forms are mainly characterized by neurodegeneration [16,20].

Mitochondria are energy-producing organelles found within the cell and are present in many
neurodegenerative diseases, although it remains unclear whether they play a role in triggering
neurodegeneration or, instead, represent innocent bystanders during neuroinflammation [124]. The
main functions of mitochondria in the cell are the production of ATP, the contribution to many vital
metabolic components, the role in the generation of reactive oxygen species (ROS) that are important
signalling molecules and the initiation of the internal apoptosis system and the antiviral immune
response [70]. In the case of MS, the development of the dysfunction at mitochondrial level is related
to insufficient ATP generation reflected in a decrease in the functional activity of neurons, leading to
neurodegeneration [70]. With the chronic inflammation and myelin destruction there is a
redistribution of the ion channels with increased number of Na+/K+-ATPase that leads to increased
ATP consumption. In this scenario, mitochondria try to make compensatory changes (e.g., increasing
in size and number, modyifing the morphology and the localization in the neurons), in order to
balance the ratio and demand for energy. Neurons are characterized by high requirements of energy
for the implementation of high-energy processes underlying the conduction of a nerve impulse and
they are highly dependent on the functioning of mitochondria and highly vulnerable to their
dysfunction [70]. Mitochondria abnormalities in MS include mutations in mitochondrial DNA,
disturbances in the balance of mitochondrial dynamics and changes in the content of energy
metabolism in the cell and deterioration in the expression of mitochondrial genes [125,126].

The oxidative damage to mitochondrial DNA and the disruption of the activity of mitochondrial
enzyme complexes in MS lesions lead to the destruction of oxidative phosphorylation process and
increased reactive oxygen species (ROS) production by mitochondria [127]. ROS are fundamental cell
signalling molecules and, in normal conditions, ensures cellular homeostasis [128]. ROS levels that
are either too low or too high have negative impacts on cells. In particular, too low levels prevent to
ensure working functioning of cell in regulating a cascade of biochemical reactions, while too high
levels lead to a change in their function, which leads to oxidative stress. In case of oxidative stress,
the role of ROS shifts from signalling role to destroyer of macromolecules such as proteins, nucleic
acids or lipids and contributes to the development of inflammation and cell death [129]. Furthermore,
ROS directly damage the myelin sheath facilitating the release of new autoantigenic particles that
cause an increase in autoimmune inflammation and consequent damage to neuronal structures
[130,131].

In MS, inflammation and oxidative stress are in a self-perpetuating vicious cycle: inflammation
promotes oxidative stress and levels of ROS overcomes the antioxidant defences within lesions
resulting in damage in cell mithocondria, proteins, nucleic acids and cell death [132,133].

How does sleep fit into the contest related to mitochondrial damage and oxidative stress in MS?

Sleep in association with MS fits into the framework concerning oxidative stress as one of the
functions of sleep is to promote anti-oxidant mechanisms by removing free radicals accumulating
during wakefulness [134-136]. This was the view expressed by Reimund in its “The free radical flux
theory of sleep” to explain the relationship between sleep and ROS at brain level, which hypothesised
that bioenergetics, redox and temperature regulation promote a more protective and restorative
waking phase at the level of the nucleus (‘nucleorestorative'), while sleep would be more protective
and restorative at the mitochondrial level (‘'mitorestorative') [137].

A recent review summarizes the studies that tested the hypothesis of the role of sleep as a sort
of anti-oxidant [138]. These studies measure changes in antioxidant enzyme activity and markers of
damage or oxidative stress in SD conditions. Considering the methodological heterogeneity, the
results were controversial: some studies showed indirect signs of oxidative stress in SD conditions,
but did not detect oxidative damage and others reported no damage [139-141]. Recent studies,
however, emphasised the fact that sleep deprivation had an effect on other organs: it seems that acute
and chronic sleep deprivation lead to ROS accumulation and oxidative stress in the gut [142,143]. It
is, therefore, conceivable that sleep deprivation acts on a group of cells specialised in homeostatic
sleep control and not on brain-wide changes in oxidation [138].
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Several studies suggested that the functions of mitochondria, in addition to the impact on
cellular and physiological processes, may also influence other dynamics, including sleep, linking
mitochondrial energetics — specifically cellular redox state — to some behavioural states [138,144,145].
Some evidence supports the existence of a particular link among sleep, circadian rhythms and
metabolism with an important role of mitochondria [146]. Some studies coming from animal studies
in mice, rats and drosophila found an implication of mitochondria in different aspects of the sleep-
wake cycle [142,147,148], highlighting changes in expression/morphology at the gene level
suggesting the possibility that mitochondria adapt to the new energy demand/supply during the
sleep-wake cycle [146].

Enzymatic antioxidant and non-enzymatic antioxidants are important in counteracting
oxidative stress. Among the non-enzymatic antioxidants, melatonin, together with glutathione
(GSH), vitamin C and vitamin E, seems to have an important role. The non-enzymatic antioxidants
peak during the dark phase, in contrast with enzymatic antioxidants that peak during light phase
[149-151].

Some animal models suggested that lack of sleep or disturbed sleep could contribute to oxidative
stress showing decreases in the activity of antioxidant enzymes in the brainstem and hippocampus
following sleep deprivation in rats [152], but the results are controversial. In general, it is possible
that short periods of SD increase the antioxidant response in the brain and other organs, whereas
prolonged periods of SD reduce the antioxidant response, suggesting a possible role of prolonged
period of wakefulness in chronic oxidative stress that would lead to a kind of failure in antioxidant
mechanisms useful for sustaining the accumulation of pro-oxidants [153].

Thus, there is much evidence to suggest that sleep and MS may share a variety of mechanisms
underlying the processes of autoimmune response, neuroinflammation and neurodegeneration

(Fig.1).
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Figure 1. The indirect relationship between sleep and MS. Schematic representation of the
bidirectional relationship between multiple sclerosis (MS) and sleep. IL: Interleukin;TNF: tumour
necrosis factor; HPA: hypothalamus-pituitary-adrenal; SNS: sympathetic nervous system; NK:
natural killer; ROS: reactive oxygen species.

5. New Potential Evaluative and Therapeutic Scenario

5.1. Melatonin and Vitamin D

Melatonin is synthetized from the amino-acid tryptophan via serotonin (5-HT) and its normal
release is timed by input from the suprachiasmatic nuclei (SCN) in the hypothalamus [154,155].
Once synthesised, melatonin is released into the circulation and, due to its high solubility in water
and lipids, can penetrate the cell membrane and reach various body fluids such as saliva, urine and
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CSF via the BBB [156,157]. In humans, melatonin expresses its biological effects via two specific
receptors: MT1 and MT2 [158,159]. The membrane receptor for melatonin MT1 is expressed in various
areas of the brain including the SCN [160], hippocampus, cerebellum, amygdala and hypothalamus
[161], and also in peripheral tissues such as the pancreas cells, retina and immune system [162-164].
The MT?2 receptor, on the other hand, is mainly expressed in peripheral tissues and, secondarily, in
the brain [165-167]. Its release by pineal gland occurs with the arrival of darkness and is also
associated with a fall in body temperature [168]. Specifically, melatonin levels in plasma have regular
ups and downs within the 24 hours period [155] with night concentrations 3-10 times higher than the
daytime with its secretion beginning at 21:00-22:00 h and the peak reached between 03:00 and 04:00
h. The decrease in melatonin plasma levels starts between 07:00 and 09:00 in the morning [155,169-
171].

Research over the last decade on MS led to greater awareness of melatonin for its ability in acting
as a strong antioxidant, immune active agent and mitochondria regulator [172,173]. Melatonin levels
are associated with neuroimmunological diseases and are inversely correlated with MS severity and
relapses [174-178]. In MS patients it has been observed low levels of melatonin in urine and blood
related to fatigue and disability [179-181].

Recent works suggest that melatonin supplementation could have beneficial effects in MS due
to its role in anti-inflammatory mechanisms and oxidative stress reduction [172], as observed in some
clinical data showing that the melatonin administration at low doses was associated with better
quality of life [182] and reduced oxidative stress and inflammatory markers in MS patients [183,184].
Furthermore, melatonin supplementation reduced inflammatory compounds, such as TNFa and IL-
6 with a more significant effect at a dosage of 10 mg/day (or more) for three months (or more) [185].
It is known that IL-6 is associated with MS and increases Th17 levels contributing to processes related
to neuro-inflammation [186]. At epigenetic level, melatonin is able to down-regulate IL-6 inhibiting
some crucial immune-inflammatory processes in MS and also inhibits the permeability of the BBB
and the deleterious peripheral and central immune and inflammatory processes [187-189]. Melatonin
seems to reduce pathogenic inflammation also decreasing Th17 cells and IL-17 cytokines increasing
anti-inflammatory cytokines, such as IL-10 and T regulatory cells [190]. It is possible that melatonin
could provide a more protective microenvironment for cytokines [191].

A recent review synthetized literature evidence on the evaluation of melatonin action
mechanisms on inflammation and oxidative stress due to MS and the interaction among melatonin
and several crucial factors that could influence MS pathophysiology [192]. It emerges that
biomarkers of oxidative stress were reduced in all studies considered indendently from the dosage
(3-25 mg) and duration of administration (1 month-1 year) [183,193-195]. With regard to
inflammation-related parameters, the results differed with regard to the effects of melatonin on
proinflammatory cytokine levels: with the dose of 25 mg/day for 6 months there was a reduction in
TNFa, IL-1 and IL-6 levels [183], but there were no changes in TNFa in another study after melatonin
treatment of 3 mg/day for 6 months, although a reduction in IL-18 levels was observed [184].
Furthermore, the dose of 3 mg/day did not show changes on clinical outcome, functional disability
and development of brain lesions [196], suggesting that it should be necessary to administer high
doses of melatonin, in order to reduce clinical activity of MS.

Thus, the effects of melatonin on oxidative stress have been noted in some studies. In MS, the
increase in inflammatory cytokines following the infiltration of macrophages and lymphocytes into
the CNS increases ROS generation, which further promotes inflammation leading to oxidative stress
[197]. Among the many consequences of oxidative stress are increased production of lipid
peroxidation (LPO), damage to nuclear and mitochondrial DNA and subsequent disturbances
associated with its own mechanisms of replication and cellular tissue damage and walls and
increased protein carbonylation (CO) [198-201]. Given these mechanisms, melatonin could act as an
antioxidant by reducing macromolecular damage in all organs and the main biomarkers associated
with oxidative stress [202,203], such as CP, LPO, nitric oxide (NO) [195,204-206].

Melatonin also appears to be able to counteract the damage linked to mitochondrial dysfunction
in MS. Oxidative stress could lead to mutations and deletions in mtDNA due to the damage caused
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by ROS affecting energy metabolism and ATP production [207-209]. Melatonin is said to be able to
stabilise the inner mitochondrial membrane by improving electron transport chain activity and
reducing oxygen consumption [203,210]. In addition, melatonin would implement its beneficial effect
by acting as a protective factor, by increasing oxidative phosphorylation required for activation of
the melatonergic pattern of mitochondria [211] and by increasing the activity of enzymes involved in
oxidative phosphorylation and optimising mitochondrial function, such as NADH-coenzyme Q
redictase (Complex I) and cytochrome C oxidase (Complex IV) [204,212-215].

A recent study investigated the effects of melatonin intake on sleep quality and sleep
disturbances in MS patients [216]. Thirty MS patients underwent to melatonin supplementation or
placebo for a two-week period and vice versa in the following two weeks. During the second and
fourth week they wore an actigraph to measure total sleep time and sleep efficiency and self-reported
clinical outcomes were acquired. The results of the study showed that melatonin supplementation
between 0.5 and 3 mg/day significantly improved total sleep time and there was also a trend for
improved sleep efficiency in those taking melatonin compared to placebo. There were no statistically
significant differences in patient-reported outcomes, although there was a trend for a decrease in
insomnia severity in those taking melatonin.

Another aspect to be discussed is the relationship between sleep and vitamin D with regard to
MS. Until a few years ago, the effects of vitamin D were attributed exclusively to phosphocalcic
metabolism [217], but it is now known that vitamin D deficiency is a risk factor for MS and is also
correlated with its severity [218-220].

There are two forms of vitamin D: vitamin D2 (ergocalciferol) produced by some plants in
response to UV radiation and vitamin D3 (cholecalciferol) synthesised in the skin of humans and
animals via UV irradiation of 7-dehydrcholesterol to provitamin D3, the biologically more active
form [221,222].

Vitamin D undergoes two steps of hydroxylation: first in the liver to 25(OH)D, the most
abundant 'pre-hormone’ in serum and measured in serum tests, and then in the kidney, to a potent
metabolite 1,25-dihydroxyvitamin D (1,25(OH)2D), which also plays a role in inflammatory and
immunological function [223]. Locally produced 1,25(OH)2D in immune type cells has effects on the
innate, adaptive and humoral immune systems by promoting the innate immune system response,
inhibiting humoral and cell-mediated immunity with anti-proliferative and anti-inflammatory effects
[223,224]. The way these effects are mediated is via vitamin D receptors and vitamin D-responsive
elements found in the promoter regions of many genes [225]. There is evidence that 1,25(OH)2D in
vitro inhibits the production of pro-inflammatory Thl cytokines and stimulates Treg activity [226].
Although the biological basis of the relationship between vitamin D and MS is not yet known, studies
are mainly investigating two fronts: the possible association between vitamin D and the risk of
inflammation and the possible role of vitamin D in myelinisation and remyelination processes
[227,228].

Vitamin D metabolism is present in the CNS, is involved in myelinisation and may be influenced
by many external factors such as exposure to sunlight, diet and vitamin D supplementation [228].

The mechanisms by which vitamin D could influence MS are numerous. Immunological effects
are mainly implicated in the inflammatory period of MS, but other types of mechanisms, in parallel,
also have neurological and central effects [229]. The role of vitamin D associated with the immune
system is immunomodulatory and includes different categories of T lymphocytes, B cells and certain
cytokines [230-233]. Vitamin D supplementation could be immunologically beneficial as it decreases
pro-inflammatory lymphocytes Th17 and pro-inflammatory cytokines IL-17 and is able to attenuate
B-cell immunoreactivity and, conversely, stimulates Treg and a type of anti-inflammatory cytokine
IL-10 (anti-inflammatory cytokine) [234-238].

In addition to immunomodulatory properties, effects concerning the CNS have also been found:
vitamin D enters many CNS cell types, such as microglia, neurons, oligodendrocytes and astrocytes
that have receptors for vitamin D. Vitamin D is said to play a role in neuroprotection, remyelination
and axonal degeneration in MS patients [239,240]. Evidence on vitamin D administration in MS
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suggests that a moderate dose taken orally would be recommended for all types of MS (between 2000
and 4000 IU/d) [241,242].

Some lines of research, although evidence is rather scarce, are considering a possible relationship
between sleep and vitamin D associated with autoimmune diseases. The rationale is that these
diseases are mediated by alterations in immunomodulation, increased susceptibility to infection, and
increased levels of inflammatory substances, including those related to sleep regulation, such as
TNFa and prostaglandin2 (PD2) [243]. Furthermore, inadequate vitamin D levels could have an effect
in the development of daytime symptoms commonly associated with sleep disorders [243]. In relation
to sleep, intranuclear vitamin D receptors and retinoid X receptors (VDR-RXR) heterodimers
downregulate the transcription of RelB, a gene encoding the RelB protein, belonging to the family of
transcription factors that collectively refer to NFkB [244], which plays a pivotal pro-inflammatory
role both in terms of the production of sleep-regulating substances, such as IL-1 and TNF-alpha [245]
and in activating inflammatory patterns known to appear in the setting of intermittent hypoxia, as
observed in OSA [246].

At the clinical level, there is little evidence that has directly evaluated the role of vitamin D
metabolism in the presentation of sleep-related daytime symptoms or sleep disorders. One study
showed that a woman with hypersomnia reported a complete resolution of daytime
hypersomnolence following treatment for vitamin D insufficiency [247], suggesting that an alteration
in systemic metabolism associated with low vitamin D levels may have promoted sleepiness via a
central signalling mechanism. Another finding linking the symptom of drowsiness with vitamin D is
the significant association between drowsiness and 25(OH)D in patients who complained of chronic
musculoskeletal pain [248].

Other more recent evidence suggests the role of vitamin D in sleep regulation with the finding
of an association between vitamin D deficiency and increased risk of sleep disturbances, general sleep
difficulties, shorter sleep duration and nocturnal awakenings in children and adults [249-251].

A recent meta-analysis has suggested that vitamin D supplementation is useful for improving
sleep quality, while further investigation is needed to assess its effects on sleep quantity and sleep
disorders [252]. The same evidence also highlights which mechanisms might be involved in direct
and indirect vitamin D association to sleep. One potential mechanism could be the extensive presence
of vitamin D receptors also present in areas implicated in sleep regulation [253]. Furthermore, in areas
implicated in sleep regulation, such as the substantia nigra and the supraoptic and paraventricular
nuclei of the hypothalamus, expression enzymes implicated in vitamin D activation and degradation
(250HD and 1-hydroxylase and 24-CYP24A1) would be present [253,254]. Another possible
mechanism is related to vitamin D as an immunomodulatory molecule playing a role in the
downregulation of inflammatory markers implicated in sleep regulation, such as TNFa, cytokines,
PD2 and, in the case of vitamin D deficiency, some inflammatory markers could increase with
deleterious effects on sleep [255].

Furthermore, the relationship could also be due to sunlight influencing both vitamin D and
sleep-wake rhythm [256-259]. Melatonin production is regulated by vitamin D, so abnormal levels of
vitamin D may decrease melatonin levels leading to sleep disturbances [154,260]. Recent evidence
has suggested that vitamin D and melatonin would be two sides of the same coin having a major
impact on many aspects of life and health [261].

The synthesis pattern of melatonin and vitamin D is said to be opposite: vitamin D begins to be
produced by the skin during exposure to light and sunlight, while melatonin synthesis by the pineal
gland begins in the absence of light [217]. Although their biosynthesis systems are opposites, vitamin
D and melatonin share the ability to act as powerful modulators of the immune system with anti-
inflammatory properties as they are both light-dependent mediators [262]. It has been suggested that
MS could represent a kind of cornerstone between them that could establish their mutual connection
[217].

It is precisely the link between vitamin D and melatonin that could play a role in MS, as
suggested by Golan and co-workers [262] which hypothesised that vitamin D and melatonin might
have related influences in MS patients, in particular basing on the assumption that they are both light-
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dependent mediators and have shared immunomodulatory properties. The study was conducted in
MS patients treated with IFN-8 and the experimental protocol involved a subgroup of patients taking
alow dose of vitamin D3 daily (800 IU) and another subgroup receiving a considered high dose daily
(4,370 IU) for one year. At baseline, after 3 months and after 12 months, 25(OH)D levels in serum and
melatonin metabolites (6-SMT) in urine were measured. After 3 months, 25(OH)D levels increased
and nocturnal melatonin secretion decreased significantly in MS patients taking high-dose vitamin
D3, but not in those taking low-dose vitamin D3. After one year there was a decrease in 25(OH)D
levels (probably due to seasonal climatic changes) accompanied by an increase in 6-SMT in the urine
at night in the group taking high-dose vitamin D3. The change in 25(OH)D percentages was
significantly negatively correlated with the change in 6-SMT percentages after 3 months and in the
period between 3 months and 12 months. Thus, melatonin should be considered as a potential
mediator of the neuromodulatory effects of vitamin D in MS patients treated with IFN-f. What has
been hypothesised by the authors is that 25(OH)D and the pineal gland of the CNS would
communicate by influencing each other, with 25(OH)D carrying a kind of “light message” to the
pineal gland resulting in a decrease in melatonin synthesis.

What emerges, however, is that supplements of melatonin and vitamin D could have beneficial
effects in MS, but it is crucial to check their long-term balance, which is fundamental for the fine-
tuning of immune cells. In clinical practice, a regular check of their fluctuations in MS patients would
be necessary as the effects are considered variable between individuals. The best efficiency could be
achieved by balancing both factors [261].

5.2. Sleep Management and Care in MS Clinical Routine

Given the high incidence of sleep disorders in the MS patient population and given the possible
neuroimmunological, neuroinflammatory and neurodegenerative mechanisms that may be shared
by sleep and MS, it would be conceivable to suggest that, in many cases, treating sleep-related
disorders could contribute to improve some of the MS-related symptoms and, consequently, the
quality of life of this patient population.

This section discusses some evidence that suggests possible intervention strategies in case of
disturbed sleep in MS, but it is necessary to clarify that the first step for clinical practice would be to
introduce sleep assessment and monitoring into the clinical-diagnostic routine of the disease, in order
to address patients to a specific treatment in case of symptoms attributable to sleep-related problems.

Cognitive Behavioural Therapy for Insomnia (CBT-I) promotes healthy habits on sleep-related
behaviours and suggests strategies to improve psychological processes and cognitive distortions that
may contribute to persistent insomnia. There is well established evidence that has shown the
effectiveness of CBT-I in cases of insomnia [263-267]. Recent data suggest that this approach is also
useful in MS patients who also experience psychological comorbidities, such as, for example,
depressive states [268]. Recent work investigated the efficacy of CBT-I in MS by assessing sleep
through the use actigraphy and sleep log (a sort of sleep habits recording) [269]. Following
intervention with CBT-I there was an increase in sleep efficiency, a decrease in time spent in bed and
variability in sleep efficiency from sleep log data. The objective data recorded by the actigraphy
showed, as in the sleep log, a decrease in total bedtime and also a decrease in total sleep time. There
would be, therefore, an improvement following CBT-I, but the results are still scarce and not
conclusive for the MS patient population.

Recently, the efficacy of tele-health-delivered CBT-I (tele-CBTi) was also evaluated given the
possible limitations of patients' access to CBT-i due to possible symptoms such as motor difficulties,
fatigue or living in areas that do not allow in-person access to such therapies [270]. Tele-CBT-i and
classical CBT-I showed overlapping outcomes, both being beneficial in terms of lower sleep latency,
improved efficiency, lower severity of insomnia level, lower fatigue and lower level of depressive
state, all measured subjectively.

In the management of insomnia in MS, it is necessary to consider not only the aspects of the
disease that can cause insomnia, but also the pharmacological treatments that patients assume to treat
MS. For instance, patients treated with IFNf# (immunotherapy) complain of symptoms such as
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drowsiness, tiredness, reduced sleep efficiency and flu-like side effects that can be linked to the
treatment [271,272]. In this regard, recent work compared self-reported sleep quality and sleep
patterns measured with actigraphy in MS patients treated with IFNf for more than 6 months (also
comparing drug-free nights and nights following drug intake) and control subjects [273]. The results
showed that MS patients had lower self-perceived sleep efficiency, longer sleep latency, higher
objective sleep efficiency and more frequent intra-night awakenings than controls. When compared,
the drug-free night and the night following treatment with IFNS, the sole significant difference was
the total bedtime, which was greater on the night following drug treatment. These results suggest
that IFNfS may also contribute to sleep disturbances and, therefore, screening with objective measures
in case of drug assumption would be useful. Such a case, for instance, it would be possible to
minimise some effects by shifting the time of administration from the evening to the morning hours
[271,274].

In case of SDB, the issue is often complicated, as breathing disorders are generally under-
diagnosed and, in the case of MS, it is even more difficult to establish whether it is a primary sleep
disorder or whether it may depend on another set of comorbidities that may or not be related to MS.
In this case, the diagnostic phase of identifying the primary apnoea subtype, the severity of apnoea
events and other specific MS-related symptoms is crucial [274]. Thus, at the diagnostic stage, the
patient should undergo PSG to assess sleep apnoea levels and MSLT to assess excessive daytime
sleepiness and the possibility of narcolepsy [275]. The therapy of choice for OSA is continuous
positive air pressure (CPAP), which uses a mechanical device to keep the upper airway pervious
during sleep. It has been found to improve oxygen saturation during the night also having beneficial
effects on fatigue in MS patients [276].

No specific treatment guidelines exist for RLS in MS patients, but treatments should be based on
the patient's symptoms and any comorbidities [274]. As for any other patients, dopaminergic (first-
line) agents, anticonvulsants, opioids, benzodiazepines and treatment of iron deficiency are generally
indicated, but any treatment choice must consider not only MS-related symptoms but also the
patient's ongoing MS therapy [277].

In presence of circadian rhythm disorders, there are no specific treatments for MS patients, but
the same strategies of scheduled daytime sleep, bright light exposure and supplementation of
melatonin are suggested as for other types of patients.

A study investigated for the first time the relationship between physical activity and sleep
characteristics in MS patients [278], assessing sleep by using actigraphy and physical activity levels
with a mobile accelerometer. The results showed a positive relationship between physical activity
and sleep parameters. Specifically, total sleep time correlated positively with light and moderate
levels of physical activity. moderate physical activity (physical activity or exercise for 30 minutes a
day) was also correlated with better sleep quality, while light physical activity was correlated with a
higher number of intra-night awakenings. More recently, another work investigated the effects of
moderate-intensity aerobic exercise and home-based exercise (control group) on sleep characteristics
by measuring sleep-related biomarkers, such as serotonin, melatonin and cortisol in MS patients [6].
Those who performed moderate-intensity aerobic exercise had a significant improvement in self-
reported sleep quality, in the degree of insomnia severity and in some objective parameters measured
by actigraphy. Among the biomarkers, only serotonin increased, with higher levels in the patients
who engaged in aerobic exercise than in the control group, and the change in serotonin levels
correlated with changes in sleep quality and insomnia severity index only in the group of patients
who engaged in moderate-intensity aerobic exercise.

Beyond specific sleep disorders, sleep quality in MS patients was also assessed by investigating
patients' sleep hygiene habits in a descriptive correlational study [279]. The correlations examined
the relationship of fatigue and other MS-related symptoms with sleep quality and sleep hygiene
behaviours (patients were asked to state how often they engaged in sleep hygiene behaviours
(watching TV, eating, drinking, smoking, etc.) in the period immediately before sleep. The results
showed that MS-related symptoms were correlated with poor sleep hygiene behaviour, confirming
previous works [272,280].
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A schematic representation of possible sleep-based interventions in MS is shown in Fig.2.

Primary sleep
disturbance
interventions

Melatoninand
Vitamin D
SLEEP-BASED
POTENTIAL
THERAPEUTIC
INTERVENTIONS IN MS

Moderate physical
activity

CBT-l, tele-CBT-I

Figure 2. New potential therapeutical scenario. Schematic representation of the sleep-based potential
therapeutic interventions in MS. MS: Multiple Sclerosis; CBT-I: Cognitive Behavioral Therapy for
Insomnia.

5. Conclusions

The perspective that emerges from the contributions available in the literature on the
relationship between sleep and MS, points to a complex framework of reciprocal interactions at
different levels. Assuming that more than 50% of MS patients suffer from sleep disorders and
considering the importance given in recent years to investigating modifiable risk and protective
factors relating to the development and course of MS, an in-depth study of the mechanisms linking
sleep and MS seems necessary.

In the complexity of the processes underlying MS, some mechanisms are still unclear, but there
is general consensus of the involvement of mechanisms including impairment of the immune
response, neuroinflammation and neurodegeneration, with the widely accepted belief that these
processes are present in parallel from the onset of the disease (possibly even earlier). Sleep fits into
the complex scenario of the autoimmune, neuroinflammatory and neurodegenerative reactions of the
disease as it appears to be involved in many molecular and cellular dynamics underlying the
abnormal peripheral and central responses typical of all stages of MS. A recent strand of literature on
sleep has emphasised the importance of cytokines as sleep regulating substances, and certain types
of pro-inflammatory cytokines are implicated in the autoimmune and inflammatory processes of MS
and contribute to the malfunctioning of the various autoimmune processes that lead to the signature
attack on the myelin sheath and the typical clinical manifestations of MS.

MS affects mainly young individuals, with the onset of the disease largely occurring between
the second and fourth decade of life. One of the challenges of both research and clinic is to ensure the
greatest attainable quality of life for patients. It is therefore necessary to address all the variables that
may have an impact on patients' daily lives. It is well known that chronic sleep fragmentation,
whatever the underlying cause, has an impact on the daytime life of individuals, causing sleepiness,
cognitive difficulties and a general deterioration in performance. In the case of MS, the distress caused
by disturbed sleep adds to an already compromised general situation and, if we consider that sleep
and MS share mechanisms at an autoimmune, neuroinflammatory and neurodegenerative level, such
that they affect each other, it is clear that sleep management is fundamental from the beginning of
the disease, even at the diagnostic stage. Currently, the diagnostic routine of MS does not include
sleep monitoring, despite the fact that more than half of MS patients have at least one sleep disorder.
Detecting the presence of sleep problems at the diagnostic stage would mean being able to act on a
modifiable factor related to MS and, consequently, treating disturbed sleep would mean acting


https://doi.org/10.20944/preprints202311.0897.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2023 doi:10.20944/preprints202311.0897.v1

19

positively on the daytime consequences of this disorder and alleviating the discomfort resulting from
sleep impairment. Furthermore, one of the most common symptoms complained by MS patients is
fatigue, which is closely related to sleep and often also confused with sleepiness due to non-
restorative sleep (as in the case of continuous awakenings due to pain or nocturia).

Thus, for all the reasons expressed, the assessment, monitoring and potential intervention on
disturbed sleep, as well as further studies directly investigating the relationship between sleep and
MS, would be necessary to advance the most important challenge in relation to the current state of
knowledge on MS: the improvement of MS patients' quality of life.
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