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Abstract

Preservation of sleep, a proper nutrition and adequate physical exercise are key
elements for healthy aging. Aging causes sleep alterations, and in turn, sleep
disturbances lead to numerous pathophysiological changes that accelerates the aging
process. In the central nervous system, sleep loss impairs the clearance of waste
molecules like amyloid-f or tau peptides. Melatonin, a molecule of unusual
phylogenetic conservation present in all known aerobic organisms, is effective both as
a chronobiotic and a cytoprotective agent to maintain a healthy aging. The late
afternoon increase of melatonin "opens the sleep doors" every night and its
therapeutic use to preserve slow wave sleep has been demonstrated. Melatonin
reverses inflammaging via prevention of insulin resistance, suppression of
inflammation and down regulation of proinflammatory cytokines. Melatonin increases
the expression of a- and y-secretase and decreases B-secretase expression. It also
inhibits tau phosphorylation. Clinical data support the efficacy of melatonin to treat
Alzheimer’s disease, particularly at the early stages of disease. From animal studies the
cytoprotective effects of melatonin need high doses to become apparent (i.e. in the
40-100 mg/day range). The potentiality of melatonin as a nutraceutical is discussed.
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Introduction

There is no universally accepted medical definition of aging. It has been defined as the
progressive accumulation of changes that occur over time and cause increased
likelihood of disease and death of the individual (Harman, 1981). Aging can be defined
through four postulates: 1. Aging is universal, i.e., phenomena associated with the
aging should be given at a greater or lesser extent in all individuals. 2. Aging is intrinsic,
i.e., its cause should be of endogenous origin, and not depending on external factors or
environmental origin. 3. Aging is progressive: changes that lead to aging occur
gradually throughout life. 4. Aging is deleterious, i.e. a phenomenon is only considered
part of the aging process if harmful (Burkle, 2002).

Virtually all physiological functions become less efficient with age. For example, slow
wave sleep decreases exponentially with aging and often disappears after 55-60 years
of age (Branger et al., 2016). Many elderlies complain of an interrupted sleep and of
daytime sleepiness. Other common complaints are the early awakenings and a poor
capacity to maintain alertness at the evenings. Both are indexes of the aging of the
circadian apparatus: a decrease in amplitude and phase-advance of circadian rhythmes.
Because of the reduction in neuron number in the central circadian pacemaker, the
hypothalamic suprachiasmatic nuclei (SCN), the sequence and spacing of the maximum
values of daily rhythms are progressively lost (Duffy et al., 2015, Gubin et al., 2016).

In aging there is a homeostatic reduction of the capacity to maintain stable the internal
environment of the individual against environmental disturbances (Cardinali, 2017). An
example of this is the reduced ability of the elderly to withstand extreme
temperatures, trauma, infections, and stress in general. With aging most vital organs
suffer atrophy or degeneration phenomena. This is most noticeable in differentiated
cells such as neurons, myocardial cells, muscle cells or the renal parenchyma.

The average longevity of the human species has increased considerably throughout
history due to the decline in infant mortality, the discovery of antibiotics, vaccines and,
more generally, to the improvement of the control of infectious diseases, as well as a
more balanced nutrition, better sanitary conditions, and advances in the treatment of
diseases such as cancer or diabetes. In contrast maximal longevity has remained
unmodified. The increase in average longevity is seen in the growing segment of the
population between 60 and 100 years. Those over 80 are now 1.6% of the world
population and by 2050 they will reach 4.3% (about 400 million people). Considering
that the estimation for number of Alzheimer's disease (AD) patients for 2050 is 150
million people it has become very important the goal of "successful aging" to avoid the
consequences of neurodegenerative diseases, cancer or arteriosclerosis, i.e., those
affecting most likely this elderly group (Zdanys and Steffens, 2015).

It is generally accepted that cell disruption due to oxidative stress caused by free
radicals is a major physiopathologic event in aging (Bhatti et al., 2017). In addition,
other current hypotheses suggest a direct relationship between aging, genetic
programs and telomere loss that occurs in each cell division leading to apoptotic cell
death. Although all these processes and mechanisms are probably involved in diseases
associated with aging, their role in normal aging of organisms has not yet been
clarified.



Aging of Sleep

Sleep can be defined as a reversible behavioural state of perceptual disengagement
from and unresponsiveness to the environment (Cirelli and Tononi, 2008). An
adequate amount and quality of daily sleep are among the keys for healthy aging. The
exact amount of sleep needed for optimal human health, however, shows significant
inter- and intra-individual variation.

The relationship between sleep and aging is bidirectional (Mazzotti et al., 2014).
Inadequate sleep, both in terms of its duration and quality, can affect health and thus
adversely contribute to the aging process. On the other hand, sleep difficulties typically
increase with age as a result of flattening and misalignment of circadian rhythms like
that of melatonin secretion, as well as of the sleep-disturbing influences of aging-
related disorders and diseases (Hardeland, 2015). The most convincing examples are
that of immunosenescence, which also affects the brain (Cardinali et al., 20083,
Hardeland et al., 2015), as well as the almost exponential increase of hydroxyl radical
generation seen in the senescent brain (Poeggeler et al., 1993, Smith et al., 1992).

There is now considerable evidence that, with advancing age, there are increases in
sleep disorders such as insomnia and obstructive sleep apnoea. Epidemiological
research has shown that more than 50% of adults above the age of 65 years suffer
from some form of a chronic sleep-related complaint (Foley et al., 1995). It is
important to distinguish the changes due to aging per se vs. changes due to aging-
related disease and secondary to the use of concomitant medications.

Normative data for sleep variables have been established in a representative
population sample of 100 healthy sleepers, aged 19 to 77 years old, based on
polysomnography (Mitterling et al., 2015). With increasing age, healthy individuals
show changes in their overall sleep duration, in the proportion of time spent in each
sleep stage, and in the occurrence of sleep disruptive events. More specifically, in
elderly patients sleep efficiency decreases from 87% to approximately 80% with a
reciprocal increase in sleep onset latency, in the percentage of time spent in stages N1
and N2 (non rapid eye movement, NREM, light sleep stages), and wake after sleep
onset. Compared to younger subjects, the elderly shows decrease in total sleep time
from approximately 413 min to approximately 378 min. The number of episodes of
apnea or hypopnea episodes per hour and the apnea-hypopnea index is greater in
older subjects as well. Notably, reduced oxygenation, as observed in sleep apnoea, is
associated with cardiovascular risk (Mitterling et al., 2015). Other age-related
decrements include reductions in slow wave sleep (NREM deep sleep; Stage N3) and
REM sleep. EEG spectral power analyses of polysomnographic data have confirmed
that the elderly have reductions in NREM and REM sleep and a decrease in delta
activity (Chellappa et al., 2012, Dijk et al., 1999). In summary, sleep experience
becomes increasingly fragmented with advancing age and tends to promote
compensatory behaviour such as a greater frequency of daytime naps (Bliwise et al.,
2005, Carskadon et al., 1982).

Several studies have shown that sleep disruption is an important contributor to
neuropathology. Sleep deprivation (Ooms et al., 2014) or NREM disruption (Ju et al.,
2017) have been shown in healthy subjects to increase cerebrospinal fluid (CSF) levels



of amyloid B (AB)1-42 and AB1.40, respectively. This reduction was reported to be
prevented by a single night of total sleep deprivation (Ooms et al., 2014). In this study,
no similar changes were observed in the CSF levels of ABi-40, or phosphorylated and
nonphosphorylated tau protein. As might be expected, no effects of sleep deprivation
were detected in amyloid plaques during the short-term period of observation, in
accordance with the stability of the aggregates, although correlations of amyloid
plague formation with age were observed.

Similar findings were obtained in mice, in which sleep deprivation caused increases of
AB peptides in the interstitial fluid of the brain (Kang et al., 2009). Moreover, a
relationship between AB and wakefulness was established in these animals. Injections
of the wakefulness-related neuropeptide orexin led to increases of AB, whereas an
orexin antagonist, almorexant, decreased A levels (Kang et al., 2009). Therefore,
although these findings do not yet allow a firm conclusion concerning the effect of
sleep deprivation on the development of AD, the correlation between AB and
wakefulness during sleep time should be underlined.

A common mistake is to identify sleep as a central nervous system (CNS)-only
phenomenon. In fact, it is a complete physiological program, different from
wakefulness, and which comprises two very different physiological states of organs
and systems (slow wave, NREM, sleep, and REM sleep). It is as if we live in three
different bodies (wakefulness, slow wave sleep and REM sleep) that must necessarily
happen in harmony to ensure the state of health (Cardinali, 2017). Some physiological
characteristics of the three stages are summarized in Figure 1.

A 76-year-old man (a feasible life expectancy today) who sleeps 8 hr/day has lived 50
years in the physiological state of wakefulness, 20 years in slow wave sleep and 6 years
in REM sleep. However, it should be noted that, having modern 24/7 Society a
reduction of sleep hours by 25% over the past 40 years, the above calculation now
changes to about 56 years of wakefulness, 15 years of slow wave sleep, and 5 years of
REM sleep. We thus live in a private sleep society, in which the sympathetic catabolic
configuration of wakefulness has become prevalent at the expense of the
parasympathetic anabolic configuration of NREM sleep. In the elderly an age-related
reduction in slow wave sleep further adds to the unbalanced of sleep with obvious
consequences for health, such as obesity, high blood pressure and diabetes, and
neurodegenerative diseases (Fig. 1) (Cardinali, 2017).

Draining of Waste During Sleep

A process that may considerably contribute to recovery processes in the brain
concerns the elimination of waste products during sleep. The conventional view of
solute movements in the extracellular space (ECS) of the CNS has been based on
diffusion, and the mechanisms modulating the variations in the abundance of products
to be eliminated have been sought in the coupling of blood flow and metabolism,
processes which are influenced by regulators such as biogenic amines, adenosine, NO,
H*, and K*. In the last years, a new interpretation has been put forward, i.e., the
glymphatic hypothesis (lliff et al., 2012, Iliff et al., 2013, Jessen et al., 2015). The term
has been coined to describe the active, lymphatic-like movements in the ECS which
occur in the brain. It has been suggested that this process, which is normally



dependent on the activity of lymphatic vessels, can nevertheless take place in the
brain, which is devoid of such vessels, because of water exchange. More specifically, it
has been hypothesized that solute movement is driven by perivascular astrocytes,
which are strongly enriched in aquaporin-4 (AQP4) and by changes in the vascular
lumen. AQP4 is predominantly expressed in the end feet of these astrocytes. Water
release via AQP4 may be responsible for an actively driven fluid exchange between
para-arterial and paravenous spaces, connected by a convective flow through the
other parts of the ECS, especially concerning the interstitial fluid. Additionally, it has
been assumed that arteriolar pulsations as well as respiration-dependent venular
collapse and reinflation may further enhance the flow through occurring in the ECS
(Nedergaard, 2013).

Sleep-related variations in cerebral waste products were described (lliff et al., 2012,
liff et al., 2013, Jessen et al., 2015). This was of interest, as it also concerned products
of relevance in AD. The elimination of AP peptides has been reported to be
considerably enhanced during sleep (Boespflug and lliff, 2018, Mendelsohn and
Larrick, 2013). The concept of glymphatic AB clearance has received support from the
observation that elimination of injected radiolabelled AP peptide was strongly reduced
in AQP4~~ mice (lliff et al., 2012). Indeed, the localization of AQP4 in perivascular
astrocyte end feet is known to be heavily disturbed in AD (Tang and Yang, 2016,
Zeppenfeld et al., 2017). From this point of view, the development and progression of
AD might also be due to a failure of AP clearance, which is aggravated by sleep
disturbance (Yulug et al., 2017). Another AD-related aspect concerns apolipoprotein E
clearance from the ECS, sleep deprivation being found to suppress this process
(Achariyar et al., 2016). A further finding of potential importance to AD concerned
clearance of the tau protein (lliff et al., 2012). In a subsequent study that included
various phosphorylated forms of tau, the AQP4 deficiency aggravated the presence of
extracellular tau and neuronal tangle formation via phospho-tau, in a model of
traumatic brain injury (lliff et al., 2014).

The exchange of solutes between the CSF and the interstitial fluid occurs mostly during
NREM sleep when the cortical interstitial space increases by more than 60% and
provides a low resistance path for the movement of CSF and interstitial fluid in the
brain parenchyma. The contribution of the glymphatic system to the repair function of
sleep has been discussed in relation to age-associated deviations from the normal
sleep profile, including decreased and delayed CSF penetration of fluid along
perivascular pathways and pial surface (Zeppenfeld et al., 2017). Various neurological
disease states such as stroke, traumatic brain injury, and AD have been interpreted in
terms of the contribution by glymphatic dysfunction (Boespflug and Iliff, 2018).

Despite the attractiveness and explanatory potential of the glymphatic hypothesis, its
validity has been questioned (Bacyinski et al., 2017, Smith and Verkman, 2018). A
directed convectional flow would require a pressure gradient between CSF and the
interstitial fluid, which is, however, rather small (Alperin et al., 2000, Penn et al., 2005)
and presumably insufficient for such a mechanism, which would require a pressure
difference of several mm Hg to overcome the substantial parenchymal hydraulic
resistance (Smith and Verkman, 2018). Moreover, studies using a fluorescent dextran
subjected to local photobleaching have indicated that an isotropic, nondirected rather
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than a directed solute movement is involved. In addition, after an experimental
cardiovascular arrest, the transport of the fluorescent dextran remains unimpaired for
several minutes, a finding that indicates that arteriolar pulsations and respiration-
dependent venular collapses and inflations are relatively unimportant as driving forces
for solute transport. Finally, it should be mentioned that experiments using
fluorescently labelled AB1-40 peptide indicated nondirectional diffusion, contrary to the
glymphatic concept (Smith and Verkman, 2018).

Regarding the question of sleep in its role of preventing accelerated aging and
antagonizing some senescence-related neurological diseases, the decisive findings are
those of the sleep-associated increase in clearance of AB and other solutes as well as
the augmentation of the interstitial space, which certainly facilitates solute
movements. Indeed, argumentations concerning the clearance of AB should not be
restricted to the alternative of directional vs. nondirectional flow, but rather consider
the full spectrum of known clearance mechanisms (Tarasoff-Conway et al., 2015). The
bulk of evidence support the hypothesis that sleep favours both perivascular and non-
perivascular clearance of waste, toxic compounds.

Aging of Sleep as a Social Economic Burden

The prevalence of primary insomnia varies up to 10% in the general population and up
to 25-30% in the elderly, for whom the treatment of insomnia is a clear medical
necessity. The direct and indirect costs of insomnia represent a substantial social
economic burden. Benzodiazepines (BZD) and other BZD receptor agonists (Z-drugs like
zolpidem, zaleplon, zopiclone) are the most commonly prescribed drugs for the
treatment of insomnia in the elderly (Mandrioli et al., 2010). Several meta-analyses
pondering the risks and benefits of these therapeutic options in older patients have
reported statistically significant improvements in sleep but have also reported a
statistically significant risk of life-threatening adverse events (Winkler et al., 2014). In
fact, these drugs are only approved by regulatory agencies for treatment for older
adults no more than a few weeks in length due to safety reasons.

Z drugs are used, unlike BZDs, exclusively for the treatment of insomnia and are
assumed to have a lower tendency to induce physical dependence and addiction than
BZD (Morin and Willett, 2009). However, their safety remains a matter of concern.
Adverse effects have been reported in more than 40% of users of both types of drugs
with no difference between BZDs and Z drugs. There is therefore a need for
educational programs that warn on these consequences of self-medication and for
more elaborate control systems to prevent illegal sale without an archived
prescription.

What Melatonin Is

The light-dark variation in the synthesis of melatonin by pinealocytes is the essential
fact that explains the involvement of the pineal gland in the physiology of biological
rhythms (Cardinali, 1981). The role of melatonin is twofold: on the one hand it "opens
the doors of sleep" by inhibiting the late wake-up activity driven by the SCN (Lewy et
al., 2006). In turn, melatonin is the "hormone of darkness", a chemical code of the
duration of the night, and has an established in the transmission of light information to
the neuroendocrine system. Melatonin represents a "hand" of the biological clock in



the sense that it responds to signals from the SCN, the temporal variation of the
melatonin rhythm indicating the state of the clock, both in terms of phase (time in the
internal clock in relation to the external time) and amplitude (Pandi-Perumal et al.,
2008).

Melatonin is the prototype of "chronobiotics", drugs used to synchronize and increase
the amplitude of circadian rhythms (Cardinali et al., 2008b). A synthetic analogue of
melatonin (tasimelteon, Hetlioz®, Vanda Pharmaceutical) was approved by the Food
and Drug Administration (FDA) in the US in 2013 for use in the circadian sleep disorder
with a different rhythm of 24 hr occurring in blind individuals. In Argentina, melatonin
was introduced as a drug for insomnia in 1995 and there are today melatonin
analogues used for this purpose in the USA (ramelteon, Rozerem®, Takeda) as well as
for the treatment of depression (agomelatine, Valdoxan®; Servier) approved by the
European Medicines Agency (EMA) in Europe. In 2007 a slow release form of
melatonin (2mg, Circadin®, Neurim) was approved as a medicament by EMA.

Around 30 years ago, an observation of Aaron Lerner, the discoverer of melatonin,
started to rise interest: the drowsiness produced by the melatonin when Lerner
administered it to himself and to his patients (Lerner and Nordlund, 1978). At that
time, our laboratory in Buenos Aires had acquired considerable experience in the
determination of receptors by methods of high affinity binding and as soon as a
tritiated melatonin of specific high activity (30 Ci / mmol) was introduced in the
market, we shortly identified the brain receptors for melatonin in areas of the bovine
and rat brains (Cardinali et al., 1978, Cardinali et al., 1979). In other studies, we
verified changes in receptor concentration correlated with circulating levels of
melatonin and ambient light status (Vacas and Cardinali, 1979). By 1983, there were
significant advances in autoradiographic and immunohistochemical receptor detection
techniques by the introduction of an iodinated ligand of melatonin, 2-12°I-melatonin,
and the knowledge in the field of melatonin receptors exploded, culminating with
receptor cloning in the 1990s.

Based on their kinetic properties, specificity and localization different melatonin
receptors have been identified in both the CNS and the periphery. The MT1and MT;
receptors (Dubocovich et al., 2010), all belonging to the membrane receptor
superfamily associated with G proteins, have been cloned. These receptors mediate
melatonin inhibition of adenylate cyclase (and in the case of the MT: receptor,
guanylate cyclase) and participate in the action of melatonin on the phase and
amplitude of the circadian rhythms. Due to its liposolubility melatonin crosses the
membranes and is associated with cytoplasmic proteins such as calmodulin and
tubulin, causing important changes in the cytoskeleton (Benitez-King, 2006). Melatonin
also accesses the cell nucleus where receptor sites have also been described. The
nuclear receptor for melatonin belongs to the superfamily of orphan receptors RZR /
ROR that participate in immunomodulation (Hardeland et al., 2011).

Both in the cytoplasm and in the cell nucleus melatonin has important antioxidant and
scavenger effects on free radicals, which are largely independent on receptors
(Manchester et al., 2015). These effects are exerted in three ways: (a) Melatonin has
scavenger activity. (b) Melatonin is metabolized to compounds with high antioxidant
activity. (c) Melatonin is an indirect antioxidant, stimulating the synthesis of



antioxidant enzymes and inhibiting that of prooxidant enzymes. Indeed, almost every
cell in the human body contains melatonin, in quantities much higher than that
circulating in blood derived from the pineal gland. For reasons that remain
unexplained, intracellular melatonin does not get the extracellular space. To modify
intracellular melatonin levels, doses much higher than those employed as a
chronobiotic are needed. Several antiapoptotic and cytoprotective effects of
melatonin are exerted under conditions of ischemia (not related to free radicals) and
can be attributable to a mitochondrial membrane stabilizing activity (Acufia-
Castroviejo et al., 2012). Thus, melatonin has the potential to be an effective tool for
healthy aging.

Melatonin and BZD Interaction

BZD receptor agonists are the most commonly prescribed drugs for the treatment of
insomnia in the elderly. The BZD are a group of compounds that exert their therapeutic
effect on sleep through allosteric modulation of the GABAA receptor complex. BZD
have broad inhibitory effects on brain functions, including promoting sleep, anxiolysis,
anticonvulsant effects, cognitive and motor impairment, and reinforcing effects (Rosini
and Dogra, 2015). In addition, significant adverse effects such as cognitive and
psychomotor impairment, next day hangover, rebound insomnia, anterograde
amnesia, and dependence have been documented, thus making the use of BZD for
prolonged treatment of insomnia highly controversial. "Z drugs" are a group of agents
that are not part of the chemical class BZD but act through the same mechanism, the
allosteric modulation of the GABAA receptor. Generally, Z drug hypnotics, although
effective in reducing sleep latency, are only moderately effective in increasing sleep
efficiency (Rosini and Dogra, 2015).

Advisement against long-acting hypnotic BZD and Z drug use and recommendations to
employ them for the shortest time possible in older patients (no more than 2-3 weeks
of treatment) are common nowadays. For example, the American Geriatrics Society
has recently updated its list of inappropriate medications for older patients and
advised physicians to “avoid benzodiazepines (any type) for treatment of insomnia,
agitation, or delirium” (2012). Unlike BZD, Z drugs are used, exclusively for the
treatment of insomnia and are supposed to have a reduced risk for inducing physical
dependence and addiction than BZD. However, adverse effects have been reported in
more than 40% of users of both BZD and Z drugs.

Health authorities in Europe are increasingly initiating policies and recommendations
to reduce the consumption of BZD and Z drugs. However, the campaigns have not
been generally successful, despite national guidelines and recommendations, and the
use of these drugs has continued to increase. The clearer strategy to reduce chronic
BZD use is to reduce medication; abrupt cessation can only be justified if a serious
adverse effect occurs during treatment. There is no clear evidence regarding the
optimal rate of taper, and times vary from 4 weeks to several months.

Thirty years ago, we demonstrated the interaction of melatonin with central BZD
receptors and in 1997 we published the first demonstration of the reduction of BZD
consumption in melatonin-treated elderly subjects (Fainstein et al., 1997). As
mentioned, in 2007 a sustained release form of 2 mg of melatonin was approved by



the EMA for the treatment of insomnia in elderly people. The fact that melatonin does
not show evidence of dependency, isolation, rebound insomnia or negative influence
on alertness during the day was emphasized by EMA for melatonin as well as by the
FDA for the melatonin analogues ramelteon and tasimelteon.

Melatonin competes with BZD and Z drugs at their site of action. A facilitator role of
melatonin on GABA neurotransmission explains the anxiolytic, antihyperalgesic and
antinociceptive effects of melatonergic agents (Cardinali et al., 2016). Several clinical
studies now support the efficacy of melatonin to reduce BZD use in chronically treated
patients (Baandrup et al., 2016a, Baandrup et al., 2016b, Cardinali et al., 2016). In a
pharmaco-epidemiologic study aimed to evaluate the impact of anti-BZD / Z drugs
campaigns and the availability of alternative pharmacotherapy (melatonin) on the
consumption of BZD and Z drugs in several European countries, the results indicated
that campaigns failed unless they were associated with the availability of melatonin in
the market (Clay et al., 2013). Melatonin has thus become the treatment of choice for
the preservation of slow wave sleep and healthy aging in the elderly.

Melatonin in AD

Cross-sectional studies reveal that sleep disturbances are associated with memory and
cognitive impairment (Ooms and Ju, 2016). A severe disruption of the circadian timing
system occurs in AD as indicated by alterations in numerous bodily rhythms such as
body temperature, glucocorticoids and/or plasma melatonin. The internal
desynchronization of rhythms is significant in AD patients. One emerging symptom is
“sundowning”, a chronobiological phenomenon observed in AD patients in conjunction
with sleep-wake disturbances (Ooms and Ju, 2016). Sundowning includes symptoms
such as disorganized thinking, reductions in the ability to maintain attention to
external stimuli, agitation, wandering and perceptual and emotional disturbances, all
appearing in the late afternoon or early evening. Chronotherapeutic interventions such
as exposure to bright light and timed administration of melatonin in selected circadian
phases alleviated sundowning symptoms and improved sleep-wake patterns of AD
patients (Cardinali et al., 2002, Riemersma-van der Lek RF et al., 2008).

CSF melatonin levels decrease even in preclinical stages of AD when the patients do
not manifest any cognitive impairment, suggesting that the reduction in CSF melatonin
may be an early trigger and marker for AD (Liu et al., 1999). Although it is not known
whether the relative melatonin deficiency is either a consequence or a cause of
neurodegeneration, it seems clear that the loss in melatonin aggravates the disease
and that early circadian disruption can be an important deficit to be considered.
Significant differences were observed in melatonin levels between mild cognitive
impairment (MCl) and AD patients with a negative correlation between
neuropsychological assessment of dementia and melatonin levels (Sirin et al., 2015).

MCl is diagnosed in those who have an objective and measurable deficit in cognitive
functions, but with a preservation of daily activities. The estimates of annual
conversion rates to dementia vary across studies but may be as high 10-15 %, MCI
representing a clinically important stage for identifying and treating individuals at risk
(Allan et al., 2017). Indeed, the degenerative process in AD brain starts 20—30 years



before the clinical onset of the disease. During this phase, plagues and tangles loads
increase and at a certain threshold, the first symptom appears.

Two recent meta-analyses endorsed the view that melatonin therapy is effective in
improving sleep in patients with dementia (Xu et al., 2015, Zhang et al., 2016).
Moreover, the melatonergic agonist ramelteon was reported as effective to treat
delirium, an acute state of mental confusion that can lead to many adverse sequelae in
intensive care unit elder patients (Furuya et al., 2012).

Whether melatonin has any value in treating fully developed AD remains uncertain. It
must be noted that one of the problems with AD patients with fully developed
pathology is the heterogeneity of the group examined. Moreover, the reduced
hippocampal expression of MT> melatonin receptors in AD patients and of MT;
receptors in the circadian apparatus at later stages the disease may explain why
melatonin treatment is less effective or erratic at this stage (Wu et al., 2007).

Mild cognitive impairment (MCI) is diagnosed in those who have an objective and
measurable deficit in cognitive functions, but with a preservation of daily activities.
The estimates of annual conversion rates to dementia vary across studies but may be
as high 10-15 %, MCl representing a clinically important stage for identifying and
treating individuals at risk. Indeed, the degenerative process in AD brain starts 20-30
years before the clinical onset of the disease. During this phase, plaques and tangles
loads increase and at a certain threshold the first symptom appears (Cespon et al.,
2018).

An analysis of published data of the use of melatonin in the early stages of cognitive
decline consistently showed that administration of melatonin, every night before
retiring, improves the quality of sleep and cognitive performance in this phase of the
disease (Cardinali et al., 2014). In our Laboratory, we carried out a retrospective
analysis of 25 patients with MCl who in the past three years had received a daily dose
of 3-9 mg of melatonin along with their usual medication. Compared to an untreated
group melatonin treated patients significantly improved cognitive and emotional
performance and quality of sleep / wake rhythm (Furio et al., 2007). We also reported
another series of 96 outpatients with a diagnosis of minimal cognitive impairment, 61
of who had received 3-24 mg of melatonin daily for 15 to 60 months. Patients treated
with melatonin showed a significantly better performance in various
neuropsychological tests. They also had lower scores in the Beck Depression Inventory
concomitantly with improvement in the quality of sleep and wakefulness (Cardinali et
al., 2012). Therefore, melatonin treatment can be effective in the early stages of
neurodegenerative disease.

The mechanisms accounting for the therapeutic effect of melatonin in MCI patients
remain to be defined. Melatonin treatment mainly promotes slow wave sleep in the
elderly and can be beneficial in MCI by augmenting the restorative phases of sleep,
including the augmented secretion of GH and neurotrophins and the functioning of the
glymphatic system. The antioxidant, mitochondrial and anti-amyloidogenic effects of
melatonin may be a strategy for interfering with the onset of the disease (Cardinali et
al., 2014) (Fig).
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Owing to the multifactorial nature of AD pathogenesis, polypharmacy with drugs that
target heterogeneous pathophysiological pathways must be considered. A novel
pharmacological treatment paradigm (the “M” Drugs) was proposed involving the use
of melatonin, minocycline, modafinil, and memantine (Daulatzai, 2016). Minocycline is
neuroprotective; it reduces neuroinflammation and CNS pathology and prevents cell
death. Modafinil, a wake-promoting agent, improves global mental status,
hippocampal neurogenesis, attention, and cognition. Memantine is an NMDA receptor
antagonist and is approved for the management of moderate-to-severe AD. This sort
of multi-drug strategies, if safe and well-tolerated in combination, may provide a
comprehensive and pragmatic means to combat multiple pathological targets and
ameliorate cognitive dysfunction in AD. Therefore, when melatonin treatment begins
can be decisive for a final response. Double-blind multicentre studies are needed to
further explore and investigate the potential and usefulness of melatonin to slow
down disease progression when taken at the early stage of the neurodegenerative
disease.

Conclusion

Melatonin is widely used as a food supplement, dietetic product, and drug in many
countries worldwide. The European Food Safety Authority (EFSA) has allowed the
health claim that melatonin reduces sleep onset latency (2010, 2011). This allows the
introduction of melatonin as food in improving “sleep-wake cycle regulation”,
“relaxation” and “sleep patterns”. Melatonin, melatonin-rich food and bioextracts
therefrom are now developed to serve as nutritional supplements, dietetic products,
and drugs. The target group was defined by the EFSA to be the general population and
as such those extracts can be marketed in the all EU countries.

As discussed above, melatonin combines two properties for application in human
medicine: chronobiotic and cytoprotection. As mentioned, almost every cell in the
human body contains melatonin, in quantities much higher than that circulating in
blood derived from the pineal gland. To modify intracellular melatonin levels, doses
much higher than those employed as a chronobiotic are need (i.e. in the 40-100
mg/day range). The amazing phylogenetic conservation of melatonin strongly suggests
that their cytoprotective functions are of relevance for cell function. There is an
increasing scientific interest on this point. A Medline search of studies that relate
melatonin to antioxidant and cytoprotective activity indicates the existence of more
than 3,500 scientific publications in the past 5 years.

Different studies indicate that, as in animal tissues, melatonin also reduces oxidative
stress in plants. Indeed, its discovery in plants two decades ago has opened an
emerging field of research that has made substantial progress in understanding the
actions of melatonin that contribute to the ecological success of plants.
Overexpression of melatonin in plants facilitates the germination of seeds and
improves plant development and maturation of both root and tissue above the
ground, protecting plants from abiotic and biotic stress (Arnao and Hernandez-Ruiz,
2015, Erland et al., 2015, Tan et al., 2014). Thus, melatonin presence in plants has
implications not only for plant growth and crop yield, but also in terms of human and
animal nutrition. When plant products containing melatonin are consumed, the
compound is easily absorbed and exerts its functions at the cellular level. Therefore, in
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animals and plants, melatonin is a highly useful molecule that neutralizes
pathophysiological processes that compromise a healthy lifestyle.

Enrichment in melatonin in food seems necessary to achieve the amounts that
provided effective cytoprotection. Thus, one area of interest is the development of
functional foods with high levels of melatonin. Two are the possible strategies to
achieve this:

1. to develop genetically engineered soybean varieties or rice or tomatoes that
overexpress melatonin. This would have the dual purpose of responding to the medical
problem (getting a dietary supplement that provides 30-50 mg of melatonin per
serving) and application development in agriculture facilitating the adaptation of
plants to hostile environments.

2. to enrich foods with added melatonin (e.g. soy milk) to obtain a dietary supplement
that provides high amounts of melatonin per serving.

In parallel, toxicity of long term melatonin use should be evaluated. From animal
studies it is clear that a number of potentially useful effects of melatonin, like those in
neurodegenerative disorders or in the metabolic syndrome, need high doses of
melatonin to become apparent. If one expects melatonin to be effective in improving
health, especially in aged people, it is likely that the low doses of melatonin commonly
employed (less than 10 mg/day) so far are not very beneficial.

Published reports indicate that melatonin is a safe drug with low toxicity in the short
term (Fulia et al., 2001, Gitto et al., 2001, Gitto et al., 2004a, Gitto et al., 2004b). In
experimental studies where melatonin was given in doses of 200 mg/kg to pregnant
rats throughout pregnancy or 800 mg/kg body weight in mice, no toxicity or death was
observed (Barchas et al., 1967) (Jahnke et al., 1999). In clinical studies, high doses of
melatonin were given to patients with hyperpigmented skin (1 g melatonin/day for
one month) (Nordlund and Lerner, 1977) where the only side effect was drowsiness.
Parkinsonian patients were successfully treated with melatonin administered
intravenously in doses between 0.25 and 1.25 mg/kg of body weight without any
relevant side effect (Anton-Tay et al., 1971).

In the treatment of amyotrophic lateral sclerosis patients received either 60 mg / day
orally for up to 13 months (Jacob et al., 2002) or enteral doses of 300 mg / day for up
to 2 years (Weishaupt et al., 2006). In children with muscular dystrophy,
administration of 70 mg / day melatonin reduced levels of inflammatory cytokines and
lipid peroxidation (Chahbouni et al., 2011). In healthy individuals doses up to 80 mg
melatonin per hour for 4 h produced no untoward effects (Waldhauser et al., 1990).
Healthy women in a dose of 300 mg melatonin / day for 4 months did not produce
negative side effects(Silman, 1993). A controlled in 50 patients referred for liver
surgery clinical trial found that a single enteral preoperative dose of 50 mg / kg of
melatonin (i.e., equivalent to 3 g for an adult of 60 kg) was safe and well tolerated
(Nickkholgh et al., 2011). Generally, the rarely observed adverse events associated
with melatonin intake include headaches, dizziness, nausea, and drowsiness. In two
dose escalation studies of melatonin in healthy volunteers the tolerability and
pharmacokinetics of up to 100 mg oral doses of melatonin were assessed with no
adverse effects detected (Andersen et al., 2016, Galley et al., 2014)[23;24].
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The approach used to document melatonin efficacy in treatment and prevention of
osteoporosis by an early development budget impact model can be fundamental to
urge health authorities in this respect (Bondi et al., 2015). In the U.S.A. the economic
impact of osteoporosis is estimated to be $23 billion by 2025. Current drug therapies
either decrease bone resorption (e.g., bisphosphonates) or stimulate bone formation
(e.g., teriparatide). Melatonin may be a potential treatment option because research
has shown it impacts bone metabolism by promoting osteoblast differentiation and
activity and by suppressing osteoclast differentiation and activity. Bondi et al.’s paper
clearly demonstrated in a 1-year budget impact model with a hypothetical plan
population of 1 million that the addition of melatonin to a formulary will provide
substantial cost offsets to the payer in the treatment and prevention of osteoporosis
(Bondi et al., 2015). This sort of arguments could persuade Health authorities to
support basis studies of melatonin as a nutraceutical.
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Figure Legends.

Figure 1. The three different “bodies,” wakefulness, slow-wave sleep (NREM sleep) and
REM sleep, must necessarily follow each another harmoniously to ensure health.
Upper panel: a 76-year old man sleeping 8 h daily will live 50 years in the physiological
state of wakefulness, 20 years in slow-wave sleep and 6 years in REM sleep. Lower
panel: reduction of 25% of sleep over the last 40 years leads to predominance of the
wakefulness state and reduction of the slow-wave sleep, associated with
cardiovascular disease, metabolic syndrome, obesity, and type Il and type Il diabetes.
The age-related reduction in slow wave sleep further adds to the unbalanced of
physiological states with obvious consequences for health, such as obesity, high blood
pressure and diabetes, and neurodegenerative diseases.

Figure 2. Upper panel. Aging, sleep disruption, and glymphatic pathway impairment
interact to promote AB plaque deposition in the aging brain. (a) Loss of slow wave
sleep and astrogliosis are frequent features in the aging brain. (b) Reduced slow wave
activity impairs glymphatic AP clearance, which is maximal in the sleeping brain. (c)
Loss of slow wave sleep also increases AB formation. (d) Astrogliosis associated with
aging, small vessel disease, traumatic brain injury, or amyloid plaques is associated
with impaired glymphatic pathway function. (d) The presence of AB aggregates
specifically inhibits slow wave activity (modified from Boespflug and lliff, 2018). Lower
panel. Melatonin counteracts most of the dysfunctions observed (blue arrows).
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Figure 2
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