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14.1 Introduction

The impending aging of human population is an undeniably, remarkable event.
According to the World Health Organization (WHO), the number of individuals
aged 60 and up will double from 1 billion in 2019 to 2 billion in 2050 (WHO, Aging
and health), with 80% of all older people living in low- and middle-income countries
(WHO, Non-communicable diseases). As individuals live longer, they will encounter
a variety of health and quality-of-life concerns, including an increase in the preva-
lence of non-communicable diseases (NCDs). According to the WHO, NCDs kill
41 million people each year, accounting for 71% of all deaths worldwide (Khan
2019). Over 80% of NCD deaths are caused by cardiovascular illnesses, malignan-
cies, respiratory disorders, diabetes, and neurological diseases. NCDs are highly
associated with impairment, dependency, and the need for long-term care.

NCDs are characterized by a chronic low-grade pro-inflammatory condition
termed as “inflammaging” (Barbé-Tuana et al. 2020; Franceschi et al. 2018; Fulop
et al. 2018). Indeed, as the aging process progresses, the human body’s ability
to resolve inflammation decreases, resulting in an imbalance of pro- and anti-
inflammatory events. Circadian disturbance, as evidenced by interrupted sleep, is
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another critical process in the aging organism. Sleep cycle disruption, as a comor-
bidity of inflammaging, results in a slew of pathophysiological alterations that hasten
the aging process.

Melatonin is a methoxyindole having several features that make it useful for
dealing with circadian disturbance and inflammation. It functions as a circadian
synchronizer and amplitude enhancer, a direct and indirect antioxidant, an immuno-
logical modulator, and a protector and modulator of mitochondrial activity. Melatonin
levels tend to drop as people age, and they are even lower in people with NCDs.

This chapter examines melatonin’s many functions as a chronobiotic and cytopro-
tector in relation to age-related NCDs (Cardinali 2019a, b, c). Melatonin attenuates
inflammatory responses and progression of inflammation (Cardinali and Hardeland
2017). Furthermore, the late afternoon/night surge in melatonin synchronizes both
the central circadian pacemaker found in the hypothalamic suprachiasmatic nuclei
(SCN) and a slew of peripheral cellular clocks (melatonin’s “chronobiotic action™)
(Cardinali et al. 2021). The link of melatonin with sirtuins, known by their relevant
qualities as aging suppressors and accessory components or downstream elements of
circadian oscillators, will be dealt with in depth (Hardeland 2019). SIRT1 and SIRT3
appear to be at the heart of melatonin’s chronobiotic and cytoprotective activities in
healthy aging.

14.2 Inflammaging

Claudio Franceschi and colleagues coined the word “inflammaging” to describe
the imbalance between inflammatory and anti-inflammatory signals that occurs as
people age (Fulop et al. 2021). This imbalance contributes to the onset of age-related
diseases such as cardiovascular disease, metabolic syndrome, and diabetes, as well
as neurodegenerative, renal, lung, and skin diseases. Increased inflammatory indexes
such as tumor necrosis factor (TNF)-a, interferon (IFN)-y, interleukin (IL)-1, IL-6,
IL-8, IL-12, IL-17 and IL-22, chemokines, and inflammatory factors like monocyte
chemoattractant protein-1 (MCP-1) and C-reactive protein characterize inflammatory
aging (Xia et al. 2016).

Macrophages are important players in the delicate balance of pro- and anti-
inflammatory reactions. They carry out critical innate immunological tasks, including
the clearing of dying cells through phagocytosis (Lu et al. 2021). Macrophages can be
divided into two types of polarization states: conventionally activated (M 1) and alter-
natively activated (M2). Genes associated to pro-inflammatory cytokines or oxidative
stress, such as TNF-a, IL-6, MCP-1, and inducible nitric oxide synthase (iNOS), are
substantially expressed in M1 macrophages, whereas anti-inflammatory cytokine
IL-10 is highly expressed in M2 macrophages (Lu et al. 2021).

It is worth noting that, in the absence of acute infection or physiological stress, the
levels of inflammatory mediators tend to rise with age. When stress occurs, however,
it causes inflammatory damage to cellular components such as proteins, lipids, and
DNA, as well as contributing to the age-related decline in physiological functions,
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particularly in cells regulating homeostasis, such as neural, immune, and endocrine
cells (Bulut et al. 2021). As a result, the functional losses seen with aging include
a slow-moving, long-lasting type of oxidative stress caused by increased production
of reactive oxygen and nitrogen species (ROS and RNS), which is exacerbated by
mitochondrial damage (Bader and Winklhofer 2020; Garcfia et al. 2020).

Because of thymic involution and extended germ exposure, which both lead to the
depletion of numerous subtypes in developmental stages of leukocytes, an age-related
pro-inflammatory propensity is almost unavoidable (Hardeland 2019). However,
considerable interindividual differences exist in the velocity of these changes and
in the balance between pro-inflammatory and anti-inflammatory cytokines. This
could be attributable to a genetic predisposition as well as previous viral load histo-
ries, both of which contribute to an immunological risk profile. In centenarians,
protective phenotypes include an inverted immunological risk profile (Pawelec 2018;
Wikby et al. 2008). A higher proclivity for inflammatory responses could shorten
life expectancy. It is likely, then, that a sound immune system is the most reliable
predictor of human longevity and healthy aging (Bulut et al. 2021; Fulop et al. 2021;
Santoro et al. 2021).

As previously stated, inflammaging is a symptom of oxidative stress, which is
defined as an increase in the generation of ROS and RNS compared to the quantity
of antioxidants present in the body’s natural defensive systems. Melatonin stands out
among antioxidants for its anti-inflammatory and antioxidant effects, as well as its
role as ametabolic regulator (Cardinali 2019a, b, c; Garcia et al. 2020; Hardeland et al.
2015; Majidinia et al. 2018). Melatonin may have a therapeutic value in promoting
healthy aging because it controls several inflammaging-related pathways.

14.3 The Circadian Apparatus

The daily and seasonal changes caused by the planet’s rotation and orbit around the
sun have a consistent impact on the organisms that live on it. The light—dark cycle
is the most visible manifestation of this periodic pattern, which has led to the devel-
opment of endogenous circadian timing systems that synchronize biological func-
tions with the environment (Foster 2020). This is the basis of predictive homeostasis
evolving as an adaptation to anticipate predictable changes in the environment, such
as light and darkness, temperature, food availability, or predator activity (Burdakov
2019). Therefore, the circadian clock is one of the most indispensable biological
functions for living organisms and acts like a multifunctional timer to adjust the
homeostatic system, including sleep and wakefulness, hormonal secretions, immune
function, and most other bodily functions, to the 24-h cycle.

The circadian system in mammals is made up of numerous distinct tissue-specific
cellular clocks. The phases of this plethora of cellular clocks are controlled by a
master circadian pacemaker found in the hypothalamic suprachiasmatic nuclei (SCN)
to generate coherent physiological and behavioral responses (Hastings et al. 2018).
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Among the environmental photic (natural/artificial light) and non-photic (food,
behavioral arousal, etc.) cues, natural light is the pervasive and prominent synchro-
nizer (“zeitgeber”). The retinohypothalamic tract entrains the SCN via neurotrans-
mitters that act as messengers, controlling the differential expression of clock genes
and clock-controlled genes inside SCN cells and influencing the observable output
in the form of physiology and behavior (Hastings et al. 2020).

Circadian clocks are based on clock genes, some of which encode proteins that
can feedback and repress their transcription on a molecular level. These cellular
oscillators are made up of interlocked transcriptional and post-translational feedback
loops that are controlled by a small number of core clock genes (Welz and Benitah
2020). Transgenic gene deletion technology was used to characterize the negative and
positive transcriptional/translational feedback loops that make up the core clockwork
inrats. The delay in the feedback loops, which is regulated in part by phosphorylation
of the clock proteins that affect their stability, nuclear re-entry, and transcription
complex formation, causes clock gene expression to oscillate (Takahashi 2017).

The circadian clock’s complicated molecular mechanisms are conserved across
animals. The transcription factors CLOCK and BMAL1, which form dimers through
basic helix-loop-helix domains, are formed when the genes Clock and Bmall are tran-
scribed in mammals. The dimer then promotes transcription of two more genes, Per
and Cry, resulting in the creation of the proteins PER and CRY, which dimerize and
are then inhibited by CLOCK and BMAL1 expression. As PER and CRY deteriorate
with time, the loop must be restarted (Takahashi 2017).

In both nocturnal and diurnal mammals, the levels of Per and Cry mRNAs in
the SCN peak in the middle to late afternoon (Hastings et al. 2020). Bmall mRNA
increases around midnight, but Clock is expressed in the SCN throughout the whole
time (Lee et al. 2001). Through binding to the CLOCK/BMALI complex, PER and
CRY bind to the E-box element of the promoter regions of Bmall, Clock, Rev-Erb, and
other clock-controlled genes to limit their production (Takahashi 2017). After casein
kinase 1 €/3 phosphorylates PER and CRY, they are translocated to the nucleus (Lee
et al. 2001). The master oscillation is modulated further by a secondary regulatory
loop comprised of the nuclear receptors REV-ERB and ROR (retinoid-related orphan
receptor). REV-ERB inhibits Bmall and ROR promotes it through attaching to the
RORE (response element-binding site) sequence in the promoter region of Bmall
(Fontaine and Staels 2007; Preitner et al. 2003). Phosphorylation and ubiquitylation
via the E3 ligase complex govern the stability of PER and CRY, culminating in their
proteasomal destruction (Takahashi 2017).

Physiological and behavioral processes are visibly manifested in the complex
interaction between the core clock genes and other clock-controlled genes. Interrup-
tions of the circadian rhythm are harmful to one’s health (Welz and Benitah 2020).
Chronic jet lag and shift work have been linked to heart disease (Crnko et al. 2019),
memory loss (Snider and Obrietan 2018), disruptions in hormone timing (Maierova
et al. 2016), diabetes (Oosterman et al. 2020; Stenvers et al. 2019; Tsereteli et al.
2021), cancer (Asadi et al. 2021; Stangherlin et al. 2021; Wang et al. 2019), impaired
reproductive health (Caba et al. 2018; Pan et al. 2020), and metabolic disorders (Che



14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 281

et al. 2021; Reinke and Asher 2019; Spiegel et al. 1999). The use of chronothera-
pies, such as melatonin, to modulate the molecular elements of circadian rhythms to
alleviate the ill-effects of circadian rhythm disorders and diseases with a circadian

correlate is an area receiving growing attention in the scientific literature (Cardinali
et al. 2021).

14.4 Melatonin as a Chronobiotic

Borbély et al. (2016) propose that the physiological regulation of the circadian rhythm
of sleep/wakefulness (the body’s main circadian rhythm) is divided into two parts: a
circadian (24-h) component and a homeostatic component. Melatonin is an important
component of the circadian clock, which controls the timing of sleep. In both normal
and blind patients, the circadian rhythm in the synthesis and secretion of pineal
melatonin is intimately linked to the sleep thythm (Emens and Eastman 2017). The
initiation of nocturnal melatonin secretion occurs roughly 2 h before a person’s usual
bedtime and has been linked to the onset of evening tiredness. Endogenous melatonin
has been implicated in the physiological regulation of the circadian systems that
govern sleep propensity in several studies (Auld et al. 2017; Gobbi and Comai 2019).

Aging has been linked to a decrease in sleep efficiency and consistency, as well
as a decrease in the amplitude of the melatonin cycle and thus many other circa-
dian rhythms in the body (Duffy et al. 2015; Kim and Duffy 2018). Early morning
awakenings and trouble falling asleep have been noted regularly among the elderly.
Sleep issues that affect senior insomniacs can be linked to melatonin secretion prob-
lems. Indeed, melatonin insufficiency causes a relative circadian desynchrony, which
can lead to aging. As a result of its well-known chronobiotic capacity, melatonin
supplementation can help to improve the quality of life of the aged.

Melatonin is a key player in circadian rhythmicity’s coordination. Melatonin
secretion is an “arm” of the biologic clock in the sense that it responds to signals
from the SCN and that the timing of the melatonin rhythm reveals the status of the
clock in terms of phase (i.e., internal clock time relative to external clock time) and
amplitude (Pevet et al. 2021). Melatonin is also a chemical code of night in another
sense: the longer the night, the longer the length of its secretion. This pattern of
secretion serves as a temporal cue for seasonal rhythms in most mammalian species
(Clarke and Caraty 2013; Wahab et al. 2018).

Pineal melatonin production is controlled by a complex neural system originating
in the hypothalamic paraventricular nucleus (PVN) and ending in the highest levels of
the thoracic spinal cord—the superior cervical ganglion sympathetic system (Pevet
etal. 2021). The superior cervical ganglion’s postganglionic sympathetic nerve termi-
nals release norepinephrine into the pineal gland, which activates melatonin synthesis
by interacting with f- (primarily) and a-adrenoceptors on pineal cell membranes.
Melatonin is not kept in the pineal because of its high diffusibility, and it is expelled
as soon as itis created (Tan et al. 2018). The SCN-melatonin loop is a group of compo-
nents that govern circadian rhythms. Melanopsin-containing retinal ganglion cells,
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the retinohypothalamic tract, SCN, PVN, intermediolateral cell column, sympathetic
cervical ganglia, pineal gland, and the melatonin rhythm, all of which have feedback
effects on the SCN, make up this loop (Tan et al. 2018).

In fact, all mammalian species’ circadian pineal melatonin production is confined
to the dark phase of the light/dark cycle. Melatonin is always synthesized throughout
the night, regardless of the species’ daily cycle of activity/rest, demonstrating its
close link with the external photoperiod. If there is no light in the surroundings,
melatonin is created at night (Pevet et al. 2021).

When present at night, blue light activates melanopsin-containing retinal ganglion
cells, a specific retinal mechanism that suppresses pineal sympathetic norepinephrine
release, reducing or eliminating melatonin generation. Melatonin can synchronize
the circadian cycles of various organs and their functions due to the regularity of daily
melatonin production, which is associated with high and low blood concentrations
during the night and day, respectively. In vitro studies have revealed that a synthetic
day and night melatonin profile can act as a pacemaker for most cells’ daily rhythmic
processes (Hardeland et al. 2011).

The effects of the internal zeitgeber melatonin on the circadian clock are time-
dependent, just like the effects of the external zeitgeber light. Melatonin given to rats
daily modifies the phase of the circadian clock, which could explain how melatonin
affects sleep in humans (Pevet et al. 2021). Clinical trials in blind subjects (who have
free running of circadian rhythms) treated with melatonin provide indirect support
for such a physiological involvement (Skene and Arendt 2007). The revelation that
the phase response curve for melatonin was opposite (i.e., around 180° out of phase)
to that of light offered more concrete evidence for this notion (Lewy 2010).

Melatonin receptors have been discovered both in the CNS and in the periphery
(Dubocovich et al. 2010). The MT1 and MT2 receptors, which belong to the G-
protein coupled receptors (GPCR) families of membrane receptors, have all been
cloned. GPR50, a new member of the melatonin receptor subfamily, was recently
added (Cecon et al. 2018). GPR50 has a lot of similarities to MT1 and MT2, but it
does not bind to melatonin or any other known ligand. The ability of these receptors
to form homo- and heteromers with each other and with other GPCRs, such as the
serotonin 5-HT2C receptor, is an intriguing property (Cecon et al. 2018).

Although melatonin’s major physiological function is to regulate circadian and
seasonal rhythmicity, the methoxyindole’s activities are not limited to receptor-
rich locations. Melatonin influences mitochondrial electron flux, the mitochon-
drial permeability transition pore, and mitochondrial biogenesis, as well as anti-
excitatory activities, immunomodulation, including pro- and anti-inflammatory qual-
ities, antioxidant actions, and energy metabolism (Tan and Reiter 2019). Many of
these actions are independent of receptors.

Melatonin in the blood is loosely linked to albumin, and it is hydroxylated in
the liver before being conjugated with sulfate or glucuronide (Claustrat and Leston
2015). The primary metabolite in human urine is 6-sulfatoxymelatonin. Melatonin
is converted to kynurenine derivatives in the brain. Some of melatonin’s metabolites,
such as cyclic 3-hydroxymelatonin, N'-acetyl-N2-formyl-5-methoxykynuramine
(AFMK), and, with the highest efficacy, N'-acetyl-5-methoxykynuramine, share its
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well-documented antioxidant effects (AMK). Melatonin administration to experi-
mental animals and people therefore initiates an “antioxidant cascade” (Reiter et al.
2017).

As already stated, circulatory melatonin in mammals is virtually entirely produced
from the pineal gland. However, melatonin is also generated locally in most cells,
tissues, and organs, including lymphocytes, bone marrow, thymus, gastrointestinal
tract, skin, and eyes, where it can have an autocrine or paracrine role (Acufia-
Castroviejo et al. 2014). There is now strong evidence that melatonin is synthesized
in every animal cell with mitochondria.

Although it is usually assumed that the endogenous melatonin’s chronobiotic
impact is mediated by MT receptors, a chronobiotic effect can also be detected when
pharmaceutical quantities of fast-release melatonin (that saturate receptors) are used.
Even at a high dose, melatonin employed as a fast-release preparation administered
at a single time point in the day (bedtime) keeps the chronobiotic effects (Fig. 14.1).
Hence, the rationale for using melatonin as a preventive medication in NCDs caused
by aging is based not only on the amelioration of the immunoinflammatory disorder,
but also on the general improvement and prevention of potential complications caused
by maintaining optimal circadian rhythmicity.

Endogenous
melatonin

Fig. 14.1 Because of its pharmacokinetic properties, i.e., a very short half-life in the blood, when
melatonin is given orally as a fast release preparation at bedtime, melatonin gives rise to a chrono-
biotic signal regardless of the amounts given (reproduced with permission from Cardinali et al.
(2020a, b)
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14.5 Use of Melatonin in Aged Sleep

Melatonin is a potent chronobiotic with a mild hypnotic potential. In sighted people
who live in environments that are likely to produce a free-running rhythm, daily
melatonin doses of 2-10 mg, timed to advance the phase of the internal clock in
the SCN, preserve circadian rhythms synchronized to a 24-h cycle (Lewy 2010).
After a brief period of free running, melatonin synchronizes the rhythm in people.
Giving melatonin to blind subjects with free-running rhythms has been shown to
stabilize, or entrain, the sleep/wake cycle to a 24-h period, resulting in improved
sleep and mood (Arendt 2019). Melatonin administration helps to minimize the
variation in the onset time of sleep in normal aged adults and demented patients with
disrupted sleep/wake cycle synchronization. Melatonin’s phase-shifting properties
also account for its usefulness as a treatment for circadian-related sleep disorders
such jet lag and delayed phase sleep syndrome (Burgess and Emens 2018).

The sleep/wake cycle has a bidirectional association with aging. Inadequate sleep,
both in terms of duration and quality, can have a negative impact on health and
consequently hasten the aging process. Sleep/wake cycle problems, on the other
hand, tend to worsen with age due to the flattening and misalignment of circadian
rhythms such as melatonin secretion, as well as the sleep-disturbing effects of aging-
related ailments and diseases (Hardeland 2015). The most striking examples are
immunosenescence, which also affects the brain (Cardinali et al. 2008; Hardeland
2018), and the nearly exponential increase in hydroxyl radical generation reported
in the senescent brain (Poeggeler et al. 1993; Reiter 1995).

There is a considerable literature that suggests that the sleep/wake issues become
more common as people get older. According to epidemiological studies, more
than half of all persons over the age of 65 suffer from a persistent sleep-related
ailment (Foley et al. 1995). Several meta-analyses support the view that the chrono-
biotic/hypnotic properties of melatonin are useful in aged patients with primary sleep
disorders to decrease sleep onset latency and to increase total sleep time, with fewer
effects on sleep efficiency (Auld et al. 2017; Ferracioli-Oda et al. 2013; Zhang et al.
2019). A role for melatonin in adult insomnia is also supported by several expert
consensus reports (Geoffroy et al. 2019; Palagini et al. 2021; Wilson et al. 2019).

Sleep/wake disturbance has been linked to a variety of neuropathologies in
numerous studies. In healthy participants, sleep loss or slow wave sleep disruption
raised amyloid B (AP) levels in the CSF (Olsson et al. 2018; Ooms et al. 2014). A
single night of total sleep deprivation was said to prevent the normal decline in CSF
AB. The brain “glymphatic” hypothesis states that perivascular astrocytes, which are
highly enriched in aquaporin-4, and changes in the vascular lumen generate active,
lymphatic-like motions in the extracellular space of the brain (Boespflug and Iliff
2018; Braun and Iliff 2020). The exchange of solutes between the CSF and the inter-
stitial fluid takes place mostly during slow wave sleep, when the cortical interstitial
space expands by more than 60% and provides a low-resistance conduit for CSF and
interstitial fluid movement in the brain parenchyma. The aging human brain has an
impact on this. Various neurological disease states, such as stroke, traumatic brain
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injury, and AD, have been understood in terms of glymphatic dysfunction’s impact
(Boespflug and Iliff 2018). It is worth noting that giving melatonin to AD transgenic
mice improves their glymphatic clearance of A (Pappolla et al. 2018).

Primary insomnia affects up to ten percent of the general population and up to
25-30% of the elderly, for whom insomnia therapy is an obvious medical necessity.
Insomnia’s direct and indirect costs add up to a significant socioeconomic burden.
The most recommended medicines for the treatment of insomnia in the elderly are
benzodiazepines (BZD) and other BZD receptor agonists (Z-drugs such as zolpidem,
zaleplon, and zopiclone). Several meta-analyses that investigated the risks and advan-
tages of these therapy choices in older patients found statistically significant improve-
ments in sleep, but also a statistically significant risk of life-threatening side events
(Schroeck et al. 2016; Winkler et al. 2014). Due to safety concerns, regulatory agen-
cies have only approved these medications for treatment of older persons for no more
than a few weeks. More than 40% of users of both BZD and Z medicines have had
negative side effects.

European health authorities are implementing rules and making recommendations
to decrease the use of BZD and Z-drug medicines. Despite national guidelines and
recommendations, however, the campaigns have been largely unsuccessful, and the
usage of these medications has continued to rise (Clay et al. 2013). The more obvious
method for reducing chronic BZD use is to discontinue the medicine gradually; abrupt
discontinuation can only be justified if a major side effect arises during therapy. There
is no clear data about the best way to proceed with BZD withdrawal, and times range
from four weeks to several months (Edinoff et al. 2021).

The interaction of melatonin with central BZD receptors was initially reported
in 1986 (Acufia-Castroviejo et al. 1986) and the first study on the reduction of
BZD use in melatonin-treated elderly people was published in 1997 (Fainstein
et al. 1997). Melatonin’s anxiolytic, antihyperalgesic, and antinociceptive actions
are explained by its facilitation of y-aminobutyric acid neurotransmission (Cardinali
et al. 2016). Several clinical investigations have now confirmed melatonin’s useful-
ness in reducing BZD use in chronically treated patients (Morera-Fumero et al.
2020). The results of a pharmaco-epidemiologic study aimed at assessing the impact
of anti-BZD/Z-drug campaigns and the availability of alternative pharmacotherapy
(melatonin) on BZD and Z-drug consumption in several European countries revealed
that campaigns failed unless they were linked to the availability of melatonin on
the market (Clay et al. 2013). Melatonin has therefore proven to be an excellent
medication for maintaining healthy sleep patterns in the elderly.

14.6 Melatonin and Inflammaging

The significance of melatonin in reducing inflammation and its progression has gotten
alot of attention, especially when it comes to therapy options for people who have low
endogenous melatonin levels. Melatonin is one of the hormones that is known to drop
with age and, more importantly, in various age-related NCDs (Hardeland 2012; Vasey
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et al. 2021). In coronary heart disease, metabolic syndrome, and type 2 diabetes,
melatonin levels were found to be lower (Altun et al. 2002; Girotti et al. 2000;
Hernandez et al. 2007; Nagtegaal et al. 1995; Yaprak et al. 2003). Additional evidence
from polymorphisms of human melatonin receptor genes indicates that deviations in
melatonergic signaling may favor the development of prediabetic states, diabetes type
2, elevated cholesterol, and coronary heart disease. Furthermore, knocking down the
melatonin receptor MT1 in mice resulted in insulin resistance (Contreras-Alcantara
et al. 2010).

Melatonin acts as an anti-inflammatory at different levels. One of these is
metabolic dysregulation repair, which includes preventing insulin resistance, an
inflammation-promoting alteration that is a characteristic of the metabolic syndrome
(Cuestaetal. 2013; Lee et al. 2020). Melatonin was found to be efficient in decreasing
insulin resistance in a variety of animals, tissues, and induction approaches. Reduced
serine phosphorylation of insulin receptor substrate 1 (IRS-1) is the key effect at
which the relevant pathways converge in this regard, which is frequently followed
by an increase of IRS-1 expression (Du and Wei 2014). Melatonin and the mela-
tonergic agonist piromelatine have been found to reverse insulin signal transduction
inhibition (She et al. 2009). Insulin resistance has been found to be an early indi-
cator of low-grade neuroinflammation in neurodegenerative illnesses such as AD
and Parkinson’s disease (Sun et al. 2020a, b; Verdile et al. 2015).

The avoidance of processes that encourage or lead to inflammation is another
level of action. Calcium overload, excessive nitric oxide (NO) release, which leads
to the creation of peroxynitrite, peroxynitrite-derived free radicals, and eventually,
tyrosine nitration, as well as mitochondrial malfunction because of oxidative stress,
are all examples of it (Cardinali and Hardeland 2017; Hardeland et al. 2015). All
these alterations are known to generate low-grade inflammation in numerous organs,
which is linked to aging. In the central nervous system, this includes microglia
activation and vicious cycles caused by overexcitation and oxidant damage, which
result in reduced neuronal and astrocytic activities. Melatonin has been proven in
animal models to prevent these harmful processes by acting as an anti-excitatory
agent, protecting mitochondria, reducing peroxynitrite-related damage, and reducing
microglia activation.

Melatonin’s immunological effects are a third aspect of inflammaging to consider.
Melatonin’s many functions as an immunomodulatory drug include both pro-
inflammatory and anti-inflammatory effects, resulting in either pro-oxidant or antiox-
idant equilibrium (Carrillo-Vico et al. 2013; Hardeland 2019; Markus et al. 2021).
Melatonin is generally pro-inflammatory in immunosuppressive circumstances. The
exact reasons for when melatonin acts pro- or anti-inflammatory are yet unknown,
while the severity of inflammation and the chronological sequence of initiation and
healing processes are certain to play a part.

Melatonin’s anti-inflammatory properties take precedence as people age. Mela-
tonin reduced pro-inflammatory cytokines including TNF-a, IL-1, and IL-6 in the
livers of elderly, ovariectomized female rats while increasing the anti-inflammatory
cytokine IL-10 (Kireev et al. 2008). Corresponding findings were verified in the
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dentate gyrus, along with an increase of sirtuin 1 (SIRT1), a protein with strong anti-
inflammatory characteristics. TNF-a and IL-1 levels were reduced, whereas IL-10
levels were elevated, in the liver, pancreas, and heart of the senescence-accelerated
mouse strain SAMP8 (Cuesta et al. 2011, 2010; Forman et al. 2011).

Other studies have found that melatonin has anti-inflammatory effects in brain
damage, ischemia/reperfusion (I/R) lesions, hemorrhagic shock, and various forms
of high-grade inflammation, such as endotoxemia and sepsis. Remarkably, the use
of melatonin as a countermeasure to a SARS-CoV-2 infection has been advocated
(Reiter et al. 2020a; Zhang et al. 2020). Melatonin has pan-antiviral effects, and it
diminishes the severity of viral infections and reduces the death of animals infected
with numerous different viruses, including three different coronaviruses. Network
analyses, which compared drugs used to treat SARS-CoV-2 in humans, also predicted
that melatonin would be a most effective agent for preventing/treating COVID-19
(Cardinali et al. 2020a, b). Finally, when badly infected COVID-19 patients were
treated with melatonin alone or in conjunction with other drugs, the severity of
infection was reduced, the death rate was lowered, and the length of hospitalization
was shortened (Farnoosh et al. 2021; ZT et al. 2021).

From a molecular standpoint, distinguishing between direct and indirect anti-
inflammatory effects of melatonin via changes in phase or amplitude of local circa-
dian oscillators is not always attainable (Boivin et al. 2003; Bollinger et al. 2011;
Hardeland et al. 2012). Melatonin has been shown to affect metabolic sensing
factors such as peroxisome proliferator-activated -activated receptor-y coactivator-
la (PGC-1a), peroxisome proliferator-activated receptor-y (PPARYy), phosphoinosi-
tide 3-kinase, protein kinase B, including the accessory oscillator components AMP
kinase, nicotinamide phosphoribosyl transferase (NAMPT), and SIRT1.

The induction of antioxidant enzymes in the rat liver and pancreas under inflamma-
tory conditions, where melatonin promotes the expression and nuclear translocation
of nuclear factor erythroid 2-related factor 2 (Nrf2) that mediates the upregulation of
the protective enzymes, is an example of a direct melatonin effect not mediated by
oscillators (Jung et al. 2010). Melatonin suppresses the expression of nuclear factor-
kB (NF-kB) by recruiting a histone deacetylase (HDAC) to its promoter, which
decreases pro-inflammatory factors like TNF-a, IL-1, and iNOS.

Various other effects of melatonin on gene expression are mediated by the circa-
dian system. In particular, the role of SIRT1 must be considered, which is not only
believed to be an aging suppressor, but acts as a protein deacetylase and, moreover, as
a component of circadian oscillators that interacts with the BMAL1/CLOCK dimer
and is required for high rhythm amplitudes (Bellet et al. 2011). SIRT1 was activated
by melatonin in multiple aging scenarios, including senescence-accelerated animals,
and induced increased deacetylation of various of its substrates, including PGC-
la, Forkhead box protein O1 (FOXO1), NF-kB, and p53 (Hardeland et al. 2015).
Notably, these effects strongly contrast with the opposite effects in epigenetically
dysregulated oscillators of cancer cells (Hardeland 2014). SIRT3 is another sirtuin
associated with melatonin effects at the mitochondrial level (Mayo et al. 2017).
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14.7 Melatonin, Sirtuins, and the Anti-inflammatory
Network

Sirtuins, a family of seven proteins encoded by Silent Information Regulator (Sir)
genes, play a key role in senescence control and survival under adverse conditions
(Watroba and Szukiewicz 2021). Sirtuins are nicotinamide adenine dinucleotide
(NAD)-dependent HDAC type-III enzymes that control a variety of cellular and
molecular processes through deacetylation (Mayo et al. 2017). According to the
targeting sequences they include, sirtuins can be cytoplasmic or nuclear (SIRT
1,6,7) and can even be directed to migrate to the mitochondria (SIRT 3,4,5). While
nuclear/cytosolic sirtuins regulate cellular processes by deacetylating histone and
non-histone targets (Yamamoto et al. 2007), mitochondrial sirtuins regulate energy
metabolism by acting as either NAD+ dependent class III histone deacetylase
enzymes (e.g., SIRT3), auto-ADP-ribosyltransferases (SIRT6) or as mono-ADP-
ribosyltransferases (particularly SIRT4) to control energy metabolism (Watroba and
Szukiewicz 2021). They could influence mitochondrial biogenesis, insulin sensi-
tivity, glucose and lipid metabolism (Poulose and Raju 2015), urea cycle, cell cycle,
DNA repair, and rDNA transcription due to their deacetylating and ADP-ribosylation
properties (Elkhwanky and Hakkola 2018; Singh et al. 2018).

SIRT1 and SIRT3 are two sirtuins that are particularly critical for melatonin’s anti-
inflammatory properties (Mayo et al. 2017). SIRT1 is a versatile protein that deacety-
lates both histone and non-histone sites to control gene transcription. P53, FOXO
transcription factor, PGCla and NF-kB are examples of non-histone targets that regu-
late stress responses, inflammation, cellular senescence, and apoptosis (Watroba and
Szukiewicz, 2021) (Fig. 14.2). Because SIRT1’s activity is reliant on the co-factor
NAD+, it was first thought to be a NAD+-dependent histone deacetylase. Overexpres-
sion of Sirt] enhances insulin sensitivity by deacetylating PGC-1a, a transcriptional
coactivator that regulates glucose homeostasis at the transcriptional level, which
influences glucose tolerance (Milne et al. 2007). Sirt] overexpression in the progeny
of mice fed a high-fat diet decreases insulin resistance, improves glucose tolerance,
avoids hepatic steatosis, and lowers ROS generation (Nguyen et al. 2019). SIRT1
also plays several functions in signaling pathways involved in development, cogni-
tion impairment, heart disease, aging, cancer, and energy homeostasis, including
lipid and glucose homeostasis.

SIRT1 has been linked to a longer lifespan and the prevention of neurodegenerative
diseases. The overexpression of SIRT1 in AD reduces the increase in Af deposition
(Fernando and Wijayasinghe 2021). Overexpression of SIRT1 is also advantageous
in Parkinson’s disease, as it reduces acetylation of SIRT1 substrate (FOXO3a) and
inhibits a-synuclein aggregation by preventing misfolding of a-synuclein protein
(Jesko et al. 2017).

SIRT1 has been shown in numerous studies to have antioxidant and anti-
inflammatory properties like melatonin (Mayo et al. 2017). This includes suppressing
NF-kB activation, upregulating Nrf2, suppressing NLRP3 inflammasome activa-
tion, and inhibiting TLR4 (toll-like receptor 4) signaling. High mobility group
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Fig. 14.2 SIRT1 it is a multifunctional protein that controls gene transcription by deacetylating
both histone and non-histone targets. Non-histone targets include P53, forkhead homeobox type O
(FOXO) transcription factor, peroxisome proliferator-activated receptor y coactivator 1-o (PGCla)
and nuclear factor (NF)-kB, thus regulating stress responses, inflammation, cellular senescence and
apoptosis. In addition, SIRT1 and the circadian clock interact. SIRT1-deficient mice exhibit alter-
ations in the expression patterns of Perl, Per2, Cry1, and Cry2 circadian genes. Melatonin modu-
lates SIRT1 activity, and this modulation may be in the core of the cytoprotective and chronobiotic
properties of the methoxyindole

box-1 (HMGBI1), an inflammatory signaling protein secreted by monocytes and
macrophages, is a key role in TLR4 activation (Hardeland 2019). SIRT1 has been
shown to deacetylate HMGB 1, preventing its nucleocytoplasmic transfer and release.
Importantly, HMGB1 promotes macrophage and microglia polarization toward the
pro-inflammatory M1 type (Hardeland 2019). Melatonin has also been shown to have
anti-inflammatory properties via inhibition of HMGB1 (Mayo et al. 2017). Under
more severe inflammation, several different findings on sirtuin-mediated suppression
by melatonin were discovered. This was seen in normal and diabetic rats with cardiac
ischemia/reperfusion, in H9C2 cardiomyocytes with endoplasmic reticulum stress,
in LPS-treated microglial cell lines, and in mice with brain injury caused by cecal
ligation/puncture (Hardeland 2019).

SIRT3 is a key factor in mitochondrial function, as it regulates the pyruvate dehy-
drogenase complex (PDH) and participates in ATP synthesis. Several investigations
have found that melatonin operates at the mitochondrial level via SIRT3 (Mayo
etal. 2017) (Fig. 14.3). Higher ATP generation, an elevated ATP production-coupled
oxygen consumption rate, and reduced lactic acid secretion resulted from a switch
from cytosolic aerobic glycolysis to oxidative phosphorylation (OXPHOS). Mela-
tonin activated SIRT3 and PDH, which increased the mitochondrial membrane poten-
tial and the activity of complexes I and IV in the electron transport chain. Melatonin
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greatly improved mitochondrial energy metabolism by reversing the Warburg effect
via raising PDH activity and stimulating SIRT3.

Melatonin changes pro-inflammatory glycolytic M1 macrophages into anti-
inflammatory OXPHOS-using M2 macrophages (Reiter et al. 2020b). Melatonin
causes the mitochondrial metabolism of pyruvate, stimulation of the tricarboxylic
acid cycle, improved OXPHOS, and reduced ROS by down-regulating hypoxia-
inducible factor 1, which leads to PDH disinhibition. Melatonin and its metabolites
are particularly effective direct scavengers of partially reduced derivatives of oxygen
under these conditions, in addition to lowering mitochondrial ROS production.

Because macrophages and associated cells are key participants in inflammation,
their differentiation into pro-inflammatory M1 or anti-inflammatory M2 phenotypes
is critical for maintaining the pro-/anti-inflammatory balance (Fujisaka 2021). By
promoting M2 polarization and disfavoring M1 polarization, melatonin can move
this balance toward the anti-inflammatory side (Reiter et al. 2020b). One of the
major anti-inflammatory effects in the inhibition of M1 function consists in the MT1
receptor-mediated activation of NF-kB degradation. Additionally, suppression of NF-
kB actions has been reported for RORa. Because ROR is unable to bind melatonin,

Melatonin NHJ<O

H,c—©

3
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Fig. 14.3 In resting macrophages (M2), the glucose metabolite pyruvate enters the mitochondria
where it is enzymatically converted to acetyl-coenzyme A by the enzyme pyruvate dehydroge-
nase complex (PDH). Acetyl-CoA feeds the tricarboxylic acid cycle (TCA) and supports oxida-
tive phosphorylation (OXPHOS). Additionally, acetyl-CoA is an essential co-factor/substrate for
the rate-limiting enzyme in melatonin synthesis, arylalkylamine N-acetyltransferase. Mitochon-
drial melatonin functions intracellularly and is released into the cellular microenvironment, but not
into the blood. Melatonin scavenges ROS generated during OXPHOS and improves mitochondrial
membrane potential and the activities of complexes I and IV in the electron transport chain. Addi-
tionally, melatonin stimulates SIRT3 allowing PDH stimulation and the activation of superoxide
dismutase 2. As a result of these changes, melatonin significantly enhanced mitochondrial energy
metabolism to reverse the Warburg effect



14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 291

the methoxyindole’s effect on the transcription factor must be indirect (Hardeland
2019). A possibility of particular interest concerns the effect of SIRT1 on RORa«,
in its function as a partial mediator of melatonin effects. Upregulation of SIRT1
deacetylates PGC-1a and facilitates the binding of ROR« to its response elements.

SIRT1 and the circadian clock interact (Fig. 14.2). SIRT1 influences the circadian
clock in both the brain and in peripheral tissues (Masri, 2015; Soni et al. 2021).
The expression patterns of Perl, Per2, Cryl, and Cry2 circadian genes are altered
in Sirt1-deficient mice. Sirt/ and Per2 work together to suppress each other (Wang
etal. 2016). SIRT1 deacetylates and degrades PER2 in the liver. SIRT1 also regulates
circadian rhythms by binding to the CLOCK-BMALI1 complex in a rhythmic way.
As aresult, the acetylation and deacetylation of its components affect the molecular
circadian clock.

Sirtuins and circadian clock proteins work cooperatively to regulate oxidative
metabolism via NAD+ and NADH responses (Anderson et al. 2017; Griffiths et al.
2020). Apart from activating the clock genes Per and Cry and other clock-controlled
genes, the heterodimer CLOCK-BMALI1 also regulates the activity of the gene
Nampt, which encodes the rate-limiting enzyme nicotinamide phosphoribosyltrans-
ferase, whose metabolite is NAD+ . Because of oscillations in NAMPT levels, NAD
+ synthesis has a specific circadian cycle. The cellular redox status is maintained by
the distribution of NAD+ in the cytosol, nucleus, and mitochondria, which is neces-
sary for the normal functioning of the bioenergetic enzymatic machinery (Anderson
et al. 2017; Griffiths et al. 2020). These findings suggest that a complex system of
regulators, of which SIRT1 is a key component, controls the molecular circadian
clock’s stability via various pathways (Griffiths et al. 2020; Xu et al. 2021).

Melatonin regulates SIRT1 activity, which may be at the heart of the methoxyin-
dole’s cytoprotective and chronobiotic effects (Bonomini et al. 2018; Emamgholipour
etal. 2016; Favero et al. 2020; Stacchiotti et al. 2019) (Fig. 14.2). Melatonin’s cardio-
protective action during I/R is mediated by SIRT1 signaling in antioxidative response
pathways. SIRT1 deacetylation activates FOXO1, which in turn produces the antiox-
idant enzymes manganese superoxide dismutase (MnSOD) and catalase. Apoptosis
is aided by the presence of acetylated FOXO1 (Ac-FOXO1). SIRT1 and Ac-FOXO1
expression were dramatically increased and lowered in melatonin-treated myocar-
dial I/R rats, respectively. In I/R plus vehicle group, SIRT1 expression was reduced
and Ac-FOXO1 expression was significantly boosted (Yu et al. 2014). Melatonin
therapy boosted the expression of the antiapoptotic gene Bcl-2 via upregulating
SIRT1 and thereby lowering Ac-FOXO1. Hence, melatonin works with SIRT1 to
alleviate oxidative stress and to prevent apoptosis (Fig. 14.2).

SIRT1 is also the effector responsible for melatonin’s protective role in kidney
function in badly burned rats, since it reduces oxidative stress, regulates inflamma-
tory responses, and inhibits apoptotic pathways (Bai et al. 2016; Owczarek et al.
2020). In a C57BL/6 J mouse model of sepsis, SIRT1 contributes to the protective
role of melatonin following cecal ligation and puncture (Zhao et al. 2015). Mela-
tonin reduces the load of neuroinflammatory and oxidative stress caused by septic
encephalopathy (Hu et al. 2017). This benefit was reduced by a SIRT1 inhibitor,
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implying that melatonin’s beneficial effect was mediated through SIRT1 (Zhao et al.
2015).

Activation of the NLRP3 inflammasome in various systems, under different condi-
tions and counteractions by melatonin, has been recently reviewed (Sayed et al. 2021;
Voltetal. 2016; Zheng et al. 2021). Melatonin’s regulation of NF-kB signaling, which
is also critical in the prevention of oxidative damage, was linked to these findings.
In addition, NF-kB has been shown to cause pyroptosis in adipose tissue, which is
suppressed by melatonin.

TLR4 activation, for example, via the IFN-y-adaptor protein, a toll-receptor-
associated activator of interferon (TRIF), is another pro-inflammatory mechanism
(Feng et al. 2022; Lwin et al. 2021). By inhibiting TRIF and TLR4, melatonin has
been found to reduce the release of pro-inflammatory cytokines such as TNF-a,
IL-1, IL-6, and IL-8. Because TLR4 also causes pro-oxidant actions via NF-kB,
melatonin’s impacts on this pathway are likely to be more widespread.

14.8 Therapeutic Value of Melatonin in Animal
and Clinical Models of Age-Related NCDs

As already mentioned, circulating melatonin levels in humans are consistently
reduced in age-related NCDs. In a limited number of clinical trials employing mela-
tonin in the 2-5 mg/day range, partial beneficial effects were obtained. However, in
animal model studies of NCDs, melatonin was highly effective in curtailing symp-
tomatology. Allometric calculations derived from animal studies indicate projected
cytoprotective melatonin doses for humans in the 40—100 mg/day range, doses that
are rarely employed clinically.

Melatonin treatment reduces obesity, type 2 diabetes, and hepatic steatosis in rats
(Martinez Soriano et al. 2020; Pan et al. 2006) Melatonin injections normalized most
of the identified changes and corrected the altered biochemical pro-inflammatory
profile in many animal models of hyperadiposity (Cardinali 2019a, b, c). Melatonin
treatment of streptozotocin-induced type 1 diabetic mice results in the regeneration
and proliferation of B-cells in the pancreas, lowering blood glucose levels (Hajam
et al. 2021; Kanter et al. 2006). The loss of melatonin in the circulation following
pinealectomy causes hyperinsulinemia and lipid buildup in the rat liver (Nishida et al.
2003). Melatonin improves lipid metabolism in type 2 diabetic mice by improving
insulin sensitivity after long-term treatment (Nishida et al. 2003). Melatonin admin-
istration increased glycogen content in the liver of rats, while intraperitoneal injec-
tion of 10 mg/kg melatonin improved glucose consumption, insulin sensitivity, and
alleviated hepatic steatosis in high-fat diet-induced diabetic mice (Shieh et al. 2009).

The causes for the drop in body weight after taking melatonin in the absence of
major changes in food intake should be investigated further. The fact that melatonin
plays a role in seasonal changes in adiposity by increasing the activity of the sympa-
thetic nervous system, which innervates white and brown fat, is an important piece of
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evidence in this respect (Bartness et al. 2002; Ryu et al. 2018). Melatonin influences
not only white adipose tissue, but also brown adipocyte recruitment and metabolic
activity in mammals (de Souza et al. 2019; Fernandez Vazquez et al. 2018; Halpern
et al. 2019, 2020; Tan et al. 2011). Melatonin’s hypertrophic impact and functional
activation of brown adipose tissue have been suggested as potential treatments for
obesity in humans.

The human equivalent dose (HED) of melatonin for a 75 kg adult was estimated
by normalizing body surface area from the doses of melatonin used in animals (Blan-
chard and Smoliga 2015; Nair et al. 2018; Reagan-Shaw et al. 2008). Body surface
area has been advocated as a factor to use when converting a dose for translation
from animals to humans because it correlates well with several biological parame-
ters such as oxygen utilization, caloric expenditure, basal metabolism, blood volume,
circulating plasma proteins, and renal function across several mammalian species.
It is worth noting that theoretical HED of melatonin derived from various research
studies are 2—3 orders of magnitude higher than those used in people.

For a summary of the effect of melatonin in animal models of age-related NCDs,
see Cardinali (2019a, b, ¢). Melatonin reduced 87% of the area of injury and 80%
of the number of injured myocardium regions in a rat model of myocardial infarc-
tion (caused by closure of the left anterior descending coronary artery 3 h earlier)
(Castagnino et al. 2002). Several investigations in rats and mice have shown that
melatonin can lower heart damage signs, boost cardiac antioxidant defenses, and
normalize lipid profiles (see for ref. Cardinali 2019a, b, c). The same was observed
in cardiomyopathy induced by streptozotocin (Kandemir et al. 2019) or doxorubicin
(Kandemir et al. 2019). Melatonin boosts the therapeutic efficacy of cardiac progen-
itor cells for myocardial infarction in a mouse model of myocardial infarction treated
with cardiac progenitor cells (Ma et al. 2018). A study of the subcellular distribution
of melatonin in the heart of rats found that at a dose of 40 mg/kg b.w., the nucleus
and mitochondrion attained their maximum concentration of melatonin. The authors
calculated a HED of melatonin > 112 mg/day for therapeutic purposes in a 70 kg
human adult (Acuiia-Castroviejo et al. 2018).

Cell line studies regarding AD and melatonin have delineated important melatonin
mediated mechanisms in AD prevention. For comprehensive reviews on melatonin
activity to reverse disrupted signaling mechanisms in neurodegeneration, including
proteostasis dysfunction, disruption of autophagic integrity, and anomalies in the
insulin, Notch, and Wnt/B-catenin signaling pathways, see (Melhuish Beaupre et al.
2021; Shukla et al. 2019).

The results obtained in transgenic models of AD are consistent with the hypothesis
that melatonin affects Al metabolism mostly during the early stages of the pathogenic
process (Corpas et al. 2018; Jiirgenson et al. 2019; Sun et al. 2020a, b). From the
doses of melatonin used in the different transgenic models employed, the HED of
melatonin for a 75 kg adult ranged from 2- to 3-orders of magnitude greater than
those employed in humans.

The mechanism through which melatonin inhibits the production of A is
unknown. Melatonin inhibits progressive-sheet and/or amyloid fibrils via interacting
with AB40 and AB42 (Pappolla et al. 1998), an interaction which appears to depend
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on structural melatonin characteristics rather than on its antioxidant properties. Mela-
tonin may help peptide clearance by enhancing proteolytic breakdown by blocking
the production of secondary sheets. Oxidative stress is involved in AB-induced neuro-
toxicity and cell death, and melatonin efficiently protects cells in vitro and in vivo.
Melatonin was found to protect against AP toxicity, particularly at the mitochondrial
level (Cardinali 2019a, b, ¢).

Melatonin effectively reduces tau hyperphosphorylation in neuroblastoma cells
by influencing protein kinases and phosphatases (Solis-Chagoyén et al. 2020). Mela-
tonin increases the clearance of Af in the glymphatic system in AD transgenic mice
(Pappolla et al. 2018). As a result, sleep disturbance as a comorbidity in AD may
contribute to the disease’s development and progression through a failure of A
clearance (Bitar et al. 2021).

The activation of microglia, which results in increased expression of pro-
inflammatory cytokines, is another element in the pathophysiology of AD. Melatonin
reduced pro-inflammatory cytokine production in microglia triggered by A3, NF-kB,
and NO (Baeeri et al. 2021; Rosales-Corral et al. 2003; Zhang et al. 2021a, b). In
addition, the DNA binding activity of NF-kB was inhibited by melatonin (Hardeland
2019).

As far as clinical studies on melatonin therapeutic value in age-related NCDs,
type 2 diabetic patients have low circulating levels of melatonin with a simultaneous
and expected regulation of mRNA expression of the melatonin membrane receptors
(el Aghoury et al. 2020; Otamas et al. 2020; Tanaka et al. 2021; Tiitiincii et al. 2005).
In addition, allelic variants for melatonin receptors were associated with an increase
in fasting blood glucose levels and/or an increased risk of type 2 diabetes (Bai et al.
2020; Bonnefond and Froguel 2017; Bouatia-Naji et al. 2009; Prokopenko et al.
2009; Tam et al. 2010) and with the polycystic ovarian syndrome (PCOS) (Song
et al. 2015; Yi et al. 2020).

Melatonin secretion is reduced in patients with coronary artery disease (Brugger
etal. 1995; Dominguez-Rodriguez et al. 2002; Girotti et al. 2003, 2000; Misaka et al.
2019; Sakotnik et al. 1999; Yaprak et al. 2003), and among the elderly hypertensive
patients, nocturnal urinary melatonin excretion was inversely associated with the
non-dipper pattern of hypertensive disease (Jonas et al. 2003; Obayashi et al. 2013).
Melatonin therapy (< 5 mg/day) reduced nocturnal blood pressure in hypertensives
and mitigated age-related cardiovascular rhythm abnormalities (Cagnacci et al. 2005;
Campos et al. 2020; Gubin et al. 2016; Grossman et al. 2006; Imenshahidi et al. 2020;
Scheer 2005).

Melatonin (5 mg/day) treatment improves metabolic syndrome in obese and PCOS
patients (Alizadeh et al. 2021; Kozir6g et al. 2011; Mohammadi et al. 2021; Taglia-
ferri et al. 2018), and in bipolar and schizophrenic patients receiving second gener-
ation antipsychotics (Agahi et al. 2018; Duan et al. 2021; Modabbernia et al. 2014;
Romo-Nava et al. 2014). Melatonin treatment improves the enzyme profile in alco-
holic hepatic steatosis patients (Abdi et al. 2021; Gonciarz et al. 2010). In several
studies melatonin therapy improves glycemic control in type 2 diabetes patients
(Anton et al. 2021; Bazyar et al. 2021; Kadhim et al. 2006; Ostadmohammadi et al.
2020; Pourhanifeh et al. 2020; Raygan et al. 2019; Satari et al. 2021).
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Distinguishing core symptoms (glucose homeostasis) from diabetes-associated
pathologies, such as those resulting from increased oxidative stress, such as liver
steatosis, cardiovascular disease, retinopathy, nephropathy, or osteoporosis, is crucial
in human investigations (Banerjee et al. 2021). Melatonin has been shown to have
therapeutic efficacy in the majority of these related diseases.

CSF melatonin levels fall even in the preclinical phases of AD, when patients
do not show any cognitive impairment, suggesting that CSF melatonin reduction
could be an early trigger and marker for the disease (Colwell 2021; Liu et al. 1999).
Although it is unclear if relative melatonin shortage is a result or cause of neurode-
generation, it is apparent that melatonin deficiency exacerbates AD and that early
circadian disturbance can be a significant deficit to consider. Melatonin levels were
found to differ significantly between mild cognitive impairment and AD patients,
with a negative relationship between neuropsychological examination and mela-
tonin levels (Sirin et al. 2015; Zhang et al. 2021a, b). Melatonin therapy is beneficial
in improving sleep in dementia patients, according to meta-analyses and consensus
reports (Xu et al. 2015; Trotti and Karroum 2016; Zhang et al. 2016; Fatemeh et al.
2021).

Itis unclear whether melatonin can help people with fully developed AD. It should
be highlighted that heterogeneity of the sample studied is one of the issues with AD
patients with fully developed illness. Review of published evidence on the use of
melatonin in the early stages of cognitive decline, on the other hand, consistently
revealed that taking melatonin every night before retiring improves sleep quality and
cognitive performance in this stage of the disease (see for ref. Cardinali 2019a, b, c;
Liu et al. 2021; Sumsuzzman et al. 2021; Wade et al. 2014; Wang et al. 2017).

14.9 Concluding Remarks

NCDs linked to aging provide a significant public health challenge. Over 80%
of NCD deaths are caused by cardiovascular illnesses, malignancies, respiratory
diseases, diabetes, and neurological diseases, and NCDs are closely associated with
disability, reliance, and long-term care demands. In this Chapter, we have covered two
key etiopathogenic processes that contribute to NCDs: inflammaging and circadian
disturbance, the latter of which is a result of living in a 24/7 society that affects sleep.
As aresult, dysregulation of the sleep/wake cycle causes a slew of pathophysiological
alterations that hasten the aging process.

Melatonin emerges as a viable non-toxic chronobiotic/cytoprotective approach in
this context. It is worth noting that melatonin has a very high level of safety. The
lethal dose 50 for the intraperitoneal injection of melatonin was determined for rats
(1168 mg/kg) and mice (1131 mg/kg), but the lethal dose for oral administration
of melatonin (assessed up to 3200 mg/kg in rats) could not be determined and for
melatonin subcutaneous injection (tested up to 1600 mg/kg in rats and mice) (Sugden
1983). Melatonin has an excellent safety profile in humans and is generally well
tolerated (Schrire et al. 2021).
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Melatonin, as discussed herein, combines two properties that are extremely impor-
tant for the prevention and treatment of age-related NCDs: it is an effective chronobi-
otic that aids in the correction of circadian disruption, and it is a phylogenetically well
preserved cytoprotective agent that addresses the treatment of inflammaging. Beyond
melatonin’s well-known antioxidant and anti-inflammatory properties, which have
demonstrated its efficacy in the treatment of diseases/conditions in which exces-
sive free radical-mediated oxidative damage and hyperinflammation are causative
factors, the studies summarized herein support its use as a viable preventive agent in
the low-degree inflammation found in age-related NCDs.

Numerous interrelated factors found in inflammaging, including the development
of pro-inflammatory M1 macrophages, conversion to Warburg-type metabolism of
immune cells, damage to mitochondria, release of cytokines, oxidative stress, etc. are
counteracted by melatonin. A center piece of this series of cytoprotective processes
may be the alterations in mitochondrial physiology and the shift of glucose oxidation
to cytosol mediated via the melatonin effect on sirtuins, particularly SIRT3. This
change in glucose handling markedly alters the metabolism of the mitochondria,
which is critical to limiting cellular dysfunction, resisting disease and preventing
organismal death. Indeed, there are numerous maladies that are specifically classified
as mitochondria-related diseases (Chaiyarit and Thongboonkerd 2020; Cloonan et al.
2020; Ktos and Dabravolski 2021; Medala et al. 2021; Vaamonde-Garcia and Lépez-
Armada 2019; Xin et al. 2021) with this category including viral infections such as
SARS-CoV-2 (Swain et al. 2021).

When intracellular glucose metabolism is reprogrammed from the mitochon-
dria into the cytosol, the mitochondria can no longer synthesize acetyl-coenzyme
A (acetyl-CoA). This has high importance, since acetyl-CoA is a required co-
substrate for intramitochondrial melatonin production, which normally occurs in
these organelles of healthy cells but likely not in the mitochondria of inflamed cells
(Reiter et al. 2021a, b, 2020c). Thus, in the absence of local melatonin synthesis,
the loss of this locally produced potent anti-inflammatory and antioxidant agent, the
mitochondria lose a major portion of their protection against ROS, inflammatory
cytokines, etc., leading to their dysfunction. The ability of melatonin to reverse the
Warburg effect in pathological cells in humans was recently documented, presumably
allowing the mitochondria also to synthesize melatonin (Reiter et al. 2021a, b).

Melatonin is commonly used as a dietary supplement or dietary product to treat
sleep disturbances in many countries. Melatonin reduces sleep onset delay, according
to the European Food Safety Authority (EFSA). This allows for the introduction
of melatonin as a meal to promote “sleep—wake cycle regulation,” “relaxation,”
and “sleep patterns” (Agostoni et al. 2011). Melatonin, melatonin-rich foods, and
bio-extracts of melatonin can now be developed as nutritional supplements, dietary
products, and pharmaceuticals for the general population, as specified by the EFSA.

Melatonin is very effective to alleviate oxidative stress in plants (Anderson and
Kim 2021; Tiwari et al. 2021), as it does in animal tissues. Since its discovery in
plants two decades ago, researchers have made significant progress in understanding
the effects of melatonin that contribute to the plant’s ecological success (Back et al.
2021). Melatonin overexpression in plants promotes seed germination and increases
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root development and maturation, protecting plants from biotic and abiotic stress
(Anderson and Kim 2021; Tiwari et al. 2021). Melatonin’s presence in plants has
ramifications not only for plant development and crop productivity, but also for
human and animal nutrition. Melatonin is easily absorbed and exerts its actions at
the cellular level when plant products containing it are ingested. Melatonin is a bene-
ficial chemical that neutralizes the physiopathological processes that undermine a
healthy lifestyle in both animals and plants. Melatonin enrichment in foods is required
to attain the levels that give efficient cytoprotection. As a result, the creation of func-
tional meals containing high quantities of melatonin is a hot topic. The modest doses
of melatonin usually utilized are not very advantageous if melatonin is supposed to
be effective in enhancing health, especially in the elderly.

The question of whether melatonin has a therapeutic value in the prevention or
treatment of NCDs deserves further analysis. Multicenter double-blind studies are
needed to explore and further investigate the potential and utility of melatonin. The
doses of melatonin used should be re-evaluated in view of the HED of melatonin
derived from preclinical data. However, the failure of melatonin to attract attention
as a potential treatment for healthy aging is somewhat disappointing considering the
number of scientific/medical papers that have recommended its use. This may relate
to several factors including the lack of promotion of its therapeutic use for this disease
by any influential group. Since melatonin is non-patentable and is inexpensive, the
incentive of the pharmaceutical industry to support its use is lost. Melatonin would
be particularly helpful because it may be self-administered orally, is inexpensive, and
has low toxicity. This is especially true in disadvantaged areas of the world, where
people have fewer financial resources to spend on age-related NCD treatment.
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review and editing, G.M.B. and S.R.P.-P. All authors have read and agreed to the published version
of the manuscript.

References

Abdi S, Abbasinazari M, Ataei S, Khanzadeh-Moghaddam N, Keshvari N (2021) Benefits and risks
of melatonin in hepatic and pancreatic disorders; a review of clinical evidences. Iran J Pharm Res
20:102-109. https://doi.org/10.22037/ijpr.2020.114477.14872

Acufia-Castroviejo D, Lowenstein PR, Rosenstein R, Cardinali DP (1986) Diurnal variations of
benzodiazepine binding in rat cerebral cortex: disruption by pinealectomy. J Pineal Res 3:101—
109. https://doi.org/10.1111/J.1600-079X.1986.TB00732.X

Acuiia-Castroviejo D, Escames G, Venegas C, Diaz-Casado ME, Lima-Cabello E, Lépez LC,
Rosales-Corral S, Tan DX, Reiter RJ (2014) Extrapineal melatonin: sources, regulation, and
potential functions. Cell Mol Life Sci 71:997-3025. https://doi.org/10.1007/s00018-014-1579-2

Acufia-Castroviejo D, Noguiera-Navarro MT, Reiter RJ, Escames G (2018) Melatonin actions in
the heart; more than a hormone. Melatonin Res 21-26. https://doi.org/10.32794/MR11250002

Agahi M, Akasheh N, Ahmadvand A, Akbari H, Izadpanah F (2018) Effect of melatonin in
reducing second-generation antipsychotic metabolic effects: a double blind controlled clinical
trial. Diabetes Metab Syndr 12:9-15. https://doi.org/10.1016/j.dsx.2017.08.004

Agostoni C, Bresson J-L, Fairweather-Tait S, Flynn A, Golly I, Korhonen H, Lagiou P, Lgvik M,
Marchelli R, Martin A, Moseley B, Neuhiduser-Berthold M, Przyrembel H, Salminen S, Sanz


https://doi.org/10.22037/ijpr.2020.114477.14872
https://doi.org/10.1111/J.1600-079X.1986.TB00732.X
https://doi.org/10.1007/s00018-014-1579-2
https://doi.org/10.32794/MR11250002
https://doi.org/10.1016/j.dsx.2017.08.004

298 D. P. Cardinali et al.

Y, Strain S, Strobel S, Tetens I, Tomé D, van Loveren H, Heinonen M, Verhagen H, Rigo J,
Schloerscheidt A, Stewart-Knox B, Willatts P (2011) Scientific Opinion on the substantiation of
a health claim related to melatonin and reduction of sleep onset latency (ID 1698, 1780, 4080)
pursuant to Article 13(1) of Regulation (EC) No 1924/2006. EFSA J 9:2241. https://doi.org/10.
2903/1.EFSA.2011.2241

Alizadeh M, Karandish M, Asghari Jafarabadi M, Heidari L, Nikbakht R, Babaahmadi Rezaei H,
Mousavi R (2021) Metabolic and hormonal effects of melatonin and/or magnesium supplementa-
tion in women with polycystic ovary syndrome: a randomized, double-blind, placebo-controlled
trial. Nutr Metab 18:57. https://doi.org/10.1186/s12986-021-00586-9

Altun A, Yaprak M, Aktoz M, Vardar A, Betul UA, Ozbay G (2002) Impaired nocturnal synthesis
of melatonin in patients with cardiac syndrome X. Neurosci Lett 327:143—145. https://doi.org/
10.1016/S0304-3940(02)00368-3

Anderson AJ, Kim YC (2021) The plant-stress metabolites, hexanoic aacid and melatonin, are
potential “vaccines” for plant health promotion. Plant Pathol J 37:415-427. https://doi.org/10.
5423/PPJ.RW.01.2021.0011

Anderson KA, Madsen AS, Olsen CA, Hirschey MD (2017) Metabolic control by sirtuins and other
enzymes that sense NAD+, NADH, or their ratio. Biochim Biophys Acta 1858:991-998. https://
doi.org/10.1016/J.BBABIO.2017.09.005

Anton DM, Martu MA, Maris M, Maftei GA, Sufaru IG, Tatarciuc D, Luchian I, Ioanid N, Martu
S (2021) Study on the effects of melatonin on glycemic control and periodontal parameters in
patients with Type II diabetes mellitus and periodontal disease. Medicina (kaunas) 57:1-9. https://
doi.org/10.3390/MEDICINA57020140

Arendt J (2019) Melatonin: countering chaotic time cues. Front Endocrinol 10:391. https://doi.org/
10.3389/fend0.2019.00391

Asadi MR, Rahmanpour D, Moslehian MS, Sabaie H, Hassani M, Ghafouri-Fard S, Taheri M,
Rezazadeh M (2021) Stress granules involved in formation, progression and metastasis of cancer:
a scoping review. Front Cell Dev Biol 9:745394. https://doi.org/10.3389/fcell.2021.745394

Auld F, Maschauer EL, Morrison I, Skene DJ, Riha RL (2017) Evidence for the efficacy of melatonin
in the treatment of primary adult sleep disorders. Sleep Med Rev 34:10-22. https://doi.org/10.
1016/J.SMRV.2016.06.005

Back K, Tan D-X, Reiter RJ (2021) Strategies to generate melatonin-enriched transgenic rice to
respond to the adverse effects on rice production potentially caused by global warming. Melatonin
Res 4:501-506. https://doi.org/10.32794/MR 112500108

Bader V, Winklhofer KF (2020) Mitochondria at the interface between neurodegeneration and
neuroinflammation. Semin Cell Dev Biol 99:163-171. https://doi.org/10.1016/j.semcdb.2019.
05.028

Baeeri M, Didari T, Khalid M, Mohammadi-Nejad S, Daghighi SM, Farhadi R, Rahimifard M,
Bayrami Z, Haghi-Aminjan H, Foroumadi R, Gholami M, Abdollahi M (2021) Molecular
evidence of the inhibitory potential of melatonin against NaAsO,-induced aging in male rats.
Molecules (Basel, Switzerland) 26:6603. https://doi.org/10.3390/molecules26216603

Bai XZ, He T, Gao JX, Liu Y, Liu JQ, Han SC, Li Y, Shi JH, Han JT, Tao K, Xie ST, Wang HT, Hu
DH (2016) Melatonin prevents acute kidney injury in severely burned rats via the activation of
SIRT1. Sci Rep 6:32199. https://doi.org/10.1038/SREP32199

Bai Y, Tang L, Li L (2020) The roles of ADIPOQ rs266729 and MTNR1B rs10830963 polymor-
phisms in patients with gestational diabetes mellitus: a meta-analysis. Gene 730:144302. https://
doi.org/10.1016/j.gene.2019.144302

Banerjee A, Chattopadhyay A, Bandyopadhyay D (2021) Potentially synergistic effects of melatonin
and metformin in alleviating hyperglycaemia: a comprehensive review. Melatonin Res 4:522-550.
https://doi.org/10.32794/MR 112500110

Barbé-Tuana F, Funchal G, Schmitz CRR, Maurmann RM, Bauer ME (2020) The interplay between
immunosenescence and age-related diseases. Seminars Immunopathol 42:545-557. https://doi.
org/10.1007/S00281-020-00806-Z


https://doi.org/10.2903/J.EFSA.2011.2241
https://doi.org/10.2903/J.EFSA.2011.2241
https://doi.org/10.1186/s12986-021-00586-9
https://doi.org/10.1016/S0304-3940(02)00368-3
https://doi.org/10.1016/S0304-3940(02)00368-3
https://doi.org/10.5423/PPJ.RW.01.2021.0011
https://doi.org/10.5423/PPJ.RW.01.2021.0011
https://doi.org/10.1016/J.BBABIO.2017.09.005
https://doi.org/10.1016/J.BBABIO.2017.09.005
https://doi.org/10.3390/MEDICINA57020140
https://doi.org/10.3390/MEDICINA57020140
https://doi.org/10.3389/fendo.2019.00391
https://doi.org/10.3389/fendo.2019.00391
https://doi.org/10.3389/fcell.2021.745394
https://doi.org/10.1016/J.SMRV.2016.06.005
https://doi.org/10.1016/J.SMRV.2016.06.005
https://doi.org/10.32794/MR112500108
https://doi.org/10.1016/j.semcdb.2019.05.028
https://doi.org/10.1016/j.semcdb.2019.05.028
https://doi.org/10.3390/molecules26216603
https://doi.org/10.1038/SREP32199
https://doi.org/10.1016/j.gene.2019.144302
https://doi.org/10.1016/j.gene.2019.144302
https://doi.org/10.32794/MR112500110
https://doi.org/10.1007/S00281-020-00806-Z
https://doi.org/10.1007/S00281-020-00806-Z

14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 299

Bartness TJ, Demas GE, Kay Song C (2002) Seasonal changes in adiposity: the roles of the photope-
riod, melatonin and other hormones, and sympathetic nervous system. Exp Biol Med (Maywood,
N.J.) 227:363-376. https://doi.org/10.1177/153537020222700601

Bazyar H, Zare Javid A, Bavi Behbahani H, Moradi F, Moradi Poode B, Amiri P (2021) Consumption
of melatonin supplement improves cardiovascular disease risk factors and anthropometric indices
in type 2 diabetes mellitus patients: a double-blind, randomized, placebo-controlled trial. Trials
22:231. https://doi.org/10.1186/S13063-021-05174-Z

Bellet MM, Orozco-Solis R, Sahar S, Eckel-Mahan K, Sassone-Corsi P (2011) The time of
metabolism: NAD+, SIRTI, and the circadian clock. Cold Spring Harb Symp Quant Biol
76:31-38. https://doi.org/10.1101/SQB.2011.76.010520

Bitar RD, Torres-Garza JL, Reiter RJ, Phillips WT (2021) Neural glymphatic system: clinical
implications and potential importance of melatonin. Melatonin Res 4:551-565. https://doi.org/
10.32794/MR 112500111

Blanchard OL, Smoliga JM (2015) Translating dosages from animal models to human clinical
trials-revisiting body surface area scaling. FASEB J 29:1629-1634. https://doi.org/10.1096/fj.
14-269043

Boespflug EL, Iliff JJ (2018) The emerging relationship between interstitial fluid-cerebrospinal
fluid exchange, Amyloid-f, and sleep. Biol Psychiat 83:328-336. https://doi.org/10.1016/J.BIO
PSYCH.2017.11.031

Boivin DB, James FO, Wu A, Cho-Park PF, Xiong H, Sun ZS (2003) Circadian clock genes oscillate
in human peripheral blood mononuclear cells. Blood 102:4143—-4145. https://doi.org/10.1182/
BLOOD-2003-03-0779

Bollinger T, Leutz A, Leliavski A, Skrum L, Kovac J, Bonacina L, Benedict C, Lange T, Westermann
J, Oster H, Solbach W (2011) Circadian clocks in mouse and human CD4+ T cells. PLoS ONE
6:€29801. https://doi.org/10.1371/JOURNAL.PONE.0029801

Bonnefond A, Froguel P (2017) Disentangling the role of melatonin and its receptor MTNR1B in
Type 2 diabetes: still a long way to go? Curr DiabRep 17:122. https://doi.org/10.1007/s11892-
017-0957-1

Bonomini F, Favero G, Rodella LF, Moghadasian MH, Rezzani R (2018) Melatonin modulation
of Sirtuin-1 attenuates liver injury in a hypercholesterolemic mouse model. Biomed Res Int
2018(4):7968452. https://doi.org/10.1155/2018/7968452

Borbély AA, Daan S, Wirz-Justice A, Deboer T (2016) The two-process model of sleep regulation:
a reappraisal. J Sleep Res 25:131-143. https://doi.org/10.1111/JSR.12371

Bouatia-Naji N, Bonnefond A, Cavalcanti-Proenca C, Sparsg T, Holmkvist J, Marchand M,
Delplanque J, Lobbens S, Rocheleau G, Durand E, de Graeve F, Chevre JC, Borch-Johnsen
K, Hartikainen AL, Ruokonen A, Tichet J, Marre M, Weill J, Heude B, Tauber M, Lemaire K,
Schuit F, Elliott P, Jgrgensen T, Charpentier G, Hadjadj S, Cauchi S, Vaxillaire M, Sladek R,
Visvikis-Siest S, Balkau B, Lévy-Marchal C, Pattou F, Meyre D, Blakemore AIF, Jarvelin MR,
Walley AJ, Hansen T, Dina C, Pedersen O, Froguel P (2009) A variant near MTNR1B is associ-
ated with increased fasting plasma glucose levels and type 2 diabetes risk. Nat Genet 41:89-94.
https://doi.org/10.1038/ng.277

Braun M, Iliff JJ (2020) The impact of neurovascular, blood-brain barrier, and glymphatic dysfunc-
tion in neurodegenerative and metabolic diseases. Int Rev Neurobiol 154:413-436. https://doi.
org/10.1016/bs.irn.2020.02.006

Brugger P, Marktl W, Herold M (1995) Impaired nocturnal secretion of melatonin in coronary heart
disease. The Lancet 345:1408. https://doi.org/10.1016/S0140-6736(95)92600-3

Bulut O, Kilic G, Dominguez-Andrés J (2021) Immune memory in aging: a wide perspective
covering microbiota, brain, metabolism, and epigenetics. Clin Rev Allergy Immunol 15:1-31.
https://doi.org/10.1007/s12016-021-08905-x

Burdakov D (2019) Reactive and predictive homeostasis: roles of orexin/hypocretin neurons.
Neuropharmacology 154:61-67. https://doi.org/10.1016/J.NEUROPHARM.2018.10.024

Burgess HJ, Emens JS (2018) Drugs used in circadian sleep-wake rhythm disturbances. Sleep Med
Clin 12:47-60. https://doi.org/10.1016/j.jsmc.2018.02.006


https://doi.org/10.1177/153537020222700601
https://doi.org/10.1186/S13063-021-05174-Z
https://doi.org/10.1101/SQB.2011.76.010520
https://doi.org/10.32794/MR112500111
https://doi.org/10.32794/MR112500111
https://doi.org/10.1096/fj.14-269043
https://doi.org/10.1096/fj.14-269043
https://doi.org/10.1016/J.BIOPSYCH.2017.11.031
https://doi.org/10.1016/J.BIOPSYCH.2017.11.031
https://doi.org/10.1182/BLOOD-2003-03-0779
https://doi.org/10.1182/BLOOD-2003-03-0779
https://doi.org/10.1371/JOURNAL.PONE.0029801
https://doi.org/10.1007/s11892-017-0957-1
https://doi.org/10.1007/s11892-017-0957-1
https://doi.org/10.1155/2018/7968452
https://doi.org/10.1111/JSR.12371
https://doi.org/10.1038/ng.277
https://doi.org/10.1016/bs.irn.2020.02.006
https://doi.org/10.1016/bs.irn.2020.02.006
https://doi.org/10.1016/S0140-6736(95)92600-3
https://doi.org/10.1007/s12016-021-08905-x
https://doi.org/10.1016/J.NEUROPHARM.2018.10.024
https://doi.org/10.1016/j.jsmc.2018.02.006

300 D. P. Cardinali et al.

Caba M, Gonzilez-Mariscal G, Meza E (2018) Circadian rhythms and clock genes in reproduction:
insights from behavior and the female Rabbit’s brain. Front Endocrinol 9:106. https://doi.org/10.
3389/FENDO.2018.00106

Cagnacci A, Cannoletta M, Renzi A, Baldassari F, Arangino S, Volpe A (2005) Prolonged melatonin
administration decreases nocturnal blood pressure in women. Am J Hypertens 18:1614-1618.
https://doi.org/10.1016/J. AMJHYPER.2005.05.008

Campos LA, Bueno C, Barcelos IP, Halpern B, Brito LC, Amaral FG, Baltatu OC, Cipolla-Neto J
(2020) Melatonin therapy improves cardiac autonomic modulation in pinealectomized patients.
Front Endocrinol 11:239. https://doi.org/10.3389/fendo.2020.00239

Cardinali DP (2019a) Melatonin as a chronobiotic/cytoprotector: its role in healthy aging. Biol
Rhythm Res 50:28-45. https://doi.org/10.1080/09291016.2018.1491200

Cardinali DP (2019b) Are melatonin doses employed clinically adequate for melatonin-induced
cytoprotection? Melatonin Res 2:106—132. https://doi.org/10.32794/MR 11250025

Cardinali DP (2019¢) Melatonin: clinical perspectives in neurodegeneration. Front Endocrinol
10:3389. https://doi.org/10.3389/fendo.2019.00480

Cardinali DP, Hardeland R (2017) Inflammaging, metabolic syndrome and melatonin: a call for
treatment studies. Neuroendocrinology 104:382-397. https://doi.org/10.1159/000446543

Cardinali DP, Esquifino Al, Srinivasan V, Pandi-Perumal SR (2008) Melatonin and the immune
system in aging. NeurolmmunoModulation 15:272-278. https://doi.org/10.1159/000156470

Cardinali DP, Golombek DA, Rosenstein RE, Brusco LI, Vigo DE (2016) Assessing the efficacy of
melatonin to curtail benzodiazepine/Z drug abuse. Pharmacol Res 109:12-23. https://doi.org/10.
1016/j.phrs.2015.08.016

Cardinali DP, Brown GM, Pandi-Perumal SR (2020a) Can melatonin be a potential “Silver Bullet”
in treating COVID-19 patients? Diseases (Basel, Switzerland) 8:44. https://doi.org/10.3390/DIS
EASES8040044

Cardinali DP, Brown GM, Reiter RJ, Pandi-Perumal SR (2020b) Elderly as a high-risk group
during COVID-19 pandemic: effect of circadian misalignment, sleep dysregulation and melatonin
administration. Sleep Vigilance 4:81-87. https://doi.org/10.1007/s41782-020-00111-7

Cardinali DP, Brown GM, Pandi-Perumal SR (2021) Chronotherapy. Handb Clin Neurol 179:357-
370. https://doi.org/10.1016/B978-0-12-819975-6.00023-6

Carrillo-Vico A, Lardone PJ, Alvarez-Snchez N, Rodriguez-Rodriguez A, Guerrero JM (2013)
Melatonin: buffering the immune system. Int J Mol Sci 14:8638-8683. https://doi.org/10.3390/
1IMS 14048638

Castagnino HE, Lago N, Centrella JM, Calligaris SD, Farifia S, Sarchi MI, Cardinali DP (2002)
Cytoprotection by melatonin and growth hormone in early rat myocardial infarction as revealed
by Feulgen DNA staining. Neuroendocrinol Lett 23:391-395

Cecon E, Oishi A, Jockers R (2018) Melatonin receptors: molecular pharmacology and signalling in
the context of system bias. Br J Pharmacol 175:3263-3280. https://doi.org/10.1111/BPH.13950

Chaiyarit S, Thongboonkerd V (2020) Mitochondrial dysfunction and kidney stone disease. Front
Physiol 11:566506. https://doi.org/10.3389/FPHY S.2020.566506

Che T, Yan C, Tian D, Zhang X, Liu X, Wu Z (2021) The association between sleep and metabolic
syndrome: a systematic review and meta-analysis. Front Endocrinol 12:773646. https://doi.org/
10.3389/fend0.2021.773646

Clarke 1J, Caraty A (2013) Kisspeptin and seasonality of reproduction. Adv Exp Med Biol 784:411-
430. https://doi.org/10.1007/978-1-4614-6199-9_19

Claustrat B, Leston J (2015) Melatonin: physiological effects in humans. Neurochirurgie 61:77-84.
https://doi.org/10.1016/J.NEUCHI.2015.03.002

Clay E, Falissard B, Moore N, Toumi M (2013) Contribution of prolonged-release melatonin and
anti-benzodiazepine campaigns to the reduction of benzodiazepine and Z-drugs consumption in
nine European countries. Eur J Clin Pharmacol 69:1-10. https://doi.org/10.1007/S00228-012-
1424-1


https://doi.org/10.3389/FENDO.2018.00106
https://doi.org/10.3389/FENDO.2018.00106
https://doi.org/10.1016/J.AMJHYPER.2005.05.008
https://doi.org/10.3389/fendo.2020.00239
https://doi.org/10.1080/09291016.2018.1491200
https://doi.org/10.32794/MR11250025
https://doi.org/10.3389/fendo.2019.00480
https://doi.org/10.1159/000446543
https://doi.org/10.1159/000156470
https://doi.org/10.1016/j.phrs.2015.08.016
https://doi.org/10.1016/j.phrs.2015.08.016
https://doi.org/10.3390/DISEASES8040044
https://doi.org/10.3390/DISEASES8040044
https://doi.org/10.1007/s41782-020-00111-7
https://doi.org/10.1016/B978-0-12-819975-6.00023-6
https://doi.org/10.3390/IJMS14048638
https://doi.org/10.3390/IJMS14048638
https://doi.org/10.1111/BPH.13950
https://doi.org/10.3389/FPHYS.2020.566506
https://doi.org/10.3389/fendo.2021.773646
https://doi.org/10.3389/fendo.2021.773646
https://doi.org/10.1007/978-1-4614-6199-9_19
https://doi.org/10.1016/J.NEUCHI.2015.03.002
https://doi.org/10.1007/S00228-012-1424-1
https://doi.org/10.1007/S00228-012-1424-1

14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 301

Cloonan SM, Kim K, Esteves P, Trian T, Barnes PJ (2020) Mitochondrial dysfunction in lung ageing
and disease. Eur Respir Rev Official J Eur Respir Soc 29:200165. https://doi.org/10.1183/160
00617.0165-2020

Colwell CS (2021) Defining circadian disruption in neurodegenerative disorders. J Clin Investig
131:e148288. https://doi.org/10.1172/IC1148288

Contreras-Alcantara S, Baba K, Tosini G (2010) Removal of melatonin receptor type 1 induces
insulin resistance in the mouse. Obesity (Silver Spring, Md.) 18:1861-1863. https://doi.org/10.
1038/0BY.2010.24

Corpas R, Grifan-Ferré C, Palomera-Avalos V, Porquet D, Garcia de Frutos P, Franciscato Cozzolino
SM, Rodriguez-Farré E, Pallas M, Sanfeliu C, Cardoso BR (2018) Melatonin induces mechanisms
of brain resilience against neurodegeneration. J Pineal Res 65:¢12515. https://doi.org/10.1111/
JPL.12515

Crnko S, du Pré BC, Sluijter JPG, van Laake LW (2019) Circadian rhythms and the molecular clock
in cardiovascular biology and disease. Nat Rev Cardiol 16:437—447. https://doi.org/10.1038/S41
569-019-0167-4

Cuesta S, Kireev R, Forman K, Garcia C, Escames G, Ariznavarreta C, Vara E, Tresguerres JAF
(2010) Melatonin improves inflammation processes in liver of senescence-accelerated prone male
mice (SAMPS8). Exp Gerontol 45:950-956. https://doi.org/10.1016/J.EXGER.2010.08.016

Cuesta S, Kireev R, Garcia C, Forman K, Escames G, Vara E, Tresguerres JAF (2011) Beneficial
effect of melatonin treatment on inflammation, apoptosis and oxidative stress on pancreas of a
senescence accelerated mice model. Mech Ageing Dev 132:573-582. https://doi.org/10.1016/J.
MAD.2011.10.005

Cuesta S, Kireev R, Garcia C, Rancan L, Vara E, Tresguerres JAF (2013) Melatonin can improve
insulin resistance and aging-induced pancreas alterations in senescence-accelerated prone male
mice (SAMP8). Age (dordr) 35:659-671. https://doi.org/10.1007/S11357-012-9397-7

de Souza CAP, Gallo CC, de Camargo LS, de Carvalho PVYV, Olescuck IF, Macedo F, da Cunha
FM, Cipolla-Neto J, do Amaral, F.G., (2019) Melatonin multiple effects on brown adipose tissue
molecular machinery. J Pineal Res 66:¢12549. https://doi.org/10.1111/JP1.12549

Dominguez-Rodriguez A, Abreu-Gonzélez P, Garcia MJ, Sanchez J, Marrero F, de Armas-Trujillo
D (2002) Decreased nocturnal melatonin levels during acute myocardial infarction. J Pineal Res
33:248-252. https://doi.org/10.1034/J.1600-079X.2002.02938.X

Du Y, Wei T (2014) Inputs and outputs of insulin receptor. Protein Cell 5:203-213. https://doi.org/
10.1007/S13238-014-0030-7

Duan C, Jenkins ZM, Castle D (2021) Therapeutic use of melatonin in schizophrenia: a systematic
review. World Journal of Psychiatry 11:463—476. https://doi.org/10.5498/wjp.v11.i8.463

Dubocovich ML, Delagrange P, Krause DN, Sugden D, Cardinali DP, Olcese J (2010) International
union of basic and clinical pharmacology. LXXV. Nomenclature, classification, and pharma-
cology of G protein-coupled melatonin receptors. Pharmacol Rev 62:343-380. https://doi.org/
10.1124/pr.110.002832

Dufty JF, Zitting KM, Chinoy ED (2015) Aging and circadian rhythms. Sleep Med Clin 10:423-434.
https://doi.org/10.1016/J.JSMC.2015.08.002

Edinoff AN, Nix CA, Hollier J, Sagrera CE, Delacroix BM, Abubakar T, Cornett EM, Kaye AM,
Kaye AD (2021) Benzodiazepines: uses, dangers, and clinical considerations. Neurol Int 13:594—
607. https://doi.org/10.3390/NEUROLINT13040059

el Aghoury AA, Elsayed ET, el Kholy NM, el Nashar MH, Salem TM (2020) Melatonin
receptor 1A gene polymorphism rs13140012 and serum melatonin in atherosclerotic versus non-
atherosclerotic Egyptian ESRD patients: pilot study. Heliyon 6:¢04394. https://doi.org/10.1016/
j-heliyon.2020.e04394

Elkhwanky MS, Hakkola J (2018) Extranuclear Sirtuins and metabolic stress. Antioxid Redox
Signal 28:662—-676. https://doi.org/10.1089/ars.2017.7270

Emamgholipour S, Hossein-Nezhad A, Sahraian MA, Askarisadr F, Ansari M (2016) Evidence for
possible role of melatonin in reducing oxidative stress in multiple sclerosis through its effect on
SIRT1 and antioxidant enzymes. Life Sci 145:34-41. https://doi.org/10.1016/j.1f5.2015.12.014


https://doi.org/10.1183/16000617.0165-2020
https://doi.org/10.1183/16000617.0165-2020
https://doi.org/10.1172/JCI148288
https://doi.org/10.1038/OBY.2010.24
https://doi.org/10.1038/OBY.2010.24
https://doi.org/10.1111/JPI.12515
https://doi.org/10.1111/JPI.12515
https://doi.org/10.1038/S41569-019-0167-4
https://doi.org/10.1038/S41569-019-0167-4
https://doi.org/10.1016/J.EXGER.2010.08.016
https://doi.org/10.1016/J.MAD.2011.10.005
https://doi.org/10.1016/J.MAD.2011.10.005
https://doi.org/10.1007/S11357-012-9397-7
https://doi.org/10.1111/JPI.12549
https://doi.org/10.1034/J.1600-079X.2002.02938.X
https://doi.org/10.1007/S13238-014-0030-7
https://doi.org/10.1007/S13238-014-0030-7
https://doi.org/10.5498/wjp.v11.i8.463
https://doi.org/10.1124/pr.110.002832
https://doi.org/10.1124/pr.110.002832
https://doi.org/10.1016/J.JSMC.2015.08.002
https://doi.org/10.3390/NEUROLINT13040059
https://doi.org/10.1016/j.heliyon.2020.e04394
https://doi.org/10.1016/j.heliyon.2020.e04394
https://doi.org/10.1089/ars.2017.7270
https://doi.org/10.1016/j.lfs.2015.12.014

302 D. P. Cardinali et al.

Emens JS, Eastman CI (2017) Diagnosis and treatment of non-24-h sleep-wake disorder in the
blind. Drugs 77:637-650. https://doi.org/10.1007/S40265-017-0707-3

Fainstein I, Bonetto AJ, Brusco LI, Cardinali DP (1997) Effects of melatonin in elderly patients
with sleep disturbance: a pilot study. Curr Ther Res 58:990-1000. https://doi.org/10.1016/S0011-
393X(97)80066-5

Farnoosh G, Akbariqgomi M, Badri T, Bagheri M, Izadi M, Saeedi-Boroujeni A, Rezaie E, Ghaleh
HEG, Aghamollaei H, Fasihi-ramandi M, Hassanpour K, Alishiri G (2021) Efficacy of a low dose
of melatonin as an adjunctive therapy in hospitalized patients with COVID-19: a randomized,
double-blind clinical trial. Arch Med Res 4:1. https://doi.org/10.1016/j.arcmed.2021.06.006

Fatemeh G, Sajjad M, Niloufar R, Neda S, Leila S, Khadijeh M (2021) Effect of melatonin supple-
mentation on sleep quality: a systematic review and meta-analysis of randomized controlled trials.
J Neurol 269:205-216. https://doi.org/10.1007/s00415-020-10381-w

Favero G, Franco C, Stacchiotti A, Rodella LF, Rezzani R (2020) Sirtuinl role in the melatonin
protective effects against obesity-related heart injury. Front Physiol 11:103. https://doi.org/10.
3389/fphys.2020.00103

Feng R, Adeniran SO, Huang F, Li Y, Ma M, Zheng P, Zhang G (2022) The ameliorative effect of
melatonin on LPS-induced Sertoli cells inflammatory and tight junctions damage via suppression
of the TLR4/MyD88/NF-«kB signaling pathway in newborn calf. Theriogenology 179:103-116.
https://doi.org/10.1016/J. THERIOGENOLOGY.2021.11.020

Fernandez Vazquez G, Reiter RJ, Agil A (2018) Melatonin increases brown adipose tissue mass and
function in Ziicker diabetic fatty rats: implications for obesity control. J Pineal Res 64:¢12472.
https://doi.org/10.1111/jpi.12472

Fernando KKM, Wijayasinghe YS (2021) Sirtuins as potential therapeutic targets for mitigating
neuroinflammation associated with Alzheimer’s disease. Front Cell Neurosci 15:746631. https://
doi.org/10.3389/FNCEL.2021.746631

Ferracioli-Oda E, Qawasmi A, Bloch MH (2013) Meta-analysis: melatonin for the treatment of
primary sleep disorders. PLoS ONE 8:e63773. https://doi.org/10.1371/journal.pone.0063773

Foley DJ, Monjan AA, Brown SL, Simonsick EM, Wallace RB, Blazer DG (1995) Sleep complaints
among elderly persons: an epidemiologic study of three communities. Sleep 18:425-432. https://
doi.org/10.1093/SLEEP/18.6.425

Fontaine C, Staels B (2007) The orphan nuclear receptor Rev-erba: a transcriptional link between
circadian rhythmicity and cardiometabolic disease. Curr Opin Lipidol 18:141-146. https://doi.
org/10.1097/MOL.0b013e3280464ef6

Forman K, Vara E, Garcia C, Kireev R, Cuesta S, Escames G, Tresguerres JAF (2011) Effect of
a combined treatment with growth hormone and melatonin in the cardiological aging on male
SAMPS mice. J Gerontol Ser Biol Sci Med Sci 66:823-834. https://doi.org/10.1093/GERONA/
GLRO083

Foster RG (2020) Sleep, circadian rhythms and health. Interface Focus 10:0098. https://doi.org/10.
1098/rsf5.2019.0098

Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A (2018) Inflammaging: a new immune-
metabolic viewpoint for age-related diseases. Nat Rev Endocrinol 14:576-590. https://doi.org/
10.1038/S41574-018-0059-4

Fujisaka S (2021) The role of adipose tissue M1/M2 macrophages in type 2 diabetes mellitus.
Diabetol Int 12:74-79. https://doi.org/10.1007/s13340-020-00482-2

Fulop T, Witkowski JM, Olivieri F, Larbi A (2018) The integration of inflammaging in age-related
diseases. Semin Immunol 40:17-35. https://doi.org/10.1016/J.SMIM.2018.09.003

Fulop T, Larbi A, Pawelec G, Khalil A, Cohen AA, Hirokawa K, Witkowski JM, Franceschi C (2021)
Immunology of aging: the birth of inflammaging. Clin Rev Allergy Immunol 1-14. https://doi.
org/10.1007/S12016-021-08899-6

Garcia S, Giménez VMM, Marén FIM, Reiter RJ, Manucha W (2020) Melatonin and cannabinoids:
mitochondrial-targeted molecules that may reduce inflammaging in neurodegenerative diseases.
Histol Histopathol 35:789-800. https://doi.org/10.14670/HH-18-212


https://doi.org/10.1007/S40265-017-0707-3
https://doi.org/10.1016/S0011-393X(97)80066-5
https://doi.org/10.1016/S0011-393X(97)80066-5
https://doi.org/10.1016/j.arcmed.2021.06.006
https://doi.org/10.1007/s00415-020-10381-w
https://doi.org/10.3389/fphys.2020.00103
https://doi.org/10.3389/fphys.2020.00103
https://doi.org/10.1016/J.THERIOGENOLOGY.2021.11.020
https://doi.org/10.1111/jpi.12472
https://doi.org/10.3389/FNCEL.2021.746631
https://doi.org/10.3389/FNCEL.2021.746631
https://doi.org/10.1371/journal.pone.0063773
https://doi.org/10.1093/SLEEP/18.6.425
https://doi.org/10.1093/SLEEP/18.6.425
https://doi.org/10.1097/MOL.0b013e3280464ef6
https://doi.org/10.1097/MOL.0b013e3280464ef6
https://doi.org/10.1093/GERONA/GLR083
https://doi.org/10.1093/GERONA/GLR083
https://doi.org/10.1098/rsfs.2019.0098
https://doi.org/10.1098/rsfs.2019.0098
https://doi.org/10.1038/S41574-018-0059-4
https://doi.org/10.1038/S41574-018-0059-4
https://doi.org/10.1007/s13340-020-00482-2
https://doi.org/10.1016/J.SMIM.2018.09.003
https://doi.org/10.1007/S12016-021-08899-6
https://doi.org/10.1007/S12016-021-08899-6
https://doi.org/10.14670/HH-18-212

14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 303

Geoffroy PA, Micoulaud Franchi JA, Lopez R, Schroder CM (2019) The use of melatonin in adult
psychiatric disorders: expert recommendations by the French institute of medical research on
sleep (SFRMS). Encephale 45:413—423. https://doi.org/10.1016/j.encep.2019.04.068

Girotti L, Lago M, lanovsky O, Carbajales J, Elizari MV, Brusco LI, Cardinali DP (2000) Low
urinary 6-sulphatoxymelatonin levels in patients with coronary artery disease. J Pineal Res
29:138-142. https://doi.org/10.1034/j.1600-079X.2000.290302.x

Girotti L, Lago M, Ianovsky O, Elizari MV, Dini A, Pérez Lloret S, Albornoz LE, Cardinali DP
(2003) Low urinary 6-sulfatoxymelatonin levels in patients with severe congestive heart failure.
Endocrine 22:245-248. https://doi.org/10.1385/ENDO:22:3:245

Gobbi G, Comai S (2019) Sleep well. Untangling the role of melatonin MT1 and MT?2 receptors in
sleep. J Pineal Res 66:e12544. https://doi.org/10.1111/JP1.12544

Gonciarz M, Gonciarz Z, Bielanski W, Mularczyk A, Konturek PC, Brzozowski T, Konturek SJ
(2010) The pilot study of 3-month course of melatonin treatment of patients with nonalcoholic
steatohepatitis: effect on plasma levels of liver enzymes, lipids and melatonin. J Physiol Pharmacol
61:705-710

Griffiths HBS, Williams C, King SJ, Allison SJ (2020) Nicotinamide adenine dinucleotide (NAD+):
essential redox metabolite, co-substrate and an anti-cancer and anti-ageing therapeutic target.
Biochem Soc Trans 48:733—744. https://doi.org/10.1042/BST20190033

Grossman E, Laudon M, Yalcin R, Zengil H, Peleg E, Sharabi Y, Kamari Y, Shen-Orr Z, Zisapel
N (2006) Melatonin reduces night blood pressure in patients with nocturnal hypertension. Am J
Med 119:898-902. https://doi.org/10.1016/j.amjmed.2006.02.002

Gubin G, D., D. Gubin, G., I. Gapon, L., Weinert, D., (2016) Daily melatonin administration
attenuates age-dependent disturbances of cardiovascular rhythms. Curr Aging Sci 9:5-13. https://
doi.org/10.2174/1874609809666151130220011

Hajam YA, Rai S, Pandi-Perumal SR, Brown GM, Reiter RJ, Cardinali DP, Rai H, Pandi-Perumal
SR, Brown GM, Reiter RJ (2021) Coadministration of melatonin and insulin improves diabetes-
induced impairment of rat kidney function. Neuroendocrinology. https://doi.org/10.1159/000
520280

Halpern B, Mancini MC, Bueno C, Barcelos IP, de Melo ME, Lima MS, Carneiro CG, Sapienza MT,
Buchpiguel CA, do Amaral FG, Cipolla-Neto J (2019) Melatonin increases brown adipose tissue
volume and activity in patients with melatonin deficiency: a proof-of-concept study. Diabetes
68:947-952. https://doi.org/10.2337/DB18-0956

Halpern B, Mancini MC, Mendes C, Machado CML, Prando S, Sapienza MT, Buchpiguel CA, do
Amaral FG, Cipolla-Neto J (2020) Melatonin deficiency decreases brown adipose tissue acute
thermogenic capacity of in rats measured by 18F-FDG PET. Diabetol Metab Syndr 12:82. https://
doi.org/10.1186/s13098-020-00589-1

Hardeland R (2012) Neurobiology, pathophysiology, and treatment of melatonin deficiency and
dysfunction. Sci World J 2012:640389. https://doi.org/10.1100/2012/640389

Hardeland R (2014) Melatonin, noncoding RNAs, messenger RNA stability and epigenetics—
evidence, hints, gaps and perspectives. Int J Mol Sci 15:18221-18252. https://doi.org/10.3390/
1IMS151018221

Hardeland R (2015) Melatonin and circadian oscillators in aging—a dynamic approach to the
multiply connected players. Interdiscip Top Gerontol 40:128—140. https://doi.org/10.1159/000
364975

Hardeland R (2018) Melatonin and inflammation—story of a double-edged blade. J Pineal Res
65:12525. https://doi.org/10.1111/jpi.12525

Hardeland R (2019) Aging, melatonin, and the pro- and anti-inflammatory networks. Int J Mol Sci
20:1223. https://doi.org/10.3390/1IMS20051223

Hardeland R, Cardinali DP, Srinivasan V, Spence DW, Brown GM, Pandi-Perumal SR (2011)
Melatonin—a pleiotropic, orchestrating regulator molecule. Prog Neurobiol 93:350-384. https://
doi.org/10.1016/j.pneurobio.2010.12.004


https://doi.org/10.1016/j.encep.2019.04.068
https://doi.org/10.1034/j.1600-079X.2000.290302.x
https://doi.org/10.1385/ENDO:22:3:245
https://doi.org/10.1111/JPI.12544
https://doi.org/10.1042/BST20190033
https://doi.org/10.1016/j.amjmed.2006.02.002
https://doi.org/10.2174/1874609809666151130220011
https://doi.org/10.2174/1874609809666151130220011
https://doi.org/10.1159/000520280
https://doi.org/10.1159/000520280
https://doi.org/10.2337/DB18-0956
https://doi.org/10.1186/s13098-020-00589-1
https://doi.org/10.1186/s13098-020-00589-1
https://doi.org/10.1100/2012/640389
https://doi.org/10.3390/IJMS151018221
https://doi.org/10.3390/IJMS151018221
https://doi.org/10.1159/000364975
https://doi.org/10.1159/000364975
https://doi.org/10.1111/jpi.12525
https://doi.org/10.3390/IJMS20051223
https://doi.org/10.1016/j.pneurobio.2010.12.004
https://doi.org/10.1016/j.pneurobio.2010.12.004

304 D. P. Cardinali et al.

Hardeland R, Madrid JA, Tan DX, Reiter RJ (2012) Melatonin, the circadian multioscillator system
and health: the need for detailed analyses of peripheral melatonin signaling. J Pineal Res 52:139—
166. https://doi.org/10.1111/J.1600-079X.2011.00934.X

Hardeland R, Cardinali DP, Brown GM, Pandi-Perumal SR (2015) Melatonin and brain inflam-
maging. Progr Neurobiol 127-128. https://doi.org/10.1016/j.pneurobio.2015.02.001

Hastings MH, Maywood ES, Brancaccio M (2018) Generation of circadian rhythms in the
suprachiasmatic nucleus. Nat Rev Neurosci 19:453—469. https://doi.org/10.1038/s41583-018-
0026-z

Hastings MH, Smyllie NJ, Patton AP (2020) Molecular-genetic manipulation of the suprachiasmatic
nucleus circadian clock. J Mol Biol 432:3639-3660. https://doi.org/10.1016/j.jmb.2020.01.019

Hernandez C, Abreu J, Abreu P, Castro A, Jiménez A (2007) Nocturnal melatonin plasma levels in
patients with OSAS: the effect of CPAP. Eur Respir J 30:496-500. https://doi.org/10.1183/090
31936.00051906

Hu W, Deng C, Ma Z, Wang D, Fan C, Li T, Di S, Gong B, Reiter RJ, Yang Y (2017) Utilizing
melatonin to combat bacterial infections and septic injury. Br J Pharmacol 174:754-768. https://
doi.org/10.1111/BPH.13751

Imenshahidi M, Karimi G, Hosseinzadeh H (2020) Effects of melatonin on cardiovascular
risk factors and metabolic syndrome: a comprehensive review. Naunyn-Schmiedeberg’s Arch
Pharmacol 393:521-536. https://doi.org/10.1007/s00210-020-01822-4

Jesko H, Wencel P, Strosznajder RP, Strosznajder JB (2017) Sirtuins and their roles in brain aging
and neurodegenerative disorders. Neurochem Res 42:876-890. https://doi.org/10.1007/S11064-
016-2110-Y

Jonas M, Garfinkel D, Zisapel N, Laudon M, Grossman E (2003) Impaired nocturnal melatonin
secretion in non-dipper hypertensive patients. Blood Press 12:19-24

Jung KH, Hong SW, Zheng HM, Lee HS, Lee H, Lee DH, Lee SY, Hong SS (2010) Melatonin
ameliorates cerulein-induced pancreatitis by the modulation of nuclear erythroid 2-related factor
2 and nuclear factor-kappaB in rats. J Pineal Res 48:239-250. https://doi.org/10.1111/J.1600-
079X.2010.00748.X

Jirgenson M, Zharkovskaja T, Noortoots A, Morozova M, Beniashvili A, Zapolski M, Zharkovsky
A (2019) Effects of the drug combination memantine and melatonin on impaired memory and
brain neuronal deficits in an amyloid-predominant mouse model of Alzheimer’s disease. J Pharm
Pharmacol 71:1695-1705. https://doi.org/10.1111/JPHP.13165

Kadhim HM, Ismail SH, Hussein KI, Bakir IH, Sahib AS, Khalaf BH, Hussain SAR (2006) Effects of
melatonin and zinc on lipid profile and renal function in type 2 diabetic patients poorly controlled
with metformin. J Pineal Res 41:189-193. https://doi.org/10.1111/J.1600-079X.2006.00353.X

Kandemir YB, Tosun V, Giintekin U (2019) Melatonin protects against streptozotocin-induced
diabetic cardiomyopathy through the mammalian target of rapamycin (mTOR) signaling pathway.
Adyv Clin Exp Med 28:1171-1177. https://doi.org/10.17219/acem/103799

Kanter M, Uysal H, Karaca T, Sagmanligil HO (2006) Depression of glucose levels and partial
restoration of pancreatic beta-cell damage by melatonin in streptozotocin-induced diabetic rats.
Arch Toxicol 80:362-369. https://doi.org/10.1007/S00204-005-0055-Z

Khan HTA (2019) Population ageing in a globalized world: Risks and dilemmas? J Eval Clin Pract
25:754-760. https://doi.org/10.1111/JEP.13071

Kim JH, Dufty JF (2018) Circadian rhythm sleep-wake disorders in older adults. Sleep Med Clin
13:39-50. https://doi.org/10.1016/j.jsmc.2017.09.004

Kireev RA, Tresguerres ACF, Garcia C, Ariznavarreta C, Vara E, Tresguerres JAF (2008) Melatonin
is able to prevent the liver of old castrated female rats from oxidative and pro-inflammatory
damage. J Pineal Res 45:394-402. https://doi.org/10.1111/1.1600-079X.2008.00606.X

Ktos P, Dabravolski SA (2021) The role of mitochondria dysfunction in inflammatory bowel diseases
and colorectal cancer. Int J Mol Sci 22:11673. https://doi.org/10.3390/1JMS222111673

Kozirég M, Poliwczak AR, Duchnowicz P, Koter-Michalak M, Sikora J, Broncel M (2011) Mela-
tonin treatment improves blood pressure, lipid profile, and parameters of oxidative stress in


https://doi.org/10.1111/J.1600-079X.2011.00934.X
https://doi.org/10.1016/j.pneurobio.2015.02.001
https://doi.org/10.1038/s41583-018-0026-z
https://doi.org/10.1038/s41583-018-0026-z
https://doi.org/10.1016/j.jmb.2020.01.019
https://doi.org/10.1183/09031936.00051906
https://doi.org/10.1183/09031936.00051906
https://doi.org/10.1111/BPH.13751
https://doi.org/10.1111/BPH.13751
https://doi.org/10.1007/s00210-020-01822-4
https://doi.org/10.1007/S11064-016-2110-Y
https://doi.org/10.1007/S11064-016-2110-Y
https://doi.org/10.1111/J.1600-079X.2010.00748.X
https://doi.org/10.1111/J.1600-079X.2010.00748.X
https://doi.org/10.1111/JPHP.13165
https://doi.org/10.1111/J.1600-079X.2006.00353.X
https://doi.org/10.17219/acem/103799
https://doi.org/10.1007/S00204-005-0055-Z
https://doi.org/10.1111/JEP.13071
https://doi.org/10.1016/j.jsmc.2017.09.004
https://doi.org/10.1111/J.1600-079X.2008.00606.X
https://doi.org/10.3390/IJMS222111673

14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 305

patients with metabolic syndrome. J Pineal Res 50:261-266. https://doi.org/10.1111/J.1600-
079X.2010.00835.X

Lee C, Etchegaray JP, Cagampang FRA, Loudon ASI, Reppert SM (2001) Posttranslational mecha-
nisms regulate the mammalian circadian clock. Cell 107:855-867. https://doi.org/10.1016/S0092-
8674(01)00610-9

Lee YH, Jung HS, Kwon MJ, Jang JE, Kim TN, Lee SH, Kim MK, Park JH (2020) Melatonin
protects INS-1 pancreatic B-cells from apoptosis and senescence induced by glucotoxicity and
glucolipotoxicity. Islets 87-98. https://doi.org/10.1080/19382014.2020.1783162

Lewy A (2010) Clinical implications of the melatonin phase response curve. J Clin Endocrinol
Metab 95:3158-3160. https://doi.org/10.1210/JC.2010-1031

Liu R-Y, Zhou J-N, van Heerikhuize J, Hofman MA, Swaab DF (1999) Decreased melatonin levels
in postmortem cerebrospinal fluid in relation to aging, Alzheimer’s disease, and apolipoprotein
E-epsilon4/4 genotype. J Clin Endocrinol Metab 84:323-327. https://doi.org/10.1210/JCEM.84.
1.5394

Liu Y-S, Wang Y-M, Zha D-J (2021) Brain functional and structural changes in Alzheimer’s disease
with sleep disorders: a systematic review. Front Psych 12:772068. https://doi.org/10.3389/fpsyt.
2021.772068

Lu B, Huang L, Cao J, Li L, Wu W, Chen X, Ding C (2021) Adipose tissue macrophages in aging-
associated adipose tissue function. J Physiol Sci 71:38. https://doi.org/10.1186/S12576-021-008
20-2

Lwin T, Yang JL, Ngampramuan S, Viwatpinyo K, Chancharoen P, Veschsanit N, Pinyomahakul
J, Govitrapong P, Mukda S (2021) Melatonin ameliorates methamphetamine-induced cogni-
tive impairments by inhibiting neuroinflammation via suppression of the TLR4/MyD88/NFxB
signaling pathway in the mouse hippocampus. Prog Neuropsychopharmacol Biol Psychiatry
111:110109. https://doi.org/10.1016/J.PNPBP.2020.110109

Ma W, He F, Ding F, Zhang L, Huang Q, Bi C, Wang X, Hua B, Yang F, Yuan Y, Han Z, Jin M, Liu
T, Yu Y, Cai B, Lu Y, Du Z (2018) Pre-treatment with melatonin enhances therapeutic efficacy
of cardiac progenitor cells for myocardial infarction. Cell Physiol Biochem Int J Exp Cell Phys
Biochem Pharmacol 47:1287-1298. https://doi.org/10.1159/000490224

Maierova L, Borisuit A, Scartezzini JL, Jaeggi SM, Schmidt C, Miinch M (2016) Diurnal variations
of hormonal secretion, alertness and cognition in extreme chronotypes under different lighting
conditions. Sci Rep 6:33591. https://doi.org/10.1038/SREP33591

Majidinia M, Reiter RJ, Shakouri SK, Yousefi B (2018) The role of melatonin, a multitasking
molecule, in retarding the processes of ageing. Ageing Res Rev 47:198-213. https://doi.org/10.
1016/J.ARR.2018.07.010

Markus RP, Sousa KS, da Silveira Cruz-Machado S, Fernandes PA, Ferreira ZS (2021) Possible
role of pineal and extra-pineal melatonin in surveillance, immunity, and first-line defense. Int J
Mol Sci 22:12143. https://doi.org/10.3390/ijms222212143

Martinez Soriano B, Giiemes A, Pola G, Gonzalo A, Palacios Gasés P, Navarro AC, Martinez-
Beamonte R, Osada J, Garcia JJ (2020) Effect of melatonin as an antioxidant drug to reverse
hepatic steatosis: experimental model. Can J Gastroenterol Hepatol 2020:7315253. https://doi.
org/10.1155/2020/7315253

Masri S (2015) Sirtuin-dependent clock control: new advances in metabolism, aging and cancer.
Curr Opin Clin Nutr Metab Care 18:521-527. https://doi.org/10.1097/MC0.0000000000000219

Mayo JC, Sainz RM, Gonzéilez Menéndez P, Cepas V, Tan DX, Reiter RJ (2017) Melatonin and
sirtuins: a “not-so unexpected” relationship. J Pineal Res 62:¢12391. https://doi.org/10.1111/JPI.
12391

Medala VK, Gollapelli B, Dewanjee S, Ogunmokun G, Kandimalla R, Vallamkondu J (2021)
Mitochondrial dysfunction, mitophagy, and role of dynamin-related protein 1 in Alzheimer’s
disease. J Neurosci Res 99:1120-1135. https://doi.org/10.1002/JNR.24781

Melhuish Beaupre LM, Brown GM, Gongalves VF, Kennedy JL (2021) Melatonin’s neuroprotective
role in mitochondria and its potential as a biomarker in aging, cognition and psychiatric disorders.
Transl Psychiatry 11:1464. https://doi.org/10.1038/s41398-021-01464-x


https://doi.org/10.1111/J.1600-079X.2010.00835.X
https://doi.org/10.1111/J.1600-079X.2010.00835.X
https://doi.org/10.1016/S0092-8674(01)00610-9
https://doi.org/10.1016/S0092-8674(01)00610-9
https://doi.org/10.1080/19382014.2020.1783162
https://doi.org/10.1210/JC.2010-1031
https://doi.org/10.1210/JCEM.84.1.5394
https://doi.org/10.1210/JCEM.84.1.5394
https://doi.org/10.3389/fpsyt.2021.772068
https://doi.org/10.3389/fpsyt.2021.772068
https://doi.org/10.1186/S12576-021-00820-2
https://doi.org/10.1186/S12576-021-00820-2
https://doi.org/10.1016/J.PNPBP.2020.110109
https://doi.org/10.1159/000490224
https://doi.org/10.1038/SREP33591
https://doi.org/10.1016/J.ARR.2018.07.010
https://doi.org/10.1016/J.ARR.2018.07.010
https://doi.org/10.3390/ijms222212143
https://doi.org/10.1155/2020/7315253
https://doi.org/10.1155/2020/7315253
https://doi.org/10.1097/MCO.0000000000000219
https://doi.org/10.1111/JPI.12391
https://doi.org/10.1111/JPI.12391
https://doi.org/10.1002/JNR.24781
https://doi.org/10.1038/s41398-021-01464-x

306 D. P. Cardinali et al.

Menczel Schrire Z, Phillips CL, Chapman JL, Duffy SL, Wong G, D’Rozario AL, Comas M, Raisin
I, Saini B, Gordon CJ, McKinnon AC, Naismith SL, Marshall NS, Grunstein RR, Hoyos CM
(2021) Safety of higher doses of melatonin in adults: a systematic review and meta-analysis. J
Pineal Res 72:¢12782. https://doi.org/10.1111/JP1.12782

Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, Gagne DJ, Jin L, Boss O, Perni RB, Vu
CB, Bemis JE, Xie R, Disch JS, Ng PY, Nunes JJ, Lynch A, v., Yang, H., Galonek, H., Israelian,
K., Choy, W,, Iffland, A., Lavu, S., Medvedik, O., Sinclair, D.A., Olefsky, J.M., Jirousek, M.R.,
Elliott, P.J., Westphal, C.H., (2007) Small molecule activators of SIRT1 as therapeutics for the
treatment of type 2 diabetes. Nature 450:712-716. https://doi.org/10.1038/NATURE06261

Misaka T, Yoshihisa A, Yokokawa T, Sato T, Oikawa M, Kobayashi A, Yamaki T, Sugimoto K,
Kunii H, Nakazato K, Takeishi Y (2019) Plasma levels of melatonin in dilated cardiomyopathy.
J Pineal Res 66:e12564. https://doi.org/10.1111/jpi.12564

Modabbernia A, Heidari P, Soleimani R, Sobhani A, Roshan ZA, Taslimi S, Ashrafi M, Modabbernia
MJ (2014) Melatonin for prevention of metabolic side-effects of olanzapine in patients with
first-episode schizophrenia: randomized double-blind placebo-controlled study. J Psychiatr Res
53:133-140. https://doi.org/10.1016/j.jpsychires.2014.02.013

Mohammadi S, Rastmanesh R, Jahangir F, Amiri Z, Djafarian K, Mohsenpour MA, Hassanipour
S, Ghaffarian-Bahraman A (2021) Melatonin supplementation and anthropometric indices: a
randomized double-blind controlled clinical trial. Biomed Res Int 2021:3502325. https://doi.org/
10.1155/2021/3502325

Morera-Fumero AL, Fernandez-Lopez L, Abreu-Gonzalez P (2020) Melatonin and melatonin
agonists as treatments for benzodiazepines and hypnotics withdrawal in patients with primary
insomnia. A systematic review. Drug Alcohol Dependence 212:107994. https://doi.org/10.1016/
j-drugalcdep.2020.107994

Nagtegaal E, Smits M, Swart W, van der Meer G, Kerkhof G, Brugger P, Herold M (1995) Mela-
tonin secretion and coronary heart disease. Lancet 346:1299. https://doi.org/10.1016/S0140-673
6(95)91901-5

Nair A, Morsy MA, Jacob S (2018) Dose translation between laboratory animals and human in
preclinical and clinical phases of drug development. Drug Dev Res 79:373-382. https://doi.org/
10.1002/ddr.21461

Nguyen LT, Chen H, Zaky A, Pollock C, Saad S (2019) SIRT1 overexpression attenuates offspring
metabolic and liver disorders as a result of maternal high-fat feeding. J Physiol 597:467-480.
https://doi.org/10.1113/JP276957

Nishida S, Sato R, Murai I, Nakagawa S (2003) Effect of pinealectomy on plasma levels of insulin
and leptin and on hepatic lipids in type 2 diabetic rats. J Pineal Res 35:251-256. https://doi.org/
10.1034/1.1600-079X.2003.00083.X

Obayashi K, Saeki K, Iwamoto J, Okamoto N, Tomioka K, Nezu S, Ikada Y, Kurumatani N (2013)
Nocturnal urinary melatonin excretion is associated with non-dipper pattern in elderly hyperten-
sives. Hypertens Res Official J Jpn Soc Hypertens 36:736-740. https://doi.org/10.1038/HR.201
3.20

Olsson M, Arlig J, Hedner J, Blennow K, Zetterberg H (2018) Sleep deprivation and cerebrospinal
fluid biomarkers for Alzheimer’s disease. Sleep 41. https://doi.org/10.1093/sleep/zsy025

Ooms S, Overeem S, Besse K, Rikkert MO, Verbeek M, Claassen JAHR (2014) Effect of 1 night
of total sleep deprivation on cerebrospinal fluid f-amyloid 42 in healthy middle-aged men: a
randomized clinical trial. JAMA Neurol 71:971-977. https://doi.org/10.1001/JAMANEUROL.
2014.1173

Oosterman JE, Wopereis S, Kalsbeek A (2020) The circadian clock, shift work, and tissue-specific
insulin resistance. Endocrinology (United States) 161, bqaal80. https://doi.org/10.1210/endocr/
bqaal80

Ostadmohammadi V, Soleimani A, Bahmani F, Aghadavod E, Ramezani R, Reiter RJ, Mansournia
MA, Banikazemi Z, Soleimani M, Zaroudi M, Asemi Z (2020) The effects of melatonin supple-
mentation on parameters of mental health, glycemic control, markers of cardiometabolic risk, and


https://doi.org/10.1111/JPI.12782
https://doi.org/10.1038/NATURE06261
https://doi.org/10.1111/jpi.12564
https://doi.org/10.1016/j.jpsychires.2014.02.013
https://doi.org/10.1155/2021/3502325
https://doi.org/10.1155/2021/3502325
https://doi.org/10.1016/j.drugalcdep.2020.107994
https://doi.org/10.1016/j.drugalcdep.2020.107994
https://doi.org/10.1016/S0140-6736(95)91901-5
https://doi.org/10.1016/S0140-6736(95)91901-5
https://doi.org/10.1002/ddr.21461
https://doi.org/10.1002/ddr.21461
https://doi.org/10.1113/JP276957
https://doi.org/10.1034/J.1600-079X.2003.00083.X
https://doi.org/10.1034/J.1600-079X.2003.00083.X
https://doi.org/10.1038/HR.2013.20
https://doi.org/10.1038/HR.2013.20
https://doi.org/10.1093/sleep/zsy025
https://doi.org/10.1001/JAMANEUROL.2014.1173
https://doi.org/10.1001/JAMANEUROL.2014.1173
https://doi.org/10.1210/endocr/bqaa180
https://doi.org/10.1210/endocr/bqaa180

14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 307

oxidative stress in diabetic hemodialysis patients: a randomized, double-blind, placebo-controlled
trial. J Ren Nutr 30:242-250. https://doi.org/10.1053/j.jrn.2019.08.003

Otamas A, Grant PJ, Ajjan RA (2020) Diabetes and a therothrombosis: the circadian rhythm and
role of melatonin in vascular protection. Diabetes Vasc Dis Res 17. https://doi.org/10.1177/147
9164120920582

Owczarek A, Gieczewska KB, Polanska M, Paterczyk B, Gruza A, Winiarska K (2020) Melatonin
lowers HIF-1a content in human proximal tubular cells (HK-2) due to preventing its deacetylation
by Sirtuin 1. Front Physiol 11:572911. https://doi.org/10.3389/fphys.2020.572911

Palagini L, Manni R, Aguglia E, Amore M, Brugnoli R, Bioulac S, Bourgin P, Micoulaud Franchi
J-A, Girardi P, Grassi L, Lopez R, Mencacci C, Plazzi G, Maruani J, Minervino A, Philip P,
Royant Parola S, Poirot I, Nobili L, Biggio G, Schroder CM, Geoffroy PA (2021a) International
expert opinions and recommendations on the use of melatonin in the treatment of insomnia and
circadian sleep disturbances in adult neuropsychiatric disorders. Front Psych 12:688890. https://
doi.org/10.3389/fpsyt.2021.688890

Pan M, Song YL, Xu JM, Gan HZ (2006) Melatonin ameliorates nonalcoholic fatty liver induced by
high-fat diet in rats. J Pineal Res 41:79-84. https://doi.org/10.1111/J.1600-079X.2006.00346.X

Pan X, Taylor MJ, Cohen E, Hanna N, Mota S (2020) Circadian clock, time-restricted feeding and
reproduction. Int J Mol Sci 21:30831. https://doi.org/10.3390/ijms21030831

Pappolla M, Bozner P, Soto C, Shao H, Robakis NK, Zagorski M, Frangione B, Ghiso J (1998)
Inhibition of Alzheimer beta-fibrillogenesis by melatonin. J Biol Chem 273:7185-7188. https://
doi.org/10.1074/JBC.273.13.7185

Pappolla MA, Matsubara E, Vidal R, Pacheco-Quinto J, Poeggeler B, Zagorski M, Sambamurti
K (2018) Melatonin treatment enhances AP lymphatic clearance in a transgenic mouse model
of amyloidosis. Curr Alzheimer Res 15:637-642. https://doi.org/10.2174/156720501566618041
1092551

Pawelec G (2018) Immune parameters associated with mortality in the elderly are context-
dependent: lessons from Sweden, Holland and Belgium. Biogerontology 19:537-545. https://
doi.org/10.1007/S10522-017-9739-Z

Pevet P, Challet E, Felder-Schmittbuhl MP (2021) Melatonin and the circadian system: keys for
health with a focus on sleep. Handb Clin Neurol 179:331-343. https://doi.org/10.1016/B978-0-
12-819975-6.00021-2

Poeggeler B, Reiter RJ, Tan D-X, Chen L-D, Manchester LC (1993) Melatonin, hydroxyl radical-
mediated oxidative damage, and aging: a hypothesis. J Pineal Res 14:151-168. https://doi.org/
10.1111/1.1600-079X.1993.TB00498.X

Poulose N, Raju R (2015) Sirtuin regulation in aging and injury. Biochem Biophys Acta 1852:2442—
2455. https://doi.org/10.1016/J. BBADIS.2015.08.017

Pourhanifeh MH, Hosseinzadeh A, Dehdashtian E, Hemati K, Mehrzadi S (2020) Melatonin: new
insights on its therapeutic properties in diabetic complications. Diabetol Metab Syndr 12:30.
https://doi.org/10.1186/s13098-020-00537-z

Preitner N, Brown S, Ripperger J, Le-Minh N, Damiola F, Schibler U, Sehgal, (2003) Orphan
nuclear receptors, molecular clockwork, and the entrainment of peripheral oscillators. Novartis
Found Symp 253:89-101. https://doi.org/10.1002/0470090839.ch7

Prokopenko I, Langenberg C, Florez JC, Saxena R, Soranzo N, Thorleifsson G, Loos RJF, Manning
AK, Jackson AU, Aulchenko Y, Potter SC, Erdos MR, Sanna S, Hottenga JJ, Wheeler E, Kaakinen
M, Lyssenko V, Chen WM, Ahmadi K, Beckmann JS, Bergman RN, Bochud M, Bonnycastle
LL, Buchanan TA, Cao A, Cervino A, Coin L, Collins FS, Crisponi L, de Geus EJC, Dehghan
A, Deloukas P, Doney ASF, Elliott P, Freimer N, Gateva V, Herder C, Hofman A, Hughes TE,
Hunt S, Illig T, Inouye M, Isomaa B, Johnson T, Kong A, Krestyaninova M, Kuusisto J, Laakso
M, Lim N, Lindblad U, Lindgren CM, McCann OT, Mohlke KL, Morris AD, Naitza S, Orru M,
Palmer CNA, Pouta A, Randall J, Rathmann W, Saramies J, Scheet P, Scott LJ, Scuteri A, Sharp
S, Sijbrands E, Smit JH, Song K, Steinthorsdottir V, Stringham HM, Tuomi T, Tuomilehto J,
Uitterlinden AG, Voight BF, Waterworth D, Wichmann HE, Willemsen G, Witteman JCM, Yuan
X, Zhao JH, Zeggini E, Schlessinger D, Sandhu M, Boomsma DI, Uda M, Spector TD, Penninx


https://doi.org/10.1053/j.jrn.2019.08.003
https://doi.org/10.1177/1479164120920582
https://doi.org/10.1177/1479164120920582
https://doi.org/10.3389/fphys.2020.572911
https://doi.org/10.3389/fpsyt.2021.688890
https://doi.org/10.3389/fpsyt.2021.688890
https://doi.org/10.1111/J.1600-079X.2006.00346.X
https://doi.org/10.3390/ijms21030831
https://doi.org/10.1074/JBC.273.13.7185
https://doi.org/10.1074/JBC.273.13.7185
https://doi.org/10.2174/1567205015666180411092551
https://doi.org/10.2174/1567205015666180411092551
https://doi.org/10.1007/S10522-017-9739-Z
https://doi.org/10.1007/S10522-017-9739-Z
https://doi.org/10.1016/B978-0-12-819975-6.00021-2
https://doi.org/10.1016/B978-0-12-819975-6.00021-2
https://doi.org/10.1111/J.1600-079X.1993.TB00498.X
https://doi.org/10.1111/J.1600-079X.1993.TB00498.X
https://doi.org/10.1016/J.BBADIS.2015.08.017
https://doi.org/10.1186/s13098-020-00537-z
https://doi.org/10.1002/0470090839.ch7

308 D. P. Cardinali et al.

BWIH, Altshuler D, Vollenweider P, Jarvelin MR, Lakatta E, Waeber G, Fox CS, Peltonen L,
Groop LC, Mooser V, Cupples LA, Thorsteinsdottir U, Boehnke M, Barroso I, van Duijn C,
Dupuis J, Watanabe RM, Stefansson K, McCarthy MI, Wareham NJ, Meigs JB, Abecasis GR
(2009) Variants in MTNR1B influence fasting glucose levels. Nat Genet 41:77-81. https://doi.
org/10.1038/NG.290

Raygan F, Ostadmohammadi V, Bahmani F, Reiter RJ, Asemi Z (2019) Melatonin administration
lowers biomarkers of oxidative stress and cardio-metabolic risk in type 2 diabetic patients with
coronary heart disease: a randomized, double-blind, placebo-controlled trial. Clin Nutr 38:191—
196. https://doi.org/10.1016/j.clnu.2017.12.004

Reagan-Shaw S, Nihal M, Ahmad N (2008) Dose translation from animal to human studies revisited.
FASEB J Official Publ Fed Am Soc Exp Biol 22:659-661. https://doi.org/10.1096/FJ.07-9574LSF

Reinke H, Asher G (2019) Crosstalk between metabolism and circadian clocks. Nat Rev Mol Cell
Biol 20:227-241. https://doi.org/10.1038/s41580-018-0096-9

Reiter RJ (1995) Oxygen radical detoxification processes during aging: the functional importance
of melatonin. Aging Clin Exp Res 7:340-351. https://doi.org/10.1007/BF03324344

Reiter RJ, Rosales-Corral S, Tan DX, Jou MJ, Galano A, Xu B (2017) Melatonin as a mitochondria-
targeted antioxidant: one of evolution’s best ideas. Cell Mol Life Sci 74:3863-3881. https://doi.
org/10.1007/s00018-017-2609-7

Reiter RJ, Abreu-Gonzalez P, Marik PE, Dominguez-Rodriguez A (2020a) Therapeutic algorithm
for use of melatonin in patients with COVID-19. Front Med 7:226. https://doi.org/10.3389/fmed.
2020.00226

Reiter RJ,Ma Q, SharmaR (2020b) Melatonin in mitochondria: mitigating clear and present dangers.
Physiology 35:86-95. https://doi.org/10.1152/physiol.00034.2019

Reiter RJ, Sharma R, Ma Q, Liu C, Manucha W, Abreu-Gonzalez P, Dominguez-Rodriguez A
(2020c) Plasticity of glucose metabolism in activated immune cells: advantages for melatonin
inhibition of COVID-19 disease. Melatonin Res 3:362-379. https://doi.org/10.32794/MR1125
0068

Reiter RJ, Sharma R, Rosales-Corral S (2021a) Anti-warburg effect of melatonin: a proposed
mechanism to explain its inhibition of multiple diseases. Int J Mol Sci 22:1-24. https://doi.org/
10.3390/ijms22020764

Reiter RJ, Sharma R, Rosales-Corral S, Manucha W, Chuffa LGDA, Zuccari DAPDC (2021b)
Melatonin and pathological cell interactions: mitochondrial glucose processing in cancer cells.
Int J Mol Sci 22:12494. https://doi.org/10.3390/ijms222212494

Romo-Nava F, Alvarez-Icaza Gonzilez D, Fresan-Orellana A, Saracco Alvarez R, Becerra-Palars
C, Moreno J, Ontiveros Uribe MP, Berlanga C, Heinze G, Buijs RM (2014) Melatonin atten-
uates antipsychotic metabolic effects: an eight-week randomized, double-blind, parallel-group,
placebo-controlled clinical trial. Bipolar Disord 16:410—421. https://doi.org/10.1111/BDI.12196

Rosales-Corral S, Tan DX, Reiter RJ, Valdivia-Veldzquez M, Martinez-Barboza G, Acosta-Martinez
JP, Ortiz GG (2003) Orally administered melatonin reduces oxidative stress and proinflammatory
cytokines induced by amyloid-beta peptide in rat brain: a comparative, in vivo study versus
vitamin C and E. J Pineal Res 35:80-84. https://doi.org/10.1034/J.1600-079X.2003.00057.X

Ryu V, Zarebidaki E, Albers HE, Xue B, Bartness TJ (2018) Short photoperiod reverses obesity in
Siberian hamsters via sympathetically induced lipolysis and Browning in adipose tissue. Physiol
Behav 190:11-20. https://doi.org/10.1016/j.physbeh.2017.07.011

Sakotnik A, Liebmann PM, Stoschitzky K, Lercher P, Schauenstein K, Klein W, Eber B (1999)
Decreased melatonin synthesis in patients with coronary artery disease. Eur Heart J 20:1314—
1317. https://doi.org/10.1053/EUHJ.1999.1527

Santoro A, Bientinesi E, Monti D (2021) Immunosenescence and inflammaging in the aging process:
age-related diseases or longevity? Ageing Res Rev 71:101422. https://doi.org/10.1016/J.ARR.
2021.101422

Satari M, Bahmani F, Reiner Z, Soleimani A, Aghadavod E, Kheiripour N, Asemi Z (2021)
Metabolic and anti-inflammatory response to melatonin administration in patients with diabetic
nephropathy. Iran J Kidney Dis 1:22-30


https://doi.org/10.1038/NG.290
https://doi.org/10.1038/NG.290
https://doi.org/10.1016/j.clnu.2017.12.004
https://doi.org/10.1096/FJ.07-9574LSF
https://doi.org/10.1038/s41580-018-0096-9
https://doi.org/10.1007/BF03324344
https://doi.org/10.1007/s00018-017-2609-7
https://doi.org/10.1007/s00018-017-2609-7
https://doi.org/10.3389/fmed.2020.00226
https://doi.org/10.3389/fmed.2020.00226
https://doi.org/10.1152/physiol.00034.2019
https://doi.org/10.32794/MR11250068
https://doi.org/10.32794/MR11250068
https://doi.org/10.3390/ijms22020764
https://doi.org/10.3390/ijms22020764
https://doi.org/10.3390/ijms222212494
https://doi.org/10.1111/BDI.12196
https://doi.org/10.1034/J.1600-079X.2003.00057.X
https://doi.org/10.1016/j.physbeh.2017.07.011
https://doi.org/10.1053/EUHJ.1999.1527
https://doi.org/10.1016/J.ARR.2021.101422
https://doi.org/10.1016/J.ARR.2021.101422

14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 309

Sayed RKA, Fernandez-Ortiz M, Rahim I, Ferndndez-Martinez J, Aranda-Martinez P, Rusanova
I, Martinez-Ruiz L, Alsaadawy RM, Escames G, Acuifia-Castroviejo D (2021) The impact of
melatonin supplementation and NLRP3 inflammasome deletion on age-accompanied cardiac
damage. Antioxidants (Basel, Switzerland) 10:1269. https://doi.org/10.3390/antiox 10081269

Scheer FAJL (2005) Potential use of melatonin as adjunct antihypertensive therapy. Am J Hypertens
18:1619-1620. https://doi.org/10.1016/j.amjhyper.2005.07.013

Schroeck JL, Ford J, Conway EL, Kurtzhalts KE, Gee ME, Vollmer KA, Mergenhagen KA (2016)
Review of safety and efficacy of sleep medicines in older adults. Clin Ther 38:2340-2372. https://
doi.org/10.1016/j.clinthera.2016.09.010

She M, Deng X, Guo Z, Laudon M, Hu Z, Liao D, Hu X, Luo Y, Shen Q, Su Z, Yin W (2009)
NEU-P11, a novel melatonin agonist, inhibits weight gain and improves insulin sensitivity
in high-fat/high-sucrose-fed rats. Pharmacol Res 59:248-253. https://doi.org/10.1016/].PHRS.
2009.01.005

Shieh JM, Wu HT, Cheng KC, Cheng JT (2009) Melatonin ameliorates high fat diet-induced diabetes
and stimulates glycogen synthesis viaa PKCzeta-Akt-GSK3beta pathway in hepatic cells. J Pineal
Res 47:339-344. https://doi.org/10.1111/J.1600-079X.2009.00720.X

Shukla M, Chinchalongporn V, Govitrapong P, Reiter RJ (2019) The role of melatonin in targeting
cell signaling pathways in neurodegeneration. Ann N 'Y Acad Sci 1443:75-96. https://doi.org/
10.1111/NYAS.14005

Singh CK, Chhabra G, Ndiaye MA, Garcia-Peterson LM, MacK NJ, Ahmad N (2018) The role of
sirtuins in antioxidant and redox signaling. Antioxid Redox Signal 28:643-661. https://doi.org/
10.1089/ARS.2017.7290

Sirin FB, Kumbul Doguc D, Vural H, Eren I, Inanli 1, Siit¢ii R, Delibag N (2015) Plasma 8-isoPGF2a
and serum melatonin levels in patients with minimal cognitive impairment and Alzheimer disease.
Turkish J Med Sci 45:1073-1077. https://doi.org/10.3906/SAG-1406-134

Skene DJ, Arendt J (2007) Circadian rhythm sleep disorders in the blind and their treatment with
melatonin. Sleep Med 8:651-655. https://doi.org/10.1016/J.SLEEP.2006.11.013

Snider KH, Obrietan K (2018) Modulation of learning and memory by the genetic disruption of
circadian oscillator populations. Physiol Behav 194:387-393. https://doi.org/10.1016/j.physbeh.
2018.06.035

Solis-Chagoyan H, Dominguez-Alonso A, Valdés-Tovar M, Argueta J, Sanchez-Florentino ZA,
Calixto E, Benitez-King G (2020) melatonin rescues the dendrite collapse induced by the pro-
oxidant toxin okadaic acid in organotypic cultures of rat hilar hippocampus. Molecules (Basel,
Switzerland) 25:5508. https://doi.org/10.3390/MOLECULES25235508

Song X, Sun X, Ma G, Sun Y, Shi Y, Du Y, Chen ZJ (2015) Family association study between
melatonin receptor gene polymorphisms and polycystic ovary syndrome in Han Chinese. Eur J
Obstet Gynecol Reprod Biol 195:108-112. https://doi.org/10.1016/J.EJOGRB.2015.09.043

Soni SK, Basu P, Singaravel M, Sharma R, Pandi-Perumal SR, Cardinali DP, Reiter RJ (2021)
Sirtuins and the circadian clock interplay in cardioprotection: focus on sirtuin 1. Cell Mol Life
Sci 78:2503-2515. https://doi.org/10.1007/s00018-020-03713-6

Spiegel K, Leproult R, van Cauter E (1999) Impact of sleep debt on metabolic and endocrine
function. Lancet (london, England) 354:1435-1439. https://doi.org/10.1016/S0140-6736(99)013
76-8

Stacchiotti A, Grossi I, Garcia-Gomez R, Patel GA, Salvi A, Lavazza A, de Petro G, Monsalve M,
Rezzani R (2019) Melatonin effects on non-alcoholic fatty liver disease are related to MicroRNA-
34a-5p/Sirt] axis and autophagy. Cells 8:1053. https://doi.org/10.3390/cells8091053

Stangherlin A, Seinkmane E, O’Neill JS (2021) Understanding circadian regulation of mammalian
cell function, protein homeostasis, and metabolism. Curr Opinion Syst Biol 28. https://doi.org/
10.1016/j.coisb.2021.100391

Stenvers DJ, Scheer FAJL, Schrauwen P, la Fleur SE, Kalsbeek A (2019) Circadian clocks and
insulin resistance. Nat Rev Endocrinol 15:75-89. https://doi.org/10.1038/S41574-018-0122-1

Sugden D (1983) Psychopharmacological effects of melatonin in mouse and rat. J Pharmacol Exp
Ther 227:587-591


https://doi.org/10.3390/antiox10081269
https://doi.org/10.1016/j.amjhyper.2005.07.013
https://doi.org/10.1016/j.clinthera.2016.09.010
https://doi.org/10.1016/j.clinthera.2016.09.010
https://doi.org/10.1016/J.PHRS.2009.01.005
https://doi.org/10.1016/J.PHRS.2009.01.005
https://doi.org/10.1111/J.1600-079X.2009.00720.X
https://doi.org/10.1111/NYAS.14005
https://doi.org/10.1111/NYAS.14005
https://doi.org/10.1089/ARS.2017.7290
https://doi.org/10.1089/ARS.2017.7290
https://doi.org/10.3906/SAG-1406-134
https://doi.org/10.1016/J.SLEEP.2006.11.013
https://doi.org/10.1016/j.physbeh.2018.06.035
https://doi.org/10.1016/j.physbeh.2018.06.035
https://doi.org/10.3390/MOLECULES25235508
https://doi.org/10.1016/J.EJOGRB.2015.09.043
https://doi.org/10.1007/s00018-020-03713-6
https://doi.org/10.1016/S0140-6736(99)01376-8
https://doi.org/10.1016/S0140-6736(99)01376-8
https://doi.org/10.3390/cells8091053
https://doi.org/10.1016/j.coisb.2021.100391
https://doi.org/10.1016/j.coisb.2021.100391
https://doi.org/10.1038/S41574-018-0122-1

310 D. P. Cardinali et al.

Sumsuzzman DM, Choi J, Jin Y, Hong Y (2021) Neurocognitive effects of melatonin treatment in
healthy adults and individuals with Alzheimer’s disease and insomnia: a systematic review and
meta-analysis of randomized controlled trials. Neurosci Biobehav Rev 127:459-473. https://doi.
org/10.1016/J. NEUBIOREV.2021.04.034

SunC, Qiu X, Wang Y, LiuJ,LiQ, Jiang H, Li S, Song C (2020a) Long-term oral melatonin alleviates
memory deficits, reduces amyloid-f deposition associated with downregulation of BACE1 and
mitophagy in APP/PS1 transgenic mice. Neurosci Lett 735:135192. https://doi.org/10.1016/J.
NEULET.2020.135192

Sun Y, Ma C, Sun H, Wang H, Peng W, Zhou Z, Wang H, Pi C, Shi Y, He X (2020b)
Metabolism: a novel shared link between diabetes mellitus and Alzheimer’s disease. J Diabetes
Res 2020:4981814. https://doi.org/10.1155/2020/4981814

Swain O, Romano SK, Miryala R, Tsai J, Parikh V, Umanah GKE (2021) SARS-CoV-2 neuronal
invasion and complications: potential mechanisms and therapeutic approaches. J Neurosci Official
J Soc Neurosci 41:5338-5349. https://doi.org/10.1523/JNEUROSCI.3188-20.2021

Tagliaferri V, Romualdi D, Scarinci E, Cicco S, de Florio C, di Immediata V, Tropea A, Santarsiero
CM, Lanzone A, Apa R (2018) Melatonin treatment may be able to restore menstrual cyclicity in
women with PCOS: a pilot study. Reprod Sci (Thousand Oaks, Calif.) 25:269-275. https://doi.
org/10.1177/1933719117711262

Takahashi JS (2017) Transcriptional architecture of the mammalian circadian clock. Nat Rev Genet
18:164—-179. https://doi.org/10.1038/nrg.2016.150

Tam CHT, Ho JSK, Wang Y, Lee HM, Lam VKL, Germer S, Martin M, So WY, Ma RCW, Chan
JCN, Ng MCY (2010) Common polymorphisms in MTNR1B, G6PC2 and GCK are associated
with increased fasting plasma glucose and impaired beta-cell function in Chinese subjects. PLoS
ONE 5:e11428. https://doi.org/10.1371/journal.pone.0011428

Tan DX, Manchester LC, Fuentes-Broto L, Paredes SD, Reiter RJ (2011) Significance and appli-
cation of melatonin in the regulation of brown adipose tissue metabolism: relation to human
obesity. Obesity Rev Official J Int Assoc Study Obesity 12:167-188. https://doi.org/10.1111/J.
1467-789X.2010.00756.X

Tan DX, Xu B, Zhou X, Reiter RJ (2018) Pineal calcification, melatonin production, aging, associ-
ated health consequences and rejuvenation of the pineal gland. Molecules (Basel, Switzerland)
23:301. https://doi.org/10.3390/MOLECULES23020301

Tan D-X, Reiter RJ (2019) Mitochondria: the birth place, battle ground and the site of melatonin
metabolism in cells. Melatonin Res 2:44-66. https://doi.org/10.32794/mr11250011

Tanaka K, Okada Y, Maiko H, Mori H, Tanaka Y (2021) Associations between urinary 6-
sulfatoxymelatonin excretion and diabetic vascular complications or arteriosclerosis in patients
with type 2 diabetes. J Diabetes Invest 12:601-609. https://doi.org/10.1111/jdi.13374

Tiwari RK, Lal MK, Kumar R, Mangal V, Altaf MA, Sharma S, Singh B, Kumar M (2021) Insight
into melatonin-mediated response and signaling in the regulation of plant defense under biotic
stress. Plant Mol Biol. https://doi.org/10.1007/S11103-021-01202-3

Trotti LM, Karroum EG (2016) Melatonin for sleep disorders in patients with neurodegenerative
diseases. Curr Neurol Neurosci Rep 16:63. https://doi.org/10.1007/s11910-016-0664-3

Tsereteli N, Vallat R, Fernandez-Tajes J, Delahanty LM, Ordovas JM, Drew DA, Valdes AM, Segata
N, Chan AT, Wolf J, Berry SE, Walker MP, Spector TD, Franks PW (2021) Impact of insufficient
sleep on dysregulated blood glucose control under standardised meal conditions. Diabetologia
65:356-365. https://doi.org/10.1007/s00125-021-05608-y

Tiitiincti NB, Batur MK, Yildirir A, Tutuncu T, Deger A, Koray Z, Erbas B, Kabakci G, Aksoyek
S, Erbas T (2005) Melatonin levels decrease in type 2 diabetic patients with cardiac autonomic
neuropathy. J Pineal Res 39:43—49. https://doi.org/10.1111/J.1600-079X.2005.00213.X

Vaamonde-Garcia C, Lépez-Armada MJ (2019) Role of mitochondrial dysfunction on rheumatic
diseases. Biochem Pharmacol 165:181-195. https://doi.org/10.1016/J.BCP.2019.03.008

Vasey C, McBride J, Penta K (2021) Circadian rhythm dysregulation and restoration: the role of
melatonin. Nutrients 13:3480. https://doi.org/10.3390/nu13103480


https://doi.org/10.1016/J.NEUBIOREV.2021.04.034
https://doi.org/10.1016/J.NEUBIOREV.2021.04.034
https://doi.org/10.1016/J.NEULET.2020.135192
https://doi.org/10.1016/J.NEULET.2020.135192
https://doi.org/10.1155/2020/4981814
https://doi.org/10.1523/JNEUROSCI.3188-20.2021
https://doi.org/10.1177/1933719117711262
https://doi.org/10.1177/1933719117711262
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1371/journal.pone.0011428
https://doi.org/10.1111/J.1467-789X.2010.00756.X
https://doi.org/10.1111/J.1467-789X.2010.00756.X
https://doi.org/10.3390/MOLECULES23020301
https://doi.org/10.32794/mr11250011
https://doi.org/10.1111/jdi.13374
https://doi.org/10.1007/S11103-021-01202-3
https://doi.org/10.1007/s11910-016-0664-3
https://doi.org/10.1007/s00125-021-05608-y
https://doi.org/10.1111/J.1600-079X.2005.00213.X
https://doi.org/10.1016/J.BCP.2019.03.008
https://doi.org/10.3390/nu13103480

14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging 311

Verdile G, Keane KN, Cruzat VF, Medic S, Sabale M, Rowles J, Wijesekara N, Martins RN, Fraser
PE, Newsholme P (2015) Inflammation and oxidative stress: the molecular connectivity between
insulin resistance, obesity, and Alzheimer’s disease. Mediators Inflamm 2015:105828. https://
doi.org/10.1155/2015/105828

Volt H, Garcia JA, Doerrier C, Diaz-Casado ME, Guerra-Librero A, Lopez LC, Escames G, Tres-
guerres JA, Acufia-Castroviejo D (2016) Same molecule but different expression: aging and sepsis
trigger NLRP3 inflammasome activation, a target of melatonin. J Pineal Res 60:193-205. https://
doi.org/10.1111/JP1.12303

Wade, A.G., Farmer, M., Harari, G., Fund, N., Laudon, M., Nir, T., Frydman-Marom, A., Zisapel,
N.,2014Wade AG, Farmer M, Harari G, Fund N, Laudon M, Nir T, Frydman-Marom A, Zisapel N
(2014) Add-on prolonged-release melatonin for cognitive function and sleep in mild to moderate
Alzheimer’s disease: a 6-month, randomized, placebo-controlled, multicenter trial. Clin Interv
Aging 9:947-961. https://doi.org/10.2147/CIA.S65625

Wahab F, Atika B, Ullah F, Shahab M, Behr R (2018) Metabolic impact on the hypothalamic
Kisspeptin-Kiss1r signaling pathway. Front Endocrinol 9:123. https://doi.org/10.3389/fendo.
2018.00123

Wang RH, Zhao T, Cui K, Hu G, Chen Q, Chen W, Wang XW, Soto-Gutierrez A, Zhao K, Deng
CX (2016) Negative reciprocal regulation between Sirtl and Per2 modulates the circadian clock
and aging. Sci Rep 6:28633. https://doi.org/10.1038/SREP28633

Wang YY, Zheng W, Ng CH, Ungvari GS, Wei W, Xiang YT (2017) Meta-analysis of random-
ized, double-blind, placebo-controlled trials of melatonin in Alzheimer’s disease. Int J Geriatr
Psychiatry 32:50-57. https://doi.org/10.1002/gps.4571

Wang R, Jiang X, Bao P, Qin M, Xu J (2019) Circadian control of stress granules by oscillating
EIF2a. Cell Death Dis 10:1471. https://doi.org/10.1038/S41419-019-1471-Y

Watroba M, Szukiewicz D (2021) Sirtuins at the service of healthy longevity. Front Physiol
12:724506. https://doi.org/10.3389/FPHYS.2021.724506

Welz PS, Benitah SA (2020) Molecular connections between circadian clocks and aging. J Mol
Biol 432:3661-3679. https://doi.org/10.1016/J.JMB.2019.12.036

Wikby A, Ménsson IA, Johansson B, Strindhall J, Nilsson SE (2008) The immune risk profile is
associated with age and gender: findings from three Swedish population studies of individuals
20-100 years of age. Biogerontology 9:299-308. https://doi.org/10.1007/S10522-008-9138-6

Wilson S, Anderson K, Baldwin D, Dijk DJ, Espie A, Espie C, Gringras P, Krystal A, Nutt D,
Selsick H, Sharpley A (2019) British association for psychopharmacology consensus statement
on evidence-based treatment of insomnia, parasomnias and circadian rhythm disorders: an update.
J Psychopharmacol 33:923-947. https://doi.org/10.1177/0269881119855343

Winkler A, Auer C, Doering BK, Rief W (2014) Drug treatment of primary insomnia: a meta-
analysis of polysomnographic randomized controlled trials. CNS Drugs 28:799-816. https://doi.
org/10.1007/S40263-014-0198-7

Xia S, Zhang X, Zheng S, Khanabdali R, Kalionis B, Wu J, Wan W, Tai X (2016) An update on
inflamm-aging: mechanisms, prevention, and treatment. J Immunol Res 2016:8426874. https://
doi.org/10.1155/2016/8426874

XinY,Zhang X,LiJ, GaoH, LiJ,LiJ, Hu W, Li H (2021) New insights into the role of mitochondria
quality control in ischemic heart disease. Front Cardiovascular Med 8:774619. https://doi.org/
10.3389/FCVM.2021.774619

XuJ, Wang LL, Dammer EB, Li CB, Xu G, di Chen S, Wang G (2015) Melatonin for sleep disorders
and cognition in dementia: a meta-analysis of randomized controlled trials. Am J Alzheimer’s
Dis Other Dementias 30:439-447. https://doi.org/10.1177/1533317514568005

Xu W, Jain MK, Zhang L (2021) Molecular link between circadian clocks and cardiac function:
a network of core clock, slave clock, and effectors. Curr Opin Pharmacol 57:28-40. https://doi.
org/10.1016/j.coph.2020.10.006

Yamamoto H, Schoonjans K, Auwerx J (2007) Sirtuin functions in health and disease. Mol
Endocrinol (Baltimore, Md.) 21:1745-1755. https://doi.org/10.1210/ME.2007-0079


https://doi.org/10.1155/2015/105828
https://doi.org/10.1155/2015/105828
https://doi.org/10.1111/JPI.12303
https://doi.org/10.1111/JPI.12303
https://doi.org/10.2147/CIA.S65625
https://doi.org/10.3389/fendo.2018.00123
https://doi.org/10.3389/fendo.2018.00123
https://doi.org/10.1038/SREP28633
https://doi.org/10.1002/gps.4571
https://doi.org/10.1038/S41419-019-1471-Y
https://doi.org/10.3389/FPHYS.2021.724506
https://doi.org/10.1016/J.JMB.2019.12.036
https://doi.org/10.1007/S10522-008-9138-6
https://doi.org/10.1177/0269881119855343
https://doi.org/10.1007/S40263-014-0198-7
https://doi.org/10.1007/S40263-014-0198-7
https://doi.org/10.1155/2016/8426874
https://doi.org/10.1155/2016/8426874
https://doi.org/10.3389/FCVM.2021.774619
https://doi.org/10.3389/FCVM.2021.774619
https://doi.org/10.1177/1533317514568005
https://doi.org/10.1016/j.coph.2020.10.006
https://doi.org/10.1016/j.coph.2020.10.006
https://doi.org/10.1210/ME.2007-0079

312 D. P. Cardinali et al.

Yaprak M, Altun A, Vardar A, Aktoz M, Ciftci S, Ozbay G (2003a) Decreased nocturnal synthesis
of melatonin in patients with coronary artery disease. Int J Cardiol 89:103-107. https://doi.org/
10.1016/S0167-5273(02)00461-8

Yi S, Xu J, Shi H, Li W, Li Q, Sun YP (2020) Association between melatonin receptor gene
polymorphisms and polycystic ovarian syndrome: a systematic review and meta-analysis. Biosci
Rep 40:BSR20200824 https://doi.org/10.1042/BSR20200824

YuL, Sun Y, Cheng L, Jin Z, Yang Y, Zhai M, Pei H, Wang X, Zhang H, Meng Q, Zhang Y, Yu S,
Duan W (2014) Melatonin receptor-mediated protection against myocardial ischemia/reperfusion
injury: role of SIRT1. J Pineal Res 57:228-238. https://doi.org/10.1111/JP1.12161

Zhang W, Chen X, Su S, Jia Q, Ding T, Zhu Z, Zhang T (2016) Exogenous melatonin for sleep
disorders in neurodegenerative diseases: a meta-analysis of randomized clinical trials. Neurol Sci
Official J Ital Neurol Soc Ital Soc Clin Neurophysiol 37:57—-65. https://doi.org/10.1007/S10072-
015-2357-0

Zhang Q, Gao F, Zhang S, Sun W, Li Z (2019) Prophylactic use of exogenous melatonin and
melatonin receptor agonists to improve sleep and delirium in the intensive care units: a systematic
review and meta-analysis of randomized controlled trials. Sleep Breathing 23:1059-1070. https://
doi.org/10.1007/s11325-019-01831-5

Zhang R, Wang X, Ni L, Di X, Ma B, Niu S, Liu C, Reiter RJ (2020) COVID-19: Melatonin as a
potential adjuvant treatment. Life Sci 250:117583. https://doi.org/10.1016/j.1f5.2020.117583

Zhang H, Zhang Y, Li Y, Wang Y, Yan S, Xu S, Deng Z, Yang X, Xie H, LiJ (2021a) Bioinformatics
and network pharmacology identify the therapeutic role and potential mechanism of melatonin
in AD and rosacea. Front Immunol 12:756550. https://doi.org/10.3389/fimmu.2021.756550

Zhang J, Lu J, Zhu H, Zhou X, Wei X, Gu M (2021b) Association of serum melatonin level with
mild cognitive impairment in type 2 diabetic patients: a cross-sectional study. Int J Endocrinol
2021:55660109. https://doi.org/10.1155/2021/5566019

ZhaoL, AnR, Yang Y, Yang X, Liu H, Yue L, Li X, Lin Y, Reiter RJ, Qu Y (2015) Melatonin alle-
viates brain injury in mice subjected to cecal ligation and puncture via attenuating inflammation,
apoptosis, and oxidative stress: the role of SIRT1 signaling. J Pineal Res 59:230-239. https://doi.
org/10.1111/JP1.12254

Zheng R, Ruan Y, Yan Y, Lin Z, Xue N, Yan Y, Tian J, Yin X, Pu J, Zhang B (2021) Melatonin
attenuates neuroinflammation by down-regulating NLRP3 inflammasome via a SIRT 1-dependent
pathway in MPTP-induced models of Parkinson’s disease. J Inflamm Res 14:3063-3075. https://
doi.org/10.2147/JIR.S317672

ZtH, Dmgymaa A, Dak M (2021) The effect of melatonin on thrombosis, sepsis and mortality rate
in COVID-19 patients. Int J Infect Dis IJID Official Publ Int Soc Infect Dis 114:79-84. https://
doi.org/10.1016/J.1J1D.2021.10.012


https://doi.org/10.1016/S0167-5273(02)00461-8
https://doi.org/10.1016/S0167-5273(02)00461-8
https://doi.org/10.1042/BSR20200824
https://doi.org/10.1111/JPI.12161
https://doi.org/10.1007/S10072-015-2357-0
https://doi.org/10.1007/S10072-015-2357-0
https://doi.org/10.1007/s11325-019-01831-5
https://doi.org/10.1007/s11325-019-01831-5
https://doi.org/10.1016/j.lfs.2020.117583
https://doi.org/10.3389/fimmu.2021.756550
https://doi.org/10.1155/2021/5566019
https://doi.org/10.1111/JPI.12254
https://doi.org/10.1111/JPI.12254
https://doi.org/10.2147/JIR.S317672
https://doi.org/10.2147/JIR.S317672
https://doi.org/10.1016/J.IJID.2021.10.012
https://doi.org/10.1016/J.IJID.2021.10.012

	14 Melatonin as a Chronobiotic and Cytoprotector in Healthy Aging
	14.1 Introduction
	14.2 Inflammaging
	14.3 The Circadian Apparatus
	14.4 Melatonin as a Chronobiotic
	14.5 Use of Melatonin in Aged Sleep
	14.6 Melatonin and Inflammaging
	14.7 Melatonin, Sirtuins, and the Anti-inflammatory Network
	14.8 Therapeutic Value of Melatonin in Animal and Clinical Models of Age-Related NCDs
	14.9 Concluding Remarks
	References




