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Introduction

Melatonin, that may be produced in every cell that possesses
mitochondria,’ acts as an endogenous free radical scavenger,
and improves energetic metabolism and immune function by
complex molecular crosstalk with other intracellular com-
pounds.? There is increasing evidence regarding the benefi-
cial effects of acute and chronic administration of high
melatonin doses in infectious and degenerative pathologies
as a protectant of all cells, including endothelial cells.

To slow the stealthy spread of the new coronavirus disease
2019 (COVID-19) pandemic, until the development of a vac-
cine, we need not only effective treatments but additional
strategies to prevent and/or ameliorate the infection reinforc-
ing the immune capacity of the host. In this way, several
authors have advocated for the use of high oral doses of the
neurohormone melatonin.>* COVID-19 is caused by a posi-
tive-sense ribonucleic acid virus named the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), which is
associated with mortality rates that can exceed 6%. Older
patients with comorbid chronic conditions have been associ-
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Melatonin, produced in every cell that possesses mitochondria, acts as an endogenous
free radical scavenger, and improves energetic metabolism and immune function, by
complex molecular crosstalk with other intracellular compounds. There is greatly
increasing evidence regarding beneficial effects of acute and chronic administration of
high melatonin doses, in infectious, developmental, and degenerative pathologies, as
an endothelial cell and every cell protectant.

ated with even higher mortality rates. In children, the clinical,
laboratory, and radiologic features are similar for all coronavi-
rus types.’

The COVID-19 virus has been shown to cause oxidative
damage and cellular and organ failure by disabling the immune
system, enhancing blood coagulation, and inducing a marked
inflammatory response with generation of free radicals.
COVID-19-endothelial activation could explain the systemic
impaired microcirculatory function in different vascular beds
and their clinical sequelae.®’ Those sequelae are similar to that
reported in Ebola virus patients* Angiotensin-converting
enzyme 2 (ACE2) is the receptor that SARS-CoV-2 uses for
penetration into the cells.® SARS-CoV-2 exacerbation of animal
lung injury by decreasing ACE2 is reversed by angiotensin
receptor blockers (ARBs) and ACE inhibitors (ACEI) have been
shown to induce upregulation of ACE2 expression.? ACE2 has a
broad expression pattern in the human body with strong
expression in several organs, including in type I alveolar cells
inthelungs. ACE2 primarily acts to counterbalance the effect of
ACE; as ACE generates angiotensin Il from angiotensin I, ACE2
generates angiotensin (1-7) from angiotensin Il which shifts
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the balance from vasoconstriction to vasodilation in the
vascular bed.'® Several studies recently published shows
that neither ARBs nor ACEI, modifies the clinical course of
COVID-19 infection.'

Options for COVID-19 Treatment

In addition to antivirals and drugs to treat the inflammatory
cytokine storm, it appears that therapies aimed at protecting
the endothelium may play a role.”-'? Several lines of evidence
reinforce the hypothesis of utility of melatonin preventing
endotheliitis, and as pleiotropic cytoprotectant at high oral
doses.'>' Melatonin may reduce viral infections based on
its wide ranging effects as a potent antioxidant,'” pollutants
protector,'® and anti-inflammatory agent'” in addition to its
direct modulation of intracellular and extracellular process-
es which is associated with improvements in energy metab-
olism and immune function.'”

There seems to be a few cellular functions that are not
impacted by melatonin, which in high concentrations is rap-
idly taken up by the mitochondria. The mitochondria synthe-
tizes high rates of melatonin that do not reach the interstitial
nor vascular spaces. In this way, several studies have shown
that melatonin has a protective role in human infections, such
as viral encephalitis and severe infant bronchiolitis."®

Mechanism of Melatonin Actions

The central circadian clock located in the suprachiasmatic
nucleus (SCN) receives direct retinal innervation to ensure its
synchronization to day-night cycles. Further, the SCN coor-
dinates all peripheral clocks, which, in turn, coordinates local
physiologic functions with patterns of activity and/or feed-
ing. The peripheral clocks direct local programs of circadian
gene expression that regulate physiological rhythms critical
to health.'® The production of the melatonin hormone by the
pineal gland during nighttime senses the light/dark cycles
contributing to the coordination of peripheral circadian
rhythms. Functional circadian molecular clockwork develops
in the late fetal and early postnatal period. During the early
postnatal period, oscillations are entrained by nutritional
cues.’ Feeding schedules and exercise can also entrain
central and peripheral clocks. Circadian rhythms are key
regulators of immune function, metabolism, reproduction,
and stem cell development.?°

Chronodisruptors are exogenous and endogenous expo-
sures or effectors which are chronobiologically active and
can thus disrupt the timing and order.?’ Chronodisruptors
turn off the clock control of the mitochondrial function,
leading to a bioenergetic decay and formation of reactive
oxygen species that, in turn, activate the inflammasome.
Chronodisruption is associated with alterations of the
immune system, immunosenescence, impairment of energy
metabolism, and reduction of pineal and extrapineal mela-
tonin production. Under inflammatory conditions, several
cytokines may promote chronodisruption leading to a major
immune response.? The broken clock is recovered by mela-
tonin administration.??
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Melatonin is synthesized from the essential aminoacid
tryptophan, and 3 to 10% of tryptophan metabolism produ-
ces serotonin and melatonin. In addition to protein synthesis,
90% of tryptophan metabolism follows the oxidation by
indoleamine-2,3- dioxygenase (IDO) resulting in the forma-
tion of kynurenine and metabolites.?3

Pineal melatonin induces the circadian gene Bmal1, which
disinhibits the pyruvate dehydrogenase complex (PDC), allow-
ing mitochondrial conversion of pyruvate to acetyl-coenzyme
A (acetyl-CoA), with result of increased the tricarboxylic acid
cycle, oxidative phosphorylation, and adenosine triphosphate
(ATP) production.?* This metabolic route is blocked by viral
inhibition of Bmal1/PDC preventing the circadian “resetting”
of mitochondrial metabolism exerted by pineal melatonin.
Acetyl-CoA is a cosubstrate for arylalkylamine N-acetyltrans-
ferase (NAT), the enzyme that initiates the melatonergic
pathway by providing an acetyl group to serotonin. Conse-
quently, pineal melatonin regulates mitochondrial melatonin
and immune cell phenotype. Virus- and cytokine-storm-driv-
en control of the pineal and mitochondrial melatonergic
pathway therefore regulates mitochondrial and immune/glia
responses, besides an increased gut permeability and disbiosis
mediated by decreased levels of the short-chain fatty acids,
such as butyrate, and increases circulating lipopolysaccharide
(LPS).*13 The end result is greater viral replication and host
symptom severity. The counteracting effects of butyrate are
partly mediated via an increase in the mitochondrial melato-
nergic pathway, showing interactions of the gut microbiome
with melatonin.?®

Early life biological stress and psychological stress induces
IDO, the enzyme that initiates the kynurenine pathway (KP)
of tryptophan metabolism with overproduction of immuno-
suppressive catabolites.2® Stress and infections change the
composition of the gut microbiota, with a bidirectional
microbial-neuroendocrine relationship, regulating the post-
natal development and maturation of the immune and
endocrine systems.?” Endogenous (KP) and bacterial (indole)
tryptophan catabolites, acting by activation of aryl hydro-
carbon receptor (AhR, a transcription factor that regulates
gene expression), changes the regulation of intestinal
immunity.28

Activation of KP metabolism by stress has been associated
with several proinflammatory states including depression and
other neuropsychiatric disorders.?%* Ambient pollution may
contribute to such proinflammatory states with higher inci-
dence and severity of COVID-19, by two mechanisms: (1) The
atmosphere, rich of air pollutants, may promote a longer
permanence of the of viral particles in the air3! (2) The
exposure to polycyclic aromatic hydrocarbons (PAHs), that
may induce impaired immune function and low-grade inflam-
mation, thereby promoting a higher incidence and severity of
the cytokine storm triggered by viral infections. In this sense,
elevated expression of AhR and NLRP3 (NLR family pyrin
domain containing-3) link PAH exposure to cytokine storm
in healthy preschool children, both mediators with differential
pattern of elevated levels of several interleukins (ILs), as well as
tumor necrosis factor-o, and interferon-y levels.32 Melatonin
suppresses the NLRP3 inflammasome through the regulation
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of cellular redox status and the nuclear factor-kB (NF-kB)
pathway.33 Melatonin exerts potent antioxidant properties
due to its high bioavailability through the penetration of the
blood-brain barrier and placenta. Indirectly, the antioxidant
properties of melatonin are linked to an increased activity of
superoxide dismutase, glutathione peroxidase, reductase, and
catalase.*

Immunological Functions of Melatonin

The immune modulator properties of melatonin’> displays
both pro- and anti-inflammatory effects>® by both melatonin
receptor-dependent and -independent mechanisms.3” Proin-
flammatory actions enhance the resistance against pathogens.4
In human colostrum, melatonin produced by immune-compe-
tent cells acts in an autocrine manner, enhancing the clearance
of pathogens by increasing phagocyte efficiency.® Melatonin
reduces chronic and acute inflammation®® by modulation of
both pro- and anti-inflammatory cytokines.® In the cytoplasm,
melatonin blocks the Ripk3 cascade, Drp1 activation, and
cytochrome c release caused by external insults, leading to
the cell receiving prosurvival signals. In mitochondria, melato-
nin modulates mitochondrial permeability transition pore
opening and counteracts oxidative stress.3® In experimental
studies, melatonin inhibits nitric oxide (NO) production in-
duced by bacterial LPS which in turn activates the immune
response dependent on the activation of NF-kB.*

As a summary of cell sites which exert its anti-inflamma-
tory activity, melatonin inhibits: (1) the expression of
inflammasome genes, including NLRP3, ASC, and thereby
caspase-1 and IL-1B; (2) inflammasome activation,*' thus
inhibiting caspase-1 activation, cytokine release, and inhibi-
tion of pyroptosis, a proinflammatory form of cells*?; (3) NF-
KB traslocation,*> with subsequent inhibition of cyclooxy-
genase and inducible NO synthase expression and reduces
the production of prostanoids, leukotrienes, and NO, as other
inflammatory mediators, such as chemokines and adhesion
molecules*?; and (4) NF-xB expression.!” All of these anti-
inflammatory mechanisms convey into immunoregulator,
antipyretic, antioxidant, and endoplasmic reticulum stress
modulator during viral infections. Consequently, melatonin
enhances protective mechanisms for viral encephalitis** and
respiratory tract disorders.'®

The dual roles of melatonin as both a pro- and anti-
inflammatory regulator that determines whether melatonin
promotes one or the other mode of immunological response
is not completely understood. The anti-inflammatory actions
of melatonin are mostly prevailing with the important
exception of autoimmune diseases.*?

Melatonin Potential Utility

From the perinatal period, it has been verified that melatonin
plays an important role in the antioxidant response.*> Mela-
tonin scavenges free radicals,*® stimulates antioxidant
enzymes,15 stimulates the immune system,1 7 has anti-in-
flammatory actions,® and impacts platelet physiology and
thrombin formation.*’ Melatonin could lower the severity of
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COVID-19 and other viral infections by interfering with the
processes that promote blood coagulation and vascular
inflammation, preventing damage to the endothelium with
reduction of the extravasation of blood through the capillary
walls.™ Additionally, melatonin’s actions on platelet aggre-
gation and thrombin production reduces blood coagulation.

Cytoprotection by melatonin is based on almost every cell
in the body having mitochondria that produces melatonin,
and the intracellular concentrations of melatonin are much
higher than those circulating in blood.*® Intracellular mela-
tonin does not reach the extracellular space and doses of
melatonin much higher than those employed as a chrono-
biotic are needed to modify its intracellular levels.'*

Neuroprotective properties of melatonin have been postu-
lated for a long time in acute neurological pathologies such as
ischemic stroke,* which showed an impairment of nocturnal
urinary melatonin excretion, associated with immunological
changes.50 Recently, these neuroprotective properties have
been demonstrated in all phases of hypoxic-ischemic enceph-
alopathy of the newborn.*>~!

As noted before, high circulating melatonin levels at night
allows cells to switch from cytosolic glycolysis to mitochon-
drial glucose oxidation and oxidative phosphorylation for
ATP production, which is associated with higher synthesis of
acetyl-CoA. In the mitochondria, one of the functions of
acetyl-CoA is a cofactor for the rate limiting enzyme, ary-
lalkylamine NAT, in mitochondrial melatonin synthesis. The
abilities of melatonin facilitating mitochondrial glucose oxi-
dation and oxidative phosphorylation may inhibit cytokine
storm induced by COVID-19.%2

Melatonin Properties and Suggested
Therapeutic Doses

Melatonin is easily synthesized, inexpensive, and has a very
high safety profile with no toxic dose.'* The sleep-promoting
dose, that is, 1 to 5mg daily, do no reach the intracellular
space at sufficient concentrations to protect against serious
pathologies and infections such as COVID-19.'* For this
reason, Reiter et al have suggested a daily oral dose of at
least 40 mg of melatonin in adults,>> a dose that the authors
have been taking and recommending for prophylactic use.
Reiter et al also stated that “as there is no time or clinical trials
to test the efficacy of melatonin at different concentrations, we
suggest the use of melatonin (100 or 400 mg per day) as an
adjunct, especially if no efficient direct anti-viral treatment is
available.”>3 Currently in Spain, due to the magnitude of
infected health care workers, a clinical trial in the prophy-
laxis of SARS-CoV-2 infection has been started in eight
hospitals with 450 health care workers.>* Another aspect
to consider is the dose in children, as it seems appropriate to
us that at least during this pandemic stage, doses between 5
and 10 mg depending on age could be useful.

In preterm infants, because the pharmacokinetic profile of
melatonin differs from that of adults, oral doses of 0.5 to
5 mg/kg, repeated every 12 to 24 hours, may obtain and
maintain high serum concentrations.>® In newborns at
term, melatonin also has a good safety profile.>!->®
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Melatonin Utility in Pediatrics

For COVID-19 infection in children, the only treatment
recommendation suggests the use of nebulized interferon
a-2b and oral lopinavir/ritonavir together with corticoste-
roids for complications (acute respiratory distress syndrome,
encephalitis, hemophagocytic syndrome, or septic shock)
and intravenous immunoglobulin for severe cases.”

The ACE2 receptor that allows SARS-CoV-2 entry into cells
was widely spread in specific cell types of maternal-fetal
interface and fetal organs.® High maternal morbidity and mor-
tality was associated with SARS-CoV-2 during pregnancy,”’
with a higher incidence of spontaneous miscarriage, premature
delivery, and intrauterine growth restriction.”®

Fetal or neonatal exposure to stress conditions, besides to
impact melatoninergic system, also can impact the renin-
angiotensin-aldosterone system (RAAS), contributing to the
establishment of persistent hemodynamic and structural
alterations. Preterm birth may imply early exposure to that
ex utero environment, altering organogenesis and maturation
in the newborn. RAAS may be activated also as a consequence
of kidney and heart immaturity to promote adaptive
responses, increasing the risk of future cardiovascular diseases.
In this sense, inflammatory cytokines may exert an in utero
influence on later infant adiposity.”® In women with severe
preeclampsia, melatonin has been shown to mitigate maternal
endothelial pro-oxidant injury and could extend pregnancy
duration with improved clinical outcomes.'?

In newborns suffering from septic shock, high oral doses of
melatonin reduced mortality,”® which was probably related to
maintaining endothelial function altered by bacterial LPS in a
similar way that vascular damage is induced by COVID-19.

Melatonin has protective activity in all phases of hypoxic
ischemic encephalopathy including attenuation of tertiary
brain damage, ameliorating long-term negative outcomes.*3
Hypothermia plus melatonin, administered intravenously at
a neuroprotective dose of 5 mg/kg/day for 3 days, was shown
to improve long-term neurodevelopment in asphyctic neo-
nates born at term.”’

Melatonin also may be useful in Kawasaki disease (KD) as
an acute, febrile vasculitis affecting children of younger than
5 years of age, specifically in an uncommon subgroup of KD
children that presented with shock and more severe labora-
tory markers of inflammation including increased levels of
several cytokines. KD shock syndrome due to cytokine storm
can lead to significant sequelae and poor outcomes.®°

A set of relevant features has been selected (lymphopenia,
blood sedimentation rate, C-reactive protein, ferritin, ILs, dimer
D, procalcitonin),®! to implement a computational model to test
how melatonin affect to COVID-19 in children. This computa-
tional model can be an artificial neural network or a deep
learning approach according to the kind and nature of real data.

Neurodevelopmental Disorders

Maternal melatonin provides photoperiodic information to
the fetus, influencing their regulation and timing internal
rhythms and preparation for extrauterine development.
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The absence of maternal pineal melatonin (i.e., premature birth)
might determine abnormal brain programming of the fetus,
with increased risk of cardiovascular, renal, endocrine, neuro-
developmental, cognitive, and behavioral impairment.5>%3 Fetal
growth restriction (FGR; which is the most common cause of
placental insufficiency and are diagnosed in up to 9% of preg-
nancies) face with those increased risks and have been associat-
ed with low maternal melatonin levels.>* Whether prenatal
stress induces FGR or not, the effect of prenatal environmental
adversity on child neurodevelopmental delay seems to be
mediated by higher levels of maternal inflammation, especially
when persisting throughout pregnancy.z'0 Consequently, several
clinical studies are ongoing to ameliorate outcomes in FGR using
high oral doses of melatonin.®*

Conclusion

The evidence provided by the literature, with mechanisms of
action capable of modifying the pathophysiology of several
developmental and inflammatory disorders, suggests that
melatonin may be a good resource to ameliorate them.
Nevertheless, melatonin has not been used to treat COVID-
19 nor other inflammatory pathologies, and therefore,
should not be considered to be an effective treatment until
fulfillment of randomized clinical trials.
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