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ABSTRACT

The high mortality of deadly virus infectious diseases including SARS, MERS, COVID-19,
and avian flu is often caused by the uncontrolled innate immune response and destructive
inflammation. The majority of viral diseases are self-limiting under the help of the activated
adaptive immune system. This activity is cell proliferation dependent and thus, it requires several
weeks to develop. Patients are vulnerable and mortality usually occurs during this window period.
To control the innate immune response and reduce the inflammation during this period will
increase the tolerance of patients and lowers the mortality in the deadly virus infection. Melatonin
is a molecule that displays respective properties, since it downregulates the overreaction of the
innate immune response and overshooting inflammation, but also promotes the adaptive immune
activity. Many studies have reported the beneficial effects of melatonin on deadly virus infections
in different animal models and its therapeutic efficacy in septic shock patients. Furthermore,
melatonin has a great safety margin without serious adverse effects. We suggest the use of
melatonin as an adjunctive or even regular therapy for deadly viral diseases, especially if no
efficient direct anti-viral treatment is available.

Key words: melatonin, virus, innate immunity, inflammation, COVID-19, SARS, MERS, Avian
flu, cytokines.

1. INTRODUCTION

In relation to repeated epidemic outbreaks of deadly infectious diseases caused by several RNA
viruses, actually fueled by the concern of a possible COVID-19 pandemic, the questions of how
to combat these threats and how to reduce lethality of infected individuals has come into public
focus. Solutions are especially urgent, as long as no specific therapies are available. The gold
standard of vaccination requires time for development and is not immediately applicable after an
initial outbreak, as is the case in COVID-19. But even in long-known viruses, their genetic
variability leads to several subtypes that differ in their appearance from year to year and causes
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additional problems. This is especially the case in the seasonal flu, which requires repeated
adaptations of the vaccines. A poorly adapted vaccine results in higher incidence of infections and,
thus, higher numbers of deaths in particularly vulnerable patients, as found among elderly
individuals and persons with comorbidities. Alternatives to the development of antibodies do not
always exist in conventional medicine, because this requires the identification of a drug-sensitive
Achilles heel in the virus. While the surface molecules of a virus, especially spike head proteins,
are typically accessible to antibodies, other anti-viral drugs have to interfere with intracellular or
other host cell processes, such as 1). facilitation of host cell binding by host cell proteases; 2).
fusion of the viral envelope with host cell membranes, which can be inhibited by preventing
proteolytic activation of fusion proteins or increasing the endosomal pH; 3). virus replication; 4).
release of virions, accessible by direct or indirect inhibition of protein channels required for RNP
release (1-4). However, with regard to the viral diversity, drugs with required properties are not
generally available or applicable. In the case of COVID-19, chloroquine, otherwise known as an
anti-malarial drug, has been reported to be helpful (4), findings awaiting further support. Further
research is also required for camostat mesilate, an inhibitor of the host cell surface protease
TMPRSS2 (5), which is necessary for the endocytic entrance of the SARS-CoV-2 virus after its
attachment to the spike head receptor, the host’s ACE2 receptor. On the other hand, the limitations
of identifying directly acting anti-viral drugs should by no means be perceived as a reason for
pessimistic judgments. It seems important to also consider the host’s responses to viral infections,
especially with regard to severe disease progressions. In these more serious cases, the
inflammatory responses can become life threatening. These phases of overshooting inflammation
can be caused by damage responses of the host’s innate immune system. However, in several cases,
a direct viral contribution to inflammation has become evident. For instance, the viroporin protein
ORF3a of SARS-CoV has been shown to activate the NLRP3 inflammasome, via TRAF3-
dependent ubiquitination and processing of p105 (6, 7). As agents are known that prevent NLRP3
activation, anti-inflammatory treatments seem to be promising. However, the use of anti-
inflammatory drugs with immune-suppressive properties such as glucocorticoids and also various
nonsteroidal anti-inflammatory drugs (NSAIDs) (8) is not recommendable for the combat against
an infectious disease. Instead, compounds are desired which combine anti-inflammatory effects
with immune stimulatory actions, especially in the arm of adaptive immunity. An agent possessing
these dual properties is melatonin (9).

2. MELATONIN

Melatonin (N-acetyl-5-methoxytryptamine) is a derivative of the essential amino acid
tryptophan. In vertebrates, it is only synthesized from tryptophan as a starting material. Limited
supply of tryptophan will inevitably result in reduced melatonin production in vertebrates.
Fortunately, many foods contain high level of tryptophan including beans, cheese, milk, and turkey
meat. Consumption of these foodstuffs guarantees the tryptophan supply for melatonin synthesis,
provided the enzymatic biosynthesis is not affected. In addition, almost all foodstuffs also contain
melatonin. These include rice, wheat, corn, fruits, meat, fish, egg, milk, wine, beer, coffee, tea, etc.
Consumption of some of these food stuff increases melatonin levels in vertebrates'® and also in
humans (11, 12). The dual ways of melatonin supply from its endogenous synthesis and extraction
from the daily food consumption seem to maintain the persistent melatonin circadian rhythm and
levels. This is not always the case as expected. For instance, melatonin levels are significantly
reduced with aging in humans and numerous other organisms studied (13). The underling
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mechanisms for this phenomenon are only partially known and deserve further clarification.
Several factors such as functional declines in the circadian system, especially in the
suprachiasmatic nucleus (SCN), pineal calcification and, perhaps, also increased melatonin
degradation may contribute. Moreover, numerous diseases and disorders lead to reduced melatonin
levels (14). Melatonin is a potent antioxidant and reacts with a variety of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (15, 16). Many studies have documented the increased
productions of ROS and RNS in organisms with aging (17, 18). Melatonin as the first line
antioxidant defense molecule will be exhausted with the increased oxidative stress with aging. This
can be deduced from the results of animal studies or clinical observations. For example, when rats
were exogenously given melatonin to increase their serum melatonin level, followed by
administration of dioxin, the resulting oxidative stress from increased ROS production in the
tissues caused immediate drops in the serum melatonin level compared to controls. This decrease
is clearly not associated with reduced melatonin synthesis, but rather consumption (19-21). Other,
indirect evidence may be deduced from clinical reports. In patients with disorders which are
associated with oxidative stress such as Alzheimer’s disease (AD), cardiovascular disease, their
serum melatonin levels are always lower than that of their age matched controls (22-25). However,
oxidative stress seems to be only one of several causes. Other diseases and disorders that are not
associated with strongly enhanced oxidative stress lead also to decreased melatonin levels.
Moreover, in AD as well as in normal aging, degenerative processes in SCN, pineal gland and
their connections have to be taken into consideration (14, 26). This has, in particular, considerable
consequences to the melatonin synthetic capacity. It has been reported that the gene expression of
AANAT, a rate limiting enzyme of melatonin synthesis, is downregulated with aging in mammals
(27) or its phosphorylation is impeded. The role of AANAT phosphorylation is of predominant
importance in primates and ungulates, in which the enzyme is mainly post-translationally regulated,
but less in rodents, in which AANAT is largely transcriptionally controlled (28, 29).
Dephosphorylation inhibits the binding of the stabilizing 14-3-3 protein and, thus, leads to
enhanced proteasomal AANAT degradation (28, 29). Notably, melatonin is a pleiotropically acting
regulator, which also modulates the immune system in multiple ways (30). In summary, whatever
the specific causes of decreased melatonin levels are, the consequences of reduced melatonergic
functionality in countless melatonin-controlled physiological and cell biological parameters have
to be losses of organismal fitness, resilience and resistance.

While most of the facts discussed above concern primarily the pineal gland and circulating
melatonin, it is important to note that melatonin is also synthesized in most, presumably all tissues.
However, extrapineally formed melatonin contributes in mammals, under normal conditions, only
poorly to circulating levels. The widespread formation is not that much surprising, as melatonin
has been shown to be synthesized in mitochondria (31, 32). In mammals, mitochondrial melatonin
formation had recently been demonstrated in the rat brain (33). To which extent mitochondrially
synthesized melatonin contributes to the overall amount present in the human body remains to be
studied in detail. Tissue melatonin can often exceed the circulating levels by far (30, 34, 35), but
the size of its fraction of mitochondrial origin requires further clarification. The presence of
mitochondria is per se no evidence for melatonin synthesis, since the expression of nuclear genes
encoding mitochondrially targeted proteins is highly tissue specific. Nevertheless, the formation
of melatonin in numerous cell types may be in favor of a mitochondrial origin. On the other hand,
it is important to remain aware that extramitochondrial melatonin formation is not ruled out, most
importantly in the pineal gland, in which the machineries for AANAT regulation are primarily
cytosolic or associated with the plasma membrane (29). Presence in the cytosol does not exclude

Melatonin Res. 2020, Vol 3 (1) 120-143; doi: 10.32794/mr11250052 122



Melatonin Research (Melatonin Res. :/lwww.melatonin-research.ne

localization in the intermembrane space, but formation in the mitochondrial matrix would require
functional analogs (36). Moreover, the mitochondrially formed melatonin in the rat brain did not
exhibit circadian rhythmicity (33).

Mitochondria are particularly vulnerable to oxidative stress and mutation. The mutation
accumulation of mitochondria increases with aging and finally will jeopardize their functions.
Dysfunctional mitochondria not only produce less ATP, but can be also assumed to synthesize
lower amounts of melatonin, another possible contribution to its aging-related decline.

Melatonin’s primary function serves as the first line antioxidative defense in organisms (37)
and other functions are acquired during evolution (38). For example, its earliest acquired function
may be regulation of innate immunity. Primitive forms of innate immunity have been demonstrated
in invertebrate animals and even amoebae, as a means of host defense against intruding pathogens
(39-42). The modulation of immune responses by melatonin has been observed decades ago (43).
Melatonin impacts both innate and adaptive immunities. These have been extensively reviewed by
several authors (9, 44-46). Recently, the focus has been given to the anti-inflammatory activity of
melatonin (47-49). Inflammation largely belongs to the innate immune response. Meanwhile,
several studies have reported antiviral and antibacterial activities of melatonin in animals and in
plants (50-53). These reports are challenging with regard to the questions of whether and under
which conditions melatonin enhances or suppresses the innate immunity in organisms. This review
tries to clarify this issue based on the published literature and our understanding on the basic
function of melatonin in organisms.

3. INNATE AND ADAPTIVE IMMUNITIES

Immunity against foreigners’ invasion iS one of the most complex processes in organisms.
Defense against invaders can be traced back to early life forms in the evolution. Prokaryotic
organisms have already developed immune responses, in a broader sense, toward virus infections
(54). This is known since quite some time for bacteria, but has meanwhile also been demonstrated
for archaea. Despite the considerable differences between bacterial and archaeal viruses (55, 56),
similar defense strategies are present in either prokaryotic domain. In both of them, clustered
regularly interspaced short palindromic repeats (CRISPRs) are the basis for eliminating undesired
genetic elements of foreign origin, whereas the CRISPR-binding proteins (Cas proteins) vary
between species. CRISPR/Cas systems are, thus, regarded as examples of anti-viral immunity in
prokaryotes (57-59). However, in mechanistical terms, CRISPR/Cas systems differ from
conventional processes of vertebrate innate immunity. Nevertheless, they show a relationship to
eukaryotic noncoding RNAs, as CRISPR RNAs are related to piRNAs (PIWI-binding RNAS),
which are capable of silencing transposable elements (60, 61). Therefore, the piRNA-directed
mechanism has been regarded as a form of eukaryotic immunity (61). Remarkably diverse
mechanisms of defense against viral or bacterial intruders are already present in eukaryotic unicells
(62). Upon the appearance of multicellular organisms, the innate immune system has expanded
from intracellular to intercellular mechanisms. This was accompanied by a considerably increase
in the number of secretory factors, from antimicrobial peptides, which are found in both unicellular
and multicellular organisms, to additional factors that either attack pathogens in the extracellular
space or numerous regulatory molecules, which often bridge between the innate and adaptive
systems. The intercellular innate immunity is primarily based on specific cell types, such as various
forms of phagocytes and, in vertebrates, NK cells. However, non-lymphocytic immune cells that
are traditionally regarded as part of the innate system can, in fact, be also directed via antibodies
by the adaptive system. Innate immune cells act as first-line protectors and also orchestrate defense
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machineries to protect against potentially multiple invasions and afford clearance of pathogens
before they enter inside cells. In case that some pathogens intrude cells, the intracellular innate
immunity will be activated. These innate immune activities respond to any pathogen they detect
and are versatile with regard to targets. This does not imply a general lack of specificity, but works
mainly on the basis of identification of molecular non-self characteristics, such as presence of
double-stranded RNA, non-self RNA modifications or secondary structures, oxidatively damaged
DNA, atypical methylation patterns, circular DNA, or formylated N-termini of proteins or peptides
(63-67). Adaptive immune systems have evolved in multicellular organisms, with highest
complexity in vertebrates (39, 68, 69). This system can accurately target the specific pathogens by
antibodies and cytotoxic T-cells, directs by virtue of antibodies innate immune cells and the classic
pathway of the complement system, and generates memory cells that allow rapid responses after
re-infection. Both innate and adaptive immune systems perform coordinately to track, block and
finally destroy invaded pathogens including viruses, bacteria, pathogenic fungi and parasitic
animals.

In multicellular organisms, the physical and chemical barricades are the first defense of innate
immune machineries (which are not discussed in this paper); however, from time to time, the
pathogens may occasionally breach these barriers while entering organisms. In this case, it is up
to the intercellular innate and the adaptive immune systems to respond. Invaders immediately face
the rapid response of intercellular innate immune cells mainly including macrophages and other
monocytes, dendritic cells, basophils/mast cells, neutrophils and natural killer (NK) cells. In part,
these cells fulfill important functions by interacting with the adaptive immune system. Dendritic
cells and macrophages function as antigen-presenting cells. Even NK cells influence the adaptive
immune system by interacting with dendritic cells (70, 71). With the exception of NK cells, other
leukocytes that are conventionally regarded as part of the innate immune system are, in fact, often
directed by the adaptive system via binding or recognizing antibodies. However, these cells are
also capable of acting independently of the adaptive system. While NK cells detect infected or
transformed via absent or strongly reduced MHC class I surface expression (“missing self”) or,
alternately, by several invariable target cell recognition receptors (72-74). These mechanisms are
of particular importance because several viruses are able to suppress the surface expression of
MHC class | molecules and presentation of the virus-derived peptides, which would otherwise be
detected by cytotoxic T-cells (75). In the membranes of infected, transformed or severely stressed
cells, pattern recognition receptors (PRRs) are expressed, such as Toll-like receptors (TLRs), Nod-
like receptors (NODs, NLRs), C-type lectin receptors, etc. Theses receptors, mainly the TLRs,
recognize the particular molecular patterns common to pathogens but absent in hosts (76). This is
referred to as pathogen-associated molecular pattern (PAMP), which includes virus RNA, viral
and bacterial associated proteins and DNAs as well as membrane constituents of bacteria such as
lipopolysaccharide (LPS). Upon recognition of these pathogens, macrophages and neutrophils are
activated to eliminate the pathogens by phagocytosis and chemical attack. These innate immune
cells also secrete cytokines, chemokines and other signaling compounds to organize inflammatory
responses that accelerate pathogen clearance and healing processes. Rarely, some pathogens do
escape the intercellular innate immune attack and invade inside cells. In this situation, the
intracellular innate immune response will act against the intracellular intruders. Generally, this
intracellular innate immune response is not limited to the immune cells, but exists in almost all
cell types. Intracellular PAMP receptors initiate the attack on these intruders by autophagy,
apoptosis, or inflammasome-induced pyroptosis. Several inflammasome types of different
composition and specificity exist, among which the relatively versatile NLRP3 has been studied
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most frequently. The detector molecules also differ with regard to their specificity. For example,
TLR9 and cGAS recognize foreign double-stranded DNA (dsDNA) (77), TLR7 and TLR8 purine-
rich single-stranded RNA (ssRNA) (78, 79), TLR3, RIG1 and NODs double-stranded RNA
(dsRNA)(80-81), respectively. Corresponding differences exist among the inflammasomes, which
are also differently expressed in the various cell types. The AIM2 (absent in melanoma 2)
inflammasome responds to cytosolic dsDNA of viral, bacterial or aberrant host origin (82-84),
whereas IFI16 detects nuclear dsDNA of viral origin (85). The innate immune response occurs
quickly after having encountered the pathogens. At the same time, via cross-talking between the
innate immune and adaptive immune systems, the signal processing cells of innate immune system
such as macrophages and dendritic cells pass the specific molecular patterns of the pathogen to Tc
and B lymphocytes to initiate the adaptive immune response. Since the latter requires cell
proliferation and needs weeks to develop full functionality, the clearance of remaining pathogens
that have escaped the innate immune attack takes considerable time.

4. OVERREACTION OF THE INNATE IMMUNE-RESPONSES, A DOUBLE-EDGED
SWORD FOR HOSTS

In humans, the immune system is essential for protection against infectious diseases. However,
in some cases, unbalanced or overreacting innate immune responses will do more harm than good
to the body. This is primarily occurring in deadly virus infections. For example, the innate immune
overreaction in SARS, MERS, COVID-19 and avian flu virus infections causes serious cell, organ
and tissue damage and leads to unnecessarily, and sometimes (e.g., Ebola) extremely, high
mortality. The world-wide mortality for these highly contagious viral diseases are as high as from
11 to 51% (86-88), compared to 0.0537% (53.7/100,000) in seasonal influenza (89). However,
such comparisons are strongly biased under several aspects: 1). the availability or lack of vaccines;
2). the temporal variation in the occurrence of viral subtypes of differing pathogenicity; 3). high
numbers of unreported cases that vary from disease to disease; 4). differences in target cell
specificity and organ failure; 5). the contribution of cytopathic properties of viral constituents and
of coagulopathies, especially evident in hemorrhagic viral diseases caused by filoviruses such as
Ebola and Marburg viruses (90, 91). Theoretically, in most cases, it is not the virus per se killing
the hosts, but the innate immune overreaction that leads to the so-called “cytokine storm”(92, 93)
and causes host cells entering a suicide mission. Biologically, the best outcome for the intruders
and host cells is their coexistence or symbiosis. The best example for this symbiosis is the
evolution of mitochondria whose ancestors have originally been intruders. Destroying the host is
not the primary purpose of the virus and is also against the natural selective law for their survival.
In contrary, for the host cells, having the unwelcome “guests” is not a comfortable situation and
the host cells will try desperately to eliminate intruders’ spreading and finally get rid of them. For
example, in corona virus invasion (in addition to the virus proteins), its SSRNA will be recognized
as the PAMP, particularly by the RIGs and TLR7. The RIGs or TLR7 will direct this sSRNA to
lysosomes for digestion by RNases. At the same time, the RIGs and TLR7 will also trigger the
type 1 interferon reaction and release of many other proinflammatory cytokines via respective
pathways. In some hypersensitive cases, the cytokine storm is initiated that consists of excessive
production of cytokines, chemokines and other factors. This cytokine storm magnifies the danger
signal of the virus invasion, but also leads to destructive inflammation and host cell damage. In
turn, the components released from damaged cells, particularly from stressed mitochondria,
including mitochondrial DNA, cardiolipin, cytochrome C and also segments of nuclear DNA
(nDNA) will be recognized as damage associated molecular patterns (DAMPSs) by intra and
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intercellular immune molecules including TLR4/7/9, cGAS triggering a further large-scale
proinflammatory cytokine release known as the “secondary cytokine storm”. The induction of
inflammatory reaction cascades by PAMPs and deriving DAMPs leads to a vicious cycle. If this
vicious cycle is not broken, it can result in widespread apoptosis, pyroptosis and necrosis even in
non-infected cells. Self-sacrifice of cells has already evolved in the unicellular organisms, in which
the suicide of infected individuals probably slows down the pathogen spreading within the
population (94). This seems to be a suitable strategy for unicellular organisms, since they lack the
advanced adaptive immune system and are often unable to achieve effective pathogen clearance.
In multicellular organisms, particularly in mammals, the situation is entirely different, since
mammals have evolved a sophisticated adaptive immune system which can specifically target
pathogens with much higher efficiency than the innate one. The activation of the adaptive immune
system including clonal expansion of T and B lymphocytes and production of specific antibodies
require weeks after exposure to a new pathogen. This time period can limit the individual survival,
in cases of attack by potentially deadly viruses such as SARS-CoV, SARS-CoV-2, MERS-CoV,
MARYV, EBOV and related filoviruses. In principle, these diseases can be self-limiting. If patients
are able to generate sufficient amounts of virus-directed antibodies before inflammation and its
consequences like fever and cell damage have severely aggravated the health status, they have a
good chance to survive. Thus, a feasible strategy to decrease the mortality from these deadly
infections is to break the destructive inflammation vicious cycle, i.e., to suppress the overactivity
of the innate immune response. In this way, the patients will gain the precious time required to
fully establish the adaptive immune response and attain sufficient amounts of specific antibodies.

It appears that bats, which are reservoirs of various corona- and filoviruses that are deadly to
humans, have evolved a strategy to tolerate these viruses by preventing an overshooting innate
immune response (95). For instance, they express interferon subtypes such as IFN-® variants that
compete with more strongly proinflammatory IFNs; they also express NK cell receptor variants
such as NKG2-like homologs that contain inhibitory motifs in the cytosolic domain; they
overexpress MHC class | molecules and, thereby, seem to circumvent the missing self (95).
Different from other mammals, bats take advantage of a strategy of virus tolerance by avoiding an
overreactive innate immune system, instead of an enhanced antiviral defense.

In humans, such a strategy of virus tolerance does not seem feasible, for genetic reasons.
Instead, anti-inflammatory treatments are recommendable. This idea had been occasionally
followed. For example, during the SARS breakout in 2003, glucocorticoids were used for this
purpose, but, when used as monotherapy, were only tested in very small cohorts of limited
statistical value, whereas combination treatments with virostatic drugs were moderately more
successful, but did not allow profound conclusions (96). However, as mentioned in the
introduction, the additional immune suppressive and other serious side effects of the steroids
remain a matter of concern (97). To identify remedies which can modify the innate immune
response without serious side effects is necessary and urgent. As to our knowledge, melatonin is
such a molecule which can reduce the overreacting innate immune response and, at the same time,
promote the adaptive immunity. Additionally, it has been shown to interfere with replication and
pathogenicity of some other viruses. These properties will be discussed in detail below.

5. MELATONIN ON INNATE AND ADAPTIVE IMMUNITY

The impact of melatonin on immunity was reported decades ago (98, 99). After the discovery
of melatonin as a potent free radical scavenger and antioxidant (15), scientists have started to
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investigate the potential anti-inflammatory activity of melatonin since the inflammation involves
the free radical reaction. Cuzzocrea et al. (100) in 1997 first reported the protective effects of
melatonin in carrageenan-induced local inflammation and attributed this anti-inflammatory effect
to its antioxidant activity by scavenging peroxynitrite. In the follow-up studies, the group also
observed that melatonin not only suppresses the non-specific local but also the systemic
inflammations induced by zymosan in rats (101, 102). Thereafter, the anti-inflammatory activity
of melatonin in different inducers, animal models and even in human clinical trials has been
documented (103-106). Inflammation is always manifested by neutrophil infiltration, increased
microvascular leakage, tissue swelling and fever. Normal inflammation helps the tissue to recover
from the infections or non-infection injury. However, excessive inflammation can enhance or
accelerate tissue injuries. The excessive inflammation is primarily the overreaction of the innate
immune system on pathogen (PAMP) and further magnified by cell damage (DAMP). Both PAMP
and DAMP related innate immune overreactions can be effectively regulated by melatonin (107,
108). Toll-like receptors (TLRs) play a key role in the innate immune system and they are
expressed on immune or non-immune cells. They recognize structurally conserved molecules
derived from pathogens to initiate the inflammatory reactions. Melatonin either downregulates the
expression of TLR2, TLR4 and TLR9 or inhibit their downstream pathways under the inflammation
but not under normal conditions. For example, in H. pylori infected mice, melatonin suppresses
the TLR2/MyD88/p-ERK pathway to reduce the IL-2, IL-6, IL-10, IL-17, IFN-y and TFN-a
production and subsides the inflammation (109). In LPS treated neonatal rats, melatonin reduced
the innate immune response and, thus, inflammation by inhibiting the TLR4/ MAPK/NF-xB
pathway (110). These effects are mediated by the melatonin membrane receptors MT1 and MT2,
since the anti-inflammatory effect was reduced by blocking these receptors (111, 112). In contrast,
the suppressive action of melatonin on the TLR9-mediated innate immune response involves
inhibition of the ERK1/2 and AKT pathways, which have been reported to be melatonin receptor-
independent (113). NOD-like receptors (NLRs) are intracellular sensors of PAMPs and they
cooperate with TLRs participating in regulation of intracellular innate immune responses, such as
inflammation and apoptosis. NLRP3 belongs to subfamily of NLRs and the NLRP3 inflammasome
IS a caspase-1 activating complex, which is inactive under normal conditions. When it is activated
by PAMP and DAMP, the caspase-1 within the activated NLRP3 inflammasome in turn activates
the inflammatory cytokine, IL-13 (114). In septic mice, melatonin treatment was reported to
abolish the NLRP3 inflammasome activation, an effect that was ascribed to RORa (115), which is
now known to not bind melatonin and, therefore, to be no melatonin nuclear receptor (116. 117).
The molecular pathway consists in blunting of the NF-xB/NLRP3 connection by melatonin, which
results in an erasure of the sepsis-induced information (118). Therefore, melatonin possesses the
capacity to suppress the NLRP3 inflammasome activation induced by different activators
including cigarette smoking, LPS, radiotherapy, endoplasmic reticulum stress and cadmium
toxicity (119-123). Not only the exogenously applied but also the endogenously produced
melatonin inhibits the NLRP3 inflammasome activation. In a murine model of ovalbumin (OVA)
induced allergic asthma, CpG-ODN (GpC-rich oligodeoxynucleotide) suppressed NLRP3
inflammasome activation and airway leukocytes infiltration, goblet cell hyperplasia and Th2
cytokines production (124). These effects by CpG-ODN were attributed to upregulation of
melatonin synthetic enzymes, increased melatonin production, and abolished by the melatonin
receptor antagonist, luzindole (124). Moreover, exogenous melatonin mimicked the anti-allergic
actions of CpG-ODN (124). Actually, melatonin is known to be synthesized by mitochondria and
these organelles are also important players in innate immunity and guardians of the inflammatory
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response (125). Mitochondrially produced reactive oxygen species (ROS) stimulate the innate
immune signaling cascade and intensify inflammation upon cytotoxic stimuli beyond microbial
infection (126). Mitochondria have originated from a-proteobacteria and still retrain some features
of their ancestors including the circular CpG-unmethylated DNA, N-formyl peptides, cytochrome
C, membrane cardiolipin, elevated succinate and ATP. Upon their release from mitochondria under
stressful conditions, all of them can serve as DAMPSs to initiate the innate immune responses
including autophagy, NLRP3 inflammasome activation and apoptosis (127). High levels of
melatonin generated by mitochondria may provide on-site protection. Melatonin has been shown
to preserve the mitochondrial membrane potential by regulating the mitochondrial permeability
transition pore (mPTP) and thus, to prevent the release of mitochondrial contents (128, 129). In
this way, melatonin blocks the secondary inflammatory cytokine storm caused by DAMPs of
mitochondrial origin. Melatonin’s anti-inflammatory actions that can be mainly attributed to the
modulation of the innate immune system have been shown to involve numerous additional
mechanisms, as summarized elsewhere (9). These effects comprise reduction of cyclooxygenase-
2 and NO-mediated activation of phagocytes and microglia; promotion of Nrf2 signaling, which
counteracts NF-kB stimulated prooxidant and pro-inflammatory actions; upregulation of sirtuin-1
expression, a regulator that also displays anti-inflammatory effects, including inhibition of the
TLR4 activator HMGB1 (high-mobility group box 1), of mTORC1 (mechanistic target of
rapamycin receptor complex 1), NF-xB, NLRP3, NICD (notch intracellular domain) in
macrophages, and expression of the proinflammatory noncoding RNA IncRNA-CCL2. Moreover,
melatonin has been recently reported to shift macrophage polarization from the proinflammatory
type M1 to the anti-inflammatory M2 (49). Corresponding effects can be assumed for tissue-
resident macrophage-like cells including microglia, in which the M1/M2 polarity also exists.

As to the adaptive immunity, melatonin exhibits various positive effects. One of the important
targets of melatonin on adaptive immune system is the thymus which is experiencing atrophy with
aging, leading to reduced thymus-specific cytokine production and decreased capacity for
maturation, positive and negative selection of T lymphocytes (130). Melatonin delays and
diminishes thymic involution and promotes the regeneration of the thymocytes (131, 132).
Melatonin, thus, promotes T-cell activation and differentiation including Th17, Treg cells and also
memory T-cells. Several cell signaling pathways, including ERK1/2-C/EBPa, are involved in the
regulatory roles of melatonin in T-cell biology (133). The influence of melatonin in T-cell biology
is primarily mediated by its membrane receptors (134) as well as receptor-independent
mechanisms, for example, its direct antioxidant activity. MT1, MT2 receptors have been identified
in the thymus and T-lymphocytes (135). Additional claims concerning nuclear receptors (135)
remain to be revisited, notwithstanding the fact that the presence of RORs is not disputed (136).
In addition, melatonin positively regulates the B lymphocyte activities. It promotes the B-
lymphocyte proliferation in birds (137) and in human tonsillar tissue (138). In mice, melatonin
administration inhibits the apoptosis of the precursor B cells in bone marrow and substantially
promotes the survival of newly formed B cells mediating humoral immunity (139). Melatonin
injection in sheep boosts the antibody titer (140) and serum IG G level. As a result, melatonin is
suggested to be used as the adjuvant of vaccine to increase the antibody production (141). In fact,
this led to substantially higher antibody production and also sustained it for a longer duration than
that without melatonin adjuvant (142). Interestingly, the immune systems including thymus, bone
marrow, lymphocytes, and other immune cells have the capacity to biosynthesize melatonin (143-
146). Melatonin can serve as a hormone, paracrine, autocrine or tissue factor to coordinate the
function of the immune system. Therefore, melatonin deficiency significantly impacts its function.
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This has consequences to the vulnerability to severe infectious diseases in elderly patients as seen
in COVID-19, because a well-functioning immune system is believed to be the strongest predictor
of human longevity and healthy aging, as summarized elsewhere (147).

6. MELATONIN IN INFECTIOUS DISEASES

The potential utility of melatonin in parasite, bacterial and virus infections have been discussed
in several excellent reviews (46, 148, 149). Here, we will focus on the potential effects of
melatonin on deadly virus infections such as SARS, MERS, COVID-19, avian flu and filoviral
hemorrhagic fevers. As mentioned above, melatonin is a phylogenic ancient molecule and serves
as a signaling molecule of stress for numerous organisms. Therefore, melatonin cannot be expected
to directly kill the parasites, bacteria, pathogenic fungi and viruses but can protect them against
many forms of biotic or abiotic stress as a universal antioxidant and regulator. For example,
melatonin treatment modulates the bacterial and fungal communities in agricultural soils under
abiotic stress. This treatment even increases the populations of some microbes as indicated by the
increased operational taxonomic units (OUT) which are suppressed under abiotic stress (150).
Recently Madigan et al. have also observed that high doses of melatonin application increase the
abiotic stress tolerance to phytopathogenic fungi in an in vitro study (Melatonin Research, in press).
In its property as a stress signal molecule, melatonin is assumed to cause the microbes to hold
excessive proliferation in favor of survival in adverse environments. Under a non-stressful
condition (normal condition), holding of proliferation reduces the microbial vulnerability and can
be expected to also result in response to a stress signal transmitted by exogenous melatonin. The
first antibiotic effect of melatonin on bacteria was reported by Tekbas et al. (151). They observed
that melatonin inhibited the growth of common pathogenic bacteria including Staphylococcus
aureus, Pseudomonas aeruginosa and Acinetobacter baumannii by prolonging the lag phase of
bacterial growth, another indication of melatonin’s anti-proliferative actions in bacteria.
Eukaryotic hosts and many microbes, too, possess the capacity of synthesizing melatonin for their
respective own benefit. During evolution, some parasitic microbes have established symbiotic
relationships to their hosts. One beneficial effect of this symbiosis seems to be that parasitic
microbes or their descendants provide more melatonin to the hosts. The mitochondrion is one of
the examples. In some cells, the majority of melatonin has been found to be generated by the
mitochondria (32, 152, 153). However, the body of evidence is still small and not based on
mitochondrial vs. cytosolic comparisons. In the choroid plexus, conclusions were drawn from
AANAT/MitoTracker colocalization (153). During oocyte maturation, mitochondrial synthesis
was demonstrated in mitochondrial cultures (152). Other data have been obtained in plants (154).
Although the basis for generalizations and applicability to humans is still insufficient, the emerging
consequences, if documented on a broader scale, would be highly fascinating. They would imply
that mitochondria do not only provide ATP to the host cell, but also by delivering melatonin
convey another important function (32). Some further examples are known from the botanical field
and shall not be discussed here in detail. Both additional melatonin supply by an endophytic
bacterium (155) and reduction of host melatonin synthesis by phytopathogenic bacteria (156) have
been reported, as well as counteractions of exogenous melatonin (157).

The association of melatonin with mitochondria is also of potential interest to virus infections.
Viruses have been shown to directly modulate mitochondrial structure and function and, thereby,
to impact the innate immune responses of the host cells (158, 159). It is not unlikely that virus-
induced mitochondrial dysfunction can reduce melatonin production of host cells. It may be an
additional strategy of viruses to attack the melatonin synthetic capacity. This assumption would
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be in agreement with clinical data on reduced salivary (160) and serum melatonin levels (161) in
HIV infected patients. This phenomenon was also observed in the patients of hemorrhagic fever
with renal syndrome (HFRS) which occurs after infection with hantavirus [(-) SSRNA (negative-
sense single-stranded RNA)]. In the acute stage, plasma melatonin levels of these patients were
significantly lower than those of the normal controls. Moreover, melatonin levels were negatively
correlated with WBC counts at acute and convalescence stages. The authors concluded that
melatonin might be involved in the regulation of inflammatory responses in HFRS patients, with
consequences to pathogenesis and disease progression (162).

For the hosts, melatonin improves the defense system by upregulating the expression of
antioxidant enzymes such as SOD, CAT, and glutathione peroxidase (163), effects that reduce the
oxidative tissue damage caused by the pathogens. Most importantly, melatonin redirects the host
immune response, i.e., by controlling the potentially overreactive innate response and promoting
the adaptive immune response. The above-discussed cytokine storm may be stronger if pathogens
have downregulated melatonin formation. This overreaction by innate immune cells may be
induced by PAMP/DAMP-initiated and TLR-mediates activation of the NFkB and AP-1 signaling
pathways (164), but can be also directly induced by viruses, e.g., by SARS-CoV protein ORF3a
(165). The released proinflammatory cytokines include especially TNFa, IFNo/y, IL-1p, IL-2, IL-
6, IL-8, IL-17A, IL-23, and various chemokines, such as monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein 1 (MIP-1B), RANTES, interferon-inducible protein
1 (IP-1), and IFNy-induced CXC chemokines. Elevated melatonin levels significantly decrease the
first and secondary cytokine storms and, thereby, lead to the reduced tissue and organ damage as
well as increases in the survival rate in septic animal models (166) and in human subjects (103).
The beneficial effects of melatonin on multiple bacterial sepsis are by downplaying the innate
immune response to suppress the phagocytic activities of neutrophils; however, promotes the
development of the neutrophil extracellular trap (NET) to control the bacterial spreading out (166).
Moreover, the downregulation of inducible NO synthase, reportedly with particular importance of
a mitochondrially targeted subform, mt-iNOS, has been found to be a decisive advantage of
melatonin treatment in rescuing animals from bacterial sepsis (167-171). Further references are
summarized elsewhere (9, 172).

Concerning virus infections, melatonin has been successfully used to treat different diseases in
animal models. In minks afflicted by parvovirus (a single-stranded DNA virus), melatonin
significantly reduced death rate (173). Similar results have been observed in infections by Semliki
Forest virus [(+) ssSRNA virus (positive-sense single-stranded RNA virus)] (174), Venezuelan
equine encephalomyelitis virus [(+) SSRNA virus] (175), LP-BM5 retrovirus (176), respiratory
syncytial virus [(-) sSRNA (negative-sense single-stranded RNA) virus] (177), rabbit hemorrhagic
disease virus [(+) sSRNA virus] (178). According to these findings, melatonin can convey
protection against all virus types, as far as the differences in nucleic acid genomes are concerned.
This indicates that melatonin’s actions are not a matter of virus specificity, but rather of
inflammation suppression. Coronaviruses, on which this article is centered, are (+) SSRNA viruses.

7. COULD MELATONIN BE USED AS A VERSATILE ADJUNCT TREATMENT FOR
DEADLY VIRAL DISEASES? FOCUS ON CORONA AND INFLUENZA VIRUSES

The purpose of this section is not to advocate the replacement of conventional therapies, as far
as vaccines and specific anti-viral drugs are available. However, this is not always the case,
especially when new zoonotic viruses or new subtypes of viruses appear. Moreover, as outlined
above, building up a sufficient immune protection via the adaptive system, either by vaccination
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or in the course of disease progression, takes considerable time. Before this state has been attained,
a viral disease with potential for a deadly outcome may have already caused a life-threatening
crisis. Moreover, some anti-viral drugs have serious side effects. Outbreaks of deadly viral diseases
often appear suddenly and unexpectedly, especially in zoonoses. This was the case with several
coronaviruses, such as SARS-CoV, SARS-CoV-2, MERS-CoV and zoonotic influenza viruses, in
particular, A/H5N1 (avian influenza virus). In the past, several of these infectious diseases
disappeared relatively soon, but there is no guarantee for this in newly appearing diseases, such as
COVID-19 caused by SARS-CoV-2. Both corona and influenza viruses are present in countless
forms in the majority of domestic and wild mammals and birds. SARS-CoV-2 seems to have its
origin in bats, but may already be the result of recombination and/or mutations. Its genome has an
identity of 96.2% of a SARS-related virus, SARSr-CoV RaTG13, but is more unsimilar to SARS-
CoV and MERS-CoV (179). Moreover, the functional sites of the SARS-CoV-2 spike protein
closely resemble those of pangolin coronaviruses (180, 181). Two major types of SARS-CoV-2
have been identified, type L and type S, and within the months since outbreak, a quantitative shift
in favor of the S type has already occurred (179). These findings demonstrate the variability of
viruses, which generate new types and change their proportions within short periods of time.
Variability and changing types is already a classic in animal and human influenza viruses (182,
183). All this shows how laborious, time and money consuming the repeated adaptation of
vaccines to the changing requirements of virus control have to be. If vaccines are available at all,
a certain proportion of individuals will not receive them and remains in this regard unprotected.
Whether anti-viral drugs may be applicable, depends on the specific virus or its subtype. For all
these reasons, a more generalized and less virus-specific therapy is urgently needed, especially to
prevent lethal outcomes. This is the more required as anti-viral medicine has not been developed
for the purpose of preventing the massive and potentially fatal tissue damage caused by the
overreacting innate immune system. Moreover, it may be also decisive to bridge the weeks of the
window period, until the host adaptive immune system is sufficiently effective. Therefore, a major
necessity should be seen in the availability of an anti-inflammatory medication, which is not
associated with simultaneous suppression but rather support of the adaptive immune system. Such
a treatment can serve as the basic complementary remedy to reduce the irreversible tissue damage
and mortality. Melatonin appears to be such a remedy. As summarized in the preceding section,
melatonin has already been shown to be effective in various viral diseases and can rescue
organisms from high-grade inflammation in sepsis. Moreover, a recent network-based approach
has identified melatonin as one of the top candidates for treatment of viral diseases, with particular
focus on coronaviruses (184). These considerations may be equally applicable to severe cases of
disease progression in seasonal flu, which also leads to thousands of deaths yearly, and to zoonotic
influenza infections, especially avian flu. Finally, it should be noted that melatonin shows an
excellent tolerability profile, which has allowed to give 300 mg daily for 2 years to severely ill
ALS patients, without any negative side effects (185). Depending on the health status and disease
progression, melatonin may be given in the respective viral diseases either as an adjunct therapy,
along with anti-viral medication, or as a regular systemic treatment starting with early signs of
infection. The potential mechanisms of melatonin for therapeutic purposes are summarized in
Figure 1.
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Fig.1.lllustration of the potential effects of melatonin on the overreaction of the innate
immune response induced by deadly virus infection.

SARS-CoV, SARS-CoV-2, and MERS-CoV are all single-stranded RNA (ssRNA) viruses. Here,
an ssRNA virus is selected to serve as an example. To simplify the process, only ssSRNA is used as
the PAMP. TLR7 is the receptor to recognize the virus ssSRNA as the PAMP. MT: melatonin, X :
blocking effect.

8. APPLICABILITY TO OTHER VIRAL DISEASES?

The question of whether conclusions obtained from corona and influenza viruses can be
translated to other deadly viral diseases has to consider the often substantial differences between
virus particles, their cytopathic constituents, and types of disease progression. This would be of
particular interest several filoviruses of the (-) SSRNA category that cause hemorrhagic fevers,
such as Ebola viruses, among which three of the five known forms are highly lethal (EBOV, SUDV,
BDVB), and Marburg virus (MARV) as well as its related Ravn virus (RAVV). In these
hemorrhagic fevers, disease progression and pathological changes differ considerably from those
observed in corona or influenza viruses. The symptoms appear typically in a biphasic sequence. In
the initial phase, symptoms are reminiscent of a flu, while inflammatory responses in the organs
are in the beginning moderate, but become progressively serious and lead to conjunctivitis,
diarrhea and other symptoms. These diseases, in particular, the lethal forms of Ebola, are also
characterized by leukopenia and lymphopenia, followed by thrombopenia, endothelial leakage
with hemorrhage and coagulopathy, which contribute to multi-organ failure (186).

An important difference to corona and influenza virus diseases concerns the changes in the
immune status. In addition to cells of various organs, EBOV also infects macrophages, monocytes,
dendritic cells and lymphocytes, which leads to changes in cytokine levels and, also, to
overactivation of the extrinsic pathway of coagulation, which may be the cause of disseminated
intravascular coagulation (186). The infection of macrophages and monocytes leads to aberrant
patterns of cytokine and chemokine release, with transient elevations of IL-1p, IL-6, TNFa and
MIP-1B in the early phase, followed by increased circulating interleukin antagonists and receptors
(IL-1RA, sTNF-R, sIL-6R) in the later phase and after recovery. Surprisingly, a fatal outcome was
associated with poorly elevated levels of IL-6 and TNFa, but high levels the anti-inflammatory
factors IL-10, IL-1RA and sTNFR, low concentrations of MIP-1a and MIP-1p and undetectable
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IL-1B, whereas normal or elevated levels of the proinflammatory cytokines IL-13 and IL-6 were
indicators of a non-fatal outcome (187). In other words, the lethal consequences in Ebola do not
seem to be related to an overactivated innate immune system, but rather to its failure due to
infection of macrophages and monocytes. Therefore, treatments that suppress the innate immune
system are not recommendable in the late phases of disease. Whether they may be useful in earlier
stages, remains to be investigated.

Melatonin has been suggested to be used in Ebola disease (188-190). Its suitability has been
confirmed in a recent experimental study in cultured endothelial cells and engineered vessels (191),
which showed that melatonin protected against aloumin leakage induced by Ebola virus-like
particles. Based on the molecular concentrations, the efficacy of melatonin seemed to be 10-fold
higher than that of FX06, a specific Ebola disease medicine. The high efficacy of melatonin
conforms to observations in another viral disease, Venezuelan equine encephalomyelitis (VEE)
caused by the Togavirus VEEV, another (+) sSRNA virus. The disease is rarely transmitted by
mosquitoes to humans, but can be lethal. When mice were infected by VEEV, melatonin’s efficacy
was, again, impressive. If melatonin was given at 1mg/kg subcutaneously 3 days before and 10
consecutive days after inoculation, the mortality of the infected mice was reduced from 100% in
untreated animals to 16%. Moreover, very high titers of IgM antibodies were found from three to
seven weeks after virus inoculation (175). The dose of 1mg/kg is for a 70 kg body weight human
subject easily achievable and has no or only small side effects for several months of use in humans
(192).

9. CONCLUSION

Virus infections can attack the melatonin synthetic system resulting in reduced melatonin levels
in hosts. This often leads to altered immune responses, specifically, with the overreaction of the
innate immune response. The uncontrolled innate immune response promotes the massive
inflammatory reaction and causes irreversible tissue damage and mortality of the hosts. Melatonin
as a potent antioxidant and immune regulator not only suppresses the oxidative stress but also
controls innate immune response and promotes the adaptive immune response. Collectively,
melatonin administration subsides the excessive inflammation and increase the tolerance of host
to the deadly virus infection and finally the hosts will recover from the infections. These properties
should be used in all those deadly viral diseases that are associated with an emerging overactivity
of the innate immune system, whereas other diseases with a breakdown of the innate arm due to
leukocyte infections have to be considered with caution and will require further research on the
suitability in the early phase. Especially in cases in which no specifically effective treatments of
the deadly virus diseases are available, the high safety margin of the melatonin may be seen as an
option with low risk. We think that melatonin is a best candidate to serve as complementary and,
perhaps, regular conventional treatment for deadly viral diseases.
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