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ABSTRACT

Viral infections can cause serious diseases which lead to significant morbidity and mortality
of patients. In most cases, effective therapeutic approaches are lacking. Melatonin (MEL), a
multifunctional molecule produced in the pineal gland and many other organs, is known as a potent
anti-inflammatory and antioxidant, a positive regulator of immune functions and a suppressor of
apoptosis, with therapeutic effects in diverse diseases. These actions suggest the potential of MEL
to treat viral infections. A variety of studies have shown that MEL supplementation is effective
against a number of viral infections. Many of these reports have strongly suggested its use as an
adjuvant or therapeutic agent. Notably, the efficacy of this molecule as a prophylactic or
therapeutic weapon against COVID-19 has been demonstrated both in experimental conditions
and in clinical trials, and it can reduce the severity and mortality of the patients. This review
summarizes actions of MEL on viral infections and focuses on its therapeutic effects against
COVID-19 and generally highlights MEL as an attractive therapy in other viral infections.
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1. INTRODUCTION

Melatonin  (MEL) is an indoleamine (N-acetyl-5-methoxytryptamine) found in
microorganisms, plants and animals (1). In vertebrates, MEL is a secretory product of the pineal
gland from which it is discharged into the blood and cerebrospinal fluid in a cyclic manner under
the control of master circadian biological clock, the suprachiasmatic nucleus in the anteriobasal
hypothalamus (2). The circadian rhythm of MEL provides chronobiological information that
synchronizes and balances physical, physiological and behavioral rhythms (3). MEL is
amphiphilic molecule and easily enters into cells where it functions via receptor-dependent or
receptor-independent mechanisms (4, 5). Besides its production and release from the pineal gland,
many other organs contain large quantities of MEL which are not derived from the pineal gland
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(6). Based on the MEL synthetic processes, it seems that major portion of MEL is synthesized in
mitochondria of all cells that is used locally and seldomly enters the circulation (7-10).

In recent decades, it has been recognized that MEL has numerous essential functions. It is
implicated in sleep induction, energy-metabolism, vasomotor regulation, anti-excitatory,
antioxidant and anti-inflammatory actions; it also influences mitochondrial electron flux,
mitochondrial permeability transition pore (mtPTP), and ATP production (11-16). Therefore, a
decrease in MEL generation is likely to contribute to diverse dysfunctions that characterize what
are referred to as mitochondrial diseases (9). In fact, clinical trials have shown that MEL prevents
cell injury under the conditions such as aging, inflammation, sepsis, asphyxia in newborns, cancer
and metabolic/neurodegenerative diseases (17-22). The clinical efficacy of MEL in treating sleep
disorders, cardiovascular diseases and many other pathologies have been documented (23). MEL
can also reduce the side effects and increase the effectiveness of many drugs (24) and is especially
effective in reducing the toxicity of chemotherapies as well as the chemoresistance of cancer
patients (25). Additionally, this molecule has a high safety profile (26).

Melatonin plays a central role in the neuroimmune-endocrine system and it is a potent anti-
inflammatory/antioxidant, a positive mediator of immune functions and an inhibitor of apoptosis
which associate with its therapeutic effects in many diseases (27-30). These actions suggest the
potential of MEL to treat viral infections, which often cause inflammatory damage and high
oxidative stress (31, 32). MEL is believed to be a viable therapeutic alternative in fighting fungal,
bacterial, parasitic and viral infections (33-35). MEL supplementation has been reported to
effectively protect against several viral infections, both in vitro and in vivo, in animals and in
humans (33, 35-38). Remarkably, MEL improves the resistance of plants to tobacco mosaic virus,
even though plant viral diseases are difficult to control once the plants are infected (39).

Currently, an increasing number of studies suggest or strongly recommend the use of MEL as
an adjuvant or therapeutic agent to combat viral infections (35, 37, 38), including those caused by
Ebola virus (EV) (40) and Zika virus (ZIKV) (41). Notably, clinical trials have documented the
efficacy of MEL as a prophylactic or therapeutic molecule for COVID-19, reducing the severity
and mortality of the disease (38, 42, 43).

This review summarizes roles of MEL in viral infections and focuses on the therapeutic effects
of this multifunctional molecule in COVID-19 disease; it specifically highlights MEL as an
attractive therapy for SARS-CoV-19.

2. MELATONIN AND ITS POTENTIAL EFFECTS ON VIRAL INFECTIONS

The high efficacy of MEL as an indirect antiviral agent derives from its multiple effects
including its potent antioxidant, anti-inflammatory, immune-enhancing, as a direct regulator of
cellular processes and modulator of circadian rhythms which are essential for the optimal
physiology of the host (20, 27-30, 36). MEL displays anti-inflammatory effects in viral infections,
both in vitro and in vivo, through several pathways. MEL regulates pro-inflammatory enzymes and
the production of inflammatory mediators. It decreases pro-inflammatory but increases anti-
inflammatory cytokines (36, 44, 45) indicating that this molecule reduces the inflammatory
response resulting from infections, i.e., the “cytokine storm”. MEL actions lead to an augmentation
in immune responsiveness and regulation of several immune functions (36, 46-48). The circadian
rhythm, as managed by pineal MEL, is a vigorous immune modulator with consequences such as
the up-regulation of the mitochondrial melatonergic pathway (49).
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Melatonin has direct and indirect antioxidant effects. It works through both receptor-
independent and receptor-dependent antioxidant processes. MEL is a free radical scavenger, also
induces the synthesis of antioxidant enzymes and constrains the activity of pro-oxidant enzymes
(27, 50, 51); its metabolites also have high antioxidant activity (52). It also defends the
mitochondria against oxidative stress by improving electron transportation through the complexes
in the inner mitochondrial membrane, which prevents electron leakage and formation of reactive
oxygen species (ROS) (50).

The anti-apoptotic effects of MEL on virus-infected cells are well documented (53, 54).
Autophagy is recognized as a mechanism of defense to viral and bacterial pathogens (55) and MEL
controls autophagy through redox-sensitive transcription factors (56).

There are findings that suggest the direct antiviral effects of MEL. It controls the spread of
coronaviruses (37), interferes with angiotensin-converting enzyme (ACE)2-SARS-CoV-2

coupling during virus fusion (45), varies ion flux inside the cell that avoids viral entry, interacts
with the SARS-CoV-2 membrane and its genetic material and regulates gene expression (54).
MEL also reduces or suppresses the replication of several viruses such as Semliki Forest virus
(SFV) (57), Venezuelan equine encephalomyelitis virus (VEEV) (58), Japanese encephalitis virus
(JEV) (59), Dengue virus (DENV) (60) and EV (61). While MEL is usually considered incapable
of killing viruses, i.e., viricidal, there is evidence to the contrary particularly in JEF virus infection
(59).

Melatonin also has adjuvant immune effects in vaccines. It increases the potency of the immune
response induced by vaccines by increasing CD4+ T cells and 1gG-expressing B cells, including
in immunocompromised patients (45). Various studies have demonstrated that exogenous MEL
improves vaccines by enhancing the CD8+ T cell response in cancer vaccines (62, 63) and humoral
responses against several pathogens, including viruses (64, 65).

The protective effects of MEL on viral infections have been observed for a long time (57, 66).
But, it was not recognized as a potential therapeutical tool until now. Recent studies have showed
that the use of MEL in various viral infections exhibits similar efficiency with appreciable impact
(33, 36-38, 40-43). The capacity of MEL to protect against viral infections is supported by the
results of many studies. An increasing number of reports have demonstrated the beneficial effects
of MEL in the management of several of these infections, as described below, and recommend its
use as a prophylactic or therapeutic alternative to control these infctions (36-38, 40-43, 67, 68).

3. THE ROLES OF MELATONIN IN VIRUS INFECTIONS
3.1. Encephalomyocarditis virus.

Encephalomyocarditis virus (EMCV) belongs to the family Picornaviridae and is highly
pathogenic, causing severe inflammation of the central nervous system (CNS) and heart which
often leads to death (57, 69). MEL has a powerful effect in decreasing the actions produced by the
EMCYV inoculation in rodents; experimental studies show that MEL mitigates paralysis and
mortality in infected mice (66).

3.2. Semliki Forest virus.

Semliki Forest virus (SFV) is a common arbovirus of the family Togaviridae with low
pathogenicity in humans. However, in mice, it invades the brain causing fatal encephalitis (70,
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71). MEL also has a protective effect in mice infected with SFV. This agent reduced viral load and
substantially delayed the onset of the disease and death in infected mice (66). Thus, the beneficial
effects of MEL in controlling animal models of SFV was confirmed.

3.3. West Nile virus.

West Nile virus (WNV) (Flaviviridae family) is not very virulent. However, animals infected
with WN-25 virus and exposed to stress, develop encephalitis that may be fatal (72). The
supplementation of MEL to stressed mice inoculated with WN-25 virus, reversed the
immunosuppressive actions of the stress/virus combination and reduced the death rate of the
animals (57). This study confirms the protective effect of MEL in animal models of WNV
infection.

3.4. Rabbit hemorrhagic disease virus.

Rabbit hemorrhagic disease virus (RHDV), which is highly fatal in rabbits, is characterized by
deadly necrotizing hepatitis and systemic intravascular coagulation (73). Clinical-pathological
symptoms encompass jaundice, coagulation alteration and development of encephalopathy within
2 months of disease onset (74). The prognosis is poor and the survival rate is fewer than 20 %, but
it may reach 80 % after liver transplantation (75).

The pathophysiology of viral hepatitis and the MEL effects are poorly understood. However,
the findings document the significant beneficial effects of the MEL (76, 77). The protective role
of MEL in fulminant hepatic collapse could be due to the induction of the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway leading to the blockage of oxidative stress and increase of
antioxidant enzymes (78). The restrictive effect of MEL on apoptotic injury of the liver was linked
to the inhibition of endoplasmic reticulum (ER) stress, by modulating the unfolded protein
response (UPR) signaling pathway (76). In RHDV infection, the sphingosine 1-phosphate (S1P)
complex induces viral proliferation and subsequent activation of inflammatory pathways. MEL
diminishes IL-6, tumor necrosis factor (TNF)-a, S1P production, and S1PR1/toll-like receptor
(TLR)4 expressions in infected rabbits (77).

Melatonin limits RHDV-induced necrotizing hepatitis due to its anti-inflammatory action and
inducement of regenerative processes (79). MEL produces a dose-dependent inhibition of liver
apoptosis (80) and suppresses the autophagic response activated by the infection (81). In an animal
model of fulminant hepatic failure, MEL decreased autophagy, apoptosis, necroptosis and mtPTP-
driven cell death (82).

The studies also show that MEL regulates inflammation, disrupts ER stress, decreases the
negative molecular mechanisms of RHDV infection and avoids liver failure (76, 77, 79).
Therefore, the use of MEL as a potential treatment for this disease is justified. However, further
studies to better define treatment details are recommended.

3.5. Virus-induced myocarditis.
Diverse infectious agents cause myocarditis which is probably the result of inflammatory
reaction against viruses. A shift is noted from entero- and adenoviruses to herpes virus 6 and

parvovirus B19, as the most often identified viruses in endomyocardial biopsies (83). This disease
contributes to cardiac dysfunction and can advance to cardiomegaly. Viral myocarditis is a main
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cause of abrupt death among young people (84).

The pathophysiology of viral myocarditis is not entirely known. Autophagy removes
intracellular pathogens (85) and a variety of microorganisms utilize mechanisms against this
process for their persistence and proliferation. The exact role of autophagy in cardiac tissue is
unknown. The replication of coxsackie virus B3 (CVB3) is based on intracellular membrane
readjustment into double-membrane vesicles (86). The virus utilizes autophagy to proliferate on
autophagosomal surface (87).

Apoptosis is activated in the myocardium after ischemic insult (88); expanded viral replication
subsequently increases CVB3-mediated myocardial apoptosis (89) through activation of ER stress
by induction of protein kinase R-like ER kinase pathway (90). The elimination of UPR, oxidative
stress and protein glycosylation in the ER lumen may stimulate UPR identified as ER stress (91).
Mitochondrial damage is also another significant mechanism leading to myocardial injury and
cardiac dysfunction (92).

Currently, efficient drugs to treat myocarditis are lacking (84). MEL improves cardiac function,
represses virus-induced cardiomyocyte apoptosis, suppresses ER stress and maintains
mitochondrial function. Moreover, MEL diminishes the up-regulation of Mstl caused by a viral
infection (93). In addition, MEL treatment significantly reduces the myocardial damage by
repressing inflammation, regulating autophagy and inhibiting apoptosis in mice with CVB3-
induced myocarditis (94). Thus, MEL should be considered for the treatment of viral myocarditis.

3.6. Aleutian mink virus.

The Aleutian mink virus (AMV) belongs to the family Parvoviridae. Various strains have been
identified with differing virulence and the severity of infection depends on the host's genotype and
immune status. A dominant pathogenic characteristic of the disease is hypergammaglobulinemia
which produces lesions in diverse visceral organs including the arteries (95). When AMV-infected
minks were subcutaneously implanted with MEL-containing silastic capsules, which discharged
the molecule at a uniform rate a decrease in the mortality rate was observed (96). This finding
suggests that AMV infection is probably repressed by MEL.

3.7. Human papilloma virus.

Human papilloma virus (HPV) belongs to the family Papillomaviridae and is linked to genital
cancers, in particular cancer of the cervix (97). The role of MEL alone in HPV cervical cancer has
not been studied. There is a single study showing that the combination of MEL, which stimulates
the immune system (98), with an inhibitor of indoleamine 2,3-dioxygenase-1, an enzyme linked
to immunosuppression (99), improved vaccine-mediated protective immunity of tumor cells
infected with HPV 16 (62). Thus, MEL may be useful in the treatment of HPV infection (100) and
this should be further investigated.

3.8. Varicella-zoster virus.
Varicella-zoster virus belongs to the Herpesviridae family, and its reactivation causes a
communicable acute condition known as herpes zoster or shingles. Patients usually have a painful,

itchy, or tingly rash that frequently appears on the trunk, along a thoracic dermatome or on the
face (101). A common feature of shingles and other viral infections is that they are often most
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severe in immune-compromised patients (100, 101), a condition that may be rectified by the use
of MEL (102).

3.9. Venezuelan equine encephalomyelitis virus.

Venezuelan equine encephalomyelitis virus, a member of the Togaviridae family, is a common
mosquito-borne pathogen that infects humans and domestic equines. Outbreaks occurred in
Northern South America from the 1920s to the 1970s with thousands of people, horses, and
donkeys affected (70, 104). In humans, the infection causes flu-like symptoms such as nausea,
fatigue, fever, and myalgia. Following encephalitis, about 14 % of patients develop severe
neurological complications such as cloudy vision, confusion, seizures, and coma. Chronic
neurological deficits and death occurs in about 1% of patients (103, 104).

Melatonin has been used in experimental studies, both in vitro and in vivo, against VEEV with
remarkable effective results. Using a mouse model of the VEEV, we found that MEL treatment
delayed the onset of the disease, prolonged the time to death and decreased the virus level in blood
and brain; in surviving treated mice, the VEEV IgM antibody titers were highly elevated 7 weeks
after virus inoculation (58). MEL also prolonged the survival of immunodepressed VEEV-infected
mice (105). Our results provided evidence of the immunoregulatory role of MEL; it increased the
antiviral activity of interferon (INF)-y that could possibly control viral replication at the time of
the VEEV inoculation (106-108). The protective effect of MEL in VEEV-infected mice was found
to be inhibited by luzindole, suggesting that this protection is also mediated by MEL membrane
receptors (109).

In VEEV-infected mice exposed to a high intensity light of 2500 Ix, MEL levels were constantly
elevated and the survival rate increased (110). These results confirm that the intensity of
illumination during the light period affects the metabolism of pineal MEL. Exposure to 2500 Ix
also significantly increased the levels of MEL in the olfactory bulb of VEEV-infected mice (111).
This rise in MEL might be one of the mechanisms of defense against viral attack as VEEV enters
the brain via olfactory pathways (112).

Cultured murine splenocytes infected with the VEEV generate high amounts of NO which were
inhibited by co-treatment of the cells with MEL; the marked inhibition of NO by MEL may be one
means by which it protects against VEEV-infections (113). In a recent study, MEL significantly
reduced nitrite and lipid peroxidation product levels in the brain of VEEV-affected animals (114).
Thus MEL, a well- documented potent antioxidant, may exhibit antiviral actions against VEEV
through inhibition of oxidative stress.

These findings indicate a pronounced beneficial effect of MEL in VEEV experimental disease
and its therapeutic potential in human VEEV infection. However, this has not been confirmed in
humans due, fortunately, to the unavailability of patients since the last VEEV outbreak in
Venezuela was in 1995 (70, 104).

Recent studies showed that MEL diminishes the neural expression of apoptosis marker proteins
and the formation of malondialdehyde (MDA) and nitrite in VEEV-infected mice, both in vivo and
in vitro, and enhances the survival rate (53). Evaluation of VEEV-infected mouse brain showed a
complex immune response to the infection; genes involved in the various immune responses,
apoptosis and inflammation over-expressed in the brain of these animals (115). Alterations in
immune responses and/or oxidative stress likely contribute to the severity of this infection; the
immune-modulatory and antioxidant activities of MEL have been repeatedly confirmed (116).
Recent reports have shown that VEEV replicates in the brain, resulting in inflammation and
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subsequent injury of blood- brain barrier leading to its increased permeability. This event
contributes to neuroinvasion and long-lasting neurological sequelae (117). In addition, microglia
react to the infection by releasing pro-inflammatory factors (118). Additionally, during the VEEV
infection, the initiation of UPR pathway and consequential activation of early growth response
proteinl have important roles in the virus-mediated apoptosis (119).

3.10. Japanese encephalitis virus.

Japanese encephalitis virus is a mosquito-borne virus of the family Flaviviridae that produces
acute encephalitis which is highly lethal in humans. It is the most frequent etiologic agent of viral
encephalitis in Asia (120).

The JEV increases destructive cellular oxidative stress and induces neuronal apoptosis in the
CNS (121, 122), augmenting free radical and lipid peroxidation production and impairing
antioxidant defense mechanisms (122). The increment of oxidative stress resulting from this
infection activates mitochondrial and ER stress (123), increasing the production of apoptogenic
molecules that induce neuronal death (121). The infection induces the migration of immune cells
to the infected sites, promoting the production of neuroinflammatory cytokines that generate
chronic inflammation and neuronal damage (124). Excessive production of TNF-a 2 is one of the
main causes of neuronal apoptosis in JEV infection (125).

Recently, the antiviral effect of MEL in JEV infected SH-SY5Y cell culture was observed by a
time- and dose-dependent reduction in viral yield in the pre- and post-infection treatment with a
mechanism to interfere physiological and/or enzymatic activity of both JEV NS3 and NS5
proteins, suggesting a likely JEV replication inhibition. The major inhibitory effect of MEL was
exerted on the post-entry step of the JEV replication cycle. Increase in the levels of pro-
inflammatory cytokines such as TNF-o and expression levels of inflammation-related genes, as
well as up-regulation of TLR signaling molecules in JEV-infected cells were reported. MEL
treatment attenuated JEV-induced up-regulation of TLRs, nuclear factor kappa B (NF-«B),
cyclooxygenase signaling molecules, the overproduction of TNF-a and prevented the detrimental
effects of inflammation on host cells. An increase in the survival rate of infected cells was
observed. MEL reduced cell apoptosis 48 h after infection, the expression levels of pro-apoptotic
proteins and the activity of the caspase cascade in infected cells; there was also a reduction in the
number of JEV induced-apoptotic neurons (59).

Results of this study support the idea that MEL protects against JEV infection by abolishing
viral replication and inhibiting the inflammation and apoptosis signaling pathways. There is also
evidence that in the case of JEV, MEL may be directly viricidal. Additional studies should be
performed to verify the promising beneficial effects of MEL in this infection.

3.11. Zika virus.

Zika virus is a mosquito-borne flavivirus that causes severe neurological alterations, especially
in newborns (126). Most infected people are asymptomatic and symptoms are usually moderate
including malaise, headache, fever, rash, conjunctivitis, muscle and joint pain (127). However, the
infection has been associated with microcephaly and other congenital malformations in newborns,
abortion, Guillain-Barré syndrome and constant viremia (126, 128, 129).

There is no effective pharmacological treatment for ZIKV infection. In cultured Vero and SK-
N-SH, a human neuroblastoma cell line, MEL treatment decreased viral yield prior to infection
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and after exposure to the virus. The efficacy of MEL in restraining the infection was time- and
dose-dependent. At a high concentration, MEL significantly decreased viral replication by more
than 50% up to 3 days after being infected with ZIKV; at lower MEL concentrations, it initially
produced a progressive reduction in ZIKV activity after 1 dpi but it was inefficient on day 3 of
infection (41) Similar inhibitory actions of MEL have been observed in a rodent model infected
with the ZIKV (130). MEL binds firmly to the ZIKV NS3 protein, which plays a crucial role in
viral reproduction, with collaboration of NS5 controlling viral genome amplification (131). The
reduction in viral replication could be due to the binding of MEL to the ATP binding region of the
ZIKV NS3 helicase domain and the disruption of the NS3-NS5 interaction (41).

These in vitro data afford a basis for the continued in vivo study of MEL as a potential treatment
of pregnant women and visitors to ZIKV endemic areas. MEL is safe to use in pregnant women
(132) and may help to mitigate the fetal encephalopathy associated with a ZIKV infection. Further
studies are required to corroborate the beneficial effects of MEL for this infection.

3.12. Dengue virus.

Dengue virus, a member of the Flaviviridae family, is a mosquito-borne virus with four
serotypes (133). DENV infection is endemic in tropical areas and nearly 400 million cases every
year are reported worldwide (134). The infection often is asymptomatic or causes mild fever; the
more severe forms of the disease manifest as dengue shock syndrome or dengue hemorrhagic
disease (135). It is characterized by vascular leakage and hypovolemic shock and frequently
develops as secondary infection due to antibody-dependent enhancement (136). DENV infection
is an enduring public health problem since there is still no effective therapy for it.

Melatonin has minor impacts upon DENV type-2 infection in HEK293 T/17 cells (137). MEL
increases the expression of sirtuin (SIRT)1 in distinct experimental conditions (138, 139). The
antiviral activity IFN1 induces interferon-stimulated genes (ISGs), which disrupt numerous steps
of DENV and WNV infection (140).

SIRT1-mediated inhibition of high-mobility group box translocation eliminates DENV
reproduction through elicitation of 1ISGs (141). These are effector molecules of the IFN signaling
pathway, which is a crucial component of the innate immune response of the host to restrict DENV
replication. Host-pathogen recognition leads to the production of IFN, which generates a signaling
cascade with induction of the Janus kinase signal transducer and activator of transcription
phosphorylation and ISGs. IFNs activate numerous ISGs to induce a generalized antiviral
environment (142).

In DENV-infected Huh7 cells, the expressions of IFN-o, IFN-B and IFN-y were enhanced by
MEL. The MxA and ISG56 genes, that were decreased in DENV infected cells, were induced upon
treatment with MEL. The enhanced expression of the IFN-a, IFN-y, MxA, and ISG56 diminished
upon co-treatment with MEL and EX-527 (an inhibitor of SIRT1). In MEL-treated cells, a dose-
dependent inhibition in the production of all four serotypes of DENV at 2 h pi up to 14 h pi was
observed. Accordingly, the authors propose that MEL interferes with the early phases of the
infection and presume that it may target either viral RNA replication or synthesis of viral proteins.
SIRT1 expression was reduced and virus replication was notably re-established in co-therapy of
MEL and EX-527, as compared to MEL alone. In DENV-infected cells co-treated with MEL and
EX-527, virus replication was significantly restored as compared to MEL alone, suggesting the
involvement of the SIRT1 pathway in DENV generation (60).

Collectively, these findings suggest that the anti-DENV activity of MEL is partly regulated via
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the SIRT1 pathway, by increasing antiviral IFN response and indicate a potential new therapy for
this serious and common infection.

3.13. Ebola virus.

The Ebola virus, Filoviridae family, is transmitted from wild animals to humans. The disease
is uncommon but lethal. Bleeding or bruising are features of EV disease that require immediate
treatment, otherwise up to half of the patients die (143).

The EV undermines the immune system and causes a considerable inflammatory response,
oxidative stress and cellular injuries. The virus affects thrombin formation and platelet function
(144) increasing blood coagulation and damages blood vessels. In EV disease, vasculopathy is a
severe problem leading to hemorrhagic shock syndrome and decease (145). No treatments are
available that impact the evolution of infection. MEL reduces endothelial injury and dysfunction,
decreasing the possibility of multiple hemorrhagic sites in the disease (146) and has been suggested
as a treatment (40, 147).

In arecent study, Ebola virus-like particles (VLP) altered the physical association of endothelial
cells by interfering with cadherin. The involvement of the endothelial Rho-associated protein
kinase pathway was supported by the MEL-regulated inhibition of this pathway that avoided the
Ebola VVLP destruction of the cellular bindings (146).

Glycoprotein (GP)1,2 from the EV envelope cause pathological changes in endothelial cell
adhesion when exposed to the EV. When the engineered vessels were exposed to GP1 2, the
endothelial cells permeability augmented as the vessels treated with Ebola VLP (148). Both MEL
and FXO06 reduced vascular permeability supporting the idea that this indoleamine could be useful
as a drug against EV infection (149, 150). In addition, MEL activates the expression of heme
oxygenase 1 which decreases the replication of EV (61), suggesting direct antiviral actions of
MEL.

These results justify tests on the use of MEL in the therapy of EV disease. It is a powerful
antioxidant, anti-inflammatory, immune-modulator and influences thrombin formation and
platelet physiology (151, 152). Therefore, MEL is a potential treatment for this infection (40, 147).

3.14. Respiratory syncytial virus.

The respiratory syncytial virus (RSV) (Pneumoviridae family) causes infections that can lead
to constant wheezing, allergic sensitization, asthma and damage of lung function (153, 154). It is
one of the major respiratory pathogens in children, being the major cause of infant hospitalizations
(155). It is a leading cause of severe lower respiratory tract infection (156). Older people and the
immune-compromised individuals are prone to severe disease (157). The RSV infection induces
an incomplete immunity, which contributes to recurrent infections. An efficient vaccine is lacking
(158).

Children with RSV disease suffer from inflammatory lesions rather than from virus-induced
pathology (159). Inflammation (160) and oxidative stress (161) contribute substantially to RSV
pathogenesis. Airway inflammation induces cytokine production and increases mucous discharge
in immune-compromised patients. Excessive levels of inflammatory cells infiltrate into the
perivascular space of the lungs. Thus, inflammation prevention is of extreme importance in
ameliorating this condition (162). Oxidative stress disrupts cellular molecules during immune-
inflammatory response to viral infections (163). RSV regulates the induction of v-rel
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reticuloendotheliosis viral oncogene homolog A via activating ROS generation (164). In infected
airway epithelia, antioxidants could constrain the increase of IFN regulatory factor (IRF)3 signals
and over-production of ROS (165).

An in vitro study examined the suppressive action of MEL on RSV infection through TLR3
signaling. The downstream pathway from TLR3 produces the induction of NF-kB, IRF3, and
expression of various inflammatory mediators. MEL time- and dose- dependently reduces TLR3-
activated gene expression in RSV infected-macrophages; suppression of NF-kB effect by MEL
seems to account for the action causing a decrease of inflammatory genes expression (166).
Similarly, in mice intra-nasally inoculated with RSV, MEL supplementation appreciably reduced
the levels of MDA and NO and augmented glutathione and superoxide dismutase activities (32).

These findings suggest that MEL administration could be a novel treatment of RSV infection.
Further investigations are necessary to support the MEL therapeutic potential for this infection.

3.15. Influenza virus.

Influenza virus is a RNA virus of the Orthomyxoviridae family that affects birds and mammals.
It causes influenza disease (the common flu) and is a major cause of morbidity and lethality in
humans globally (167).

The flu causes high levels of pro-inflammatory cytokines and chemokines in the lungs (168)
with enormous infiltration by neutrophils, lymphocytes and macrophages (169). The inflammatory
response to the influenza virus is essential for the removal of the virus (170). However, excessive
reaction of the host immune system may be implied in the pathophysiology of the virus (171, 172).
These findings suggest that a “cytokine storm” may be an important variable in the developing of
acute respiratory distress syndrome (ARDS) and respiratory collapse.

Human influenza A virus (IAV)-specific CD8 T cells generate TNF-o and IFN-y, which
decrease the barrier integrity of lung epithelial cells (173). It is documented that
lipopolysaccharides (LPS)-induces NF-kB activation in pineal microglia and stimulates the
production of TNF-a in these cells; additionally, the overexpression of TNF-o consequently
abolishes the synthesis of MEL in pinealocytes (174). Therefore, the administration of exogenous
MEL to replace the loss of endogenous MEL to counteract the induction of NF-kB in pineal
microglia could afford further anti-inflammatory favorable effects in IAV infection.

In IAV-infected mice, high-dose MEL treatment diminishes the production of inflammatory
cytokines by decreasing the elevated activity of NF-xB and reducing the increment in the
production of anti-inflammatory cytokines in the lungs. Also, MEL treatment decreased the TNF-
a-producing CD8 T cells in the spleen and lungs of infected mice. Therefore, the ability of MEL
to abolish TNF-a produced by CD8 T cells may limit the severity of lung injury. Co-treatment of
MEL and ribavirin substantially augments the survival of virus-infected mice as compared to
ribavirin alone (175). These results indicate the beneficial effects of high-dose MEL treatment in
IAV infected mice through its anti-inflammatory and immune modulatory actions.

Circadian gene (Bmall) knockout increased acute viral bronchitis and asthma-like alterations
in 1AV infected mice (176). Bmall deficiency also increased susceptibility to the human PIV3
infection (177). These findings confirm the importance of circadian clocks in controlling
respiratory viruses. Since MEL alters clock gene expression, some of its beneficial effects in
improving IAV-mediated pneumonia may be secondary to improved circadian physiology.
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3.16. Swine coronaviruses.

Transmissible gastroenteritis virus (TGEV), porcine epidemic diarrhea virus (PEDV) and
porcine delta coronavirus (PDCoV) are frequent swine coronaviruses that have analogous
symptomatologies. Because of the lack of an effective therapy, these viruses have caused an
appreciable economic negative impact in the swine industry globally. As recently shown, indoles
including MEL, tryptamine and L-tryptophan were shown to provide significant protection against
swine coronaviruses. MEL constrained TGEV, PEDV and PDCoV infection in PK-15, Vero, or
LLC-PK1 cells by decreasing viral entrance and proliferation, respectively (178). This study
provides the molecular basis for the development of new therapies based on the ability of indoles
to manage TGEV, PEDV and PDCoV infection and dissemination.

3.17. SARS-CoV-2 virus.

The SARS-CoV-2 belongs to the family Coronaviridae. It is a membrane-enveloped, single-
stranded, positive-sense RNA virus with nucleocapsid (179). The symptomatology of the disease,
COVID-19, caused by the virus includes fever, headache, myalgia, fatigue, sore throat, dry cough,
chest pain, dyspnea and diarrhea (180). Most COVID-19 patients have mild symptoms mostly
restricted to the upper airways and recover within one to two weeks (181). The remainder (10-
20%) develops severe pneumonia or other pathologies, leading eventually to death, especially in
those with risk factors or comorbidities (182). Thrombocytopenia, a common reaction to viral
infection (183), has been linked to a three-fold increase in mortality risk in COVID-19 patients
(184). Although the respiratory tract is the primary target of the virus, the disease can be systemic
and lead to multi-organ failure with a wide array of clinical manifestations (185), at least 74
different symptoms (186). Patients can experience persistent neurological and psychiatric
symptoms, known as long COVID or “brain fog” (187).

Several pathological studies have evidenced the presence of SARS-CoV-2 in the brain of
patients who died from the disease (188). Postmortem studies of COVID-19 patients identified
SARS-CoV-2 in several organs, including the brain (189). Neuropathological alterations were
observed in patients with delta, omicron and other SARS-CoV-2 variants (190), suggesting
common pathological mechanisms of the variants. SARS-CoV-2 spike (S) protein could be able
to cross the blood-brain barrier, resulting in blood clots and inflammation in the human brain (191).
Collectively, these findings show the ability of the virus to enter the brain involving its etiologic
role in the “brain fog” long-term neurological and psychiatric manifestations observed in the
survivors (192).

Pathophysiology: SARS-CoV-2 entry relies on ACE2 as a receptor and also trans-membrane
serine protease 2 that cleaves and activates the viral S protein (193). Internalization of ACE2
receptors, in complex with S protein, induces a loss of its enzymatic function and eventually
increases angiotensin Il plasma levels, stimulating inflammation and leading to ARDS (194). After
invasion, the immune system reaction is responsible for the “cytokine storm” that causes tissue
damage, multi-organ failure and death (195).

The dominant pathophysiology of SARS-CoV-2 infection involves the potent up-regulation of
pro-inflammatory cytokines which boosts cellular apoptosis, augmenting permeability of blood
vessels and the aggregation of inflammatory cells (67, 196). Higher fatality in COVID-19 patients
is proposed to arise in correlation with high levels of pro-inflammatory cytokines during the
“cytokine storm” (197).
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An altered coagulation status and thrombotic events, including thromboembolism and stroke,
have been reported in COVID-19 patients (198, 199). Thrombin is a crucial enzyme in the blood
coagulation cascade that converts fibrinogen into fibrin and its excessive generation causes
thrombotic complications (200). Several stimuli, mainly vascular injury, trigger thrombin
production from prothrombin by the action of factor Xa (201). Although SARS-CoV-2 can directly
affect the endothelium and hence the thrombin production and the coagulation state, inflammation
on its own can alter the pro-coagulant and anticoagulant balance in these patients (202). Reduced
thrombin-induced clotting time coupled with raised levels of D-dimer and other fibrin/fibrinogen
degradation products are present in COVID-19 patients (203), suggesting alterations in
coagulation regulation. The emerging consensus is that the disease mortality is closely associated
with prothrombotic systemic intravascular coagulation (204) and that an important proportion of
fatalities derive from thromboembolisms (198). Human platelets express the alpha 7 acetyl-choline
nicotinic receptor (a7nAChR), the induction of which may control platelet function (205).

Iron metabolism is affected by COVID-19 (206). In a recent study, hemoglobin, erythropoietin
and haptoglobin values were significantly lower in critical patients, while ferritin values were
significantly higher. The decrease in Hb values correlated with illness severity and had a risk for
mortality; the ferritin level was an essential parameter in identifying prognosis and mortality. It
appears that MEL suppresses inflammation by increasing erythropoietin in COVID-19 (207). The
relationship between this disease and iron metabolism has not been fully elucidated and further
studies are required.

Given the role of the gut—brain axis in systemic inflammation, it is likely that dysbiosis of the
gut microbiome and increased gut permeability plays a role in COVID-19 pathogenesis. There is
accumulating data documenting the effects of the gut microbiome in disease severity,
immunological dysfunction, and long-term outcomes in COVID-19 patients (208, 209). Patients
with serious disease have a marked variation in the configuration of their gut microbiota as
compared to those having moderate symptoms (209). Also, more accentuated gut microbiome
dysbiosis with reduction of beneficial taxa and overgrowth of potential pathogens was observed in
severe cases; this dysbiosis was associated with higher levels of inflammatory cytokines,
suggesting that the gut microbiome is involved in COVID-19 severity, likely through modulation
of the host immune response (208). COVID-19 non-survivors experienced a higher LPS levels in
the blood during hospitalization with respect to survivors (210), which suggest the presence of
bacteria through translocation. ACE2-deficient mice showed microbiota alterations, low plasma
levels of tryptophan and augmented vulnerability to chemical-induced colitis (211); ACE2 is
down-regulated in COVID-19 (212). In addition to the gut microbiome, it is likely that nasal, oral
and lung microbes might modulate COVID-19 symptoms, including “brain fog” through body-
brain communication (213, 214). Dysbiosis of gut microbiota may play a role in the pro-
inflammatory conditions in severe cases of COVID-19. The alteration of pro-inflammatory
cytokine levels along with gut dysbiosis in these patients, suggests a potential mechanism by which
the dysbiosis affects the disease outcome (208). The role of gut microbiota in modulating the
immune response and systemic inflammation indicates its significance in the pathophysiology of
the disease. Alterations in epithelial barrier and gut permeability can also impact the severity of
liver and metabolic diseases by inducing general inflammation. COVID-19 patients with
gastrointestinal symptoms are more prone to develop liver pathology (215), emphasizing the
relevance of conserving a balanced intestinal microbiota. Altogether, these studies suggest an
association between dysbiosis/gut permeability and the severity of COVID-19. A better
understanding of this interaction is crucial for developing appropriate therapeutic strategies and
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preventive measures against COVID-19.

The gut microbiome also plays an important role in the vaccine immune response and efficacy
(209). Some constituents of the normal microbiota are essential for the vaccine responses against
respiratory viruses such as SARS-CoV-2; dysbiosis potentially results in suboptimal reactions
(216). A probiotic strain of Lactobacillus plantarum improved immune response to SARS-CoV-2
vaccination in rodents (217). Better understanding of how the gut microbiome modulates the
SARS-CoV-2 vaccine response in humans may lead to improve responses using adjuvant
microbial therapies (218), alone or in combination with MEL that improves the efficacy of SARS-
CoV-2 vaccination (37, 45).

Potential therapeutic effects of MEL: This indoleamine is a potent anti-inflammatory molecule
and its utilization is recommended to defeat the “cytokine storm” (219-221). MEL reduces pro-
inflammatory cytokines and augments anti-inflammatory cytokines. SIRT1 may control the anti-
inflammatory effects of MEL and down-regulate the polarization of macrophages towards the pro-
inflammatory type (44).

The therapeutic effects of MEL in the respiratory system have been documented. In lung
epithelial cells, Bmall silencing or REV-ERB agonist adaptation diminished ACE2 expression
with blockage of SARS-CoV-2 access and proliferation (222) and inhibited NF-«xB, the
overexpression of c-Fos protein and the down-regulation of matrix metalloproteinases 3, which
results in pro-fibrotic and pro-inflammatory cytokine production (223, 224). MEL is a suppressor
of the hypoxia inducible factor-1o (HIF-1a) under experimental conditions (225) and of NF-xB
induction in ARDS (226) which would decrease the lung injury. In addition, the beneficial effects
of MEL in pulmonary hypertension have been linked with its antioxidant, anti-fibrotic and
vasodilator effects (227). MEL, alone or combined with other antioxidants, diminished lipid
peroxidation of the pulmonary surfactant (228).

Exogenous MEL notably reduced lung injuries and the aggregation of neutrophils and
macrophages into the lungs during the acute phase. MEL also constrained the development of the
NLRP3 inflammasome by abolishing extracellular histone release (229).

In rats with hypoxia-activated by sodium nitrite, pretreatment with MEL, alone or combined
with quercetin, appreciably decreased the plasma levels of IL-6, TNF-a, C-reactive protein, heat
shock protein 70 (Hsp70) extracellular and vascular endothelial growth factor (VEGF). In addition,
MEL was beneficial in repairing the histopathological alterations of the alveoli and alveolar septae
and improving cellular infiltration (230).

In RSV models, exogenous MEL caused a down-regulation of pro-inflammatory cytokine
release, inflammatory cell contracting and acute lung oxidative injury (231). In a murine model of
hypoxic pulmonary hypertension, MEL affects the expression of HIF-1a and NF-«xB (232). In vitro
experiments suggested that MEL reduces the proliferation of pulmonary artery muscle cells, the
levels of phosphorylated Akt and extracellular signal-regulated kinases 1/2 (232). These MEL
effects are important under intensive care situations.

The administration of Ramelteon, the MEL receptor agonist, to rats with pulmonary alterations,
remarkable reduces lung edema, the pro-inflammatory cytokines in the bronchoalveolar lavage
fluid, the serum concentration of 1,3-propanedial, the induction of NF-kB and the protein
expression level of inducible NO synthase and apoptosis in lung cells. In addition, the drug notably
augmented the concentration of the anti-inflammatory cytokine IL-10 in the bronchoalveolar
lavage fluid and the protein expression level of intracellular protective Hsp70 in lung cells. These
findings suggest that the beneficial effects of MEL on pulmonary pathology were mainly regulated
by its receptor (233).
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Pulmonary fibrosis is a complication of COVID-19 (234). MEL can counteract it by inhibiting
oxidative stress which is essential for its progression. In a rat model, MEL could limit pulmonary
fibrosis by diminishing chloride channel action through the mediation of protein kinase C (235).
In another study, MEL reduced pneumonitis and lung fibrosis, secondary to radiation, by
decreasing inflammatory cell infiltration, alveolar thickening and collagen build up (236). This
molecule also has anti-fibrotic effect in idiopathic pulmonary fibrosis, by blocking the
transforming growth factor-p (54). MEL abolishes free radicals, regulating apoptosis and
autophagy which are crucial in the evolution of this disorder (54, 237). Furthermore, in rats and
rabbits with induced hepatopulmonary syndrome, MEL decreased lung fibrosis, oxidative stress
and vasodilation (238).

In the elderly, their decreased MEL levels were associated with the increased oxidative stress
and vulnerability to serious COVID-19 (45, 239). Delirium is frequent in elderly patients and those
with mechanical ventilation. MEL improves this chronodisruption and sleep quality (240, 241).
Antipsychotics or benzodiazepine could intensify delirium in these patients; MEL could diminish
the prescription of these drugs (45). The poorer COVID-19 evolution in patients with depression
may be related to the decreased salivary MEL levels (240).

Melatonin levels are decreased in diabetes mellitus, metabolic syndrome and cardiovascular
diseases, augmenting the risk of these comorbidities in COVID-19; MEL improves the
symptomatology in these affections (45). Its supplementation to patients with cardiac and
pulmonary diseases promotes health and avoids complications; its therapeutic effect is conclusive
(242). In addition, exogenous MEL decreases pro-inflammatory cytokines in illnesses with a high
level of inflammation (243, 244) and in the course of surgical stress (245). It also activates the
expression of Nrf2 with favorable effects in protecting organs (246).

Aging and serious long COVID-19 have been linked to myocarditis. MEL administration
substantially attenuated CVB3-inducing myocarditis, suggesting an innovative therapy against
viral myocarditis, as observed in COVID-19 (241).

Patients with severe COVID-19 have an increased risk of sepsis or septic shock conducting to
various organ failure and death (247). MEL may neutralize the damage from septicemia by
suppressing NF-xB, repressing HIF-1a, reducing the inflammasome, transforming M1
macrophages to M2 phenotype and reversing Warburg-type metabolism (242). MEL is competent
in improving septic shock by restraining the NLRP3 pathway and avoiding the bacterial sepsis or
septic shock in premature newborns (54, 248).

The evidence of the effects of MEL on VEGF, ROS, ACE2, inflammatory intermediator levels
and their effects on the improvement of ischemia, anemia and COVID-19, which are all affected
by HIF secretion, suggest that MEL may exert these effects by inhibiting the pH and augmenting
the HIF level, a new pharmacological mechanism for MEL (249). Thus, more studies are needed.

The interactions of numerous mechanisms and their relationships contribute to the enormous
clinical diversity in COVID-19. MEL appears to have a significant role in controlling SARS-CoV-
2, inclusive via MEL's circadian mediation of the a7nAChR. In epithelial cells of lungs, the
a7nAChR is critical to the vulnerability, clinical severity and mortality in COVID-19 patients.
MEL and the a7nAChR have implications as prophylactics or therapeutic medicines (250). There
are several therapeutic connotations arising from encompassing the complexity of physiological
processes supporting host interplays with SARS-CoV-2 (250).

There are a limited number of clinical trials, using MEL to treat COVID-19. However, the
results so far are encouraging (37, 38, 45, 68). Several meta-analysis and systematic reviews show
that MEL could be a potential prophylactic or adjuvant in the treatment of COVID-19 patients;
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this molecule reduces the severity of symptoms, recovery time, likelihood of coagulopathy
disorder or sepsis and mortality rate. Furthermore, it has a high safety profile in humans and can
improve the adverse effects of other antiviral drugs (38, 43) Exogenous MEL could be effective
in ameliorating inflammatory mediators and promoting both humoral and cell-mediated immunity
(45, 67).

A study, using electronic structure techniques and molecular mechanics software, indicated that
MEL could protect against the viral load in vulnerable populations (251). The supplementation of
MEL in nanoparticles should be researched as a new therapeutic alternative for COVID-19 and
other viral infections.

Melatonin also has beneficial effects when combined with SARS-CoV-2 vaccination.
Interestingly, a study in convalescent COVID-19 patients showed a robust response of CD4+ T
cells to the S protein that correlated with the level of anti-SARS-CoV-2 IgG and IgA (45). MEL
also prevents the adverse effects of the vaccine (37).

The published findings highlight that the use of MEL can avoid or decrease severe
symptomatology and diminish the immunopathology of infection. Therefore, MEL can be
prescribed to reduce severity and fatalities of patients with severe COVID-19 (252). Due to the
increasing number of long COVID-19 cases, mortality rate and the virus variants, effective
treatments are urgently needed to control the pandemic and treat vulnerable populations. The
complexity of COVID-19 makes unlikely to develop a unique drug suitable for this virus only;
therefore, the combination of targeting both virus- and host- agents is required. In this context,
MEL is an ideal candidate and its beneficial effects on this life-threatening disease should be
considered. MEL may offer protection against COVID-19 through its ability to modulate the
immune response, reduce inflammation, compete with pathogenic microbes and maintain gut
barrier function.

Melatonin and SARS-CoV-2/helminth co-infections: COVID-19 pandemic has had a
significant impact on global health, particularly in low- and middle-income countries (253), where
severity and outcome of the disease can be influenced by poverty, depleted health systems and
concomitant epidemics (254-256). In addition, the pandemic has substantially increased the
immunosuppressed population globally due to the disease pathophysiology and ample use of
corticosteroids. Consequently, the risk of opportunistic infectious agents including parasitic
infections has increased (257, 258), which could modify the evolution of COVID-19. Recently, a
high prevalence of latent Toxoplasma infection among individuals with mild post-COVID-19
vaccination was suggested (259).

The cross-reactive immune response between different viruses has been observed. Antibodies
against structural proteins of DENV cross-react with epitopes of the ZIKV; this interaction
produces variable effects on ZIKV infection and pathophysiology (260, 261). Antibodies against
ZIKYV also show cross-reactivity with DENV; increased dengue occurrence and severity have been
observed in animal models upon administration of ZIKV-specific antibodies (262). Recently, it
was demonstrated that the anti-S-RBD antibodies in response to SARS-CoV-2 infection
recognized the envelope protein and NS1 protein of DENV (263). COVID-19 may enhance the
risk of developing symptomatic dengue (264).

The potential implications of the immunoregulatory role of intestinal helminths (265) on the
evolution of patients co-infected by SARS-CoV-2 and vaccination effectiveness is an increasing
concern in tropical areas (266) where parasitic infections including soil-transmitted helminths are
common (267-270). The complex role of parasitic co-infections on the progress of COVID-19 is
still elusive and there are contradictory points of views (271). A preexisting helminth infection
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could impair the host’s ability to fight off SARS-CoV-2 and augment morbidity and fatality (272);
the pandemic has severely impacted some helminth endemic regions. There is an important load
of soil-transmitted helminth infections among the Amerindians of the Brazilian Amazon; COVID-
19 had a high impact and the mortality rate was 250% higher than in the rest of this country (273).
Likewise, high percentages of helminthiases in Venezuelan impoverished communities have been
reported (274-278) and the pandemic has had a significant impact on the area (274). If
helminthiases increase complications, then the burden of COVID-19 in helminth endemic
countries might be worse than expected.

Given the recognized beneficial effects of MEL in viral and parasitic infections (35-38, 279),
its use should be considered in the context of co-infections and mass vaccination. The management
of coexisting infections should be included in the strategies to combat COVID-19. Further studies
are needed to clarify the role of parasitic co-infections on COVID-19 outcome.

The World Health Organization has recently declared the end of the pandemic. However, it is
still ongoing and the disease continues to threaten public health worldwide (280). The emergence
of long COVID-19 and variants (187), that display increased transmissibility, indicate the
importance of developing therapies and next-generation vaccines. MEL has emerged as a potential
drug candidate for treating SARS CoV-2 infection and several authors have proposed the
indolamine as an adjuvant or therapy for COVID-19 (37, 38, 45, 67, 279).

4. CONCLUDING REMARKS

This review is a comprehensive evaluation of MEL/viral infection interactions and the
therapeutic effects of this indoleamine. The literature summarized shows conclusively that MEL
improves several viral diseases, including virus-linked cancer (25). The extensive application of
MEL in vitro studies, in animal models and in human clinical trials has documented the beneficial
effects of MEL against these infections and its safety on wide-range doses, suggesting its
therapeutic potential in human viral diseases. The evidence that MEL improves the severity of
COVID-19 and EV disease and the gravity of these disorders should warrant the use of MEL as a
potential treatment.

There are a number of treatment implications arising from embracing the complexity of
physiological processes underpinning human interactions with viral infections. Viruses have dual
viral and immunologic impacts on human physiology. An effective therapy must target both the
virus and subsequent hyper-inflammation to attenuate the host reactions against viral infections.
MEL with its potent antioxidant, anti-inflammatory, immune-enhancing and potential direct anti-
viral actions is an attractive choice as an alternative or adjuvant treatment of viral infections.

Effective drugs for COVID-19 are lacking and the holy grail will probably not be found.
However, MEL can increase the survival rate of severe cases and no other drug has this capability
(247). In addition, MEL can even restrict the invasion of SARS-CoV-2 by blocking its receptors
in the host cell membrane. Furthermore, gut dysbiosis plays a role in COVID-19 severity, and
MEL may provide protection in this context through its ability to compete with pathogenic
microbes and maintain gut barrier function.

The knowledge summarized in this review constitutes an invaluable platform from which to
build future therapies; it is time to evaluate MEL in randomized controlled clinical trials as
prophylaxis or therapy of these infections, especially in vulnerable populations.

This review is a call to examine pharmacokinetics, efficacy and safety of MEL supplementation
on viral infections, particularly in severe illnesses, such as COVID-19 and EV disease. It is our
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hope that the remarkable evidence of the efficacy and safety of MEL encourages enthusiasm in
investigating MEL’s antiviral actions and its use as a prophylactic or therapeutic tool in these
infections. Understanding the MEL/viral infections interplays could contribute to its use as an
adjuvant or a therapeutic weapon against these serious and common infections.
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