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ABSTRACT 

 

     SARS-CoV-2 has infected hundreds of thousands and killed tens of thousands of people 

worldwide and it continues to ravage societies as well as fiscal and economic stability of several 

countries.  Currently, several drugs that were designed for other conditions have been repurposed 

to counter the COVID-19 pandemic.  Some have modest efficacy in resisting this disease, but all 

of them have significant toxicity. Several pharmaceutical companies are rushing to develop 

vaccines, but their availability is 8 to 12 months in the future.  In the meantime, readily available 

and affordable molecules that will have utility as COVID-19 antidotes are being sought.  

Recently, several groups independently and almost simultaneously proposed that melatonin 

should be considered for this purpose and several trials are underway to test whether melatonin is 

a reliable candidate drug for COVID-19 treatment.  In this brief review, we described some 

potential mechanisms by which melatonin may work to protect against a COVID-19 infection.  

Of particular note is the likely ability of melatonin to force activated immune cells to abandon 

aerobic glycolysis in favor of mitochondrial oxidative phosphorylation.  Aerobic glycolysis gives 

proinflammatory activated immune cells, for example, macrophages, an opportunity to produce 

increased amounts of cytokines which are released as the cytokine storm. The associated 

significant increase in oxidative stress is accepted as a major contributing factor to the 

bronchoalveolar dysfunction and pneumonia that occurs in SARS-CoV-2-infected individuals.  

Melatonin, via similar processes, may reduce the formation of proinflammatory M1 

macrophages and convert them to macrophages of the M2 phenotype, which are anti-

inflammatory.  These are not the only mechanisms by which melatonin may protect against the 

deadly COVID-19 pandemic.  Melatonin could also be given as an adjuvant with other toxic 

pharmaceutical agents with a high likelihood it would reduce their side effects. 
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1. INTRODUCTION 

     

      Coronaviruses, which includes SARS-CoV-2, are enveloped positive-sense single-strand 

RNA viruses; their hosts are either mammals or birds.  SARS-CoV-2 is responsible for the 

ongoing pandemic caused by the disease COVID-19.  This disease causes mild to severe 

symptoms which seems to depend in part on the ability of the organism to mount an adequate 

anti-inflammatory response.  The virus depends of trimeric spike proteins which bind to 

angiotensin converting enzyme 2 (ACE2) in the cell membrane after which it is engulfed by the 

cell where it creates havoc.  

     COVID-19 has been and continues to be a major medical challenge to healthcare 

professionals and scientists.  Reliable means to effectively control or combat this deadly 

infectious virus has not yet been realized.  This highly infective virus has distributed itself 

around the world almost with impunity.  The virus is akin to the coronaviruses that are related to 

other disease outbreaks that have occurred in recent memory, i.e., the SARS (Severe Acute 

Respiratory Syndrome) and the MERS (Middle East Respiratory Syndrome). 

     The most common recommendation to slow the spread of COVID-19 is social distancing or 

quarantine.  Such low-tech passive attempts are of value but have a very high adverse effect of 

devastating the economy of the affected countries and possibly of the world.  It is important that 

more aggressive means be found to prevent or overcome the effects of this virus (and future 

similar outbreaks) so much of the workforce can stay on the job. 

     For this purpose, vaccines are urgently being developed but their availability is months to 

years away; therefore, a vaccine is not an acceptable option for the ongoing pandemic.  As an 

alternate strategy, many currently available conventional drugs are being repurposed to shield 

against this disease and some have shown qualified success.  Likewise, vitamins, and especially 

high doses of vitamin C as well as vitamin D, have been suggested as potential combatants for 

COVID-19 as have other non-prescription agents. 

     In this special issue, the evidence for the role of melatonin as a potential player in preventing 

or treating SARS-CoV-2 infection is reviewed.  The current report describes some possible 

mechanisms which may help to justify melatonin’s use in prophylaxis or as a treatment for 

individuals with active COVID-19. 

 

2. CYTOKINE STORM 

  

     During a coronavirus infection, the inflammatory system becomes excessively zealous in its 

attempts to quell the infection.  This overreaction creates a situation that, rather than being 

beneficial, produces harm and causes cellular and molecular damage, especially at the level of 

the lungs but many other organs as well.  As a result of alveolar endothelial cell inflammation, 

surfactant physiology is also disturbed which can cause the alveolar sacs to fill with fluid or 

collapse.  In either case, ventilation dynamics are disrupted leading to depressed oxygen uptake 

that leads to systematic hypoxemia (1, 2).  These disturbances contribute to some of the major 

signs of a SARS-CoV-2 infection such as cough, shortness of breath, and fatigue. 
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     The specific destructive mediators of a hyperactive inflammatory response are a group of 

small proteins referred under the umbrella term as cytokines.  This group of agents, some of 

which are highly proinflammatory, include interferons, interleukins, chemokines, tumor necrosis 

factor, and colony-stimulating factors.  Under usual conditions, these proteins participate in 

intercellular signaling and communication.  The specific action depends on the cytokine and the 

receptor with which it interacts on the target cell.  Commonly, individual cytokines have multiple 

functions.  The complex functional networks make it difficult to identify the unique functions of 

a specific cytokine; they exhibit marked physiological overlap and functional redundancy. 

     A viral invasion, such as occurs with SARS-CoV-2, induces a dynamic upregulation of the 

cytokine network which causes extensive molecular and cellular destruction.  This over-

compensation of the inflammatory response is named the cytokine storm (3).  This response 

often compromises local organ function with the degree of damage and pathophysiology inflicted 

depending on a number of factors.  With the spontaneous or treatment resolution of the infection, 

normal function can be restored; however, when local inflammation is severe, the organ can 

develop fibrosis, which causes life-long functional distress. 

     The sequence of events that occurs during a coronavirus infection of the bronchial tree 

include viral invasion, activation of dendritic and endothelial cells, and recruitment of other 

inflammatory cells.  These cells synthesize and secrete an abundance of proinflammatory 

cytokines including interleukins (IL-1β, IL-2, IL-6, IL-8), interferons (IFN1α and IFN-1β), and 

tumor necrosis factor-α (TNF-α) as well as chemokines such as CC motif cytokine 3 (CCL3), 

CCL6 and interferon gamma-induced protein 10 (IP10).  These groups of agents are produced in 

several cell types including those mentioned above and in macrophages (4, 5).  The 

proinflammatory agents induce excessive amounts of reactive oxygen (ROS) and reactive 

nitrogen species (RNS) leading to extensive nitro-oxidative stress which contributes significantly 

to the respiratory pathophysiology. 

 

3. MITOCHONDRIA AS A SOURCE OF INTRACELLULAR MELATONIN 

  

     Melatonin has long been known as a synthetic and secretory product of the vertebrate pineal 

gland where it is uniquely produced and released at night (6).  This day:night variation leads to a 

marked circadian rhythm of melatonin in the cerebrospinal fluid (CSF) and in the blood with the 

duration of the elevated nighttime rise being proportional to the duration of darkness (7, 8). 

     Experimental evidence indicates, however, that melatonin synthesis is not restricted 

exclusively to the pineal gland.  Within slightly more than a decade after its identification in 

bovine pineal tissue, melatonin was also discovered to be present in the vertebrate retina and 

soon thereafter in many other organs and cells (9) and in non-vertebrate species (10).  In 1995, 

melatonin was immunocytochemically identified in a bacterium, Rhodospirillum rubrum (11).  

This discovery was of special importance since mitochondria of present-day animals and plants 

theoretically evolved from prokaryotic bacteria after their ingestion by early eukaryotes; this is 

known as the endosymbiotic theory for the origin of mitochondria and is widely accepted by the 

scientific community (12).  Since bacteria contain and presumably synthesize melatonin, it was 

subsequently speculated that mitochondria of all cells have retained the synthetic machinery for 

melatonin production (13).  This theory draws additional support from the observation of 

exceptionally high levels of melatonin in mitochondria of mammalian cells relative to the much 

lower concentrations in other subcellular compartments (14). 
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     Direct evidence subsequently verified mitochondria as a site of melatonin synthesis.  Using 

isolated oocyte mitochondria, He et al. (15) showed that they synthesized melatonin only when 

they were incubated in a medium containing serotonin (5-HT), a required precursor of melatonin.  

Also, Suofu and coworkers (16) reported that the proteins for the two enzymes required for the 

conversion of 5-HT to melatonin, i.e., arylalkylamine N-acetyltransferase (AANAT) and 

acetylserotonin methyltransferase (ASMT), are located in mammalian brain mitochondria.  The 

findings of He and colleagues (15) are especially revealing since they used isolated oocyte 

mitochondria in which to examine melatonin production.  Given that mitochondria in all 

mammalian cells are of maternal (oocyte) origin it is reasonable to assume that the synthesis of 

this critical molecule was retained in all mitochondria-containing cells. 

     As currently envisaged, vertebrate cells have two pools of melatonin (17).  The pineal gland 

produces and secretes melatonin into the CSF and blood, the amount of which varies according 

to the light:dark cycle. The resulting rhythm impacts circadian and circannual functions in 

vertebrates (Figure 1).  The second pool of melatonin is derived from the mitochondria of all 

cells.  In these organelles, melatonin is not synthesized in a circadian manner (14, 16) and it does 

not enter the CSF or blood.  Rather, this melatonin is used locally as an antioxidant, a genomic 

regulator, etc.  Melatonin from these cells may leak into the extracellular environment where it 

presumably has autocrine and paracrine actions (18, 19) (Figure 1).  Herein, we hypothesize that 

mitochondria-produced melatonin plays a critical role in squelching the cytokine storm. 

     Proinflammatory cytokines activate immune cells such as macrophages and dendritic cells 

which alter their metabolism to accommodate the production of the massive amounts of 

cytokines required to mediate the cytokine storm.  Hence, these cells switch from using 

mitochondrial oxidative phosphorylation (OXPHOS) for ATP production to cytosolic aerobic 

glycolysis.  This metabolic reprogramming is similar to that observed in solid tumor cells, where 

it is referred to as the Warburg effect.  Interrupting mitochondrial OXPHOS allows the immune 

cells to rapidly, albeit, less efficiently, generate the necessary energy (ATP) to support the 

elevated synthetic activity of these cells.  In addition to supporting the rapid production of ATP, 

it activates the pentose phosphate pathway which improves the accelerated protein synthesis, 

including cytokines (20) (Figure 2). 

     Under non-inflammatory conditions, the macrophages and dendritic cells take up glucose 

after which in a multistep process it is metabolized to pyruvate.  The bulk of the pyruvate then is 

transported into the mitochondria where it is converted to acetyl-coenzyme A (acetyl-CoA) by 

the enzyme pyruvate dehydrogenase complex (PDC).  Acetyl-CoA enters the tricarboxylic acid 

cycle (TCA) and eventually supports OXPHOS.  However, acetyl-CoA also controls 

mitochondrial melatonin production. 

     Mitochondria not only produce melatonin locally, but when there are elevated circulating 

levels in the blood or in the CSF (or in the incubation fluid of in vitro studies), it readily enters 

cells and gains access to the mitochondria.  The first indirect evidence for its entrance into 

mitochondria were the findings that melatonin added to cultured cells quickly altered 

mitochondrial respiration (21) and suppressed mitochondrial ROS concentrations and the 

associated oxidative stress (22).  How melatonin enters cells may relate to its high lipid solubility 

allowing it to merely diffuse through bilipid membranes.  Other options have also been proposed.  

Evidence garnered by Hevia et al. (23) supports the transport of melatonin into cells by a glucose 

transporter (GLUT1).  An alternative route by which melatonin enters cells and mitochondria is 

via the oligopeptide transporters, PEPT1 and PEPT2 (24).  This detailed study strongly supports 

these transporters as being relevant to the intracellular concentrations of melatonin, particularly 
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at the level of the mitochondria since in this case melatonin uptake is achieved against a 

concentration gradient. This is consistent with the high levels of mitochondrial melatonin as 

reported by Venegas et al. (14) and more recently by Acuna-Castroviejo and colleagues (25).  

While the findings of Huo et al. (24) are of great interest, they used exclusively cancer cells (five 

types) to document melatonin transport to the intracellular environment.  It is presumed that the 

PEPT1 and PEPT2 also exist in healthy cells and function similar to those in cancer cells.  If 

melatonin is avidly taken up by mitochondria of all cells, it can be classified as a mitochondria-

target molecule (26); this would make melatonin a formidable force in protecting these critical 

organelles from oxidative damage (18, 27, 28). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Two pools of melatonin, a releasable pool from the pineal gland, and a non-

releasable pool from mitochondria of perhaps all other cells.   

     Pineal melatonin synthesis is rhythmic and reliant on the prevailing light:dark cycle as 

perceived by specialized retinal photoreceptors, the intrinsically photoreceptive ganglion cells.  

The neural connection between the eyes and the pineal gland involve the suprachiasmatic nuclei 

(SCN, the master circadian clock) and the central and peripheral sympathetic nervous system.  

Melatonin, which is produced especially during darkness in the pineal gland, is quickly 

discharged into the CSF and blood with the rise in CSF level greatly exceeding that in the blood.  

The melatonin rhythm provides an important circadian signal to peripheral oscillators which 

exist in every cell.  The non-releasable (not released into the blood or CSF) pool is derived from 

the mitochondria of presumably every cell.  In mitochondria, melatonin synthesis is non-

rhythmic but may be inducible.  Mitochondria-derived melatonin has local intracellular actions 

at the mitochondrial level (mitoautocrine effects) and genomic actions. It also functions 

intracellularly as an antioxidant.  Melatonin from these cells may be discharged into the local 

cellular microenvironment where it may have autocrine and paracrine actions. 
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Fig. 2 Metabolism of macrophages (both M1 and M2 are represented in this figure).   

     The proinflammatory M1 macrophage utilizes aerobic glycolysis for rapid ATP production 

and active biomolecule generation such as ATP and proteins including cytokines; they then 

release massive amounts of cytokines (cytokine storm) which cause tissue damage via oxidative 

stress and other means.  Because they use aerobic glycolysis in lieu of oxidative 

phosphorylation, M1 macrophages also do not synthesize melatonin in their mitochondria while 

M2 macrophages do generate melatonin at this level.  M1 macrophages fail to produce 

melatonin since they are incapable of synthesizing acetyl-CoA in their mitochondria because the 

enzyme complex that converts pyruvate to acetyl-CoA, pyruvate dehydrogenase complex (PDC) 

is strongly downregulated due to activation of pyruvate dehydrogenase kinase (PDK) (note red 

X).  When acetyl-CoA cannot be produced in the mitochondria of M1 macrophages, melatonin 

failure occurs since acetyl-CoA is a required co-factor/substrate for the rate limiting enzyme for 

melatonin synthesis, arylalkylamine N-acetyltransferase (AANAT).  Since both melatonin and  

N-acetylserotonin (NAS) are potent anti-inflammatory agents and ubiquitous antioxidants, their 

loss exaggerates the cytokine storm (it produces the “perfect” cytokine storm) because it is 

unopposed by melatonin and NAS.  The resulting massive damage that occurs in the lungs of 

individuals infected with SARS-CoV-2 is generally considered a result of the (“perfect”) cytokine 

storm.  Exogenously-administered melatonin inhibits PDK and restores the intercellular cytokine 

and oxidant balance allowing for a reduction in bronchoalveolar damage.  When PDC is 

disinhibited, as occurs in M2 macrophages, mitochondrial acetyl-CoA is produced, melatonin is 

synthesized and oxidative phosphorylation (OXPHOS) produces the bulk of the ATP with a 

limited generation of toxic cytokines.  ASMT = acetylserotonin methyltransferase; EGF = 

epithelial growth factor; GMCSF = granulocyte macrophage colony stimulating factor; IL = 

interleukin; INF = interferon; LPS = lipopolysaccharide; PDGF = platelet-derived growth 

factor; RNS = reactive nitrogen species; ROS = reactive oxygen species; TGF = transforming 

growth factor.  
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4. MELATONIN ALTERS IMMUNE CELL METABOLISM 

 

     The first evidence that melatonin impacted aerobic glycolysis was published in 2014 by Blask 

(29) and colleagues.  They showed that the abundant glucose uptake and its conversion to lactate 

(an indicator of the Warburg effect) by solid breast tumors exhibited a marked circadian rhythm.  

While it was obvious that during the day these human tumors, growing in immune-compromised 

rats, clearly used Warburg-type metabolism, at night during darkness they did not, i.e., they had 

abandoned aerobic glycolysis in favor of mitochondrial oxidative phosphorylation to generate 

ATP.  This novel day:night difference had not been previously observed in any tissue, perhaps 

because it had never been suspected and, therefore, never examined (30, 31).  Equally important, 

Blask et al. (29) found that the conversion of daytime aerobic glycolysis to nighttime OXPHOS 

was totally dependent on the nocturnal rise in circulating melatonin; when the elevation of 

melatonin in the blood was suppressed by exposing the animals to light at night, tumor aerobic 

glycolysis proceeded 24 hours per day; thus, the tumors never utilized mitochondrial OXPHOS.  

Since under these conditions, the tumors employ aerobic glycolysis continuously throughout the 

24-hour period, they grew much faster since this type of metabolism rapidly produces the 

necessary energy (ATP) for rapid cell proliferation due to accelerated nucleotide and protein 

synthesis (32).  Since the report by Blask et al. (29), other authors have provided credible 

experimental evidence that melatonin reverses aerobic glycolysis in cancer cells (33, 34).  

     The importance of these observations came into clearer focus when melatonin was found to 

be synthesized in mitochondria (15, 16); this likely occurs in every cell (13, 35).  In normal cells, 

pyruvate, a product of glucose metabolism, enters the mitochondria where it is metabolized to 

acetyl-coenzyme A (acetyl-CoA).  Acetyl-CoA is a critical molecule in mitochondria because, as 

noted above, it feeds into the tricarboxylic acid cycle (TCA) which, in turn, supports OXPHOS 

and ATP synthesis.  Additionally, acetyl-CoA is required for intra-mitochondrial melatonin 

production since it is a necessary co-factor/substrate for the rate limiting enzyme, AANAT for 

the conversion of 5-HT to N-acetylserotonin (NAS), the precursor of melatonin (36) (Figure 2).  

With the suppression of AANAT activity the cells are deprived of both NAS and melatonin.  

Since both these molecules are efficient radical scavengers and indirect antioxidants, the 

mitochondria and, therefore, the cells are vulnerable because their defense against the toxic 

cytokines and free radicals is greatly diminished (27, 28, 37-39). 

     In some pathological states, e.g., in cancer cells and in cells infected with SARS-CoV-2 virus, 

cellular glucose metabolism is hijacked such that pyruvate is prevented from being converted to 

acetyl-CoA (30, 31) and, as mentioned, local NAS and melatonin production is severely 

depressed making the cells capable of increasing their production of cytokines and ROS (39).  In 

the case of M1 macrophages in the lungs of COVID-19 infected patients, this leads to excessive 

bronchoalveolar damage and the associated deadly pneumonia which these people develop.   

     The ability of exogenously-administered melatonin to protect against a COVID-19 infection 

likely stems, at least in part, from its ability to reverse aerobic glycolysis in the infected cells 

allowing them to adopt mitochondrial OXPHOS and to produce intra-mitochondrial melatonin 

(19).  The locally-produced melatonin, coupled with supplemental melatonin, aids in resisting 

the molecular and cellular damage caused by the cytokine storm and thereby improving the 

outcome of patients affected by COVID-19.  Since melatonin can also be reversed metabolized 

to its precursor, NAS, both molecules may have protective roles against COVID-19 (39). 

     In this scheme, we propose that activated M1 macrophages are those that display aerobic 

glycolysis and release the cytokine storm.  Supplemental melatonin inhibits aerobic glycolysis in 
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proinflammatory M1 macrophages and converts them to anti-inflammatory M2 macrophage 

phenotype (Figure 3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Development of the cytokine storm in macrophages.   

     Blood monocytes derive from undifferentiated hematopoietic tissue in the bone marrow.  

During a SARS-CoV-2 infection, monocytes are transformed into activated macrophages (M1 

macrophages) which are highly proinflammatory.  The M1 macrophages utilize aerobic 

glycolysis for rapid ATP production and abundant cytokine/chemokine synthesis which are 

released and contribute in a major way to the cytokine storm which damages the 

bronchoalveolar tissue because of oxidative stress.  In addition to M1 macrophages, activated 

lymphocytes, endothelial cells and fibroblasts contribute to the cytokine storm by also producing 

large amounts of cytokines/chemokines.  Monocytes can also differentiate into less active 

macrophages (M2 macrophages).  These cells utilize mitochondrial oxidative phosphorylation 

for ATP production; they also produce cytokines but in such smaller amounts than M1 

macrophages.  Exogenously-administered melatonin presumably converts M1 to M2 

macrophages thereby reducing the cytokine storm and the associated lung injury in COVID-19 

disease.  Moreover, because it is an efficient direct ROS/RNS scavenger, melatonin (as well as 

its precursor, N-acetylserotonin) also protects the lungs from damage via this action.  The 

significance of aerobic glycolysis typical of M1 macrophages versus oxidative phosphorylation 

by M2 macrophages is important in COVID-19 disease and melatonin hypothetically shifts M1 

to the anti-inflammatory M2 phenotype which does not promote an inflammatory storm.  EGF = 

epithelial growth factor; GMCSF = granulocyte-macrophage colony stimulating factor; IL = 

interleukin; LPS = lipopolysaccharide; NO = nitric oxide; PDGF = platelet-derived growth 

factor; RNS = reactive nitrogen species; ROS = reactive oxygen species; TNF = tumor necrosis 

factor; TGF = transforming growth factor. 
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     In the lungs of COVID-19 patients, it is presumed that the bulk of the macrophages are of the 

M1 phenotype and exogenously-administered melatonin takes advantage of their metabolic 

plasticity and reverts them back to the M2 phenotype making this indoleamine effective as a 

treatment for COVID-19 as also seems to be the case in solid tumors (31).  However, other 

drugs, which may impact the replication or uptake of the SARS-CoV-2 virus into cells, may also 

be effective in influencing the progression of COVID-19 disease.  When these drugs are used, 

however, it would seem judicious to combine them with melatonin which works via a different 

means and would also protect the cells from the toxicity of the repurposed prescription 

medications, resulting in synergism. 

     Some vitamins have been proposed as being potentially useful agents to protect against 

SARS-CoV-2 infection.  In particular, high dose vitamin C, because of its antioxidant potential, 

is reported to benefit COVID-19 patients (40).  Also, vitamin D has generated interest as a 

potential treatment for COVID-19 (41, 42).  Indeed, melatonin and vitamin D may have some 

similar actions since both molecules bind to a common nuclear receptor (43). 

 

5. MELATONIN AND MACROPHAGE POLARIZATION 

 

     A major cause of death in SARS-CoV-2 infected individuals is the intense inflammatory 

response in the lungs which leads to progressive and severe damage referred to as acute 

respiratory distress syndrome (ARDS) (44). The pathophysiology of the compromised 

respiratory function in these patients is believed to be related to the cytokine storm as described 

above (4, 45).  Macrophage activation, which results in the formation of the M1 phenotype, is a 

substantial contributor to the exaggerated inflammatory response and, as a result, to deadly 

pneumonia in COVID-19 patients (45). 

     An association between melatonin and macrophages is well established (68).  The 

hematopoietic precursors of the monocyte/macrophage lineage synthesize melatonin as do 

mature macrophages (4, 46), including macrophages associated with the lungs (47-49).  

Monocytes also differentiate into dendritic cells (50).  Dendritic cells, like activated 

macrophages, may be highly proinflammatory but the role of melatonin in modulating dendritic 

cell cytokine production is ill-defined. 

     Macrophages have a high degree of plasticity such that they can readily switch between two 

markedly different phenotypes with opposed actions, i.e., proinflammatory (M1) and anti-

inflammatory macrophages (M2) depending on the microenvironment in which the cell is located 

(51) (Figure 3).  When activated, which may be due to exposure to lipopolysaccharide (LPS), 

interferon (IFN)-γ, or other agents, they are polarized to the M1 phenotype and produce high 

levels of proinflammatory cytokines such as IL-1β, IL6, TNF-α and others (52).  M1 

microphages also upregulate inducible nitric oxide synthase (iNOS) resulting in the generation of 

nitric oxide (NO), a gaseous free radical (53).  Also, activated macrophages stimulate NADPH 

oxidase as well as myeloperoxidase to generate the partially-reduced oxygen derivatives, the 

superoxide anion (O2
-) and hypochlorous acid (Figure 4).  O2

- can be reduced to hydrogen 

peroxide (H2O2) which via the Haber-Weiss reaction leads to the formation of the highly 

destructive agent, the hydroxyl radical (OH).  Also, of importance is that NO couples with O2
- 

to produce the powerful oxidizing agent, the peroxynitrite anion (ONOO-).  Both the OH and 

ONOO- are highly effective at inducing oxidative stress.  Thus, M1 macrophages are 

proinflammatory while also being pro-oxidative. 
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Fig. 4 Damaging reactive species that are formed during a cytokine storm.   

     These toxic agents account for much of the damage that occurs in the lungs, and other tissues, 

infected with SARS-CoV-2.  The generated reactants are either reactive oxygen-based (reactive 

oxygen species or ROS) (highlighted in green) or reactive nitrogen-based (reactive nitrogen 

species or RNS) (highlighted in red).  These agents are derived from multiple sources including 

CI and CIII (complexes I and III) of the respiratory chain, during protein metabolism, by 

oxidases and during xenobiotic metabolism.  Activated macrophages and other blood cell 

elements generate large amounts of ROS/RNS during a cytokine storm.  Melatonin, a 

multifunctional antioxidant, directly scavenges ROS/RNS or indirectly metabolizes them to 

harmless products and reduces nitro-oxidative stress.  CAT = catalase; GPx = glutathione 

peroxidase; NOS and NOX = nitric oxide synthetase; PRX = peroxiredoxin; SOD = superoxide 

dismutase.  Solid arrows indicate confirmed reaction; hyphenated arrow indicates likely 

reaction. 

 

     Melatonin is a well-known downregulator of iNOS, suppressor of signaling events that 

enhance inflammation (54), and a widely-confirmed free radical scavenger (27, 55, 56) in 

addition to promoting antioxidant enzymes, particularly mitochondrial superoxide dismutase 

(mSOD) (57).  M1 phagocytes avoid acetyl-CoA and ATP production in the mitochondria 

because they switch to aerobic glycolysis (57).  As a consequence of that switch, the 

mitochondria are incapable of producing melatonin (19, 31).  In the absence of this critical anti-

inflammatory and antioxidant at the intracellular level, the cytokine storm can proceed mainly 

without resistance in the lungs and in other organs thereby contributing to a bleak situation of 

extensive and progressive molecular damage (3, 58) and organ deterioration. 

     Melatonin blocks the polarization of macrophages to the proinflammatory M1 phenotype via 

several means that have been at least partially defined (59, 60).  Activation of the toll-like 

receptor 4 (TLR4), as occurs when cells are exposed to LPS, leads to enhanced stimulation of 

intracellular NF-κB signaling; this involves the myeloid differentiation primary response gene 
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(MyD88)-signaling pathway which strongly influences proinflammatory cytokine synthesis (61).  

By inhibiting the phosphorylation of inhibitory κB (IκB), melatonin interferes with the release of 

NF-κB and its translocation into the nucleus (62, 63) where it would typically target Tnf-α and 

I6-1β gene expression among others.  Additionally, melatonin converts the proinflammatory M1 

macrophage phenotype to the anti-inflammatory M2 macrophage via activation of the STAT-6 

signaling pathway (64).  Although mechanistically only poorly defined, melatonin also 

modulates macrophage polarization via processes that involve miRNAs, in particular, miR-155 

and miR-146, with the possibility being left open that other miRNAs may also be involved with 

M1 to M2 conversion (65, 66). 

     There is limited specific information regarding the actions of melatonin in the polarization of 

macrophages.  In the event of an excessive inflammatory response, such as occurs during the 

cytokine storm  is characteristic of a SARS-CoV-2 viral infection.  Melatonin may have a critical 

anti-inflammatory role by controlling macrophage polarization.  The specific molecular events 

by which melatonin controls the balance between proinflammatory M1 macrophages and anti-

inflammatory M2 macrophages are yet to be defined.  The reader who wants additional 

information can consult the following recent publications (64, 67-69) and see figure 3. 

 

6. MELATONIN AND ANGIOTENSIN CONVERTING ENZYME 

 

     Angiotensin-converting enzyme 2 (ACE2) reduces cellular pathologies resulting from 

intensive and prolonged inflammation by suppressing TNF-α and IL-6 (70).  Cellular damage 

occurs when ACE2 is downregulated which causes the overactivation of the angiotensin II 

(ANG) II/AT1R (angiotensin type 1 receptor) axis with the destructive effects of ANGII 

contributing to multiorgan dysfunction initiated by what is referred to as the macrophage 

activation syndrome (MAS; production of M1 macrophages) which culminates in the cytokine 

storm (71).  The SARS-CoV-2 virus not only prevents ACE2 from entering into cells but also 

downregulates ACE2 (72) which contributes to ARDS.  ACE2 is widely distributed including in 

the lungs where it has been identified in a variety of cells including vascular endothelium and the 

associated smooth muscle cells of these vessels and in airway epithelium (73).  ACE2 protects 

the lungs from damage following the exposure of rodents to sepsis-generating molecules (74).  

Since SARS-CoV-2 virus dysregulates ACE2, this change may be responsible for the lung 

damage and pneumonia following COVID-19 disease development.  Similarly, any molecule 

that overcomes ACE2 suppression may reduce the severity of lung infections in COVID-19. 

     Initially, Zhang et al. (75) and then others (56, 76, 78) predicted that melatonin may be an 

effective treatment for COVID-19; it could do so by preserving ACE2 expression not only in the 

lungs but in other tissues where it is located, e.g., heart and kidneys.  The literature related to the 

topic of melatonin’s action on ACE2 is meager with a single report claiming maternal melatonin 

treatment during pregnancy enhances ACE2 levels in 6-week-old offspring (79).  Despite this 

very incomplete evidence, the possibility of a direct association between melatonin and bronchial 

cell ACE2 activity should be borne in mind especially since viral-mediated lung damage is 

mediated by inhibition of ACE2 in other models of viral infections (80, 81). 

     Rho GTPase and its downstream signaling molecule ROCK (Rho-kinase) are involved in 

many cellular functions especially when RhoA/ROCK signaling is activated.  Based on current 

evidence, Rho-kinase is upregulated in the inflamed lung and, as a result, inhibition of this 

enzyme may be beneficial as a treatment for acute lung injury (ALI) and ARDS (82).  Under 

other experimental conditions, melatonin is known to downregulate Rho-associated protein 
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kinase expression (83-85).  This action of melatonin should be included as a potential 

mechanism by which it impedes SARS-CoV-2 infection. 

 

7. CONCLUSIONS AND PERSPECTIVES 

 

     Considering the large number of individuals who have been infected with SARS-CoV-2 virus, 

the resulting pandemic, which has also ruined the economic base of many countries, must be 

considered one of the worst medical tragedies on record.  COVID-19 not only compromises 

respiratory physiology, which is of current greatest concern, but also damages many other organs 

as well, e.g., heart, kidneys, liver, central nervous system, etc. 

     Medical professionals are working feverishly to identify already-existing medications to 

combat this disease and especially, to prevent death.  Although a number of drugs have been 

repurposed or used as COVID-19 treatments, none have proven highly or reliably effective in 

curtailing the SARS-CoV-2 infection.  The development of vaccines has also been “fast-tracked” 

so they can become available in the shortest possible time.  But at best, this could be 8 to 12 

months or longer in the future.  This time delay is not helpful for the treatment of the current 

pandemic.  Obviously, a beneficial treatment for COVID-19 is needed today. 

     Melatonin, an endogenously produced molecule, has been shown to defer other virus-related 

diseases in experimental animals and plants (86, 87).  Indeed, according to the knowledge of the 

authors, no virus has been identified where melatonin has not been proven effective in quelling 

its effects.  Moreover, the molecular damage resulting from COVID-19 disease relates to its 

marked stimulation of inflammation (the cytokine storm) which also leads to the extensive nitro-

oxidative stress that results.  Given that melatonin is well established as an anti-inflammatory 

and antioxidant molecule along with its anti-viral (but not viricidal) actions, herein we proposed, 

as others have also done, the use of melatonin either alone or in combination with other drugs, to 

improve the outcome of individuals afflicted with SARS-CoV-2 and provide information on 

melatonin’s potential actions which will help to justify its use as a potential COVID-19 

treatment. 

     In addition to its proven mechanisms of action, melatonin has other advantages for use as a 

COVID-19 treatment: a) melatonin has a very high safety profile even when given in massive 

amounts, so overdosing is not an issue; b) melatonin can be administered via multiple non-

invasive routes; c) the shelf life of melatonin is very long and its refrigeration is not required; d) 

it is readily available in pharmacologically-available purity; e) melatonin can be self-

administered, a major advantage in remote areas or for individuals who are home-bound; f) 

melatonin may not only protect against acute lung injury but also the long-term respiratory 

damage associated with a COVID-19 infection, e.g., fibrosis; g) melatonin protects the lungs as 

well as all other organs, the damage of which contributes to multiple organ failure; and h) if 

given in combination with repurposed prescription medications, melatonin may reduce the side 

effects of those drugs. 

     The COVID-19 pandemic has caused a worldwide crisis.  Healthcare professions must be 

innovative at times like these especially considering the current dire circumstances.  While 

melatonin is not yet guaranteed as an effective treatment, it likely would be useful and is unlikely 

to do any harm. 

     The ability of melatonin to suppress the hyperinflammatory response referred to as the 

cytokine storm is consistent with reports on the current death rate of infected individuals.  In 

general, elderly humans have the highest mortality incidence of those infected with the virus.  
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The levels of endogenously-produced melatonin wanes with increasing age, at least in the pineal 

gland and perhaps in the mitochondria of other cells as well.  This being the case, older patients 

may be more seriously affected by a COVID-19 infection which increases both the morbidity 

and mortality of this population.  A just published report describes a therapeutic algorithm for the 

treatment of COVID-19 with melatonin (78) while another publication suggested the use of 

melatonin in combination with prescription drugs (75, 88). 

     Although probably less concerning than the advanced age issue, even young individuals 

exposed to light at night, such as nightshift workers (who are frequently the health caregivers), 

have reduced endogenous melatonin production judging from the depressed circulating 

melatonin levels.  Potentially these individuals may exhibit a more serious infection if they 

contract the SARS-CoV-2 virus. 
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