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ABSTRACT

Melatonin, a phylogenic conserved molecule, presents in almost all living organisms and it
is believed to be originated to protect the unicellular organisms from oxidative products which
were emerged from aerobic respiration. Even with the acquisition of a variety of other functions
along evolution, the crucial autocrine, paracrine and endocrine actions of melatonin in the
regulation of cell biology were well preserved. The molecular mechanisms involved in the cell
cycle that determine survival and death need to be tightly regulated. Changes in these
mechanisms can trigger pathologies that compromise the entire balance of the body. In this
context, melatonin acts on cellular homeostasis by regulating the main molecular mechanisms
that sustain life and control death, such as synthesis and degradation of protein, energy supply
and pathways which trigger death to remove the defective cell or any microorganism from the
tissues. Thus, this review aims to briefly present the action mechanisms of melatonin, in
addition to discussing its fundamental role in cellular processes such as synthesis and
degradation of protein, mitochondrial function and cell death control.
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1. MELATONIN, A BRIEF REVIEW

Melatonin (N-acetyl-5-methoxytryptamine) is an indolamine with a molecular mass of 232
which presents three basic properties: 1) it is amphiphilic, being almost equally diffusible in
aqueous and in lipid medium so that it can be found in all compartments of the cells, 2) it is a
chronobiotic hormone and 3) it is a powerful antioxidant molecule, efficiently scavenging
almost any oxygen species (ROS) and nitrogen reactive species (RNS). Its primary function
seems to be linked to its antioxidant property which is well preserved throughout the
phylogenetic tree and its several other cellular and systemic functions were acquired during
evolution, according to the complexity of the organism and to the site of melatonin production.

Melatonin is a phylogenic conserved molecule outlasting by far the origin of the pineal
gland, that is present in vertebrates, as its origin can be traced back to the initial aerobic
metabolism, probably 2.5 billion years ago (1-3). Being present in every existing taxon,
melatonin can be found in prokaryote and eukaryote, unicellular or pluricellular organisms
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such as: archaea, bacteria, algae, protozoa, fungi, plants, invertebrates, and vertebrates (4-6).
In most of these organisms, melatonin acts as a chemical mediator with autocrine and paracrine
signaling properties due to its diffusion characteristics. Its actions as a hormone (endocrine
signaling) are mainly observed in vertebrates. In mammals, synthesized from the amino acid
tryptophan as the primary substrate, melatonin can be produced by several peripheral tissues
for local use, in addition of being produced by the pineal gland and released in the circulation,
acting as a hormone (7-9). The pineal gland is an epithalamic structure, originating from the
roof of the third ventricle and lying over the quadrigeminal mesencephalic lamina. This
particular anatomical location determines that pineal melatonin is not only directly released to
the blood stream, but it is also especially released into the cerebrospinal fluid of the third
ventricle, reaching the central nervous system (CNS) (10). Therefore, the CNS is one of the
main targets of melatonin actions, consequently interfering with main physiological systems
such as endocrine system, energy metabolism (14-16), cardiovascular system (10, 17-19),
activity-wake/rest-sleep cycle (10, 20-22), reproduction (23-27).

Due to the control by a unique neural pathway in mammals, pineal melatonin synthesis is
circadian and seasonally rhythmic, being exclusively allocated to dark phase of the
environmental light-dark cycle, independently of the activity/rest circadian profile of the given
species (diurnal, nocturnal or crepuscular) (10). It is important to notice that the night-restricted
melatonin production takes place only if the night is dark, i.e., there is no light in the
environment. Light at night, especially in the blue/green range, inhibits melatonin production,
being able to completely block it depending on its intensity and time of exposure (28, 29).
Moreover, the nocturnal duration of melatonin production precisely follows the duration of the
dark phase of the light-dark cycle, that is strictly dependent on the seasons of the year. These
characteristics of melatonin determine its most essential function in the regulation of vertebrate
physiology: melatonin nocturnal profile internally represents the external photoperiodic daily
and seasonal geophysical cycle. In accordance, pineal melatonin profile serves as the interface
between the environmental light-dark cycle and the chemical signaling the day and night and
the different seasons to the internal environment of the organisms to trigger all the
corresponding physiological and behavioral adaptations (29).

The question that follows is how melatonin endocrine signal can transmit this information
about the lightning condition of the external environment to the internal target cells, organs,
and systemic physiology. It is usually expected that a chemical messenger, especially a
hormone, signals through specific receptors that define its target element’s function. In fact,
there are two specific melatonin membrane receptors, nominated as MT1 (encoded by
MTNR1A gene) and MT2 (encoded by MTRN1B gene) (30). They are G protein-coupled
receptors linked to Gi / Go or Gq/ G11, signaling, therefore, through the inhibition of cAMP or
cGMP synthesis and/or activation of phospholipase C, depending on the central or peripheral
localization of the targets. It should be mentioned that melatonin can, as well, regulate the
transduction pathway of nuclear receptors of the family of the retinoic acid (ROR/retinoid Z
receptor) in certain systems.

Moreover, due to its phylogenetic origin and its amphiphilicity, melatonin can act
independently of receptors, in an intracellularly direct action (31). In this case, in addition to
direct scavenging free radicals, melatonin can interact with other important substances
including calcium/calmodulin dependent kinase 11 and several intracellular proteins (32). As
mentioned above, the well-known antioxidant effect of melatonin is, in part, dependent on its
direct interaction with ROS and RNS, besides upregulating expressions of antioxidant enzymes
in a receptor-mediated action (33). Some of these actions of melatonin are the common
features of hormones generally and others are unique to melatonin acquired during evolution
such as being an internal signal to inform the changes of the external day and night and the
seasons of the year to the organisms, especially to mammals (10). As similar to other hormones,
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melatonin presents what is known as immediate effects due to its direct interaction with its
molecular acceptors (receptor and non-receptor mediated effects described above). These
effects are observed on any target system during the night, when melatonin is present in the
circulation and in the cerebrospinal fluid. In addition, some effects of melatonin only occur
after the cessation of melatonin signaling, in the following day. These are the so-called
prospective effects which can be classified to two types. 1) Proximal or consecutive effects,
that appear immediately after the end of melatonin production (during the morning of the next
day) and last for some hours and it is dependent on the hypersensitivity or supersensitivity of
the intracellular adenylyl cyclase/cAMP/PKA/CREB transduction pathway that appears after
the withdraw of the long-lasting nocturnal inhibition due to the interaction of melatonin and
Gi-dependent receptors. The withdraw of this long-lasting nocturnal inhibition allows a
potentiation of the action of any Gs-linked receptor agonist that mobilize adenyl cyclase-
CAMP production, as seen in several central and peripheral systems (suprachiasmatic
hypothalamic nucleus, pituitary pars tuberalis, pancreatic beta cell, Leydig cells, ovary cells,
etc.) (10). 2) Distant or prolonged effects, that appear at any time during the following day,
provided melatonin is not present. They are dependent on melatonin regulation of the
expression of the so-called clock genes. Once triggered, the expression of these genes lasts for
approximately 24 hours. These clock genes, in turn, control the expression of the clock-
controlled genes that are the functional genes controlling cellular functions.

In addition, due to its regularity of production, clear contrast between night and day and
clear relationship to the external photoperiod, melatonin is able to synchronize the circadian
oscillators, either central or peripheral. Acting on central circadian clock, hypothalamic
suprachiasmatic nucleus, melatonin regulates its phase and period contributing importantly to
the circadian temporal structure of the physiological and behavioral processes (10). In this way,
night-restricted melatonin release determines effects that are seen all over the 24 hours either
during the night (immediate effects) or during the following day (prospective consecutive or
prolonged effects) allowing melatonin to internally signals the external night and day and, as a
circadian chronobiotic agent participating decisively in the circadian organization of
physiology and behavior.

As far as the seasonal signaling is concerned the involved mechanisms are different. First,
as previously mentioned, the internal nocturnal profile of melatonin strictly follows the external
duration of the dark night (34, 35). This duration of nocturnal melatonin production is detected
by a special central structure called pituitary pars tuberalis (36). This structure control local
thyroid stimulating hormone (TSH) production depending on the duration and on the direction
of changing (increasing or decreasing) of melatonin nocturnal profile. However, when this
signal is translated into physiological and/or behavioral modifications that are adaptive to the
different seasons of the year, it must be transmitted from the pituitary pars tuberalis to the
hypothalamus, that is the behavior-physiology integrative center of the CNS. This is
accomplished by hypothalamic-third ventricle special radial glial cells, the tanycytes, whose
cells bodies line the ventral portion of the third ventricle, interposed to the ependymal cells,
and present cellular processes projecting to several hypothalamic nucleus, median eminence
and pars tuberalis (37). TSH receptors are present in the membrane of the tanycytes reaching
the pars tuberalis. These receptors are activated by paracrine signaling of the pars tuberalis
cells that release TSH in the extracellular space. Tanycytes’ TSH receptor-mediated
transduction pathway activates the expression of type 2 iodothyronine deiodinase (DI1O2) and
reduces the expression of type 3 iodothyronine deiodinase (D103). DIO2 is the enzyme
responsible for converting T4 to T3, the active form of the hormone. DIO3 inactivates thyroid
hormone by converting T4 into reverse T3, an inactive form. In summary, the duration of the
nocturnal profile of melatonin mediated by pituitary pars tuberalis and hypothalamic tanycytes
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regulates the availability of active T3 in the hypothalamus, that is known to control the seasonal
fluctuation of physiology and behavior (10, 38, 39).

Considering the mechanisms of action of melatonin, it is known that it is involved in cellular
functioning through several putative mechanisms (10, 38, 39). Whether via pineal melatonin
or via melatonin produced locally by cells, for example in mitochondria, there will be direct
(autocrine action) or indirect (paracrine or endocrine actions) regulation on various cellular
functions. The role played by melatonin in the regulation of protein homeostasis, mitochondrial
function and cell death is going to be discussed below.

2. EFFECTS OF MELATONIN ON THE SYNTHESIS AND DEGRADATION OF
PROTEINS

Melatonin regulates protein turnover by controlling protein synthesis and degradation. As
it is well-known, protein synthetic machinery is dependent on three major organelles:
endoplasmic reticulum (ER), mitochondria and Golgi complex (GC). The balance between
their function and crosstalk are essential to produce biologically active proteins. All proteins
transiting the secretory pathway in eukaryotic cells first enter the ER, undergo conformational
changes, form complexes and are exported into vesicles to the Golgi apparatus for subsequent
secretion (40). During protein synthesis, there is a process of quality control that prevents
unfolded protein formation by binding them to chaperones, preventing their exportation to the
GC; and also directing these malformed proteins to the cytoplasmic 26S proteasome for
degradation and elimination through the process called ER-associated degradation (ERAD)
(41).

The ER lumen has a unique highly oxidizing environment that favors the protein folding
from the very beginning, when the nascent polypeptide chain enters the organelle (40). High
protein concentration and/or the presence of unfolded proteins increase the probability of
forming protein aggregates that can trigger and sustain the ER stress. Specific ER proteins such
as the 78kDa and 94kDa glucose-regulated proteins (GRP78/Bip; GRP94) are responsible for
binding to these unfolded proteins, therefore, preventing the emergence of protein clusters and
the resultant stress response, reestablishing the organelle homeostasis (42). Furthermore, the
ER is the main store of calcium in the cell necessary for the synthesis of new biologically active
proteins, in addition to ATP. The energy provided by ER-associated mitochondria is essential
not only for protein folding but also for maintaining chaperone function, intraluminal calcium
ion levels, the redox state of ER, and protein degradation by ERAD (43). Thus, any impairment
in mitochondrial function can disrupt ER homeostasis and trigger the stress response.
Therefore, the accumulation of unfolded proteins initiates the activation of a stress signaling
cascade known as the Unfolded Protein Response (UPR). ER stress activates stress-sensing
transducers: Inositol-Requiring kinase 1 (IRE1), protein kinase-like ER kinase (PERK) and
Activating transcription factor 6 (ATF6) (44).

When UPR is activated, IRE1 autophosphorylates its cytoplasmic domain to activate its
ribonuclease function. Activated IRE1 cleaves the X-box binding protein mRNA (XBP1) to
generate the spliced form of XBP1s which triggers the transcription of several genes involved
in the UPR (44). In addition, by processing XBP1 mRNA, IRE1 directly and indirectly
promotes the rapid breakdown of several MRNAs associated with the rough ER, decreasing the
entry of new protein to the lumen of this organelle. When chronically activated, IRE1 binds to
Tumor Necrosis Factor receptor-associated factor 2 (TRAF2) activating the pro-apoptotic
kinase JUN N-terminal kinase (JNK) through the apoptosis signal-regulating kinase 1 (ASK1)
(45). Activated JNK triggers cell death by apoptosis or autophagy. The IRE1 activity is
regulated by the interaction with BAX inhibitor 1 and proteins of the Bcl-2 family (44).
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PERK dissociates from chaperone GRP78 when unfolded protein increases in the lumen of
the ER, dimerizes, phosphorylates and consequently inactivates the eukaryotic translation
factor 2a (elF2a) (46, 47). Phospho-elF2a abolishes the translation and overall protein
synthesis to prevent the ER overload. However, some protein synthesis is still sustained during
PERK activation (47). Activating Transcription Factor 4 (ATF4) is activated by phospho-elF2a
(48) and increases the transcription of some genes involved in the stress response, such as
chaperones (GRP78 and GRP94), and of genes involved in the suppression of oxidative stress,
metabolism and transport of amino acids. ATF4 also activates the CCAAT/enhancer-binding
protein homologous protein (CHOP), which triggers ER associated apoptosis when the UPR is
chronically activated (49). ATF6 remains in the ER during normal conditions in association
with GRP78 (50). When the unfolded protein concentration increases in the ER lumen, ATF6
dissociates from the chaperone and translocates to the Golgi apparatus where it is cleaved by
site-1 (S1P) and site-2 (S2P) proteases, releasing the 50 kDa cytosolic domain (p50ATF6) as
an active transcription factor. p5OATF6 activates the transcription of several genes involved in
ER quality control, including chaperones such as GRP78, XBP1, ERAD components of the
apoptosis-inducing CHOP and Endoplasmic reticulum resident oxidoreductase 1p (Ero1p) that
has a key role in maintaining the oxidative environment of the ER (50, 51).

The endoplasmic reticulum is associated with mitochondria in regions called Mitochondria-
Associated ER Membrane (MAM). The MAM has fundamental interest in cellular homeostasis
including non-vesicular transport of phospholipids, calcium ion transport from the ER to the
mitochondria to stimulate oxidative metabolism and the control of calcium concentration in the
ER lumen (41, 44, 52, 53). Any change in the mitochondrial function and, therefore, in the
MAM domain formation is associated with an increased rate of cell death and the development
of various diseases, such as Parkinson, Alzheimer, inflammatory and metabolic related
pathologies (41, 44, 52, 54-57). Prolonged UPR activation is correlated to several pathologies,
such as type 2 diabetes, cancer, viral infections, neurodegenerative, cardiovascular and
inflammation related diseases (44, 58, 59). Melatonin is known to regulate ER stress by
modulating the action of the three ER stress sensors (60) PERK is known to play an important
role in the ER stress-induced apoptosis due to heart and brain ischemia when there is a cell
depletion of ATP because of the lack of oxygen supply, which consequently leads to an
accumulation of unfolded protein in the ER lumen and UPR activation. Melatonin protects
from heart injury caused by ischemia-reperfusion by reducing PERK-elF2a-ATF4 pathway
and consequently decreasing the stimulus to induce cell death (61). In the brain, melatonin
protects from injury also by reducing PERK phosphorylation (activation), phospho-elF2a and
consequently decreasing the content of cleaved-caspase 3 and cytochrome C. Melatonin-
treated animals presented lower brain infarction volumes, lesion sites and increased number of
surviving neurons (62). On the other hand, melatonin seems to increase ER stress and activate
CHOP, leading to increased apoptosis and autophagy in cancer cells (63, 64). IRE1-a is also
modulated by melatonin. Central insulin resistance (IR) and/or cerebral ischemic stroke led to
ER stress activation that causes cell death. Melatonin decreases the content of p-IRE1 and
spliced XBPL1, protecting neurons from death (65). ATF6 is blocked by melatonin, which in
turn inhibits cyclooxygenase-2 (COX-2) and leads human hepatoma cells to ER stress inducing
apoptosis. Melatonin was also able to protect against neuronal apoptosis by suppressing the
ATF6/CHOP pathway (66). In addition to interfering with protein synthesis, melatonin also
appears to regulate protein degradation. Due to the similarities between proteasome inhibitors
and melatonin in nuclear factor 2 related to erythroid factor 2 (Nrf2), nuclear factor kappa B
(NFxB) influencing the balance of protein 2 in B-cell lymphoma (Bcl-2) and Bax, melatonin
inhibits ubiquitin ligase complex Cul3-Rbx1 (E3 ligase) and the proteasome itself. By
modulating this organelle, melatonin can modify cellular redox state, mitochondrial biogenesis
and cell death (67).
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3. MITOCHONDRIA AND MELATONIN

Every step during the cellular life cycle requires energy. Mitochondria is responsible for
generating energy in eukaryotic aerobic cells by a very specific mechanism. ATP, a chemical
energy carrier, is produced in mitochondria inner membrane by a sequence of electron
transporter proteins, known as electron transport chain (ETC) (68). Basically, proteins transfer
electrons one to another and at the end of the chain, oxygen is the final electron acceptor and
generates H>O as a result. This electron transport generates a proton gradient between the inner
membrane and matrix, which drives hydrogen ions back to the matrix through ATP synthase.
As it happens, ATP synthase forms ATP from ADP and inorganic phosphate (P;) (68). In the
ETC, electrons can escape the regular chain flux, especially when the cell is metabolic
activated, and form free radicals as they react with molecular oxygen. These free radicals, such
as superoxide anion, react with other molecules and form different types of more dangerous
radicals, for instance, hydroxyl radical and peroxynitrite. These ROS trigger mitochondrial
oxidative stress and may damage the organelle, releasing some apoptotic molecules, such as
cytochrome C, which in turn activates caspase 3 and consequently the death process (69, 70).

On other hand, ROS are not always detrimental for the organelle and the cell since these
species also participate in several important signaling pathways, such as ion transport,
inflammation and protein degradation). Damaged and dysfunctional mitochondria is
eliminated by mitophagy to maintain cell homeostasis. Mitophagy is the specific mitochondrial
degradation through autophagic process and it plays an important role in the cell life cycle
since it protects the cell from the activation of mitochondrial death pathways, once this
organelle is damaged, and also enhances mitochondrial turn over (73).

Mitochondrial fusion/fission is also important for the energy and metabolic status of the
cell and consequently for its homeostasis (74). Mitochondria are dynamic organelles with the
ability to fuse (fusion) and divide (fission) depending on the physiological condition of the cell.
Mitochondrial fusion is associated with enhanced ATP production and mitochondrial function,
while excessive fission is considered prejudicial to the cell since it is associated to increased
ROS production and impaired mitochondrial function (75, 76). For instance, hyperglycemia
enhanced mitochondria fission and ROS production in cardiomyocytes (77) and myocardial
contractile dysfunction is directly associated with an increase in mitochondria fission in
diabetic patients (78). Dynamin-related protein 1 (Drpl) is a GTPase that mediates
mitochondria fission by promoting membrane constriction and stabilizing structural
intermediates of membrane division (79). On the other hand, impairment in mitochondria
fusion is associated with several human pathologies, such as Alzheimer’s and Parkinson’s
diseases. Mitofusin-1 and 2 (MFN1 and MFN2) (80) and optic atrophy protein 1 (OPA1) (81)
are the proteins that allow mitochondria to completely fuse by interconnecting inner and outer
membranes from two different organelles (65). Therefore, mitochondria are the powerhouse of
the cell and any disturbance in its machinery can lead to cell death.

Melatonin is known to accumulate in mitochondria protecting this organelle from the
oxidative stress. It was recently described that mitochondria synthetize and release melatonin
and express its receptor MT1 in the outer membrane. When activated, this receptor inhibits
stress-mediated cytochrome C release and block caspase 3 activation, protecting the cell from
death (82). Melatonin prevents oxidative stress by inhibiting NO synthase (NOS) isoforms (83)
and downregulating iNOS expression in several cell types, including microglia, astrocytes and
immune cells, thereby reducing the levels of *NO and the generation of highly detrimental RN'S
(84). Furthermore, melatonin acts as a direct ROS/RNS scavenger by neutralizing the hydroxyl
radical (*OH) (85) and indirectly by generating metabolites that can enhance its antioxidative
power, constituting a radical-scavenging cascade able to eliminate 10 times more free radicals
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by one melatonin molecule (86). Also, melatonin enhances the disposal of reduced glutathione
(GSH) and the activity of other antioxidant enzymes.

Overall, in physiological conditions, melatonin increases the electron flux by upregulating
the activity of the ETC complexes. However, under oxidative stress, melatonin is able to
reestablish the electron flux and prevent mitochondria damage (68). Melatonin also regulates
mitochondrial fission by decreasing the expression of Drp-1 (87) and influences mitochondrial
fusion by increasing the expression of OPAL (88). Both melatonin actions are associated to
improvements of cardiac dysfunction in diabetic patients (88). Finally, melatonin induces
mitophagy by upregulating Nrf2 and protects cell from mitochondria-induced death (89).
Enhanced mitophagy by melatonin is associated to better prognosis in atherosclerosis (89) and
brain injury (90).

4. CELL DEATH AND MELATONIN

Cell death is as important as other cell functions such as cell division, protein/lipid
synthesis, migration and others, whilst it regulates cell number, tissue size and plays an
important role in the cell quality control, eliminating components that can threaten homeostasis
(92).

Apoptosis is a type of programmed non-inflammatory cell death that participates in several
physiological processes such as embryogenesis, metamorphosis and in the defense line of the
organism by eliminating infected/damaged cells (92). Apoptotic cells are characterized by the
formation of cell surface protuberances (blebs) and condensation of the nucleus and cytoplasm,
leading to decreased cell volume and disintegration of cellular junctions (93). In addition, the
membrane externalization of phosphatidylserine is a hallmark of the early apoptosis allowing
macrophages, which express phosphatidylserine receptors, to recognize apoptotic cells and
eliminate them, preventing the release of inflammatory factors (94). Apoptosis can be triggered
by two different pathways: 1) the intrinsic pathway, which is activated in response to cellular
stress, and 2) the extrinsic pathway, activated by external stimulus from other cells and toxins.
The intrinsic pathway is characterized by mitochondrial permeabilization that involves
members of the B-cell lymphoma protein 2 (Bcl2) family and release of cytochrome C into the
cytoplasm, which ends up in pro-caspase 9 cleavage and finally caspases 3 and 7 activation.
Extrinsic pathway is initiated by tumor necrosis factor receptors (TNFRs) or the first apoptosis
signal receptor (Fas), also known as cluster of differentiation 95 or apoptosis antigen-1 (CD95
or Apo-1). Following receptor activation, pro-caspases 8 and 10 are cleaved, allowing the
cleavage and activation of caspases 3 or 7 (92, 93, 95).

Autophagy is another type of programmed cell death. In the autophagic process, cells
catabolize damaged cellular components to reuse essential components such as carbohydrates,
proteins and lipids, for cell repair and energy generation. Autophagy is triggered when the cell
is under stress or starvation conditions, preventing cell damage and increasing survival chances
when there is a lack of energy and nutrients (96). Autophagy is initiated by the recruitment of
autophagy related proteins (ATGs) and Beclin-1 to a specific subcellular location for the
autophagosome formation, a double membrane vesicle which traps the damaged organelle or
any other cytosolic material, that is completed after elongation and expansion of the ATG
initiated membrane. This process is controlled by Unc-51-like kinase (ULK),
phosphatidylinositol 3-kinase (PI3K), ATG12-ATG5-ATG16L1 complexes and microtubule-
associated protein light chain 3 (LC3) family members (97, 98). When autophagic process fails
to reestablish the energy status of the cell or it is blocked by inhibitors or any other factors, cell
death is triggered (97).

Pyroptosis is also a type of programmed cell death resulting in cell lysis, tissue
inflammation and leukocyte recruitment. The key enzyme in this type of death is caspase-1 that
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activates the cytokines IL-1p and IL-18 responsible for recruiting macrophages and
polymorphonuclear cells to the infection site (99). Caspase-1 is also related to the formation of
pores in the cell membrane, allowing an influx of extracellular ions and promoting cell swelling
and lysis. Pyroptosis is controlled by a multiprotein complex known as inflammasome which
is composed by a sensor called the nucleotide-binding oligomerization domain (NOD)-like
receptor, an adapter molecule containing C-terminal caspase-recruitment domain (CARD),
Apoptosis-associated speck containing CARD (ASC) and caspase-1 (100). When
inflammasomes bind to pathogen-associated molecule patterns (PAMPS) they promote pro-
caspase 1 activation, cytokines production and consequently death (99). A key executioner
protein of pyroptosis is gasdermin D (GSDMD). Activated caspases cleave GSDMD which
mediates pore formation and initiates death by pyroptosis (101).

Cell death is not always controlled and programmed. Necrosis is a type of cell death that
results in the autolysis of the cell by external factors such as toxins, trauma or infection (102).
Necrosis promotes rupture of cell membrane and consequent release of cell content, triggering
an inflammatory process in the surrounding tissue, causing damage and leukocyte recruitment.
Oxidative stress, severe energy depletion and high concentrations of cytoplasmic calcium can
induce cell necrosis (103-105).

Melatonin is known as a cell death modulator. In physiological conditions, melatonin acts
by protecting cells from death during metabolic disturbances. On the other hand, in diseases
such as cancer, melatonin triggers apoptosis and, acts as an oncostatic molecule in a variety of
tumors (106). Melatonin can regulate both intrinsic and extrinsic pathways of apoptosis. As
already mentioned, melatonin protects mitochondria from oxidative stress by scavenging ROS
and enhancing the ETC, which prevents the opening of membrane pores and the release of
cytochrome C and caspase 3 activation (68). Also, melatonin can positively regulate the
apoptosis extrinsic pathway in cancer development by modulating death receptors such as Fas
(107). For instance, in human leukemia Molt-3 cells and ovarian cancer melatonin increases
caspase 3 activity and, consequently, triggers cell death (108). Moreover, melatonin can inhibit
human breast carcinoma proliferation by activating the p53-p21WAF1 pathway, inducing a
cell cycle arrest (109). Contrary to that, melatonin inhibits caspase 3 activation in thymocytes
when treated with dexamethasone (110) and, likewise, inhibits caspase 9 and 3 activity in
human leukocytes in a calcium-induced apoptosis model (111). The mechanisms of melatonin
action in different cells, with different metabolic profiles and with such a wide spectrum of
action are still not completely understood. Melatonin membrane receptors, such as MT1 and
MT2, were once thought to be involved in these different types of action. However, as
melatonin is an amphiphilic molecule and can freely cross the barriers of cytoplasm and
nucleus membranes, direct non-receptor mediated actions should also be taken into
consideration. Moreover, melatonin is also produced from inside the cells, by mitochondria,
and plays distinct roles apart of activating cell membrane receptors. Therefore, the mechanisms
by which melatonin responds in different ways, depending on the cell status.

Autophagy is also highly regulated by melatonin. This molecule can act directly in the
autophagic process or indirectly, by resolving mitochondria oxidative stress and reestablishing
the energy supply. Melatonin can act as a double sword in the autophagic process, by inhibiting
or inducing it, depending on the cell state. After traumatic brain injury, melatonin induces
autophagy by enhancing Beclin-1 and LC3-I1 protein content. In this case, melatonin protects
neurons from apoptosis due to the reestablishment of cellular energy status and to the protective
effects on mitochondria (112). In hepatoma H22 tumor-bearing mice, melatonin also increased
Beclin-1 and LC3-I1 protein content by inhibiting the phosphorylation of the mammalian target
of the rapamycin (mTOR), a classic autophagy inhibitor. By doing so, melatonin prevented
H22 cells from apoptosis and contributed to tumor growth (113). Moreover, liver virus
infection, such as rabbit hemorrhagic disease virus (RHDV) and the hepatitis C virus, is known
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to trigger ER stress and associated autophagy. Melatonin inhibited apoptosis and modulated
the autophagic process by inhibiting Beclin-1 expression and LC3 conversion in the RDHV
model (114).

Pyroptosis is also a target for melatonin modulation. In obese subjects, pyroptosis augments
inflammation in the adipose tissue in response to high fat diet-induced obesity. Melatonin was
able to inhibit inflammasome-induced pyroptosis by blunting NLRP3 activation due to LPS
stimulus and by decreasing NF-«B signaling. It was observed that melatonin regulated IRF7,
impeding the cytoplasmic pore formation by GSDMD (115). Moreover, melatonin also blocks
pyroptotic death in endothelial cells by blunting the NLRP3 activation via miR-223 inhibition.
These findings suggest that melatonin could be a new strategy in the treatment of
atherosclerosis endothelial inflammation (116).

Considering the associations among melatonin, NLRP3 and miRNA-223, information on
liquid-liquid phase separation (LLPS) and the formation of membraneless organelles (MLOs)
may offer a new perspective on the mechanisms used by melatonin to suppress NLRP3 via
mMiRNA-223.In order to down-regulate NLRP3, miRNA-223 needs to be transported by
exosomes to the target site (117). However, before miRNA-223 can be transported by
exosomes to specific sites, mMiRNA-223 must be sorted into exosomes by Y-box binding protein
1 (YBX1). For this, YBX1 must first pass through LLPS (in vitro and in cells) to form MLOs
and capture miRNA-223 (118). Therefore, the MEG3/miR-223/NLRP3 axis (119) is really
dependent on the proper assembly of YBX1 associated MLOs that can capture and package
miRNA-223 into exosomes. More importantly, this whole process is fine-tuned and facilitated
by the addition of melatonin which can regulate LLPS and the formation of MLOs.

Finally, necrosis is also modulated by melatonin. Melatonin can either inhibit or induce
necrosis depending on cell types and status. For instance, melatonin enhances necrosis in
pancreatic cancer cells via Bcl-2/Bax modulation (119). On the other hand, after
ischemia/reperfusion, melatonin inhibits necrosis preventing tissue injury and dysfunction in
pancreas and liver (120, 121). Therefore, melatonin has a dual effect on cell death processes.
It depends whether the cell is harmed or if it has a defect in the dying process, like in cancers
for example. Further mechanistic studies are needed to understand these differences in actions.
By unveiling these concepts, melatonin would be more eligible and trusted as a molecule for
treating pathologies that are triggered by dysregulation of cell death.

5. CONCLUSION AND OUTLOOK

Melatonin, a ubiquitous molecule in living organisms, appears to be an essential element in
the regulation of cell biology. The complexity of it signaling, depending mainly on its origin
of production and mechanisms of action, transforms melatonin into a functional cell regulator
that can adjust cellular metabolism. However, all the resulting effects of melatonin that regulate
cellular homeostasis trigger molecular mechanisms that sustain life and control death.
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