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A B S T R A C T

Mitochondria functionally degrade as neurons age. Degenerative changes cause inefficient oxidative phosphor
ylation (OXPHOS) and elevated electron leakage from the electron transport chain (ETC) promoting increased 
intramitochondrial generation of damaging reactive oxygen and reactive nitrogen species (ROS and RNS). The 
associated progressive accumulation of molecular damage causes an increasingly rapid decline in mitochondrial 
physiology contributing to aging. Melatonin, a multifunctional free radical scavenger and indirect antioxidant, is 
synthesized in the mitochondrial matrix of neurons. Melatonin reduces electron leakage from the ETC and el
evates ATP production; it also detoxifies ROS/RNS and via the SIRT3/FOXO pathway it upregulates activities of 
superoxide dismutase 2 and glutathione peroxidase. Melatonin also influences glucose processing by neurons. In 
neurogenerative diseases, neurons often adopt Warburg-type metabolism which excludes pyruvate from the 
mitochondria causing reduced intramitochondrial acetyl coenzyme A production. Acetyl coenzyme A supports 
the citric acid cycle and OXPHOS. Additionally, acetyl coenzyme A is a required co-substrate for arylalkylamine- 
N-acetyl transferase, which rate limits melatonin synthesis; therefore, melatonin production is diminished in cells 
that experience Warburg-type metabolism making mitochondria more vulnerable to oxidative stress. Moreover, 
endogenously produced melatonin diminishes during aging, further increasing oxidative damage to mitochon
drial components. More normal mitochondrial physiology is preserved in aging neurons with melatonin 
supplementation.

1. Introduction

Due to increasing life span, humans are outliving the optimal func
tional capacity of many body parts such that defective hips are replaced, 
dysfunctional organs are transplanted, wrinkled skin is smoothed out, 
etc. Advancing age and the associated faltering organs become 

increasingly vulnerable to diseases with organ systems undergoing an 
accelerated rapid downward functional spiral; thus, the older an organ is 
the faster it deteriorates. The rate of organ degeneration during aging is 
in part related to its metabolic activity with organs with high metabolic 
demands undergoing earlier and more insidious changes. In this context, 
a large number of central nervous system (CNS) neurons are estimated to 
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be lost every day which gradually weakens an organism as it ages. 
Compounding the problem is that neurons are highly differentiated such 
that the majority of them are incapable of renewing themselves so their 
lost is especially devastating. As a result, neurodegenerative conditions 
are major factors that contribute to morbidity and mortality.

The requirement for exaggerated amounts of glucose and oxygen to 
support the elevated metabolic demands of neurons contributes to their 
decline (mitochondrial oxidative theory of aging) in part due to the 
byproducts of these molecules (Munro and Pamenter, 2019). In partic
ular, spin-off products of ground state-based oxygen (O2) cause neigh
boring subcellular molecules to be continually under siege and capable 
of being damaged which, if they are not repaired, compromise the 
ability of the damaged cells to flourish. These derivatives are referred to 
as reactive oxygen (ROS) and reactive nitrogen species (RNS), some of 
which are also free radicals (Sies, 2021). Free radicals, by definition, are 
molecules or parts of molecules that have an unpaired electron in their 
outermost orbital; this makes them highly reactive and often destructive 
to molecules in the vicinity of where they are generated, i.e., DNA, RNA, 
proteins and lipids; the resulting damage is referred to as oxidative or 
nitrosative stress. The accumulation of oxidative and 
nitrosative-damaged molecular components buildup throughout life 
gradually compromising neuronal function; this accumulation of mo
lecular debris is recognized as a component of aging (Sies et al., 2017). 
The contribution of oxidative damage to age-related degeneration, 
known as the free radical theory of aging is a widely accepted biological 
premise.

Especially ROS can be generated under a variety of conditions in all 
subcellular compartments. For example, NADPH oxidases, aldehyde 
oxidases, cytochromes P450 and many others cause the formation of the 
superoxide anion radical (O2

●-) whereas other oxidases give rise to 
hydrogen peroxide (H2O2) (Andre-Levigne et al., 2024). In reference to 
their gerontological impact, however, it is the abundant ROS generated 
by mitochondrial electron transport chain (ETC) that is of the major 
interest and probably contribute most significantly to the aging pheno
type (Bhattacharya et al., 2024).

Neurological aging, however, is not simply a matter of free radical 
damage to mitochondria. Many other molecular processes are inter
twined with the changes in these organelles contributing to the aging 
phenotype. Some of the other related organellar dysfunctions that occur 
when mitochondrial physiology is disturbed are summarized in the 
Conclusions and Perspectives of this report. Since mitochondria have a 
central role in essentially every function a neuron performs, and because 
current data documents that melatonin is synthesized in mitochondria, 
this review is intended to showcase the evidence that the loss of mito
chondrial and pineal melatonin in the aged may be a fundamental 
feature of neural degenerative diseases.

2. Relationship of melatonin to the brain throughout life

Melatonin (N-acetyl-5-methoxy tryptamine) is best known because 
of its circadian production and synthesis in the pineal gland, an 
outgrowth of the posterodorsal thalamus and a major component of the 
epithalamus. The mechanisms governing the production of melatonin in 
the pineal gland have been thoroughly described with its circadian 
production being determined by the light:dark environment as wit
nessed by the lateral eyes (Klein, 2007). In mammals, and likely in all 
vertebrates, pineal melatonin synthesis and secretion is normally 
elevated during the night. Its cyclic release aids in the regulation of the 
suprachiasmatic nucleus (SCN), the master circadian clock, in the basal 
anterior hypothalamus. Additionally, the blood melatonin rhythm 
directly impacts clock genes in somatic cells throughout the body. The 
well-regulated circadian biology of an organism is a major contributor to 
health maintenance (Chawla et al., 2024). With advancing age, how
ever, pineal melatonin production wanes such that in the elderly the 
nighttime rise in circulating melatonin is greatly reduced compared to 
that which occurs in young individuals (Anghel et al., 2022). Although 

there is a significant variation in the degree of melatonin loss in aged 
humans, the nocturnal peak of blood melatonin can be attenuated by as 
much as 80 % in individuals beyond 60 years of age (Benot et al., 1999). 
Thus, the circadian influence of melatonin on biological rhythmicity in 
the aged is likewise diminished which leads to a marked diminution of 
optimal circadian regulation with an increased propensity for the elderly 
to develop disease.

In mammals, including the human, pineal melatonin is released in a 
circadian pattern not only into the blood but also into the cerebrospinal 
fluid (CSF) of the third ventricle (Fig. 1) (Kanematsu et al., 1989; 
Maurizi, 1991; Skinner and Malpaux, 1999; Tricoire et al., 2002). It is 
noteworthy that the amplitude of the CSF melatonin rhythm in the 
lateral ventricle is often much greater than that in the jugular vein blood 
with the nighttime levels of melatonin being much higher than those in 
the general circulation (Hedlund et al., 1977; Legros et al., 2014; Leston 
et al., 2015). CSF melatonin is transported with the movement of the 
cerebrospinal fluid throughout the cerebral ventricles and through the 
foramina that connects the fourth ventricle to the subarachnoid space 
which surrounds the entire central nervous system. The movement of 
melatonin is more rapid than originally anticipated with the circadian 
melatonin rhythm appearing in the human lumbar cistern CSF within 
roughly an hour after its release from the human pineal gland (Bruce 
et al., 1991). From the ventricles and subarachnoid space, respectively, 
melatonin readily seeps into neural tissue via diffusion and by means of 
specialized conduits, the Virchow Robin spaces, which surround pene
trating arteries as they enter the brain and spinal cord (Fig. 1) (Reiter 
et al., 2014).

Legros and co-workers observed that there is an obvious gradient in 
the concentration of melatonin in sheep neural tissue with highest levels 
being in tissues nearest to the ventricle with a fall off as the distance 
from the ventricles increased; moreover, these levels fluctuated in line 
with the release of pineal melatonin into the third ventricle (Legros 
et al., 2014). As a result, neurons throughout the brain are exposed to 
the circadian CSF melatonin fluctuations every 24 hours, thus likely 
providing important timing information not only for the suprachias
matic nucleus (SCN) but for other neurons and glia as well. Since the 
amplitude of the CSF melatonin rhythm is more exaggerated than that in 
the blood, it has been suggested that CSF melatonin levels are essential 
in impacting neural chronobiology including the regulation of the 
master circadian clock, the SCN (Reiter et al., 2023; Tricoire et al., 
2003); by comparison, pineal-derived blood melatonin levels presum
ably have little impact on neural physiology. This is clearly supported by 
the findings of Legros and colleagues who showed that brain levels, in 
contrast to those from the CSF, were not impacted by blood melatonin 
concentrations (Legros et al., 2014). Thus, neurons and glia in the CNS 
may be more tightly regulated than those of somatic cells throughout the 
body in terms of their circadian physiology. As with blood melatonin 
levels, those in the CSF drop with age such that the influence on circa
dian rhythm regulation in the CNS is also reduced. The age-associated 
decline of circadian rhythm regulation throughout the body, including 
the CNS is readily apparent, e.g., deterioration of the sleep:wake cycle 
(Li et al., 2024b). The importance of well-regulated circadian rhythms 
for general health cannot be overstated. Distortion of these rhythms, i.e., 
chronic chronodisruption (Erren and Reiter, 2009) is associated with 
cognitive decline, neurodegenerative diseases, negative cardiovascular 
consequences, among others (Megha et al., 2024).

While the circadian regulation of cellular rhythms by the pineal- 
derived CSF and blood melatonin cycles are generally accepted as 
being membrane receptor-mediated (Cardinali, 2024; Xia et al., 2023), 
its actions at the SCN may also involve processes that are less obviously a 
consequence of melatonin receptor interactions (Vriend and Reiter, 
2015a). The MT1 and MT2 melatonin membrane receptors are ubiqui
tously distributed throughout the CNS (Feng et al., 2023; Klosen, 2024) 
and in non-neural tissues as well (Slominski et al., 2012). Likewise, 
cytosolic and nuclear binding sites for melatonin may impact the action 
of the indoleamine at the CNS level (Bianchet et al., 2008; Venegas et al., 
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2013).
Pineal-derived melatonin, however, is not the only source of this 

indoleamine for neurons and glia, or for all other cells as well (Reiter 
et al., 2024). For several decades it has been assumed that many other 
tissues also generate melatonin; this is referred to as extrapineal mela
tonin production (Acuna-Castroviejo et al., 2014; Huether, 1993; Kvet
noy et al., 1997) with the list of organs that produce this molecule being 
expanded to potentially include every cell that contains mitochondria 
(Tan et al., 2013; Zhao et al., 2019), for which there are only a few 
exceptions. The association of melatonin with mitochondria relates to 
the origin of these organelles which are believed to have evolved from 
bacterial endosymbionts when these microbes were engulfed as nutrient 
energy by the earliest eukaryotes about 2.5 Mya (million years ago); this 
is known as the endosymbiotic theory for the origin on mitochondria 
and is widely accepted hypothesis by biologists (Andrieux et al., 2021). 
Since the ingested prokaryotes were believed to already be capable of 
generating melatonin (Manchester et al., 1995), this activity was pre
served as they evolved into mitochondria since it was an ideal molecule, 
as a potent antioxidant (Hardeland, 2022), to maintain optimal mito
chondrial redox homeostasis (Lei et al., 2023; Reiter et al., 2022).

Several decades ago, a report was published that provided indirect 
evidence that the mitochondria of pinealocytes are the intracellular site 
of melatonin production (Kerenyi et al., 1979). Venegas and co-workers 
provided more direct evidence for the production of melatonin in brain 
mitochondria (Venegas et al., 2012). After the fractionation of mouse 

cerebral cortical cells (neurons and glia), they observed differential 
concentrations of melatonin with greatest levels in cell membranes, 
followed by mitochondria, nuclei and cytosol. Mitochondria had much 
higher levels than those in nuclear or cytosolic fractions; the elevated 
levels of melatonin in membranes likely relates to its ready solubility in 
lipids. None of the fractions exhibited a circadian variation in melatonin 
concentrations (Venegas et al., 2012). The high levels in brain and liver 
along with the large amounts of melatonin which are reported to exist in 
multiple organs are not readily explained on the basis of it being solely 
derived from a miniscule organ such as the pineal gland. Moreover, 
melatonin has been identified in all invertebrates, protists and plants 
where tests have been performed; none of these species has a pineal 
gland, an organ that is unique to vertebrates.

In recent years, the possibility of mitochondria of every cell being a 
source of melatonin has become of extreme investigative interest and 
experimental evidence now supports this conclusion. Theoretically, this 
is consistent with the origin of mitochondria [and chloroplasts, which 
also produce melatonin (Zheng et al., 2017)] predictably from 
melatonin-synthesizing α-proteobacteria and cyanobacteria, respec
tively (Zhao et al., 2019). The retention of melatonin, because of its 
potent direct scavenging actions and indirect antioxidant functions 
resulting from its stimulation of antioxidant enzymes (Galano and 
Reiter, 2018), by these organelles throughout evolution seems to have 
been a fortuitous choice since mitochondria (and chloroplasts) are major 
contributors to free radical generation of all cells; if these reactants are 

Fig. 1. Mid-sagittal (left) and frontal cross section (right) of the human brain illustrating the flow of melatonin released from the pineal gland into CSF of the third 
ventricle, its movement through the ventricular system, and its transport into neural tissue as described in the published literature. After its nocturnal release via the 
pineal recess into the posterior aspect of the third ventricle, it quickly diffuses throughout the third and lateral ventricles; the concentration in these cavities may be 
greater than the levels in the blood. With the movement of CSF, melatonin passes through the iter (cerebral aqueduct) to the fourth ventricle from where it enters the 
subarachnoid space via the foramen of Magendie and the foramina of Luschka. The subarachnoid space extends over the entire brain and spinal cord and is bound by 
the dura mater. From the ventricles, melatonin, presumably via simple diffusion, seeps into the surrounding tissue, the so-called white matter, with a gradient where 
highest levels are measured in the tissues nearest to the ventricles. The tissue is classified as white matter because of the large amount of myelin coating critical 
descending (e.g., corticospinal tract/pyramidal tract), crossing fibers (corpus callosum, anterior commissure, etc.) and ascending fiber tracts (e.g., medial lemniscus 
and continuing third order neurons, brachium conjunctivum, etc.); the ascending and descending fibers make up the internal capsule. High levels of the antioxidant 
melatonin in these areas are important since myelin is rich in easily oxidizable fatty acids. From the subarachnoid space on the surface of the brain, melatonin passes 
with CSF into the Virchow-Robin spaces (insert in left image) from where it also enters the neuropil via aquaporin 4 membrane channels. The area perfused by 
melatonin from the subarachnoid space of the brain is generally referred to as gray matter, because it contains large numbers of neuronal cell bodies (perikarya) such 
as those in the precentral motor and postcentral sensory gyri, respectively. Melatonin from the cerebral ventricles and subarachnoid space is believed to be important 
in influencing circadian rhythms in neural elements (neurons and glia) and in protecting these tissues from oxidative stress. The hyphenated line in the right image 
represents the estimated areas of white (internal) and gray matter (superficial) perfused by melatonin from the ventricles and subarachnoid space, respectively.
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not adequately neutralized, mitochondria functionally deteriorate, and 
the associated cells die.

When He and colleagues incubated purified mouse oocyte mito
chondria with serotonin, the forerunner of melatonin in its synthetic 
pathway, melatonin was generated and released it into the incubation 
medium (He et al., 2016). The synthesis of melatonin by the isolated 
mitochondria did not occur when the organelles were not supplied with 
supplemental serotonin. This observation is of specific importance 
considering the maternal contribution to all the mitochondria in a 
mammalian organism. Since oocyte mitochondria clearly produced 
melatonin, it seemed reasonable to speculate that all mitochondria that 
devolved from the oocyte would have retained this trait, including those 
of neurons and glia. Experimental evidence for the ability of specifically 
neuronal mitochondria to synthesize melatonin was provided a year 
later (Suofu et al., 2017). This group confirmed that the proteins for the 
two enzymes that convert serotonin to melatonin, i.e., AANAT (ary
lalkylamine N-acetyltansferase) and ASMT (acetylserotonin methyl
transferase), are present in the matrix of non-synaptosomal 
mitochondria purified from mouse brain, with neither exhibiting a 
circadian rhythm. Additionally, when radioactive labeled serotonin was 
incubated with mitochondria, radioactive melatonin was generated. 
They also found that melatonin was released into the cytosol and found 
it interacted with MT1 melatonin receptors on the outer mitochondrial 
membrane. Finally, they performed an extensive series of studies using 
purified mitochondria to document the high efficacy of melatonin in 
reducing oxidative stress in these organelles (Suofu et al., 2017).

This group published other work that verified the essential nature of 
melatonin in preserving mitochondria wellbeing. Since endogenous 
melatonin levels are diminished in the aged which is often coincident 
with neurodegenerative changes and neural inflammation, they antici
pated that the reduction in melatonin underpinned these conditions 
(Jauhari et al., 2020). Using an AANAT knockout model, they found that 
the reduction in mitochondrial melatonin caused activation of neuronal 
DNA-mediated inflammation, a disorder characteristic of neural 
degeneration in the elderly. Because of their specific interest in Hun
tington’s disease (HD), Kim and colleagues (Kim et al., 2023) investi
gated melatonin biosynthetic capacity of the pineal and brain regions 
collected from individuals who died of this condition. AANAT expres
sion was depressed in both the pineal and striatum of HD patients. The 
conclusion was that melatonin synthesis is disrupted in the pineal and 
brain of HD patients, an experimental condition in which melatonin 
treatment improves outcome.

The de novo synthesis of melatonin has also been documented in the 
choroid plexus which, if released, would contribute to the high levels of 
melatonin in the CSF (Quintela et al., 2018). Using rat choroid plexus, 
this group showed that the enzymes required for the conversion of se
rotonin to melatonin, i.e., AANAT and ASMT, are localized specifically 
in the mitochondria of these secretory cells. They also used pig choroid 
plexus explants to further document the de novo melatonin production in 
this tissue. Whether melatonin synthesis in the choroid plexus exhibits a 
circadian rhythm was inconclusive and there was no definitive proof 
that this tissue actually released melatonin into the CSF; however, the 
localization of AANAT was unambiguously associated with the 
mitochondria.

Herein, we stress that the high levels of melatonin in the mito
chondria are primarily due to its de novo synthesis in these organelles 
which is supported by the presence of the melatonin-forming enzymes. 
Pineal-derived, blood-transported melatonin, however, could also 
diffuse into these organelles via specific channels, e.g., PEPT1/2 trans
porters (Huo et al., 2017). As already mentioned, however, considering 
the small volume of pineal tissue, this exclusive source alone would 
simply be inadequate to account for the high levels of melatonin in the 
multi-trillion mitochondria present in an organism.

Some of most interesting data regarding extrapineal melatonin pro
duction has been observed in situations where the stimulation of the 
innate immune response in peripheral organs activated local melatonin 

production while inhibiting its synthesis in the pineal gland (Markus 
et al., 2021). The local induction of melatonin synthesis in the CNS at the 
expense of its production in the pineal gland also occurs in the cere
bellum during an acute neuroinflammatory response following the in
jection of lipopolysaccharide (LPS) into the CSF of rats (Pinato et al., 
2015). This treatment led to a reduction in the nocturnal peak of 
pineal-derived plasma melatonin with a concurrent rise of its synthesis 
in the cerebellum although not in the cerebral cortex or hippocampus. 
Stimulation of cerebellar melatonin production was associated with an 
increased nuclear factor kappa B (NF-κB) which induced the activity of 
the rate liming enzyme in melatonin synthesis, AANAT. The locally 
generated melatonin prevented the neural toxicity of LPS in the cere
bellum, but the protection did not extend to the cortex or hippocampus 
where de novo melatonin synthesis did not occur. The bidirectional 
interaction between the biosynthetic machinery for melatonin produc
tion in the pineal gland and peripheral tissues requires more thorough 
investigation since they may have important functional implications for 
the control of discrete pockets of inflammation throughout the body. 
Additionally, these findings prove that extrapineal melatonin synthesis 
is inducible in mammals, a response which is very well documented in 
plants (Ahammed et al., 2024); in this case it occurred during an in
flammatory response where free radicals are generated in excess. This 
has important implications since the additional melatonin would resist 
the tissue damage associated with toxin exposure, and possibly other 
free radical-inducing processes if it is inducible as a result of other 
stimuli via a feedforward process, which we consider a possibility (Tan 
et al., 2015).

In a recently published report, Xing and co-workers mono-colonized 
the gut of germ-free mice with a mutant strain of E.coli that was inca
pable of producing indoles and compared them to a group of mice mono- 
colonized with indole producing E.coli (Xing et al., 2024). The mice 
lacking indole producing gut microbes exhibited numerous functional 
deficiencies in multiple organs including inhibition of antioxidant en
zymes and elevated oxidative stress. Associated with these changes was 
a marked rise in serum melatonin levels which the authors felt was a 
compensatory response to the reduction in GPx activity which would 
result in an accumulation of oxidative damage. This evidence supports 
the conclusion that in animals, as in plants (Gu et al., 2021) melatonin 
production is inducible, perhaps as a result of increased free radical 
generation. The authors surmised that the melatonin in the serum was 
derived from the gut (Xing et al., 2024); if that interpretation is valid, it 
also means that under some dysfunctional metabolic conditions, 
extrapineal melatonin can be released into the blood, a process that does 
normally not occur from extrapineal tissues.

Considering the extensive published literature related to melatonin 
supplementation in deferring aging related changes in multiple organs 
including the CNS, it is important that these associations be more 
thoroughly investigated. This would be essential to not only improve 
longevity but, more importantly, to prolong the health span of older 
individuals. Melatonin, as an endogenously produced molecule can be 
supplemented for long durations without untoward side effects (Garcia 
et al., 2020; Martin Gimenez et al., 2022).

3. Neural mitochondria under siege

With justification, mitochondria are attracting increasing investiga
tive attention as a multifunctional subcellular organelle. While their role 
in energy production has long been known, in the last 3 decades virtu
ally every function carried out by the cell has been shown to require 
participation of the mitochondria. Beyond their well-known role in ATP 
generation which requires oxygen consumption with the production of 
carbon dioxide and the shunting of electrons between the complexes of 
the electron transport chain (ETC), mitochondria stimulate the devel
opment of the transmembrane potential due to the movement of 
hydrogen ions between the matrix and intermembrane space (Azbarova 
and Knorre, 2023), they synthesize steroids (Bartman et al., 2024) and 
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long chain fatty acids (Lee et al., 2024a), and are involved in calcium 
buffering (Novorolsky et al., 2023), etc.

The ETC consists of proteins (Complexes I through IV) that function 
as one electron shuttles located in the inner mitochondrial membrane 
that culminate in the production of energy (ATP) (Fig. 2) (Lygate, 2024). 
The available evidence indicates that Complex I and Complex III (a 
ubiquinol-cytochrome reductase), which leak electrons, reduce nearby 
O2 to the O2

●-. Complex I produces O2
●- which are directed toward the 

mitochondrial matrix while from Complex III they enter both the matrix 
and intermembrane space (Jezek et al., 2024). It is estimated that under 
stable conditions only a small percentage (<3 %) of electrons that are 
moved through the ETC are diverted to form O2

●-; however, this per
centage can be greatly increased when proteins of the ETC are damaged 
by toxins, respiratory chain inhibitors, inflammation, elevated respira
tory activity, etc. These observations support the association between 
metabolic rate, i.e., O2 utilization, and the life span of cells as well as of 
individuals.

A characteristic of ROS and free radicals, in most cases, is their ul
trashort half-lives. This is especially the case with the most destructive of 
the radicals, namely ⸱OH, which is generally believed to account for well 

over 50 % of the damage these species collectively inflict (Halliwell 
et al., 2021). Thus, when formed, the ⸱OH must be immediately 
neutralized or it damages a nearby molecule; since the oxidize molecule 
is in the immediate vicinity of where the ⸱OH was formed, it is referred to 
as being on-site (Richards et al., 2015). Since free radicals are abun
dantly generated in multifunctional mitochondria, having an efficient 
radical scavenger in sufficient concentrations in place to neutralize these 
damaging molecular brigands would certainly be a benefit, especially if 
it was also inducible. Preliminary data supports the possibility that 
melatonin meets these important criteria.

Cells vary widely in terms of the number of mitochondria they 
contain. Their density in a particular cell relates to the energy demands 
of that specific cell. ATP-needy cells, such as neurons and car
diomyocytes, have a higher concentration of mitochondria than do most 
other cells. Accordingly, if not well protected these cells deteriorate 
more rapidly than those in other organs, correlating with the number of 
age-related diseases that these organs manifest (Csiszar et al., 2024; 
Singh et al., 2024). Moreover, as these highly- metabolically active cells 
decline in function, the situation worsens possibly related to the 
increased generation of ROS/RNS resulting from low grade chronic 
inflammation (“inflammaging”) and changes in the activities of oxi
dases. Elevated free radical production in cells is characteristic of aging 
(Shabalina et al., 2024). The molecular damage would be further 
magnified if it is associated with a diminished endogenous melatonin 
production in senescent tissues, which is believed to be the case; 
moreover, the drop in melatonin is associated with a reduction in the 
total antioxidant capacity as measured in the blood of aged humans 
(Benot et al., 1999). At this point, the published findings are consistent 
with this scenario, but more supporting data is required to solidify these 
concepts. Aging is a complex process which involves the participation of 
many different cell types and molecular events, many of which involve 
mitochondrial dysfunction (Lee et al., 2024b)

As long as mitochondria are producing ATP, they are under continual 
bombardment by partially reduced oxygen species which have the 
capability of damaging proteins, lipids, DNA, etc. Considering their 
essential role in energy formation as well as many other functions cen
tral to cell survival, it is imperative that these organelles be equipped 
with the defenses necessary to maintain them in a healthy state for as 
long as possible. We feel that the melatonin synthesized in the mito
chondrial matrix is an important component of that defensive posture.

4. Melatonin: A firewall protecting mitochondria from ROS/RNS

Melatonin is ubiquitously functional in terms of its ability to reduce 
oxidative/nitrosative stress. This has been documented in thousands of 
publications under circumstances where the molecular damage was 
induced by an extensive array of toxins (e.g., paraquat, ochratoxin, etc.), 
medications (ibuprofen, aspirin, prescription medications, etc.) or dis
ease models (ischemia/reperfusion, Alzheimer’s disease models, etc.) 
(Hardeland, 2019; Joseph et al., 2024; Reiter et al., 2008). Also, these 
beneficial actions have been confirmed in every cell and every species 
where it has been challenged to do so, e.g., in vertebrates, invertebrates, 
protists and plants (Anisimov, 2003; Gu et al., 2021). Melatonin’s ability 
to directly neutralize highly unstable ROS has been confirmed using 
many available techniques, including electron spin resonance spectros
copy (Bromme et al., 2002; Tan et al., 1993), considered the gold 
standard for radical detoxification verification (Maffeis et al., 2024; 
Orlinska et al., 2024). That melatonin particularly functions in mito
chondria as an antioxidant has been verified in numerous experimental 
models and situations (Gu et al., 2024; Jou et al., 2019; Suofu et al., 
2017).

Of major importance relative to the ability of melatonin to function 
in the reduction of oxidative stress relates to what is referred to as the 
antioxidant cascade (Tan et al., 2003). One product that has been of 
special interest is this regard is AMFK (N-acetyl-N-formyl-5-methox
ykynuramine) which is formed as a by-product of melatonin when it 

Fig. 2. This figure illustrates the consequences of pathological neurons 
switching from conventional mitochondrial OXPHOS to cytosolic glycolysis for 
the production of ATP; this metabolic change characterizes Warburg-type 
metabolism. Warburg-type metabolism occurs when pyruvate does not enter 
the mitochondria (red X); this limits the synthesis of acetyl CoA, which is vital 
in feeding the tricarboxylic cycle (TCA) and supporting OXPHOS. Acetyl CoA is 
also an essential substrate which functions in concert with serotonin (5HT) for 
the synthesis of N-acetylserotonin (NAS). Since acetyl CoA is diminished during 
Warburg-type metabolism, so is NAS; as a result, the amount of melatonin 
(-MEL) is likewise reduced in mitochondria. The diminished level of melatonin, 
a multifunctional antioxidant, allows the generated reactive oxygen species 
(ROS) to damage an increasing number of molecules, referred to as oxidative 
stress (OS). Additionally, melatonin, via stimulation of SIRT3, normally upre
gulates the antioxidant enzyme superoxide dismutase 2 (SOD2), allowing for 
inhibition of additional OS. Finally, melatonin enhances glutathione (GSH), an 
important mitochondrial antioxidant, by stimulating its rate limiting enzyme 
glutamine cysteine ligase (GCL); this action is also lower with the deficiency of 
melatonin adding to the OS burden. During Warburg-type metabolism, the 
electron transport chain (ETC), especially at Complexes I and III, leak additional 
electrons resulting in an augmented production of ROS. Moreover, ATP levels 
are reduced. Mitochondrial melatonin can escape to the cytosol from where it 
feeds back onto the MT1 melatonin receptor to limit the release of cytochrome 
c; as a consequence, cellular apoptosis is decreased. AANAT = arylalkylamine 
N-acetyltransferase; ASMT – acetylserotonin methyltransferase.
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scavenges ROS or when melatonin is enzymatically cleaved resulting in 
the formation of this kynuramine (Tan et al., 2015). Like melatonin, 
AFMK is a potent radical scavenger (Hardeland et al., 2009; Ressmeyer 
et al., 2003). A host of other melatonin metabolites contribute to the 
reduction of oxidative stress by quenching free radicals (Alvarez-Diduk 
et al., 2015; Perez-Gonzalez et al., 2017; Tan et al., 2014) (Fig. 3); in 
some cases, the metabolites are actually more efficient scavengers that 
melatonin itself (Galano and Reiter, 2018). Since some of these products 
are sequentially formed when neutralizing radicals, this is referred to as 
the antioxidant cascade and allows melatonin and its metabolic kin to 
scavenge multiple ROS (Tan et al., 2003). While the amount of infor
mation on this subject is meager, melatonin reportedly is also capable of 
repairing oxidized DNA (Perez-Gonzalez et al., 2019).

Melatonin has other actions which allow it to serve as a redox buffer 
at the mitochondrial level. Melatonin has long been known to be a 
stimulus for the glutathione peroxidase/glutathione reductase network, 
which exists in the mitochondrial matrix (Sies and Jones, 2020). While 
melatonin also stimulates the antioxidant enzyme, catalase, it is not 
located in the mitochondria of most cells. The literature relative to an 
action of melatonin on the peroxiredoxin antioxidants is rather incom
plete and while melatonin promotes the activities of these enzymes 
under certain circumstances, whether this occurs in mitochondria has 
not been clarified (Hasan et al., 2018; Rossi et al., 2023).

The most destructive of the free radicals generated, ⸱OH, is not 
enzymatically degraded and the damage it inflicts can only be mini
mized if it is immediately scavenged after its generation. A variety of 
radical scavengers are readily capable of neutralizing this highly toxic 
agent, but only when they are in the immediate vicinity of where it is 
produced since it damages an adjacent molecule essentially instanta
neously upon its formation. ⸱OH is formed via the Fenton/Haber Weiss 
reaction which requires the participation of a transition melatonin, most 
often Fe2+. This rection takes place in both the cytosol and in the 
mitochondrial matrix (Jomova et al., 2024). Molecules that chelate 
heavy metal ions and make them unavailable for the Fenton reaction are 
an important means for limiting the transformation of H2O2 to the ⸱OH. 
Limson and colleagues originally described the ability of melatonin to 
chelate a variety of heavy metals (Limson et al., 1998). Subsequently, 
this action was verified by a number of workers. Galano and colleagues 
extended the findings to show that the metabolites of melatonin, 
C3OHM (cyclic 3-hydroxymelaotnin), AFMK and AMK (N-acetyl-5-me
thoxykynuramine) share this important property (Galano et al., 2015). 
In addition to being produced in mitochondria, when administered 
exogenously, melatonin is taken up by these organelles 
(Acuña-Castroviejo et al., 2018; Huo et al., 2017) so it is available for 
both scavenging and metal chelation.

A major means by which melatonin may control the redox state of 

Fig. 3. This illustration identifies the two sources of melatonin, i.e., extrapineal-derived from the mitochondria (of most cells) and pineal-derived melatonin. The 
diagram on the left also lists the metabolites that are formed when melatonin either scavenges reactive oxygen species (ROS) or reactive nitrogen species (RNS); in 
some cases, melatonin is also metabolized to its derivatives by enzymes. Like melatonin itself, the metabolic kin that are produced are equally as effective or better 
than melatonin in directly detoxifying highly reactive species. Extrapineal-derived melatonin is not generally released from the cell in which it is synthesized. i.e., it 
works locally to maintain redox homeostasis in its cell of origin or possibly in immediate adjacent cells. In the right diagram, the secretion, its hepatic metabolism and 
the urinary excretion of the metabolites of conventionally pineal-derived melatonin is summarized. Pineal-derived melatonin is also released into the CSF and 
permeates into the brain where its fate is as in the left diagram. Enzymes involved in the breakdown of melatonin include cytochrome P450, myeloperoxidase, 
melatonin 2-hydroxylase, horseradish peroxidase, indoleamine 2,3-dioxygenase, and eosinophil peroxidase.
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mitochondria is via its regulation of glucose processing in cells. In 
normal healthy cells (except embryonic cells early in development) in 
adult tissues, the end product of glucose metabolism in the cytosol, 
pyruvate, is transported into mitochondria where it is metabolized to 
acetyl coenzyme A (acetyl CoA) by pyruvate dehydrogenase complex 
(PDC; a combination of three enzymes) (Burns and Manda, 2017). Acetyl 
CoA has multiple essential functions in the mitochondria such as feeding 
into the citric acid cycle (He et al., 2023; Wang et al., 2023). Addi
tionally, however, acetyl CoA is also required for mitochondrial mela
tonin synthesis by serving as a co-substrate/co-factor for the conversion 
of serotonin to the precursor of melatonin, N-acetylserotonin (Fig. 3) 
(Reiter et al., 2020; 2021a). As a result, a reduction in mitochondrial 
acetyl CoA may become rate-limiting in mitochondrial melatonin syn
thesis. This would lead to a drop in intramitochondrial melatonin levels 
and considering the diverse antioxidant functions of it and its metabo
lites, a reduction in melatonin concentration in this organelle may 
exaggerate the level of oxidative stress, modify ATP synthesis, change 
cellular fate due to the increased likelihood of apoptosis, alter mito
chondrial dynamics, etc. (Klimova et al., 2019; Moiseenok and Kanun
nikova, 2023; Zimmermann et al., 2024).

Mitochondrial acetyl CoA production is altered as a result of a change 
in cellular glucose processing referred to as Warburg type metabolism. 
Warburg type metabolism is associated with many types of cancers but 
also occurs in other serious pathologies (Fig. 3) (Reiter et al., 2021b); it 
happens when the product of glucose processing in the cytosol, pyru
vate, does not enter the mitochondria to generate acetyl CoA due to the 
inhibition of PDC by pyruvate dehydrogenase kinase (PDK) (Barba et al., 
2024). As an alternative, pyruvate is acted upon by lactate dehydroge
nase and is converted to lactate; this molecule is discharged from the cell 
via the monocarboxylate transporter and acidifies the cellular micro
environment, which generally worsens the specific pathology (Dai et al., 
2024). The decreased level of acetyl CoA in mitochondria serves as a 
bottle neck for melatonin synthesis and its levels in cancer cells are half 
those in normal tissues (Cucielo et al., 2023; Gaiotte et al., 2022; Reiter 
et al., 2019). The low acetyl CoA-mediated reduction in the antioxidant 
melatonin puts the mitochondria and cells in jeopardy of increased 
oxidative damage since more free radicals go undetoxified and have the 
opportunity to destroy adjacent healthy molecules (Fig. 3). Treating 
Warburg-type metabolizing cells with exogenous melatonin inhibits this 
process and converts cells back to the normal glucose processing and 
oxidative phosphorylation thereby presumably restoring mitochondrial 
acetyl CoA levels and elevating intramitochondrial melatonin produc
tion (Mao et al., 2016).). In human patients as well, melatonin reversed 
Warburg type metabolism in subjects suffering with non-small cell 
cancer (NSCC) and increased the efficacy of drugs used to treat this 
condition (Chen et al., 2021).

Pathological neurons often exhibit Warburg type metabolism and 
redirect pyruvate into the mitochondria restores mitochondrial redox 
homeostasis; examples of diseases where this aberrant metabolism oc
curs include Alzheimer’s, Parkinsonism, amyotrophic lateral sclerosis 
and others (Reiter et al., 2021b). The ability of melatonin to interfere 
with Warburg type metabolism presumably relates to its inhibitory ac
tion of hypoxia inducible factor 1α (HIF1α), which suppresses the ac
tivity of pyruvate dehydrogenase kinase (PDK) which disinhibits PDC 
allowing pyruvate to enter the mitochondria followed by its conversion 
to acetyl CoA such that the limited availability of acetyl CoA no longer is 
a factor in the amount of melatonin synthesized in the mitochondria 
(Fig. 3) (Mota et al., 2019). These actions of melatonin are reminiscent 
of those using dichloroacetate, a pharmacological agent that also re
verses Warburg type metabolism, perhaps by the same signaling 
pathway as melatonin and has generated interest as a useful pharma
ceutical drug to treat several diseases (Chen et al., 2024b; Kakafika et al., 
2024). It has limitations regarding its side effects, actions that do not 
accompany melatonin use (Bianchi et al., 2024).

That perturbed glucose processing and altered mitochondrial meta
bolism as a negative feature of age-related neuronal degeneration have 

become a subject of major interest to neurobiologists (Grimm and Eck
ert, 2017). In hippocampal neurons, the incidence and degree of 
Warburg-type metabolism (glycolysis) is enhanced during aging in mice 
which leads to synaptic loss and cognitive decline (Zhou et al., 2024), 
Genetic manipulations which reversed the heightened rate of glycolysis 
also reduced neuronal destruction. Based on their findings, the authors 
point out that manipulating glucose processing in aging neurons may be 
a means of deferring age-related biobehavioral decline. This approach 
may also be applicable to other diseases where Warburg type meta
bolism is a characteristic of cellular pathology. Given that melatonin 
reconfigures glucose processing such that mitochondrial OXPHOS is 
featured, its supplementation during aging may be a means of slowing 
the progression of these diseases (Reiter et al., 2021b)

5. Mitochondrial biomolecular condensates and free radical- 
mediated neural aging

The increase in mitochondrial dysfunction in neurons and in other 
cells perpetuates a vicious cycle that promotes the formation of aberrant 
protein aggregates associated with a myriad of age-related diseases 
(Bartman et al., 2024), actions known to be suppressed by melatonin. 
Age-dependent neuronal dehydration and inability to neutralize excess 
free radicals contribute to elevated mitochondrial matrix viscosity and 
molecular crowding. The resultant gain in entropy favors the formation 
of membraneless biomolecular condensates (BCs) via liquid-liquid phase 
separation (LLPS) (Park et al., 2020). LLPS is a thermodynamic process 
used by all tested organisms to rapidly assemble/disassemble BCs. These 
dynamic, micron-scale compartments organize cellular biochemistry by 
increasing/decreasing/excluding/sequestering reactants/enzymes/sub
strates to accelerate/slow/inhibit/promote cellular reactions and func
tions. When BCs are not disassembled in a timely manner, the aging of 
BCs often leads to the formation of amyloid fibrils on condensate sur
faces (Linsenmeier et al., 2023). The spontaneous generation of .OH and 
H2O2 at the electrochemically active interface of condensates further 
stimulates amyloid β aggregation by free radical polymerization (Majid 
and Garg, 2024). Both the ⸱OH and H2O2 are normally detoxified by 
melatonin.

The maintenance of mitochondrial dynamics/bioenergetics and 
OXPHOS competence is highly dependent upon the effective assembly/ 
disassembly of BCs in mitochondria. The Mieap protein undergoes LLPS, 
forming BCs that selectively concentrate either enzymes or substrates to 
promote the biosynthesis and remodeling of cardiolipin (Ikari et al., 
2024). Cardiolipin, which is protected from oxidation by melatonin, is 
an essential mitochondrial phospholipid that maintains cristae structure 
and docking of OXPHOS enzymes/super complexes. Cardiolipin 
composition and structure is, therefore, correlated with mitochondrial 
bioenergetics and ATP production, and the dysregulation of Mieap LLPS 
results in mitochondrial dysfunction. FUS and TDP-43 are RNA-binding 
proteins that undergo LLPS, forming pathological protein aggregates 
associated with neurodegenerative diseases (Carey and Guo, 2022). 
Both FUS and TDP-43 accumulate in the cytosol and in mitochondria, 
where FUS inhibits ATP production by suppressing the formation and 
activity of ATP synthase complexes, resulting in the loss of mitochon
drial cristae, and fragmentation of mitochondria. Similarly, the accu
mulation of TDP-43 in neuronal mitochondria causes significant 
mitochondrial impairment via increased production of ROS, loss of 
cristae, and suppression of ATP production (Wang et al., 2019). 
Notwithstanding, LLPS also modulates the activation of transcription 
factors and chaperones to maintain proteostasis thereby preventing the 
aggregation of misfolded proteins in mitochondria (Zhang et al., 2022).

Mitochondrial chaperones and small heat shock proteins can co- 
phase separate and incorporate into BCs, preventing aggregation of 
amyloid fibrils and promoting the disassembly of pathological aggre
gates including FUS and TDP-43. While the dependence of chaperones 
on ATP is well-known, the role of ATP as a quintessential co-solute that 
can modulate LLPS of BCs in a biphasic manner is being investigated 
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with growing interest (Hautke and Ebbinghaus, 2023). The unique 
combination of the highly charged triphosphate group with the hydro
phobic, aromatic adenosine moiety not only confers thermodynamic 
stability in BCs, but also amplifies the solvation effect of the hydrophilic 
triphosphate group, inducing protein folding and suppressing patho
logical aggregation (Kuramochi et al., 2024). Melatonin significantly 
enhances the adenosine moiety effect via π-π stacking of the indole ring 
and adenine (Hautke and Ebbinghaus, 2023). Specifically, melatonin 
augments the solubilizing effect of ATP by binding water molecules at 
five specific sites (Rodrigues et al., 2021), while its ability to scavenge 
⸱OH and H2O2 at BC interfaces further inhibits the formation of amyloid 
aggregates (Loh and Reiter, 2024, 2021).

6. Neuronal mitochondrial metabolic dysfunction: reversal with 
melatonin

Mitochondria are ubiquitously functional subcellular organelles that 
are involved in virtually every aspect of cell physiology from energy 
production, redox signaling and homeostasis and to life and death 

decisions of the cell. The importance of this is further magnified in 
neuronal mitochondria which have very high requirements for both 
glucose and oxygen (Singrang et al., 2024). As a result, their precise 
physiological regulation is required in the maintenance of neuronal and 
mitochondrial quality control throughout life. Reductions in the pro
tective mechanisms of neuronal mitochondria do not go unnoticed in 
terms of dysfunction and deterioration. Within the last three decades, 
melatonin has been at the center on many investigations that examined 
its efficacy in protecting the CNS from ischemia/reperfusion injury 
(Tozihi et al., 2023; Zhang et al., 2024a), inflammation (Pourhanifeh 
et al., 2024; Tauber and Nau, 2023), neurodegenerative diseases of the 
aged (Talbot et al., 2023; Zhang et al., 2024b), etc. Each of these serious 
conditions is accompanied by mitochondrial failure with the reported 
benefits of melatonin being related to its ability to improve mitochon
drial welfare because it resists molecular damage due to excessive free 
radical production (Lei et al., 2023).

Melatonin has been widely tested as a treatment for a large variety of 
neurodegenerative pathologies where mitochondrial dysfunction has a 
major aspect on the disease (Giri et al., 2024; Talbot et al., 2023). The 

Fig. 4. As illustrated in the figure, which uses Alzheimer’s disease as an example, there are often many factors that contribute to a specific neurodegenerative 
condition. Illustrated here are the multiple theories explaining the basis for the development of age-related, devastatingly demeaning Alzheimer’s disease. Moreover, 
the figure identifies the actions of melatonin and its metabolites in inhibiting the progression of this disease by showing their actions on each of the theories that have 
been proposed to explain this condition. The ambiguity in understanding the basis of Alzheimer’s disease and also other age-related neurodegenerative conditions is 
emphasized by the number of theories that have attempted to identify their root cause. Moreover, although the morphopathological features of a disease are often 
ascribed to a specific condition, there is significant degree of overlap of not only the neuroanatomical changes but of the overt pathophysiological expression of the 
individual diseases. Without a better understanding of the molecular mechanisms involved, it is difficult to design drugs to combat the condition. As illustrated here, 
melatonin works at multiple sites to potentially forestall the onset or progress on this neurodegenerative condition. These actions combined with its high safety 
profile and given that is inexpensive, it should be given consideration as a treatment for age-related neurodegenerations generally. Figure adapted with permission 
(Shukla et al., 2017).
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most common neurodegenerative disorder affecting humans is Alz
heimer’s disease (AD). A major morphological characteristic of this 
debilitating cognitive condition is excessive amyloidogenesis in the CNS 
with the buildup of amyloid plaques (amyloid β protein) which initially 
appear in the hippocampal region and gradually develop in other areas 
of the brain as well (Nopparat et al., 2022; Picard et al., 2010; 
Rosales-Corral et al., 2012b). A second major feature of AD is the for
mation of intraneuronal tangles of the phosphorylated protein, tau. This 
microtubule-associated protein normally physiologically maintains 
microtubule stability but when phosphorylated, it becomes a major 
pathogenic feature of AD and other tauopathies (Akbar et al., 2016). AD 
presents with a variety of dementia symptoms that lead to diminished 
cognition, memory loss, linguistic distortions and reduced self-care. 
Satisfactory pharmaceutical treatments for AD are limited and typi
cally are directed toward minimizing the symptoms and potentially 
retarding the progression of the disease.

The involvement of neuronal mitochondrial dysfunction in AD is 
well documented; this disturbance is presumably related to the accu
mulation of toxic Aβ, a product of amyloid precursor protein breakdown 
which impacts the mitochondria (Fig. 4) (Devi et al., 2006; Wang et al., 
2020). Even more so than for some other cells, neurons rely heavily on 
oxygen and glucose to support the high levels of energy required for 
optimal function and, thus, any perturbation in mitochondrial physi
ology has a major impact on neuronal function. The mitochondria of AD 
cells often undergo repeated fission at the expense of mitochondrial 
fusion thereby leading to energy deficits. Concurrently, the redox 
environment of the mitochondria favors excessive ROS generation (Lee 
and Yoon, 2016). This contributes to damage to the proteins of the ETC 
and reduces ATP production and gene expression. Metabolically, the 
cells reprogram glucose processing and acquire a Warburg type meta
bolism which precludes the conversion of pyruvate to acetyl CoA in the 
mitochondria thereby decreasing acetyl CoA levels which normally 
support the tricarboxylic acid cycle and OXPHOS. Warburg type meta
bolism with depressed mitochondrial OXPHOS is a feature of many 
pathological cells and its prevention or reversal has been considered as a 
target to treat these diseases (Lei et al., 2023; Reiter et al., 2021b). 
Associated with the metabolic disturbances, calcium transfer between 
the mitochondria and ER also becomes imbalanced with this disruption 
contributing to inadequate ER-mitochondrial communication and 
increasing the vulnerability of the neuron to apoptosis (Kumar and 
Maity, 2021).

In a mouse model of AD, melatonin reversed the abnormal expres
sion of proteins involved in mitochondrial energy metabolism and 
mitigated mitophagy, thereby reducing Aβ levels while improving 
cognitive functions (Chen et al., 2021). At the mitochondrial level in AD 
cells, melatonin is crucial for reducing mitophagy vesicles and 
mitophagy-related factors (Parkin, PINK1, LC3-II/LC3-I), as well as 
amyloidogenic amyloid precursor proteins (BACE1, APP, and CTFβ) 
(Sun et al., 2020). Mitochondria isolated from brain regions such as the 
cortex, hippocampus, and striatum of AD models treated with melatonin 
showed restored mitochondrial respiratory function, membrane poten
tial, and ATP levels (Dragicevic et al., 2011)

Without question, different Aβ species interact with mitochondria in 
the AD brain. Aβ can accumulate in these organelles leading to mito
chondrial structural damage, reduced metabolic function, and increased 
oxidative stress. These changes compromise the ability of mitochondria 
to produce energy and perform their vital cellular functions, which 
contribute to neuronal damage and the progression of AD 
(Rosales-Corral et al., 2012a). Understanding the relationship between 
Aβ and mitochondrial dysfunction is a relevant area of research for 
potential therapeutic interventions in this devastating neurodegenera
tive condition. Considering melatonin’s beneficial actions at the mito
chondrial level in many cell models, it is likely to have similar favorable 
actions in AD neurons. The multiple potential actions of melatonin in 
impacting the onset or progression of AD are summarized in Fig. 4.

Parkinson’s disease (PD) is a familial neurodegenerative disorder 

with genetic features usually associated with aging that continues to 
worsen after it is diagnosed. The extrapyramidal motor deficits (resting 
tremor, muscular rigidity, etc.) are a result of the large spread reduction 
in dopamine levels in the striatum (Child et al., 2024), etc., due to the 
degeneration of dopamine-producing perikarya in the pars compacta of 
the substantia nigra in the mesencephalon (van Munster et al., 2024). 
The bulk of the evidence indicates that PD is a consequence of misfolded 
proteins such as α-synuclein, ubiquitin and other proteins, that form by 
involving prion-like processes. Increasing amounts of α-synuclein 
accumulate intracellularly as aggregates referred to as Lewy bodies 
which increase the vulnerability of neurons to morphological and 
physiological degradation (Li et al., 2024a). A number of genes have 
been identified (Fig.5) that assist in the development of PD with their 
excessive expression promoting mitochondrial ROS which causes 
mtDNA damage which subsequently induces the faulty transcription of 
critical proteins of the ETC, reducing complex IV activity and compro
mising ATP production. The pathological changes which included 
exaggerated oxidative stress, faulty molecular trafficking, ETC de
ficiencies, perturbed matrix Ca2+ homeostasis, etc., all involve severe 
mitochondrial disturbances. Associated with these changes is a promo
tion of neuroinflammation, a condition that is also associated with 
proinflammatory cytokine-mediated ROS generation (Scarian et al., 
2024). Many studies have documented the mitochondrial protective 
effects of melatonin in PD (Diaz-Casado et al., 2016; Patki and Lau, 
2011; Wongprayoon and Govitrapong, 2017). Among these, major im
provements attributed to melatonin include enhanced mitochondrial 
respiration, improved mitochondrial dynamics, increased ATP genera
tion, elevated antioxidant enzyme levels, and strengthened anti
apoptotic activities.

Perturbations in glucose processing in PD neurons is also common 
and a correction of this deficiency is considered a potential therapy for 
PD (Yang et al., 2024; Zhang et al., 2011). Interestingly, in contrast to 
what occurs in cancer cells, in neurodegenerative diseases where 
glycolysis prevails, it is accompanied by reduced cellular respiration, 
lower energy stores and exaggerated apoptosis which helps to explain 
the neurobehavioral and cognitive losses. In tumor cells, Warburg 
metabolism supports cellular proliferation and survival (Pacini and 
Borziani, 2016). This dichotomy of actions of melatonin is shared by 
other molecules, e.g., dichloroacetate, α-lipoic acid, etc., in reference to 
neurodegenerating and cancer cells which act similarly.

The central neurons of other age-related neurodegenerative diseases 
exhibit many similar aberrant energetic and metabolic changes that 
occur in AD and PD. Huntington disease (HD) is rare genetic progressive 
neurological condition that is manifested as involuntary movements 
(chorea), cognition difficulties and psychiatric disturbances (Sawant 
et al., 2024). Mental confusion, exaggerated moods, inability to 
concentrate, and difficulty in understanding are among the many fea
tures of this debilitating condition. HD is a result of the huntingtin gene 
mutation (mHtt) which causes cytosine, adenine and guanine (CAG) to 
be excessively repeated in DNA (Fig.5). While HD per se does not shorten 
life span, the afflicted individuals often die prematurely from other 
causes. Melatonin’s neuroprotective effects against neurotoxicity in HD 
is primarily due to its antioxidant properties. While attenuating 
neuronal cell death, it also restores mitochondrial enzyme activities and 
prevents reduction in GSH levels (Wongprayoon and Govitrapong, 
2017). A recent study by Kim and co-workers (2023) showed that 
expression of AANAT, the rate-limiting enzyme in the melatonin syn
thesis, is significantly reduced in the pineal gland and the striatum of HD 
patients. Using R6/2 mouse model of HD, AANAT expression was 
proven to be particularly reduced in synaptosomal mitochondria.

HD patients have an upregulation of the canonical WNT/β-catenin 
signaling pathway which activates the mitochondrial pyruvate dehy
drogenase kinase-1 (PDK-1) enzyme which inhibits PDC preventing the 
intramitochondrial formation of acetyl CoA. β-Catenin is upregulated as 
a result of the inhibition of its phosphorylation which prevents its pro
teosomal degradation (Vallee et al., 2018). With the suppression of PKC, 
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the affected neurons adopt aerobic glycolysis (Warburg-type meta
bolism) with the elevated generation of the fermentation product, 
lactate, and a shift away from OXPHOS (Sameni et al., 2016). Thus, HD 
neurons select glycolysis for the inefficient but rapid production of ATP, 
as do many other pathological cells, with mitochondrial OXPHOS 
playing a secondary role in energy generation. This metabolic shift is 
typical reversed by melatonin in other cells.

Amyotrophic lateral sclerosis (ALS) is a progressive neurological 
disorder that is associated with both upper (precentral gyrus) and lower 
(anterior column neurons) motoneuron degeneration. Consequently, 
ALS patients exhibit pronounced muscle weakness that culminates is 
muscle atrophy. The most frequent cause of death is respiratory failure 
due to the weakened muscles surrounding the thoracic cavity. AS has 
both genetic (10 % familial and 90 % sporadic) and environmental 
factors as being causative (Couratier et al., 2021). Multiple genes are 
related to the development of ALS, the most common of which are su
peroxide dismutase 1 (Cu, ZnSOD), TAR DNA-binding protein, fused in 
sarcoma and chromosome 9 open reading frame 72 (Fig. 5) (Mead et al., 
2023). The loss of neurons in ALS is triggered by mitochondrial 
dysfunction which includes the over production of ROS (Roy et al., 
2024), a pathological hallmark of the disease, which leads to mito
chondrial DNA mutations that eventually cause these organelles to 
functionally implode. The neuroprotective effect of melatonin has been 
documented in transgenic ALS mice (Zhang et al., 2013), evidenced by 
the prevention of neurological deterioration and delayed disease onset. 
At the molecular level, melatonin counteracted apoptosis by inhibiting 

caspase-3 and Rip2/caspase-1, and by blocking mitochondrial cyto
chrome c release. These effects were observed in the spinal cord of ALS 
mice and were mediated by the MT1 receptor.

Disrupted energy production is a potential factor that supports the 
development of ALS ALS is accompanied by a reduction in both OXPHOS 
and ATP generation since these cells preclude mitochondrial pyruvate- 
derived acetyl CoA synthesis when they adopt the glycolytic pheno
type due to the inhibition of PDC. Drugs, such as dichloroacetate, that 
directly or indirectly inhibit PDK, the suppressor of PDC, causes disin
hibition of the latter enzyme with the re-establishment of an improved 
mitochondrial function with reduced ROS formation and oxidative 
stress; this is an action shared by melatonin.

The ability of melatonin to reverse Warburg-type metabolism, often 
referred to as a glycolytic metabolism, in aberrantly functioning cells 
may be a critical factor in its ability to inhibit these pathologies (Reiter 
et al., 2020). Indeed, a number of authors have mentioned that reversing 
Warburg-type metabolism may be an important means of deferring the 
progression of pathologies such as cancer and neurodegenerative dis
eases (Grimm et al., 2016; Yang et al., 2017). This abnormal type of 
metabolism, which was initially described in cancer tissue, is now 
known to occur in many pathological cells (Reiter et al., 2021b).

Warburg-type metabolism provides pathological cells with metabolic 
advantages that are used to advance the tissue destruction and cell 
death. Glycolysis is associated with acidification of the cellular micro
environment which surely impacts the physiology of the associated cells. 
For example, relative to cancer cells the acidic environment supports the 

Fig. 5. This flow diagram summarizes the metabolic disturbances in the four neurodegenerative diseases discussed in this report. While the specific causes of the 
diseases differ, the mitochondrial perturbations that occur are similar primarily because of the shift from mitochondrial OXPHOS to Warburg-type metabolism 
(changes listed overlying the mitochondrion). Also, there is significant overlap regarding the specific morphological phenotypes the conditions display and not all the 
specific features of each disease are listed. Melatonin switches pathological cells from Warburg-type metabolism, possibly by inhibiting hypoxia inducible factor-1α 
(HIF-1α) (not shown in the figure). This switch in the metabolic phenotype may be part of the explanation by which the indole modulates the course of these and 
other diseases. In addition to correcting the mitochondrial deficiencies (represented by the brackets associated with the mitochondrion and the symbol, +MEL), there 
is also evidence that melatonin reduces Aβ and phosphorylated tau (p-tau) accumulation, and blocks Lewy body (α-synuclein) formation.
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ingrowth of blood vessels as well as tumor invasion and metastasis 
(Chen et al., 2024a). Also, switching from glycolysis to mitochondrial 
OXPHOS typically reduces free radical generation by the ETC, thereby 
also limiting local molecular damage, including the destruction of 
mtDNA (Reiter et al., 2022). This lowers the inaccurate transcription of 
proteins that serve as enzymes in the ETC and reduces the number of 
electrons that are leaked from the ETC so the quantity of chemically 
reduced oxygen molecules (ROS) produced is diminished, thus lowering 
the total oxidative load of the mitochondria (Fig. 5).

In addition to these actions, promoted by melatonin, which enhance 
the ability of mitochondria to passively protect themselves from ROS- 
mediated damage, there are also other direct means that assist these 
multifunctionally organelles in being protected from excessive free 
radical damage and malfunction. When pyruvate is prevented from 
entering the mitochondria to be converted to acetyl CoA due to the in
hibition of PDC by the elevated activity of PDK, acetyl CoA levels are 
diminished. This has a negative effect on the citric acid cycle and on 
fluent OXPHOS. Additionally, since acetyl CoA is a necessary co- 
substrate in the melatonin synthetic pathway, its reduction also lowers 
the levels of this important mitochondrial antioxidant which allows any 
ROS produced to mutilate adjacent molecules without interference. In 
pathological cells manifesting Warburg-type metabolism the intracel
lular melatonin concentrations are known to be reduced by roughly 
50 % (Cucielo et al., 2023; Gaiotte et al., 2022). Melatonin and its me
tabolites are not only highly efficient and directly involved in the 
detoxification of ROS/RNS, melatonin also promotes the synthesis of 
another highly important intramitochondrial radical scavenger, gluta
thione, by regulating its synthesis (Li et al., 2019). Moreover, via the 
SIRT3 pathway, melatonin upregulates mitochondrial SOD2 (Pi et al., 
2015) (Fig. 4); the activity of this antioxidative enzyme is critical in 
limiting oxidative stress in the mitochondria and preventing cellular 
apoptosis (Jiao et al., 2023).

When melatonin is used to treat animals or humans bearing tumors, 
it reverses Warburg-type metabolism and limits tumor progression 
(Blask et al., 2014; Li et al., 2021). Although there are other means by 
which melatonin may potentially restore mitochondria acetyl CoA 
production, current thought is that melatonin administration suppresses 
HIF-1α, which in turn reduces the activity of PDK4 which disinhibits 
PDC allowing for the intramitochondrial synthesis of acetyl CoA (Fig. 3) 
(Reiter et al., 2022). This supports local melatonin production and is a 
critical factor in stabilizing mitochondrial functional homeostasis. Other 
molecules that reverse Warburg-type metabolism, e.g., dichloroacetate, 
that have similar effects in recovering mitochondrial physiology and 
inhibiting pathological cells probably work similar to melatonin, 
although those studies have never considered the importance of intra
mitochondrial melatonin production (Feng et al., 2023). Thus, consid
ering the efficacy of melatonin in reducing glycolysis and ensuring 
optimal mitochondrial physiology as well as OXPHOS via the 
enhancement of mitochondrial melatonin levels, we propose it as a 
means by which melatonin alters the onset or progression of neurode
generative diseases as outlined in the current report.

7. Mitochondrial transfer and extracellular mitochondrial 
signaling in CNS disorders

As already established, mitochondria participate in perhaps every 
cellular function that normally occurs. Thus, the disruption of mito
chondrial physiology has a disproportional negative effect on cell 
metabolism and survival. Consequently, it is imperative that these or
ganelles be maintained in an optimally functional state. Certainly, as 
summarized herein, the presence of the multifunctional antioxidant, 
melatonin, in the mitochondria could be a major factor in preserving the 
many critical functions of these organelles by reducing the oxidative 
damage that these organelles sustain on a daily basis. Any agent that 
prevents or restores mitochondrial function would play a major role in 
supporting cellular health and ensuring improved functioning of the 

aging organism.
Recent evidence indicates that undamaged normal mitochondria 

may be capable of being horizontally transferred from a healthy to a 
damaged cell thereby aiding in recovery of the functionally distressed 
cell. One means by which mitochondria are moved among cells is via 
tunneling nanotubes (TNT). TNT are nano-sized membranous conduits 
that form between cells (often between normal and damaged cells); they 
are filled with cytosolic elements including cytoskeletal filaments, 
especially F-actin. F-actin is involved in the formation of TNT, and it also 
supports the transport of mitochondria between cells via these tubular 
structures. One of the major means governing the movement of mito
chondria between cells via the TNT has been described as involving 
mitochondrial Rho GTPase 1 (Miro1) which acts as a calcium-sensitive 
motor-protein (Domhan et al., 2011). The transport of mitochondria 
and other cytosolic elements via TNT has been observed between mul
tiple cell types with the exchange of healthy mitochondria aiding in the 
functional restoration of the damaged recipient cell and supporting 
tissue regeneration (Liu et al., 2023; Luchetti et al., 2023; Reiter et al., 
2022).

That melatonin improves mitochondrial transfer between cells via 
TNT has been amply documented in two recent reports (Nasoni et al., 
2021; Yip et al., 2021). In a combined in vitro/in vivo investigation, Yip 
and co-workers found that pretreating mitochondria with melatonin 
enhanced their transfer between cells, increased the antioxidative ca
pacity and reduced apoptosis of the recipient cells (Yip et al., 2021). In 
the in vivo investigation, they observed a reduction in induced brain 
infarct size and improved neurological outcomes as estimated by the 
measurement of a lower frequency of neuronal apoptosis and auto
phagy, improved resistance against oxidative damage and decreased 
DNA damage in the recovering cells. Also using a model of ische
mia/reoxygenation damage of hippocampal HT22 cells, Nasoni and 
colleagues (Nasoni et al., 2021) reported that melatonin treatment 
augmented mitochondrial transfer from normal to damaged neurons via 
TNT and improved a host of physiological and molecular parameters in 
the ischemic/reperfused neurons. Evidence that the health status of the 
mitochondria was improved was supported by the higher expression of 
the membrane translocase proteins, TOM20 and TIM23, and of the 
mitochondrial matrix protein, HSP60. Moreover, mitochondrial fusion 
improved due to the upregulation MFN2 and OPA1. Furthermore, 
Nasoni and colleagues confirmed that mitochondrial were actually 
transferred between undamaged and damaged neurons by using Mito
tracker Deep Red mitochondrial dye (Nasoni et al., 2021). Obviously, 
the relocation of healthy mitochondria to functionally compromised 
cells would be beneficial due to the greater availability of energy in 
terms of ATP abundance but also likely as result of the increased 
availability of the antioxidant melatonin, which is believed to be formed 
in normally functioning neuronal mitochondria (Suofu et al., 2017). 
Oxidative stress is a major contributor to cellular death that occurs in 
ischemic/re-perfused tissues with melatonin reducing oxidative damage 
and allowing cells to recover by promoting anastasis (Reiter et al., 
2022).

In addition to being moved between cells in TNT, recent evidence has 
shown that active mitochondria are actually discharged from cells into 
the extracellular environment from where they enter the blood. The 
secretion of mitochondria by various cells results due to a variety of 
different stimuli including inflammation and elevated stress. The 
extruded mitochondria are internalized by other cells via endocytosis, 
macro-pinocytosis and/or integrin-dependent pathways (Hayakawa 
et al., 2016). Mitochondria are also moved between cells by means of 
exosomes (Park and Hayakawa, 2021). There is a substantial amount of 
data showing that melatonin impacts exosome formation and release. 
Finally, there is evidence that information-containing vesicles from 
mitochondria in one cell can directly migrate to adjacent cells to signal 
their mitochondria (Shen et al., 2022a). Whether melatonin, by these 
various means, has any effect of mitochondrial information transfer 
between cells remains to be investigated (Novais et al., 2021).
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8. Conclusions and perspectives

While the current review focuses on the role of melatonin as an 
antioxidant in determining brain aging, it is in fact a multitasking 
molecule which has other actions that contribute to its ability to delay 
neurological deterioration (Reiter et al., 2010). The 
senescence-accelerated mouse-prone 8 (SAMP8), which exhibits 
oxidative-mediated accelerated loss of neural function, is a valuable 
model to study brain aging. When these animals were treated with 
melatonin daily, not only was the total neural oxidative burden reduced 
but also amyloid and tau-related pathologies were delayed; these pro
tections against brain aging were associated with a marked rise in the 
expression of sirtuin 1 (SIRT1) (Cristofol et al., 2012). Both melatonin 
and caloric restriction, a well-known inhibitor of aging, upregulated 
mRNA expression of the SIRT1/FoxO pathway and proteins involved in 
cell cycle regulation in the mouse hippocampus (Jenwitheesuk et al., 
2018). Both treatments individually also protected against brain aging, 
but the effects were not additive when the treatments were combined. 
There are many other reports documenting the ability of melatonin to 
reduce the severity of neurodegenerative diseases which are only indi
rectly related to its free radical scavenging activity; some of these ac
tions as they relate to Alzheimer’s disease are summarized in Fig. 4
(Shukla et al., 2017).

Inflammation is also a major player in age-related morphophysio
logical cognitive loss and in most neurodegenerative diseases (Chand 
Dakal et al., 2024). There is abundant evidence that this is mediated by 
activation and assembly of the NLPR3 inflammasome, in part a conse
quence of excessive ROS generation in the mitochondria (mtROS) and 
radical species generated by oxidases. NLPR3 stimulates caspase 1 
which induces the release of proinflammatory cytokines, interleukin 18 
and interleukin 1β, which further aggravates ROS production in already 
damaged mitochondria including those in neurons (Blevins et al., 2022). 
Also mitophagy, which would rid neurons of dysfunctional mitochon
dria, negatively correlates with the activation of inflammasome 
(Nakahira et al., 2011). Melatonin is a known inhibitor of inflammation 
due to its prevention of NF-κB translocation into the nucleus, reducing 
the activation of the inflammasome by regulating mtROS production, 
stimulating the KEAP/Nrf2 pathway and promoting mitophagy 
(Bocheva et al., 2024; Lewis Lujan et al., 2022; Vriend and Reiter, 
2015b; Wang et al., 2022). This combination of actions surely contrib
utes to melatonin’s anti-inflammatory and antiaging effects in the cen
tral nervous system.

Endoplasmic reticulum (ER) has critical roles in determining the 
quality of protein synthesis in neurons. ER stress triggers an adaptive 
change known as the unfolded protein response (UPR) which can either 
induce cell death or recover cellular homeostasis (Gow and Sharma, 
2003; Shi et al., 2018). The regulation of the UPR by melatonin involves 
its ability to modulate mitochondrial oxidative stress, to downregulate 
inflammation, to repair molecular damage, and to prevent cellular loss 
by reducing apoptosis (de Almeida Chuffa et al., 2024). ER stress and the 
associated UPR is a common feature of neurodegeneration when the 
mutilated protein forms aggregates that negatively impact neuronal 
function (Yoo and Joo, 2023). Melatonin, due to its multiple functions 
including the downregulation of CHOP and attenuating PERK and 
GRP78/BiP, reduces neuronal apoptosis that accompanies the UPR; this 
limits the loss of functional neurons.

In the CNS, the locus coeruleus (LC), a small nucleus located bilat
erally in the pons, is the primary site of norepinephrine (NE) synthesis, 
with the axons of these neurons distributing this neurotransmitter 
throughout most of the brain. Damage to the LC and its projections are 
reportedly related to dementia, depression, and include AD and PD 
pathologies (Fig. 4) (Nikolenko et al., 2024; Thangwaritorn et al., 2024). 
Also relative to AD, changes in acetylcholine (Ach) have been proposed 
as a causative agent (Ferreira-Vieira et al., 2016). Cholinergic neurons 
are located in several areas of the brain but especially in the nucleus 
basalis of Meynert (Woolf and Butcher, 2011). In organotypic brain 

slices, melatonin with nerve growth factor preserved the number of ACh 
neurons in the nucleus basalis but the study did not examine the ACh 
synthetic activity of the neurons. The evidence is meager that melatonin 
can restore either neural NE or ACh levels in the brain undergoing late 
life degeneration. It is known that blood and CSF melatonin levels drop 
in the elderly (Nous et al., 2021; Sack et al., 1986; Scholtens et al., 2016) 
when the brain is afflicted with the loss of functional neurons, but it 
seems these concurrent changes are merely coincidental. Likewise, 
while NE is key neurotransmitter that upregulates melatonin production 
in the pineal gland (Hertz et al., 2020), there is no data showing that NE 
stimulates melatonin synthesis in neuronal mitochondria anywhere in 
the CNS. Since sleep deprivation is a significant risk factor for AD, the 
depressed nocturnal increase in melatonin which promotes healthy 
sleep could be an indirect critical factor in determining the rate of 
progression of neurodegenerative conditions (Akyuz et al., 2024).

Type 3 diabetes is a term that is associated with Alzheimer’s neural 
degeneration (Xie et al., 2023). Insulin, which controls blood glucose 
levels and its uptake and metabolism by tissues, is especially important 
for brain physiology because of the high dependence of neural tissue on 
glucose. Glucose is essential for cell growth, their differentiation, and it 
supports protein synthesis. Conversely, glucose interferes with glycol
ysis and protein catabolism. Receptors for insulin and insulin-like 
growth factor-1 are widely distributed in the central nervous system 
and because they support glucose uptake as elsewhere, they are essential 
for cognitive functions and influencing the uptake of norepinephrine 
and other neurotransmitters. Insulin resistance, which occurs in Alz
heimer’s disease neurons (AD), hastens the rate of neurodegeneration 
(Albar et al., 2024). AD neurons are insulin insensitive which is reversed 
by melatonin treatment thereby causing a delay of AD progression (Shen 
et al., 2022b). Several neurodegenerative diseases including AD also 
exhibit Warburg type metabolism (Yang et al., 2024), which is addi
tionally reversed by melatonin which aids in stalling neurological 
decline (Reiter et al., 2021b). These and other actions of melatonin in 
limiting neurodegenerative pathology in AD are summarized in Fig. 4.

Melatonin and its derivatives have complex molecular interactions 
within cells since there are both receptor-independent functions and 
receptor-dependent processes. The potent actions of melatonin and its 
metabolites in reducing neural oxidative stress likely involves both 
receptor-independent and receptor dependent mechanism. As direct 
scavengers these multipurpose antioxidants neutralize ROS/RNS by 
electron or hydrogen transfer and radical adduct formation (Galano and 
Reiter, 2018) with some of the metabolites of melatonin being more 
efficient scavengers than melatonin itself. In addition, melatonin, in 
particular, chelates transition metals to reduce the formation of the 
highly damaging ⸱OH and enhances molecular repair. In addition to 
directly detoxifying reactive species, melatonin stimulates antioxidative 
enzymes, e.g., superoxide dismutase, glutathione synthetase, gluta
thione reductase, etc., and inhibits prooxidant enzymes, with the likely 
involvement of melatonin receptors (Galano et al., 2018). Melatonin 
receptors are widely distributed throughout the CNS with their density 
differing according to the specific nuclear group.

Membrane melatonin receptors have been pharmacologically char
acterized and cloned and are widely, albeit seemingly unevenly 
distributed in the CNS (Glatfelter et al., 2021; Reppert, 1997). The major 
receptors for melatonin are G-protein coupled receptors and classified as 
MT1 and MT2 with the signal transduction mechanisms being well 
described (Okamoto et al., 2024). Additionally, there are potential 
cytosolic melatonin receptors/binding sites, i.e., quinone reductase 
(sometimes referred to as MT3) and calmodulin (Benitez-King et al., 
2024; Boutin, 2016). In the nucleus, the orphan receptor RORα binds 
melatonin, an action that is not shared by RORβ (Panmanee et al., 2024; 
Wu et al., 2024).

Even though numerous binding sites for melatonin have been un
veiled, which of these are involved in mediating the specific shielding 
actions of melatonin against age-related neurodegeneration have not 
been defined. Most of what is known about receptor mediated actions of 
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melatonin relate to the MT1 and MT2 receptors on the cell surface. The 
presence of the MT1 receptor on the mitochondrial membrane, as 
recently discovered, however, may be highly relevant in safeguarding 
this critical organelle from degradation (Suofu et al., 2017). The study in 
question showed that the melatonin receptor on the mitochondrial 
membrane is associated with β-arrestins and a G-protein. Melatonin 
synthesized in the mitochondrial matrix is released into the cytosol and 
acts via the MT1 signaling pathway to suppress caspase upregulation 
and stress-enhanced cytochrome c release from the mitochondria. In the 
same report, the authors observed an overexpression on the MT1 re
ceptor in the ischemic mouse brain and concluded that the beneficial 
effects of melatonin on this neural assault are mediated by its action on 
the mitochondrial MT1 receptor; this is the best evidence to date that the 
ability of melatonin to limit neural decline in the aged may, in part, 
involve its mitochondrial membrane receptor-mediated actions. Since 
exogenously administered melatonin readily crosses the blood-brain 
barrier and enters neurons, supplemental melatonin in late life could 
also defer cognitive decline via the same mechanism (Huo et al., 2017; 
Iwashita et al., 2021; Mayo et al., 2018).

Endogenous melatonin levels steadily decline during aging and in 
elderly individuals, the levels are often a fraction of what they were 
when these subjects were young. The loss of the protection afforded by 
melatonin has often been suggested as a contributory factor to neural 
degeneration. Numerous experimental studies have documented that 
essentially all aspects of neuronal mitochondrial function benefit from 
the presence of melatonin and, in contrast, mitochondrial dysfunction is 
likely a major contributor to age-related biobehavioral deterioration and 
dementia. In numerous experimental models, giving melatonin exoge
nously has been shown repeatedly to attenuate the progression or 
severity of experimental Alzheimer’s disease, parkinsonism, amyo
trophic lateral sclerosis, etc. Given these findings, some consideration 
should be given to supplementing the aging population with melatonin; 
since these insidious diseases are initiated many years before the overt 
signs are apparent and a diagnosis is made, the preventative treatment 
should begin well in advance of the diagnosis. Certainly, prevention is 
always better than treatment. These clinical investigations should strive 
to identify the optimal efficacious dose and compare the different routes 
of administration.

Neurodegenerative diseases are occurring with increasing frequency 
because of the longer life of many individuals. Neurodegeneration is a 
major cause of morbidity and mortality in the older population, and 
these are devastating diseases for individuals, families and social welfare 
systems. Besides the toll on human dignity, etc., financially these con
ditions are expensive to treat creating a major problem for all involved. 
To begin treatment after the diagnosis is made would be expected to be 
imminently less successful than initiating treatment in advance of the 
first appearance of disease signs. As practical as this approach would 
seem to be, chronically treating humans with fabricated, and often 
expensive, medications that commonly have undesired effects for a 
disease a subject may never get is highly problematic. In light of this, 
supplementing with melatonin, which is inexpensive and safe, may be a 
acceptable means of slowing the degenerative processes and in some 
cases preventing the condition. Considering the overwhelming costs for 
the treatment of these conditions, the use of melatonin may be fiscally 
judicious. Even short-term delays in the progression of these diseases 
would prove of extreme importance and prolong the dignity and wel
fare, and financial resources, of those involved. To reiterate, the use of 
melatonin to defer mitochondrial aging may prove to be a significant 
benefit in altering the trajectory of neurodegenerative disease progres
sion. The risk of not using melatonin in the long term by the aging 
population for the purpose of potentially slowing the development or 
reducing the severity of cognitive decline may prove to be a much more 
expensive and physiologically debilitating than avoiding its use.

The safety of melatonin for regular use is well established. Moreover, 
it is normally an endogenously synthesized molecule in all species 
including vertebrates, invertebrates and plants. Thus, taking 

supplemental melatonin does not introduce a foreign molecule, such as a 
prescription drug, into the system. All organisms have processed mela
tonin and utilized it to regulate their metabolism throughout life. 
Indeed, its loss seems to be a factor in functional failure of mitochondrial 
physiology including energy production (ATP) in the aged. Mitochon
drial failure is a common feature of aging cells., not only of neurons but 
of all cells. Finally, based on data from numerous scientific reports 
including studies in humans, the use of melatonin, in what are consid
ered to be pharmacological doses, seems not to be a major issue given 
the very large, documented safety margin of melatonin.

Multiple questions related to how mitochondria fit into the entire 
scheme of cellular physiology and aging obviously remain. What is 
certain is that the function of these organelles far exceeds what has been 
historically thought. The more research that is performed on these 
functionally intertwined organelles, the more questions that are un
covered. This complexity is made even more enigmatic with the dis
covery of a multifunctional molecule, melatonin, in the organelle. Many 
of the functions for which mitochondria are responsible also are 
impacted by melatonin, e.g., redox homeostasis, immune physiology, 
metabolism, apoptosis regulation, mitochondrial dynamics, signaling 
among different cellular organelles, etc. Uncovering all the interactions 
related to mitochondria and melatonin is required if we are to under
stand the pathophysiology of age-associated neural diseases and 
organismal aging itself. As new data are unveiled, it will be important to 
leverage this information in the design of appropriate therapeutics to 
defer the signs of aging, i.e., prolong health span.
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