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Abstract Aging is associated with increasing
impairments in brain homeostasis and represents the
main risk factor across most neurodegenerative dis-
orders. Melatonin, a neuroendocrine hormone that
regulates mammalian chronobiology and endocrine
functions is well known for its antioxidant potential,
exhibiting both cytoprotective and chronobiotic abili-
ties. Age-related decline of melatonin disrupting mito-
chondrial homeostasis and cytosolic DNA-mediated
inflammatory reactions in neurons is a major contrib-
utory factor in the emergence of neurological abnor-
malities. There is scattered literature on the possible
use of melatonin against neurodegenerative mecha-
nisms in the aging process and its associated diseases.
We have searched PUBMED with many combina-
tions of key words for available literature spanning
two decades. Based on the vast number of experi-
mental papers, we hereby review recent advance-
ments concerning the potential impact of melatonin
on cellular redox balance and mitochondrial dynam-
ics in the context of neurodegeneration. Next, we
discuss a broader explanation of the involvement of
disrupted redox homeostasis in the pathophysiology
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of age-related diseases and its connection to circadian
mechanisms. Our effort may result in the discovery of
novel therapeutic approaches. Finally, we summarize
the current knowledge on molecular and circadian
regulatory mechanisms of melatonin to overcome
neurodegenerative diseases (NDDs) such as Alzhei-
mer’s, Parkinson’s, Huntington’s disease, and amyo-
trophic lateral sclerosis, however, these findings need
to be confirmed by larger, well-designed clinical tri-
als. This review is also expected to uncover the asso-
ciated molecular alterations in the aging brain and
explain how melatonin-mediated circadian restoration
of neuronal homeodynamics may increase healthy
lifespan in age-related NDDs.
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Introduction

Biological aging is a complicated process that
involves modification in cellular functioning, deterio-
ration of physiological integrity, increasing vulner-
ability, senescence, and ultimately death (McHugh
and Gil 2018). These changes affect every function
of the organism ranging from structural ambigui-
ties in macro features of the cell, abnormalities in
the synthesis of cellular proteins, to multiple disrup-
tions in the cellular physiochemical environment and
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a complete functional loss of an organ or systemic
performance in a time-dependent manner (Li et al.
2021). These age-related modifications often result in
the development and progression of neurodegenera-
tive diseases (NDDs) including Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s dis-
ease (HD), and amyotrophic lateral sclerosis (ALS)
(Kubben and Misteli 2017). In the aging popula-
tion, NDDs induce progressive loss of brain function
which becomes a major factor leading to severe dis-
ability and death (Hou et al. 2019).

Neurodegeneration is characterized by progressive
neurological disorders which are identified by dis-
tinct clinical, morphological, and biochemical aspects
(Lananna and Musiek 2020). Due to high levels of
polyunsaturated fatty acids (PUFAs) and heavier
oxygen demand, high levels of ascorbate and iron in
specific areas, and low content of antioxidants, the
human brain is particularly susceptible to ROS-
induced damage (Cobley et al. 2018). The mechanism
of redox homeodynamics plays an important role in
the regulation of biochemical activities including cell
cycle regulation, activation of enzymes, DNA syn-
thesis, and apoptotic responses. The development
of an excessive amount of reactive oxygen species
(ROS) inhibits the electron transport chain (ETC)
which dysregulates mitochondrial dynamics in brain
cells during aging and in the condition of neurode-
generation (Gudenschwager et al. 2021). Free radical-
induced mitochondrial damage and neuroinflamma-
tion are pathological signs of aging and NDDs (Jiang
et al. 2021). Understanding the mechanisms involved
in age-related changes in brain structure and function
is crucial to the identification of new potential ther-
apeutic approaches and establishing multimodal
health-care services to address the requirements of
an aging population. Although several antioxidant
defense mechanisms have been suggested to prevent
neurodegeneration, their usefulness has often been
questioned (Davies et al. 2017).

A growing body of evidence suggests that mela-
tonin is a multifaceted homeostatic agent that exhib-
its protective functions in different cells and tissues
through its ability to regulate numerous compo-
nents of cell biology (Cardinali 2019). Melatonin is
a unique phylogenetically sustained molecule found
in all identified aerobic organisms and possesses cyto-
protective competence in addition to its chronobiotic
effects (Cardinali 2019). Besides its function in sleep
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and circadian regulatory mechanisms, melatonin is
well known to have antioxidative, anti-inflammatory,
neuroprotective, and anti-apoptotic properties in dif-
ferent cellular systems and animal studies (Tan et al.
2020; Kumar Verma et al. 2022; Xu et al. 2022).
Melatonin has also been demonstrated to have immu-
nomodulatory, antiangiogenic, and antiaging proper-
ties (Majidinia et al. 2018). Despite the absence of
any conclusive data, melatonin has been suggested to
possibly increase longevity (Hardeland 2013). Mela-
tonin synthesis declines with age and also in certain
neurological conditions such as AD and PD, suggest-
ing that dysregulation in melatonin synthesis may
contribute to the onset or progression of age-related
NDDs. An understanding of how damaged neuronal
cells are influenced by melatonin may explain the
complicated nature of aging brain in both healthy and
pathological conditions.

In this review, we have investigated the gaps in
understanding of how melatonin affects neuronal
redox signaling, circadian clock genes, and mito-
chondrial homeostasis during aging. We further
investigate the therapeutic ability of melatonin and
its possible use in restoring circadian rhythms in
individuals experiencing age-associated NDDs. The
detailed molecular mechanisms by which melatonin
exerts protection against NDDs as well as the clinical
applicability of melatonin in these disease conditions
have also been discussed in this review.

Melatonin and nervous system aging

The mammalian suprachiasmatic nucleus (SCN) also
known as a central endogenous clock governs the
rhythmicity of nearly all biological processes. The
SCN sends a neuronal signal that causes the pineal
gland to start producing melatonin at night. Several
organs and tissues other than the pineal gland are
also capable of producing melatonin (Markus et al.
2021). SCN expresses melatonin receptor (MT1)
and the circulatory melatonin is responsible for the
regulation of this endogenous clock function. The
age-related deficit in melatonin synthesis is linked to
accelerated aging, and vice versa (Hardeland 2019).
Furthermore, extra-pineal and pineal melatonin have
been both recently recognized as an important aging
biomarkers due to the substantial correlation between
melatonin and aging (Martin Giménez et al. 2022).
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The most detrimental alterations in the neurologi-
cal system that occurs with age are a considerable loss
in brain size notably in the forebrain (Lemaitre et al.
2012), midline temporal lobe (Du et al. 2006), a bilat-
eral expansion in ventricular size, loss of grey matter
in medial frontal cortical areas, white matter com-
pression and decrease in the number of spines and
dendritic branches (Duan et al. 2003). Furthermore,
the hippocampal synaptic density is decreased during
aging (Lister and Barnes 2009). The cognitive decline
caused by reduced neuronal activity in the hip-
pocampus is a recurring problem of aging. These and
other changes eventually contribute to neurodegen-
eration, neurogenesis impairment, cognitive deficits,
and sensory-motor deficiencies in aged individuals
(Majidinia et al. 2018). A growing body of research
indicates that age-associated changes in the neuronal
cells are primarily caused by an imbalance between
pro-oxidant and antioxidant, a potential enhancement
in innate immunological response and an intensified
increase in inflammation, and mitochondrial dysregu-
lation (Tan et al. 2018). In terms of redox status, it
was shown that the brains of longer-lived animals
produce much less free radicals and reactive oxygen
species (Buffenstein et al. 2008). Based on these find-
ings and the strong antioxidative and anti-inflamma-
tory actions, melatonin is a powerful contender for
exerting anti-aging activities in the brain.

The significance of melatonin in the aging pro-
cess is studied from various perspectives. For exam-
ple, melatonin is an essential molecule involved in
maintaining circadian amplitude, entrainment, and
oscillator coherence of biological rhythms as well
as sleep commencement (Zisapel 2018; Luo et al.
2020). The metabolic function of melatonin is accom-
plished by the regulation of key signal transduction
pathways including Sirtuin 1, AMP-dependent pro-
tein kinase (AMPK), phosphatidylinositol 3-kinase
(PI3K), and Akt (Ramis et al. 2015; Mayo et al.
2017). Besides SIRT1, its different isoforms from
SIRT1 to SIRT7 are also involved in the mainte-
nance of energy homeostasis and mitochondrial bio-
genesis (Afzaal et al. 2022). SIRT1 and AMPK are
shown to collaborate in the aspect of metabolic sens-
ing during aging because they both simultaneously
respond to increases in AMP concentration, a sign of
ATP insufficiency (Fulco and Sartorelli 2008). It is
important to note that AMPK is a prominent stimu-
lator for mitochondrial biogenesis and a component

that extends longevity as well (Ramirez Reyes et al.
2021). Melatonin regulates mitochondrial complexes
of the electron transport chain to improve respiration
effectiveness, reduced electron leakage, cardiolipin
peroxidation avoidance, and anti-apoptotic functions
(Reiter et al. 2017). Melatonin-activated nuclear fac-
tor erythroid 2-related factor (Nrf) 2 via AMPK
signaling mechanism. This results in the activation
of antioxidative and detoxification enzymes such
as superoxide dismutase (SOD), heme oxygenase 1
(HMOX-1), and NAD(P)H quinone dehydrogenase
1 (NQOL1), which collectively suppress ROS produc-
tion (Kang et al. 2022). Further, melatonin increases
growth hormone (GH) levels by acting at the down-
stream component in the GH-signaling mechanism
(Nassar et al. 2007). Inhibition of the insulin growth
factor-1 (IGF-1) signaling mechanism, which shares
its function with insulin, through PI3K and Akt
pathway, considerably extends longevity in mouse
(Guarente 2008). However, the nuclear factor kappa-
B (NF-xB) signaling pathway is activated by GH and
IGF-1 later in life, which speeds up the aging process
by inducing inflammatory responses. The conse-
quences of NF-kB signaling are counteracted by well-
known age-suppressors including SIRTs and FoxOs
in addition to drops in GH and IGF-1 concentrations
during aging (Salminen and Kaarniranta 2010). Mela-
tonin has a variety of immune-modulating properties.
This function is critical in immunological remodeling
and inflammation (Hardeland 2017a; Majidinia et al.
2018) (Fig. 1).

Melatonin is demonstrated to attenuate DNA dam-
age response (DDR) in humans (Majidinia et al. 2017)
and in neuronal cells of senescence-accelerated female
mice (Morioka et al. 1999). Chronic melatonin treat-
ment in SAMP8 mice suppresses oxidative damage and
calpain/Cdk5 signaling as well as hyperphosphoryla-
tion of GSK3 beta and tau markers of cerebral aging
and neurodegeneration. These findings support the
anti-aging and neuroprotective properties of melatonin
(Martin Giménez et al. 2022). In another study, mela-
tonin was found to slow down the aging of the brain,
especially in the temporal cortex by lowering the level
of nitric oxide (Akbulut et al. 2013). Melatonin has also
been demonstrated to reduce oxidative damage and
neurological impairments in the hippocampus of female
golden hamsters with hyperthyroidism during aging
(Rao et al. 2016). Our recent research has reported that
the administration of melatonin lowered the extent of
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Fig. 1 Protective effects of melatonin on aging: Circadian
disruption is linked to aging and morbidity. Melatonin is a
strong contender to reset the circadian rhythm which controls
healthy aging and longevity. Melatonin increases growth hor-
mone (GH) levels by acting at the downstream component in
the GH-signalling mechanism. It counteracts the deleterious
effects of aging via the regulation of inflammatory processes.

oxidative injury and neurodegeneration in both young
and old chronodisrupted models of rats (Verma et al.
2021a, b). In comparison to SAMR1 mice, SAMPS ani-
mals have higher concentrations of the transcriptional
factor NF-xB, revealing that oxidative stress is a major
factor in the aging process (Caballero et al. 2008).
Melatonin exerts an inhibitory action on NF-kB, which
helps to avoid age-related neurodegeneration.
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During stressful conditions, sirtuins (SIRTs) and 5' AMP-
activated protein kinase (AMPK) have been shown to work in
coordination. AMPK upregulates Forkhead box O (FoxO) tran-
scription factor and SIRT1-7 which are involved in the mainte-
nance of energy homeostasis, coupled with mitochondrial pro-
liferation and extending longevity

Melatonin regulates oxidative stress:
the antioxidant machinery

Redox homeostasis and melatonin
An equilibrium between the production and elimi-

nation of ROS is crucial for maintaining cellu-
lar redox homeostasis, which controls a variety of
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physiological activities by regulating signaling mech-
anisms and enabling the activation of redox-sensitive
proteins and enzymes. While cellular signaling path-
ways and subcellular integrity can be damaged by
the accumulation of oxidative products, this can also
interfere with redox signaling mechanisms, which
may ultimately lead to cellular aging and death (Car-
doso and Moreira 2022). Melatonin can neutralize
both ROS and reactive nitrogen species (RNS) (Wang
et al. 2019). The ability of melatonin to cross cell
membranes due to its amphipathic nature enables it to
shield subcellular compartments from damage caused
by free radicals (Mannino et al. 2021). Melatonin-
induced redox control is achieved by its direct scav-
enging action against ROS with enzymatic and non-
enzymatic antioxidant defense mechanisms (Ding
et al. 2014; Verma et al. 2019, 2020b). The aromatic
indole ring of melatonin which is enriched with elec-
trons makes it a powerful electron donor to effectively
neutralize free radicals in its direct antioxidant role
(Verma et al. 2020a; Mannino et al. 2021). Through
activation of antioxidant enzymes (e.g. SOD, GSH-
Px, and CAT) (Liu and Ng 2000) and the stimula-
tion of glutathione synthesis (Limén-Pacheco and
Gonsebatt 2010), melatonin exhibits indirect antioxi-
dant activity that enhances the effectiveness of other
antioxidants with synergistic effects (Montilla et al.
2001).

Cells can respond to melatonin through recep-
tor-dependent or independent pathways. Melatonin
directly crosses cell membranes without the help of
receptors and scavenges ROS in the cytosol, mito-
chondria, and nucleus of the cell. Higher levels of
melatonin are presented in the mitochondria, where
it counteracts ROS and RNS (Reiter et al. 2016).
In addition, melatonin prevents cardiolipin peroxi-
dation (Petrosillo et al. 2009) and protects respira-
tory chain complexes and mtDNA from free radi-
cal-mediated oxidative injury. The anti-apoptotic
property of melatonin inhibited Bax activity, which
reduced mPTP opening and consequently lowered
membrane permeabilization (Fang et al. 2019;
Mehrzadi et al. 2021). Further, melatonin attenuates
mitophagy and activates mitochondrial biogenesis.
The primary receptor-dependent signaling mecha-
nism induced by MT1 and MT2 is a reduction in
adenylyl cyclase action, which lowers intracellular
concentrations of cyclic adenosine monophosphate
(cAMP). There have been reports that as a response

to melatonin, a variety of molecules, such as phos-
pholipase C (PLC), diacylglycerol (DAG), the sec-
ond messengers inositol trisphosphate (IP3), and
calcium ions (Ca’*), and kinases such as PKA,
PKC, and MAP kinases, are assembled, activated,
or produced (Cecon et al. 2018). Melatonin signal-
ing generally controls transcription negatively for
genes regulated by CREB (cAMP-responsive ele-
ment binding) transcription factor and positively for
genes regulated by ERK-mediated transcription fac-
tors. As a result, pro-oxidant enzymes are downreg-
ulated while antioxidant enzymes are unregulated
(Sarti et al. 2013; Oishi et al. 2018) (Fig. 2).

Mitochondrial aging and melatonin

Aging is a major contributory factor that reduces
the efficiency of the respiratory chain, increases
electron leakage, and lowers ATP synthesis, all of
which ultimately lead to mitochondrial dysfunction
(Tjahjono et al. 2022). In consequence, the defective
mitochondrial function triggers the production of
ROS, which further encourages mitochondrial dam-
age and cellular death (Lee et al. 2021). Melatonin
levels in mitochondria appear to be higher than
those in the blood (Venegas et al. 2012), it is espe-
cially fortunate because these organelles serve as a
prime source of free radical generation. In addition
to effectively neutralizing ROS in these organelles,
melatonin may diminish electron leakage from
mitochondrial respiratory chain complexes result-
ing in the stimulation of ATP synthesis (Hardeland
2017b). The action of minimizing electron leakage
also reduces the production of free radicals, a pro-
cess known as radical avoidance (Reiter et al. 2010).
Melatonin effectively repairs the damage, especially
at the level of Complex I and IV. Additionally, it
protects from the detrimental effects carried out by
mitochondrial Ca®* and depolarization of mitochon-
drial membrane driven by H,0,, both of which may
associate with caspase-mediated apoptosis (Atayik
and Cakatay 2022a). According to the mechanism,
melatonin-dependent prooxidant activity may speed
up the formation of ROS by interacting with calmo-
dulin. The interaction of melatonin with the transi-
tion pore opening of mitochondria or its complex
IIT also triggers ROS production (Zhang and Zhang
2014; Wang et al. 2019).
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Fig. 2 Redox signaling mechanisms through which melatonin
reduce oxidative damage. Melatonin can interact with cells
by both receptor-dependent and/or independent mechanisms.
On the left side, melatonin inhibits free radicals and reduces
oxidative injury. Melatonin directly scavenges mitochondrial
ROS/RNS in a receptor-independent manner hence avoiding
mtDNA damage. In response to oxidative stress, melatonin
regulates calcium ion (Ca** release into the cytosol and pro-
tects mitochondria. Interaction of Bax and Bak two pre-apop-
totic proteins causes mitochondrial permeability opening of
transition pores (mPTP) and release of Cyt ¢ which is involved
in the activation of the apoptotic mechanism, this is effectively
inhibited by melatonin. Further melatonin (on the right side)
acts via membrane receptors (MT1/MT2) which contain G

Nrf2 and melatonin

Nrf2 is recognized as the first line of defense against
oxidative stress, it plays a central role in the transcrip-
tional regulation of genes that produce antioxidant
enzymes, anti-apoptotic proteins, detoxifying agents,
and drug transporters (Rattan 2022). Further, NRF2
controls the transcriptional activity of more than 500
cytoprotective genes, most of which are involved in
antioxidative defense mechanisms against the rise
in intracellular ROS. NRF2-KEAP1 (Kelch-like
ECH-associated protein 1) is a key signaling mecha-
nism that controls oxidative stress. It has been dem-
onstrated that melatonin increases the expression
of genes and proteins connected to Nrf2 signaling
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protein-coupled seven transmembrane helices. Interaction of
melatonin with the MT1 receptor activates Gi protein, which
inhibits adenylyl cyclase (AC) action and lowers intracellular
contents of cyclic adenosine monophosphate (cAMP). In turn,
this inhibits protein kinase A (PKA) and cAMP-response ele-
ment binding protein (CREB) transcription factor resulting
in the inhibition of gene transcription. MT2 binding to Gq
encompasses phospholipase C (PLC) activation, an increase
in diacylglycerol (DAG) synthesis, protein kinase C (PKC)
stimulation, and a rise in intracellular calcium (Ca’") concen-
trations to activate a series of processes that boost transcrip-
tional activity. The binding of melatonin to calmodulin regu-
lates nitric oxide synthesis. Nuclear binding sites (RoRa and
RZR) may also be used in some of these processes

and peroxisomal activity. By eliminating damaged
organelles, such as mitochondria, Nrf2-mediated
autophagy improves the efficiency of adaptations
(Calabrese and Kozumbo 2021). Melatonin prevents
Nrf2 from being degraded and activates the Keapl-
ARE pathway (Vriend and Reiter 2015; Bona et al.
2022). Melatonin interacts with Nrf2 to improve
cardioprotective, neuroprotective, antioxidant,
anti-inflammatory, anti-tumor properties and also
strengthens bone microstructure and oocyte matura-
tion (Kilic et al. 2013; Gupta et al. 2021).

The so-called “NRF2 activators” should instead
be named “KEAPI1 inhibitors,” as KEAPI is their
actual molecular target (Fabrizio et al. 2018). For
the treatment of various chronic disorders, the
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NRF2 activators are currently being pharmacologi-
cally developed at different stages. Mostly new devel-
oped molecules activate NRF2 by blocking it from
being degraded by KEAPI-dependent processes.
Sulforaphane (SFN) and melatonin (ITH12674)
were combined to produce a hybrid compound with
a dual “drug-prodrug” mode of action for the treat-
ment of brain ischemia (Egea et al. 2015). To reduce
the development of oxidative stress and inflammation
in neurodegenerative and neuropsychiatric diseases
(AD, PD, HD, autism, schizophrenia, and depres-
sion), NRF2 activators have also been recommended
as antioxidants. (Saso et al. 2020). In contrast, NRF2
inhibitors, render tumor cells more susceptible to can-
cer treatments. NRF2 inhibitors are still a long way
from being used from the bench to the bedside since
this mechanism of inhibition is either unexplained or
not precise in all conditions.

Aging, circadian clock genes, and melatonin

Since circadian rhythmicity is essential for regular
health, any disturbances in the functioning of the cel-
lular clock can have harmful implications. Although
these circadian oscillations change with age, it is
the vulnerability of the circadian system, that results
in age-related diseases (Welz and Benitah 2020).
Besides having a role in aging processes, the circa-
dian clock also governs other age-related mechanisms
like DNA repair, oxidative stress balance, and meta-
bolic regulation (Lananna and Musiek 2020). Brain
and muscle Arnt-like protein-1 (Bmall) is an indis-
pensable clock gene that regulates numerous funda-
mental physiological activities. Extensive research
has revealed that melatonin regulates Bmall and has
beneficiary physiological effects on the treatment of
age-related disorders including AD (Li et al. 2020),
and PD (Delgado-Lara et al. 2020). The underlying
processes through which Bmall deficiency induces
AD and associated age-related disorders include oxi-
dative stress and inflammation (Fan et al. 2022). Mel-
atonin activates the Bmall gene through PI3K/AKT
signaling and increases Bmall protein expression
(Beker et al. 2019). A study has found that adminis-
tration of melatonin enhanced hippocampus Bmall
expression, rapid remodeling of hippocampus neu-
rons, and modified the synaptic structure of the
CAl and dentate gyrus (DG) regions, indicating that

melatonin can influence the structural reforms in hip-
pocampus neuronal cells through the involvement of
Bmall clock gene (Ikeno and Nelson 2015).
Bmall-deficient mice showed signs of acceler-
ated aging, including multiple age-related abnor-
malities and a nearly threefold reduction in longev-
ity (Kondratov et al. 2006). Clock™/~ mice seemed
to have a greater rate of cataracts and inflammation,
as well as a 15% shorter longevity (Dubrovsky et al.
2010). Age-dependent changes in the SCN such as
diminished neuronal activity often result in circa-
dian misalignment (Nakamura et al. 2015). Addi-
tionally, aging alters periodic rhythmicity in the
expression of circadian clock genes (Cryl, Cry2,
Perl, Per2, and Bmall) in the SCN. Furthermore, in
animal models, Bmall and Per2 impairment is con-
nected to behavioral abnormalities, metabolic com-
plications, malignant tumors, and accelerated aging
(Kondratov et al. 2009). The daily rhythmic oscilla-
tions in clock genes mRNA expression were found
to be changed in the SCN. For 3, 12, and 24 months,
the mRNA expression of distinct clock genes dem-
onstrated that aging was the primary driver of circa-
dian instability. Melatonin has been shown to protect
the clock genes against age-related circadian disrup-
tion. At 12 months, melatonin treatment for 11 days
synchronized the rhythmicity of Cryl, Cry2, Bmall,
and Per2 genes, while alterations in Bmall, Cryl,
and Cry2 were resumed at 24 months. A decrease
in the total number of melatonin receptors of the
SCN might be the possible explanation for variations
in the amplitude of the circadian gene (Mattam and
Jagota 2014). Therefore, the effect of melatonin on
circadian genes and aging needs to be investigated.

Natural and synthetic melatonin derivatives

Melatonin and its metabolites collectively act as the
most effective first line of defense against oxidative
stress through a wide range of processes, such as elec-
tron transfer, hydrogen transfer, metal chelation, and
addressing pharmaceutical targets (Galano and Reiter
2018). Melatonin as well as its natural and synthetic
derivatives possess tremendous antioxidant activi-
ties to counteract different ROS and reactive nitrogen
species (RNS) involved in the oxidative damage to
cellular biomolecules like proteins, lipids, and DNA
(Zhang and Zhang 2014; Wang et al. 2019). Cyclic

@ Springer



190

Biogerontology (2023) 24:183-206

3-hydroxymelatonin (C30HM), Nl-acetyl-N2-for-
myl-5-methoxykynuramine (AFMK), Nl-acetyl-
5-methoxykynuramine  (AMK), 6-hydroxymela-
tonin (6OHM) and 5-methoxytryptamine (SMTA)
are among some of the most important metabolites
of melatonin (Reiter et al. 2021). C30HM reacts
with other free radicals to generate AFMK. AMK
is produced as a result of an interaction between
the radicals and AFMK (Reiter et al. 2014). Neu-
ronal injury caused by lipid peroxidation and oxida-
tive stress is inhibited by AFMK (Burkhardt et al.
2001). Further, neurotoxicity caused by quinolinic
acid is inhibited by 60HM (Mabharaj et al. 2005).
Natural derivatives of melatonin and several of its
precursors, including serotonin (SHT) (Azouzi et al.
2017), 5-hydroxytryptophan (SHTP), and 5-methoxy-
tryptamine (SMTA), are also effective antioxidants.

By using a wide range of methods and computer-
assisted techniques, systematic rational research was
carried out to synthesize novel melatonin substitutes.
It has been possible to synthesize novel distinct mol-
ecules by adding various simple functional groups,
such as —-OH, -NH2, —SH, and -COOH to the mela-
tonin (Reina et al. 2018). 5-MLT (5-melatonin) deriv-
atives have been identified to act as free radical
scavengers through electron transfer or H transfer.
Therefore, the protective effect of melatonin against
oxidative stress is an outcome of the cascadic interac-
tion it has with its metabolites to exhibit a multipur-
pose and unique antioxidant defense system.

Melatonin and its analogs

The antioxidant defense mechanism is a complex
process that involves a diverse range of chemical
and nonchemical processes. The intriguing features
of melatonin prompt to design and synthesis of mel-
atonin-like substances is a fast-expanding field of
research (Suzen 2013; Galano 2016). Some melatonin
analogs with a sulfhydryl group exhibit antioxidant
effects that are more potent than those of melatonin
itself (Ng et al. 2000). Furthermore, in vitro analysis
revealed that indole-based melatonin hydrazine ana-
logs comprising 2-phenylindole (Suzen et al. 2006),
indole-3-propionamides (Ates-Alagéz et al. 2005)
and N-methylindole (Shirinzadeh et al. 2010) deriva-
tives were effective in the removal of free radicals.
Modification in the 5-methoxy and 3-acylaminoethyl
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side chains of melatonin has demonstrated promising
features to develop new molecules with stronger anti-
oxidant potential in comparison to melatonin (Giirkok
et al. 2009). Indole amino acid derivatives have also
been developed and examined to mimic the antioxi-
dant activity of indole-based melatonin. They have
similar DPPH (2,2-diphenyl-1-picrylhydrazyl) scav-
enging efficiency to melatonin while their inhibi-
tory action on lipid peroxidation was quiet improved
(Suzen et al. 2012).

Since it is impossible to prevent aging, it is pos-
sible to prevent the changes brought about by aging
from disrupting the homeostasis of individuals. Sev-
eral experimental and clinical research gave important
data regarding the safety and effectiveness of thera-
peutic interventions using melatonin individually or
as a combination (Ferlazzo et al. 2020). Meanwhile,
very few randomized clinical trials have addressed
the minor side effects of melatonin administration,
such as agitation, dizziness, headache, nausea, pares-
thesia of the lip, arm, or leg, numbness, sedation, and
daytime sleepiness (Seabra et al. 2000; Wasdell et al.
2008). Aside from the treatment of sleep problems
and as a pre-operative anxiolytic, melatonin cannot
replace any conventional therapeutic method due to
its unproven clinical utility in many pathological con-
ditions (Andersen et al. 2016).

Mitochondrial neurodegeneration and melatonin

Mitochondrial activation of the cGAS/STING
pathway

ROS-induced oxidation and impairment in DNA
repair cause damage to the mitochondrial DNA
(mtDNA) of neurons during neurodegeneration
(Madabhushi et al. 2014). Reduced mitochondrial
membrane potential (MMP) and enhanced mitochon-
drial permeability, determine the transfer of mtDNA
into the cytoplasm (West and Shadel 2017) followed
by activation of cyclic guanosine monophosphate-
adenosine monophosphate synthase (cGAS) signal-
ing pathway. cGAS detects cytosolic DNA, whether
it is self—or foreign DNA (Sun et al. 2013). cGAS
stimulates innate immunity by producing cyclic
GMP-AMP, which binds to and activates STING
(Chen et al. 2016). Through activation of IRF3 and
NF-B, STING induces the expression of interferon
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(IFN) and pro-inflammatory interleukin (Li and
Chen 2018). Mitochondrial ROS triggers the release
of pro-inflammatory cytokine (IL-1p and IL-18) and
caspase-1 activation (van de Veerdonk et al. 2011).
These processes are very crucial in regulating neu-
rodegeneration as gradual decline in synaptic neuro-
transmission underpins neuronal death in aging and
neurodegenerative disorders (Wishart et al. 2006).
Therefore, mitophagy, a particular type of autophagy,
is essential for the clearance of damaged mitochon-
dria in neurons (Chen et al. 2020b).

Mitophagy and melatonin

Mitophagy is a key regulating process, which main-
tains the redox integrity of mitochondria and also
reduces the generation of excess ROS. In response to
oxidative stress, mitophagy restricts the aggregation
of damaged mitochondria and decreases the nega-
tive consequences of redox state failure. Down-regu-
lation of mitophagy has been linked to a wide range
of diseases (Garza-Lombd6 et al. 2020). Mitophagy
is particularly governed by moderate ROS levels
to enhance the activity of ROS signaling cascades
(Frank et al. 2012). Melatonin-induced mitophagy
has demonstrated promising abilities to treat mito-
chondrial dysregulation (Siizen et al. 2022). Since
mitochondrial damage is thought to be both the origin
and the target of ROS, impaired mitophagy is directly
related to reduced longevity (Chen et al. 2020b; Lin
et al. 2021). Mitophagy failure is associated with
pathogenic conditions including diabetes, cancer, car-
diovascular disease, and neurodegenerative diseases.
Melatonin is widely distributed in mitochondria
as its uptake is facilitated by oligopeptide transport-
ers namely PEPT1/2, in addition to its intra-mito-
chondrial biosynthesis of melatonin (Reiter et al.
2020). Melatonin decreases mitochondrial electron
leakage and ROS generation and inhibits the open-
ing of the mitochondrial permeability transition pore
(MPTP) to retain mitochondrial membrane potential
(Ay) in detrimental bioenergetic settings, and also
stimulates the uncoupling proteins (UCPs) to gradu-
ally decrease Ay in a normal situation (Atayik and
Cakatay 2022b). Melatonin plays a variety of mito-
protective roles besides its capacity to modulate redox
status, especially in upregulating the transcription of
genes involved in stress response mechanisms, anti-
oxidant enzymes, and inhibiting the release of Cyt-c.

Melatonin stimulates intermembrane heterotrimeric
G protein and prevents the release of cytochrome c in
response to stress (Suofu et al. 2017).

Emerging mitochondrial-focused senotherapeutic
approaches which strive to activate melatonin-medi-
ated mitophagy may be able to improve mitochondrial
dysfunctions. Several feasible interventions (e.g.,
melatonin) to delay aging have been studied in senes-
cence-accelerated mouse prone 8 (SAMPS) strain,
albeit they have produced some contradictory find-
ings (Okatani et al. 2002; Cheng et al. 2008; Cabal-
lero et al. 2009). Melatonin administration can regu-
late senescence-related molecular and morphological
features. Melatonin has also been demonstrated to
promote oxidative phosphorylation in the mitochon-
dria of hepatic and neuronal cells (Manchester et al.
2015; Reiter et al. 2017, 2018). Replicative senes-
cence in mesenchymal stem cells (MSCs) lowered
mitophagy by preventing mitofission which increased
mitochondrial dysfunction. Melatonin administra-
tion prevented replicative senescence by improving
mitophagy and mitochondrial functionality by upreg-
ulating heat shock 70 kDa protein 1L (HSPA1L) (Lee
et al. 2020).

Therapeutic potential of melatonin
in neurodegenerative diseases

Although the pathogenesis of neurodegenerative dis-
eases (NDDs) is multifaceted and still poorly under-
stood, however, redox homeodynamics is identified
as an important aspect in the development and pro-
gression of nearly all age-related NDDs (Leyane
et al. 2022). Numerous researchers have recently
focused their attention on the possible use of mela-
tonin as a neuroprotective molecule (Arribas et al.
2018; Chen et al. 2020a; Monayo and Liu 2022).
According to research, all disorders of the central and
peripheral neurological systems, including AD, PD,
HD, and ALS, have a diminished capacity to main-
tain the equilibrium between the production of free
radicals and the activity of their defense mechanisms
(Hacisevki and Baba 2018). Therefore, antioxidative
and anti-inflammatory actions of melatonin may thus
be playing an important role in suppressing higher
levels of oxidative damage and associated mecha-
nisms to counteract age-associated NDDs (Chen et al.
2020a).
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Melatonin and Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative dis-
order, identified as the most frequent cause of demen-
tia with the prevalence increasing in part due to an
aging global population. One of the well-known theo-
ries used to explain disease etiology is the develop-
ment and aggregation of f-Amyloid plaques (Abey-
singhe et al. 2020). One of the most prominent signs
of AD is the disruption in regular circadian rhythm,
which is shown by an increase in daytime sleepiness
and nighttime awakenings (Mattis and Sehgal 2016).
Previous research has shown that melatonin level is
dramatically reduced while the expression of mela-
tonin receptors is substantially increased in the brains
of AD patients (Shukla et al. 2017; Alghamdi 2018),
suggesting that melatonin abnormality is one of the
possible leading causes of the disease (Cardinali et al.
2014; Galano et al. 2018). Further, melatonin treat-
ment has been demonstrated to improve cognition and
reduce circadian rhythm disruption in AD patients
(Musiek et al. 2015; Sumsuzzman et al. 2021). The
antioxidative activities of melatonin have been found
to prevent the excessive production of harmful free
radicals generated from pathogenic processes in AD
as well as reduce the consequent neuronal damage in
the cells (Huang et al. 2016).

Importantly, the efficacy of melatonin to miti-
gate both A and Tau diseases was demonstrated by a
decline in senile plaque formation (Olcese et al. 2009;
Peng et al. 2013) and AP oligomerization (Olcese
et al. 2009), a reduction in Tau hyperphosphoryla-
tion (Peng et al. 2013), and a decrease in intracellu-
lar argyrophilic substance accumulation (presumably
neurofibrillary tangles) (Peng et al. 2013). Studies
have shown that melatonin has a positive influence
on AD symptoms due to its ability to restore mito-
chondrial function, and regulates the autophagic
responses in the AD brain (Dragicevic et al. 2011;
Luo et al. 2020). Non-transgenic senescence-acceler-
ated OXYS rats, which are used as a model of spo-
radic AD, have shown that given low doses of mela-
tonin (0.04 mg/kg/day; the total amount of 7.2 mg/
kg) for 6 months results in significant improvements
in anxiety, spatial and working memory (Rudnitskaya
et al. 2015). Melatonin had a stronger positive effect
on improving the learning capability of metabolic
and senescence-associated AD models and reversed
the memory impairments in the toxin-induced AD
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model (Zhai et al. 2022). Finally, and most impor-
tantly, melatonin has been shown to have a benefi-
cial influence on clinical symptoms, as animals given
melatonin treatments had higher survival rates (Mat-
subara et al. 2003) and improved cognitive abilities
(Olcese et al. 2009).

It has also been suggested that reduced levels of
melatonin in AD cause dysregulation in neurogen-
esis (Song 2019). Melatonin plays a function in the
stimulation of neurogenesis and synaptic plasticity
via neurotrophic factors such as brain-derived neuro-
trophic factor (BDNF) and glial cell-derived neuro-
trophic factor (GDNF) (Niles et al. 2004). These neu-
rotrophic factors are important for neurogenesis. As a
result, a decrease in melatonin may lead to a decrease
in BDNF and GDNF production.

Additionally, melatonin has anti-amyloid prop-
erties that are effective in defending neuronal cells
against cytotoxicity caused by amyloid-beta (Vincent
2018). Melatonin inhibits the production of amyloi-
dogenic peptides by suppressing - and y-secretases,
which are implicated in the cleavage of amyloid-
beta proteins from amyloid precursor protein (APP)
(Shukla et al. 2017), and it also inhibits the accumula-
tion of amyloid aggregates by having interaction with
amyloid-beta proteins (Wang and Wang 2006). Mela-
tonin can also inhibit APP maturation by obstructing
APP secretion at basal values into different cell lines
and APP mRNA levels (Lahiri 1999). This mecha-
nism is thought to involve protein kinase C, which is
an upstream regulator of GSK3, by stimulating the
PI3K/Akt and phospholipase C/diacylglycerol (PLC/
DAG) pathways (Jeong et al. 2014). Activation of
glycogen synthase kinase 3 beta (GSK3p) is involved
in amyloid-beta diseases, while activation of protein
kinase C phosphorylates and inactivates GSK3p.
Melatonin can prevent neurotoxicity by inhibiting the
accumulation and production of amyloid fibrils by
binding with amyloid-beta proteins (Li et al. 2020)
(Fig. 3).

Melatonin and Parkinson’s disease

Parkinson’s disease (PD) is an accelerating neu-
rodegenerative disorder that mostly affects elderly
individuals worldwide, and is characterized by the
loss of dopaminergic neurons that emerge from the
substantia nigra pars compacta (Pajares et al. 2020).
The destruction of dopaminergic neurons and Lewy
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Fig. 3 Melatonin regulates key signaling pathways in neuro- Furthermore, melatonin promptly activates genes and proteins
genesis. A diagrammatic representation of pathways by which involved in the SHH pathway. Melatonin regulates the devel-
melatonin regulates neurogenesis. Melatonin stimulates the opment and processing of APP inside the cell and inhibits the
Whnt/p-catenin signaling, which in turn enhances the transcrip- accumulation of Af and a-synuclein through the SHH-induced
tion of survival-related genes. Further, melatonin causes inhi- activation of GRP78. By facilitating PI3K/Akt signaling, SHH
bition of GSK3 which protects catenin from being phospho- activation promotes neuroprotection. It may also prevent cell
rylated and degraded, hence avoiding apoptosis. Since GSK3 death by increasing Bcl-2 via a GRP78-dependent mechanism.
participates in a cross-talk between both the Wnt/p-catenin and Melatonin may modulate the Hippo signaling mechanism by
Notch signaling pathways, melatonin-induced GSK3 regula- inhibiting MST1 and regulating the downstream transcrip-
tion also affects the underlying processes (blue dashed arrows). tional factor YAP implicated in oxidative stress-mediated neu-
Melatonin controls both extracellular and intracellular dis- ronal death, which in turn influences cellular proliferation and
integration of Notch via regulating and modulating the APP inhibits apoptosis. Af amyloid beta, ADAM0 a disintegrin and
cleaving secretases (ADAM10, BACE], and secretase), which metalloproteinase domain-containing protein 10, AP amyloid
in turn influences the production of NICD and the transcrip- precursor protein, Bcl-2 B cell lymphoma 2, GSK3p glycogen
tional activity of Notch effector genes. Through its influence synthase kinase 3 beta, BACEI beta-secretase 1, GRP78 glu-
on the Notch pathway, melatonin also inhibits the aggregation cose-regulated protein, MST! mammalian sterile 20 (STE20)—
of Af. Additionally, leucine-rich repeat kinase 2 (LRRK?2), like kinase 1, LRRK? leucine-rich repeat kinase 2, NICD Notch
which is implicated in the modification of Notch signaling, intracellular domain, SHH sonic hedgehog, SOX2 PI3K/Akt
is also controlled by melatonin. Melatonin controls a self- PI3 kinase/protein kinase B, YAP yes-associated protein, SRY
renewal transcription factor SOX2, which is taken into account (sex-determining region Y)-box 2

in APP metabolism to influence the SHH signaling pathway.

pathology accompany the characteristic motor symp- motor symptoms of PD and the amount of melatonin
toms, which include bradykinesia, stiffness, and pos- in the CSF (Leston et al. 2010). Neuropathologi-
tural instability. Additionally, PD patients exhibit cal and corresponding imaging reports have demon-
several non-motor symptoms, including sleep dis- strated an alteration in melatonin levels and a reduc-
turbances, cognition, sensory impairments, and tion in hypothalamic areas in PD patients (Breen et al.
autonomic dysfunctions (Poewe et al. 2017). Previ- 2016). Melatonin can also suppress the production of
ous research has revealed a correlation between the a-synuclein hazardous oligomers, a-synuclein fibrils,
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and oxidative stress, as well as control the expression
of genes and proteins involved in the apoptotic signal
transduction pathway (Ono et al. 2012).

SCN and various CNS regions, including the cer-
ebral and cerebellar cortex and the midbrain, have
been found to contain MT1 and MT?2 receptors (Ng
et al. 2017). In substantia nigra and amygdala, the
density of MT1 and MT2 melatonin receptors was
found to be lower in PD patients (Adi et al. 2010),
resulting in the development of a hypothesis that the
breakdown of the melatonergic system contributes
to the disrupted sleep/wake cycle identified in PD.
Additionally, the rhythmic profile of circulatory mela-
tonin was reduced in PD patients, specifically those
who demonstrated excessive daytime sleepiness (Vid-
enovic et al. 2014). The administration of melatonin
significantly restored the expression of the circadian
clock gene in the rotenone-induced experimental rat
model of PD (Mattam and Jagota 2015). The rea-
sons behind the application of melatonin strategies
were chosen because PD patients have low levels of
PER1 and BMALI in the respective circadian morn-
ing and night schedules (Cai et al. 2010; Breen et al.
2014). Another explanation of circadian disruption in
Bmall expression is that dopamine can control the
functioning of the BMAL1/CLOCK complex, there-
fore its absence in PD impairs this essential part of the
molecular clock (Breen et al. 2014). After supplemen-
tation of melatonin Bmall expression improved in
PD patients (Delgado-Lara et al. 2020), suggesting a
close association between Bmall and PD. The com-
bined effect of melatonin with dopaminergic neurons
can reduce free radicals, prolong the survivability
of transplanted neurons, and improve motor impair-
ments in PD patients (Asemi-Rad et al. 2022).

Stimulation of mitochondrial autophagy trig-
gered by PINK1 and Parkin was crucial for preserving
robust mitochondrial homeostasis and reducing the
brain damage imposed by mitochondrial dysfunction
in PD (Mammucari and Rizzuto 2010). Melatonin
inhibited MPTP-induced stress against free radical
deposition, DNA damage, and disruption of proton
potential in mitochondria (Srinivasan et al. 2011).
Lewy bodies, which are recognized as cytopathologi-
cal biomarkers of parkinsonism, consist of improper
distribution of tubulin, MAP1, and MAP2 micro-
tubule-associated proteins. Melatonin stimulates
cytoskeletal realignments and is believed to be thera-
peutically relevant for the treatment of parkinsonism
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and, most likely, dementias with Lewy bodies (Chen
et al. 2005). The protective effect of melatonin is
ascribed to normalizations of complex I activity in
unilaterally 6- hydroxydopamine (6-OHDA) treated
hemiparkinsonian rats (Benitez-King et al. 2004).
Melatonin and its metabolite AMK decrease NO pro-
duction and scavenge reactive nitrogen species which
should also assist in cell survival, as well as other
protective properties such as stimulation of antioxi-
dant enzymes Cu-ZnSOD, MnSOD, GPx which has
been established in cultured dopaminergic cells (Dab-
beni-Sala et al. 2001).

Melatonin is also involved in the mitochondrial-
hyperphosphorylation-neuronal apoptotic pathway.
Melatonin inhibited not only 1-methyl-4-phenylpyri-
dinium (MPP™") induced cell death in cerebellar gran-
ular neurons, but also activation of Cdk5 and cleavage
of p35 to p25 (Hanagasi et al. 2005), kinases all of
which are implicated in neuronal function and plastic-
ity (Alvira et al. 2006). However, it is unclear whether
melatonin at therapeutic doses in the MPP* -induced
PD investigation affects p25 and CdkS5 activity indi-
rectly through mitochondrial actions and/or directly
through receptor-dependent signaling mechanisms.

Melatonin and Huntington disease

Huntington’s disease (HD) is a dominantly inherited
neurodegenerative disorder that results in progressive
motor deficits, psychiatric symptoms, and cognitive
impairment (Tabrizi et al. 2019). It is caused by an
abnormally expanded CAG repeat expansion in the
huntingtin gene (HTT), which confers a predomi-
nant toxic gain of function in the mutant huntingtin
protein. The clinical manifestations of HD have been
largely attributed to neurodegeneration, particularly
in the striatum and cortex region of the brain (Tabrizi
et al. 2020).

The plasma levels of melatonin in Huntington
disease (HD) patients are reduced when compared
to healthy individuals (Kalliolia et al. 2014). Mela-
tonin protects neurons from kainic acid-induced neu-
ronal loss, which can result in HD-related disease
in both in vitro and in vivo experiments (Tan et al.
1998; Xue et al. 2017). In another study, melatonin
reduced the oxidative damage and neurological injury
caused by 3-nitropropionic acid (3-NP), which has
been used to simulate the pathogenesis of HD both
in vitro and in vivo experimental setups (Ttnez et al.
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2004; Nam et al. 2005; Mu et al. 2014). According
to reports, mitochondrial dysfunction is one of the
primary abnormalities of HD (Mochel and Haller
2011). Wang et al. discovered that melatonin lowers
neuronal cell death while maintaining and activat-
ing MT1 in an HTT mutant cell model (Wang et al.
2011). Furthermore, the study found that HD mice
have lower MT1 levels than wild-type mice (Wang
et al. 2011). Conversely, a nonselective melatonin
receptor antagonist prevents mitochondrial dysfunc-
tion and neuronal death by blocking the protective
effect of melatonin (Zhang et al. 2019). Therefore,
melatonin prevents neuronal cell injury caused by
mitochondrial abnormalities in HD, through an MT1-
dependent regulatory mechanism.

cGAS STING signaling and HD

Cytosolic DNA and inflammatory responses have
been attributed to HD with signs of activation in
the cGAS-STING-IRF3 signaling in postmortem stri-
ata of HD patients (Jauhari et al. 2020). In the cell-
cultured model of HD, higher cytosolic mtDNA con-
tent has been detected, while DNase I transfection in
these cells reduced inflammation. Remarkably, mela-
tonin plays a direct role in mediating the escape of
cytosolic mtDNA in both a neurodegenerative model
of HD and an accelerated model of aging. Melatonin
deficits in healthy cells as well as the existence of
mHTT in a neurodegenerative model of mouse both
promote ROS injury, mtDNA release, stimulation of
the cGAS network, and pathogenic inflammatory pro-
cesses, which results in synaptic damage and neuro-
degeneration. Melatonin may therefore be a possible
treatment for conditions associated with aging since
melatonin deficits alter neuronal and synaptic suscep-
tibility (Jauhari et al. 2020).

Another molecular explanation is a rise of intracel-
lular Ca?* level mediated by Ca>* import through the
channel of N-methyl-p-aspartate (NMDA) receptor
for mitochondrial-dependent cell death in HD (Ruiz
et al. 2010). Research has shown that activation of the
mPTP opening results in cellular death (Jonas et al.
2015). It has been found that in mouse primary stri-
atal neurons, melatonin reduces the NMDA receptor-
induced rise in Ca®* by suppressing mPTP activity
(Andrabi et al. 2004). The antioxidative, neuroprotec-
tive, and antiapoptotic properties of melatonin have
also been proven in research to have an impact on

HD, but further detailed investigations are required
(Wang 2009).

Melatonin and amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disease that affects the first and second
motor neurons. The loss of motor neurons, which is
accompanied by significant demyelination in the ante-
rior horn of the spinal cord, is a characteristic fea-
ture of ALS. From a pathophysiological perspective,
three primary mechanisms in ALS are examined: (a)
Superoxide dismutase 1 (SOD1) gene alterations,
which lead to a deleterious augmentation in function-
ality along with enhanced reactivity toward aberrant
substrates (tyrosine nitration) and a reduced capabil-
ity for zinc binding results in a lowered capacity for
antioxidants. (b) alterations in neurofilament genes,
attributed to oxidative changes or hyperphosphoryla-
tion of cytoskeletal proteins, destroying particular
motor axon; (c) excitotoxicity triggered by increasing
glutamic acid levels in the cerebrospinal fluid and the
deterioration of excitatory amino acid transporters
(Van Den Bosch et al. 2006; Bald et al. 2021). Peo-
ple having a genetic variant related to the ALS, i.e.,
familial type of ALS, and who have early signs of
motor neuronal dysfunction, such as impaired motor
coordination are examples of such patients (Polimeni
et al. 2014).

Since oxidative stress has a central role in the eti-
ology of ALS, it is acceptable that being a potential
antioxidant, melatonin could be beneficial to those
suffering from this disease (Pollari et al. 2014).. Mel-
atonin has been attributed to a delay in disease com-
mencement, reduced motor neuron loss, and extended
lifespan in two different studies of SOD1G93A-trans-
genic mouse models (Weishaupt et al. 2006; Zhang
et al. 2013). However other studies in SOD1G93A-
transgenic mouse models reported no benefit from
melatonin, and one related it to a shorter lifespan,
higher motor neuron loss, and increased expression of
SOD1 (Dardiotis et al. 2013; Jaiswal 2016).

Melatonin not only halts disease progression and
premature death but also substantially inhibits motor
neuronal loss by interrupting the Rip2/caspase-1 and
caspase-3 pathways, as well as inactivating mitochon-
drial release of cytochrome C in a mutant superox-
ide dismutase 1 (SOD1) (G93A) transgenic mouse
model of ALS (Zhang et al. 2013). The anti-apoptotic
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activity of melatonin in ALS has been linked to the
suppression of caspase-1, cytochrome C, and cas-
pase-3 signaling pathways. Furthermore, it has been
demonstrated that the concentration of melatonin and
its receptor MT1 is significantly decreased in the spi-
nal cords of ALS mice in comparison with wild-type
mice (Zhang et al. 2013). Therefore, antiapoptotic
actions of melatonin in ALS are carried out by the
MT1-dependent signaling pathway.

Melatonin inhibits disease progression by reduc-
ing cellular loss in cultured motor neurons triggered
by glutamate and extends the longevity in a mouse
model of ALS (SOD1 (G93A)-transgenic mice).
Melatonin is expected to prevent neuronal degen-
eration and the development of ALS by decreasing
oxidative stress (Weishaupt et al. 2006). It has been
discovered that ALS patients have higher levels of
circulatory serum protein carbonyls, an oxidative
stress marker, compared to healthy people. However,
after the treatment of melatonin, the level of circula-
tory serum protein carbonyls was restored to normal
in ALS patients. Therefore, melatonin may have anti-
oxidant properties that minimize motor neuron death
by inhibiting the production of NO. Further investiga-
tions are required to uncover the molecular basis of
the neuroprotective effects of melatonin on ALS.

Role of melatonin in neurogenesis regulation
Melatonin regulates Wnt/p-catenin signaling

Adult neurogenesis is strictly controlled by both
internal genetic elements and external environmental
variables. The functional interaction among grow-
ing neurons in the adult brain is regulated by several
important signaling mechanisms (Fig. 3). Neuronal
growth, cell fate determination, mobility, synapse
formation, and integration into neuronal pathways
are all important functions of the Wnt/f -catenin
signaling pathway in adult neurogenesis (Oliva et al.
2018). B-Catenin is the decisive factor for precursors
in proliferation or differentiation throughout neuronal
development in mammals and it eventually regulates
the genesis of neural precursor cells (NPC) to deter-
mine the cerebral cortical size (Chenn and Walsh
2002). These findings reveal that Wnt signaling is
important for synaptic functions, memory consoli-
dation, and cognitive functions in the aging process.
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Interestingly research has shown that melatonin
inhibits apoptosis by regulating mitochondrial mem-
brane potential and activating the B-catenin pathway
(Jeong and Park 2015).

In AD patients, activated GSK3f has been linked
to tau hyperphosphorylation and reduced f-catenin
expression. Activation of Wnt signaling reduced
amyloidosis by decreasing both APP cleavage
and AP synthesis in a mouse model of AD (Huang
et al. 2018). The beneficiary effect of melatonin on
GSK3p and restoration of dysregulated p-catenin lev-
els enhances and widens its mechanistic neuroprotec-
tive approach against AD (Shukla et al. 2017). Fur-
ther, the Wnt/p-catenin signaling mechanism is also
examined in the cellular model of HD. The homeo-
stasis of the B-catenin complex is adversely affected
in the mutant HD model. Upregulation in p-catenin
expression protected against the HD mutations by
replenishing B-catenin equilibrium, which was spe-
cifically disrupted in mutant HD (Godin et al. 2010).

Melatonin and notch signaling pathway

Notch signaling enhances proliferative transmission
and has been linked to cellular fate determinations in
the early stages of brain development. Activation of
the Notch intracellular domain (NICD) causes accu-
mulation of AP and impairment in blood-brain bar-
rier (BBB) permeability (Marathe et al. 2017). The
amyloid precursor protein (APP) cleaving secretases
are also implicated in both intra- and extracellular
breakdown of Notch, where changes in the proteo-
lytic degradation of Notch by y-secretase are included
in the pathophysiology of AD. In addition to being
essential for the production of AP peptides from
APP, beta-secretase 1 (BACE1) controls the break-
down of Notch ligands which are attached to mem-
branes. The embryonic mortality of mice lacking the
disintegrin and metalloproteinase domain-containing
protein 10 (ADAMI10), resulting from the absence
of Notch receptor-mediated signaling (Saftig and
Lichtenthaler 2015), confirms the significance of this
pathway in the pathogenesis of AD. Additionally,
Notch 1 receptors serve as the alternate substrate for
y-secretase, which is implicated in Af production.
Any interference in Notch signaling has irreversible
harmful effects; hence specific therapeutic suppres-
sion of y-secretase to restrict the synthesis of AP
should be taken into consideration to avoid inhibiting
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the processing of Notchl receptors (Mendiola-Pre-
coma et al. 2016).

In the PD model, GSK3p is further involved in the
communication between the Wnt/p-catenin and Notch
signaling pathways which are responsible to govern
NSC dynamics (Singh et al. 2018). Melatonin inhibits
a-synuclein accumulation (Chang et al. 2012), inhib-
its GSK3 activation (Chinchalongporn et al. 2018),
and modulates Wnt/p-catenin, indicating that mela-
tonin affects the Notch system via many methods.
Additionally, melatonin activates leucine-rich repeat
kinase 2 (LRRK2) (Sun et al. 2016), an important
protein that regulates Notch signaling and is involved
in the pathophysiology of familial and idiopathic PD
(Imai et al. 2015, p. 2).

Melatonin, sonic hedgehog, and hippo signaling
pathways

The establishment and flexibility in neuronal net-
works of the hippocampus are significantly influenced
by the sonic hedgehog (SHH) signaling system, which
controls adult stem cell division and the production
of growth and angiogenic components. Melatonin is
known to regulate the self-renewal transcription fac-
tor sex-determining region Y (SRY)-box 2 (SOX2)
(Sarlak et al. 2016) and also control the proliferation
of stem cells (Sotthibundhu et al. 2010; Tocharus
et al. 2014). Importantly, SOX2-mediated regulation
of the SHH pathway is essential for maintenance of
neuronal stem cells (NSCs) (Favaro et al. 2009). The
association of SOX2 with APP confirms its role in the
etiology of AD (Sarlak et al. 2016). Additionally, Ap
disrupts the SHH signaling mechanism (Vorobyeva
and Saunders 2018), and the fact that APP colocalizes
with the SHH constituent validates its crucial role in
the pathogenesis of AD.

Furthermore, AP disrupts the SHH signaling sys-
tem (Vorobyeva and Saunders 2018). SHH enhances
neuroprotection and antiapoptotic actions by reducing
oxidative stress (Chen et al. 2017). The production of
SHH activates Bcl-2 via a glucose-regulated protein
78 (GRP78)-dependent mechanism, which inhib-
its cell death (Chen et al. 2015). GRP78 regulates
intracellular formation and processing of APP and
inhibits AP and a-synuclein accumulation, which
suggests that activation of GRP78 would undoubt-
edly lower the neurodegenerative alterations involved
in the progression of both AD and PD (Casas 2017).

Additionally, in the adult nigrostriatal circuit, SHH
promotes cellular as well as neurochemical homeo-
static balance and its stimulation rescues dopaminer-
gic neurons by regulating PI3K/Akt signaling in the
PD model of rodents (Shao et al. 2017). A crosstalk
between mammalian sterile 20-like kinase 1 (MST1)/
Hippo signaling pathway and additional fundamental
signaling mechanisms which preserve cellular home-
ostasis and cell death mechanisms have been linked
to neurodegenerative diseases (Fallahi et al. 2016).
Particularly, MST1 activation lowers the activity of a
transcriptional regulator yes-associated protein (YAP)
which results in oxidative stress-mediated neuronal
cell death.

Concluding remarks

Aging deteriorates the rhythmicity of circadian oscil-
lations resulting in a decline in melatonin synthesis.
Mitochondrial disruption, low immunity, and reduced
melatonin content make older individuals more vul-
nerable to altered redox regulation and age-dependent
NDDs. Melatonin as a key aspect in the regulation
of chronobiology and endocrine physiology enjoys a
strong reputation of being an anti-inflammatory, neu-
roprotective, immune enhancer, and endocrine-modu-
lating substance. The processes which involve the uti-
lization of melatonin to promote neuroprotection by
regulating, modifying, and inhibiting neuronal signal-
ing mechanisms during aging and neurodegeneration
have been discussed at length in this review article.

In addition, mitochondrial dysfunction is a promi-
nent aspect of neurodegeneration. ROS-induced dam-
age in mtDNA activates the cGAS-STING mecha-
nism in neuronal cells resulting in neuroinflammatory
and neurodegenerative processes. This cascading
response is effectively neutralized by melatonin
which stimulates mitophagy and augments mitochon-
drial function to improve lifespan and healthspan.
Melatonin has been shown in numerous studies to be
able to combat the deleterious effects of aging and
NDDs including AD, PD, HD, and ALS by protect-
ing against oxidative damage, mitochondrial impair-
ments, and inflammatory responses. Furthermore,
the ability of melatonin to promote neurogenesis via
Whnt/B-catenin, Notch, sonic hedgehog, and Hippo-
like signaling pathways add to its effectiveness in
the treatment and prevention of NDDs. Given the
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favorable results obtained from several experimental
models of NDDs, as well as melatonin’s low toxic-
ity pharmacological profile, we propose that these
results may be used to develop clinical protocols to
investigate the therapeutic effects of melatonin in
human neurological disorders. An important aspect
of this review is to emphasize that melatonin receives
more attention in the context of its potential benefits
as a therapeutic agent for the treatment of age-related
NDDs. Careful investigation in this field could have
a substantial impact on the management of the most
prevalent and socially destructive neurological condi-
tions and open the way for an interesting new era in
gerontology.
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