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Cerebral ischemia-reperfusion (CIR) injury is initiated by the generation of reactive
oxygen species (ROS), which leads to the oxidation of cellular proteins, DNA, and
lipids as an initial event. The reperfusion process impairs critical cascades that
support cell survival, including mitochondrial biogenesis and antioxidant enzyme
activity. Failure to activate prosurvival signals may result in increased neuronal
cell death and exacerbation of CIR damage. Melatonin, a hormone produced
naturally in the body, has high concentrations in both the cerebrospinal fluid
and the brain. However, melatonin production declines significantly with age,
which may contribute to the development of age-related neurological disorders
due to reduced levels. By activating various signaling pathways, melatonin can
affect multiple aspects of human health due to its diverse range of activities.
Therefore, understanding the underlying intracellular and molecular mechanisms
is crucial before investigating the neuroprotective effects of melatonin in cerebral
ischemia-reperfusion injury.

melatonin, cerebral ischemia-reperfusion injury, reactive oxygen species (ROS), ischemic
strokes, neuroprotective agent

1. Introduction

Stroke is the leading cause of death in adults, with approximately 85% of strokes being
ischemic in origin, and is associated with functional impairment and disability. Ischemic
stroke occurs when a thrombus blocks the arteries supplying blood to the brain (Shademan
et al, 2021) and is the most common type of stroke. The ischemic phase is followed by
cerebral reperfusion, a more severe form of brain injury resulting from the restoration of
blood flow. Several factors contribute to the detrimental effects of reperfusion, including
oxidative stress, disruption of the blood-brain barrier, accumulation of platelets, complement
cells, and leukocytes in the circulation, their invasion of the brain parenchyma, and
hemorrhagic transformation (Lin et al., 2016; Shademan et al., 2021). In addition, ischemia
leads to the development of secondary damage caused by excitotoxicity, excessive calcium
levels in neurons, apoptosis, autophagy, and neuroinflammation. The nuclear transcription
factor kappa B (NF-kB) controls the primary inflammatory response and initially exists
in the cytoplasm complexed with protein inhibitor alpha (Ialp). During ischemia, NF-kf

01 frontiersin.org


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2023.1227513
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2023.1227513&domain=pdf&date_stamp=2023-08-04
https://doi.org/10.3389/fnagi.2023.1227513
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1227513/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Tozihi et al.

is produced and translocated to the nucleus where it stimulates
the production of pro-inflammatory cytokines (Liu et al., 2023a).
Ischemia/reperfusion has been shown to induce apoptosis, a form
of cell death characterized by significantly less necrosis Cytotoxic
factors such as oxidative stress can also induce apoptosis (Kalogeris
et al., 2016; Ajoolabady et al., 2022).

The preferred treatment approaches for ischemic stroke include
rapid vascular recanalization and the use of recombinant tissue
plasminogen activator (tPA) whenever possible (Liu L. et al., 2019).
However, not all patients can benefit from these therapies due to the
limited time window for effective treatment. In addition, restoring
blood flow to the brain can paradoxically lead to reperfusion injury,
resulting in the accumulation of reactive oxygen species (ROS) in
brain cells and irreparable damage to brain tissue (Caplan et al.,
2023).

Most mammals, including humans, produce melatonin, which
functions as an amine hormone and scavenger of free radicals.
This synthesis occurs primarily in the pineal gland (Ebrahimi et al.,
2023; Suzen, 2023). Previous studies have shown that melatonin has
several pharmacological effects, including reducing oxidative stress
levels, regulating circadian rhythms, preventing apoptosis, and
reducing inflammation (Liu et al., 2023b; Rahman and Yang, 2023).
The neuroprotective benefits of melatonin in experimental stroke
models are well documented. Several studies have demonstrated a
reduction in infarct size and cerebral edema volume, along with
improved neurological function (Wang et al., 2022; Pluta et al,
2023), indicating the presence of these beneficial effects. Notably,
patients with ischemic stroke tend to have lower levels of melatonin.
The average nocturnal melatonin level in healthy individuals was
found to be 69. 70 pg/ml in the systemic circulation. However,
patients with stroke had lower melatonin levels, with an average
of 48. 1 £ 35. 9 pg/ml. The reduction in melatonin levels was
found to be associated with the occurrence of stroke. In addition,
a cross-sectional case-control study found an association between
a 1 pg/mL decrease in melatonin levels and a greater than 2%
increase in stroke risk (Atanassova et al., 2009). Melatonin has
been shown in recent cases to be effective in preventing ischemia-
reperfusion (I/R) injury, especially cerebral I/R injury (Liu L. et al.,
2019; Mao et al,, 2020). A growing body of research suggests that
melatonin reduces I/R damage by decreasing cellular oxidative
stress, reducing cellular calcium excess, preventing endoplasmic
stress, and preventing mitochondrial apoptosis (Yu et al., 2016;
Abolhasanpour et al., 2021). Its many functions may have an
impact on human health. However, the underlying biochemical and
molecular processes by which melatonin exerts its neuroprotective
effects in cerebral I/R injury remain to be explored.

2. Pathophysiology of CIR injury (IRI)

During reperfusion, oxygen and substrates necessary for
tissue healing are delivered to the ischemic tissue, while
harmful metabolites are removed. However, reperfusion can lead
to dangerous events that exacerbate tissue damage. Ischemia-
reperfusion injury is characterized by a decline in tissue function
after reperfusion. The complex pathophysiology of ischemia-
reperfusion injury includes increased levels of reactive oxygen
species (ROS), neutrophil activation, complement activation, the
involvement of cytokines and other inflammatory mediators, and
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the presence of vasoactive molecules such as nitric oxide (NO)
and endothelin. Ischemia-reperfusion injury can result in a variety
of outcomes, including reversible cellular dysfunction, local and
distant tissue damage, multiple organ failure, and even death.

2.1. Microvascular reperfusion defects

The neurovascular unit (NVU) consists of brain capillaries,
pericytes, astrocytes, extracellular matrix (ECM), microglia, and
neurons (ladecola, 2017). The specialized endothelium in these
capillaries forms the blood-brain barrier (BBB), a tightly regulated
interface between the brain microvasculature and CNS tissue. The
BBB selectively allows the passage of water and nutrients while
preventing the entry of toxins and pathogens through a network
of tight junctions and specialized transporters (Cummins, 2011;
Knowland et al., 2014). Endothelial cell activation, which occurs in
the lining of blood vessels, plays a critical role in the development
of microvascular injury. Factors such as adhesion molecules and
chemokines are upregulated on endothelial cells, facilitating the
adherence and migration of leukocytes into brain tissue. This
immune cell recruitment contributes to the inflammatory response
and tissue damage. Ischemia-reperfusion (I/R) injury leads to
decreased endothelial barrier function, increased permeability,
and cellular edema, resulting in microthrombi, microvascular
occlusion, and reduced blood supply, exacerbating reperfusion
injury (Gao et al., 2019; Rios-Navarro et al., 2019). Apoptosis has
been observed within 5 min of reperfusion in studies using isolated
rat tissue (Deussen, 2018). No-reflow, a phenomenon in which
blood flow is not restored despite vessel reopening, involves several
mechanisms including capillary blockage by leukocytes or clumped
red blood cells, capillary compression by swollen endothelial cells
and cardiomyocytes, and impaired vasomotion (Li et al., 2022).
However, treatments that target these factors to reduce injury,
including vasodilators, antithrombotics, and anti-inflammatory
agents, have shown limited success (Nazir et al., 2016; McCartney
etal., 2019).

Overall, microvascular pathology in cerebral ischemia-
injury
blood-brain barrier permeability, oxidative stress, inflammation,

reperfusion involves vascular disruption, increased
and immune cell activation. Understanding these mechanisms is
critical for the development of therapeutic strategies to mitigate the
damage caused by I/R injury. Further research is needed to fully
understand the mechanisms underlying microvascular dysfunction

after I/R injury.

2.2. Excessive inflammatory response

After cerebral ischemia, microglia are activated and migrate
to the ischemic area to remove toxins and maintain tissue
homeostasis. In addition, microglia and recruited macrophages
participate in the removal of cellular debris and dying cells
through a process called phagocytosis (Kuznetsov et al., 2019).
However, when microglia become hyperactive, they secrete pro-
inflammatory cytokines such as TNF-a, IL-1, and IL-6, leading
to uncontrolled inflammation, exacerbation of tissue loss, and
induction of neurogenesis and cell death (Liu N. B. et al., 2019).
Therefore, it is crucial to limit microglial hyperactivation and
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inflammation in the early stages of acute ischemic stroke to
significantly reduce brain damage (Birnbaum et al., 2019).

After stroke, microglial activation results in the release of
several inflammatory mediators, many of which have cytotoxic or
cytoprotective properties. Activated microglia (M1) often release
inflammatory and neurotoxic compounds such as reactive oxygen
species (ROS), nitric oxide, TNF-a, and IL-6. These molecules
and their derivatives, such as peroxynitrite, have the potential
to damage neurons. Conversely, alternatively activated microglia
(M2) promote tissue healing by secreting growth factors and anti-
inflammatory molecules (Liu N. B. et al., 2019). Recent research
has demonstrated the significant impact of microglial polarization
on the recovery of brain function after cerebral ischemia. This
growing body of evidence highlights how microglial cell behavior
can influence neuronal death and neurogenesis (Hu et al., 2015;
Jolivel et al., 2015).

Microglial polarization is characterized by the production of
different cytokines and the activation of different transcription
factors. For example, M1 polarization is associated with the
stimulation of pro-inflammatory cytokines such as TNF-a, IL-1,
IL-6, and IL-12 and the activation of the transcription factors
STAT1 and NF-kB (Amanakis et al., 2019; Patel and Strong, 2019).
Conversely, M2 polarization is known to produce cytokines such
as TGF-p, CCL18, and IL-1Ra, which contribute to the reduction
of inflammation. Activation of the transcription factor STAT6 can
also increase expression of the mannose receptor CD206 and other
markers of M2 polarization (Neher et al., 2013).

Targeting specific pathways and transcription factors may
prove beneficial in promoting the desired M2 polarization state.

2.3. Cellular oxidative stress

Oxidative stress is primarily induced by the presence of free
radicals and reactive oxygen species (ROS). It is recognized as
a significant contributor to the deterioration and impairment
of cellular processes within an organism (Lucas et al., 2006).
Mitochondrial dysfunction and oxidative stress are two key factors
contributing to the exacerbation of long-term damage after cerebral
ischemia and reperfusion. Disturbances in energy metabolism
disrupt the balance between oxidation and antioxidation in the
body, resulting in the overproduction of ROS and hydroxyl radicals
in neuronal mitochondria. These molecules can further damage the
brain, causing oxidative stress and neuronal death. Mitochondrial
dysfunction and oxidative stress have a significant impact on the
brain and can lead to long-term damage after stroke. Therefore, it
is critical to identify approaches to mitigate the effects of oxidative
stress and restore normal mitochondrial function to reduce brain
damage and facilitate recovery (Boutin et al., 2001).
disrupts
phosphorylation, leading to an increase in reactive oxygen
species (ROS) and lipid peroxidation (Patel et al., 2013). ROS
primarily damage cells through two mechanisms: (1) by causing

Brain ischemia/reperfusion oxidative

lipid peroxidation in mitochondrial membranes through a reaction
with polyunsaturated fatty acids (Shin et al., 2014), and (2) by
cross-linking macromolecules such as DNA, RNA, polysaccharides,
and amino acids, resulting in the loss of their original activity or
function (Yao et al., 2023). (3) Endothelial cell damage: Free radicals
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have a high reactivity toward oxidized lipids and proteins, which
can lead to endothelial cell damage. This damage leads to increased
permeability of the blood-brain barrier (Orekhov et al., 2019); (4)
Mediating Inflammation and Immune Response: Free radicals
stimulate the expression of cytokines and adhesion molecules,
thereby promoting inflammation and immune responses. This
process can exacerbate reperfusion injury to brain tissue (Zhang
et al,, 2020); (5) Promotion of polymerization and degradation
of polysaccharide molecules: Free radicals have the ability to
affect polysaccharides by promoting their polymerization or
degradation. This can affect several cellular functions (Sharma and
Mehdi, 2023); and (6) Increase the release of excitatory amino acids
(EAA), which promote the appearance of delayed neuronal death
after cerebral ischemia (Wu et al., 2018).

To protect cell structure and function, an endogenous
antioxidant system maintains a dynamic balance between free
radical generation and scavenging. The total antioxidant capacity
(TAC) of the human body is determined by considering
antioxidant activity, free radical metabolism, and antioxidant
systems (Angelova et al,, 2023). Higher serum TAC levels have
been associated with mortality in patients with severe ischemic
stroke, making it a potential predictive biomarker (Mulkherjee et al.,
2019). TAC includes both enzymatic and non-enzymatic systems.
Enzymatic systems include glutathione peroxidase (GSHPx),
catalase, glutathione S-transferase (GST), paraoxonase (PON),
superoxide dismutase (SOD), thioredoxin (Trx), and others. Non-
enzymatic systems include carotenoids, vitamins A, C, and E,
and glutathione (GSH) (Li et al., 2019a). Modulation of TAC has
been shown to prevent neuronal damage in cerebral ischemia-
reperfusion injury (CIRI) (Li et al., 2019a; Wang Y. et al., 2019). For
example, Lin et al. demonstrated a significant reduction in neuronal
damage in the CA1l area of the hippocampus by administering Lin
as a TAC modulator after cerebral ischemia (Xu et al., 2018).

2.4. Autophagy

Autophagy serves essential functions in replacing damaged
organelles, mobilizing amino acids during nutrient deprivation,
and facilitating tissue regeneration during growth or in response to
hormonal cycles (Lu et al., 2010). While autophagy plays a critical
role in maintaining cellular homeostasis, excessive or dysregulated
autophagic responses can have negative consequences. Excessive
autophagy can deplete cellular resources, act as a sink, and
potentially compromise cellular functions (Zhang et al., 2015;
Kruk et al, 2022) In addition, in certain cases, autophagy
can contribute to the accumulation of pathogenic amyloid-beta
(AB) proteins associated with neurodegenerative diseases such
as Alzheimer’s disease (Lorente et al., 2016). Autophagic stress
involves the dynamic interplay of cell formation, maturation, and
degradation and helps to explain the seemingly contradictory roles
that autophagy-related processes play in homeostasis, adaptation,
degeneration, and even cell death. Recent in vitro and in vivo
studies have provided increasing evidence that autophagy plays
a critical role in the regulation and control of inflammatory
mediators during inflammatory processes (Deng et al, 2015;
Kryl’skii et al., 2019).

The role of autophagy in ischemia/reperfusion (I/R) injury
remains controversial, with some investigators suggesting its
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protective effects and others claiming its destructive effects (Lin
et al,, 2015; Zha et al,, 2021; Magen et al., 2022). Autophagy
plays a critical role in neuronal function and disease pathogenesis
(Antonucci et al., 2015), but current research in this area
requires further investigation (Moradi Majd et al., 2020). Shi et
al. demonstrated that autophagy activity was protective against
ischemic hypoxic injury (Qian et al., 2017). However, Zhou and
colleagues proposed that autophagy may support the apoptotic
process (Bussi et al, 2017). To understand these conflicting
findings, it is important to analyze the level of autophagy itself, as
excessively high or low levels may be detrimental. For example, Sun
et al. found that excessive autophagy leads to cell death, suggesting
that brain tissue benefits from a controlled autophagic response
(Jin et al., 2019). Identifying pathways that can restore a balanced
autophagy system will be critical in developing treatments for
nervous system disorders and injuries.

3. Neural cell's oxidative stress and
melatonin

The multiple roles of melatonin and its metabolites as potent
direct radical scavengers and indirect antioxidants are particularly
intriguing. Melatonin’s effectiveness in combating the harmful
by-products of oxygen and nitrogen that can cause damage to
essential molecules is greatly enhanced by its ability to neutralize
the destructive molecules along with the metabolites generated
during the scavenging process (Xie et al., 2016; Ni et al., 2018).
Since the initial discovery of these remarkable properties about ten
years ago, there has been a significant increase in the number of
published research papers demonstrating the efficacy of melatonin
in preventing oxidative damage (Puyal et al., 2009; Lim et al., 2016).
Numerous experiments have examined the effects of free radical
damage on the accumulation of molecular waste and subsequent
cell loss in the brain. For example, melatonin has been shown to
have beneficial effects on the brain in models of stroke, Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease (Shi et al.,
2017).

Melatonin, unlike other antioxidants, can readily cross all
morphophysiological barriers, including the blood-brain barrier,
and enter cells and subcellular compartments. Melatonin has
shown potential in the treatment of neurodegenerative diseases, but
more research is needed before it can be used in neurological clinics
(Zhou et al., 2017).

Melatonin activates mRNA transcription for superoxide
dismutase and increases the activities of antioxidant enzymes
such as GSHPx, glutathione reductase, and glucose-6-phosphate
dehydrogenase. This leads to an increase in antioxidant capacity
(Sun et al.,, 2018). In addition, melatonin inhibits the pro-oxidant
enzyme nitric oxide synthase, at least at certain sites. Both in vivo
and in vitro studies have shown that melatonin reduces lipid
peroxidation and oxidative damage to nuclear DNA. Although
most of these benefits have been observed with pharmacological
concentrations of melatonin, a few studies have demonstrated their
physiological relevance (Reiter et al., 2015; Guleri and Tiwari,
2020).

Melatonin has been found to attenuate neurological damage
caused by several factors, including porphyria (f-aminolevulinic
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acid), hyperbaric oxygen, glutamate excitotoxicity, ischemia-
reperfusion injury, and several neurotoxins when administered
prophylactically. These findings suggest that the decline in
endogenous melatonin levels with age may contribute to the
onset or severity of age-related neurodegenerative disorders. In
addition, melatonin has demonstrated its ability to reduce oxidative
damage in several models of Parkinson’s disease, such as the auto-
oxidation of dopamine and 1-methyl-4-phenyl-1 (Vizquez et al,
2017; Cardinali, 2019; Franco et al., 2022).

4. Inflammatory responses and
melatonin

The inflammatory process after acute ischemic stroke occurs
in three distinct phases (Raza and Naureen, 2020). The first
phase is characterized by an immediate acute post-stroke
response with clearance of necrotic cells by microglia/macrophages
and an initial infiltration of leukocytes, mainly neutrophils.
Microglia/macrophage polarization can vary depending on the
stage of inflammation, specific microenvironmental cues, and other
factors. Both M1 and M2 polarization play distinct roles in the
immune response, with M1 polarization associated with pro-
inflammatory functions and M2 polarization associated with anti-
inflammatory and tissue repair functions. The second phase occurs
few days after the ischemic injury and represents a subacute phase
associated with resolution of the inflammatory process. Finally, the
late phase involves repair by astrocytes and microglia supported by
inflammatory cells. The duration of the late phase can vary and may
last for weeks or even months, depending on the individual and the
extent of the stroke (Reiter, 1998; Raza and Naureen, 2020).

Numerous cytokines can either initiate or suppress
inflammatory responses. For example, when neurons die, they
release DAMPs or “danger signals” that activate TLR4 in microglia,
which triggers the production of inflammatory cytokines through
the NF-kB pathway (Reiter, 1998). Ml-polarized microglia
produce pro-inflammatory cytokines such as IL-1, IL-6, IL-18,
and TNF (Reiter, 1998). In addition, perivascular macrophages
located between the brain surface and the endothelium produce
chemokines, ROS, and pro-inflammatory cytokines such as IL-1,
IL-12, IL-2, and TNF-a (Tchekalarova and Tzoneva, 2023). Once
in the brain parenchyma, T helper cells damage neurons, and the
neurovascular unit by generating ROS, IFN-y, TNF-q, IL-1, IL-17,
and IL-21 (Tchekalarova and Tzoneva, 2023), while natural killer T
cells exert neurotoxic effects by releasing IL-2 and TNF-a (Reiter,
1998).

Most investigators have observed that IL-1f increases
significantly (up to 40- to 60-fold) in the brain within 24 h after
stroke onset (Lambertsen et al.,, 2012), although there are some
conflicting views (Reiter et al., 2001). After an ischemic insult,
IL-1 exacerbates brain damage and contributes significantly to
the breakdown of the blood-brain barrier (BBB). Experimental
studies showed that rats exposed to IL-1 had more severe brain
damage (Gupta et al., 2003), While IL-1f-deficient mice exhibited
smaller-volume infarcts compared to wild-type mice (Dricu et al.,
2018). In addition, blood levels of TNF-a, IL-6, and IL-10 were
found to be reduced, and patients treated with recombinant human
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IL-1 receptor antagonist (IL-1Ra or anakinra) had better clinical
outcomes than those treated with placebo (Yang et al., 2019).

While melatonin is generally thought to have beneficial
effects in most conditions, its specific role in certain situations
remains controversial. For example, in a model of rheumatoid
arthritis, melatonin was reported to have pro-inflammatory effects.
It increased the production of IL-1 and IL-6 and exacerbated
pain in joint damage (Iadecola and Anrather, 2011). According
to Radogna et al. melatonin may have a pro-inflammatory
function in acute inflammation by protecting leukocytes from
cell death processes, thereby prolonging their lifespan. Once
leukocytes have accumulated in the injured area, melatonin
continues to stimulate the production of various inflammatory
proteins. Melatonin has been shown to play a role in the survival
of immune cells. Previous studies have shown that melatonin
regulates the apoptotic process by balancing the anti-apoptotic
protein B-cell lymphoma 2 (Bcl-2) and the pro-apoptotic protein
Bcl-2-associated X (Bax) (Rayasam et al, 2018). It reduces
Bax activity at the outer mitochondrial membrane, preventing
cytochrome c release and reducing apoptosis. In addition, Espino
and colleagues demonstrated that melatonin inhibits apoptosis of
human leukocytes by scavenging free radicals, as indicated by
reduced DNA fragmentation. These findings support the idea that
melatonin may induce an inflammatory response by extending the
lifespan of leukocytes in injured tissues. However, the molecular
intricacies underlying the pro-inflammatory role of melatonin in
specific diseases require further research.

The beneficial effects of melatonin in the prevention of
ischemic stroke have been recognized for several decades.
For example, it has been shown to prevent oxidative stress,
excitotoxicity, and mitochondrial dysfunction. It has been shown to
reduce antioxidant stress, counteract excitotoxicity, and attenuate
mitochondrial dysfunction. In addition, melatonin has anti-
inflammatory properties (Emsley et al., 2007). Studies have shown
that melatonin effectively reduces levels of pro-inflammatory
cytokines such as IL-1 and TNF-a in both the cortex and
hippocampus after middle cerebral artery occlusion (MCAO)
(Tajalli-Nezhad et al., 2023). In addition, melatonin is responsible
for attenuating the activation of microglial and astrocyte cells,
as indicated by decreased production of markers such as ionized
calcium-binding adapter molecule 1 (Iba-1) and glial fibrillary
acidic protein (GFAP) (Boutin et al., 2001; Jurcau and Simion,
2022). This hormone directly modulates microglial activity by
binding to its receptors on the microglial membrane and regulating
the production of pro-inflammatory cytokines (Boutin et al,
2001). Therefore, melatonin may exert its anti-inflammatory
properties in the context of ischemic stroke by modulating glial cell
activation and cytokine production. The mechanisms underlying
the protective effects of melatonin on brain damage caused by
cerebral-IRI are illustrated in Figure 1.

5. Neuroprotective signaling
pathways related to melatonin

Several neurological disorders, referred to as neurodegenerative
diseases, are characterized by pathological changes, clinical
manifestations, progressive deterioration and significant cellular
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dysfunction in brain networks. The biological response involved
in synaptic transmission relies on second messengers activated
by ligand-receptor interactions. By fine-tuning critical molecular
signaling systems, we can gain insight into the underlying
mechanisms of neurodegenerative disorders, with potential
implications for preventive interventions in human health.
Melatonin, primarily produced by the pineal gland, is thought
to play a critical role in modulating these activities (Smith et al.,
2018). It acts as an endogenous regulator of neurodegeneration
and brain aging (Jiménez-Caliani et al., 2005; Radogna et al., 2008;
Andrabi et al,, 2015). The use of melatonin in clinical settings
for the treatment of neurological disorders is promising given its
minimal known adverse effects, as reduced melatonin production
has been implicated in the etiology of Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease (HD) (Rancan
et al.,, 2018). Research studies have documented melatonin’s ability
to prevent neurodegenerative pathology. These studies suggest
that melatonin improves cognition and regulates neuroplasticity to
mitigate neurodegenerative processes (Azedi et al., 2019).

5.1. Melatonin and Wnt/B-catenin
signaling

The Wnt/p-catenin signaling pathway plays a major role in
adult neurogenesis, controlling processes such as synaptogenesis,
cell migration, cell fate determination, and integration into
neuronal circuits (Pei and Cheung, 2004). Activation of B-catenin,
a key component of this pathway, increases the population of
neural progenitor cells. Wnt/p-catenin signaling is critical for the
proliferation of neural stem cells (NSCs) by regulating the precise
timing and cellular localization, including migration, of these cells
(Shukla et al., 2019). B-Catenin regulates the proliferation and
differentiation of neural progenitors during mammalian neuronal
development, ultimately influencing the size of the cerebral cortex
(Srinivasan et al, 2006). This suggests that Wnt signaling is
involved in synaptic plasticity, memory formation, and cognitive
function during aging. Notably, melatonin has been found to
protect neurons by activating B-catenin signaling and regulating
mitochondrial membrane potential to prevent apoptosis. which has
been observed in a rat model of spinal cord injury (Pandi-Perumal
et al., 2013; Shukla et al., 2017). In addition, melatonin promotes
the generation of progenitor cells in the adult rat hippocampus and
adult mouse subventricular zone through its interaction with the
melatonin receptor MT1, which cooperates with growth factors to
activate the ERK/MAPK pathway (Alghamdi, 2018; Corpas et al.,
2018).

Transfection of B-catenin provides evidence for the importance
of repairing the damaged brain and promotes the maintenance
of neurogenesis, particularly the generation of hippocampal
progenitor cells (Oliva et al, 2018). In a mouse model of AD,
activation of Wnt signaling has been shown to reduce amyloidosis
by decreasing APP cleavage and A formation (Poschl et al,
2013). Melatonin enhances its mechanistic neuroprotection against
Alzheimer’s disease (AD) through its beneficial effects on GSK3
and its ability to enhance the disruption of B-catenin expression
(Chenn and Walsh, 2002). In a Drosophila model of Parkinson’s
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FIGURE 1
The mechanisms underlying the protective effects of melatonin on brain damage caused by cerebral-IRI. Cyt c, cytochrome c; SOD, superoxide
dismutase; CAT, catalase; MDA, malonaldehyde; HO-1, heme oxygenase-1.

disease (PD), Wnt signaling is essential for protecting dopamine-
producing neurons during disease progression (Jeong and Park,
2015). Melatonin treatment increases the expression of glial cell-
derived neurotrophic factor mRNA, which improves the survival
of neural stem cells (NSCs) and dopaminergic neurons, thereby
promoting neuronal survival. In addition, ectopic production
of B-catenin contributes to the attenuation of rotenone-induced
dyskinesia in Parkinson’s disease (Shen et al., 2017).

5.2. Melatonin and STAT signaling
pathway

Recent studies have investigated the role of melatonin in
various signaling pathways, including the JAK-STAT pathway
(Sotthibundhu et al,, 2016). The STAT signaling system plays a
critical role in cell proliferation, differentiation, cell death, and
immune regulation. It is also essential for the signal transduction
of many cytokines (Tocharus et al,
4 and IL-13, STAT6 can be activated to perform cytoplasmic

2014). In response to IL-
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functions that modify the transcription factor called GATA3
(GATA binding protein 3). Activation of STAT6 by IL-4 and IL-
13 leads to its phosphorylation, allowing it to form homodimers
and translocate to the nucleus. Once in the nucleus, STAT6
interacts with GATA3 and induces its transcriptional activity.
GATA3 is a key transcription factor involved in the differentiation
and function of T helper 2 (Th2) cells, which play a critical
role in immune responses against parasites and allergic diseases
(Vallée and Lecarpentier, 2016). Upon phosphorylation of the
critical tyrosine residue in STATS, it dimerizes, translocates from
the cytoplasm to the nucleus, and upregulates the transcription
of specific target genes (Tocharus et al, 2014). Research has
shown that IL-4-STAT6 signaling, through direct transcriptional
regulation of inflammatory enhancers, reduces the sensitivity of
macrophages to endogenous signals associated with pathogens,
stress, and injury (Vallée and Lecarpentier, 2016).

Hyperglycemia has been shown to induce MCP-1 and iNOS
expression, decrease Arg-1 and CD206 expression, increase
STAT1 activation, and decrease STAT6 activity in intrahepatic
macrophages isolated from APAP-exposed livers, while inhibiting
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M2 polarization (Huang et al., 2018). One study found that miR-
449¢-5p targets STAT6 and suppresses its expression. Consistent
with this finding, SNHG4 overexpression increased the production
of Arg-1 and CD206, enhanced STAT6 phosphorylation, and
promoted the M1-to-M2 transition of microglia in the presence
of ODG. Furthermore, the study observed a significant increase in
the production of anti-inflammatory molecules, including IL-4, IL-
10, and TGF-B, which effectively reduced the detrimental effects of
inflammation on neurons (Shukla et al., 2017).

The JAK-STAT signaling pathway plays a role in mitigating the
initial brain damage following subarachnoid hemorrhage (SAH),
and melatonin has been shown to have a beneficial effect in
this regard. In a rat study, melatonin was shown to improve
neurological function and reduce neuronal apoptosis (cell death)
and brain edema within 24 h of SAH (Huang et al., 2018). The
JAK1/STAT3 pathway was implicated in this mechanism, and the
beneficial effects of melatonin were partially diminished when a
JAK1 inhibitor was administered, indicating the importance of this
pathway in mediating the effects of melatonin (Shukla et al., 2017).

5.3. Melatonin and Notch signaling
pathway

The Notch signaling pathway is a well conserved signaling
pathway that controls cell growth, cell differentiation, and cell
fate specification in both embryonic and adult stages (Lendahl
and Siebel, 2017). The relationship between melatonin and
the Notch signaling pathway has been investigated in several
studies (Stephano et al., 2018). In the context of intrauterine
growth restriction (IUGR) in rats, melatonin appears to have
a potential modulatory role in the Notch pathway. The Notch
signaling pathway plays a critical role in cell proliferation,
differentiation, and programmed cell death, and its activity may
affect fetal development and placental function. In IUGR placentas,
upregulation of Notch receptors, ligands, and enzymes involved in
processing and cleavage of Notch proteins was observed. Melatonin
has been investigated in several studies as a potential intervention
to rescue IUGR placentas. However, it is worth noting that one
particular study indicated that melatonin treatment did not rescue
fetal body weight or placental weight (Shukla et al., 2019; Tang et al.,
2019).

Melatonin has been shown to have inhibitory effects on
glioblastoma stem-like cells (GSCs) by targeting the EZH2-
NOTCHLI signaling axis. GSCs are known to play a critical role
in glioma growth and in conferring resistance to radiation and
chemotherapy, leading to tumor recurrence (Chase and Cross,
2011). Melatonin has been shown to significantly reduce the
viability and self-renewal capacity of GSCs, accompanied by a
decrease in the expression of stem cell markers (Shukla et al,
2017). The EZH2-NOTCH] signaling pathway was identified as
the key mechanism through which melatonin exerted its effects
on GSCs (Stephano et al., 2018). Melatonin partially suppressed
GSC properties by modulating the EZH2-NOTCHI signaling axis,
highlighting its potential as a therapeutic agent in targeting GSCs
(Shukla et al., 2019).

Melatonin promotes the transcription of metallopeptidase
(ADAM10)

Domain 10 (Lawrence and Natoli, 2011;
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Tangetal,2019). On the other hand, melatonin controls the
amyloidogenic processing of APP by inhibiting overexpression
of beta-site amyloid precursor protein cleaving enzyme (BACEIL)
and modulation of presenilin-1 (Hou et al., 1994). In addition,
melatonin inhibits the profibrillogenic effect of APOE4 on
A-peptides (Yang et al., 2018). These modes of action suggest that
melatonin can control Notch signaling by acting on various targets.
The effects of AB-42 on Notchl, NICD, hairy, and Enhancer of
Split 1 (Hesl) and Musashi-1 are also enhanced by melatonin
(Wang Q. et al, 2019). Changes in neurogenesis are followed
by decreased expression of Notchl, NICD, and Hes5 in the
context of the pathogenesis of PD, suggesting that accumulation
of-synuclein may impede nasopharyngeal carcinoma (NPC)
survival by impairing the Notch signaling system (Zhang et al.,
2020). Furthermore, melatonin controls Leucine-rich repeat kinase
2 (LRRK?2), an essential protein associated with the pathogenesis
of familial and idiopathic PD, and alteration of Notch signaling is
an element that contributes to the etiology of the disease associated
with LRRK2, as demonstrated in mature neurons (Li et al,
2019b). New loci relevant to neurodegenerative diseases could be
discovered through epigenome-wide research, which would be
particularly helpful for those still in the early stages of the disease
spectrum.

6. Target of melatonin in
neuroprotection under (I/R) injury

The human pineal gland, as well as many animals, produces
the amine hormone melatonin, which acts as a free radical
scavenger (Polychronidou et al., 2015). Melatonin has previously
shown various pharmacological effects, including the ability
to reduce oxidative stress, regulate circadian rhythms, prevent
apoptosis, and reduce inflammation (Lendahl and Siebel, 2017;
Lin et al, 2018). The receptor-dependent signaling action of
melatonin and its direct antioxidant action can both be used
to mediate its therapeutic effects. Several lines of evidence
suggest that the melatonergic system plays a role in several
neurodegenerative diseases. In the acute phase of stroke, melatonin
administration has been shown to have several beneficial effects.
It reduces the size of the ischemic infarct, decreases DNA
fragmentation, inhibits the release of mitochondrial cytochrome
¢, and inhibits caspase-3 activity in the rat brain (Lee et al,
2007). Melatonin also reduces the cellular inflammatory response
in the brain (Chase and Cross, 2011) and protects against
oxidative damage. In addition, it provides protection against
gray and white matter damage, improves neuroplasticity, and
improves neurobehavioral and electrophysiological outcomes in
rats following middle cerebral artery (MCA) occlusion (Lee et al.,
2007). In recent cases, melatonin is critical to reducing IR
injury, especially cerebral I/R injury (Kim et al, 2015; Zhang
et al, 2016; Wang et al., 2020). Melatonin has been shown to
have a variety of pharmacological functions in protecting against
ischemic brain injury. These functions include regulating circadian
rhythm, exerting antioxidant effects, reducing inflammation,
and inhibiting apoptosis (Saberi et al, 2019). Studies have
reported that melatonin treatment affects the expression of matrix
metalloproteinase-9 (MMP-9) and MMP-13, while reducing the
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expression of transforming growth factor-beta (TGF-f), resulting
in the inhibition of fibrosis (Yoon etal., 2020). Furthermore,
melatonin-stimulated exosomes derived from mesenchymal stem
cells (MSCs) were found to enhance functional recovery in
acute liver ischemia-reperfusion injury, suggesting that melatonin
modifies the content of exosomes, which in turn modulates the
microenvironment through paracrine mechanisms (Manchester
et al,, 2015). Downregulation of exosomal miR-100-5p and miR-
199a-5p, which directly target toll-like receptor 4 (TLR4), was
identified as one of the regulatory effects of melatonin-treated
exosomal miRNAs (Saberi et al., 2019). According to a growing
body of research, melatonin reduces oxidative stress in cells,
decreases excess calcium in cells, prevents endoplasmic stress,
and prevents mitochondrial apoptosis (DeGracia and Montie,
2004; Fernandez et al., 2015). Administration of melatonin to
streptozotocin-induced diabetic mice and high glucose-treated
HT22 cells was found to improve neurological impairment, reduce
brain infarct size and brain edema, and improve cell viability.
In addition, melatonin treatment reduced mitochondrial swelling,
ROS production, and cytoplasmic cytochrome c release and
increased mitochondrial antioxidant enzyme activity, adenosine
triphosphate production, and mitochondrial membrane potential.
Furthermore, by improving mitochondrial damage and stimulating
Akt-Sirtuin 3 (SIRT3)-Superoxide dismutase-2 (SOD2) signaling,
melatonin Cerebral-IR reduced damage in diabetic mice (DeGracia
and Montie, 2004).

In the ischemic brain, oxidative stress and the generation of
reactive oxygen species (ROS) can lead to oxidative damage in
endoplasmic reticulum (ER) organelles, contributing to neuronal
cell death after ischemia-reperfusion injury. ER stress triggers the
activation of the PERK pathway, which phosphorylates eIF2a,
suppresses protein synthesis, and promotes translation of the
transcription factors ATF4 and CHOP. This ultimately leads to the
activation of cell death signals (Lange et al., 2008). Studies have
shown that mice lacking ATF4 have smaller infarcts, improved
behavioral outcomes, and increased resistance to neuronal cell
death in the context of ischemic stroke, highlighting the pro-death
role of increased ATF4 expression (Chen et al., 2009).

Following ischemia-reperfusion, melatonin has been shown to
reduce neuronal cell death in the ischemic brain through its potent
free radical scavenging and antioxidant effects (Lee et al., 2005; Lin
et al., 2018). Melatonin’s ability to counteract oxidative stress and
scavenge free radicals contributes to its neuroprotective properties
in ischemic conditions.

Endoplasmic reticulum stress plays an important role in
mediating brain ischemia-reperfusion injury (Wu et al., 2013).
Research has shown that ischemia-reperfusion injury leads to
increased expression of ER stress-associated proteins such as
p-PERK, p-elF2a, ATF4, and CHOP in the penumbra and ischemic
cortex (Lee et al, 2009). However, melatonin treatment was
found to significantly reduce the expression of p-PERK, p-elF2a,
ATF4, and CHOP in both rat brain and cultured neurons after
ischemia-reperfusion injury. Furthermore, melatonin treatment
has been shown to reduce the levels of apoptosis markers, including
cytochrome ¢ and cleaved caspase-3, resulting from ischemia-
reperfusion injury (Wu et al., 2013). These findings highlight the
potential of melatonin to attenuate ER stress and mitigate neuronal
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damage associated with ischemia-reperfusion injury. Pretreatment
with melatonin was shown to inhibit the expression of p-PERK
and p-elF2a in a dose-dependent manner. The optimal dose of
melatonin for inhibition of p-PERK and p-elF2a in cultured
neurons subjected to oxygen-glucose deprivation (OGD) was found
to be between 20-50 M (Wu et al, 2013). Consistent with
previous studies (Tai et al., 2011), a melatonin dose at 20-50 pM
showed the best radical scavenging performance as detected by
DPPH and ATBS assay. However, further investigation requires
further investigation of the underlying biochemical and molecular
processes by which melatonin exerts its neuroprotective effects in
cerebral I/R injury. Its functions appear diverse and may have the
power to influence various aspects of human health.

7. Conclusion

Melatonin, a naturally occurring hormone that follows
circadian rhythms, has emerged as a promising therapy for
ischemic stroke by mitigating the adverse effects of ischemia-
reperfusion injury. Its cerebroprotective mechanisms include
antioxidant properties, anti-inflammatory effects, preservation of
mitochondrial function, and regulation of vascular tone. Melatonin
acts as an effective scavenger of reactive oxygen species, modulates
the immune response, protects mitochondrial integrity, and
improves blood flow. These mechanisms contribute to minimizing
tissue damage and improving outcomes in ischemic stroke,
highlighting the potential of melatonin as a therapeutic agent.
Further research is needed to optimize the therapeutic use of
melatonin in this setting, given its demonstrated efficacy and
safety profile.
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