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Abstract: Secreted by the pineal gland to regulate the circadian rhythm, melatonin is a powerful
antioxidant that has been used to combat oxidative stress in the central nervous system.
Melatonin-based therapies have been shown to provide neuroprotective effects in the setting of
ischemic stroke by mitigating neuroinflammation and accelerating brain tissue restoration. Melatonin
treatment includes injection of exogenous melatonin, pineal gland grafting and melatonin-mediated
stem cell therapy. This review will discuss the current preclinical and clinical studies investigating
melatonin-based therapeutics to treat stroke.
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1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is secreted by the pineal gland in the brain to regulate
the circadian rhythm in mammals including light-dark cycles. The hormone has been found in other
parts of the body including bile [1], cerebrospinal fluid [2], anterior chamber of the eye [3] and ovarian
follicular fluid [4], suggesting a role outside of regulating the internal clock. Within the last two decades,
melatonin has been recognized as an effective free radical scavenger and antioxidant. The central
nervous system (CNS) is susceptible to oxidative stress. First, cerebral metabolism is highly active and
the brain interacts with a majority of the oxygen entering the body [5]. Second, the CNS has limited
free-radical scavengers due to the blood-brain barrier [5]. Lastly, the brain has high concentrations of
iron, vitamin C and polyunsaturated fatty acids which are prone to oxidation [5]. Exogenous factors
that can contribute to an excessive production of free radicals include exposure to ionizing or ultraviolet
radiation, ischemia followed by reperfusion and physical or psychological stress [6]. Antioxidants like
melatonin may help alleviate some of the oxidative-induced stresses caused by free radicals in the CNS.

Neuroprotection via melatonin has been explored for the treatment of stroke, which is characterized
by aberrant inflammation and excessive production of free radicals. In this review, we will discuss
preclinical and novel clinical studies investigating melatonin-based therapies to rescue the CNS
following ischemia.

2. Mechanisms Behind Melatonin-Induced Neuroprotection in Experimental Stroke Models

Melatonin is effective as a free radical scavenger and an indirect antioxidant and serves as an
accepted mechanism for neuroprotection. Melatonin can scavenge hydroxyl radicals (via the Fenton
reaction from hydrogen peroxide) and peroxynitrite anions [7,8]. Also, it reduces lipid peroxidation in
the brain that is produced by intoxication of free radical generating agents and blocks oxygen-induced
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toxicity [9]. From these studies, melatonin demonstrates its ability to protect neural tissue from free
toxicity and has positive effects following ischemia in experimental models.

The use of animal stroke models has contributed to the use of melatonin as a potential therapeutic.
Stroke can be induced in experimental rats that have had their pineal gland removed because it is known
to cause a reduction in the circulating levels of melatonin [10]. Mice that are treated with melatonin
(5 mg/kg) at the beginning of reperfusion demonstrate a decrease in the gray and white matter in
the brain [11]. Also, melatonin has proven to decrease the inflammatory response, blood-brain barrier
permeability and cerebral edema formation in treated stroke animals. Treatment by intraperitoneal
injection of melatonin (5 or 15 mg/kg in 1 mL saline) given a half hour before middle cerebral artery
occlusion (MCAO) results in a decrease in the infarction volume compared to a lower or higher
dose [12]. Additionally, melatonin serves as a key neuroprotective agent with functional effects due to
the fact that melatonin receptor type 1A (MT1) increases amniotic epithelial cell proliferation through
melatonin stimulation in experimental models [13].

Studies both in vitro and in vivo suggest that melatonin serves as a protector for glial cells and
leads to a functional recovery, reduced inflammatory response and improved behavioral outcomes in
ischemic animals. However, damage is still present in the lateral aspect of the striatum and suggests that
normalization of motor protection may only require protection of the cortex [14]. Another study proved
that melatonin protects against secondary cell death but not the functional deficits with interruption of
cerebral blood flow since no behavioral protection was observed with treatment before the arterial
occlusion. Replication of this study in vitro demonstrated similar cellular response to in vivo studies
indicated by the survival of melatonin-treated astrocytes after serum deprivation or toxin exposure,
3-NP and sodium nitroprusside [15]. Nonetheless, other studies still confirm that pretreatment is
proven to reduce cerebral infarction volume.

Further studies are needed to explore alterations in glial cells that accompany melatonin treatment.
Evidence suggests that improved glial cell survival after melatonin treatment protects injured neurons,
since these cells secrete trophic factors [16]. Additionally, glial cells can maintain neuronal cell
membrane homeostasis and aid in the cells’ enveloping action by siphoning off excess potassium
or improving water handling capacity along with serving as a cystine/glutamate antiporter [17].
The beneficial effects of glial cells’ trophic factors in maintaining homeostasis and anti-glutamate
toxicity make these cells effective neuroprotectors and melatonin’s protective effects aid glial cells
against ischemic brain injury.

3. The Use of Pineal Gland Grafts in Melatonin-Based Stroke Therapies

Recent studies have provided evidence that cell replacement therapy (i.e., intracerebral
transplantation) may be effective to alleviate a stroke [18]. The first clinical trial of a neural
transplantation therapy for stroke was performed in 1998 using human-derived cells that were
transplanted near the ischemic area of stroke to allow the transplanted cells to grow and replace
the existing damaged brain cells [19]. Further research has expanded on this notion and focused
on intracerebral transplantation of pineal gland grafts and their use in melatonin-based therapies.
Using an acute stroke model, one study showcased that rats receiving rat-derived pineal gland
allografts demonstrated ameliorated motor skills and a decrease in infarction volume. This enhanced
neuroprotection is associated with an increase in melatonin levels in the cerebrospinal fluid and similar
studies demonstrated positive results where melatonin was administered [20].

However, several comparable studies utilized a sample of rats that underwent a pinealectomy
alongside the allograft transplantation and this particular group of rats did not receive any additional
neuroprotection [21]. The transplantation alongside the host pineal gland resulted in elevated melatonin
levels, which proved more effective in neuroprotection. On the other hand, a pinealectomy decreased
the levels of melatonin and did not provide effective neuroprotection [22]. This suggests that pineal
gland grafts are more effective because the grafts provide a steady stream of melatonin as opposed
to sporadic increases in levels with exogenous delivered melatonin. Future melatonin- based stroke
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therapies are leading towards a dynamic level of melatonin for optimal neuroprotection over the course
of stroke progression.

The two different treatment methods, intracerebral pineal gland grafting and exogenous melatonin
treatments, differ in the targeted line of cells. Experimental evidence demonstrates that pineal gland
grafts reduce ischemic tissue volume 2 to 3 days after the onset of stroke as opposed to on the first day
and suggests that pineal gland grafts target secondary cell death. In comparison of both treatment
plans, a pineal gland graft is very invasive and entails an extensive transplantation surgery, while
the exogenous melatonin treatment is less invasive. Although, it is important to consider that a pineal
gland graft may provide greater ongoing treatment with chronic stroke patients because of the massive
cell death that occurs after a stroke takes place [22]. Exogenous delivered melatonin may be a more
effective treatment option for early acute stroke patients because it is less invasive and provides
temporary relief [23]. A combination of two regimes is also being investigated as a more efficacious
combined therapy.

A potential side effect of pineal gland graft therapy to consider is graft rejection. Therefore,
pineal gland graft therapies would need to be accompanied by immunosuppressive agents to ensure
long-term graft survival [24]. Melatonin is proven to compliment immunosuppressive agents and is
effective against viral [25] and bacterial [26] infections to provide relief upon a weakened immune
system. Additionally, melatonin can serve as an immunosuppressive agent and large doses greater
than 100 mg/kg decrease the antibody production in the body [27].

Further research is required to determine the efficacy of the pineal gland grafts and their relation to
melatonin. A potential research option is to explore melatonin antagonist molecules in conjunction with
a graft transplant to investigate if melatonin is providing all of the neuroprotection or another contributor
such as various growth factors [28]. This could be carried out by using an antibody that specifically
targets growth factors and then investigating if neuroprotection is altered upon transplantation.

4. The Role of Melatonin Receptors in Stem Cell Therapeutics under Stroke Conditions

Recent advances in stem cell therapy research have highlighted the involvement of melatonin
receptors in stem cell mechanisms [13]. Melatonin receptor 1 (MT1) and melatonin receptor 2 (MT2)
are expressed in stem cells and are acted upon by melatonin [29,30]. It seems that melatonin’s
neuroprotective effects are primarily due to the attenuation of oxidative stress and inhibition of
apoptosis in both ischemic and hemorrhagic stroke [31]. An in vitro study examining the processes
behind neural differentiation in amniotic epithelial cells (AEC) under stroke conditions engendered
five observations — 1. Only MT1 is expressed in AEC cells not MT2 [13]. Therefore, the differential fate
of AECs can be potentially modulated using the MT1 receptor. Notably, an additional investigation
demonstrated that neural stem cells express MT1 [30], further accentuating melatonin’s pleiotropic
capabilities in neuronal development. 2. The findings indicated that blocking MT1 abolished
neuroprotection in the AECs. Conversely, the same results did not arise with the inhibition of MT2 [13].
3. Melatonin bolstered differentiation and proliferation in AEC cells expressing MT1, mirroring
previous findings [32]. Although several experiments have displayed the neuroprotective effects of
exogenous melatonin therapy [33–35], incorporating both melatonin and stem-cells in treatment may be
even more therapeutically potent [13,21]. 4. Along with melatonin’s enhancement of proliferation and
differentiation in AEC cells, melatonin coupled with AEC therapy in oxidative stress disorders should
also ameliorate neurodegeneration by activating anti-oxidative mechanisms [34,36–38]. Moreover,
utilizing melatonin and AECs in conjunction demonstrates greater therapeutic benefit than just
melatonin or AECs alone. 5. The findings suggested that AEC-melatonin treatment imparted
neuroprotection through the release of neurotrophic elements. In peripheral regions, melatonin is
involved with vascular endothelial growth factor (VEGF) [39] and in cerebellar neurons, melatonin is
involved with brain-derived neurotrophic factor (BDNF) [40]. Knowledge behind melatonin’s cellular
mechanisms has grown due to higher levels of VEGF observed in AECs and additional evidence
demonstrating VEGF’s interactions with MT1 [13] and BDNF with MT2 [40]. Indeed, the crosstalk
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among melatonin receptors and neurons have been depicted in other investigations [21,40–43].
However, this particular study involving MT1 indicates that the combined use of AEC and melatonin
spurs enhanced neuroprotection, as neuronal proliferation, differentiation and release of trophic factors
are increased via MT1 mechanisms. Further exploration of this combined therapy using in vivo stroke
models is warranted. Notably, a new sector for melatonin receptor research may involve Ramelteon,
a melatonin receptor agonist, which demonstrates greater therapeutic benefits than melatonin with
respect to plasma half-life, MT selectivity and high affinity [44,45].

5. Stroke-Induced Dementia as a Potential Target for Melatonin-Based Therapeutics

Vascular dementia and cognitive decline are two common detrimental effects that follow stroke [46].
Post-stroke cognitive impairment can range from mild cognitive decline to dementia [47]. Cerebral
ischemia induces free radical formation, glutamate stress, oxidative stress and hypoxic stress, all
of which contribute to neuronal injury and cognitive impairments [48]. Stroke-related dementia is
associated with fluctuations in C-reactive protein (CRP), IL-6 and IL-10 in blood serum and cerebrospinal
fluid [47]. The development of dementia after stroke can be associated with an increase in the vascular
accumulation of Aβ, also known as cerebral amyloid angiopathy (CAA). Deposition of Aβ and CAA
are exacerbated by stroke-induced damage to the perivascular region, neuroinflammation, blood-brain
barrier (BBB) impairment and hypoxia [49]. In addition, murine models have indicated several
biochemical markers such as cyclic AMP, response element-binding protein (CREB) and BDNF, that
become dysregulated as a result of cerebral ischemia. Following ischemic injury and limited neuronal
plasticity, BDNF and CREB concentrations are decreased in the hippocampus [48]. CREB indirectly
influences memory via regulation of BDNF expression. BDNF is directly involved in spatial learning
and activity dependent synaptic plasticity [50]. Increasing respective concentrations of CREB and BDNF
in the hippocampal region alleviates cognitive impairments and memory problems [51]. Augmented
BDNF levels are linked with higher rates of neurogenesis and improved cognitive function [52].
Notably, BDNF efficacy increases in ischemic sites when stem cells are administered and may further
decrease infarct volume, prevent secondary cell death and provide functional recovery [53–55]. Due
to their differentiation ability and endocrine function, stem cells are a plausible therapy to alleviate
ischemia-induced cognitive impairments by targeting CREB and BDNF concentrations [56]. Melatonin
receptors are involved with stem cell fate, indicating the therapeutic potential of melatonin within
ischemic-associated injuries.

6. Novel Evidence Supporting Melatonin as an Effective Therapeutic Agent in Stroke

An overwhelming amount of recent evidence points to melatonin’s neuroprotective effects in
stroke, specifically highlighting its anti-oxidative, anti-inflammatory and anti-apoptotic capabilities, as
shown in Table 1. Importantly, melatonin can cross the blood brain barrier and attenuate neuronal
cell death [57]. When melatonin was administered intraperitoneally to MCAO models, the brain
infarct size decreased and cognitive performance was alleviated. In addition, pro-inflammatory factors
dwindled and anti-inflammatory elements escalated in the stroke-affected brain. In vitro, melatonin
hindered the pro-inflammatory state of microglial cells under OGD and imparted neuroprotection [58].
Additionally, melatonin administration to SH SY5Y cells under OGD/R conditions increased cell
survival and diminished TNF-α, inducible nitric oxide synthase (iNOS) and nitric oxide (NO). ROS,
MDA and 4-hydroxynonenal (4-HNE) were also decreased. Notably, melatonin inhibited apoptosis
via Akt signaling and attenuated autophagy in the OGD culture [59]. In another study, the ability of
melatonin to ameliorate apoptosis and oxidative stress spurred by irradiation in Wistar rat brainstems
was examined. The rats pre-treated with melatonin demonstrated a decrease in malondialdehyde
(MDA), nitric oxide (NO) and caspase-3 protein expression, along with an elevation of antioxidant
enzymatic activity [60].

Evidently, melatonin’s therapeutic benefits in post-stroke injury may also be due to its ability to
alter microglial activity and ameliorate mitochondrial dysfunction. Melatonin can transform microglia
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into their advantageous form in the ischemic brain through melatonin receptors. In vitro, melatonin
escalated NeuN, BDNF and MAP2 and attenuated GFAP, Iba1 and caspase-3 protein under hypoxic
conditions [61]. Another in vitro study demonstrated that ITH12674, a melatonin-sulforaphane hybrid,
diminishes inflammatory factors in glial cells and hippocampal cultures post lipopolysaccharides
(LPS) conditioning [62]. Moreover, melatonin may ameliorate post-stroke secondary injury by altering
microglial activity and imparting protection against neuroinflammation [61]. In addition, melatonin
can alleviate mitochondrial impairment induced by stroke. Through an elevation of OPA1 expression,
melatonin ameliorated mitochondrial fusion spurred by IR injury. The abolition of OPA1 reversed
the therapeutic influence of melatonin with respect to stroke-related mitochondrial dysfunction.
Moreover, through the Yap-Hippo pathway, melatonin regulates OPA1- related mitochondrial fusion,
attenuating reperfusion in the brain [63].

Although past research has elucidated that pineal gland grafts may be therapeutically effective in
stroke due to the steady stream of melatonin it provides, current investigations into the efficacy of pineal
gland transplantations is lacking. Nonetheless, recent studies examining the effects of pinealectomy
in the brain have been conducted. For instance, pinealectomized rats demonstrated significant
melatonin scarcity, lower levels of superoxide dismutase (SOD) and elevated lipid peroxidation (LPO).
Endurance training ameliorated oxidative stress at certain time points but did not rehabilitate the lack
of melatonin [64]. Pinealectomy spurred drastic oxidative stress in fetal eye tissues, generating an
escalation in caspase-induced apoptotic pathways. The delivery of melatonin ameliorated cell death
and enhanced the expression of antioxidant enzymes, along with attenuating lipid peroxidation [65].
Furthermore, melatonin serves as a crucial therapeutic agent under oxidative deprivation and
pineal gland grafts may provide a long-term supply of melatonin in the ischemic brain. Despite
the insufficiency of recent studies exploring pineal gland grafts, the transplantation of stem cells
preconditioned with melatonin in models of neurodegenerative disease have been investigated. bone
marrow mesenchymal stem cells (BMSCs) conditioned with melatonin (MT-BMSCs) were transplanted
into Wistar rats. Compared to normal BMSCs, MT-BMSCs more effectively improved the cognitive
function of Wistar rats [66]. Moreover, an abundance of evidence displays the neuroprotective actions
of melatonin but further examination of pineal gland graft efficacy in the ischemic brain is warranted.

Current research reveals the importance of melatonin receptors, as the targeted cellular mechanism
for melatonin-induced neuroprotection, as depicted in Figure 1. MT1 and MT2 are prominent all
through the brain and thus, may serve as a potent therapeutic target in treatment of stroke and
neurodegenerative diseases [67]. When melatonin receptors are impeded, the positive effects of
melatonin in AD, specifically the repression of β-amyloid (Aβ) synthesis and fibril production, are
eliminated. Interestingly, Parkinson disease patients demonstrate a depletion of MT1 and MT2
receptors in amygdala and substantia nigra pars compacta. In mice models of cerebral ischemia,
melatonin spurs neurogenesis via MT2. Notably, MSCs’ neurogenic capabilities can be bolstered
by melatonin, primarily due to the MT2 receptor [67]. In post hypoxic-ischemic (H-I) brain injury,
MT1 receptors were substantially depleted in the brains of mouse pups. Melatonin alleviated
ischemic injury by increasing MT1 receptors. As MT1 was blocked in the H-I mice, mortality rates
escalated significantly. When luzindole, an antagonist of the melatonin receptor, was implemented,
the therapeutic effects of melatonin were eliminated with respect to mitochondrial cell death. Moreover,
melatonin’s rehabilitation of MT1 receptors generates its curative actions in ischemic injury [68]. In
Wistar rats, MT1, MT2 and MT3 receptors ameliorated edema and utilizing estrogen, MT1 and MT2
safeguarded the BBB [69]. Evidently, MT2 activity, regulated by the cAMP-C/EBPα/miR-125b/GluN2A
pathway, imparts neuroprotection in AD, specifically ameliorating dendritic damage caused by
Aβ [70]. In addition, ramelteon, a melatonin receptor agonist utilized in insomnia treatment, was
explored as a potential therapeutic target in cerebral ischemia. Ramelteon substantially improved
function and hindered autophagy using AMPK/mTOR signaling in both acute and chronic stroke
models. Importantly, MT antagonist, 4-P-PDOT, abolished the neuroprotective effects of ramelteon,
indicating the therapeutic importance of the MT receptor [71]. Stem cells express MT1 and MT2 and
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therefore, investigating the involvement of melatonin in stem cell mechanisms is crucial. In a recent
study, melatonin spurred differentiation of amniotic fluid (AF)- MSCs into dopaminergic neurons,
potentially through the initiation of ERK and CaMKII signaling, regulated by melatonin receptors [72].
Moreover, targeting melatonin receptors in stem cells may further bolster their differentiative and
neuroprotective effects.
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Figure 1. Melatonin’s Neuroprotective Effects. Through the M1, M2 and M3 receptors, Melatonin
imparts therapeutic benefits combatting oxidative stress, neuroinflammation and apoptosis induced by
ischemic stroke. These neuroprotective traits may also ameliorate vascular dementia and cognitive
decline following a stroke.

On account of melatonin’s plethora of neuroprotective features, stroke-induced dementia stands
as a significant therapeutic target for melatonin-based treatment. In APP/PSI mice, a model of AD,
long-term administration of melatonin ameliorated spatial learning and memory loss, curtailing Aβ

accumulation and mitochondrial dysfunction [73]. Oxidative injury in the brain is a major factor
inducing cognitive impairment and memory loss in AD. Melatonin suppressed the destructive
effects of scopolamine-induced oxidative damage regulated by c-Jun N-terminal kinase (JNK)
activation. Melatonin upregulated antioxidant proteins, decreased ROS and LPO and promoted
Akt/ERK/CREB pathways, leading to heightened cell viability and proliferation. Melatonin also
inhibited apoptosis and altogether improved synaptic impairment, memory loss, neuroinflammation
and neurodegeneration [74]. In rats affected by intestinal I/R injury, melatonin alleviated cognitive
impairment and decreased proinflammatory factors, such as tumor necrosis factor-α, IL-6 and
interleukin-1β, along with attenuating oxidative stress in the brain, blood serum and intestinal tissue.
Additionally, melatonin inhibited apoptosis and microglial hyperactivity in brain tissue [75]. Notably,
melatonin restores hippocampal neurogenesis in mice treated with cuprizone by enhancing BDNF and
increasing CREB phosphorylation [76]. Moreover, melatonin can ameliorate stroke-induced depletion
of CREB and BDNF in hippocampal tissue, rehabilitating cognitive performance and memory.
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Regarding recent clinical trials, melatonin-based treatment has been utilized for stroke and
neurodegenerative disease patients. 60 patients received an oral dosage of melatonin 3 days before
and after carotid endarterectomy (CEA) surgery. Blood samples of the melatonin group demonstrated
significant reduction of inflammatory factors, NF-κB, TNF-α, IL-6 and S100β and an elevation of
antioxidant activity through Nrf2, SOD, CAT and GPx [77]. Furthermore, melatonin demonstrates
significant therapeutic promise against ischemic brain damage on account of its antioxidant and
anti-inflammatory capabilities [Figure 2]. In addition, multiple sclerosis (MS) pathology entails
significant neuroinflammation and oxidative damage, leading to demyelination and neuronal injury.
Patients with relapsing-remitting multiple sclerosis (RRMS) under Interferon β-1b (IFNβ-1b) treatment
were given 25g/d of oral melatonin for six months. Compared to the placebo subjects, patients
taking melatonin demonstrated a substantial reduction of pro-inflammatory cytokines, such as TNF-α,
IL-6 and IL-10 and oxidative stress factors like nitric oxide catabolites and LPO [78]. Moreover,
melatonin may display similar therapeutic benefits in clinical cases of stroke-induced oxidative damage
and neuroinflammation.
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Figure 2. Melatonin’s Intracellular Signaling. Melatonin initiates a cellular pathway that inhibits
Methamphetamine and hydrogen peroxide in the cell, resulting in the attenuation of inflammation and
oxidative stress.

Nevertheless, further preclinical investigation into the clinical safety and efficacy of melatonin
in post-stroke treatment is warranted. Experimental stroke in preclinical trials should examine
the long-term effects to assess the safety of melatonin therapy, ensuring no adverse effects, such as
behavioral side effects and neurological inconsistencies, are present. To further bolster the safety
profile for clinical treatment, investigators should examine neuronal tissues and peripheral organs
for potential toxic effects during various stages post-melatonin therapy. Stroke Treatment Academic
Industry Roundtable (STAIR) and Stem Cell therapies as an Emerging Paradigm (STEP) propose
guidelines to potentially transition previously discussed therapies to clinical trials [79,80]. Both STAIR
and STEP recommend effective protocols developed by stroke research committees, outlining plans for
conducting experimental and early clinical testing. These plans include tests that range from multiple
lab tests to model tests and additional comorbidity factors, such as diabetes and aging. Successful
implication of the guidelines modeled by stroke committees, STEP and STAIR, will effectively transition
melatonin therapy from preclinical to clinical studies. Additionally, in vivo models have demonstrated
the immunoenhancing effects of melatonin [81–83] and therefore, these mechanisms should be further
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investigated before initiating melatonin-based therapies in clinical settings. Indeed, recent clinical
investigations have elucidated melatonin’s therapeutic potency; however, additional pre-clinical
examination of the safety and efficacy of melatonin in the context of stroke is crucial for establishing
proper clinical application.

Table 1. Melatonin Neuroprotection in Stroke. This table displays milestone discoveries highlighting
melatonin as a potent therapeutic in stroke.

Model Stroke Type Significant Findings

In vivo Permanent

Modulation of L-arginine metabolism via melatonin improves stroke
outcomes. Post-middle cerebral artery occlusion administration of
melatonin significantly reduced nitric oxide synthase activity, nitrite levels
and cyclooxygenases, all of which contribute to stroke-induced
inflammation. A decrease in infarct volume and rejuvenation of
mitochondrial enzymatic activity was also observed [84].

In vivo Transient

Activation of MT2 receptor via melatonin after transient middle cerebral
artery injury and reperfusion significantly improved brain function and
survival in mice. Free radical production and gp91(phox) cell infiltration
were decreased, consequently preserving blood brain barrier function.
Enhanced endogenous neurogenesis and expression of
neurodevelopmental genes were also observed [85].

In vivo Permanent

Melatonin administration ameliorates ischemic reperfusion injury via
activating SIRT1 signaling and improving mitochondrial function.
Neuroprotective effects were demonstrated in mice upon treatment with
melatonin post-ischemia including reduced infarct volume, decreased
edema and improved neurological scores. Activation of SIRT1 via
melatonin upregulates anti-apoptotic factor Bcl2 and lowers expression of
pro-apoptotic protein Bax indicating that melatonin possesses
anti-apoptotic effects [86].

Clinical Permanent

6-sulfatoximelatonin indicates post-stroke cognitive impairment in elderly
patients. The presence of 6-sulfatoximelatonin, a metabolite of melatonin,
was investigated in the urine of patients during the acute phase of stroke.
Increased concentration of the metabolite was linked to large ischemic
lesions and hippocampal volume. Patients with the highest concentrations
of the metabolite presented with dysexecutive cognitive impairment [87].

In vivo Permanent

Pre-treatment with melatonin before ischemia inhibits endoplasmic
reticulum (ER) stress-dependent autophagy, shielding against cerebral
ischemic/reperfusion (IR) injury. Pre-ischemic melatonin administration
voided IR-associated ER stress autophagy and ameliorated autophagic
flux. Melatonin also reduced edema, infarction size and apoptosis [88].

In vivo Permanent

PI3K/Akt phosphorylation reduces apoptosis and mediates melatonin’s
neuroprotective effects via PDK1 and PTEN at the Thr308 site.
Melatonin’s neuroprotective effects were reversed in focal ischemia
murine model by PI3K/Akt inhibition, specifically reduction in infarct
volume, indicating P13K/Akt are involved in melatonin’s ameliorative
effects. The PI3K/Akt pathway decreased p53 phosphorylation
consequently reducing apoptosis [89].

In vivo Permanent

Melatonin alleviates symptoms associated with secondary brain injury
(SBI) following intracerebral hemorrhage (ICH) in rats. Administration of
melatonin significantly decreased concentration of inflammatory, DNA
damage, oxidative stress, blood brain barrier integrity and apoptosis
markers. Mitochondrial function was maintained via decreasing
membrane permeability and transition pore opening. Melatonin also
ameliorated brain edema, improved behavior and upregulated
antioxidant indicator expression [90].
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Table 1. Cont.

Model Stroke Type Significant Findings

In vivo Permanent

Melatonin displays favorable outcomes when administered to aged rats
pre-ischemia and post-ischemia. Rats subject to MCAO were treated with
melatonin 24 h before pre-ischemia and data indicated reduced levels of
tumor necrosis factor-α, Bcl-2-associated death promoter, interleukin-1β,
Bcl-2-associated X protein glial fibrillary acidic protein in
the hippocampus and cortex. Augmented levels of sirtuin 1 and B-cell
lymphoma were observed in the hippocampal region. Post-ischemic
treatment provided similar effects; however these were not as effective
[91].

Clinical Permanent

Peroxidation status, mortality and antioxidant status are linked to
melatonin concentration in patients with middle cerebral artery infarction.
Non-survivors presented with significantly increased antioxidant capacity,
malondialdehyde and serum melatonin levels when compared to
survivors. A positive associated was observed between serum melatonin
levels with total antioxidant capacity and malondialdehyde concentration
[92].

In vivo Transient

Long term melatonin treatment post-transient global cerebral ischemia
(tGCI) improves outcomes via activation of ERK1/2 signaling. Treatment
ameliorated cognitive impairment and expanded myelin basic protein
immunoreactivity and levels of Rip-immunoreactive oligodendrocytes.
ERK1/2 and pERK1/2 activity was increased in oligodendrocytes.
Glutamatergic synapse activity was also augmented through long
term-melatonin treatment post tGCI [93].

In vivo Permanent

The shift of microglia from pro-inflammatory to anti-inflammatory
polarity in STAT3-dependent manner via melatonin partially improves
brain function after distal middle cerebral artery occlusion. Reduced
infarct volume, improved brain function, inhibition of pro-inflammatory
responses was observed after melatonin administration. Melatonin
increased phosphorylated STAT3 expression in BV2 cells [58].

In vitro Permanent

Modulation of microglial action via melatonin ameliorates reperfusion
phase-induced secondary injury after stroke. In vitro, melatonin
treatment early in the reperfusion phase improved outcomes. GFAP, Iba1,
active caspase-3 all decreased upon administration while NeuN increased.
BDNF, HSPA1A and MAP2 were seen at augmented levels while VEGF
mRNA was decreased. TREM2/iNOS ratio increased indicating protective
forms of microglia [61].

7. Conclusions

Stroke stands as a prominent agent of cognitive impairment and mortality worldwide and
unfortunately has limited treatment options. Therefore, novel therapies like melatonin are crucial to
attenuating stroke’s devastating effects. Melatonin acts as an antioxidant and free radical scavenger,
ameliorating neuroinflammation and accelerating brain tissue restoration. Preclinical studies utilizing
animal stroke models and clinical trials with stroke patients have been conducted to investigate
melatonin’s therapeutic potency in the context of stroke. Experimental stroke models in vitro and
in vivo have demonstrated melatonin’s neuroprotective capabilities, as melatonin reduces infarct size
and enhances glial cell viability. Melatonin delivered exogenously displays substantial therapeutic
effects but results fluctuate with changing melatonin levels. However, pineal gland grafts have the ability
to provide long-term melatonin and therefore, may be useful for chronic treatment. Nonetheless,
further examination of pineal gland transplantation efficacy is necessary. The mechanism behind
melatonin-induced neuroprotection seems largely due to receptors MT1 and MT2, which can also
be found in stem cells. Moreover, stem cell-based therapy for stroke and neurodegenerative disease
may be bolstered by targeting the MT1 and MT2 receptors. Regarding stroke-related dementia,
melatonin-based therapy may be a viable treatment option due to their neuroprotective properties,
repressing inflammatory factors, oxidative stress and apoptotic pathways in stroke and AD models.
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In addition, melatonin enhances BDNF and CREB, alleviating cognitive impairment. Notably, recent
clinical trials exploring the curative potential of melatonin in stroke and neurodegenerative diseases
display encouraging results in alleviating brain injury. Nevertheless, additional preclinical studies
examining the safety and efficacy of melatonin-based therapies in stroke and stroke-related dementia
are warranted to ensure the treatments’ optimal clinical applications.
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