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Abstract

Methylene blue (MB) is a well-established drug with a long history of use, owing to its diverse 

range of use and its minimal side effect profile. MB has been used classically for the treatment of 

malaria, methemoglobinemia, and carbon monoxide poisoning, as well as a histological dye. Its 

role in the mitochondria, however has elicited much of its renewed interest in recent years. MB 

can reroute electrons in the mitochondrial electron transfer chain directly from NADH to 

cytochrome c, increasing the activity of complex IV and effectively promoting mitochondrial 

activity while mitigating oxidative stress. In addition to its beneficial effect on mitochondrial 

protection, MB is also known to have robust effects in mitigating neuroinflammation. 

Mitochondrial dysfunction has been identified as a seemingly unifying pathological phenomenon 

across a wide range of neurodegenerative disorders, which thus positions methylene blue as a 

promising therapeutic. In both in vitro and in vivo studies, MB has shown impressive efficacy in 

mitigating neurodegeneration and the accompanying behavioral phenotypes in animal models for 

such conditions as stroke, global cerebral ischemia, Alzheimer’s disease, Parkinson’s disease, and 

traumatic brain injury. This review summarizes recent work establishing MB as a promising 

candidate for neuroprotection, with particular emphasis on the contribution of mitochondrial 

function to neural health. Furthermore, this review will briefly examine the link between MB, 

neurogenesis, and improved cognition in respect to age-related cognitive decline.
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1. Introduction

In modern pharmacology, there has been significant emphasis on drug repurposing, the use 

of previously approved drugs in novel contexts. Repurposing established drugs saves time 

and money and can lead to clinical translation much more rapidly than a novel therapeutic, 

due to an established record of extensive safety testing. This strategy is imperative in high-

risk research fields, such as neurodegenerative disorders, where pharmaceutical companies 

may be reluctant to invest large sums of money due to a track record of disappointing high 
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level clinical trials. Conditions like stroke, Alzheimer’s disease (AD), and Parkinson’s 

disease (PD) are devastating and accompanied with life-long ramifications, leaving patients 

and families with decreased duration and quality of life. This impact is compounded by the 

lack of medical options that can slow or reverse the progression of the disorder. These 

conditions are in dire need of new therapies, and could potentially benefit greatly from the 

financial and clinical allure of a new application for a time-tested drug.

Methylene blue (MB) is one such example of a promising drug with potential for 

repurposing. First synthesized in 1876 as a textile dye, MB was investigated for its medicinal 

applications as early as 1891 [1]. MB has classically been used in the clinic as a potent 

antimalarial agent, methemoglobinemia treatment, and as a medical staining agent [2]. 

Evidence has also shown MB to be effective as a prophylactic therapy against vasoplegic 

syndrome occurring after coronary artery bypass surgery and in septic shock as a result of 

the vasomodulatory action of MB, which relies on its inhibition of guanylate cyclase (GC) 

and nitric oxide synthase [3].

While the etiology and progression of the major neurodegenerative disorders varies widely, 

common to all is mitochondrial dysfunction. In neurodegenerative conditions such as stroke, 

AD, PD, or traumatic brain injury (TBI), mitochondrial dysfunction and oxidative stress is 

key to the progressive debilitating nature of the condition [4]. Impairment of the 

mitochondrial electron transfer chain, through direct damage or insufficient turnover, leads 

to energy deficits and the release of reactive oxygen species that can cause direct and 

downstream damage and deleterious effects [5]. As such, targeting and improving 

mitochondrial health is a prime target for emerging therapies. The mitochondrial mechanism 

of MB, as well as its established safety record, situates it as a candidate for the treatment of 

these devastating conditions.

In this review, the basic mechanisms of mitochondrial dysfunction in each of the major 

neurodegenerative disorders will be discussed, and recent studies examining the effect of 

MB on each of these will be evaluated. Studies will be highlighted that focus on the 

emerging role of MB as both an recycling anti-oxidant and an alternative electron carrier in 

the mitochondrial electron transfer chain in the context of neurodegeneration [5]. When 

available, combination therapy will be compared to monotherapy. We will also briefly 

review evidence suggesting a nootropic role for MB.

2. History, Mechanisms, and Current Indications of Methylene Blue

MB was originally synthesized by Hienrich Caro as a textile dye, but it was quickly found to 

have significant use in the field of medicine [1]. Early pioneering studies involved its use as 

a medical stain, followed shortly by its application by Ehrlich and Guttman in the treatment 

of malaria [6]. This effect made it an important drug in many military campaigns, although 

the side effect of blue urine was not particularly well received. While passing blue urine was 

undesirable to soldiers, it was of great use in psychiatry; included in medication, MB 

provided a visibly apparent indicator of compliance [1,7]. Such an indicator was invaluable 

in the historically harsh treatment of psychiatric patients on early medications that were 

fraught with undesirable side effects. Through this application in psychiatry, it was 
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eventually discovered that MB alone had antipsychotic effects, leading to the development 

of the tricyclics. MB was used as a pilot molecule, ushering in a new era of 

psychopharmacology [1,8]. Some of these effects are known to be due to its function as a 

powerful monoamine oxidase inhibitor (MAOI), but recent work has implicated the role of 

mitochondrial mechanisms and metabolic manipulation as the source of at least some of the 

drug’s beneficial psychiatric effects [9,10]. In recent years, this work has extended the 

psychiatric application of MB to the treatment of residual bipolar depression [11].

These results imply that MB has bioavailability to the brain, which is corroborated by 

pharmacokinetic studies [12]. MB is best delivered intravenously, with i.v. administration 

delivering higher blood concentrations and AUC than oral administration, and has a half-life 

of approximately 6.6 h. Regardless of route of administration, MB accumulates in 

significant concentrations in various tissues, with brain tissue concentration of MB as much 

as tenfold higher than serum levels as early as 1 hour after i.v. administration [12]. Tissue 

uptake is rapid, with substantial organ accumulation noted after 3 minutes in the lungs, liver, 

kidneys, and heart [13]. Bioavailability also is modulated by oxidation status, as a stabilized 

version of the reduced form of MB displays markedly increased brain uptake, which has 

been factored into a recent clinical trial to be discussed in a subsequent section [14,15].

Currently, the primary medical uses of MB are methemoglobinemia, vasoplegic syndrome, 

surgical staining, and ifosfamide neurotoxicity [2]. Methemoglobinemia is caused by a 

prevalence of methemoglobin (met-Hb), a form of hemoglobin (Hb) with wherein the 

ferrous center of the heme group is oxidized to a ferric state. This can be inherited or 

induced via exposure to environmental toxins or certain drugs of abuse, such as amyl nitrite 

[16]. Methemoglobinemia presents as fatigue, headaches, dizziness and bluish skin and can 

potentially lead to seizures and death if untreated. Once MB is reduced to leucomethylene 

blue (leucoMB) in the red blood cells, leucoMB can reduce met-Hb to Hb, reoxidizing back 

to MB [1,17]. This was most famously illustrated in the case of the Blue Fugates, a family in 

rural Kentucky noted for blue skin as a result of inherited methemoglobinemia. Treatment 

quickly alleviated the blue hue to their skin, much to their relief [18].

While methemoglobinemia is one of the most common uses of MB, its other applications are 

invaluable. As a clinical stain, MB delivers striking results in detection of nerves and fistulas 

and is commonly used in several procedures as well as in histological staining [19]. MB can 

also be used as an adjunct therapy for chemotherapy with ifosamide, a common 

chemotherapy agent with detrimental neurological side effects via mitochondrial electron 

transfer chain (ETC) impairment. As an alternative electron carrier, MB can promote 

mitochondrial function, limiting the drug’s neurotoxic effects [20]. Finally, vasoplegic 

syndrome is a life threatening condition occurring after cardiopulmonary bypass, 

manifesting as significantly reduced arterial pressure, especially prevalent in the case of 

patients with a history of angiotensin-converting enzyme inhibitors. MB administration can 

intercede in this condition via inhibition of guanylate cyclase and nitric oxide synthase, 

increasing arterial pressure [21]. Owing to these important and necessary medical 

applications, MB is recognized by the World Health Organization as one of the necessary 

medications needed in a basic healthcare system [22].

Tucker et al. Page 3

Mol Neurobiol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the mitochondria, MB plays a remarkable role, owing to its capacity as a catalytic redox 

cycler. MB receives electrons from NADH through complex I, converting it to the colorless 

reduced counterpart leucomethylene blue (leucoMB) (Fig. 1). LeucoMB directly transfers 

these electrons to cytochrome c, re-oxidizing to MB in the process, ready to begin the cycle 

anew. Even during complex I inhibition via rotenone MB can bypass ETC blockage at 

complex I and III, promoting respiration [23] (Fig. 2). Oxidative damage, a cause and 

consequence of mitochondrial dysfunction, impairs primarily complex IV as well as 

complex I [24]. This blockage is also bypassed by MB, as it can significantly increase the 

activity of complex IV. Expression of complex IV subunits is subsequently upregulated, 

perhaps through induction of nuclear respiratory factor 1 (Nrf1) which was found to be 

elevated in aged mice treated with MB [25–27]. This increase may be related to PTEN 

inactivation by modest increases of H2O2 production or by inhibition of GSK-3, increasing 

NRF1 expression downstream of the NRF2/ARE pathway [27–29].

This redox cycling can directly protect against oxidative stress in pathological conditions, 

accompanied with upregulation of nuclear factor (erythroid-derived 2)-like 2/antioxidant 

response element (Nrf2/ARE) signaling. In physiological conditions, MB likewise 

upregulates Nrf2/ARE with commensurate increases in antioxidant defense as a result of 

modest, beneficial increases in H2O2 production [30]. Mechanisms of MB in the context of 

specific conditions will be discussed at length in following sections.

3. Methylene Blue, Mitochondrial Dysfunction and Neurodegeneration

The brain is remarkably dependent on oxidative metabolism as an energy source, consuming 

20% of the body’s glucose and 20% of its oxygen in a resting state [31]. Resting membrane 

potential maintenance, generation of action potentials, and the postsynaptic actions of 

glutamate comprise the bulk of this energy demand which is tightly coupled to neuronal 

activity [32,33]. Considering the striking lack of alternative energy sources in the brain, 

proper mitochondrial function is imperative to brain health. Dysfunctional mitochondria, 

conversely, are implicated in several neurodegenerative conditions, playing either a causative 

or contributing role [4].

The primary function of the mitochondrial ETC is to transfer high energy electrons from 

food derived energy substrates like NADH to O2 in a stepwise manner. Each step releases 

energy that is used to transport protons across the inner mitochondrial membrane, 

establishing the transmembrane potential which drives ATP synthase, the molecular rotor 

that converts ADP into ATP [23,34]. Proper mitochondrial function is dependent on 

sequential passage of electrons through each step of the ETC. As the ETC becomes 

maximally occupied, electron carriers begin to donate electrons to O2 producing detrimental 

ROS [34].

Superoxide radicals generated by electron leakage are damaging in their own right, but they 

can react with nitric oxide (NO) generated by nitric oxide synthase to generate highly 

reactive peroxynitrite (ONOO−). ONOO− can cause extensive damage to cellular lipid 

components, which particularly affects sensitive oligodendrocytes and their progenitors 

[35,4]. Superoxide anions can be converted to H2O2 via superoxide dismutase, but this too 
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can be converted into a more dangerous product, hydroxyl radicals [34]. Once generated, 

these molecules cause largely detrimental modifications to a host of cellular components.

Proteins are frequently the target of free radical attack. Modifications to proteins by 

ROS/RNS include, but are not limited to: oxidation, nitrosylation, acetylation, and 

phosphorylation [36]. As the mitochondria are the source of ROS and have several 

metalloproteins that can catalyze the formation of ROS such as hydroxyl radicals, they are 

heavily targeted by oxidative damage [34]. Mitochondrial ETC components are targets of 

oxidative damage, leading to progressive metabolic degradation contributing to 

neurodegeneration [37] (Fig. 3).

Mitochondrial function is also dependent on fission/fusion dynamics and mitophagy, the 

essential components of which can be damaged by nitroxidative damage [38]. Fission/fusion 

dynamics are regulated by dynamin family GTPases and serve to maintain mitochondrial 

function by exchange of mitochondrial components and degradation of impaired 

mitochondria through mitophagy [4]. Oxidative damage to the fusion related protein OPA1 

results in translocation to the cytosol followed by mitochondrial fragmentation [39]. 

Mitochondrial fragmentation is prevalent in several neurodegenerative disorders, as will be 

discussed in further detail in later sections of this review [40]. Mitochondrial transport is 

intrinsically linked to fission/fusion dynamics, and is shown to be impaired in 

neurodegenerative disease [4,41].

All of these detrimental effects are exacerbated by mDNA damage, which leads to damaging 

mutations that are heterogeneously distributed amongst mitochondria within a single cell. 

This damage prevents proper mitochondrial repair by preemptively disabling proteins before 

they are translated. This ensures that damage to the mitochondria is long lasting, and can 

even spread during fission/fusion events [42]. These mutations are further compounded by 

impaired fission/fusion dynamics and misregulated mitophagy [34]. Importantly, all of these 

damages can perpetuate one another in a feed-forward manner, leading to progressive 

mitochondrial dysfunction that contributes to the inexorable advance of neurodegeneration 

[38].

3.1 Methylene Blue and Ischemic Brain Injury

As previously noted, the brain is extremely sensitive to oxygen and glucose deprivation as a 

result of its high energy demands [31]. Ischemia, or cessation of blood flow, to the brain can 

be either focal or global. Global cerebral ischemia (GCI) is the complete loss of cerebral 

blood flow (CBF), and occurs during trauma such as cardiac arrest, asphyxiation, cardiac 

surgery, and hypotensive shock. Cardiac arrest requires rapid intervention; even with 

resuscitation it is usually fatal, with a mortality rate of over 90%. For those that survive, an 

array of possible disabilities waits. Survivors must contend with sensorimotor deficits, mood 

dysregulation, memory loss, and cognitive decline that result from delayed neuronal cell 

death throughout the brain, specifically in the hippocampus [74,75].

The only currently indicated intervention to prevent GCI induced cell death is therapeutic 

hypothermia (TH), which slows down oxidative metabolism and potentially mitigates 

reperfusion induced oxidative stress and mitochondrial derailment [76,77] [78]. Early 
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induction of TH is imperative, as TH delivers diminishing returns with increasing duration 

after GCI. Moreover, TH induction requires substantial specialized equipment and staff 

training to prevent significant side effects [79]. This limits deployment, necessitating 

research into alternative therapies that can be deployed with greater ease and accessibility.

Focal cerebral ischemia, or stroke, occurs nearly every 40 seconds in the United States, and 

kills or significantly impairs at 60% of patients. Stroke exacts a heavy emotional, medical, 

and economic toll costing nearly $33 billion every year in the US [80]. There are two main 

categories of stroke, ischemic or hemorrhagic [80]. Most strokes are ischemic, resulting 

from the blockage of a cerebral artery, usually via atherothrombosis [80]. The central core of 

the ischemic region quickly undergoes predominantly necrotic cell death, while the 

surrounding penumbra region undergoes progressive energy failure, inflammation, and 

delayed apoptotic cell death [81].

Currently, there is only one indicated intervention in stroke therapy, thrombolysis with tissue 

plasminogen activator (tPA) [82–84]. This necessitates a need for proper diagnosis via brain 

imaging techniques, which eats into the 4 hour time window in which infarct core can be 

salvaged [83]. Since stroke is often not identified with this time window, pharmacological 

strategies that can minimize or prevent neuronal degeneration are desperately needed, 

especially those that can be deployed easily and cheaply.

Cerebral ischemia, focal or global, proceeds with two phases of injury: ischemia and 

reperfusion. During the initial onset of ischemia, energy failure first impairs the maintenance 

of neuronal membrane potential. Subsequent depolarization triggers excessive glutamatergic 

release that induces rapid Ca2+ influx. The sharp increase of intracellular Ca2+ levels 

activates phospholipases, calpains, and cathepsins, increases activity of COX-2 and NOS, 

and induces the cessation of protein synthesis [85,86]. Meanwhile, as mitochondrial 

respiration grinds down to a halt, electron leakage generates ROS that damage mitochondrial 

and cellular components of both neurons and neighboring cells. The vascular endothelium 

responds to this oxidative damage and local release of inflammatory factors by 

permeabilizing and compromising the integrity of the blood brain barrier (BBB) [87].

Upon reperfusion, O2 and energy substrates return to the now dysfunctional mitochondria. 

Respiration resumes within the defective mitochondria, releasing ever increasing levels of 

ROS, further exacerbating oxidative damage. Permeabilization of the BBB allows for 

circulating macrophages to infiltrate and perpetuate local inflammation [4]. All the while, 

microglia and astrocytes respond via glial activation, releasing into the extracellular milieu 

their own inflammatory factors [88]. Over time, this self-perpetuating cycle eventually 

manifests as apoptotic cell death in the penumbra in focal ischemia or in particularly 

sensitive regions, such as the hippocampus, in GCI [89]. Clearly, mitochondrial health is an 

important contributor to neuronal degeneration. As such, mitochondrial dysfunction has 

become an attractive target for neuroprotection against ischemic insult.

MB has shown to be neuroprotective in several ischemic injury models, owing in part to its 

antioxidant capacity and its ability to facilitate alternative mitochondrial transfer. That said, 

much of the work in the field has focused on MB’s inhibition of NOS activity. Much of this 
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work has been done on piglet models of cardiac arrest in the Wiklund lab. In 2007, they 

demonstrated that MB administration in the piglet cardiac arrest model could significantly 

increase survival over 5 hours if delivered 1 minute after resuscitation. Interestingly, they 

noted that MB crossed the blood brain barrier and later found that it could preserve BBB 

integrity [90,45]. This group later found that MB treatment increased systemic circulation 

via NOS inhibition and decreased measures of lipid peroxidation and inflammation. These 

protective effects were seen both in brain and heart tissue in the porcine model [45]. The 

neuroprotective effects of MB were amplified significantly when combined with 

hypothermia in both pigs and rodents [46,47], perhaps due to the maintenance of proper 

mitochondrial function while slowing down metabolism and inducing hypothermic cellular 

responses [91]. It is possible that the efficacy of the TH may be enhanced with the addition 

of a mitochondrial function promoter, especially one that can mitigate oxidative damage. 

More evidence, however, is required to make a solid conclusion on the prospect of MB+TH 

combination therapy.

Cell culture studies from other labs have shown that some of the neuroprotective effects of 

MB are involved with Hif-1α stabilization and phosphorylation of the Akt pathway [44]. 

Some of the effects may be due to caspase inhibition. MB can also oxidize the functional 

cysteine residue on both caspase-3 and caspase-6, preventing their proteolytic action [48]. 

This phenomena could also underlie MB’s neuroprotection, and should be further 

investigated.

The same mitochondrial neuroprotective mechanisms of MB demonstrated in GCI have 

likewise displayed efficacy in several animal models of stroke. MB could increase cerebral 

blood flow in hypoperfused tissue in a permanent MCAO model in rats by blocking the 

vasomodulatory actions of NO via inhibition of GC and NO synthase, preventing escalating 

development of the penumbra [52,49]. The underlying mitochondrial mechanism of MB was 

validated in stroke models, with increased O2 uptake, complex IV activity, and ATP content 

[54,50,51]. Other work has repeatedly shown that infarct size can be managed or reduced 

with MB, and that this protection is commensurate with improved behavioral outcomes in 

rodent models [44,53]. The mechanisms by which this is accomplished are varied.

In an aforementioned study, it was shown that MB managed to rescue mitochondrial 

structure and mitochondrial membrane potential while preserving mitophagy [51]. Similar 

studies have related the induction of autophagy by MB with activation of mTOR and AKT 

phosphorylation [44,92]. Notably, recent work applying MB to subarachnoid hemorrhage, a 

form of hemorrhagic stroke notably underrepresented in MB research, showed similar 

increases in AKT phosphorylation and GSK-3β that were accompanied by improved 

neurological function and reduction of neuroinflammation [55]. Across the board, MB was 

found to inhibit pro-apoptotic pathways and confer neuroprotection against cell death in the 

penumbra region, in some cases preserving critical cellular structures like astrocytic endfeet 

[93,50].

As mentioned earlier, work in our lab found that MB could promote neuroprotection via 

decreasing caspase activation and protecting mitochondrial membrane potential. The results 

were also correlated with improved behavioral performance in the Barnes maze, a classic 
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test of hippocampal dependent spatial memory [43]. Our further work applied MB treatment 

to a rat photothrombotic stroke model. We demonstrated neuroprotection against neuronal 

cell death as well as promotion of stroke-induced neurogenesis. These results were parallel 

with decreases in microenvironmental inflammation [54]. We propose that this is a result of 

the role of mitochondria in neurogenesis, which will be discussed in greater detail in a later 

section.

Combination therapy is being explored with great interest, despite the inherent complexity 

of study design. A novel example of this combined normobaric hyperoxia treatment with 

MB. Combination therapy decreased infarct volume and yielded behavioral improvements in 

a stroke model beyond that of either treatment alone [56]. Our work found that the addition 

of MB to therapeutic hypothermia managed to rescue neuronal cell death and behavioral 

outcomes after extended GCI. Moreover, combination therapy significantly reduced glial 

activation, inflammation, and caspase 3 apoptotic pathways. This was in conjunction with 

amelioration of mitochondrial dysfunction. All of these effects were markedly increased in 

combination therapy in comparison to either monotherapy [46]. It is therefore likely that 

combination therapy is the key to maximizing the beneficial effects of MB, especially 

considering the wide range of scope and variety of ischemic brain injury, stroke in particular. 

If MB does prove successful in the treatment of ischemic brain injury, focal or global, it 

could open up effective treatment in diverse healthcare settings due to its pervasive 

distribution worldwide.

3.2 Methylene blue and Alzheimer’s disease

AD is a progressive neurodegenerative disorders affecting 1 in 9 people over 65, leading to 

memory loss, cognitive decline, severe disability, and death [70]. As it stands, there is no 

effective treatment for AD that can halt or significantly slow the patient’s inexorable decline. 

In this regard, this makes AD unique among the US’s major killers, as it is one of the few 

top causes of death with little preventative or therapeutic measures [70]. Considering the 

growth of the aged community as a result of better, more accessible healthcare, the 

importance of therapeutic options to manage AD is only going to become more critical over 

time. The development of drugs that can target key mechanisms, or multiple mechanisms in 

the case of MB, is imperative.

AD is classically characterized histologically via the accumulation of senile plaques, 

amyloid β (Aβ) oligomers, and neurofibrillary tangles (NFT), consisting of 

hyperphosphorylated tau protein [70]. Aβ is a product of the proteolytic cleavage of 

membrane-bound amyloid precursor protein (APP) by γ-secretase and β-secretase in 

succession. APP processing of Aβ can proceed down one of two pathways, the 

amyloidogenic and non-amyloidogenic pathways [94]. The non-amyloidogenic pathway 

begins with APP cleavage by α-secretase that yields a soluble N-terminal fragment, sAPP-

α, and a membrane-bound C-terminal fragment (CTF-α). CTF-α is further processed by γ-

secretase to yield another N-terminal soluble fragment, p3. The soluble fragments generated 

by this sequence do not form aggregates and are not neurotoxic. The amyloidogenic 

pathway, however, commences with APP cleavage by β-secretase, generating sAPP-β. γ-

secretase cleavage of the remaining CTF-β fragment generates Aβ, which aggregates 
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progressively from oligomers to plaques, which accumulate extracellularly, interfering with 

cellular function and activating inflammatory pathways [94]. Oligomeric Aβ also 

accumulates intracellularly, localizing in the mitochondria, contributing to the mitochondrial 

dysfunction and energy failure characteristic in AD pathology [95].

Classically, the main approach to AD therapeutic research has targeted Aβ. MB has, as 

recently as 2007, begun to be studied in this capacity. Early work found that MB can 

promote fibrillization of Aβ, thereby inhibiting the formation of neurotoxic oligomeric Aβ, 

although later in vitro studies were contradictory [96,67]. Work done in transgenic mice 

(3xTg-AD) has found that MB supported proteolytic clearance of Aβ by increasing 

chymotrypsin and trypsin-like proteasome activity in the brain [64]. Decreased deposition of 

Aβ in the hippocampus and neighboring cortex was observed in another transgenic mouse 

(APP/PS1) model, and these observations were supported by commensurate protection 

against cognitive decline in behavioral tasks measuring social interaction, learning and 

memory, and exploratory activity [61]. Similar results were reported on the transgenic 

PSAPP mouse wherein the anti-amyloidogenic mechanism was determined to be related to 

attenuation of β-secretase activity and expression [60].

Mitochondrial dysfunction in early occurrence in AD pathology, present before significant 

plaque deposition and cognitive decline [97–99]. Respiratory chain activity is hampered, 

specifically at complexes III and IV, leading to decreased energy metabolism in affected 

regions [98,100,101]. Soluble Aβ is known to colocalize in the mitochondria, and is 

imported by the mitochondrial import complex, TIM/TOM [102,103]. Once in the 

mitochondria, Aβ acts on several molecular targets, including Aβ-binding alcohol 

dehydrogenase (ABAD) and complex IV, triggering ETC damage and subsequent ROS 

production leading to a failure of mitochondrial membrane potential [104,63,105,103].

Beyond damaging cellular components, Aβ-induced ROS generation also serves to induce 

mitochondrial fragmentation as a result of s-nitrosylation of Drp1 [106]. This alteration in 

mitochondrial dynamics is concomitant with decreases in axonal mitochondrial transport 

[104] Aβ also leads to increased mitochondrial Ca2+ levels that can induce mPTP opening, 

releasing cytochrome c and apoptosis inducing factor (AIF) that trigger induction of cell 

death pathways [97]. These features point to the striking clinical significance of 

mitochondrial failure in AD as well as a potent target of therapeutics, such as MB.

MB is well known to promote complex IV activity and mitochondrial activity and this effect 

extends to the AD brain [107,26]. One of MB’s primary mechanisms is promotion of 

complex IV activity via electron cycling, but a contributing factor is upregulation of heme 

synthesis [63,107]. In the rat streptozotocin (STZ) model of AD, increases in complex IV 

and ATP production were reflected in the amelioration of cognitive deficits induced by 

hippocampal damage [57]. MB has shown to decrease markers of oxidative stress in several 

AD models through methods of electron cycling and through inhibiting downstream 

mechanisms and interactions [57,108,109].

One such method is inhibition of Aβ-ABAD binding, preventing the associated ROS output, 

MMP failure, and subsequent cell death [109–111,103]. Promoting mitochondrial function 
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can prevent cytosolic release of pro-death factors, but MB can take this protective measure 

one step further by deactivating caspases via oxidation of functional cysteine MB also 

targets the other hallmarks of the disorder, NFTs and Aβ plaques. Considering the 

progressive feedback manner of nearly every aspect of AD mechanisms, these broader 

mechanisms mitigate further mitochondrial impairment.

Another significant feature of AD is the presence of NFTs, aggregates of 

hyperphosphorylated tau protein (p-tau). Tau is a microtubule associated protein that is 

highly prevalent in the CNS, stabilizing neuronal microtubules. Tau is a target of 

phosphorylation for kinases such as glycogen-synthase kinase 3 β (GSK3β), c-Jun kinase 

(JNK), and cyclin-dependent kinase 5 (cdk5) [112–114]. While phosphorylation of tau is a 

physiological process, excessive tau phosphorylation is pathological and a contributor to 

neuronal degradation in AD.

When excessively phosphorylated, tau dissociates from microtubules causing their 

destabilization and subsequent dissolution. Meanwhile, p-tau itself aggregates into tangles 

[115]. By disrupting microtubule networks, cellular function and axonal transport is 

compromised, such as the aforementioned mitochondrial transport deficits [116]. Clearance 

of via the proteasome is also hampered. Though p-tau is heavily ubiquitinylated, p-tau 

continues to accumulate in excess of what the proteasome can clear [117,116]. Whether 

tauopathy precedes Aβ pathology or is a consequence of it is hotly debated, as is its exact 

contribution to the pathology. Regardless, it is clear that tau aggregation plays a vital role in 

AD, and targeting its dysfunction is an important topic of study.

Pioneering work in the application of MB to AD was done by Claude Wischik, wherein his 

laboratory found that MB reverses tau aggregation by blocking tau-tau binding, albeit at 

doses higher than clinically relevant levels [66]. MB and its derivatives decreased 

accumulation of tau filaments in an in vitro assay, which was later found to be due to 

inhibition of filament formation on the first and fourth repeat peptides on the tau 

microtubule binding domain [68,118]. Unlike other related dyes, MB doesn’t bind to or 

associate with tau proto-fibrils [119]. It prevents fibrillization by oxidizing cysteine residues 

in tau, causing them to form a more stable monomer form that is resistant to aggregation 

[69].

In addition, it was also observed that MB helped promote clearance of tau filaments by 

inducing autophagy [65]. Multiple studies have found that MB helped reduce tau load in 

different tauopathy transgenic mouse models over short term and long term treatment and 

that this clearance was associated with amelioration of cognitive deficits [58,62]. If delivered 

preemptively, MB can prevent cognitive decline and tau accumulation in transgenic mice 

expressing pro-aggregant human tau [120].

Studies applying MB to different animal models yielded interesting, albeit somewhat 

conflicting, results. MB failed to reduce tau burden in a zebrafish model, although it showed 

promising results in decreasing huntingtin aggregation [121]. In a C. elegans transgenic 

tauopathy model, MB cleared tau and promoted proper mitochondrial transport that was 

accompanied by increased motility [122].
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MB has been applied to human clinical trials, beginning with a phase 2 clinical trial for MB 

under the name “Rember.” The trial showed both cognitive and cerebral blood flow 

improvements for patients with mild to moderate AD [59]. A variant of the molecule, leuco-

methylthioninium bis (hydromethanesulfonate), or LMTM, was developed that was more 

stable in the reduced form [15]. Unfortunately, a subsequent 15 month phase 3 study of 

LMTM yielded negative results [14]. Another study of LMTM on mild cases of AD is 

forthcoming. These studies and others may further elucidate protective mechanisms of MB 

against AD, and may one day lead to clinical translation.

3.3 Methylene Blue and Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder resulting from the 

death of dopaminergic neurons in the substantia nigra (SN), clinically presenting as tremor, 

rigidity, impaired movement, flat facial affect, and depression [4]. Occurrence of the disease 

usually presents after age 50, affecting 100–300 out of every 100,000 people, manifesting 

motor symptoms in the majority of patients [123]. PD decreases life expectancy of patients, 

with the age of onset significantly affecting prognosis; those with early onset have decreased 

life expectancy of 10 years while those with late onset lose around 5 years of life expectancy 

[124]. Mortality in PD is commonly a result of falls or respiratory infection and edema, 

often resulting from accidental food aspiration due to difficulty swallowing [125–127].

Parkinson’s treatment usually consists of administration of the dopamine precursor levodopa 

which decreases rigidity and tremor. Unfortunately, levodopa therapy is concomitant with 

neurological and behavioral side effects, and ever increasing doses and secondary 

medications are usually required over the course of treatment [128]. Levadopa, however vital 

to patients, is a palliative treatment, and doesn’t slow the progression of the disorder. As 

such, it is critical to develop therapies that can target key mechanisms of neuronal damage to 

halt or reverse the course of the disease.

The histological hallmark of Parkinson’s disease is the presence of Lewy Bodies and Lewy 

Neurites, intracellular aggregates of the protein α-synuclein (α-syn) [4]. These aggregates 

are heavily associated with alterations in the expression of the E3 ubiquitin ligase, Parkin, 

which causes deficits in mitochondrial quality control by impeding microtubule trafficking 

[129]. A-syn, when translocated to the mitochondria, can impair the function of both 

complex I and complex IV of the ETC, leading to progressive mitochondrial dysfunction 

that is potentiated by deficient mitophagy [130,131]. This ETC dysfunction is the basis upon 

which two of the most widely used models of PD symptoms are generated: MPTP and 

rotenone, both of which inhibit complex I [5,132]. These toxins cause characteristic damage 

to SN dopaminergic neurons and manifest parkinsonian tremor [132]. As with all 

neurodegenerative diseases with a mitochondrial mechanism, therapeutic strategies targeting 

such dysfunction offer an alluring line of research.

The seminal work that determined the alternative electron transfer capacity of MB was 

discovered using a rotenone model of PD. Along with the aforementioned preservation of 

ETC function, MB treatment was accompanied with behavioral improvements in tremor, 

locomotion, posture and motor skills [5]. Beyond this study, the evidence of the efficacy on 

PD is indirect, yet still promising. Both mitophagy and general autophagy are induced by 
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MB administration, which could mitigate the mitochondrial quality control deficits that lead 

to the progression of the disorder [51,65]. Moreover, the established antioxidant and ETC 

promoting functions of MB in the mitochondria target the very complexes most targeted by 

PD [27,5,133].

With its low side effect profile, there lies the possibility that MB delivered prophylactically 

or at the early stages of PD may prevent the progression of the disorder due to the beneficial 

effects of the low levels of H2O2 generated by MB in physiological conditions, mediated by 

the Nrf2/ARE pathway, which is tentatively implicated in PD [134,135,30]. Finally, the 

MAOI properties of MB may provide added benefits to an ongoing regimen of levodopa, 

although the safety profile of this combination needs to be carefully investigated [136,128]. 

The close association of the profile of MB’s mitochondrial effects and the mitopathy present 

in PD seem promising, highlighting the necessity of applying MB to the various PD 

chemical and genetic animal models.

3.4 Methylene Blue in Traumatic Brain Injury

In recent years, TBI has gained renewed public interest due to the visibility of sports injuries 

and soldiers returning from active combat zones worldwide. Traumatic brain injury is a 

significant cause of death and disability, with nearly 2 million cases annually in the United 

States [137]. TBI is the result of forceful head trauma, although this simple explanation 

belies the heterogeneous nature of the condition. TBI injury consists of two phases: primary 

and secondary. The primary injury is the mechanical insult itself, which causes shearing of 

axonal tracts, rupture of microvasculature and compression of brain tissue. Secondary injury 

develops over time, encompassing increasing intracranial pressure, brain edema, 

excitotoxicity, progressive inflammation, glial activation, metabolic failure, seizures and 

ischemic damage [138,139]. The disturbances caused by TBI vary based on the intensity of 

the blow; severe cases may present unconsciousness, long-term memory loss, and seizures, 

while “mild” TBI can present confusion, attentional or cognitive deficits, and memory 

retention deficits, although the definition of mild TBI is somewhat blurry [138,140].

Much of the cellular pathology in TBI bears striking similarities to ischemic brain injury, 

and for good reason. Increased intracranial pressure, misregulated CBF, and compromised 

microvasculature all serve to limit blood flow and subsequent oxygen delivery to the brain 

leading to energy failure, excitotoxicity and mitochondrial dysfunction [141,142]. 

Overproduction of ROS leads to progressive mitochondrial decline and chronic glial 

activation, serving to generate the familiar pattern of mitochondrial driven 

neurodegeneration [143,144]. Mechanical disruption of white matter tracts further 

compounds damage by disrupting axonal mitochondrial transport. Dysfunctional 

mitochondria post-axotomy release excessive ROS near sensitive, lipid-rich 

oligodendrocytes causing significant lipid peroxidation and further the progression of gliosis 

[145]. ROS and regional inflammation cause the permeabilization of the BBB by activating 

matrix metalloproteinases and decreasing tight junction protein expression. This feeds back 

and promotes inflammation and infiltration of peripheral macrophages, again upregulating 

expression and release of inflammatory factors and inflammatory signaling [146].
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These processes lead to activation of competing cell death pathways generating death 

phenotypes on a continuum from apoptosis to necrosis [147]. Targeting these pathways has 

proven difficult. Therapeutic hypothermia has been applied, much as to GCI. In the case of 

TBI, it is effective for reducing intracranial pressure, but the same limitations in technique 

and accessibility apply [148]. Hyperbaric oxygen therapy has likewise been studied with 

limited efficacy [149]. Significant study has been devoted to anti-oxidant therapy for TBI 

yielding promising preclinical results. These results, unfortunately, have not translated as 

well in clinical trials [150]. It is possible that many of the failures of TBI therapies, as well 

as those for other neurodegenerative conditions, relates to preclinical study design or species 

difference. In stroke and TBI especially, a major factor may be the heterogeneity of injury. 

Regardless, the window for effective therapies is wide open and patients are in desperate 

need.

Few preclinical studies have examined MB therapy after mild TBI, but the present studies 

are encouraging. Initial studies indicated that MB delivered twice shortly after TBI could 

decrease infarct volume over multiple time points extending out to 14 days post-TBI. MB 

mitigated somatosensory deficits in behavioral tests and decreased cell death in the affected 

cortex [72]. This was corroborated with work showing that MB treatment administered 

within 15–30 minutes of TBI could reduce cerebral edema, inflammation long term after 

TBI. Neurological scoring improved with MB, but no differences were seen on specific 

motor coordination tests [73]. These results are encouraging, but the dosing strategy is 

unrealistic; it is highly unlikely that a TBI patient will have the opportunity to have near-

immediate infusion of MB.

Fortunately, other studies have shown that treatment even 24 hours after TBI can reproduce 

similar improvements in infarct size and neurological function [71]. These results were 

mirrored and expanded on in a subsequent study with a multi-treatment paradigm wherein 

MB treatment reduced edema, long-term gliosis, neuronal cell death, and infarct size while 

protecting against behavioral deficits. Moreover, these benefits were tied to increased 

induction of autophagy [70].

These studies and others relating to ischemic injury are heartening, as patients with TBI are 

in dire need of effective therapies, especially those as inexpensive and accessible as MB. 

Owing to the diverse nature of head trauma, however, it is unlikely that a single agent will 

provide the most optimal protection from the constellation of pathologies following TBI. As 

such, MB will likely prove most effective in a form of combination therapy, as previously 

described in the context of GCI and stroke. Currently, there have been no such studies, but 

the growing literature of MB combination therapy in other brain injuries may provide a solid 

base upon which to design those applicable to TBI. Though these studies will be inherently 

complex, the prospect of effective management of TBI-induced neuronal damage is too vital 

to ignore.
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4. Methylene Blue in Cognitive Enhancement, Age-Related Cognitive 

Decline, and Neurogenesis

Cognitive enhancement via pharmaceuticals is an idea that has long captured the public’s 

attention and imagination. The concept is prevalent in the public consciousness, and entire 

online communities are centered on the concept and exploration of potential cognitive 

enhancers, or nootropics. Proposed cognitive enhancers range from amino acid supplements 

to classically used herbal supplements [151,152]. Clinically prescribed stimulants are often 

abused, particularly on college campuses, for this purpose, adding to public stigma of 

legitimate patients and the validity of attention deficit hyperactivity disorder diagnoses at 

large [153]. Clearly, enhancing cognition is of significant interest by the public, as well as 

researchers. Improvements to cognition could prove in the favor of public good in terms of 

productivity and quality of life, especially in respect to aged populations. In light of this, 

cheaply available compounds that could safely support or improve cognition are ideal 

candidates. MB, in this regard, is therefore a promising contender.

The concept of cognitive enhancement via mitochondrial modulation has been investigated 

increasingly in recent years. The general concept is that by improving mitochondrial 

function and oxidative defenses, neurons can function with improved efficiency and 

maintain proper health, improving basal function and stymieing cognitive decline associated 

with age and neurodegeneration [154]. Early work by Gonzalez-Lima has shown that MB 

improved spatial memory retention alongside long-lasting mitochondrial respiratory 

function, mediated through complex IV [26]. The long-term upregulation of CCO may be 

related to increased H2O2 production without superoxide formation, via MB in physiological 

conditions, leading to upregulation of Nrf2/ARE [135]. In a human study, MB 

administration increased cerebrovascular reactivity in psychomotor vigilance task and a 

short-term memory test. This was accompanied with modest improvements in performance 

on the short-term memory test [155]. These benefits correlated with mitochondrial function 

are corroborated by experiments showing similarly improved cognition with 

photobiomodulation, the stimulation of complex IV with transcranial near-infrared laser 

irradiation [156].

Metabolic derangement is a well-established observation in the brains of the elderly, 

especially in regions classically associated with higher brain functions [157–159]. 

Mitochondrial damage accumulates over time and progressively contributes to neuronal 

decline as one ages, much as in neurodegenerative conditions [158]. These mitochondrial 

insults include breakdown of the electron transfer chain, deficient mitophagy and a shift 

towards excessive fission, mtDNA mutations, and excessive ROS production [158]. These 

features are associated with cognitive deficits, in the elderly just as in those with AD, GCI, 

major depressive disorder, and other conditions. As such, protecting mitochondrial health 

may provide some measure of protection against dementia or other forms of age-related 

cognitive deficits. MB, as detailed previously can stymie or prevent many of these 

mitochondrial insults and may have potential, in this manner, to protect cognition against the 

metabolic ravages of advancing age. This possibility, as of yet, has not been investigated 

formally, and remains an open-ended question and field of scientific inquiry.
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Neurogenesis is well accepted to occur through adulthood, both as a physiological process 

and as a response to injury [160]. After development, neurogenesis is limited to three 

regions of the brain, the olfactory bulb, the cortical subventricular zone (SVZ), and the 

subgranular zone (SGZ) of the hippocampal dentate gyrus (DG). Impairment of this process 

is associated with disruption of memory consolidation and mood regulation, and is 

implicated in neurodegeneration and age-related cognitive decline, as neurogenesis and 

related processes sharply decline in old age [161]. As such, stimulating and sustaining 

neurogenesis is an alluring target for age-related dementia, considering the substantial 

shared features with other pathological forms of neurodegeneration.

Neurogenesis is likewise simultaneously stimulated and inhibited in the conditions 

proceeding after brain injury [162]. In animal models of stroke, neurogenesis is promoted in 

both the SVZ and SGZ alongside release of erythropoietin and both vascular and epidermal 

epithelial growth factors that induce proliferation of neuronal progenitor cells (NPCs) [162–

164]. Newly formed neurons migrate to the injured region, and attempt to functionally 

incorporate into existing neuronal circuitry to facilitate repair [165]. Neural repair by 

stimulating neurogenesis is appealing, but is limited by the microenvironmental response to 

injury. Chronic neuroinflammation and glial activation, both features associated with 

advancing age [166] are shared across most neurodegenerative conditions, and both of these 

factors stunt neurogenesis [166] [160,167–171]. This deficit in neurogenesis can by 

mitigated by anti-inflammatory treatments [172]. ROS generated by reactive glia also 

damage and deplete NPC pools [173]. The addition of an antioxidant, much like the anti-

inflammatory blockade, prevented the depletion of newly-formed neurons [174]. In addition, 

integrity of mitochondria is crucial for neurogenesis, and is thusly upregulated during 

proliferation and differentiation [175]. Deficits of mitochondria, largely performed in cybrid 

experiments, display marked impairments in both proliferation and differentiation [176–

178].

Few studies have applied MB to neurogenesis, but those that have, as well as the general 

actions of MB, suggest a potential for beneficial effects. Previously mentioned GCI research 

applying MB to a piglet model revealed that MB upregulated genes related to neurogenesis, 

including synaptogenesis, neurite outgrowth, and pro-survival factors [91]. MB 

downregulated the proliferation of rat NPCs by downregulating cyclin expression and 

mTOR activity. This seems contradictory, but excessive proliferation depletes the NPC pool, 

decreasing future capacity for neurogenesis. MB also did not affect neuronal differentiation. 

These results, however, were observed in post-natal day 1 rats, so it is unclear whether this 

protective mechanism is relevant in the injured adult brain [179]. Work in our lab found that 

MB delivered after photothrombotic stroke promoted neurogenesis. Furthermore, it 

downregulated inflammation, gliosis, and improved mitochondrial function, all features that 

contribute to neurogenic deficits. This leads us to believe that MB may possibly promote or 

support neurogenesis after injury by making the local microenvironment more amenable to 

newly formed neurons while supporting their mitochondrial efficiency [54]. While 

sustaining the survival of newly formed neurons is tantamount, supporting their migration is 

likewise imperative to sustain neural repair. Once again, evidence is limited, but recent 

evidence indicates that MB could modulate the migratory of murine adult neural stem cells 

in a cell migration assay [180]. Much more evidence is necessary to draw a solid conclusion 
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on the effect and role of MB in promoting adult neurogenesis and mitochondrial health in 

old age. If validated, MB may serve as a multifaceted tool for preserving cognition and 

quality of life for the elderly population, a demographic vital in an aging society.

6. Adverse Effects and Contraindications of Methylene Blue

MB clearly shows promise as a therapeutic for many conditions, but, like any drug, it carries 

with it a set of limitations. The vasomodulatory properties of MB are useful at therapeutic 

doses, but carry risk at higher concentrations. These risks range from increased blood 

pressure and vascular resistance to disturbances in cardiac function and rhythmicity [2]. 

Likewise, MB can influence pulse oximetry measurements, hindering proper diagnostics.

Another toxic effect is the induction of anemia in individuals with glucose-6-phosphate 

dehydrogenase deficiency. Neonates are also susceptible to anemia and many other adverse 

effects as a response to MB [2]. In the neonate, MB can induce hyperbilirubinemia, 

presenting as jaundice [181]. This is rather unfortunate, as the accepted treatment for 

hyperbilirubinemia is phototherapy, which activates MB’s photodynamic activity. This 

generates excited oxygen species, which causes significant damage to the epidermis [182]. 

Thus, in any application, MB should be treated with the care of any other photosensitizer. In 

the neonate, MB treatment can also lead, paradoxically, to methemoglobinemia [183].

The final, and most clinically relevant in the adult patient, adverse effect is related to the use 

of common psychiatric medications, selective serotonin reuptake inhibitors (SSRI). MB is a 

potent MAOI which, in conjunction with an SSRI, can potentiate serotonin syndrome, a life 

threatening medical emergency [184–186]. Considering the ubiquity of patients on SSRIs, it 

is prudent to screen patients for these drugs before MB administration. Regardless, that the 

risks of MB are relatively low and reasonably predictable bodes well for adaptation in the 

clinic.

7. Conclusions

Neurodegenerative disorders are a daunting challenge in medicine, exacting a heavy toll, 

both human and financial. The relative scarcity of therapeutic options is intrinsically 

discouraging, but it is this same vacancy that should spur innovation. The struggle of these 

patients motivates dedicated investigators, and the untapped nature of this market should 

encourage investors to support these efforts. Though these ambitions may be dampened by a 

less than stellar track record, there is hope in lower-risk ventures in the form of repurposed 

pharmaceuticals, such as MB. The excellent safety record of MB is well established by a 

century of medical use. Its newly explored role as a mitochondrial enhancer and recycling 

antioxidant is key to its potential as a therapeutic agent. With encouraging results in 

preclinical trials of some of the most disabling neurodegenerative conditions, MB should be 

investigated with renewed enthusiasm in years to come. If these results are validated in 

future human studies, MB could prove to be a versatile agent that could improve the health 

of patients suffering from the burden of neurodegenerative disorders and brain injury, giving 

them and their loved ones relief and a better quality of life.
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Figure 1. 
Chemical structure of methylene blue and leucomethylene blue.
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Figure 2. Diagram of MB as an alternative mitochondrial electron transporter
Electrons in the mitochondrial electron transfer chain are transferred from complex I – 

complex IV, providing the transmembrane potential to drive production of ATP by complex 

V. Electron leakage from complex I and complex III acts as the main cellular source of ROS 

production. MB has been demonstrated as an alternative mitochondrial electron transporter 

to reroute electrons directly from complex I to complex III, avoiding electrons leakage and 

subsequent ROS production. This significantly facilitates complex IV activity, increasing 

mitochondrial respiration
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Figure 3. MB in neurodegeneration
MB can protect against neuronal apoptosis by suppressing mitochondrial dysfunction and 

subsequent oxidative damage and ATP decline. MB supports neurogenesis by ameliorating 

neuroinflammation and promoting neurite outgrowth and synaptogenesis. In this manner, 

MB can prevent neuronal damage and may facilitate neuronal repair.
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Table 1

Summary of effects of MB on neurodegenerative disorders and brain injury and related mechanisms

Condition of Interest Observed Actions of MB Known Mechanisms of Action

Global Cerebral Ischemia • Neuroprotection [43–45]

• Neurological [43]

• Promotes mitochondrial function [43]

• Improves neuroprotection in 
combination with hypothermia [46,47]

• Oxidizes/inactivates caspase 3/6 [48]

• Inhibits GC and nitric oxide synthase 
[49]

• Stabilizes Hif-1α and phosphorylates 
Akt [44]

• Promotes complex IV activity [43]

Stroke • Neuroprotection and decreased infarct 
size and [50–53]

• Neurological Improvement 
[54,50,51,53]

• Preserves mitochondrial structure and 
function [54,51]

• Preserves BBB integrity [55]

• Improves neuroprotection in 
combination with normobaric 
hyperoxia [56]

• Promotes neurogenesis [54]

• Upregulates mitophagy and autophagy 
related proteins [51]

• Upregulates Akt and GSK-3β [55]

• Upregulates complex IV expression and 
activity [54]

• Decreases pro-inflammatory factor 
release [55,54]

Alzheimer’s Disease • Improved cognitive function [57–62]

• Neuroprotection [57]

• Preserved mitochondrial function 
[57,30,63]

• Decreased Aβ levels [60,64]

• Decreased tau burden [58,62,65,66]

• Increased cerebral blood flow [59]

• Inhibits oligimeric Aβ formation [67]

• Increases proteolytic clearance of Aβ 
[64]

• Decreases β-secretase activity [60]

• Upregulates complex IV activity [30,63]

• Upregulated heme synthesis [63]

• Decreased oxidative stress [57]

• Prevented tau-tau binding [66]

• Inhibited tau filament formation on 
microtubule binding domain [68]

• Oxidized tau cysteine residues [69]

Parkinson’s Disease • Neurological improvement [5]

• Improves mitochondrial function [5]

• Alternative mitochondrial electron 
transfer [5]

Traumatic Brain Injury • Neuroprotection [70–72]

• Decreases infarct size [70–72]

• Decreases edema [73]

• Improves neurological function 
[71,73,72]

• Reduces glial activation [70]

• Decreases pro-inflammatory factor 
release [73]

• Promotes induction of autophagy [70]
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