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Abstract

Mitochondrial dysfunction (primary or secondary) is detrimental to intermediary metabolism. 

Therapeutic strategies to treat/prevent mitochondrial dysfunction could be valuable for managing 

metabolic and age-related disorders. Here, we review strategies proposed to treat mitochondrial 

impairment. We then concentrate on redox-active agents, with mild-redox potential, who shuttle 

electrons among specific cytosolic or mitochondrial redox-centers. We propose that specific redox 

agents with mild redox potential (−0.1 V; 0.1 V) improve mitochondrial function because they can 

readily donate or accept electrons in biological systems, thus they enhance metabolic activity and 

prevent reactive oxygen species (ROS) production. These agents are likely to lack toxic effects 

because they lack the risk of inhibiting electron transfer in redox centers. This is different from 

redox agents with strong negative (−0.4 V; −0.2 V) or positive (0.2 V; 0.4 V) redox potentials who 

alter the redox status of redox-centers (i.e., become permanently reduced or oxidized). This view 

has been demonstrated by testing the effect of several redox active agents on cellular senescence. 

Methylene blue (MB, redox potential ≅10 mV) appears to readily cycle between the oxidized and 

reduced forms using specific mitochondrial and cytosolic redox centers. MB is most effective in 

delaying cell senescence and enhancing mitochondrial function in vivo and in vitro. Mild-redox 

agents can alter the biochemical activity of specific mitochondrial components, which then in 

response alters the expression of nuclear and mitochondrial genes. We present the concept of 

mitochondrial electron-carrier bypass as a potential result of mild-redox agents, a method to 

prevent ROS production, improve mitochondrial function, and delay cellular aging. Thus, mild-

redox agents may prevent/delay mitochondria-driven disorders.
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1. Overview

Among the cellular metabolic network, mitochondrial metabolism occupies a unique 

position for its vital role in cellular energy metabolism, intracellular signaling, and 

regulating cell death and survival. Thus, compromised mitochondrial function puts the 

cellular metabolic network in disarray. Additionally, oxidative and nitrosative stresses 

covalently alter key components of the cellular network. Furthermore, free radicals and 

oxidants (e.g., superoxide radical and hydrogen peroxide, respectively) can alter the redox 

status of various redox centers due to their ability to interact with iron or copper in redox 

centers. Mitochondria are enriched with such redox centers. Therefore, it is no surprise that 

mitochondrial dysfunction plays a central role in the pathogenesis of numerous human 

diseases (e.g., neurodegeneration, diabetes). In fact, mitochondrial dysfunction is as 

detrimental to the cellular metabolic network as genetic mutations are when they happen in a 

gene that plays a central role in cellular metabolism [1–3].

In this review, we examine the emerging concept of mitochondrial medicine and review 

current efforts that may set the course for future drug development. We are particularly 

interested in the role that mild redox agents may play in designing new mitochondria 

targeted drugs. We discuss the significance of the redox potential in regard to determining 

the specificity of the interaction with physiologic redox centers (Scheme 1). We also discuss 

the chemical structure, which is essential for the compartmentalization of the redox agent 

within the cell (e.g., mitochondria vs. cytosol). We are using our research on methylene blue 

(MB), where we set the concept of electron bypass by mild redox agent, as a tool to prevent 

free radicals production and enhance cellular metabolic activity. MB seems to possess the 

basic features for both chemical structure and being a redox agent with the potential that it 

will not excessively accumulate in mitochondria and will not compromise the oxidation state 

of the physiologic redox centers.

Impaired mitochondrial function is often linked to physical and cognitive impairments in 

age-related disorders [4]. Impaired mitochondrial function interferes with energy and 

intermediary metabolism, increases the production of oxidants, and increases the risk for 

tissue dysfunction. These declines are linked, in part, to age-associated changes in 

mitochondria in neuronal and muscle cells leading to impaired hippocampal or muscular 

functions, respectively. For example, the decline in the activity of mitochondrial function, 

energy hypometabolism, and increased oxidative stress are associated with the early signs of 

various age-related dementias. The risk for mitochondrial dysfunction increases as a result 

of nutritional deficiencies, exposure to environmental toxins, aging, or due to genetic 

disorders. Therefore, mitochondria-protecting agents may be potential drugs to prevent or 

delay age-related neurodegenerations such as Alzheimer’s disease (AD), the most common 

age-related dementia. Adequate mitochondrial function for preventing age-related disorders 

is accepted by most scientists as a promising therapeutic strategy. This view led to the 

search for strategies to delay or protect mitochondria, which involves different disciplines 

such as pharmacological, nutriceuticals, and DNA manipulation.

Mitochondria-targeted treatments could also prevent mitochondrial dysfunction that may 

result from drug toxicity and its side effects. Certain therapeutic drugs can involve 
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mitochondrial toxicity (e.g., ifosfamide, doxorubicin) [5–10] and may cause cell death and 

organ malfunctioning [11]. Thus, protecting mitochondria may preserve normal organ 

function and minimize the side effects of important drugs.

Genetic manipulation of mitochondrial dysfunction as a therapeutic strategy is very 

challenging, particularly when it involves genes specific for mitochondrial DNA (mtDNA). 

In light of the absence of a suitable technology to manipulate mtDNA in a clinical setting, as 

is the case in Nuclear DNA (nDNA), pharmacology is the only resort left for mitochondria-

based therapy. Preventative strategies could be a key strategy for delaying the age-related 

health disorders.

In addition to therapeutic strategies, diagnostic markers are also needed as they will 

facilitate the cause-effect relation between mitochondrial dysfunction and a disorder (e.g., 

the current debate about the role of mitochondria in autism, diabetes, and obesity). In this 

regard, clinical practice will tremendously benefit from such markers and it will make it 

easy for clinicians to identify the metabolic abnormalities linked to or caused by 

mitochondrial dysfunction. Based on our previous research, we propose that specific redox 

active agents have the potential to improve mitochondrial function.

2. Mitochondria and cellular metabolism

Many of the cellular biochemical activities are confined to the mitochondria, including 

reactions of energy transduction, calcium homoeostasis, iron assimilation into heme or iron-

sulfur clusters, steroid synthesis, redox-homeostasis, control of apoptosis, in addition to the 

synthesis of specific metabolites (e.g., tetrahydrobiopterin). Although some of these 

functions are assigned to specific types of cells (e.g., steroid synthesis), others are more 

common (e.g., heme synthesis). However, impairment to any of these mitochondrial 

functions would compromise cellular intermediary metabolism, which impairs cellular 

function. Additionally, in most cases, mitochondrial impairment is accompanied by an 

increase in the production of reactive oxygen species (ROS). Oxidative damage to 

macromolecules, DNA in particular, is a second key contributor to cellular dysfunction. 

Oxidative stress and loss of cellular Ca2+ homeostasis are closely linked. They are both key 

outcomes of mitochondrial bioenergetic failure and are common denominators in the 

pathophysiology of many neurodegenerative diseases such as AD. Mitochondria themselves 

are also major targets for oxidative stress and abnormal intracellular Ca2+, as both 

synergistically activate the mitochondrial apoptotic pathway. Exposure to environmental 

toxins, nutritional deficiencies, aging, or genetic factors can increase the risk for 

mitochondrial dysfunction. However, the molecular mechanisms that contribute to 

mitochondrial impairment in aging or age-related disorders are not always clear. 

Importantly, impairment to mitochondrial metabolism in a disorder will have detrimental 

consequences regardless if it plays a primary or secondary role in the mechanism of the 

disease.

3. Mitochondrial medicine

Regardless if mitochondrial impairment is the primary or secondary cause for a health 

condition, preventing mitochondrial dysfunction is presumed to have clinical benefits. This 
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theme drives the emerging field of research on mitochondria-targeted medicine [4,12–14]. 

Mitochondrial medicine is aimed at taking the research on mitochondria from basic concepts 

to translational research and clinical practice. However, the search for mitochondria-targeted 

pharmaceutical or nutriceutical agents with mitochondria-protecting activity is quite a 

challenging task. Our understanding of mitochondrial biochemistry, physiology, and 

genetics in addition to the mitochondrial role in health and disease are instrumental for 

designing new and specific drugs and strategies to prevent or treat specific mitochondria-

based disorders [15,16]. Although we know a lot about mitochondria, the challenge is 

bridging between these disciplines to design therapeutic strategies to improve mitochondrial 

function or specifically target specific mitochondrial pathways. Several methods were 

proposed to prevent mitochondrial dysfunction and improve mitochondrial metabolism. 

These methods rely on the development of pharmaceutical [17] or nutriceutical agents [18].

3.1. Mitochondrial micronutrients

Micronutrients (e.g., vitamins and minerals) are part of a regular diet and are naturally 

directed to the mitochondria or other specific localization in the cells, guided by their 

biological properties. As for their biological efficacy, it may vary and will depend on the 

existence of previous deficiencies. Nutriceutical agents other than micronutrients (e.g., 

polyphenols) can be promising mitochondria protective agents; however, more research is 

needed to establish this view [19–21]. Usually, no concern is associated with the 

consumption of nutriceuticals, unless it is exaggerated. Other agents that are mitochondrial 

metabolites or effectors (e.g., Krebs cycle intermediates, Lipoic acid, melatonin, sex 

hormones) are intended to compensate for a presumed shortage in one or more specific 

micronutrients and support mitochondrial metabolism [19,21–23].

3.2. Mitochondria-targeted pharmaceuticals

There are two types of mitochondria-targeted molecules, those that are dependent upon the 

mitochondrial membrane potential and those that are not. The nonmembrane potential-

dependent molecules make use of small, cell-permeable peptides that use a structural motif 

of alternating aromatic residues and basic amino acids. Pharmaceutical agents, on the other 

hand, are believed to be targeted to the mitochondrial matrix, using their biophysical 

properties as lipophylic cations or by conjugating them with mitochondria-targeting 

effective molecules [24]. There has been more work done with membrane potential-

dependent molecules, which use delocalized lipophobic cations as the conjugated 

mitochondrial-directing agent. One molecule that has been demonstrated to have a high oral 

bioavailability and to concentrate in the mitochondria, and is thus frequently used with 

promising results, is the lipophilic cation mitoQ [24–26]. However, the clinical implication 

of this approach is awaiting the final results of current clinical trials.

A third approach to targeting the mitochondria are agents with mild redox (Oxidation-

reduction) activity. Mitochondria are rich in the redox centers iron-sulfur, heme (heme-a, –

b, and –c), Flavin mononucleotide (FMN), Flavin adenine dinucleotide (FAD), copper, and 

natural coenzyme Q. These are confined mostly to the innermembrane.
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Because the physiology of mitochondria depends on major redox activities, we propose to 

use redox active agents to target the enzyme-complexes of the mitochondria that depend on 

redox centers for activity. These centers are the major source of production of free radicals 

by the mitochondria. Our research in this direction has provided promising results using 

diaminophenothiazines. We will describe our proposed mechanism of “electron bypass” 

activity of mild redox active agents and its role in enhancing mitochondrial activity and 

preventing free radical production.

4. Challenges to mitochondria-targeted drugs

Several challenges that face the search for mitochondria targeted drugs can be listed. The 

membrane permeability of the designed drug is a double fold challenge. The double 

membranes that surround the mitochondrial matrix are a major challenge. The drug first has 

to cross the cellular membrane, followed by the mitochondrial inner membrane, which 

exhibits a low permeability factor. Drugs that fail to selectively reach the mitochondria may 

accumulate in unintended targets [13,27].

Delocalized lipophylic cations possess the biophysical features that make them ideal for the 

purpose of targeting drugs to the mitochondria. However, this category of drugs tends to 

accumulate to very high concentrations in the mitochondrial compartments due to the high 

membrane potential (negative inside) of the mitochondria, thus mitochondria become a sink 

for delocalized lipophylic cation compounds [28]. This, in some cases, could be associated 

with serious concern regardless of chemical or biological activity of the drug under 

discussion. Although it is a powerful principle (especially when successful as in the case of 

mitoQ), extreme caution should be exercised because such drugs can readily poison the 

mitochondria (e.g., Rhodamine, JC1), especially in cases of chronic extended use. 

Additionally, some of the delocalized lipophylic cations accumulation may exceed the 

concentration of its intramitochondrial target, which lowers the efficacy of the drug and 

enhances its side effects, leading to mitochondrial poisoning. Such high intra-mitochondrial 

concentration may mask the benefit of the drug. Mitochondrial toxicity can also originate 

from the high-matrix concentrations of the drug, which may drive reactions not seen at much 

lower concentrations. The high concentration of the drug may also affect the matrix pH. 

Furthermore, the matrix of mitochondria is very concentrated and rich in proteins. Adding 

additional chemical at high concentration to this rich milieu may compromise the solubility 

of the matrix proteins and may lead to precipitation and structural changes. Furthermore, if a 

drug tends to accumulate in the membrane, it may interfere with electron transport 

complexes (ETC) activities and lead to uncoupling of the mitochondria. The innermembrane 

of the mitochondria plays a key role in energy transduction. This aspect is also particularly 

unique because the metabolic activity of the mitochondria varies depending on the physical 

activity of the body, which in turn may alter pharmacokinetics and efficacy of the drug. 

Additionally, parameters established based on experiments in vitro may not always apply to 

in vivo conditions, such as fold of accumulation, degree of interfering with redox status, or 

pH of the mitochondria. In conclusion, lipophylic cations that excessively accumulate in the 

mitochondria should be avoided, particularly if chronic use is intended (such as aging).
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Pharmacological studies for candidate drugs are needed. It is presumed that clearance as 

well as the turnover rate will be slow due to the fact that the drug has to diffuse through 

three membranes to reach the extracellular milieu. Therefore, we believe that the selection 

criteria for mitochondrial drugs should be very stringent and exceed that of other 

nonmitochondrial drugs. Given the significance of mitochondria for energy and intermediary 

metabolism, the therapeutic index of these drugs should be very high. Several drugs (or 

agents) that are currently used for treating disorders not related to the mitochondria can 

cause mitochondrial toxicity [8–10]. Structural and functional examination of these drugs 

can provide insight into the design of newly planned mitochondrial drugs. Designing drugs 

that allow intermittent rather than continuous treatment may improve the therapeutic 

outcome of lipophylic cation-based drugs. This is quite an attractive approach because it 

may minimize the risk of side effects.

5. The search for mitochondria-protecting agents

Several natural compounds, mitochondrial metabolites, and pharmaceuticals were reported 

to provide some protection to the mitochondria. Natural compounds could be a promising 

source for exploring new molecules with the potential of mitochondria-protective activity. 

Antioxidant and neuroprotective agents are a primary lead to designing mitochondria-based 

therapeutic strategies for neurodegenerative disorders. Functional impairment of nerve 

endings occurs in the early stages of neurotoxicity, especially in those diseases with 

excitotoxic and depleted energy metabolism components as is the case in AD. Here, we 

bring several examples of the research investigation into mitochondria-protecting drugs or 

nutriceuticals as related to the various health conditions, emphasizing the significance of 

mitochondrial impairment in health and disease [9,29].

5.1. Mitochondria-protecting natural agents

Nakao et al. have recently shown that astaxanthin (a red carotenoid from sea food) leads to 

higher heart mitochondrial membrane potential and contractility index when compared with 

the control group. These findings suggest the possible cardioprotection of dietary 

astaxanthin and mitochondria may play a mechanistic role in astaxanthin activity [30]. 

Oxidation of lipids and proteins secondary to brain mitochondrial dysfunction contributes to 

neuronal injury following traumatic brain injury (TBI). Mustafa et al. described 

mitochondria protection using vitamin E derivative antioxidant (U-83836E). This treatment 

significantly preserved Ca+2 buffering capacity and attenuated the reduction in respiratory 

control ratio values after TBI. U-83836E also significantly lowers the levels of oxidative 

damage markers (e.g., 4-hydroxynonenal and 3-nitrotyrosine) in both cortical homogenates 

and mitochondria post injury [31]. This effect of U-83836E is probably due to protecting the 

mitochondrial membranes from oxidative damage (Camins A, 1998). Coenzyme Q10 

significantly protects against oxidative stress and mitochondrial dysfunction in 

neurodegenerative disorders, especially Parkinson’s disease [32,33]. Clinical trials using 

Coenzyme Q10 have shown neuroprotective potential in Parkinson patients. This suggests a 

correlation between the activity of mitochondria protection and the ability to improve 

clinical outcome of a disorder [34].
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Martins et al. have recently shown that low-molecular-mass peptide fractions (Ba-V) from 

Bothrops atrox snake venom is as effective as cyclosporin A (CsA) in its ability to inhibit 

the calcium/phosphate-induced mitochondrial swelling. This indicates the potential of Ba-V 

to prevent mitochondrial permeability transition (MPT) and probably apoptosis. Ba-V did 

not generate side effects as determined by the production of ROS. The authors conclude [35] 

that Ba-V may be useful in the future strategies for the treatment of mitochondria-based 

diseases due to the important role of the mitochondrial dysfunction and, especially MPT, in 

the development of neuropathies [35].

S-allylcysteine (SAC, a natural constituent of fresh garlic) is a well-known antioxidant that 

protected the mitochondria in in vivo models using 3-nitropropionic acid (3-NP). 3-NP is a 

specific inhibitor of mitochondrial complex II, thus it impairs both electron transport 

through ETC and alters the activity of Krebs cycle. Chronically administered 3-NP produces 

selective lesions in the striatum. 3-NP-striatally impaired rats received SAC for 7 days. SAC 

protected nerve ending within the first hours (1 and 3) after the toxic insult with 3-NP. SAC 

protected nerve endings from oxidative damage and energy depletion caused by 

mitochondrial dysfunction by 3-NP [36]. Tetramethylpyrazine (TMP) is a principal 

ingredient of the plant Ligusticum wallichi Franchat, used for treatment of cardiovascular 

and cerebrovascular ischemic disorders (used in Chinese medicine). TMP protects against 

kainate-induced excitotoxicity in vitro and in vivo. TMP partially alleviated kainate-induced 

neuronal loss in the hippocampus. This neuronal protection by TMP was attributed to 

preserving the integrity of the mitochondrial membrane potential, ATP production, and 

complex I and III activities. Stabilization of mitochondrial function was linked to the 

observation that TMP could function as a reductant/antioxidant (redox agent) to quench 

ROS, block lipid peroxidation, and protect enzymatic antioxidants such as glutathione 

peroxidase and glutathione reductase. These results suggest that TMP may protect 

mitochondria quenching of free radicals [37].

Ionizing radiation causes damage to mitochondria and leads to impaired function. Exposure 

of cells to γ-radiation induces the production of ROS, which are the chemical tool by which 

ionizing radiation damages macromolecules. The radioprotective effect of phloroglucinol 

(1,3,5-trihydroxybenzene), a phlorotannin compound isolated from Ecklonia cava, against γ-

radiation-induced oxidative damage (e.g., lipid, DNA, and protein) has been shown in vitro 

and in vivo. Phloroglucinol significantly decreased the level of radiation-induced 

intracellular ROS and damage to cellular components. Phloroglucinol prevents the loss of 

cell viability caused after exposure to γ-radiation. Phloroglucinol reduced the radiation-

induced loss of the mitochondrial membrane potential, reduced the levels of the active forms 

of caspase 9 and 3, and elevated the expression of bcl-2. Thus, phloroglucinol reduces the 

radiation-induced mitochondrial dysfunction and prevents apoptosis. Furthermore, the 

inhibition of radiation-induced apoptosis by phloroglucinol was also exerted by inhibiting 

mitogen-activated protein kinase kinase-4 (MKK4/SEK1), c-Jun NH(2)-terminal kinase and 

activator protein-1. Phloroglucinol restored the level of reduced glutathione and the active 

subunit of glutamate-cysteine ligase, which is a rate-limiting enzyme in glutathione 

biosynthesis. In an in vivo study, phloroglucinol administration in mice provided substantial 

protection against death and oxidative damage following whole-body irradiation [38].
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5.2. Mitochondria-protecting pharmaceuticals

Recent understandings for mitochondrial biology have led to the proposal for potential 

selective targeting of drugs to manipulate mitochondrial function, such as the use of infrared 

light therapy to alter mitochondrial function. Although modifications to the mitochondrial 

genome are challenging, they carry promising potential for therapy if successful. The current 

intensive research to rationally design and target drugs to mitochondria could lead to more 

effective interventions in treating diseases with mitochondrial dysfunctions.

Carvedilol, an antihypertensive with strong antioxidant properties, was able to counteract the 

renal damage by Cisplatin by preventing the mitochondrial dysfunction [39]. Cisplatin-

induced nephrotoxicity includes mitochondrial dysfunction. Rodrigues et al. have shown 

that Cisplatin induces the collapse of mitochondrial membrane potential, decline in Ca 

uptake, and impaired respiration. The Oxidative phosphorylation (OXPHOS) capacity was 

preserved by carvedilol [39]. This study suggests that carvedilol is a potential drug for the 

adjuvant nephroprotective therapy during cisplatin chemotherapy. Carvedilol intrinsic 

antioxidant activity, which has been described to protect cardiac mitochondria from 

oxidative injury, also protects cardiac mitochondria from doxorebucin toxicity [5].

Pinacidil (and diazoxide), a potassium channel opener, significantly improved heart 

preservation and functional parameters during organ preservation in cold. The mitochondrial 

respiratory function and energy metabolism were also preserved in pinacidil as compared 

with the control group without pinacidil. This effect of pinacidil appears to depend on both 

mitochondrial and sarcolemmal adenosine triphosphate sensitive potassium channel [40,41]. 

Protecting mitochondrial function can help prolong donor organ preservation. This is 

important for organ transplant surgeries.

The protective effect of the 4-anilinoquinazoline derivative (PD153035) on mitochondria 

was demonstrated in cardiac ischemia/reperfusion model. Nanomolar concentrations of 

PD153035 strongly protect against heart and cardiomyocyte damage induced by ischemia/

reperfusion and cyanide/aglycemia. Interestingly, PD153035 activated K+ transport (mitoK-

ATP) channel in isolated mitochondria, demonstrating that this protection is dependent on 

mitoK(ATP) activation. The authors conclude that PD153035 is a potent cardioprotective 

compound and acts in a mechanism involving mito-K(ATP) activation [42].

Ralph et al. propose that mitochondrial complex II could serve as a pharmaceutical target for 

modulating oxidant formation and thus preventing (or increasing) oxidative stress. He 

described diazoxide to prevent oxidant production and protect normal cells [43].

Low molecular weight drugs are likely to cross the plasma membrane and reach the 

mitochondria. However, the Szeto-Schiller (SS) peptide [44,45] antioxidants represent a 

novel approach that uses the targeted delivery of antioxidants to the inner mitochondrial 

membrane. SS peptides were shown to scavenge hydrogen peroxide and peroxynitrite, block 

lipid peroxidation, and inhibit apoptosis. Rocha et al. propose the use of SS peptides to treat 

ischemia-reperfusion injury in addition to neurodegenerative disorders [46].
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Mildronate, an aza-butyrpbetaine, is an anti-ischemic agent which is cardioprotective and 

prevents dysfunction of mitochondrial complex I. Mildronate also acts as a neuroprotective 

agent. Mildronate reduced the mitochondrial toxicity of azidothymidine (anti-HIV drug) 

[47]. Mildronate prevented the changes in the expression of mitochondrial complex IV. The 

authors propose anti-neurodegenerative (anti-apoptotic) and anti-inflammatory action of 

mildronate [48]. The tertiary nitrogen group of mildronate may be mostly charged in the low 

pH of the intermembrane space of mitochondria while the carboxylic group may be 

negatively charged, thus modulating its permeability through the inner mitochondria 

preventing its excessive accumulation.

6. Redox active agents

Mitochondrial metabolic activity depends on various redox centers, including iron-sulfur, 

heme (heme-a, –b, and –c), FMN, FAD, copper, and coenzyme Q. The redox activity is 

fundamental for redox metabolism (e.g., iron homeostasis or NADH-NADPH), energy 

metabolism, intermediary metabolism (e.g., Ca2+ homeostasis, gluconeogensis, TCA 

intermediates), and oxidants and antioxidants balance (e.g., GPX). However, redox activity 

of mitochondria provides the source of free radicals in living cells.

Methylene blue (3,7-Bis-dimethylamino-phenazathionium) is a redox active agent with mild 

redox potential, which is close to zero. MB is a redox indicator that has a mild redox 

potential of 10 mV [49]. The low redox potential allows MB to cycle readily between 

oxidized and reduced forms using various redox centers such as those present in 

mitochondria. Several NAD(P)H-dependent dehydrogenases also reduce MB to form the 

colorless leucomethylene blue (MBH2). MBH2 can be reoxidized to MB by O2 in the 

absence of suitable electron acceptors such as cytochrome c [50,51] or other heme-proteins 

[52].

MB is soluble in both water and organic solvents; the lipid solubility of MBH2 is higher than 

that of MB. Electron delocalization in MB results in a partial positive charge being located 

on both nitrogen and sulfur atoms, which may increase the permeability of MB through 

membranes. Thus, MBH2 and MB can enter the mitochondria [53] and other intracellular 

compartments such as lysosomes [54]. MB is the most effective agent reported so far to 

delay cellular senescence and enhance specific biochemical activities of the mitochondria. 

Functional implication of these changes suggests that mitochondrial function and activity are 

also improved by MB. Indeed, at nanomolar concentrations, MB increased the activity of 

mitochondrial cytochrome c oxidase (complex IV), heme synthesis, cell resistance to 

oxidants, and oxygen consumption. The in vitro effect of MB was also maintained in vivo 

when administered to old mice at low dose [55]. MB prevented the age-related decline in 

spatial memory and grip strength in old mice. In addition, MB increased mitochondrial 

complex IV activity by 100% and 50% in the brains and hearts of old mice, respectively. 

MB prevented the age-related decline in protein content of the brain. In the aging human 

brain (ages from 30 to 90 years old), a decrease of 5–15% in protein content has been 

previously described [56]. Thus, MB has the potential to improve mitochondrial function in 

fibroblasts, brain, and heart. Although the mechanism of action of MB is still under 
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investigation, we believe that the mild redox potential of MB plays an important role in its 

effect on mitochondria.

7. Proposed mechanism for mild redox active agents that improve 

mitochondrial function

Redox active agents can be categorized in three categories: strong oxidizing agents (e.g., 

ferricynide), strong reducing agents (e.g., dithionite), and mild redox agents (e.g., MB). The 

three categories of redox agents varying in redox activity can vary in their potential 

outcomes in physiologic redox centers (Scheme 1). In the case of strong oxidizing redox 

agent (proposed redox potential range 0.2–0.4 V) interacting with physiologic redox centers, 

the redox status of the physiologic redox center would be compromised. A strong oxidizing 

redox agent would have a high redox potential, which would in turn remove electrons from 

other reactants. Thus, taking electrons from the physiologic redox centers and inhibiting 

metabolic output. In the case of strong reducing redox agent (proposed redox potential in the 

range −0.4 to −0.4 V) interacting with physiologic redox centers, the agent would have a 

strong ability to donate electrons to another reactant, in turn creating the toxic effect of 

inhibiting metabolic input to the redox center. The third category is when a redox agent with 

a mild redox potential (proposed redox potential in the range −0.1 to 0.1 V) interacts with 

physiologic redox centers. Such agents will enter the cell in its oxidized form and select 

physiologic redox centers (e.g., NADH-dehydronase of complex I) will reduce it (e.g., MB 

is reduced to MBH2). It is proposed that mild redox agents will be reoxidized by a second 

physiologic center (e.g., cyt c). The significance of this is the potential of bypassing the 

production of superoxide radicals and the cycling between the reduced and oxidized form of 

MB (thus, only low concentrations required) while preventing extreme transition in the 

redox states on physiologic redox centers [51]. Because MBs redox potential (10 mV) is 

considered mild as compared with the redox potential of the ETC components (Scheme 2, 

[57]), we propose this to be, in part, the mechanism by which MB serves as an electron 

carrier inhibiting the production of superoxide radicals [51].

Our findings, in conjunction with previous studies, suggest that intracellular MB is a typical 

mild redox agent. MB is likely to cycle between the oxidized (MB) and the reduced (MBH2) 

forms [50,52]. Some NADH-Reduced form of flavin mononucleotide(FMNH)-dependent 

enzymes can reduce MB to MBH2 (e.g., NADH-dehydrogenase of complex I), whereas 

mitochondrial cytochrome c (cyt c) can reoxidize MBH2 to MB [50,52]. The hydrophobicity 

of MB increases upon reduction, which facilitates it crossing the inner membrane from the 

matrix to reach cyt c [51]. This cycling property of MB probably explains the low 

concentrations of MB needed to affect mitochondrial functions. cyt c carries electrons from 

complex III to complex IV. We suspect that as MBH2 increases the rate of the reduction of 

cyt c over and above the normal enzymatic reduction by complex III, it triggers the 

induction of complex IV. Complex IV catalyzes the electron transfer from the reduced cyt c 

to O2 to form H2O. Thus, we hypothesize that the increase in the rate of reduction of cyt c 

by MBH2 [50,52] could explain, in part, the drive for the induction of complex IV that 

occurs in the presence of 100 nM MB. The signaling mechanism that communicates 

between the nDNA and mtDNA to increase the biogenesis of complex IV in response to MB 
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is under investigation. We speculate that the mild redox agent alters the cell redox signaling. 

Thus, possible molecular factors important for the mechanism of mitochondria protection by 

redox agents may involve NO production, PGC1a, NRF1/2, AMPK, or Sirtuins (through the 

effect of MB on NADH/NAD ratio). The effect of MB on NADH may also prevent a back 

up of electrons on certain redox centers such as FMNH of complex I that can increase ROS 

[51].

We also suggest that the mild redox potential of MB allows it to cycle between its oxidized 

and reduced forms using physiologic redox centers as we proposed earlier [51]. For 

example, if this cycling takes place between FMNH of complex I (reducing center) and cyt c 

as the oxidizing center, it may decrease superoxide radical production by the mitochondria, 

particularly from the FMNH of complex I [51]. In a case that MB is replaced by a strong 

oxidizing or reducing agent, it may totally oxidize FNMH and prevent electron flow through 

complex I, inhibiting ETC. In the case that MB is replaced by strong reducing agent, it may 

leave most of the ETC redox centers reduced which may increase free radical production 

and alter enzymatic reactions.

The chemistry of the redox agent also plays a key role in regard to determining the redox 

potential and defining the specificity of the interaction with redox centers. The chemical 

structure is also essential for the compartmentalization of the redox agent within the cells 

(e.g., mitochondria vs. cytosol). MB seems to possess the ideal conditions for both chemical 

structures so it does not excessively accumulate in the cellular compartments and the mild 

redox potential so it does not compromise the oxidation state of the physiologic redox 

centers. Scheme 1 depicts this concept of superiority of mild redox agents over strong 

oxidizing or reducing redox agents for minimal side effects and toxicity.

8. Conclusions

The risk for mitochondrial dysfunction increases as a result of nutritional deficiencies, 

exposure to environmental toxins, aging, or genetic disorders. We described the potential of 

specific mild redox active agents to protect mitochondria and enhance their function. We 

propose that specific mild redox active agents may optimize mitochondrial function and 

prevent the production of oxidants due to their ability to redox cycle using mitochondrial 

redox centers [51]. We used our understanding of the beneficial effect of 

diaminopheniothiazines (e.g., MB) on mitochondrial activity to demonstrate this hypothesis. 

Accumulation of these agents in the mitochondria is not necessary, thus eliminating 

potential side effects. The most intriguing finding is that a low chronic dose of MB increases 

complex IV in brain and heart and in vitro [51,55]. Complex IV is found in ≈5-fold excess 

over the other ETC of the mitochondria [58], which may indicate the physiological 

significance of excess complex IV [59]. We believe that each of the mitochondrial 

complexes (e.g., complex I) can also be induced using the proper redox active agent. MB 

has the potential to prevent the decline in complex IV, which is a key cytopathology of AD. 

Thus, by increasing the brain reserve of complex IV, we propose that MB could delay or 

slow the age-related decline in complex IV, thus preserving mitochondrial function, energy 

metabolism, and memory retention in AD. Similarly, other mitochondrial ETC could be 

manipulated using specific redox agents that match their redox potential.
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Scheme 1. 
The effect of the various categories of redox active agents on the oxidation state of 

physiologic redox agents. Three proposed cases of redox agents varying in redox activity 

and their potential outcomes in physiologic redox centers. Strong oxidizing redox agent 

(case A): represents the outcome of a strong oxidizing redox (redox potential ⋙ 0) agent 

being introduced to the physiologic center. Because of the strong oxidizing potential, the 

redox status of the physiologic redox center would be compromised. A strong oxidizing 

redox agent would have a high redox potential, which would in turn remove electrons from 

other reactants. Thus, taking electrons from the physiologic redox centers and inhibiting 

metabolic output. Strong reducing redox agent (case B): represents the outcome of a strong 

reducing agent (redox potential ⋘ 0) being introduced. A strong reducing agent would 

have a strong ability to donate electrons to another reactant, in turn creating the toxic effect 

of inhibiting metabolic input to the redox center. Mild redox agent (case C) represents a 

redox agent with a mild redox potential (e.g., MB). A redox agent with a mild redox 

potential (close to 0) will enter the mitochondria in its oxidized form. Select physiologic 

redox centers (e.g., NADH-dehydronase of complex I) will reduce the redox agent (e.g., MB 

is reduced to MBH2). It is proposed that mild redox agents will be reoxidized by a second 

physiologic center (e.g., cyt c). The significance of this is shown by the bypassing of the 

production of superoxide radicals and the cycling between the reduced and oxidized form of 

MB (thus, low concentration is needed) while preventing extreme transition in the redox 

states on physiologic redox centers. We propose this to be, in part, the mechanism by which 

MB serves as an electron carrier, inhibiting the production of superoxide radicals (x in bold 

refers to inhibition, dashed arrows in case C refers to the reversibility of the electron transfer 
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to secondary redox center). [Color figure can be viewed in the online issue, which is 

available at wileyonlinelibrary.com.]
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Scheme 2. 
The proposed potential ranges for mild and strong reducing or oxidizing agents relative to 

midpoint potential ranges and the redox potentials for specific mitochondrial electron 

carriers. The midpoints potential ranges for each of the four ETC groups (complexes I, II, 

III, and IV) are shown as solid gray bars. Dark circles show the redox potentials for the 

labeled specific electron carriers important for ETC, or for the redox potential of MB. The 

solid black bars show the proposed range of positive redox potential for a strong oxidizing 

agent (dotted bar), a strong negative redox potential for a reducing agent (dashed bar), and a 

mild redox potential mild redox agent (solid bar) [57]. The statements of strong and mild 

relates to the redox potentials usually found in physiological settings.
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