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Abstract

:

Differential antioxidant action is found upon comparison of organ/tissue systems in the human body. In erythrocytes (red blood cells), which transport oxygen and carbon dioxide through the circulatory system, the most important issue is to keep hemoglobin in a functional state that requires maintaining the haem group in ferrous (Fe2+) state. Conversion of oxidized Fe3+ back into Fe2+ in hemoglobin needs a special mechanism involving a tripeptide glutathione, glucose-6-phosphate dehydrogenase, and glucose and NADPH as suppliers of reducing power. Fava beans are probably a good resource to make the detox innate system more robust as the pro-oxidant molecules in this food likely induce the upregulation of members of such mechanisms. The central nervous system consumes more oxygen than the majority of human tissues, i.e., 20% of the body’s total oxygen consumption and, therefore, it is exposed to a high level of oxidative stress. This fact, together with the progressive age-related decline in the efficiency of the antioxidant defense system, leads to neuronal death and disease. The innate mechanism operating in the central nervous system is not well known and seems different to that of the erythrocytes. The strategies of antioxidant intervention in brain will be reviewed here.
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1. The Paradoxical Issue of Oxygen-Based Life


Except in few organisms, life on Earth is based on the presence of oxygen in the atmosphere and in river and sea waters. Unless properly defined, antioxidant benefit is an oxymoron. Indeed, the action of antioxidants in an organism that depends on oxygen consumption is like adding a piece of blotting paper to decrease the sea level. As discussed elsewhere [1] the right use of an antioxidant molecule is to preserve degradation of dead matter. This is the reason why many processed foods include antioxidant to prolong the useful life of the product, i.e., to prevent food rotting.



From a chemical point of view, any antioxidant molecule has the property of being a reductant. In Earth’s life the most used (and powerful) reducing molecule is glucose that is oxidized by the glycolytic cycle in mammalian cells. Other compounds that are taken by mammals are fats, for instance those in sunflower or olive oils, whose reducing potential according to rigorous chemical rules is higher than that of glucose. In summary, taking chemical laws into account the intake of antioxidants at amount of 1 g per day should not have impact whatsoever in the degree of oxidation of cells in a mammal consuming a regular glucose and fat containing diet. We here use two mammalian body components, blood and central nervous cells, to review how they can be damaged by excess oxidation and what efficacious intervention might reduce oxidative exacerbation.




2. Sensitivity to Oxidation of Red Blood Cells


Red blood cells contain a substantial amount of hemoglobin that is used to transport oxygen and carbon dioxide to/from lungs. The haem group in this protein contains a ferrous (Fe2+) ion that coordinates with entering oxygen; when the ion is in ferric form (Fe3+) the protein is known as methemoglobin and is unable (or almost unable) to bind oxygen. This is one of the most known and fantastic paradoxes in the human body. The protein that captures oxygen and is in charge of oxygen transport has to maintain an ion in reduced form. Obviously, as many other oxidants, oxygen is able to convert Fe2+ into Fe3+, but if this occurs hemoglobin is not functional and the organism dies.



To sustain life, mammalians must have a mechanism for impeding Fe2+ to Fe3+ conversion or for rapid conversion of an oxidized ion to its reduced form [2,3]. Oxidization of hemoglobin when oxygen is in the protein, is kinetically slow but it may happen. In this context, Evolution has developed a mechanism of detoxification that was deciphered with data taken from patients suffering from a monogenic disease. These patients present mutations in the glucose-6-phosphate dehydrogenase (G6PDH) gene that produce either little amounts of G6PDH, an enzyme that is enriched in red blood cells, or a protein with reduced enzyme activity. The clinical symptoms of patients with enzyme deficit appear, for instance, after ingestion of oxidants. The consequence is an increase in the levels of free radicals that leads to the damage of red blood cells. Symptoms depend on the degree of residual enzymatic activity; there are reported more than 300 mutations that lead to different clinical outcomes, from totally silent to the cases that are of interest here, namely those that produce hemolytic anemia upon infection or upon consumption of certain oxidant foods or drugs. In these cases, there is a decrease in erythrocyte counts by membrane disruption and a release of cell content. This prematurely destruction of red blood cells is known as hemolysis [4].



Interestingly, the episodes of hemolytic anemia in those patients helped to decipher the innate anti-oxidant mechanism of the erythrocyte. In non-pathological conditions, red blood cell G6PDH coverts the reducing power of glucose into reduced NADPH (reduced form of nicotine-adenine-dinucleotide) that in turn may serve to overcome oxidative stress. NADPH is produced mainly in a metabolic route known as the “pentose pathway” or the “pentose pathway shunt”, and uses the same fuel than glycolysis: glucose. Noteworthy, NADPH does not directly participate in the reduction of Fe3+ to Fe2+ in hemoglobin but it is the ultimate responsible of providing the reducing power needed for such reaction thus avoiding oxidation and denaturation of the protein [5,6,7]. In humans, this process seems to be mediated by the cytochrome B5 reductase, a NADH-dependent enzyme that catalyzes the conversion between methemoglobin and hemoglobin and whose congenital deficit leads to methemoglobinemia [8,9]. Production of NADPH is more dependent on the mentioned enzyme in red blood cells than in other tissues and this is the reason why the disease, due to mutation in the G6DPH gene, affects—almost exclusively—erythrocytes.



The innate antioxidant mechanism in red blood cells (Figure 1) has been known for decades and is based on a tripeptide L-γ-glutamyl-L-cysteinyl-glycine, known as glutathione. Sulfhydryl is the most important group in this tripeptide; it may be in reduced form (SH) or in oxidized disulfide (S-S) form (see Figure 1). Reduction/oxidization cycles of glutathione are needed to restore the ferrous state of iron in hemoglobin. Remarkably, the restoration of reduced glutathione is fueled by NADPH (Figure 1). In summary, life is supported by oxidation, excess oxidation may occur in some situations and powerful innate mechanisms of detoxification have been evolved. Hemoglobin in erythrocytes, in this sense, is a paradigm of optimal design as requires reduced (ferrous) iron to be functional as oxygen carrier. The oxidative environment leads to production of ferric iron ion that is rapidly reduced by a glutathione-based mechanism. The whole process of detoxification in erythrocytes requires NADPH, whose reducing power ultimately comes from glucose. Then, mammalians use glucose as energy provider and as provider of reducing power in detox mechanisms. Fueled by glucose, glycolysis and the pentose pathway run in parallel in red blood cells.



Once the mechanism and its components (mediators/intermediates and source of reducing power) are known, one may wonder how to improve its efficacy, i.e., how to improve the antioxidant power of such mechanism. First of all, it must be stressed that the mechanism does not need anything else to be efficacious except in cases in which one of the components is altered (e.g., a G6PDH mutant with reduced activity) [2,3]. But assuming that one wants to make it more robust some interventions may be of interest. One is to take supplements of glutathione. Indeed, glutathione can be sold as a supplement and is easily available even in online “shops”. However, the intervention assumes that, upon oral administration, the unaltered tripeptide will reach the erythrocyte. This assumption is controversial and highly unlikely (discussed below) as peptidases are everywhere and chances are that the peptide will be degraded to its components before reaching its goal (see [10] for trial of efficacy to increase the levels of the compound). Therapeutic intervention in G6PDH deficiency depends on type and cause, but may require blood transfusion in acute hemolysis triggered by fava beans or pro-oxidant medication, bone marrow transplantation or, in rare cases, surgery for spleen removal. To our knowledge, glutathione is not “prescribed” as a treatment of choice in such circumstances. A note of caution concerns whether existing glutathione supplements should be commercialized in reduced or in oxidized form. As described elsewhere, intake of “antioxidant” by mouth may have local effects but not systemic effects as any reduced “antioxidant” will be quickly oxidized before arriving to blood and tissues [1]. The idea is that we may increase the concentration of a detox mechanism but it is fairly irrelevant whether it is orally administered in reduced or oxidized form. Supplementation directly using NADPH is also of little value for similar reasons. In a balanced diet, there is no shortage of nicotine amide dinucleotides (NAD/NADH or NADP/NADPH). It should be however noted that synthesis of these compounds in the human body requires a vitamin, niacin (nicotinic acid, a form of B3 vitamin), i.e., if any, supplementation with vitamin B3 may be considered whereas supplementation with NADPH is (quite likely) useless. Another related approach consists of increasing the activity of glutathione peroxidase (GPx); this is possible as it is an enzyme that depends on selenium [11]. In fact, an appropriate level of selenium (in diet or in supplements) is recommended. Then, it is likely that balanced nutrition fulfills the requirement of the red blood cell detox mechanism.



Another strategy that is often forgotten also derives from the “work” of Evolution. The own body synthesizes the molecules needed to overcome a stressful situation, or be ready to do it when the stress occurs. Often, G6PDH deficiency is discovered when the patient eats fava beans. In fact, there are somehow isolated geographical regions in which the disease was prevalent and was known as “favism”. The solution was to avoid eating these vegetables. But this evidence gives rise to a straightforward assumption related with nutrition. Fava beans may be coaches for our blood cells meaning that, upon intake, the body reacts to decrease the oxidative stress due to some of the components of the food. Two related compounds, vicine and convicine, have been identified as the oxidative component(s) of the legume; they lead to significant higher hemolysis in red blood cells isolated from patients than in cells isolated from healthy controls [12,13]. Decades ago levodopa (L-DOPA; L-3,4-dihydroxyphenylalanine), a compound used for the treatment of Parkinson’s disease was suggested [14], but controversy arose and ultimate evidence was not possible unlike in the case of the oxidative components of anti-malarial medication (primaquine). Actually, some populations are diagnosed after prescription of primaquine in anti-malaria therapy. The prevalence of disease is higher in areas in which malaria is endemic and the hypothesis is that patients with malaria are more fertile or arrive to the age of reproduction before severe symptoms appear; it should be noted that malaria-endemic areas in Earth are also deficient in health conditions often accompanied by poor water quality and unbalanced nutrition. The first studies linking primaquine to alterations in erythrocyte membrane permeability and red blood cell fate are dated back in 1961 [15,16,17].



It is tempting to speculate that consumption by healthy humans of fresh or cooked fava bean legume makes the organism to up-regulate expression of the components of the detox machinery, G6PDH among them. This would be a mechanism designed by Evolution for which a clinical trial would be needed to correlate fava bean consumption with red blood cell G6PDH levels. Neither such information is available for mammalian animal models. This attractive hypothesis would be like the upregulation of muscle glycolytic enzymes upon exercise training. Indeed, the level of glucose-handling enzymes varies enormously from athletes to individuals with little physical activity. Furthermore, studies in exercise-trained rats show that diet affects muscle expression of G6PDH [18]. These mechanisms may be considered as hormetic, a word used more in the context of the biological effects of ionizing radiations [19]. Hormesis may lead to gene expression variation [20] and, interestingly, it has been reported that protection against hydrogen peroxide stress is afforded by superoxide radicals; in author’s own words: “concentration-dependent roles of the superoxide radical comprise a form of hormesis and show one reactive oxygen species having a hormetic effect on the toxicity of another” [21].



Although exceptions may occur, the increase in G6PDH activity seems beneficial in reducing the oxidative load, possibly because glutathione levels increase and, as far as red blood cells are concerned, it can keep hemoglobin at its functional state. Spironolactone is able to afford increases in G6PDH activity; the compound is a mineralocorticoid receptor blocker which is able to reduce oxidative stress in hypertensive and diabetic rats [22]. Supplementation with the natural product, α-lipoic acid (LA), in patients of G6PDH deficiency proves useful to balance the redox status. A further promising result of the same study is that the supplementation was able to increase the activity of the enzyme also in healthy controls [23]. In summary, to “help” the innate mechanisms seems beneficial and one of the successful ways to achieve it is by increasing the activity of G6PDH.




3. Sensitivity to Oxidation in the Central Nervous System


The most important cells in the central nervous system (CNS) are neurons and, accordingly, they must be preserved as much as possible from oxidative stress, which may cause neuronal dysfunction and/or death thus being a main contributor of neurological diseases. Recently, the susceptibility of CNS to oxidative stress has been reviewed and up to 13 possible causes have been provided; authors summarize them as it follows: “unsaturated lipid enrichment, mitochondria, calcium, glutamate, modest antioxidant defense, redox active transition metals and neurotransmitter auto-oxidation. We review RNA oxidation as an underappreciated cause of oxidative stress” [24]. Unfortunately, antioxidant defense mechanisms in the CNS are less known than in blood cells; a review on potential mechanism has been provided by [25]. The issue becomes more complex when one considers that, unlike red blood cells, neurons are very heterogeneous. In fact, there are dozens of neuronal types even in a given brain region. This complexity impacts on the knowledge of the neural innate detox networks/mechanisms and in developing strategies to prevent or control oxidative stress. We will review here some of the aspects that are seemingly relevant for CNS redox homeostasis and emit hypothesis on the approaches that would help CNS to minimize the impact of oxidative stress situations.



On the one hand, brain needs considerable amounts of oxygen for cell survival and for sustaining higher brain functions, so the innate detox mechanisms must be very powerful. On the other hand, even if the glutathione-based detox mechanism occurs in neural cells, the lack of neurological alterations in patients of G6PDH deficiency is of interest as it may be due to (i) low relevance of glutathione-based detox mechanisms or (ii) difficulties of primaquine or pro-oxidant fava bean molecules to cross the blood brain barrier. Irrespective of the real cause of lack of CNS affectation in patients, the strategy of eating fava beans to strengthen the innate mechanisms would not be appropriate for neurons. To our knowledge, there is no study addressing this issue since interventions seem difficult to implement in the CNS. Two of the above-mentioned molecules, spironolactone and LA, may be an option but we have not found information about their ability to enter into the brain. Spironolactone seems to enhance the antinociceptive action of opioids, thus suggesting that it may reach the brain but the concentrations used in the assays in laboratory animals were fairly high (100 mg/kg, i.p. administration) [26]. Also, intravenous administration of LA makes potentially possible that it reaches the brain and reduces oxidative stress after CNS damage, in a mechanism mediated by the nuclear factor erythroid 2-related factor 2 (Nrf-2) pathway [27] (see below). However, the antioxidant mechanism of LA is not well documented, something that likely reflects the lack of consensus on what are the innate mechanisms of addressing oxidative stress in the CNS. Therefore, it is urgent to decipher mechanisms to look for ways of potentiating them.



At present, we can look for information, guess potential mechanisms and consider basic chemical rules. In this sense, it is worth repeating that any antioxidant taken orally may not reach the CNS with intact “antioxidant” potential [1]. It is our opinion that oral antioxidants have negligible effect in the CNS. Antioxidant effect may eventually be reported in laboratory animals by direct administration of the antioxidant in the brain. Evidence suggests that instead of trying to reduce oxidative stress via administration of antioxidants, the human brain requires tools to enhance its own antioxidant capabilities.



To end this review, we highlight a cell component in which scientists are placing hopes, among other, in cancer and in diseases of the CNS. As commented above, Nrf2 has antioxidant potential because it participates in the engagement of antioxidant pathways. It is a protein and its potential, as in the case of G6PDH, does not depend on itself but on the mechanism in which it participates. Even assuming that Nrf2 is a good clue, its role within the cell complicates identification of the actual detox mechanisms. Indeed, Nrf2 is a transcription factor (see [28] for review) and, therefore, it regulates the expression of some genes that code for “antioxidant enzymes”. According to chemical rules this nomenclature is misleading. Is G6PDH an antioxidant enzyme? Probably the answer is “no”, but in fact the enzyme is key in the innate mechanisms operating in red blood cells. One of the most referenced reviews indicates that: “A major mechanism in the cellular defense against oxidative or electrophilic stress is activation of the Nrf2-antioxidant response element signaling pathway, which controls the expression of genes whose protein products are involved in the detoxication and elimination of reactive oxidants and electrophilic agents” [29]. This sentence is quite appropriate as it correlates Nrf2 with the expression of proteins that participate in detox mechanisms. Let us look for the instrumental proteins and potential mechanisms. After a pro-oxidant situation/insult, Nrf2 becomes active by the mechanisms shown in Figure 2 and enters into the nucleus to exert its role as gene transcription regulator. The pathway, known as Nrf2/ARE, participates in regulating transcription of antioxidant response element (ARE) genes, i.e., genes that have an “ARE” regulatory element in the 5’ flanking region [30,31]. Nrf2 expression in human brain is moderate: 19 (relative units) versus 52 in thyroid or 92 in esophagus (www.ncbi.nlm.nih.gov/gene?cmd=Retrieve&dopt=full_report&list_uids=4780). Unlike the robust mechanism discovered in red blood cells, activation of the Nrf2 pathway requires an oxidative input that affects the interaction of proteins that regulate the transcriptional activity of Nrf2. Among the proteins that may interact with the transcription factor, Kelch-like ECH-associated protein 1 (KEAP1) contributes to ubiquitin-mediated degradation, thus impeding the induction of gene expression. One of the ways to activate the Nrf2-ARE pathway is to prevent the interaction with KEAP1, something that may be achieved, among other, by partner and localizer of BRCA2 (PALB2) [32] and p62 autophagy substrate [33].



On the one hand, it has been suggested that dietary phytochemicals may be activators of Nrf2 [34]. On the other hand, multiple studies have provided evidence of Nrf2-mediated upregulation of proteins that are somehow related to handling stress situations and, accordingly, that maintain REDOX homeostasis. To name a few, Nrf2 regulates the expression of NADPH:quinone oxidoreductase (NQO1) and hemeoxygenase-1 (HO-1) which participate in the antioxidant reactions shown in Figure 2. Unfortunately, there is no clear molecular mechanism in the CNS linking oxidative stress to a well-described innate mechanism of detoxification in which the mediators (e.g., glutathione, NADPH) and the source of reducing power (e.g., glucose) are known and placed in context. Indeed, a genomic approach has provided clear data on the complexity of looking into antioxidant mechanisms from the point of view of molecules involved, which are more than those originally thought [35]. Such report indicates: “This work and other such studies may provide mechanisms for activating the ARE in the absence of general oxidative stress and a yet-unexploited therapeutic approach to degenerative diseases and aging” [35]. In summary, whereas strengthening Nrf2 expression and its transcriptional activity is a good option to combat oxidative stress, the complementary option of enhancing the mediators and/or the source of “antioxidant” power is not yet explored. Remarkably, Nrf2 exists in various cell types of the brain and variation in the underlying mechanism in, say neurons versus astrocytes, may lead to specific strategies to combat CNS diseases. In other words, for any given disease coursing with neuronal death due to oxidative stress, it is not clear whether one should enhance the antioxidant potential of neurons or of (surrounding) glial cells [36,37,38,39]. Although it is reported that the Nrf2-ARE pathway is a good therapeutic target in neurodegenerative diseases [40,41], poor knowledge of underlying mechanisms leads to the appearance of controversies. One of them argues whether HO-1 protects neurons or induces neurodegeneration [42]. Finally, it should be noted that the glutathione-based mechanism also operates in brain (see [43,44,45,46] for review) but that its relevance in front of other brain innate mechanisms is not known.




4. Upregulation of Nrf2 by Foods and/or Natural Compounds


Due to the growing interest in the Nrf2, studies have been undertaken to investigate ways to increase its concentration or its actions. Interestingly, some natural products have been tested with promising results. As reviewed in relationship with the benefits of some phytochemicals in regulating oxidative stress under a framework of chemoprevention to combat cancer, resveratrol and curcumin may upregulate Nrf2 [47]. Noteworthy, Toll-like receptors (TLR) are targeted by curcumin and dietary “anti-oxidant” phytochemicals inhibit TLR activation [48], thus impacting on inflammatory events such as those underlying neurodegenerative pathologies [49,50]. Rosemary extracts as well as some of its components, carnosol and carnosic acid, are also able to upregulate this transcription factor in cells from hepatic or neural lineage [51,52]. Ginseng has been also proposed to regulate Nrf2-ARE, hence having potential to combat neurological diseases [53]. Even assuming the relevance of supplements for strengthening antioxidant power via Nrf2 in peripheral tissues, the potential of the active compound(s) to enter the brain by crossing the blood brain barrier has not been, to our knowledge, tested. In this sense, to ascertain the real effectiveness of foods or supplements for increasing the neuroprotective potential of Nrf2 constitutes a challenge that is, unfortunately, difficult to address. Actually, one of the current challenges in CNS diseases related to age is how to determine the neuroprotective potential of a given intervention or a given drug. While drugs that improve symptoms exist, for instance in Parkinson’s disease, there is a shortage in preventive drugs and in neuroprotective drugs/interventions, being the lack of suitable neuroprotective markers (in humans) one of the main challenges to address neuroprotective power.







Conflicts of Interests


Authors declare no conflict of interest.




References


	



Rafael, F.; Martínez-Pinilla, E. Chemical Rules on the Assessment of Antioxidant Potential in Food and Food Additives Aimed at Reducing Oxidative Stress and Neurodegeneration. Food Chem. 2017, 235, 318–323. [Google Scholar] [CrossRef]

	



Shohet, S.B.; Ness, P.M. Hemolytic Anemias. Failure of the Red Cell Membrane. Med. Clin. N. Am. 1976, 60, 913–932. [Google Scholar] [CrossRef]

	



Hochstein, P. Perspectives on Hydrogen Peroxide and Drug-Induced Hemolytic Anemia in Glucose-6-Phosphate Dehydrogenase Deficiency. Free Radic. Biol. Med. 1988, 5, 387–392. [Google Scholar] [CrossRef]

	



Beutler, E. Glucose-6-Phosphate Dehydrogenase Deficiency: A Historical Perspective. Blood 2008, 111, 16–24. [Google Scholar] [CrossRef] [PubMed]

	



Van Zwieten, R.; Verhoeven, A.J.; Roos, D. Inborn Defects in the Antioxidant Systems of Human Red Blood Cells. Free Radic. Biol. Med. 2014, 67, 377–386. [Google Scholar] [CrossRef]

	



Ho, H.; Cheng, M.; Chiu, D.T. Glucose-6-Phosphate Dehydrogenase—From Oxidative Stress to Cellular Functions and Degenerative Diseases. Redox Rep. 2007, 12, 109–118. [Google Scholar] [CrossRef]

	



Lucio, L.; Nannelli, C.; Notaro, R. Glucose-6-Phosphate Dehydrogenase Deficiency. Hematol. Oncol. Clin. N. Am. 2016, 30, 373–393. [Google Scholar] [CrossRef]

	



Prabhakar, K.; Desai, A.; Warang, P.; Colah, R. A Microplate Reader-Based Method to Quantify NADH-Cytochrome B5 Reductase Activity for Diagnosis of Recessive Congenital Methaemoglobinemia. Hematology 2017, 22, 252–257. [Google Scholar] [CrossRef]

	



Aalfs, C.M.; Salieb-Beugelaar, G.B.; Wanders, R.J.; Mannens, M.M.; Wijburg, F.A. A Case of Methemoglobinemia Type II Due to NADH-Cytochrome B5 Reductase Deficiency: Determination of the Molecular Basis. Hum. Mutat. 2000, 16, 18–22. [Google Scholar] [CrossRef]

	



Richie, J.P.; Nichenametla, S.; Neidig, W.; Calcagnotto, A.; Haley, J.S.; Schell, T.D.; Muscat, J.E. Randomized Controlled Trial of Oral Glutathione Supplementation on Body Stores of Glutathione. Eur. J. Nutr. 2015, 54, 251–263. [Google Scholar] [CrossRef]

	



Nève, J. Human Selenium Supplementation as Assessed by Changes in Blood Selenium Concentration and Glutathione Peroxidase Activity. J. Trace Elem. Med. Biol. 1995, 9, 65–73. [Google Scholar] [CrossRef]

	



Vural, N.; Sardas, S. Biological Activities of Broad Bean (Vicia faba L.) Extracts Cultivated in South Anatolia in Favism Sensitive Subjects. Toxicology 1984, 31, 175–179. [Google Scholar] [CrossRef]

	



Baker, M.A.; Bosia, A.; Pescarmona, G.; Turrini, F.; Arese, P. Mechanism of Action of Divicine in a Cell-Free System and in Glucose-6-Phosphate Dehydrogenase-Deficient Red Cells. Toxicol. Pathol. 1984, 12, 331–336. [Google Scholar] [CrossRef] [PubMed]

	



Braham, J.; Sarova-Pinhas, I. L-Dopa and Favism. Blood 1971, 37, 744–745. [Google Scholar] [PubMed]

	



Wedd, R.; Eber, J.; Rothstein, A. Effects of Primaquine and Other Related Compounds on the Red Blood Cell Membrane. I. Sodium Ion and Potassium Ion Permeability in Normal Human Cells. J. Clin. Investig. 1961, 40, 177–184. [Google Scholar]

	



Beutler, E.; Dern, R.J.; Alving, A.S. The Hemolytic Effect of Primaquine. III. A Study of Primaquine-Sensitive Erythrocytes. J. Lab. Clin. Med. 1954, 44, 177–184. [Google Scholar]

	



Weed, R.I. Effects of Primaquine on the Red Blood Cell Membrane. II. K+ Permeability in Glucose-6-P Dehydrogenase Deficient Erythrocytes. J. Clin. Investig. 1961, 40, 140–143. [Google Scholar] [CrossRef] [PubMed]

	



Masashi, M.; Sakai, K.; Sanbongi, C.; Sugiura, K. Dietary Whey Protein Downregulates Fatty Acid Synthesis in the Liver, but Upregulates It in Skeletal Muscle of Exercise-Trained Rats. Nutrition 2005, 21, 1052–1058. [Google Scholar] [CrossRef]

	



Calabrese, E.J. The Threshold vs LNT Showdown: Dose Rate Findings Exposed Flaws in the LNT Model Part 1. The Russell-Muller Debate. Environ. Res. 2017, 154, 435–451. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, M.L.; Snoek, B.; Riksen, J.A.G.; Bevers, R.P.; Kammenga, J.E. Genetic Variation for Stress-Response Hormesis in C. Elegans Lifespan. Exp. Gerontol. 2012, 47, 581–587. [Google Scholar] [CrossRef] [PubMed]

	



Thorpe, G.W.; Reodica, M.; Davies, M.J.; Heeren, G.; Jarolim, S.; Pillay, B.; Breitenbach, M.; Higgins, V.J.; Dawes, I.W. Superoxide Radicals Have a Protective Role during H2O2 Stress. Mol. Biol. Cell 2013, 24, 2876–2884. [Google Scholar] [CrossRef] [PubMed]

	



Pessôa, B.S.; Peixoto, E.B.M.I.; Papadimitriou, A.; de Faria, J.M.L.; de Faria, J.B.L. Spironolactone Improves Nephropathy by Enhancing Glucose-6-Phosphate Dehydrogenase Activity and Reducing Oxidative Stress in Diabetic Hypertensive Rat. J. Renin-Angiotensin-Aldosterone Syst. 2012, 13, 56–66. [Google Scholar] [CrossRef] [PubMed]

	



Kalliopi, G.; Deli, C.K.; Zalavras, A.; Fatouros, I.G.; Kouretas, D.; Koutedakis, Y.; Jamurtas, A.Z. A-Lipoic Acid Supplementation up-Regulates Antioxidant Capacity in Adults with G6PD Deficiency. Food Chem. Toxicol. 2013, 61, 69–73. [Google Scholar] [CrossRef]

	



Nathan, C.J.; Fiorello, M.L.; Bailey, D.M. 13 Reasons Why the Brain Is Susceptible to Oxidative Stress. Redox Biol. 2018, 15, 490–503. [Google Scholar] [CrossRef]

	



Patel, M. Targeting Oxidative Stress in Central Nervous System Disorders. Trends Pharmacol. Sci. 2016, 37, 768–778. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Viljami, J.; Lilius, T.; Laitila, J.; Niemi, M.; Kambur, O.; Kalso, E.; Rauhala, P. Do Diuretics Have Antinociceptive Actions: Studies of Spironolactone, Eplerenone, Furosemide and Chlorothiazide, Individually and with Oxycodone and Morphine. Basic Clin. Pharmacol. Toxicol. 2017, 120, 38–45. [Google Scholar] [CrossRef]

	



Lv, C.; Maharjan, S.; Wang, Q.; Sun, Y.; Han, X.; Wang, S.; Mao, Z.; Xin, Y.; Zhang, B. α-Lipoic Acid Promotes Neurological Recovery After Ischemic Stroke by Activating the Nrf2/HO-1 Pathway to Attenuate Oxidative Damage. Cell. Physiol. Biochem. 2017, 43, 1273–1287. [Google Scholar] [CrossRef][Green Version]

	



Van Muiswinkel, F.L.; Kuiperij, H.B. The Nrf2-ARE Signalling Pathway: Promising Drug Target to Combat Oxidative Stress in Neurodegenerative Disorders. Curr. Drug Targets 2005, 4, 267–281. [Google Scholar] [CrossRef]

	



Truyen, N.; Nioi, P.; Pickett, C.B. The Nrf2-Antioxidant Response Element Signaling Pathway and Its Activation by Oxidative Stress. J. Biol. Chem. 2009, 284, 5718–5734. [Google Scholar] [CrossRef]

	



Malhotra, D.; Portales-Casamar, E.; Singh, A.; Srivastava, S.; Arenillas, D.; Happel, C.; Shyr, C.; Wakabayashi, N.; Kensler, T.W.; Wasserman, W.W.; et al. Global Mapping of Binding Sites for Nrf2 Identifies Novel Targets in Cell Survival Response through ChIP-Seq Profiling and Network Analysis. Nucleic Acids Res. 2010, 38, 5718–5734. [Google Scholar] [CrossRef]

	



Keiko, T.; Motohashi, H.; Yamamoto, M. Molecular Mechanisms of the Keap1–Nrf2 Pathway in Stress Response and Cancer Evolution. Genes Cells 2011, 16, 123–140. [Google Scholar] [CrossRef]

	



Ma, J.; Cai, H.; Wu, T.; Sobhian, B.; Huo, Y.; Alcivar, A.; Mehta, M.; Cheung, K.L.; Ganesan, S.; Kong, A.N.; et al. PALB2 Interacts with KEAP1 To Promote NRF2 Nuclear Accumulation and Function. Mol. Cell. Biol. 2012, 32, 1506–1517. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Masaaki, K.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y. The Selective Autophagy Substrate P62 Activates the Stress Responsive Transcription Factor Nrf2 through Inactivation of Keap1. Nat. Cell Biol. 2010, 12, 213–223. [Google Scholar] [CrossRef]

	



Yang, S.; Yang, T.; Leak, R.K.; Chen, J.; Zhang, F. Preventive and Protective Roles of Dietary Nrf2 Activators Against Central Nervous System Diseases. CNS Neurol. Disord. 2017, 16, 326–338. [Google Scholar] [CrossRef]

	



Liu, Y.; Kern, J.T.; Walker, J.R.; Johnson, J.A.; Schultz, P.G.; Luesch, H. A Genomic Screen for Activators of the Antioxidant Response Element. Proc. Natl. Acad. Sci. USA 2007, 104, 5205–5210. [Google Scholar] [CrossRef] [PubMed]

	



Baxter, P.S.; Hardingham, G.E. Adaptive Regulation of the Brain’s Antioxidant Defences by Neurons and Astrocytes. Free Radic. Biol. Med. 2016, 100, 147–152. [Google Scholar] [CrossRef] [PubMed]

	



Liddell, J. Are Astrocytes the Predominant Cell Type for Activation of Nrf2 in Aging and Neurodegeneration? Antioxidants 2017, 6, 65. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Teschemacher, A.G.; Kasparov, S. Astroglia as a Cellular Target for Neuroprotection and Treatment of Neuro-Psychiatric Disorders. Glia 2017, 65, 1205–1226. [Google Scholar] [CrossRef]

	



Vargas, M.R.; Johnson, J.A. The Nrf2–ARE Cytoprotective Pathway in Astrocytes. Expert Rev. Mol. Med. 2009, 11, e17. [Google Scholar] [CrossRef]

	



Gururaj, J.; Johnson, J.A. The Nrf2-ARE Pathway: A Valuable Therapeutic Target for the Treatment of Neurodegenerative Diseases. Recent Pat. CNS Drug Discov. 2012, 7, 218–229. [Google Scholar]

	



Johnson, J.A.; Johnson, D.A.; Kraft, A.D.; Calkins, M.J.; Jakel, R.J.; Vargas, M.R.; Chen, P. The Nrf2-ARE Pathway. Ann. N. Y. Acad. Sci. 2008, 1147, 61–69. [Google Scholar] [CrossRef] [PubMed]

	



Mariapaola, N.; Piras, S.; Brondolo, L.; Marinari, U.; Pronzato, M.; Furfaro, A. Heme Oxygenase 1 in the Nervous System: Does It Favor Neuronal Cell Survival or Induce Neurodegeneration? Int. J. Mol. Sci. 2018, 19, 2260. [Google Scholar] [CrossRef]

	



Koji, A.; Watabe, M.; Nakaki, T. Regulation of Neuronal Glutathione Synthesis. J. Pharmacol. Sci. 2008, 108, 227–238. [Google Scholar][Green Version]

	



Paula, A.; Aguirre, P.; Muñoz, P.; Núñez, M.T. Iron and Glutathione at the Crossroad of Redox Metabolism in Neurons. Biol. Res. 2006, 39, 157–165. [Google Scholar]

	



Dringen, R.; Gutterer, J.M.; Hirrlinger, J. Glutathione Metabolism in Brain Metabolic Interaction between Astrocytes and Neurons in the Defense against Reactive Oxygen Species. Eur. J. Biochem. 2000, 267, 4912–4916. [Google Scholar] [CrossRef] [PubMed]

	



Schulz, J.B.; Lindenau, J.; Seyfried, J.; Dichgans, J. Glutathione, Oxidative Stress and Neurodegeneration. Eur. J. Biochem. 2000, 267, 4904–4911. [Google Scholar] [CrossRef]

	



Shireen, C.; Nagaprashantha, L.D.; Singhal, J.; Horne, D.; Awasthi, S.; Singhal, S.S. Oxidative Stress and Dietary Phytochemicals: Role in Cancer Chemoprevention and Treatment. Cancer Lett. 2018, 413, 122–134. [Google Scholar] [CrossRef]

	



Chen, C.-Y.; Kao, C.-H.; Liu, C.H. The Cancer Prevention, Anti-Inflammatory and Anti-Oxidation of Bioactive Phytochemicals Targeting the TLR4 Signaling Pathway. Int. J. Mol. Sci. 2018, 19, 2729. [Google Scholar] [CrossRef]

	



Kanchan, B.; Sharma, K.; Tremblay, M. Chronic Stress as a Risk Factor for Alzheimer’s Disease: Roles of Microglia-Mediated Synaptic Remodeling, Inflammation, and Oxidative Stress. Neurobiol. Stress 2018, 9, 9–21. [Google Scholar] [CrossRef]

	



Ferreira, S.A.; Romero-Ramos, M. Microglia Response During Parkinson’s Disease: Alpha-Synuclein Intervention. Front. Cell. Neurosci. 2018, 12, 247. [Google Scholar] [CrossRef]

	



Takumi, S.; Izumi, M.; Inukai, Y.; Tsutsumi, Y.; Nakayama, N.; Kosaka, K.; Shimojo, Y. Carnosic Acid Protects Neuronal HT22 Cells through Activation of the Antioxidant-Responsive Element in Free Carboxylic Acid- and Catechol Hydroxyl Moieties-Dependent Manners. Neurosci. Lett. 2008, 434, 260–265. [Google Scholar] [CrossRef]

	



Tong, X.-P.; Ma, Y.-X.; Quan, D.-N.; Zhang, L.; Yan, M.; Fan, X.-R. Rosemary Extracts Upregulate Nrf2, Sestrin2, and MRP2 Protein Level in Human Hepatoma HepG2 Cells. Evid.-Based Complement. Altern. Med. 2017, 2017, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Ong, W.-Y.; Farooqui, T.; Koh, H.; Farooqui, A.A.; Ling, E. Protective Effects of Ginseng on Neurological Disorders. Front. Aging Neurosci. 2015, 7, 129. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 08 00046 g001 550]





Figure 1. Oxidant molecules (A) and simplified scheme of antioxidant defense mechanisms mediated in erythrocytes by glutathione and NADPH (B). (A) Examples of pro-oxidant toxic molecules for red blood cells from G6PDH deficient patients: a drug, primaquine, and natural compounds from fava beans, vicine and convicine. (B) The enzymes are in boxes and the rest are substrates of these enzymes. G6PDH: Glucose-6-phosphate dehydrogenase, GPx: glutathione peroxidase; GSH: glutathione; GSR: glutathione-disulfide reductase; GSSG: glutathione disulfide. 
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Figure 2. Scheme of default degradation and of oxidative-stress-induced activation of the transcription factor Nrf2. ARE: Antioxidant-response-element (components genes and proteins). It has been suggested that KEAP1/Nrf2 interaction occurs in the nucleus and then the complex is shuttled to the cytoplasm, however alternative mechanism may run in parallel (see [29]). 
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