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Abstract (238 words)  

Significance: Redox pioneer Helmut Sies attempted to explain reactive species’ challenges 

faced by organelles, cells, tissues, and organs via three complementary definitions: (1) 

oxidative stress, i.e. the disturbance in the prooxidant-antioxidant defense balance in favor 

of the prooxidants, (2) oxidative eustress, the low physiological exposure to prooxidants, 

and (3) oxidative distress, the supraphysiological exposure to prooxidants. 

Recent Advances: Identification, concentration and interactions are the most important 

elements to improve our understanding of reactive species in physiology and pathology. In 

this context, the reactive species interactome (RSI) is a new multilevel redox regulatory 

system that identifies reactive species families, reactive oxygen species (ROS), reactive 

nitrogen species (RNS), and reactive sulfur species (RSS), and integrates their interactions 

with their downstream biological targets.  

Critical Issues: We propose a united view to fully combine reactive species identification, 

oxidative eustress and distress, and the RSI system. In this view, we also propose including 

the forgotten reactive carbonyl species (RCS), an increasingly rediscovered reactive species 

family related to the other reactive families, and key enzymes within the RSI. We focus on 

brain physiology and pathology to demonstrate why this united view should be 

considered.  

Future Directions: More studies are needed for an improved understanding of the 

contributions of reactive species through their identification, concentration, and 

interactions, including in the brain. Appreciating the reactive species interactome in its 

entirety should unveil new molecular players and mechanisms in physiology and pathology 

in the brain and elsewhere. 
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“Remember to look up at the stars and not down at your feet. Try to make sense of what 

you see and wonder about what makes the universe exist. Be curious. And however difficult 

life may seem, there is always something you can do and succeed at. It matters that you 

don't just give up.” Stephen William Hawking 

 

Introduction 

“Stress is the spice of life” is a famous quote by Hans Selye (210), who, in 1925, originally, 

defined stress as a general adaptation syndrome with three stages: alarm reaction, 

resistance, and exhaustion (208–210). Subsequently, redox pioneer Helmut Sies helped the 

concept of stress evolve, especially regarding the prooxidant-antioxidant balance and the 

concentration-dependent functions of stress molecules. After proving the prooxidant 

reactive oxygen species (ROS) hydrogen peroxide (H2O2) is normally produced in intact 

eukaryotic cells by studying the steady-state level of the antioxidant defense enzyme 

catalase, Sies defined oxidative stress in 1985 as “a disturbance in the prooxidant-

antioxidant balance in favor of the former” (114, 216, 219, 221). This definition was 

updated in 2007 as “an imbalance between prooxidants and antioxidants in favor of the 

prooxidants, leading to a disruption of redox signaling and control and/or molecular 

damage” (222). In 2015, Sies legitimately argued for clearly naming the individual 

prooxidants instead of applying only the generic labels of oxidative stress and ROS (217). 

Finally, in 2017, Sies defined oxidative eustress as “low physiological exposure to 

prooxidants” with specific targets involved in redox signaling, and oxidative distress as 

“supraphysiological exposure to prooxidants” with unspecific targets, disrupted redox 

signaling and damaging molecule modifications (218, 220). 

From physiology to pathology, likely related to tissue-specific metabolome, excessive 

stress is indeed a major risk factor in the lungs, liver, kidneys, heart, and brain, the 

metabolically active organs vital for survival (46, 122, 142, 238). In humans, the brain 

represents approximately 2% of total body weight but consumes 20% of total basal body 

oxygen and 20% of the body’s energy. It is one of the most metabolically active of all 

organs (52, 196). Importantly, the brain is also highly susceptible to oxidative stress, 

specifically oxidative distress, for several reasons (52). One of these is due to the 

multifaceted roles of reactives species themselves, especially superoxide anion (O2
.-) and 
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hydrogen peroxide (H2O2), in redox signaling (52). Another source of oxidative distress is 

hydrogen peroxide generated by the metabolism of neurotransmitter dopamine via 

monoamine oxidases (MAO) and by oxidative phosphorylation (OXPHOS) in mitochondria 

(52). Low endogenous antioxidant defense in the brain relative to other organs, especially 

low catalase and glutathione (GSH) content, makes the brain susceptible to oxidative 

distress (52). Mitochondria, including those in neurons and microglia, the resident immune 

cells in the brain, perform oxygen-dependent OXPHOS for O2
.- and bioenergetic metabolite 

ATP generation, contributing to oxidative distress (52). They have roles in many processes 

such as cell death and calcium homeostasis involved in synaptic plasticity (52). Neuronal 

activity and death also occur when the brain is enriched in redox-active transition metals 

ferrous iron (Fe2+) and cuprous ion (Cu+) relative to other organs (52). Furthermore, 

enriched unsaturated lipids including omega-3 docosahexaenoic acid in the brain cause 

distress due to their susceptibility to lipid peroxidation related to cell death including 

ferroptosis (52). Finally, brain susceptibilty is region- and time-dependent, depending on 

the condition that induces oxidative distress and the endogenous antioxidant capacity 

(104, 121, 248). The following four areas of the brain are most susceptible to oxdative 

stress: the cerebral cortex, the largest site of neural integration involved in many functions 

including motor function, language processing and planning; the hippocampus, the 

dedicated region for neurogenesis during adulthood with its major role in learning and 

memory; the striatum that coordinates cognition including decision-making, action 

planning, and motivation; the cerebellum that coordinates motor movements (104, 121, 

248). 

This review focuses on reactive species identification, concentration, and interactions, 

including those through the brain’s key enzymes. We urge the scientific community to 

consider together ROS, reactive nitrogen species (RNS), reactive sulfur species (RSS), and 

likely the forgotten reactive carbonyl species (RCS) to improve our understanding of 

oxidative eustress and distress in physiology and pathology.  

 

Identification, concentration, and interactions of the reactive species  

We propose here a united view to (1) name the reactive species, i.e. identification, (2) 

consider the concentration-dependent functions of the different reactive species, i.e. 
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concentration, and finally (3) integrate the different reactive species in a dynamic 

interactome, i.e. interactions. In 2017, this dynamic interactome was named the reactive 

species interactome or RSI, a multilevel integrative concept underappreciated in 

physiology and pathology (53). The RSI is defined as the interactions between reactive 

species and downstream biological targets, prevalently cysteine thiols in proteins, the so-

called redox switches, and also many other elements including lipids and DNA (20, 53). RSI-

related structural and functional modifications of antioxidant defense enzymes, 

transcription factors, molecule transporters, phosphatases, kinases, and other proteins will 

change adaptations from short-term to long-term and even induce alterations (20, 53). 

Therefore, sensors and transducers of any changes in the intracellular and extracellular 

environments, including those related to bioenergetic metabolism, redox signaling, and 

nutritional status, should be considered reactive species (20, 53). The RSI is still poorly 

supported by original publications, and there is massive research potential in studying the 

interactome. We consider the strategy focusing on identification, concentration through 

oxidative eustress and distress, and interactions through the RSI regarding how stress 

should be considered in physiology and pathology (Fig.1). 

 

Endogenous key sources and interactions of ROS, RNS, RSS, and RCS 

Considering the sources of the main endogenous reactive species, including intra- and 

inter-species interactions and those with their downstream targets, will improve 

understanding of oxidative stress phenomena. In a non-exhaustive manner, we overview 

key sources and interactions of ROS, RNS, RSS, and the neglected RCS to strengthen the 

relationship between themselves and show that the RSI needs to integrate the RCS family 

and key enzymes for a thorough understanding (Fig. 2).  

Three reactive species sources include, (1) organelles, (2) enzymes, and (3) chemical 

reactions between reactive species and with transition metal ions. To elaborate key 

connections between the reactive species families, including those with key enzymes, we 

summarize ROS, RNS, RSS, and RCS metabolism. 
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Reactive oxygen species metabolism 

ROS initiates the generation of O2-derived reactive species using the precursor O2 to form 

O2
-, then H2O2, hydroxyl radicals OH., OH- and many other derivative species (20, 53, 223, 

225) (Fig. 2). As in the metabolism of other reactive species families, ROS metabolism is 

regulated by enzyme activities and chemical reactions tightly linked to organelle functions. 

Mitochondria, peroxisome, the endoplasmic reticulum (ER), and lysosome are key 

organelles in this regard (20, 53, 64, 223, 225). From O2, O2
.- is mainly generated by (1) 

OXPHOS complexes I, and III and other proteins such as glycerol 3-phosphate 

dehydrogenase and 2-oxoglutarate dehydrogenase in mitochondria, (2) fatty acid β-

oxidation, iron-sulfur flavin hydroxylase xanthine oxidoreductase (XOR) and urate oxidase 

(UO) in the peroxisomal matrix, and electron transport chain in the peroxisomal 

membrane, and (3) nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, 

including NOXs and dual oxidases, and the microsomal monooxygenase system (MMO) 

which contains cytochrome P450 oxidase in the ER (225). In addition, nonheme iron-

containing dioxygenases lipoxygenases and cyclooxygenases also generate O2
.- from 

polyunsaturated fatty acids (PUFAs) (225). Then, O2
.- reduces key transition metal ions iron 

Fe3+, copper Cu2+, and manganese Mn3+, which generates O2 (101, 225, 247). Importantly, 

O2
.- is also metabolized to generate H2O2, one of the most stable ROS (20, 53, 223, 225). 

Without developing all H2O2 sources, including spontaneous dismutation of O2
., polyamine 

catabolism with copper-containing diamine oxidase and thymidine catabolism, 

mitochondrial MAO, copper-dependent lysyl oxidases, peroxisomal enzymes such as XOR, 

UO and acyl-CoA oxidases, and the ER oxidoreductin-1 related to glutathione metabolism 

GSH/GSSG and MMO system, it is important to highlight that one of the major antioxidant 

enzymes catalyzes the reduction of O2
.- to H2O2, superoxide dismutase (SOD) (53, 78, 100, 

223, 225).  

Hydrogen peroxide is then metabolized to generate other ROS, O2, and H2O, and regulate 

transition metal ion reactivities (53, 100, 223, 225). Among several enzymes, glutathione 

peroxidases (GPXs) through GSH/GSSG metabolism, and peroxiredoxin (PRDX) generate 

H2O from H2O2 (181, 225). Two vital enzymes also must be highlighted, the important 

antioxidant defense enzyme catalase and the heme enzyme myeloperoxidase (MPO). 

Catalase, the most abundant peroxisomal antioxidant enzyme, dismutates H2O2 to O2 and 
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H2O (53, 100, 168, 174, 221). Myeloperoxidase catalyzes the oxidation of Cl- by H2O2 to 

hypochlorous acid (HOCl) (83, 178). In addition, H2O2 reacts with transition metal ions Fe2+ 

or Cu+ to generate OH., OH- and corresponding reactive Fe3+ or Cu2+ in the Fenton reaction 

(118, 225). The Fenton reaction with Fe2+ occurs mainly in the lysosome, an essential acidic 

organelle for cellular degradation and recycling of proteins, DNA, RNA, lipids and 

carbohydrates (64). This lysosomal reation induces lysosomal stress, leakage, and multiple 

intracellular dysfunctions including bioenergetic metabolism and autophagy alterations 

(64). Through another reaction, the Haber-Weiss reaction, H2O2 also reacts with O2
.- to 

generate OH., OH- and O2 (118, 225). Finally, multiple antioxidant defense systems such as 

glutaredoxin, OXPHOS complex IV cytochrome c oxidase, glutathione (GSH/GSSG), and 

vitamins contribute to regulating the entire ROS metabolism (53, 223, 225). This partial 

view of ROS metabolism will be completed later with regard to SODs, catalase, XOR, and 

MPO as the four key enzymes. 

 

Reactive nitrogen species metabolism 

Closely related to iron homeostasis, RNS metabolism is the generation of nitric oxide (NO)-

derived reactive species mainly from L-arginine and NO synthase (NOS) activities (20, 53, 

74, 76, 120, 140) (Fig. 2). From L-arginine, O2 and cofactors tetrahydrobiopterin (BH4), 

NADPH, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), NO is 

generated by three isoforms of NOS, neuronal NOS (nNOS, NOS I), constitutively expressed 

in the central nervous system (CNS), inducible NOS (iNOS, NOS II) that is expressed in many 

cell types including macrophages and dendritic cells, and endothelial NOS (eNOS, NOS III) 

mainly expressed in endothelial cells (74, 76, 120, 225). While nNOS and eNOS are calcium-

dependent enzymes, iNOS is calcium-independent (74, 76).  

Using O2, oxidation of L-arginine by coupled NOS with cofactors including NADPH 

generates NO, NADP and L-citrulline, which is also an L-arginine precursor through the 

citrulline-NO cycle (12, 74, 76, 120). Nitric oxide then reacts with O2 to generate nitrogen 

dioxide (NO2) and with NO2 to form dinitrogen trioxide, which reacts with water to 

produce nitrite (NO2
-) or dissociates to form NO and NO2 (74, 76, 120). Nitrite oxidation 

with O2 leads to the generation of nitrate (NO3
-) (74, 76, 120). Nitric oxide is also generated 

by the following process: nitrate reductase (NR) catalyzes the reduction of nitrate into 
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nitrite, and nitrite reductase (NiR) reduces nitrite into NO (120). The RNS metabolism also 

includes other reactive species such as nitroxyl, nitrous acid, hydroxylamine, and ammonia 

that are not discussed here (120). This partial view of RNS metabolism will be completed 

later regarding NO as the key reactive species and NOS as the key enzyme. 

 

Reactive sulfur species metabolism 

Reactive sulfur species are derived from hydrogen sulfide (H2S) (20, 29, 53, 128, 171, 272) 

(Fig. 2). From essential amino acid L-methionine recycling and transsulfuration pathway 

with L-homocysteine and L-cysteine, the RSS-related enzymes cysteine-β-synthase (CBS), 

cysteine-γ-lyase (CSE here, a.k.a. CGL), cysteine aminotransferase (CAT) and 3-

mercaptosulfotransferase (3-MST) are the key enzymes involved in H2S production (29, 53, 

128, 157, 171, 172, 233, 272). First, L-methionine catabolism leads to L-homocysteine 

biosynthesis (29, 128, 171, 171, 233, 272). Cysteine-γ-lyase then converts L-homocysteine 

to L-homolanthionine and H2S (29, 128, 171, 171, 233, 272). The CBS and CSE enzymes 

convert L-homocysteine and L-cysteine to L-cystathionine and H2S, and L-cystathionine is 

further converted to L-cysteine by CSE (29, 128, 171, 171, 233, 272). In addition, L-cysteine 

is metabolized either by CBS to produce H2S, L-serine and L-lanthionine, by CSE to generate 

H2S, ammonium and pyruvate, or by CAT to 3-mercaptopyruvate (29, 128, 157, 171, 171, 

233, 272). The enzyme CAT is also both an aspartate aminotransferase (AST) and a 

glutamate oxaloacetate transaminase (GOT) that generates α-ketoglutarate and aspartate 

from oxaloacetate and glutamate in mitochondria (GOT2) catalyzes the reverse reaction in 

the cytosol (GOT1) (155, 157). Cystine, the dimeric form of L-cysteine, is converted by CSE 

to L-thiocysteine , producing H2S through thiol (RSH)-dependent reactions (171, 233). The 

3-mercaptopyruvate which is also produced by conversion of D-cysteine by D-amino acid 

oxidase (DAO) and that spontenously generates H2S, is the substrate of 3-MST to generate 

pyruvate, and finally, bound sulfane sulfur (171, 233). This sulfur generation results in the 

release of H2S through the thioredoxin (TRX) enzyme and dihydrolipoic acid (DHLA) (171, 

233). This pathway is standard for H2S generation, although TRX and DHLA are part of the 

unconventional pathway (171). In this pathway, H2S is generated from thiosulfate (S2O3
2-) 

through reductant DHLA or thiosulfate reductase coupled to GSH oxidation or 3-MST (171). 

Associated with GSH/GSSG and NADPH/NADH systems, non-enzymatic reactions through 
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thiocysteine persulfides and polysulfides also generate H2S (29). Moreover, mitochondrial 

OXPHOS complex I is a source of H2S due to its accessory sulfurtransferase subunit (171). 

Finally, not discussed here, volatile organic sulfides such as carbon disulfide, carbonyl 

sulfide and sulfur dioxide, and acid-labile sulfide in iron centers, including cytochromes and 

aminothiols such as cysteinylglycine are unconventional sources of H2S (171). 

Once H2S is produced, as its accumulation is toxic, H2S catabolism occurs by oxidation to 

form thiosulfate (29, 128, 171).  This reaction also occurs in mitochondria, where sulfide 

quinone oxidoreductase oxidizes H2S to produce persulfide (29, 128, 171). Sulfite and 

sulfate are also derived from H2S and related to thiosulfate (29, 128, 171). Thiosulfate is 

converted into sulfite through thiosulfate sulfurtransferase or rhodanese then into sulfate, 

and sulfite contributes to H2S generation (29, 128, 171). Hydrogen sulfide catabolism also 

occurs by methylation to produce methanethiol, then dimethylsulfide by thiol S-

methyltransferase (29). Finally, H2S is oxidized into hydrogen thioperoxide, sulfinic acid 

then sulfonic acid (128). Although many reactive sulfur species are compelling, we will not 

discuss all the species and pathways. Two species we will discuss are polysulfides (H2Sn), 

including persulfides (H2S2). These species are of increasing research interest, and their 

production and catabolism conventional and unconventional pathways (171). Finally, 

polysulfides are unstable and their  catabolism tend to generate H2S (171). This partial 

view of RSS metabolism will be completed later, considering H2S as the notable reactive 

species. 

 

Reactive carbonyl species metabolism 

The sprawling network of the electrophilic, highly reactive, often forgotten RCS family is 

partially illustrated (Fig. 2). The key RCS members worthy of investigation include glyoxal 

(GO), acrolein, glucosone, acetaldehyde, glyceraldehyde-3-phosphate (G3P), and the three 

most abundant malondialdehydes (MDA), methyglyoxal (MGO)s and 4-hydroxy-trans-2-

nonenal (4-HNE) (211). The most abundant RCS are derived from PUFA peroxidation into 

lipid hydroxyperoxides through non-enzymatic reactions (4, 8, 187, 211). Fortunately, 

PUFA peroxidation is reversible due to notable enzymes GPX and PRDX (94, 211). The RCS 

are also produced by other nonenzymatic reactions such as oxidative modifications of 
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amino acids (including threonine) and glycation of proteins through reduction of 

carbohydrates (including glucose) (158, 211). 

Notably, RCS, including MGO, are generated as metabolic intermediates during glycolysis 

and polyol processing (205, 211). Methylglyoxal is mainly generated during glycolysis 

through nonenzymatic catabolism of triose phosphates G3P, dihydroxyacetone-phosphate 

(DHAP) and the glycation pathway to ultimately produce advanced glycation end products 

(AGEs)(205, 211).  The AGEs and lipoxidation end products (ALEs), also induced by RCS are 

irreversible toxic products (205, 211). The end-product fructose from the polyol glucose-

sorbitol-fructose pathway, is also a precursor of MGO through triose phosphate formation 

(205, 211). Finally, MGO is generated by ketone body catabolism, including oxidation of 

acetone (205, 211). Fortunately, the glyoxalase defense system counteracts the 

accumulation of MGO by converting MGO into D-lactate (205, 211). 

Long seen as side products from ROS following lipid peroxidation, careful examination of 

RCS shows that this family strengthens the connections between ROS, RNS, and RSS 

families in such a way that the RCS family could be the missing piece of the “stress puzzle” 

that will change perspectives and contribute to revealing new pathways. This partial view 

of RCS metabolism has presented the notable reactive species MDA, MGO, and 4-HNE and 

the key enzymes, GPX as well PRDX. 

 

The metabolism and interactome of notable reactive species and key enzymes  

Connections between the notable reactive species, families (including multiple ROS, NO, 

H2S, and MDA, MGO, and 4-HNE) and key enzymes (SOD, catalase, XOR, MPO, NOS, GPX, 

and PRDX) reinforce the united concept of RSI highlighted in our overview (Fig. 2).  

In a recent demonstration of this connectedness, Kenneth Olson and colleagues showed in 

a concentration- and oxygen-dependent manner that SODs oxidize H2S into polysulfides, 

including persulfide H2S2, and to a lesser extent H2S3 and H2S5, which may be an ancient 

mechanism to detoxify or manage RSS (173). Thus, both ROS and RSS metabolism are 

regulated by SODs. Moreover, in a pH-dependent manner, catalase is also involved in RNS 

metabolism: in the presence of H2O2, catalase oxidizes sodium azide (NaN3), an inhibitor of 

mitochondrial cytochrome c oxidase in OXPHOS complex IV and catalase, into at least RNS 

NO2
- (nitrite) and NO3

- (nitrate) (168). In addition, the Olson research group recently 
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proposed that catalase is also a sulfide-sulfur oxido-reductase during normoxia and 

hypoxia, as a sulfide oxidase by metabolizing H2S under the influence of H2O2, as a sulfide 

reductase generating H2S from dithiothreitol (DTT), and by eliminating polysulfides H2Sn in 

a concentration- and oxygen-dependent manner (174). Thus, ROS, RNS, and RSS 

metabolism are altogether regulated by catalase. The enzyme XOR is found in 

peroxisomes, where, in addition to generating O2
-, catalyzes the reduction of nitrite and 

nitrate into NO, thus regulating ROS and RNS metabolism (225). The MPO enzyme is also a 

major NO scavenger that up-regulates iNOS activity by reducing feedback inhibition of NO, 

and oxidizing nitrite to form nitrogen dioxide or peroxynitrite (ONOO-), the so-called MPO-

H2O2-nitrite system (23, 79). It has also been proposed recently that MPO is a key regulator 

of RSS metabolism by oxidizing H2S with H2O2 or O2 in the absence of H2O2 (83, 178). 

Furthermore, the MPO-H2O2-chloride system generates from hydroxy-amino acids several 

RCS such as aldehyde, acetone, and acrolein (211). Thus, ROS, RNS, RSS, and RCS 

metabolism are regulated by MPO.  

Nitric oxide reacts with O2
- to form peroxynitrite (ONOO-), and H2S to form nitroxyl, thus 

linking ROS, RNS, and RSS metabolism (171, 225, 258). Importantly, NOS activity directly 

links ROS and RNS, and indirectly RSS through NO (76, 197, 225, 258). Indeed, while 

coupled NOS with cofactors leads to NO generation, uncoupled NOS produces O2
-, thus 

fueling O2
--related reactive species including the peroxynitrite positive feedback loop, and 

reduces NO bioavailability, thus impacting NO reactive species targets such as H2S (76, 197, 

225, 258). Together, NO and NOS regulate at least ROS, RNS, and RSS metabolism.  

Hydrogen sulfide sits at the crossroads of ROS, RNS, RSS, and RCS metabolism: it reacts 

with O2 in the presence of transition metal ion Fe3+ to form sulfur dioxide and water, with 

O2
- to form hydroperoxyl, with oxidized metal center proteins, mostly hemes including 

iron-heme cytochromes, to form O2
-, with HOCl to form polysulfides, and with ONOO- to 

form thionitrite and OH- (109, 164, 171, 258). Hydrogen sulfide can efficiently scavenge at 

least the aldehyde 4-HNE at physiological concentrations, meaning  oxidative eustress in 

neuronal cells, protecting cells against MGO-induced damage in keratinocytes, and 

increasing MDA levels in rat cerebral cortex (31, 206, 266). 

Finally, to complete these examples, the notable species and enzymes in RCS metabolism, 

i.e. MGO, MDA, 4-HNE, GPX, and PRDX, link together ROS, RNS, RSS, and RCS metabolism. 
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Hydrogen peroxide oxidizes the MGO and aldehydes, including MDA and 4-HNE, to form 

carboxylic acids (165, 201). Moreovern the RCS are oxidized by H2O2 and ONOO- to form 

adducts and intermediate products, ultimately forming acetate, formate, and methyl 

radicals (165, 201). In addition, MDA and 4-HNE inhibit XOR activity through direct 

interactions with XOR oxidase and dehydrogenase forms, while a GSH increase blocks this 

inhibitory effect (48). The highly reactive dicarbonyl MGO inactivates GPX enzymes by 

direct interactions with the glutathione binding site (185). Importantly, GPX and PRDX 

enzymes regulate one of the most important sources of RCS, lipid hydroperoxides (9, 16, 

137, 161, 195, 269). Specifically, the selenoenzyme GPX4 and PRDX, including PRDX4, 

which are sensors and regulators of peroxides, neutralize lipid hydroperoxides (9, 16, 137, 

161, 195, 269).  

Due to its direct reactions with ROS, RNS, and RSS and key enzymes, the RCS family should 

be considered as important as ROS, RNS, and RSS families in the reactive species 

interactome. 

 

Notable reactive species, key enzymes, and the reactive species interactome in the brain 

As developed in the introduction, we are focused on the brain, which, of all organs, is one 

of the most metabolically active and sensitive to oxidative distress. From physiology to 

pathology, from oxidative eustress to distress, considering 1) our strategy of identification-

concentration-interactions, 2) the notable reactive species and key enzymes, and 3) 

descriptions of individual and puzzling implications of ROS, RNS, RSS, and RCS, we 

combined key findings to reveal the RSI (including RCS) potential in the brain. We 

concentrate the brain physiology discussion on adult neurogenesis, cell death and aging, 

and regard the brain pathology on depression, ischemia, neurodegenerative disorders, and 

cancers. 

 

Physiology: the brain adult neurogenesis 

In mammals, throughout life, neurogenesis, which occurs in several brain regions such as 

the hippocampal dentate gyrus and lateral ventricles, is defined as “the formation of new 

neurons from neural stem cells (NSC) and progenitor cells” (19, 146). The existence of 

adult neurogenesis, one that occurs in adulthood has been intensively debated due to 
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discrepancies between different studies using histology and multiple biomarkers (19, 146). 

Historically, in 1998, adult neurogenesis was observed continuously, at least in the human 

hippocampus (70). Then, after lengthy debates, in 2019, persistent adult neurogenesis in 

the hippocampal dentate gyrus was confirmed in healthy adult humans up to 90 years-old, 

(146, 159). As solid evidence is growing in support of human adult neurogenesis (in the 

hippocampus and elsewhere), the field has moved towards reconciliation of various 

neurogenesis biomarkers and open questions on the molecular mechanisms regulating 

neurogenesis including through oxidative stress (146, 159, 275). 

 

The RSI in brain adult neurogenesis 

The neurogenesis field is currently investigating more than twenty different biomarkers 

(146, 275). An increasing number of studies highlight the involvement of several reactive 

species in brain adult neurogenesis, although the molecular mechanisms between reactive 

species and neurogenesis biomarkers require further investigation (Fig. 3). First, 

differentiation during adult neurogenesis induces oxidized glutathione accumulation and 

at least mitochondrial O2
- overgeneration (251). Transient oxidative distress due to 

overgeneration of mitochondrial O2
- promotes NSC and progenitor cell differentiation and, 

therefore, adult neurogenesis (251). High levels of H2O2 are then required for regular NSC 

and progenitor cells self-renewal, a process related to DCX, Nestin, and FOXO proteins 

(130). For example, the self-renewal process is modulated by the tumor suppressor and 

metabolic regulator PTEN protein (Phosphatase and tensin Homolog), which regulates DCX 

and Nestin expression, and which is a negative regulator of phosphoinositide 3-kinase 

(PI3K)-AKT-mTORC1 pathway (130). The PTEN protein inactivation  through overoxidation 

due to H2O2 promotes NSC and progenitor cells self-renewal (130). Moreover, inhibition of 

H2O2 overgeneration counteracts NSC proliferation (97). Oxidative distress due to H2O2 

activates adult neurogenesis. Interestingly, from the antioxidant defense side, SOD 

deficiency induces a reduction in adult neurogenesis at all stages, from self-renewal to 

differentiation related to DCX, NeuroD and GFAP biomarkers (107). In addition, NSC and 

progenitor cell proliferation are increased by the accumulation of catalase in mitochondria 

(138). Finally, MPO inhibition increases adult neurogenesis through at least DCX and Sox2 
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stimulation (271). Superoxide dismutase, catalase and MPO are key enzymes to investigate 

in adult neurogenesis. 

Increasing the complexity, NO generated by neuronal NOS is a negative regulator of NSC 

and progenitor cell proliferation in healthy brain while its overgeneration after brain 

damage promotes proliferation and then adult neurogenesis (72, 160, 177). The PTEN and 

AKT proteins are inactivated by nitrosylation mediated by NO (188). While NO has a dual 

role in adult neurogenesis, transient ONOO- accumulation promotes NSC and progenitor 

cell self-renewal, proliferation, and even differentiation through activating the hypoxia-

inducible factor 1-alpha (HIF-1A) signaling pathway (43). Transient oxidative distress due to 

ONOO- activates adult neurogenesis. Finally, the H2S promotes NSC and progenitor cell 

proliferation and differentiation in association with increased phosphorylation of 

extracellular signal-regulated kinase 1/2 (ERK1/2) to activate the kinase activity and 

downstream targets (141, 245).  All this evidence indicates, that transient oxidative 

distress mediated by ROS, RNS, and RSS metabolism activates adult neurogenesis.  

However, this is not the case for RCS metabolism. The accumulation of MDA due to lipid 

peroxidation inhibits NSC and progenitor cell proliferation, and MGO impairs neurogenesis 

by inducing cell death of NSC (47, 183). Therefore, oxidative distress mediated by RCS 

inhibits adult neurogenesis. Moreover, regarding key enzymes GPX and PRDX, the situation 

is even more complicated. While GPX1 does not regulate adult neurogenesis, other GPXs 

such as GPX4 increase adult neurogenesis (191, 244, 269). The same for PRDXs as PRDX1, 

PRDX2, and PRDX4 stimulate adult neurogenesis while PRDX6 inhibits adult neurogenesis 

(268).  

In adult neurogenesis, considering interactions between the four reactive species 

metabolism including through key enzymes, the RSI is fully committed and reveals all its 

potential when integrated with RCS metabolism (Fig. 2). 

 

The RSI in brain cell death 

Brain vulnerability increases due to neuroinflammation and decreases in neuroplasticity, 

dysregulation of neuronal activities, and alteration of bioenergetic metabolism (153). Brain 

vulnerability is also exacerbated by increased intracellular oxidation, damage, and cell 

death in neurons, astrocytes, oligodendrocytes and microglial cells, at the intersection of 
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brain physiology and disorders (153). Cell death is an inevitable consequence of cell life, 

and there are at least twelve types of cell death (80) (Fig.4). In the brain, apoptosis, 

necrosis including necroptosis, oxytosis, and ferroptosis (two names of the same pathway 

or two highly similar pathways), autophagy-dependent cell death, and parthanatos poly 

ADP-ribose polymerase 1-dependent cell death are the main cell death types which are all 

initiated by bioenergetic metabolism dysregulation and oxidative distress (34, 135, 170). 

First, in the brain, mitochondrial O2
- is a major regulator of necroptosis by oxidizing the key 

necroptosis factor receptor-interacting protein kinase 1 (RIP1) and activating the 

necrosome (59). This regulation is exacerbated by hyperglycemia that induces a shift from 

apoptosis to necroptosis through mitochondrial O2
- which both oxidizes necroptosis RIP1 

and inactivates apoptosis factors caspases-3/6/7 (59). In other words, oxidative distress 

mediated by ROS O2
- triggers necroptosis and inhibits apoptosis. In addition, in the brain, 

H2O2 accumulation initiates the main cell death types, including ferroptosis, the newly 

discovered non-apoptotic cell death-type characterized by accumulation of H2O2 as well 

cytosolic adenosine triphosphate (ATP) depletion, active iron Fe2+ accumulation, 

antioxidant GSH depletion, GPX4 inactivation, and ultimately, by the deadly increase in 

lipid peroxidation, the most important source of RCS (34, 63, 135, 170). The excitatory 

neurotransmitter glutamate induces ferroptosis at high concentrations in the brain, 

positioning ferroptosis as an emerging major cell death nexus linking iron metabolism, lipid 

metabolism, bioenergetic metabolism, antioxidant, and reactive species metabolism 

associated with glutamate toxicity (150, 229). Moreover, key enzyme  SOD regulates 

apoptosis as an increase in SOD1 activity delays or even prevents apoptosis in neurons 

(92). Interestingly, the role of SOD1 in apoptosis is tightly linked to NO as NO mediates 

apoptosis, and NO-SOD balance has been shown as a key determinant in apoptosis 

initiation (49). An increase in key enzyme catalase also prevents apoptosis by metabolizing 

H2O2 and ultimately regulating apoptosis factors, including Bax and Bcl-2 in neurons (69, 

224). Key enzyme XOR also regulates both apoptosis and necroptosis through O2
- 

overgeneration (18). Finally, enzyme MPO regulates apoptosis and ferroptosis through 

H2O2 and HOCl modulation, and MPO inhibition reduces apoptosis and ferroptosis in the 

brain (37, 213). The key enzymes SOD, catalase, XOR, and MPO merit further investigation 

in studying brain cell death. 
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Oxidative distress mediated by the RNS family also stimulates the main cell death-types in 

the brain. Accumulation of NO induces apoptosis through the nitrosylation of key proteins 

involved in apoptosis signaling, including caspases 3/8/9 and B-cell lymphoma 2 (Bcl-2), 

and accumulaton of ONOO- activates apoptosis, necroptosis, parthanatos, and autophagy-

dependent cell death in neurons, including through tyrosine nitration of  heat shock 

protein 90 (Hsp90), α-synuclein, cytochrome c, and through DNA damage (188, 192). In 

contrast to RNS, oxidative distress mediated by H2S and sulfite is neuroprotective by 

inhibiting apoptosis and oxytosis. Anti-inflammatory and anti-apoptotic, H2S 

physiologically and pharmacologically reduces cell-death type activation, including after a 

brain injury, even though very high levels of H2S can disrupt mitochondrial function and 

trigger at least apoptosis in neurons (99, 274). Sulfite also protects neurons against 

oxytosis, a cell death-type due to H2O2 accumulation, GSH depletion, lipoxygenase 

activation, and calcium influx (124, 135).  

Finally, oxidative distress mediated by RCS is also a major cell death-types regulator to 

consider, at least in the brain. The MGO triggers apoptosis in neurons (55, 61, 86). 

Furthermore high levels of 4-HNE and MDA due to increased lipid peroxidation lead to 

apoptosis, necrosis, autophagy-dependent cell death, and, most importantly, ferroptosis 

(55, 61, 86). Interestingly, the key enzyme GPX1 protects immature neurons against H2O2-

mediated apoptosis, and GPX4 is crucial in controlling ferroptosis (207). Key enzyme 

PRDX6 protects astrocytes and microglia against ferroptosis (154, 180). 

Altogether, while oxidative distress mediated by ROS, RNS, and RCS activates several brain 

cell death-types, i.e. apoptosis, necrosis including necroptosis, autophagy-dependent cell 

death, and ferroptosis, oxidative distress mediated by RSS inactivates at least apoptosis 

and oxytosis. Therefore, considering both the RSI in its entirety, including the RCS family 

and key enzymes at the intersection of the reactive species families, will reveal all RSI 

potential in brain cell death. This information is important in understanding roles and 

switching between different cell death-types in physiology, including aging and pathology 

(Fig. 4). 
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Is RSI the eleventh hallmark of brain aging ?  

Brain aging has a signature of ten hallmarks: neuroinflammation, oxidative damage, 

adaptive stress response signaling alteration, bioenergetic metabolism dysregulation, 

mitochondrial dysfunction, aberrant neural network activity, neuronal calcium 

homeostasis dysregulation, stem cell exhaustion, molecular waste disposal impairment, 

and DNA repair impairment (153, 264)(Fig. 5). Multiple pathways are involved in brain 

aging through many different biomarkers not listed here to focus our overview on the 

reactive species themselves. Impaired adult neurogenesis, overactivation of cell death 

including apoptosis, and cellular replicative senescence are involved in brain aging (153, 

264).  

It is important to remember that replicative senescence is probably a key driver of aging 

(14, 153, 273). Replicative senescence, a powerful anticancer mechanism, is a stable cell 

cycle arrest associated with telomere shortening, senescence-associated beta-

galactosidase (SA-β-gal) activity, kinase inhibitor proteins p16INK4 and p21 activation, and 

a senescence-associated secretory phenotype (SASP) including proteases, growth factors 

and pro-inflammatory cytokines (133, 264). Senescence is both a physiological and 

pathological process related to several reactive species and is implicated in aging, including 

that in post-mitotic neurons and oligodendrocytes, as recent evidence argues that 

senescence occurs in these cells (14, 133, 153).  

We propose that dysregulated RSI is the 11th hallmark of brain aging that links cellular 

replicative senescence, cell death types, adult neurogenesis, and the ten established 

hallmarks (Fig. 5). 

First, at a minimum mitochondrial O2
- accumulation and antioxidant defense decline are 

the major events that trigger the ten hallmarks of brain aging (153). Oxidative distress 

mediated by mitochondrial O2
- in the brain, including the frontal cortex, hippocampus, and 

amygdala, initiates brain aging (228). Interestingly, in mitotic astrocytes, highly glycolytic 

compared to other glial cells, mitochondrial O2
- does not strongly contribute to cellular 

senescence while its contribution is significant in other glial cells (228). Overgeneration of 

H2O2 also leads to senescence of mitotic astrocytes with SA-β-gal activity and probable 

SASP, and mitotic microglial cells with telomere shortening, SA-β-gal activity and probable 

SASP (153, 256). Compared to astrocytes, post-mitotic neurons, which are much less 
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glycolytic, and so more dependent on mitochondrial function, generate subtantiam 

mitochondrial O2
- (27, 228). Moreover, overgeneration of H2O2 seems to lead to 

senescence of human neural progenitor cells and post-mitotic neurons with SA-β-gal 

activity and probable SASP characteristics (153, 256, 273). All this evidence indicates 

oxidative distress mediated by H2O2 initiates brain aging. In addition, key enzymes SOD, 

catalase, XOR, and MPO play key roles in aging, including in the brain as brain aging is 

associated with progressive decline in SOD and catalase activities. The use of SOD/catalase 

mimetics may contribute to reversing age-related declines including in cognitive function, 

and as XOR and MPO activities dangerously increase with aging (50, 87, 243, 250). 

Antioxidant defense decline and oxidative distress mediated by ROS are clearly pro-aging, 

including in the brain. 

Reactive nitrogen species metabolism is also actively involved in brain aging, although 

heterogeneously in nitrosative vulnerability depending on brain cell types (26, 27, 228). 

Mitotic glycolytic astrocytes are not vulnerable to NO and ONOO- while post-mitotic 

neurons, which are more dependent on mitochondrial respiration, are vulnerable to both 

NO and ONOO- (26, 27, 228). Nitric oxide, both an anterograde and retrograde 

neurotransmitter in synapses, and ONOO- contribute to protein nitration, nitrosylation, 

and consequently brain aging (188). Aging including in brain is associated with nitrative 

damages, and nitrosylation of amyloid β-peptides, and proteins involved in regulation of 

immune response, including S100, and nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) (188). Oxidative distress mediated by RNS is pro-aging including in 

the brain. 

Reactive sulfur speices metabolism is also actively involved in brain aging through H2S and 

H2Sn (polysulfide), which are suggested to act as gliotransmitters (147, 149). Oxidative 

distress mediated by H2S and H2Sn supports brain function including memory formation 

during aging by modulating N-methyl-D-Aspartate subtype glutamate receptors (NMDARs) 

through sulfuration (147, 149). The NMDARs are excitatory glutamate receptors involved 

in neuronal plasticity, and learning and memory. They are dysregulated during brain aging 

and numerous brain pathologies (147, 149). In addition, H2S also exerts anti-aging 

properties by inhibiting ROS and RNS generation, and by activating sirtuin 1 (SIRT1), a 

major anti-aging and anti-senescence NAD (nicotinamide adenine dinucleotide)-dependent 
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protein deacetylase found in the brain (277). Oxidative distress mediated by RSS is anti-

aging, including in the brain. 

Finally, oxidative distress mediated by 4-HNE and MDA is pro-aging. The 4-HNE and MDA 

are overgenerated by increased lipid peroxidation and accumulate in tissues and organs 

with age, including in the brain (115, 153). However, with no clear molecular explanation, 

a progressive decrease in MGO levels associated with an increase in aldolase reductase 

(AR) expression, which metabolizes MGO, occurs during brain aging, thus suggesting an 

unsolved key role of MGO in brain aging (127). Moreover, during brain aging, reduced GSH 

decreases while oxidized GSSG increases, and key enzymes GPXs (including GPX4 activities) 

as well PRDXs (including PRDX6) decline (15, 45, 71, 145, 176, 281). Interestingly, GPX4 

activity plays a key role at the intersection of apoptosis and ferroptosis, an important topic 

in aging research, including that exploring the brain (15, 96, 270). An increase in GPXs and 

PRDXs expression and activity that improve detoxification of lipid hydroxyperoxides is a 

promising route of anti-aging therapy exploration to limit detrimental oxidative distress 

due to 4-HNE and MDA in brain aging. 

Considering that antioxidant defense decline and oxidative distress mediated by ROS, RNS, 

and 4-HNE and MDA are pro-aging while oxidative distress mediated by RSS is anti-aging 

including in the brain, the entire RSI, including RCS, has to be further investigated. A  

dysregulated RSI could be the 11th hallmark of brain aging (Fig. 5). 

 

Conclusion on the RSI in brain physiology 

Through adult neurogenesis, cell death and aging in the brain, we showed that the entire 

RSI should be considered instead of only one reactive species family. Knowing (1) exactly 

which reactive species is active in, i.e. identification, and (2) the physiological or 

supraphysiological concentration, i.e. concentration integrating oxidative eustress and 

distress, will reveal all the RSI potential in physiology, including in the brain. 

Reactive species family roles vary in the physiological process, and a family is not solely 

detrimental or beneficial. Oxidative distress mediated by ROS, RNS and RSS promotes adult 

neurogenesis, while mediated by RCS inhibits adult neurogenesis. Oxidative distress 

mediated by ROS, RNS, and RCS triggers apoptosis, necrosis, autophagy-dependent cell 

death and ferroptosis, while that mediated by RSS inhibits at least apoptosis and oxytosis. 
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Oxidative distress mediated by ROS, RNS, and RCS is pro-aging, while that mediated by RSS 

is anti-aging. Together, the RCS family is coordinated together with the other reactive 

species families, and therefore only the RSI, including RCS, is fully committed in brain 

physiology. 

Finally, key enzymes SOD, catalase, XOR, MPO, GPXs (including GPX4), and PRDXs require 

further examination in light of the entire RSI, including RCS in brain physiology. In a 

physiological process, the global redox effect is created by the combination between (1) 

effects from different reactives species families in different concentrations, (2) interactions 

between the different families and (3) activities of the key enzymes that contribute to the 

RSI dynamics. This axiom is true in physiology and pathologies. 

 

The RSI in mental disorder depression  

Oxidative stress, or better, oxidative distress, plays a significant role in mental disorders 

from addiction to anxiety, depression, bipolar disorder, post-traumatic stress disorder, 

dementia, and schizophrenia affecting almost 1 billion people worldwide (38, 240). 

Depression affects 300 million people worldwide, thus being the leading mental disorder, 

and by 2030, depression is predicted to be the second leading cause of illness worldwide, 

following human immunodeficiency virus infection/acquired immunodeficiency syndrome 

and followed by ischemic heart disease (102, 152). 

Different complementary approaches such as transcriptomic, proteomic, metabolomic, 

and epigenetic, depression, including major depression, have been progressively better 

characterized to improve treatments, although complex molecular mechanisms are 

involved (230). More than fifteen biomarkers are predictive of this mental disorder, 

including a reduction in gray matter volume, overgeneration of the stress hormone 

cortisol, dopamine and noradrenaline reduction, glutamate accumulation, 

neuroinflammation, tryptophan metabolism alterations, brain-derived neurotrophic factor 

(BDNF), and vascular endothelial growth factor (VEGF) reduction, and possibly genetic 

polymorphisms (230) (Fig. 6). The antioxidant defense and reactive species and related 

targets are also increasingly considered biomarkers for depression, although the molecular 

mechanisms are still missing (230). 
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The entire RSI, including RCS, should be considered in the study of mental disorders, 

including depressive disorder, to improve the understanding of the targets and the 

molecular mechanisms (Fig. 6). First, an imbalance between O2
- and H2O2 due to specific 

SOD2 genetic polymorphisms increases the risk of depression (54). Overgeneration of ROS, 

antioxidant defense alterations including SOD dysfunction, and decrease in GSH levels are 

involved in major depressive disorder through harmful overoxidation of proteins, lipids 

and DNA (143, 199, 249). Specific genetic polymorphisms of catalase are also associated 

with an increased risk of depression (199). A decrease in SOD and catalase activities and 

increased  XOR levels are often found in depressed patients compared to healthy 

individuals (249). The XOR activity also increases in recurrent depressive episodes in many 

brain regions, including the hippocampus and thalamus (156). In addition, the 

accumulation of MPO enzyme in serum is a biomarker of immune dysregulation associated 

with major depressive disorder (246). Altogether, an imbalance between ROS, oxidative 

distress mediated by ROS and altered SOD, catalase, XOR, and MPO enzymes exert a pro-

depressant effect. 

Interestingly, it is now known that anti-depressant drugs modulate ROS/RNS generation 

and antioxidant defense (199, 249). Reactive nitrogen metabolism is involved in 

depression including major depressive disorder. In depression, neuronal NOS enzyme 

accumulates in several brain regions, including the hippocampus, cortex, and 

hypothalamus (279). Researchers have proposed that the interaction between nNOS and 

serotonergic signaling, and the link between nNOS and adult neurogenesis are the key 

deregulated mechanisms in depression (279). Inhibition of nNOS with NG-nitro-L-arginine 

methyl ester exhibits antidepressant properties, and several weeks of antidepressant 

treatment reduces NO levels in depressed patients (199, 249, 279). Thus, related to nNOS 

accumulation, oxidative distress mediated by RNS exerts a pro-depressant effect.  

Importantly, by increasing synaptic neurotransmission and synaptic plasticity, the H2S has 

an antidepressant-like effect (41). This effect is through induction of adiponectin 

expression, a hormone involved in glucose and lipid metabolism, that ultimately reduces 

autophagy and favors synapse formation in the brain, including in the hippocampus (241). 

Oxidative distress mediated by RSS exerts an anti-depressant effect. 
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Finally, an increase in lipid peroxidation, the main source of RCS, is associated with 

depression. Treatment with n-3PUFAs, including docosahexaenoic acid, appears as 

effective as antidepressant therapy by inhibiting neuronal apoptosis and reducing 

neuroinflammation (249). The MGO, MDA, and 4-HNE that accumulate in depressed 

patients are considered biomarkers of depressive disorder, and anti-depressant therapy 

effectively reduces their levels (62, 143, 198, 249). Oxidative distress mediated by RCS 

exerts a pro-depressant effect. In several studies, a decrease in key enzyme GPX activity 

was found in depressed patients compared to healthy individuals, while in other studies, 

no difference was detected (143, 249). Finally, associated with decreased BDNF growth 

factor in serum, the key enzyme PRDX1 accumulates in depressed patients (276). 

Oxidative distress mediated by ROS, RNS, and RCS exerts a pro-depressant effect, while 

oxidative distress mediated by RSS exerts an anti-depressant effect. The entire RSI, 

including RCS, plays a clear role in depression (Fig. 6). 

 

The RSI in brain ischemia 

When a blood clot blocks or plugs an artery or vein in the brain, an arterial or venous 

occlusion, this is an ischemic stroke that occurs, creating a medical emergency for which 

brain aging is the highest non-modifiable risk factor (28, 65, 113, 153, 202). Every year, 

stroke, which includes hemorrhagic stroke (20% of the cases) and ischemic stroke (80% of 

the cases) accounts for approximately 80.1 million cases worldwide and 5.5 million deaths 

(28, 65, 113, 202). Following a stroke, per hour, 120 million neurons die, 830 billion 

synapses and 714 km/447 miles of myelinated fibers are lost, so the brain is losing nearly 

3.6 years of normal aging (202). To treat arterial or venous occlusion, rapid reperfusion 

with thrombolysis and endovascular thrombectomy is the main therapy, and while it 

provides benefits, it also presents adverse effects regarding oxidative distress (28). 

Ischemic stroke provokes rapid oxygen and glucose deprivation, inducing excitotoxicity 

due to glutamate release, mitochondrial dysfunction, oxidative distress, lipid peroxidation, 

DNA damage, neuroinflammation and neuronal cell death through at least apoptosis and 

necrosis, including necroptosis (57, 153) (Fig.7). Oxygen deprivation followed by 

reoxygenation induces an increase in the blood-brain barrier (BBB) permeability partially 

through activation of the hypoxia-inducible transcriptional factor HIF-1 and an increase in 
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expression of its target genes such as matrix metalloproteinase 2 and VEGF (171, 208). 

Oxygen deprivation, resulting in tissue hypoxia, induces oxidative distress due to, a 

minmum, mitochondrial respiration deterioration and loss (91, 153). Then, rapid oxygen 

supply, i.e. reoxygenation due to reperfusion, exacerbates oxidative distress due to, 

minimally, mitochondrial respiration (57, 91, 153). 

First, during ischemia/reperfusion (I/R), mitochondrial O2
- overgeneration due to oxygen 

deprivation then to reoxygenation is a major contributor to the mitochondrial OXPHOS 

electron leak at complexes I/II and to complex V ATP synthase dysfunction. These two 

alterations play, play a critical role in neuronal cell death, including apoptosis (112). In 

addition, mitochondrial NOXs are important O2
- sources during I/R (112, 150, 151). 

Notably, although oxidative distress mediated by mitochondrial O2
- is detrimental during 

I/R, oxidative eustress mediated by mitochondrial O2
- plays a signaling role in activating 

antioxidant defense and cell survival in post-ischemic tissues (32, 112, 243, 258, 259, 267). 

In  BBB endothelial cells, changes in H2O2 levels strongly regulate angiogenesis, 

permeability, and cell death (6). Oxidative eustress mediated by H2O2 induces endothelial 

tube formation and increases endothelial cell tube length, while oxidative distress 

mediated by H2O2  increases endothelial cell permeability and induces cytoskeleton 

disorganization and cell death apoptosis, although the cytoskeleton alteration starts during 

oxidative eustress (6). Moreover, mitochondrial calcium overload during I/R blocks H2O2 

catabolism in the brain (112). Regarding the key enzymes, during I/R, SOD and catalase 

activities decrease in the brain, mainly in the hippocampus and striatum, while XOR and 

MPO activities, which is hamrful to the patient (40, 103, 104). Altogether, during I/R, 

oxidative eustress mediated by ROS is beneficial while oxidative distress mediated by ROS 

and altered SOD, catalase, XOR and MPO enzymes is detrimental. 

The RNS metabolism plays a critical role during I/R through both its reactive species and 

key NOS enzymes. Depending on cell types, levels, and sources, the NO can be either 

detrimental or beneficial in ischemic stroke (44). Following reperfusion, overgenerated NO 

by nNOS plays a rapid neurotoxic role (44, 85, 239). Hours after reperfusion, in microglia, 

astrocytes and endothelial cells, estimated at 1,000 times more than nNOS-related NO, NO 

overgenerated by activated iNOS also plays a neurotoxic role (44, 85, 239). In contrast, 

eNOS-related NO plays a neuroprotective role by interacting with ROS metabolism and 
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inducing collateral flow (44, 85, 239). Although the role played by NO is known to vary in 

ischemic stroke, the debate continues regarding the contribution of nNOS, iNOS, and 

eNOS, the time course of NO generation from the three NOS, and other factors (42, 44, 

85). Moreover, oxidative distress mediated by ONOO- is neurotoxic following ischemic 

stroke, and blocking it using triterpenoid saponin is suggested as a promising treatment to 

attenuate the deleterious effects (39). In ischemia, during I/R, the key NOS enzymes are 

essential regulators of both the detrimental and beneficial roles of NO, and oxidative 

distress mediated by ONOO- is detrimental. 

Hydrogen sulfide also contributes to maintaining cerebrovascular homeostasis, including in 

ischemia  but still with controversial effects (66, 90, 112, 166). Indeed, in ischemia, 

oxidative eustress mediated by H2S is beneficial while oxidative distress is detrimental, i.e. 

neurotoxic (66, 90, 112, 166). The benefits of H2S beneficial effect are through anti-

oxidation property via increasing GSH levels, anti-apoptosis by regulating calcium 

homeostasis and caspase status, anti-necrosis, and attenuation of the deleterious effects 

of I/R related to mitochondrial function (66, 90, 112). Benefits are also derived through the 

anti-inflammatory property via inhibiting the release of NO and pro-inflammatory 

cytokines and proangiogenic property by induction of the expression of the angiogenic 

factors angiopoietin-1 and VEGF (66, 90, 112). In contrast, the detrimental effect of H2S is 

through glutamate excitotoxicity and brain edema by negatively modulating aquaporin 4 

and matrix metalloproteinase 9 status (66, 90, 112).  

Finally, the RCS family is negatively involved in ischemic stroke. In different organs, plasma 

and serum MGO, which triggers autophagy activation, accumulates along with as 4-HNE, 

considered a plasma biomarker of ischemic stroke, and MDA (33, 68, 73, 134, 169). In 

addition, activites of GPX, including GPX1 and PRDX, appear critical during and after 

ischemia, including related to neuroinflammation (57, 84, 108). Thus, in ischemia, 

oxidative distress mediated by RCS and key enzymes GPX and PRDX  are detrimental. 

During ischemia/reperfusion, oxidative eustress mediated by ROS and RSS, and oxidative 

distress mediated by eNOS-related NO are beneficial to counteract deleterious effects of 

I/R. Meanwhile, oxidative distress mediated by ROS, nNOs- and iNOS-related RNS, RSS, and 

RCS is detrimental. Notably, in other pathologies, key enzymes SOD, catalase, XOR, and 

MPO play essential redox roles during I/R (Fig. 7).  
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Why did antioxidant therapies fail to treat ischemia ? 

Several therapies introduced to reduce the deleterious effects of I/R are promising.  

Specific upregulation of mitochondrial antioxidant enzymes Mn-SOD (SOD2) and PRDXs, 

inhibition of mitochondrial NOX, reduction of oxidative distress with specific mitochondrial 

antioxidants such as mitoquinone, modulation of mitochondrial redox status using specific 

microRNAs, and even ROS-scavenging nanoparticles are among the potential therapeutic 

pathways (112, 185). However, antioxidant therapies targeting ROS have been 

disappointing as results could not be successfully translated from animal models of stroke, 

including ischemic stroke, to clinical use (111, 117, 215, 255). For example, uric acid, a 

natural antioxidant that targets ROS and RNS peroxynitrite, ROS scavengers edavarone, 

tetramethylpyrazine, FR210575, and even nitrone NXY-059, were neuroprotective and 

succeeded in treating the deleterious effects of stroke in animal models but failed to prove 

efficacious at the clinical level (215, 255). After two large randomized and double-blinded 

clinical trials with more than 5,000 patients total, the promising nitrone NXY-059 did not 

show any bedside efficacy (215, 255). In addition, although the promising natural plant 

extracts Egb-761® or Tanakan® from Ginkgo biloba with antioxidant terpenes and 

flavonoids had neuroprotective effects in animal stroke models, clinical trials did not 

confirm the results, and larger and robust trials are needed (111, 255). The rationale for 

using antioxidant therapy in addition to other therapy against stroke, including ischemic 

stroke, is to potentially prevent long-term neurodegeneration post-stroke by decreasing 

the risk of Alzheimer’s disease (AD) through the reduction of oxidative stress (117). 

So, why did antioxidant therapies fail to treat ischemia ? First, animal model success does 

not always translate to clinical trial and bedside success due to differences in complexity, 

physiology and pathology, including symptoms and alterations (21). Second, importantly, 

antioxidant therapies fail due to disappointing targets. Targeting only ROS or RNS is 

insufficient when the entire RSI is involved with its many reactive species and key 

enzymes. Targeting ROS, RNS, RSS, and RCS together, considering oxidative eustress and 

distress effects, and modulating SOD, catalase, XOR, MPO, GPXs, and PRDXs enzymes will 

be the most powerful therapy to treat ischemia. Regulating the entire RSI will induce key 

enzyme remodeling, and the best therapy will be one molecule or a combination of 

molecules directly targeting the heart of the RSI. Therefore, we strongly encourage 
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increased research to better understand the RSI related to the pathophysiology of stroke 

as the firststep to discover the best therapy. 

 

The RSI in neurodegenerative disorders 

Oxidative distress, bioenergetic metabolism, senescence, and cell death are intriguing and 

complex key players involved in the so-called neurodegenerative disorders, the leading 

cause of disability worldwide and a major cause of global deaths. These disorders include 

Parkinson’s disease (PD), AD, vascular dementia, frontotemporal dementia, amyotrophic 

lateral sclerosis (ALS), Huntington’s disease and spinocerebellar ataxias (14, 32, 75, 81, 

153, 232). Adult neurogenetic alteration and neuroinflammation are also involved in 

neurodegenerative disorders (14, 32, 75, 81, 153, 232) (Fig. 8). 

At the molecular level, most neurodegenerative disorders share pathways focusing on 

mitochondrial function, oxidative distress, autophagy-lysosome pathway, protein quality 

control machinery, and finally, neuronal death, therefore implying the involvement of 

multiple complex biomarkers (81, 204). For example, neuronal death is the PD hallmark 

mediated by intracellular accumulation and aggregation of the presynaptic protein α-

synuclein in Lewy bodies (153). Furthermore, both neuronal death and synapse 

degeneration are AD hallmarks mediated by amyloid-β (Aβ) clearance processing 

impairment and phosphorylated tau (pTau) neurofibrillary tangle aggregation (153). In 

addition, mitochondrial function, calcium homeostasis, lysosome, and, importantly, redox 

balance play crucial roles in both neurodegenerative disorders (153). Mitochondrial 

dysfunction and oxidative distress are promising targets alone or combined to treat several 

neurodegenerative disorders, including AD and PD (36, 153, 204, 252, 253).  

One significant unknown is whether oxidative distress is a cause or consequence of 

neurodegeneration (7). A better understanding of the RSI, including RCS and the key 

enzymes enzymes, will help answer this question and discover new therapies to treat 

neurodegenerative disorders, including ALS, PD, and AD (Fig.8). 

First, related to mitochondrial uncoupling and mitochondrial calcium concentration, 

oxidative distress mediated by O2
- is associated with AD (262). Oxidative distress mediated 

by H2O2 occurs during the early stages of protein aggregation in AD and dementia (237). In 

addition, reduced GSH levels are found in ALS, AD and PD (167). Importantly, the key 



Page 27 of 81 
 
 
 

27 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

enzymes SOD, catalase, XOR, and MPO also play complex and crucial roles in 

neurodegenerative disorders including ALS, AD, and PD (167). Reduction of both SOD and 

catalase activities are found in ALS, while SOD levels increase in PD (167). In AD, SOD levels 

increase in the hippocampus and amygdala while SOD and catalase levels decrease in the 

frontal and temporal cortex (167). Inhibition of XOR by oxypurinol (alloxanthine) in a 

mouse model of AD and by allopurinol in the rat model of PD reduces oxidative distress 

mediated by ROS, thus suggesting a key role for XOR at least in those neurodegenerative 

disorders (82). Moreover, in neurodegenerative disorders, including ALS, AD, and PD, 

increased MPO activity is detrimental (194). Oxidative distress mediated by ROS, in 

addition to alterations in key enzymes SOD, catalase, XOR and MPO, are detrimental to 

neurodegenerative disorders. 

The RNS metabolism is also involved in neurodegenerative disorders. Overgeneration of 

NO and related ONOO- is associated with neurodegeneration through a close link with iron 

homeostasis, which regulates ferroptosis, brain oxygenation, mitochondrial function, 

neurotransmitter metabolism ,and compact myelin formation (140, 227). Nitric oxide also 

regulates iron homeostasis at a minimum through ferritin and ferroportin, and iron levels 

are strongly increased in Aβ plaques and tau tangles of AD patients and the SN of PD 

patients (139, 140, 162). In AD, iNOS, eNOSs and nNOS increases are associated with Aβ 

deposits in the brain and reduced NO bioavailability in plasma (167). In addition, 

glutamate, the most abundant neurotransmitter in excess in neurodegenerative disorders, 

initiates NO overgeneration by nNOS, which strongly induces demyelination, i.e. the loss of 

myelin (139, 140, 162). Thus, in neurodegenerative disorders, oxidative distress mediated 

by RNS is detrimental. 

In addition to ROS and RNS, RSS metabolism must be considered when studying 

neurodegenerative disorders. Hydrogen sulfide is attracting much attention in 

neurodegenerative disorder research through its effects on neuroinflammation, 

neurodegeneration-related MAO linked to catecholamines, NMDA potentiation linked to 

glutamate, potassium channels, calcium channel activity, and finally, oxidative distress (25, 

182, 200). In the brain, H2S levels are reduced in AD and PD (182). Interestingly, H2S also 

inhibits the NO-related angiogenic effect, just as NO inhibits the enzymatic effect of H2S by 

modulating the activity of the H2S-producing CBS enzyme (25, 182, 200). Moreover, NO, 
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H2S suppresses Aβ plaque formation and deposits in microvessels, including in the brain 

(25, 182, 200). Although very high levels of RSS are neurotoxic, oxidative distress mediated 

by RSS is beneficial in fighting neurodegenerative disorders. 

Finally, oxidative distress mediated by RCS and key GPX and PRDX enzyme breakdown is 

detrimental to neurodegenerative disorders. Overgenerated by an excess of lipid 

peroxidation, MGO, 4-HNE and MDA accumulate in the brain of ALS, PD and AD patients, 

thus resulting in the formation of advanced glycation end-products (AGEs) (60, 77, 167, 

231). In addition, GPXs and PRDXs appear to play important roles in neurodegenerative 

disorders as neurodegeneration is associated with GPXs and PRDXs breakdown. Although 

it is unclear if GPXs levels either increase, decrease, or do not change in ALS, both GPX1 

and GPX4, new players in neurodegeneration, are promising targets to activate in PD and 

AD (30, 167, 214). Activation of PRDXs enzymes is also a promising therapy for ALS, PD, 

and AD (234). 

Present evidence suggests that in neurodegenerative disorders including ALS, PD, and AD, 

oxidative distress mediated by ROS, RNS, and RCS and altered SOD, catalase, XOR, MPO, 

GPXs, and PRDXs are detrimental. Interestingly, oxidative distress mediated by RSS is 

beneficial in the fight against neurodegenerative disorders, although high levels of H2S 

should be addressed carefully to limit neurotoxic side effects. Once again, the entire RSI, 

including RCS and the key enzymes, are major players in neurodegeneration and should be 

considered together in future studies (Fig. 8). 

 

The RSI is a promising target for the treatment of neurodegenerative disorders 

Researchers in the neurodegenerative disorder and antioxidant fields need to face the 

difficult truth that current antioxidant therapies available to treat neurodegenerative 

disorders have been less than successful. Indeed, all the tested antioxidant drugs that tend 

to reduce oxidative distress mediated by ROS, increase GSH levels, and increase SOD and 

catalase activities from in vitro to animal models, ultimately failed at clinical trial levels 

(167). These include edavarone, SOD/catalase mimetics EUK-8 and EUK-134 in ALS, 

valproic acid, melatonin, selegiline, deferoxamine in PD, vitamin C, resveratrol and 

curcumin in AD, coenzyme Q10 in PD and AD, and vitamin E (tocopherol) in ALS, PD and AD 

and PD (167). 
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Complexity is one likely reason why a loss in translation occurs from animal models to 

human physiology (21). Targeting only one reactive species family is not sufficient. The 

most powerful therapy for neurodegenerative disorders will target ROS, RNS, RSS, and RCS 

together and the key enzymes that act upon them. Therefore, we strongly encourage the 

research community to improve their understanding of the RSI remated to the 

pathophysiology of neurodegenerative disorders includingALS, PD, and AD, as the first step 

to discovering the best therapy. 

 

The RSI in brain cancers 

Aging is the biggest risk factor for cancer, which is a leading cause of death globally (56). 

Cancer is a group of more than 100 malignant diseases throughout the body in which cells 

grow uncontrollably (56, 125). Glioma accounts for 80% of malignant primary brain 

cancers (129). They are categorized into three types: oligodendroglioma, ependymoma, 

and astrocytoma, including the most frequent and the most lethal primary brain cancers, 

the glioblastoma (129). In addition, it is estimated that malignant secondary brain cancers, 

called brain metastases, occur in 20% of all the patients with primary cancer with other 

origins, mainly lung, breast, colorectal, and melanoma cancers (1). In primary brain cancers 

and metastases, coordination between bioenergetic metabolism and hypoxia plays a 

critical and harmful role in carcinogenesis, cancer progression, and cancer cell 

dissemination (22, 98, 179) (Fig. 9).  

Interestingly, hypoxia which results from the disequilibrium between oxygen delivery and 

consumption, is a pervasive stimulus at physiological and pathophysiological levels, 

including in cancer (3, 67, 163). Hypoxia induces metabolic changes in the cancer cell, in 

cancer stem cell quiescence, a reversible state of non-dividing cells that retain their ability 

to re-enter cell division, and ultimately, in cancer growth, including in glioblastoma and 

anticancer therapy resistance such as radiotherapy (3, 10, 67, 88, 163). Associated with 

hypoxia, the redox homeostasis dysregulation, one of the hallmarks of cancer, increases in 

antioxidant defense, increases ROS levels, inactivates apoptosis, and provides a metabolic 

switch from mitochondrial OXPHOS to glycolysis, presenting a complicated picture for 

anticancer therapies (179). Hypoxia is of particular interest and a still complicated feature 
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in cancer, including brain cancers. Obviously, regarding reactive species, the first concern is 

always to minimize ROS (Fig. 9). 

 

First, one major concern in cancer, including in the brain, is whether hypoxia modulates 

ROS generation and whether ROS induce HIF stabilization. Stabilized HIF-1α subunit is 

translocated to mitochondria to reduce O2
- generation and attenuate mitochondrial 

dysfunction by improving the OXPHOS function at complex IV by regulating mitochondrial-

selective autophagy, and likely by regulating mitochondrial DNA transcription (136). In 

addition, stabilized HIF-2 stimulates antioxidant gene expression including the nuclear 

transcription factor erythroid-2-related factor 2 to reduce O2
- generation in macrophages 

while mitochondrial O2
- is required to stabilize HIF-2 (58, 212). Moreover, hypoxia induces 

H2O2 overgeneration (including in cancer), and overgenerated H2O2 induces stabilization of 

hypoxia factor and related pathways (3, 11, 67, 116). Notably, it has been recently 

suggested that H2O2 determines the glioma’s fate, including in anticancer therapy such as 

chemotherapy and radiotherapy (280). Finally, in brain glioma, in the hypoxic condition, 

activities of key enzymes SOD and catalase are reduced while XOR and MPO activities are 

increased to the detriment of the patient (93, 126, 193). Oxidative distress is pro-cancer 

when associated with transcriptional facotr HIFs and related pathways mediated by ROS 

and altered SOD, catalase, XOR, and MPO.  

In cancer, including that in the brain, RNS metabolism also contributes to regulating the 

hypoxic status and effects (89). Immune system evasion and anticancer therapy resistance 

occur in part due to NO overgeneration induced by hypoxia (17, 24). In glioma, an increase 

in iNOS expression is a hallmark of neuroinflammation and of chemoresistance, and iNOS 

expression and activity inhibitors are promising anti-glioma agents (148). Numerous 

studies showed that NO regulates glioma growth, cancer angiogenesis, cancer cell 

invasion, radio- and chemoresistance (5, 226, 235, 242). In addition, ONOO- accumulation 

in glioblastoma inactivates wild-type p53 function and is associated with an altered 

inflammatory response in the glioma microenvironment (51). In brain cancer, oxidative 

distress mediated by RNS is pro-cancer. 

Reactive sulfur species metabolism is as important as ROS and RNS in cancer. In brain 

cancer, associated with hypoxia, oxidative distress mediated by RSS is pro-cancer, although 
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RSS may be promising radiosensitizers depending on their concentration. Hydrogen sulfide 

has been suggested as a promising radiosensitizer, at least for glioblastoma cells through 

selective OXPHOS complex III impairment and mitochondrial respiration reduction, an 

increase in H2O2 levels, and an increase in DNA damage (265). However, H2S also favors C6 

glioma cell proliferation and survival through increased cyclooxygenase-2 expression and 

apoptosis reduction (278). The debate surrounding the anti-cancer and pro-cancer roles of 

H2S in brain cancers is  made more complicated by the puzzling increase in expression of 

the H2S producing enzymes CBS and CSE in astrocytomas and brain metastases (132). 

Hypoxia increases this complexity, as hypoxia induces H2S generation, and H2S regulates 

HIF-1α subunit expression and stabilization (257).  

Finally, RCS metabolism also plays a key role in cancer, including in the brain. 

Methylglyoxal induces cell cycle arrest, inhibits cell proliferation, and initiates apoptosis in 

glioblastoma cells (186). Interestingly, in glioblastoma, 4-HNE and MDA levels decrease, 

related to high aldehyde dehydrogenase 1A3 levels, which detoxify cancer cells from 

aldehydes (190, 261). In addition, in glioma, key enzyme GPX activity decreases, while a 

high level of GPX2 is a poor prognosis biomarker in glioblastoma (95, 193). Finally, an 

increase in PRDX4 activity in glioblastoma promotes cancer proliferation and anticancer 

therapy resistance (184). Thus, targeting GPX and PRDX as well as inducing oxidative 

distress mediated by RCS could be promising anti-cancer therapies, including against 

glioblastoma.  

Once again, in brain cancer, the entire RSI is the ideal target through the coordination of 

the different reactive species and key enzymes (Fig. 9). In the brain, associated with 

hypoxia, oxidative distress mediated by ROS, RNS, and RSS is pro-cancer, while inducing 

oxidative distress mediated by RCS is a promising anti-cancer therapy. Additionally, altered 

SOD, catalase, XOR, MPO, GPX, and PRDX enzymes are promising targets in anti-cancer 

therapy, including brain cancer. 

 

Antioxidants and cancer: bad and good news 

Anti-ROS antioxidants such as N-acetylcysteine (NAC) and vitamin E, at high 

concentrations, accelerate lung cancer by disrupting the ROS-p53 axis, as p53 is a tumor 

suppressor gene involved in stress response following oxidative stress, hypoxia and 
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ionizing radiation (131, 203). At high levels, NAC and vitamin E also favor malignant 

melanoma progression and metastasis by deregulating the equilibrium between GSH and 

GSSG (131, 203). Once again, associated with hypoxia, the delicate equilibrium between 

reactive species and the antioxidant defense in cancer, including in the brain, is not linked 

to only ROS. This delicate equilibrium is linked to ROS, RNS, RSS, RCS, and the key enzymes 

amid the RSI. 

A final example of antioxidant activity in many types of cancer is the frequent gain-of-

function mutations of the so-called isocitrate dehydrogenase-1 (IDH1) and -2 (IDH2). These 

enzymes participate in the Krebs cycle, are implicated in multiple metabolic processes and 

produce NADPH (NAD phosphate) and α-KG (α-ketoglutarate) (110, 267). In cancer, 

mutated IDH1 and IDH2 reduce NADPH and α-KG generation by losing their normal 

catalytic activity and overproduce 2-hydroxyglutarate (2-HG) by gaining a new function 

(119). The oncometabolite 2-HG, an antagonist of α-KG, reduces histone and DNA 

demethylation, promotes cancer microenvironment formation through VEGF upregulation, 

increases HIF-1α subunit stability, increases ROS generation, and dysregulates H2S 

generation (105, 106, 110, 123, 144, 260, 267). Thus, gain-of-function mutated IDH1 and 

IDH2 in cancers (including primary brain cancers) that account for more than 70-80% of 

lower-grade glioma and the majority of secondary glioblastoma, induce epigenetic 

reprogramming, bioenergetic metabolism dysregulation (at least both ROS and RSS 

dysregulation) and finally cancer invasion (105, 106, 110, 123, 144, 260, 267). Reactive 

species interactome should be considered to ultimately design more efficient and 

powerful anti-cancer therapies in all cancers. Combining RSI modulation therapy with 

radiotherapy, chemotherapy, nanoparticle therapy and/or immunotherapy may provide 

especially promising pathways. 

 

Conclusion on the RSI in brain pathology 

Through depression, ischemia, neurodegenerative disorders, and cancers in the brain, we 

demonstrated that the entire RSI, including RCS and key enzymes, should be considered  

together instead of only one reactive species family. In depression, oxidative distress 

mediated by ROS, RNS and RCS exerts a pro-depressant effect, while oxidative distress 

mediated by RSS exerts an anti-depressant effect. In ischemia, oxidative eustress mediated 
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by ROS and RSS and oxidative distress mediated by eNOS-related NO are beneficial to 

counteract deleterious effects, while oxidative distress mediated by ROS, nNOs- and iNOS-

related RNS, RSS, and RCS are detrimental. In neurodegenerative disorders, oxidative 

distress mediated by ROS, RNS, and RCS is detrimental, while oxidative distress mediated 

by RSS is beneficial to fight neurodegenerative disorders, although high levels of H2S 

should be cautiously addressed to limit neurotoxic side effects. Finally, in brain cancer, 

associated with hypoxia, oxidative distress mediated by ROS, RNS, and RSS is detrimental, 

while inducing oxidative distress mediated by RCS is a promising anti-cancer therapy. 

Importantly, in addition to the reactive species, the key enzymes SOD, catalase, XOR, MPO, 

GPX, and PRDX should be considered in all these brain pathologies. 

In a pathological process, what creates the global redox effect is the combination between 

(1) effects from different reactive species families in different concentrations, (2) 

interactions between the different families, and (3) activities of key enzymes that 

contribute to the RSI dynamics. The RSI, including RCS and key enzymes, is fully committed 

in brain pathologies. 

 

Conclusions 

Oxidative eustress and distress must be seriously considered in relation to reactive species 

concentrations. From the most studied ROS, it appears that the reactive species 

interactome (RSI) in its entirety has to be seriously considered related to reactive species 

identification and interactions. We highlighted that the RSI, meaning ROS, RNS, RSS, RCS 

and key associated enzymes, is fully committed in brain physiology and pathology (Fig. 10). 

Depending on organ oxygenation, physiology, pathology, and key enzyme dynamics, the 

complex coordination of the four reactive species families related to their concentrations 

creates the global redox effect. The ROS, RNS, RSS, and RCS form a link between 

physiology and pathologies, between the antioxidant defense and the bioenergetic 

metabolism, between cell death and cell survival. From adult neurogenesis to cell death, 

aging, depression, ischemia, neurodegeneration, and finally, cancers, the brain is a vital 

organ in which the RSI combined in eutress or distress is playing all its potential for 

mechanistic and therapeutic clues. 
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α-KG Alpha-ketoglutarate 

2-HG 2-Hydroxyglutarate 

3-MST 3-Mercatopyruvate sulfurtransferase 
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4-HNE 4-hydroxy-trans-2-nonenal 

Aβ Amyloid-beta 

AD Alzheimer’s disease 

AGEs Advanced glycation end products 

ALEs Lipoxidation end products 

ALS Amyotrophic lateral sclerosis 

AST Aspartate aminotransferase 

ATP Adenosine triphosphate 

BBB Blood-brain barrier 

BCL2 B-Cell Lymphoma 2 

BDNF Brain-derived neurotrophic factor 

BH4 Tetrahydrobiopterin 

CAT Cysteine aminotransferase 

CBS Cystathionine b-synthase 

CSE/CGL Cystathionine-gamma-Lyase 

Cu+ Cuprous ion 

Cu2+ Cupric ion 

DCX Doublecortin 

DHAP Dihydroxyacetone-phosphate 

DHLA Dihydrolipoic acid 

DNA DesoxyriboNucleic acid 

DTT Dithiothreitol 

ER Endoplasmic Reticulum 

ERK 1/2 Extracellular signal-regulated Kinase 1/2 

FAD Flavin adenine dinucleotide  

Fe2+ Ferrous ion 

Fe3+ Ferric ion 

FMN Flavin mononucleotide 

FOXO3 Forkhead box O3 

GFAP Glial Fibrillary Acidic Protein 

GO Glyoxal 
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GOT Glutamate oxaloacetate transaminase 

G3P Glyceraldehyde-3-phosphate 

GPX Glutathione peroxidase 

GSH reduced Glutathione 

GSSG oxidized Glutathione 

H2O Dihydrogen monoxide 

H2O2 Hydrogen peroxide 

H2S Hydrogen sulfide 

H2S2 Hydrogen disulfide, Persulfide 

H2S3 Trisulfane 

H2S5 Pentasulfane 

H2Sn Hydrogen polysulfide 

HIF-1α Hypoxia-inducible factor 1-alpha 

HIF-2 Hypoxia-inducible factor 2 

HOCl Hypochlorous acid 

HSP90 Heat Shock Protein 90 

I/R Ischemia/Reperfusion 

IDH1 Isocitrate DeHydrogenase-1 

NAC N-acetylcysteine 

MDA Malondialdehyde 

MGO Methylglyoxal 

MMO Monooxygenase 

Mn3+ Manganese ion 

MPO Myeloperoxidase 

NADPH Nicotinamide Adenine Dinucleotide Phosphate 

NaN3 Sodium azide 

Nestin Neuroepithelial stem cell protein 

NEUROD Neurogenic differentiation 

NF-KB Nuclear factor Kappa-light-chain-enhancer of activated B cells 

NSC Neural stem cell 

NiR Nitrite reductase 
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NO Nitric oxide 

NO2 Nitrogen dioxide 

NO2- Nitrite 

NO3- Nitrate 

NOS Nitric oxide synthase 

NOX NADPH oxidase 

NR Nitrate reductase 

NMDA N-Methyl-D-Aspartate acid 

NMDARs N-methyl-D-Aspartate Receptors 

O2 molecular oxygen 

O2- Anion superoxide 

OH. Hydroxyl radicals 

ONOO- Peroxynitrite 

OXPHOS Oxidative Phosphorylation 

P53 Tumor protein 53 

PD Parkinson’s Disease 

PI3K PhosphoInositide 3-Kinase 

PRDX Peroxiredoxin 

PTEN Phosphatase and tensin Homolog 

PUFAs PolyUnsaturated Fatty Acids 

RCS Reactive Carbonyl Species 

RIP1 Receptor-interacting protein kinase 1 

RNS Reactive Nitrogen Species 

RNA Ribonucleic acid 

ROS Reactive Oxygen Species 

RSH Thiol 

RSI Reactive Species Interactome 

RSS Reactive Sulfur Species 

S2O3
2- Thiosulfate 

SA-β-gal Senescence-Associated Beta-Galactosidase 

SASP Senescence-Associated Secretory Phenotype 
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SIRT1 Sirtuin 1 

SOD Superoxide dismutase 

SOX2 Sex-determining region Y box 2 

TRX Thioredoxin 

UO Urate oxidase 

VEGF Vascular Endothelial Growth Factor 

XOR Xanthine OxidoReductase 

  



Page 39 of 81 
 
 
 

39 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

References 

1.  Achrol AS, Rennert RC, Anders C, Soffietti R, Ahluwalia MS, Nayak L, Peters S, Arvold 

ND, Harsh GR, Steeg PS, and Chang SD. Brain metastases. Nat Rev Dis Primers 5: 5, 

2019. 

2.  Aguilera G, Colín-González AL, Rangel-López E, Chavarría A, and Santamaría A. Redox 

Signaling, Neuroinflammation, and Neurodegeneration. Antioxidants & Redox 

Signaling 28: 1626–1651, 2018. 

3.  Al Tameemi W, Dale TP, Al-Jumaily RMK, and Forsyth NR. Hypoxia-Modified Cancer 

Cell Metabolism. Front Cell Dev Biol 7: 4, 2019. 

4.  Altomare A, Baron G, Gianazza E, Banfi C, Carini M, and Aldini G. Lipid peroxidation 

derived reactive carbonyl species in free and conjugated forms as an index of lipid 

peroxidation: limits and perspectives. Redox Biology: 101899, 2021. 

5.  AL-Waili NS and Butler GJ. A combination of radiotherapy, nitric oxide and a 

hyperoxygenation sensitizing protocol for brain malignant tumor treatment. Medical 

Hypotheses 68: 528–537, 2007. 

6.  Anasooya Shaji C, Robinson BD, Yeager A, Beeram MR, Davis ML, Isbell CL, Huang JH, 

and Tharakan B. The Tri-phasic Role of Hydrogen Peroxide in Blood-Brain Barrier 

Endothelial cells. Sci Rep 9: 133, 2019. 

7.  Andersen JK. Oxidative stress in neurodegeneration: cause or consequence? Nat 

Med 10: S18–S25, 2004. 

8.  Anderson EJ and Taylor DA. Stressing the heart of the matter: re-thinking the 

mechanisms underlying therapeutic effects of n-3 polyunsaturated fatty acids. 

F1000 Med Rep 4, 2012. 

9.  Anderson EJ, Vistoli G, Katunga LA, Funai K, Regazzoni L, Monroe TB, Gilardoni E, 

Cannizzaro L, Colzani M, De Maddis D, Rossoni G, Canevotti R, Gagliardi S, Carini M, 

and Aldini G. A carnosine analog mitigates metabolic disorders of obesity by 

reducing carbonyl stress. Journal of Clinical Investigation 128: 5280–5293, 2018. 

10.  Anfray C, Komaty S, Corroyer-Dulmont A, Zaarour M, Helaine C, Ozcelik H, Allioux C, 

Toutain J, Goldyn K, Petit E, Bordji K, Bernaudin M, Valtchev V, Touzani O, Mintova S, 

and Valable S. Nanosized zeolites as a gas delivery platform in a glioblastoma model. 

Biomaterials 257: 120249, 2020. 



Page 40 of 81 
 
 
 

40 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

11.  Azimi I, Petersen RM, Thompson EW, Roberts-Thomson SJ, and Monteith GR. 

Hypoxia-induced reactive oxygen species mediate N-cadherin and SERPINE1 

expression, EGFR signalling and motility in MDA-MB-468 breast cancer cells. Sci Rep 

7: 15140, 2017. 

12.  Bahadoran Z, Mirmiran P, Kashfi K, and Ghasemi A. Endogenous flux of nitric oxide: 

Citrulline is preferred to Arginine. Acta Physiol 231, 2021. 

13.  Bailey JD, Diotallevi M, Nicol T, McNeill E, Shaw A, Chuaiphichai S, Hale A, Starr A, 

Nandi M, Stylianou E, McShane H, Davis S, Fischer R, Kessler BM, McCullagh J, 

Channon KM, and Crabtree MJ. Nitric Oxide Modulates Metabolic Remodeling in 

Inflammatory Macrophages through TCA Cycle Regulation and Itaconate 

Accumulation. Cell Reports 28: 218-230.e7, 2019. 

14.  Baker DJ and Petersen RC. Cellular senescence in brain aging and neurodegenerative 

diseases: evidence and perspectives. Journal of Clinical Investigation 128: 1208–

1216, 2018. 

15.  Bao W-D, Pang P, Zhou X-T, Hu F, Xiong W, Chen K, Wang J, Wang F, Xie D, Hu Y-Z, 

Han Z-T, Zhang H-H, Wang W-X, Nelson PT, Chen J-G, Lu Y, Man H-Y, Liu D, and Zhu 

L-Q. Loss of ferroportin induces memory impairment by promoting ferroptosis in 

Alzheimer’s disease. Cell Death Differ, 2021. 

16.  de Bari L, Scirè A, Minnelli C, Cianfruglia L, Kalapos MP, and Armeni T. Interplay 

among Oxidative Stress, Methylglyoxal Pathway and S-Glutathionylation. 

Antioxidants 10: 19, 2020. 

17.  Barsoum IB, Hamilton TK, Li X, Cotechini T, Miles EA, Siemens DR, and Graham CH. 

Hypoxia Induces Escape from Innate Immunity in Cancer Cells via Increased 

Expression of ADAM10: Role of Nitric Oxide. Cancer Research 71: 7433–7441, 2011. 

18.  Battelli MG, Bolognesi A, and Polito L. Pathophysiology of circulating xanthine 

oxidoreductase: New emerging roles for a multi-tasking enzyme. Biochimica et 

Biophysica Acta (BBA) - Molecular Basis of Disease 1842: 1502–1517, 2014. 

19.  Begega A, Alvarez-Suarez P, Sampedro-Piquero P, and Cuesta M. Effects of Physical 

Activity on the Cerebral Networks. In: Physical Activity and the Aging Brain. Elsevier, 

2017, pp. 3–11. 



Page 41 of 81 
 
 
 

41 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

20.  Bourgonje AR, Feelisch M, Faber KN, Pasch A, Dijkstra G, and van Goor H. Oxidative 

Stress and Redox-Modulating Therapeutics in Inflammatory Bowel Disease. Trends in 

Molecular Medicine: S147149142030157X, 2020. 

21.  Brubaker DK and Lauffenburger DA. Translating preclinical models to humans. 

Science 367: 742–743, 2020. 

22.  Buckley AM, Lynam-Lennon N, O’Neill H, and O’Sullivan J. Targeting hallmarks of 

cancer to enhance radiosensitivity in gastrointestinal cancers. Nat Rev Gastroenterol 

Hepatol 17: 298–313, 2020. 

23.  Burner U, Furtmüller PG, Kettle AJ, Koppenol WH, and Obinger C. Mechanism of 

Reaction of Myeloperoxidase with Nitrite. Journal of Biological Chemistry 275: 

20597–20601, 2000. 

24.  Burrows N, Cane G, Robson M, Gaude E, J. Howat W, Szlosarek PW, Pedley RB, 

Frezza C, Ashcroft M, and Maxwell PH. Hypoxia-induced nitric oxide production and 

tumour perfusion is inhibited by pegylated arginine deiminase (ADI-PEG20). Sci Rep 

6: 22950, 2016. 

25.  Cai Z. Monoamine oxidase inhibitors: Promising therapeutic agents for Alzheimer’s 

disease (Review). Molecular Medicine Reports 9: 1533–1541, 2014. 

26.  Calabrese V, Boyd-Kimball D, Scapagnini G, and Butterfield DA. Nitric oxide and 

cellular stress response in brain aging and neurodegenerative disorders: the role of 

vitagenes. In Vivo 18: 245–267, 2004. 

27.  Calabrese V, Cornelius C, Dinkova-Kostova AT, Iavicoli I, Di Paola R, Koverech A, 

Cuzzocrea S, Rizzarelli E, and Calabrese EJ. Cellular stress responses, hormetic 

phytochemicals and vitagenes in aging and longevity. Biochimica et Biophysica Acta 

(BBA) - Molecular Basis of Disease 1822: 753–783, 2012. 

28.  Campbell BCV, De Silva DA, Macleod MR, Coutts SB, Schwamm LH, Davis SM, and 

Donnan GA. Ischaemic stroke. Nat Rev Dis Primers 5: 70, 2019. 

29.  Cao X, Ding L, Xie Z, Yang Y, Whiteman M, Moore PK, and Bian J-S. A Review of 

Hydrogen Sulfide Synthesis, Metabolism, and Measurement: Is Modulation of 

Hydrogen Sulfide a Novel Therapeutic for Cancer? Antioxidants & Redox Signaling 

31: 1–38, 2019. 



Page 42 of 81 
 
 
 

42 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

30.  Cardoso BR, Hare DJ, Bush AI, and Roberts BR. Glutathione peroxidase 4: a new 

player in neurodegeneration? Mol Psychiatry 22: 328–335, 2017. 

31.  Cardoso GMF, Pletsch JT, Parmeggiani B, Grings M, Glanzel NM, Bobermin LD, 

Amaral AU, Wajner M, and Leipnitz G. Bioenergetics dysfunction, mitochondrial 

permeability transition pore opening and lipid peroxidation induced by hydrogen 

sulfide as relevant pathomechanisms underlying the neurological dysfunction 

characteristic of ethylmalonic encephalopathy. Biochimica et Biophysica Acta (BBA) - 

Molecular Basis of Disease 1863: 2192–2201, 2017. 

32.  Carroll WM. The global burden of neurological disorders. The Lancet Neurology 18: 

418–419, 2019. 

33.  de Carvalho Corrêa M, Maldonado P, Saydelles da Rosa C, Lunkes G, Lunkes DS, 

Kaizer RR, Ahmed M, Morsch VM, Pereira ME, and Schetinger MR. Oxidative stress 

and erythrocyte acetylcholinesterase (AChE) in hypertensive and ischemic patients 

of both acute and chronic stages. Biomedicine & Pharmacotherapy 62: 317–324, 

2008. 

34.  Cavallaro S. Cracking the code of neuronal apoptosis and survival. Cell Death Dis 6: 

e1963–e1963, 2015. 

35.  Cellular Stress Response and Signal Transduction Research Laboratory, Department 

of Medical Pharmacology, Faculty of Medicine, Gazi University, Ankara, Turkey and 

Ergin V. Carbonyl Stress in Aging Process: Role of Vitamins and Phytochemicals as 

Redox Regulators. A&D 04: 276–294, 2013. 

36.  Cenini G and Voos W. Mitochondria as Potential Targets in Alzheimer Disease 

Therapy: An Update. Front Pharmacol 10: 902, 2019. 

37.  Chang CY, Song MJ, Jeon S-B, Yoon HJ, Lee DK, Kim I-H, Suk K, Choi D-K, and Park EJ. 

Dual Functionality of Myeloperoxidase in Rotenone-Exposed Brain-Resident Immune 

Cells. The American Journal of Pathology 179: 964–979, 2011. 

38.  Charlson F, van Ommeren M, Flaxman A, Cornett J, Whiteford H, and Saxena S. New 

WHO prevalence estimates of mental disorders in conflict settings: a systematic 

review and meta-analysis. The Lancet 394: 240–248, 2019. 

39.  Chen H, Guan B, Wang B, Pu H, Bai X, Chen X, Liu J, Li C, Qiu J, Yang D, Liu K, Wang Q, 

Qi S, and Shen J. Glycyrrhizin Prevents Hemorrhagic Transformation and Improves 



Page 43 of 81 
 
 
 

43 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Neurological Outcome in Ischemic Stroke with Delayed Thrombolysis Through 

Targeting Peroxynitrite-Mediated HMGB1 Signaling. Transl Stroke Res 11: 967–982, 

2020. 

40.  Chen S, Chen H, Du Q, and Shen J. Targeting Myeloperoxidase (MPO) Mediated 

Oxidative Stress and Inflammation for Reducing Brain Ischemia Injury: Potential 

Application of Natural Compounds. Front Physiol 11: 433, 2020. 

41.  Chen W-L, Xie B, Zhang C, Xu K-L, Niu Y-Y, Tang X-Q, Zhang P, Zou W, Hu B, and Tian 

Y. Antidepressant-like and anxiolytic-like effects of hydrogen sulfide in behavioral 

models of depression and anxiety. Behavioural Pharmacology 24: 590–597, 2013. 

42.  Chen X, Chen H, Xu M, and Shen J. Targeting reactive nitrogen species: a promising 

therapeutic strategy for cerebral ischemia-reperfusion injury. Acta Pharmacol Sin 

34: 67–77, 2013. 

43.  Chen X, Zhou B, Yan T, Wu H, Feng J, Chen H, Gao C, Peng T, Yang D, and Shen J. 

Peroxynitrite enhances self-renewal, proliferation and neuronal differentiation of 

neural stem/progenitor cells through activating HIF-1α and Wnt/β-catenin signaling 

pathway. Free Radical Biology and Medicine 117: 158–167, 2018. 

44.  Chen Z, Mou R, Feng D, Wang Z, and Chen G. The role of nitric oxide in stroke. Med 

Gas Res 7: 194, 2017. 

45.  Chhunchha B, Singh P, Stamer WD, and Singh DP. Prdx6 retards senescence and 

restores trabecular meshwork cell health by regulating reactive oxygen species. Cell 

Death Discov 3: 17060, 2017. 

46.  Choi J, Shoaib M, Yin T, Nayyar G, Shinozaki K, Stevens JF, Becker LB, and Kim J. 

Tissue‐Specific Metabolic Profiles After Prolonged Cardiac Arrest Reveal Brain 

Metabolome Dysfunction Predominantly After Resuscitation. JAHA 8, 2019. 

47.  Chun HJ, Lee Y, Kim AH, and Lee J. Methylglyoxal Causes Cell Death in Neural 

Progenitor Cells and Impairs Adult Hippocampal Neurogenesis. Neurotox Res 29: 

419–431, 2016. 

48.  Cighetti G, Bortone L, Sala S, and Allevi P. Mechanisms of Action of Malondialdehyde 

and 4-Hydroxynonenal on Xanthine Oxidoreductase. Archives of Biochemistry and 

Biophysics 389: 195–200, 2001. 



Page 44 of 81 
 
 
 

44 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

49.  Ciriolo MR, De Martino A, Lafavia E, Rossi L, Carrı ̀MT, and Rotilio G. Cu,Zn-

Superoxide Dismutase-dependent Apoptosis Induced by Nitric Oxide in Neuronal 

Cells. Journal of Biological Chemistry 275: 5065–5072, 2000. 

50.  Clausen A, Doctrow S, and Baudry M. Prevention of cognitive deficits and brain 

oxidative stress with superoxide dismutase/catalase mimetics in aged mice. 

Neurobiology of Aging 31: 425–433, 2010. 

51.  Cobbs CS, Whisenhunt TR, Wesemann DR, Harkins LE, Van Meir EG, and Samanta M. 

Inactivation of wild-type p53 protein function by reactive oxygen and nitrogen 

species in malignant glioma cells. Cancer Res 63: 8670–8673, 2003. 

52.  Cobley JN, Fiorello ML, and Bailey DM. 13 reasons why the brain is susceptible to 

oxidative stress. Redox Biology 15: 490–503, 2018. 

53.  Cortese-Krott MM, Koning A, Kuhnle GGC, Nagy P, Bianco CL, Pasch A, Wink DA, 

Fukuto JM, Jackson AA, van Goor H, Olson KR, and Feelisch M. The Reactive Species 

Interactome: Evolutionary Emergence, Biological Significance, and Opportunities for 

Redox Metabolomics and Personalized Medicine. Antioxidants & Redox Signaling 27: 

684–712, 2017. 

54.  da Cruz Jung IE, da Cruz IBM, Barbisan F, Trott A, Houenou LJ, Osmarin Turra B, 

Duarte T, de Souza Praia R, Maia-Ribeiro EA, da Costa Escobar Piccoli J, Bica CG, and 

Duarte MMMF. Superoxide imbalance triggered by Val16Ala-SOD2 polymorphism 

increases the risk of depression and self-reported psychological stress in free-living 

elderly people. Mol Genet Genomic Med 8: e1080, 2020. 

55.  Csala M, Kardon T, Legeza B, Lizák B, Mandl J, Margittai É, Puskás F, Száraz P, 

Szelényi P, and Bánhegyi G. On the role of 4-hydroxynonenal in health and disease. 

Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 1852: 826–838, 

2015. 

56.  Dagenais GR, Leong DP, Rangarajan S, Lanas F, Lopez-Jaramillo P, Gupta R, Diaz R, 

Avezum A, Oliveira GBF, Wielgosz A, Parambath SR, Mony P, Alhabib KF, Temizhan 

A, Ismail N, Chifamba J, Yeates K, Khatib R, Rahman O, Zatonska K, Kazmi K, Wei L, 

Zhu J, Rosengren A, Vijayakumar K, Kaur M, Mohan V, Yusufali A, Kelishadi R, Teo KK, 

Joseph P, and Yusuf S. Variations in common diseases, hospital admissions, and 



Page 45 of 81 
 
 
 

45 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

deaths in middle-aged adults in 21 countries from five continents (PURE): a 

prospective cohort study. The Lancet 395: 785–794, 2020. 

57.  Davis SM and Pennypacker KR. Targeting antioxidant enzyme expression as a 

therapeutic strategy for ischemic stroke. Neurochem Int 107: 23–32, 2017. 

58.  Dehn S, DeBerge M, Yeap X-Y, Yvan-Charvet L, Fang D, Eltzschig HK, Miller SD, and 

Thorp EB. HIF-2α in Resting Macrophages Tempers Mitochondrial Reactive Oxygen 

Species To Selectively Repress MARCO-Dependent Phagocytosis. JI 197: 3639–3649, 

2016. 

59.  Deragon MA, McCaig WD, Patel PS, Haluska RJ, Hodges AL, Sosunov SA, Murphy MP, 

Ten VS, and LaRocca TJ. Mitochondrial ROS prime the hyperglycemic shift from 

apoptosis to necroptosis. Cell Death Discov 6: 132, 2020. 

60.  Di Domenico F, Tramutola A, and Butterfield DA. Role of 4-hydroxy-2-nonenal (HNE) 

in the pathogenesis of alzheimer disease and other selected age-related 

neurodegenerative disorders. Free Radical Biology and Medicine 111: 253–261, 

2017. 

61.  Di Loreto S, Zimmitti V, Sebastiani P, Cervelli C, Falone S, and Amicarelli F. 

Methylglyoxal causes strong weakening of detoxifying capacity and apoptotic cell 

death in rat hippocampal neurons. The International Journal of Biochemistry & Cell 

Biology 40: 245–257, 2008. 

62.  Distler MG, Gorfinkle N, Papale LA, Wuenschell GE, Termini J, Escayg A, Winawer 

MR, and Palmer AA. Glyoxalase 1 and its substrate methylglyoxal are novel 

regulators of seizure susceptibility. Epilepsia 54: 649–657, 2013. 

63.  Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, Patel DN, 

Bauer AJ, Cantley AM, Yang WS, Morrison B, and Stockwell BR. Ferroptosis: An Iron-

Dependent Form of Nonapoptotic Cell Death. Cell 149: 1060–1072, 2012. 

64.  Domagala A, Fidyt K, Bobrowicz M, Stachura J, Szczygiel K, and Firczuk M. Typical 

and Atypical Inducers of Lysosomal Cell Death: A Promising Anticancer Strategy. 

IJMS 19: 2256, 2018. 

65.  Donkor ES. Stroke in the 2 1 s t Century: A Snapshot of the Burden, Epidemiology, 

and Quality of Life. Stroke Research and Treatment 2018: 1–10, 2018. 



Page 46 of 81 
 
 
 

46 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

66.  Dou Y, Wang Z, and Chen G. The role of hydrogen sulfide in stroke. Med Gas Res 6: 

79, 2016. 

67.  Eales KL, Hollinshead KER, and Tennant DA. Hypoxia and metabolic adaptation of 

cancer cells. Oncogenesis 5: e190–e190, 2016. 

68.  Elsayed WM, Abdel-Gawad E-HA, Mesallam DIA, and El-Serafy TS. The relationship 

between oxidative stress and acute ischemic stroke severity and functional 

outcome. Egypt J Neurol Psychiatry Neurosurg 56: 74, 2020. 

69.  Eom SA, Kim DW, Shin MJ, Ahn EH, Chung SY, Sohn EJ, Jo HS, Jeon S-J, Kim D-S, Kwon 

HY, Cho S-W, Han KH, Park J, Eum WS, and Choi SY. Protective effects of PEP-1-

Catalase on stress-induced cellular toxicity and MPTP-induced Parkinson’s disease. 

BMB Reports 48: 395–400, 2015. 

70.  Eriksson PS, Perfilieva E, Björk-Eriksson T, Alborn A-M, Nordborg C, Peterson DA, and 

Gage FH. Neurogenesis in the adult human hippocampus. Nat Med 4: 1313–1317, 

1998. 

71.  Espinoza SE, Guo H, Fedarko N, DeZern A, Fried LP, Xue Q-L, Leng S, Beamer B, and 

Walston JD. Glutathione Peroxidase Enzyme Activity in Aging. The Journals of 

Gerontology Series A: Biological Sciences and Medical Sciences 63: 505–509, 2008. 

72.  Estrada C and Murillo-Carretero M. Nitric Oxide and Adult Neurogenesis in Health 

and Disease. Neuroscientist 11: 294–307, 2005. 

73.  Fang L, Li X, Zhong Y, Yu J, Yu L, Dai H, and Yan M. Autophagy protects human brain 

microvascular endothelial cells against methylglyoxal-induced injuries, reproducible 

in a cerebral ischemic model in diabetic rats. J Neurochem 135: 431–440, 2015. 

74.  Farah C, Michel LYM, and Balligand J-L. Nitric oxide signalling in cardiovascular 

health and disease. Nat Rev Cardiol 15: 292–316, 2018. 

75.  Feigin VL, Abajobir AA, Abate KH, Abd-Allah F, Abdulle AM, Abera SF, Abyu GY, 

Ahmed MB, Aichour AN, Aichour I, Aichour MTE, Akinyemi RO, Alabed S, Al-Raddadi 

R, Alvis-Guzman N, Amare AT, Ansari H, Anwari P, Ärnlöv J, Asayesh H, Asgedom SW, 

Atey TM, Avila-Burgos L, Frinel E, Avokpaho GA, Azarpazhooh MR, Barac A, Barboza 

M, Barker-Collo SL, Bärnighausen T, Bedi N, Beghi E, Bennett DA, Bensenor IM, 

Berhane A, Betsu BD, Bhaumik S, Birlik SM, Biryukov S, Boneya DJ, Bulto LNB, 

Carabin H, Casey D, Castañeda-Orjuela CA, Catalá-López F, Chen H, Chitheer AA, 



Page 47 of 81 
 
 
 

47 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Chowdhury R, Christensen H, Dandona L, Dandona R, de Veber GA, Dharmaratne SD, 

Do HP, Dokova K, Dorsey ER, Ellenbogen RG, Eskandarieh S, Farvid MS, 

Fereshtehnejad S-M, Fischer F, Foreman KJ, Geleijnse JM, Gillum RF, Giussani G, 

Goldberg EM, Gona PN, Goulart AC, Gugnani HC, Gupta R, Hachinski V, Gupta R, 

Hamadeh RR, Hambisa M, Hankey GJ, Hareri HA, Havmoeller R, Hay SI, Heydarpour 

P, Hotez PJ, Jakovljevic M (Michael) B, Javanbakht M, Jeemon P, Jonas JB, Kalkonde 

Y, Kandel A, Karch A, Kasaeian A, Kastor A, Keiyoro PN, Khader YS, Khalil IA, Khan EA, 

Khang Y-H, Tawfih A, Khoja A, Khubchandani J, Kulkarni C, Kim D, Kim YJ, Kivimaki M, 

Kokubo Y, Kosen S, Kravchenko M, Krishnamurthi RV, Defo BK, Kumar GA, Kumar R, 

Kyu HH, Larsson A, Lavados PM, Li Y, Liang X, Liben ML, Lo WD, Logroscino G, Lotufo 

PA, Loy CT, Mackay MT, El Razek HMA, El Razek MMA, Majeed A, Malekzadeh R, 

Manhertz T, Mantovani LG, Massano J, Mazidi M, McAlinden C, Mehata S, 

Mehndiratta MM, Memish ZA, Mendoza W, Mengistie MA, Mensah GA, Meretoja A, 

Mezgebe HB, Miller TR, Mishra SR, Ibrahim NM, Mohammadi A, Mohammed KE, 

Mohammed S, Mokdad AH, Moradi-Lakeh M, Velasquez IM, Musa KI, Naghavi M, 

Ngunjiri JW, Nguyen CT, Nguyen G, Le Nguyen Q, Nguyen TH, Nichols E, Ningrum 

DNA, Nong VM, Norrving B, Noubiap JJN, Ogbo FA, Owolabi MO, Pandian JD, Parmar 

PG, Pereira DM, Petzold M, Phillips MR, Piradov MA, Poulton RG, Pourmalek F, 

Qorbani M, Rafay A, Rahman M, Rahman MH, Rai RK, Rajsic S, Ranta A, Rawaf S, 

Renzaho AMN, Rezai MS, Roth GA, Roshandel G, Rubagotti E, Sachdev P, Safiri S, 

Sahathevan R, Sahraian MA, Samy AM, Santalucia P, Santos IS, Sartorius B, Satpathy 

M, Sawhney M, Saylan MI, Sepanlou SG, Shaikh MA, Shakir R, Shamsizadeh M, Sheth 

KN, Shigematsu M, Shoman H, Silva DAS, Smith M, Sobngwi E, Sposato LA, Stanaway 

JD, Stein DJ, Steiner TJ, Stovner LJ, Abdulkader RS, EI Szoeke C, Tabarés-Seisdedos R, 

Tanne D, Theadom AM, Thrift AG, Tirschwell DL, Topor-Madry R, Tran BX, Truelsen 

T, Tuem KB, Ukwaja KN, Uthman OA, Varakin YY, Vasankari T, Venketasubramanian 

N, Vlassov VV, Wadilo F, Wakayo T, Wallin MT, Weiderpass E, Westerman R, 

Wijeratne T, Wiysonge CS, Woldu MA, Wolfe CDA, Xavier D, Xu G, Yano Y, Yimam 

HH, Yonemoto N, Yu C, Zaidi Z, El Sayed Zaki M, Zunt JR, Murray CJL, and Vos T. 

Global, regional, and national burden of neurological disorders during 1990–2015: a 



Page 48 of 81 
 
 
 

48 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

systematic analysis for the Global Burden of Disease Study 2015. The Lancet 

Neurology 16: 877–897, 2017. 

76.  Forstermann U and Sessa WC. Nitric oxide synthases: regulation and function. 

European Heart Journal 33: 829–837, 2012. 

77.  Frandsen JR and Narayanasamy P. Neuroprotection through flavonoid: 

Enhancement of the glyoxalase pathway. Redox Biology 14: 465–473, 2018. 

78.  Fukai T and Ushio-Fukai M. Superoxide Dismutases: Role in Redox Signaling, Vascular 

Function, and Diseases. Antioxidants & Redox Signaling 15: 1583–1606, 2011. 

79.  Galijasevic S, Saed GM, Diamond MP, and Abu-Soud HM. Myeloperoxidase up-

regulates the catalytic activity of inducible nitric oxide synthase by preventing nitric 

oxide feedback inhibition. Proceedings of the National Academy of Sciences 100: 

14766–14771, 2003. 

80.  Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, Alnemri ES, Altucci 

L, Amelio I, Andrews DW, Annicchiarico-Petruzzelli M, Antonov AV, Arama E, 

Baehrecke EH, Barlev NA, Bazan NG, Bernassola F, Bertrand MJM, Bianchi K, 

Blagosklonny MV, Blomgren K, Borner C, Boya P, Brenner C, Campanella M, Candi E, 

Carmona-Gutierrez D, Cecconi F, Chan FK-M, Chandel NS, Cheng EH, Chipuk JE, 

Cidlowski JA, Ciechanover A, Cohen GM, Conrad M, Cubillos-Ruiz JR, Czabotar PE, 

D’Angiolella V, Dawson TM, Dawson VL, De Laurenzi V, De Maria R, Debatin K-M, 

DeBerardinis RJ, Deshmukh M, Di Daniele N, Di Virgilio F, Dixit VM, Dixon SJ, Duckett 

CS, Dynlacht BD, El-Deiry WS, Elrod JW, Fimia GM, Fulda S, García-Sáez AJ, Garg AD, 

Garrido C, Gavathiotis E, Golstein P, Gottlieb E, Green DR, Greene LA, Gronemeyer 

H, Gross A, Hajnoczky G, Hardwick JM, Harris IS, Hengartner MO, Hetz C, Ichijo H, 

Jäättelä M, Joseph B, Jost PJ, Juin PP, Kaiser WJ, Karin M, Kaufmann T, Kepp O, 

Kimchi A, Kitsis RN, Klionsky DJ, Knight RA, Kumar S, Lee SW, Lemasters JJ, Levine B, 

Linkermann A, Lipton SA, Lockshin RA, López-Otín C, Lowe SW, Luedde T, Lugli E, 

MacFarlane M, Madeo F, Malewicz M, Malorni W, Manic G, Marine J-C, Martin SJ, 

Martinou J-C, Medema JP, Mehlen P, Meier P, Melino S, Miao EA, Molkentin JD, Moll 

UM, Muñoz-Pinedo C, Nagata S, Nuñez G, Oberst A, Oren M, Overholtzer M, Pagano 

M, Panaretakis T, Pasparakis M, Penninger JM, Pereira DM, Pervaiz S, Peter ME, 

Piacentini M, Pinton P, Prehn JHM, Puthalakath H, Rabinovich GA, Rehm M, Rizzuto 



Page 49 of 81 
 
 
 

49 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

R, Rodrigues CMP, Rubinsztein DC, Rudel T, Ryan KM, Sayan E, Scorrano L, Shao F, 

Shi Y, Silke J, Simon H-U, Sistigu A, Stockwell BR, Strasser A, Szabadkai G, Tait SWG, 

Tang D, Tavernarakis N, Thorburn A, Tsujimoto Y, Turk B, Vanden Berghe T, 

Vandenabeele P, Vander Heiden MG, Villunger A, Virgin HW, Vousden KH, Vucic D, 

Wagner EF, Walczak H, Wallach D, Wang Y, Wells JA, Wood W, Yuan J, Zakeri Z, 

Zhivotovsky B, Zitvogel L, Melino G, and Kroemer G. Molecular mechanisms of cell 

death: recommendations of the Nomenclature Committee on Cell Death 2018. Cell 

Death Differ 25: 486–541, 2018. 

81.  Gan L, Cookson MR, Petrucelli L, and La Spada AR. Converging pathways in 

neurodegeneration, from genetics to mechanisms. Nat Neurosci 21: 1300–1309, 

2018. 

82.  Gandhi S and Abramov AY. Mechanism of oxidative stress in neurodegeneration. 

Oxid Med Cell Longev 2012: 428010, 2012. 

83.  Garai D, Ríos-González BB, Furtmüller PG, Fukuto JM, Xian M, López-Garriga J, 

Obinger C, and Nagy P. Mechanisms of myeloperoxidase catalyzed oxidation of H2S 

by H2O2 or O2 to produce potent protein Cys-polysulfide-inducing species. Free 

Radical Biology and Medicine 113: 551–563, 2017. 

84.  Garcia-Bonilla L and Iadecola C. Peroxiredoxin sets the brain on fire after stroke. Nat 

Med 18: 858–859, 2012. 

85.  Garry PS, Ezra M, Rowland MJ, Westbrook J, and Pattinson KTS. The role of the nitric 

oxide pathway in brain injury and its treatment — From bench to bedside. 

Experimental Neurology 263: 235–243, 2015. 

86.  Gaschler MM and Stockwell BR. Lipid peroxidation in cell death. Biochemical and 

Biophysical Research Communications 482: 419–425, 2017. 

87.  Gen Son T, Zou Y, Pal Yu B, Lee J, and Young Chung H. Aging effect on 

myeloperoxidase in rat kidney and its modulation by calorie restriction. Free Radical 

Research 39: 283–289, 2005. 

88.  Gérard M, Corroyer-Dulmont A, Lesueur P, Collet S, Chérel M, Bourgeois M, Stefan 

D, Limkin EJ, Perrio C, Guillamo J-S, Dubray B, Bernaudin M, Thariat J, and Valable S. 

Hypoxia Imaging and Adaptive Radiotherapy: A State-of-the-Art Approach in the 

Management of Glioma. Front Med 6: 117, 2019. 



Page 50 of 81 
 
 
 

50 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

89.  Ghosh MK, Chakraborty D, Sarkar S, Bhowmik A, and Basu M. The interrelationship 

between cerebral ischemic stroke and glioma: a comprehensive study of recent 

reports. Sig Transduct Target Ther 4: 42, 2019. 

90.  Gopalakrishnan P, Shrestha B, Kaskas AM, Green J, Alexander JS, and Pattillo CB. 

Hydrogen sulfide: Therapeutic or injurious in ischemic stroke? Pathophysiology 26: 

1–10, 2019. 

91.  Granger DN and Kvietys PR. Reperfusion injury and reactive oxygen species: The 

evolution of a concept. Redox Biology 6: 524–551, 2015. 

92.  Greenlund LJ., Deckwerth TL, and Johnson EM. Superoxide dismutase delays 

neuronal apoptosis: A role for reactive oxygen species in programmed neuronal 

death. Neuron 14: 303–315, 1995. 

93.  Griguer CE, Oliva CR, Kelley EE, Giles GI, Lancaster JR, and Gillespie GY. Xanthine 

oxidase-dependent regulation of hypoxia-inducible factor in cancer cells. Cancer Res 

66: 2257–2263, 2006. 

94.  Grimsrud PA, Xie H, Griffin TJ, and Bernlohr DA. Oxidative Stress and Covalent 

Modification of Protein with Bioactive Aldehydes. Journal of Biological Chemistry 

283: 21837–21841, 2008. 

95.  Guo B, Liao W, and Wang S. The clinical significance of glutathione peroxidase 2 in 

glioblastoma multiforme. Translational Neuroscience 12: 032–039, 2021. 

96.  Hambright WS, Fonseca RS, Chen L, Na R, and Ran Q. Ablation of ferroptosis 

regulator glutathione peroxidase 4 in forebrain neurons promotes cognitive 

impairment and neurodegeneration. Redox Biology 12: 8–17, 2017. 

97.  Hameed LS, Berg DA, Belnoue L, Jensen LD, Cao Y, and Simon A. Environmental 

changes in oxygen tension reveal ROS-dependent neurogenesis and regeneration in 

the adult newt brain. eLife 4: e08422, 2015. 

98.  Hanahan D and Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell 144: 

646–674, 2011. 

99.  Haouzi P, Sonobe T, and Judenherc-Haouzi A. Hydrogen sulfide intoxication induced 

brain injury and methylene blue. Neurobiology of Disease 133: 104474, 2020. 

100.  Harris IS and DeNicola GM. The Complex Interplay between Antioxidants and ROS in 

Cancer. Trends in Cell Biology 30: 440–451, 2020. 



Page 51 of 81 
 
 
 

51 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

101.  Hayyan M, Hashim MA, and AlNashef IM. Superoxide Ion: Generation and Chemical 

Implications. Chem Rev 116: 3029–3085, 2016. 

102.  Herrman H, Kieling C, McGorry P, Horton R, Sargent J, and Patel V. Reducing the 

global burden of depression: a Lancet–World Psychiatric Association Commission. 

The Lancet 393: e42–e43, 2019. 

103.  Higgins P, Ferguson LD, and Walters MR. Xanthine oxidase inhibition for the 

treatment of stroke disease: a novel therapeutic approach. Expert Review of 

Cardiovascular Therapy 9: 399–401, 2011. 

104.  Homi HM, Freitas JJS, Curi R, Velasco IT, and Junior BAS. Changes in superoxide 

dismutase and catalase activities of rat brain regions during early global transient 

ischemia/reperfusion. Neuroscience Letters 333: 37–40, 2002. 

105.  Huang J, Yu J, Tu L, Huang N, Li H, and Luo Y. Isocitrate Dehydrogenase Mutations in 

Glioma: From Basic Discovery to Therapeutics Development. Front Oncol 9: 506, 

2019. 

106.  Huang LE. Friend or foe—IDH1 mutations in glioma 10 years on. Carcinogenesis 40: 

1299–1307, 2019. 

107.  Huang T-T, Zou Y, and Corniola R. Oxidative stress and adult neurogenesis—Effects 

of radiation and superoxide dismutase deficiency. Seminars in Cell & Developmental 

Biology 23: 738–744, 2012. 

108.  Ishibashi N, Prokopenko O, Reuhl KR, and Mirochnitchenko O. Inflammatory 

Response and Glutathione Peroxidase in a Model of Stroke. J Immunol 168: 1926–

1933, 2002. 

109.  Ivanovic-Burmazovic I and Filipovic MR. Saying NO to H 2 S: A Story of HNO, HSNO, 

and SSNO –. Inorg Chem 58: 4039–4051, 2019. 

110.  Ježek P. 2-Hydroxyglutarate in Cancer Cells. Antioxidants & Redox Signaling: 

ars.2019.7902, 2020. 

111.  Ji H, Zhou X, Wei W, Wu W, and Yao S. Ginkgol Biloba extract as an adjunctive 

treatment for ischemic stroke: A systematic review and meta-analysis of randomized 

clinical trials. Medicine 99: e18568, 2020. 

112.  Jia J, Li J, and Cheng J. H  2  S-based therapies for ischaemic stroke: opportunities and 

challenges. Stroke Vasc Neurol 4: 63–66, 2019. 



Page 52 of 81 
 
 
 

52 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

113.  Johnson CO, Nguyen M, Roth GA, Nichols E, Alam T, Abate D, Abd-Allah F, Abdelalim 

A, Abraha HN, Abu-Rmeileh NM, Adebayo OM, Adeoye AM, Agarwal G, Agrawal S, 

Aichour AN, Aichour I, Aichour MTE, Alahdab F, Ali R, Alvis-Guzman N, Anber NH, 

Anjomshoa M, Arabloo J, Arauz A, Ärnlöv J, Arora A, Awasthi A, Banach M, Barboza 

MA, Barker-Collo SL, Bärnighausen TW, Basu S, Belachew AB, Belayneh YM, Bennett 

DA, Bensenor IM, Bhattacharyya K, Biadgo B, Bijani A, Bikbov B, Bin Sayeed MS, Butt 

ZA, Cahuana-Hurtado L, Carrero JJ, Carvalho F, Castañeda-Orjuela CA, Castro F, 

Catalá-López F, Chaiah Y, Chiang PP-C, Choi J-YJ, Christensen H, Chu D-T, Cortinovis 

M, Damasceno AAM, Dandona L, Dandona R, Daryani A, Davletov K, de Courten B, 

De la Cruz-Góngora V, Degefa MG, Dharmaratne SD, Diaz D, Dubey M, Duken EE, 

Edessa D, Endres M, Faraon EJA, Farzadfar F, Fernandes E, Fischer F, Flor LS, Ganji M, 

Gebre AK, Gebremichael TG, Geta B, Gezae KE, Gill PS, Gnedovskaya EV, Gómez-

Dantés H, Goulart AC, Grosso G, Guo Y, Gupta R, Haj-Mirzaian A, Haj-Mirzaian A, 

Hamidi S, Hankey GJ, Hassen HY, Hay SI, Hegazy MI, Heidari B, Herial NA, Hosseini 

MA, Hostiuc S, Irvani SSN, Islam SMS, Jahanmehr N, Javanbakht M, Jha RP, Jonas JB, 

Jozwiak JJ, Jürisson M, Kahsay A, Kalani R, Kalkonde Y, Kamil TA, Kanchan T, Karch A, 

Karimi N, Karimi-Sari H, Kasaeian A, Kassa TD, Kazemeini H, Kefale AT, Khader YS, 

Khalil IA, Khan EA, Khang Y-H, Khubchandani J, Kim D, Kim YJ, Kisa A, Kivimäki M, 

Koyanagi A, Krishnamurthi RK, Kumar GA, Lafranconi A, Lewington S, Li S, Lo WD, 

Lopez AD, Lorkowski S, Lotufo PA, Mackay MT, Majdan M, Majdzadeh R, Majeed A, 

Malekzadeh R, Manafi N, Mansournia MA, Mehndiratta MM, Mehta V, Mengistu G, 

Meretoja A, Meretoja TJ, Miazgowski B, Miazgowski T, Miller TR, Mirrakhimov EM, 

Mohajer B, Mohammad Y, Mohammadoo-khorasani M, Mohammed S, Mohebi F, 

Mokdad AH, Mokhayeri Y, Moradi G, Morawska L, Moreno Velásquez I, Mousavi SM, 

Muhammed OSS, Muruet W, Naderi M, Naghavi M, Naik G, Nascimento BR, Negoi 

RI, Nguyen CT, Nguyen LH, Nirayo YL, Norrving B, Noubiap JJ, Ofori-Asenso R, Ogbo 

FA, Olagunju AT, Olagunju TO, Owolabi MO, Pandian JD, Patel S, Perico N, Piradov 

MA, Polinder S, Postma MJ, Poustchi H, Prakash V, Qorbani M, Rafiei A, Rahim F, 

Rahimi K, Rahimi-Movaghar V, Rahman M, Rahman MA, Reis C, Remuzzi G, Renzaho 

AMN, Ricci S, Roberts NLS, Robinson SR, Roever L, Roshandel G, Sabbagh P, Safari H, 

Safari S, Safiri S, Sahebkar A, Salehi Zahabi S, Samy AM, Santalucia P, Santos IS, 



Page 53 of 81 
 
 
 

53 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Santos JV, Santric Milicevic MM, Sartorius B, Sawant AR, Schutte AE, Sepanlou SG, 

Shafieesabet A, Shaikh MA, Shams-Beyranvand M, Sheikh A, Sheth KN, Shibuya K, 

Shigematsu M, Shin M-J, Shiue I, Siabani S, Sobaih BH, Sposato LA, Sutradhar I, Sylaja 

P, Szoeke CEI, Te Ao BJ, Temsah M-H, Temsah O, Thrift AG, Tonelli M, Topor-Madry 

R, Tran BX, Tran KB, Truelsen TC, Tsadik AG, Ullah I, Uthman OA, Vaduganathan M, 

Valdez PR, Vasankari TJ, Vasanthan R, Venketasubramanian N, Vosoughi K, Vu GT, 

Waheed Y, Weiderpass E, Weldegwergs KG, Westerman R, Wolfe CDA, Wondafrash 

DZ, Xu G, Yadollahpour A, Yamada T, Yatsuya H, Yimer EM, Yonemoto N, Yousefifard 

M, Yu C, Zaidi Z, Zamani M, Zarghi A, Zhang Y, Zodpey S, Feigin VL, Vos T, and Murray 

CJL. Global, regional, and national burden of stroke, 1990–2016: a systematic 

analysis for the Global Burden of Disease Study 2016. The Lancet Neurology 18: 439–

458, 2019. 

114.  Jones DP and Radi R. Redox Pioneer: Professor Helmut Sies. Antioxidants & Redox 

Signaling 21: 2459–2468, 2014. 

115.  Jové M, Mota-Martorell N, Pradas I, Martín-Gari M, Ayala V, and Pamplona R. The 

Advanced Lipoxidation End-Product Malondialdehyde-Lysine in Aging and Longevity. 

Antioxidants 9: 1132, 2020. 

116.  Jung S-N, Yang WK, Kim J, Kim HS, Kim EJ, Yun H, Park H, Kim SS, Choe W, Kang I, and 

Ha J. Reactive oxygen species stabilize hypoxia-inducible factor-1 alpha protein and 

stimulate transcriptional activity via AMP-activated protein kinase in DU145 human 

prostate cancer cells. Carcinogenesis 29: 713–721, 2008. 

117.  Jurcau A and Simion A. Oxidative Stress in the Pathogenesis of Alzheimer’s Disease 

and Cerebrovascular Disease with Therapeutic Implications. CNSNDDT 19: 94–108, 

2020. 

118.  Kajarabille and Latunde-Dada. Programmed Cell-Death by Ferroptosis: Antioxidants 

as Mitigators. IJMS 20: 4968, 2019. 

119.  Kaminska B, Czapski B, Guzik R, Król SK, and Gielniewski B. Consequences of IDH1/2 

Mutations in Gliomas and an Assessment of Inhibitors Targeting Mutated IDH 

Proteins. Molecules 24, 2019. 



Page 54 of 81 
 
 
 

54 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

120.  Kapil V, Khambata RS, Jones DA, Rathod K, Primus C, Massimo G, Fukuto JM, and 

Ahluwalia A. The Noncanonical Pathway for In Vivo Nitric Oxide Generation: The 

Nitrate-Nitrite-Nitric Oxide Pathway. Pharmacol Rev 72: 692–766, 2020. 

121.  Keo A, Mahfouz A, Ingrassia AMT, Meneboo J-P, Villenet C, Mutez E, Comptdaer T, 

Lelieveldt BPF, Figeac M, Chartier-Harlin M-C, van de Berg WDJ, van Hilten JJ, and 

Reinders MJT. Transcriptomic signatures of brain regional vulnerability to 

Parkinson’s disease. Commun Biol 3: 101, 2020. 

122.  Kim J, Perales Villarroel JP, Zhang W, Yin T, Shinozaki K, Hong A, Lampe JW, and 

Becker LB. The Responses of Tissues from the Brain, Heart, Kidney, and Liver to 

Resuscitation following Prolonged Cardiac Arrest by Examining Mitochondrial 

Respiration in Rats. Oxidative Medicine and Cellular Longevity 2016: 1–7, 2016. 

123.  Kimura H. Production and Physiological Effects of Hydrogen Sulfide. Antioxidants & 

Redox Signaling 20: 783–793, 2014. 

124.  Kimura Y, Shibuya N, and Kimura H. Sulfite protects neurons from oxidative stress: 

Protection of neurons by sulfite. British Journal of Pharmacology 176: 571–582, 

2019. 

125.  Kirkpatrick DL and Powis G. Clinically Evaluated Cancer Drugs Inhibiting Redox 

Signaling. Antioxidants & Redox Signaling 26: 262–273, 2017. 

126.  Kleijn A, Chen JW, Buhrman JS, Wojtkiewicz GR, Iwamoto Y, Lamfers ML, Stemmer-

Rachamimov AO, Rabkin SD, Weissleder R, Martuza RL, and Fulci G. Distinguishing 

inflammation from tumor and peritumoral edema by myeloperoxidase magnetic 

resonance imaging. Clin Cancer Res 17: 4484–4493, 2011. 

127.  Koike S, Ando C, Usui Y, Kibune Y, Nishimoto S, Suzuki T, and Ogasawara Y. Age-

related alteration in the distribution of methylglyoxal and its metabolic enzymes in 

the mouse brain. Brain Research Bulletin 144: 164–170, 2019. 

128.  Kolluru GK, Shen X, Bir SC, and Kevil CG. Hydrogen sulfide chemical biology: 

Pathophysiological roles and detection. Nitric Oxide 35: 5–20, 2013. 

129.  Lapointe S, Perry A, and Butowski NA. Primary brain tumours in adults. The Lancet 

392: 432–446, 2018. 

130.  Le Belle JE, Orozco NM, Paucar AA, Saxe JP, Mottahedeh J, Pyle AD, Wu H, and 

Kornblum HI. Proliferative Neural Stem Cells Have High Endogenous ROS Levels that 



Page 55 of 81 
 
 
 

55 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Regulate Self-Renewal and Neurogenesis in a PI3K/Akt-Dependant Manner. Cell 

Stem Cell 8: 59–71, 2011. 

131.  Le Gal K, Ibrahim MX, Wiel C, Sayin VI, Akula MK, Karlsson C, Dalin MG, Akyürek LM, 

Lindahl P, Nilsson J, and Bergo MO. Antioxidants can increase melanoma metastasis 

in mice. Sci Transl Med 7: 308re8-308re8, 2015. 

132.  Lechpammer M, Shahlaie K, Girgis F, Gonzales H, Bishop J, Nudler E, and Zagzag D. 

CMET-46. EXPRESSION OF HYDROGEN SULFIDE (H2S) PRODUCING ENZYMES IN 

METASTATIC BRAIN TUMORS. Neuro-Oncology 19: vi49–vi49, 2017. 

133.  Lee S and Schmitt CA. The dynamic nature of senescence in cancer. Nat Cell Biol 21: 

94–101, 2019. 

134.  Lee W-C, Wong H-Y, Chai Y-Y, Shi C-W, Amino N, Kikuchi S, and Huang S-H. Lipid 

peroxidation dysregulation in ischemic stroke: plasma 4-HNE as a potential 

biomarker? Biochem Biophys Res Commun 425: 842–847, 2012. 

135.  Lewerenz J, Ates G, Methner A, Conrad M, and Maher P. Oxytosis/Ferroptosis—(Re-) 

Emerging Roles for Oxidative Stress-Dependent Non-apoptotic Cell Death in 

Diseases of the Central Nervous System. Front Neurosci 12: 214, 2018. 

136.  Li H-S, Zhou Y-N, Li L, Li S-F, Long D, Chen X-L, Zhang J-B, Feng L, and Li Y-P. HIF-1α 

protects against oxidative stress by directly targeting mitochondria. Redox Biology 

25: 101109, 2019. 

137.  Liang X, Yan Z, Ma W, Qian Y, Zou X, Cui Y, Liu J, and Meng Y. Peroxiredoxin 4 

protects against ovarian ageing by ameliorating d-galactose-induced oxidative 

damage in mice. Cell Death Dis 11: 1053, 2020. 

138.  Liao AC, Craver BM, Tseng BP, Tran KK, Parihar VK, Acharya MM, and Limoli CL. 

Mitochondrial-Targeted Human Catalase Affords Neuroprotection From Proton 

Irradiation. Radiation Research 180: 1–6, 2013. 

139.  Linares D, Taconis M, Mana P, Correcha M, Fordham S, Staykova M, and Willenborg 

DO. Neuronal Nitric Oxide Synthase Plays a Key Role in CNS Demyelination. Journal 

of Neuroscience 26: 12672–12681, 2006. 

140.  Liu C, Liang MC, and Soong TW. Nitric Oxide, Iron and Neurodegeneration. Front 

Neurosci 13: 114, 2019. 



Page 56 of 81 
 
 
 

56 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

141.  Liu D, Wang Z, Zhan J, Zhang Q, Wang J, Zhang Q, Xian X, Luan Q, and Hao A. 

Hydrogen sulfide promotes proliferation and neuronal differentiation of neural stem 

cells and protects hypoxia-induced decrease in hippocampal neurogenesis. 

Pharmacology Biochemistry and Behavior 116: 55–63, 2014. 

142.  Liu G and Summer R. Cellular Metabolism in Lung Health and Disease. Annu Rev 

Physiol 81: 403–428, 2019. 

143.  Liu T, Zhong S, Liao X, Chen J, He T, Lai S, and Jia Y. A Meta-Analysis of Oxidative 

Stress Markers in Depression. PLoS ONE 10: e0138904, 2015. 

144.  Liu Y, Lu Y, Celiku O, Li A, Wu Q, Zhou Y, and Yang C. Targeting IDH1-Mutated 

Malignancies with NRF2 Blockade. JNCI: Journal of the National Cancer Institute 111: 

1033–1041, 2019. 

145.  Lubec J, Smidak R, Malikovic J, Feyissa DD, Korz V, Höger H, and Lubec G. Dentate 

Gyrus Peroxiredoxin 6 Levels Discriminate Aged Unimpaired From Impaired Rats in a 

Spatial Memory Task. Front Aging Neurosci 11: 198, 2019. 

146.  Lucassen PJ, Fitzsimons CP, Salta E, and Maletic-Savatic M. Adult neurogenesis, 

human after all (again): Classic, optimized, and future approaches. Behavioural Brain 

Research 381: 112458, 2020. 

147.  Luo H, Wu P-F, Han Q-Q, Cao Y, Deng S-L, Wang J, Deng Q, Wang F, and Chen J-G. 

Reactive Sulfur Species Emerge as Gliotransmitters to Support Memory via 

Sulfuration-Dependent Gating of NR2A-Containing N-Methyl- D -Aspartate Subtype 

Glutamate Receptor Function. Antioxidants & Redox Signaling 30: 1880–1899, 2019. 

148.  Maccallini C, Gallorini M, Cataldi A, and Amoroso R. Targeting iNOS As a Valuable 

Strategy for the Therapy of Glioma. ChemMedChem 15: 339–344, 2020. 

149.  Magnusson. Selective vulnerabilities of N-methyl-D-aspartate (NMDA) receptors 

during brain aging. FrontiAgNeurosci, 2010. 

150.  Magtanong L and Dixon SJ. Ferroptosis and Brain Injury. Dev Neurosci 40: 382–395, 

2018. 

151.  Martínez-Cué C and Rueda N. Cellular Senescence in Neurodegenerative Diseases. 

Front Cell Neurosci 14: 16, 2020. 

152.  Mathers CD and Loncar D. Projections of global mortality and burden of disease 

from 2002 to 2030. PLoS Med 3: e442, 2006. 



Page 57 of 81 
 
 
 

57 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

153.  Mattson MP and Arumugam TV. Hallmarks of Brain Aging: Adaptive and Pathological 

Modification by Metabolic States. Cell Metabolism 27: 1176–1199, 2018. 

154.  McLean CW, Mirochnitchenko O, Claus CP, Noble-Haeusslein LJ, and Ferriero DM. 

Overexpression of Glutathione Peroxidase Protects Immature Murine Neurons from 

Oxidative Stress. Dev Neurosci 27: 169–175, 2005. 

155.  Mellis A-T, Misko AL, Arjune S, Liang Y, Erdélyi K, Ditrói T, Kaczmarek AT, Nagy P, and 

Schwarz G. The role of glutamate oxaloacetate transaminases in sulfite biosynthesis 

and H2S metabolism. Redox Biology 38: 101800, 2021. 

156.  Michel TM, Camara S, Tatschner T, Frangou S, Sheldrick AJ, Riederer P, and 

Grünblatt E. Increased xanthine oxidase in the thalamus and putamen in depression. 

World J Biol Psychiatry 11: 314–320, 2010. 

157.  Miyamoto R, Otsuguro K, Yamaguchi S, and Ito S. Contribution of cysteine 

aminotransferase and mercaptopyruvate sulfurtransferase to hydrogen sulfide 

production in peripheral neurons. J Neurochem 130: 29–40, 2014. 

158.  Miyata T, Kurokawa K, and Van Ypersele De Strihou C. Advanced glycation and 

lipoxidation end products: role of reactive carbonyl compounds generated during 

carbohydrate and lipid metabolism. J Am Soc Nephrol 11: 1744–1752, 2000. 

159.  Moreno-Jiménez EP, Flor-García M, Terreros-Roncal J, Rábano A, Cafini F, Pallas-

Bazarra N, Ávila J, and Llorens-Martín M. Adult hippocampal neurogenesis is 

abundant in neurologically healthy subjects and drops sharply in patients with 

Alzheimer’s disease. Nat Med 25: 554–560, 2019. 

160.  Moreno-Lopez B. Nitric Oxide Is a Physiological Inhibitor of Neurogenesis in the 

Adult Mouse Subventricular Zone and Olfactory Bulb. Journal of Neuroscience 24: 

85–95, 2004. 

161.  Morgan PE, Sheahan PJ, and Davies MJ. Perturbation of Human Coronary Artery 

Endothelial Cell Redox State and NADPH Generation by Methylglyoxal. PLoS ONE 9: 

e86564, 2014. 

162.  Muddapu VR, Dharshini SAP, Chakravarthy VS, and Gromiha MM. 

Neurodegenerative Diseases – Is Metabolic Deficiency the Root Cause? Front 

Neurosci 14: 213, 2020. 



Page 58 of 81 
 
 
 

58 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

163.  Muz B, de la Puente P, Azab F, and Azab AK. The role of hypoxia in cancer 

progression, angiogenesis, metastasis, and resistance to therapy. HP: 83, 2015. 

164.  Nagy P and Winterbourn CC. Rapid Reaction of Hydrogen Sulfide with the Neutrophil 

Oxidant Hypochlorous Acid to Generate Polysulfides. Chem Res Toxicol 23: 1541–

1543, 2010. 

165.  Nakao LS, Ouchi D, and Augusto O. Oxidation of Acetaldehyde by Peroxynitrite and 

Hydrogen Peroxide/Iron(II). Production of Acetate, Formate, and Methyl Radicals. 

Chem Res Toxicol 12: 1010–1018, 1999. 

166.  Narne P, Pandey V, and Phanithi PB. Role of Nitric Oxide and Hydrogen Sulfide in 

Ischemic Stroke and the Emergent Epigenetic Underpinnings. Mol Neurobiol 56: 

1749–1769, 2019. 

167.  Niedzielska E, Smaga I, Gawlik M, Moniczewski A, Stankowicz P, Pera J, and Filip M. 

Oxidative Stress in Neurodegenerative Diseases. Mol Neurobiol 53: 4094–4125, 

2016. 

168.  Ogino K, Kodama N, Nakajima M, Yamada A, Nakamura H, Nagase H, Sadamitsu D, 

and Maekawa T. Catalase catalyzes nitrotyrosine formation from sodium azide and 

hydrogen peroxide. Free Radical Research 35: 735–747, 2001. 

169.  Oikawa S, Yamada T, Minohata T, Kobayashi H, Furukawa A, Tada-Oikawa S, Hiraku 

Y, Murata M, Kikuchi M, and Yamashima T. Proteomic identification of carbonylated 

proteins in the monkey hippocampus after ischemia–reperfusion. Free Radical 

Biology and Medicine 46: 1472–1477, 2009. 

170.  Oliveira SR, Amaral JD, and Rodrigues CMP. Mechanism and disease implications of 

necroptosis and neuronal inflammation. Cell Death Dis 9: 903, 2018. 

171.  Olson KR. H2S and polysulfide metabolism: Conventional and unconventional 

pathways. Biochemical Pharmacology 149: 77–90, 2018. 

172.  Olson KR. Hydrogen sulfide, reactive sulfur species and coping with reactive oxygen 

species. Free Radical Biology and Medicine 140: 74–83, 2019. 

173.  Olson KR, Gao Y, Arif F, Arora K, Patel S, DeLeon ER, Sutton TR, Feelisch M, Cortese-

Krott MM, and Straub KD. Metabolism of hydrogen sulfide (H2S) and Production of 

Reactive Sulfur Species (RSS) by superoxide dismutase. Redox Biology 15: 74–85, 

2018. 



Page 59 of 81 
 
 
 

59 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

174.  Olson KR, Gao Y, DeLeon ER, Arif M, Arif F, Arora N, and Straub KD. Catalase as a 

sulfide-sulfur oxido-reductase: An ancient (and modern?) regulator of reactive sulfur 

species (RSS). Redox Biology 12: 325–339, 2017. 

175.  Orduz D, Benamer N, Ortolani D, Coppola E, Vigier L, Pierani A, and Angulo MC. 

Developmental cell death regulates lineage-related interneuron-oligodendroglia 

functional clusters and oligodendrocyte homeostasis. Nat Commun 10: 4249, 2019. 

176.  Pacifici F, Della-Morte D, Piermarini F, Arriga R, Scioli MG, Capuani B, Pastore D, 

Coppola A, Rea S, Donadel G, Andreadi A, Abete P, Sconocchia G, Bellia A, Orlandi A, 

and Lauro D. Prdx6 Plays a Main Role in the Crosstalk between Aging and Metabolic 

Sarcopenia. Antioxidants 9: 329, 2020. 

177.  Packer MA, Stasiv Y, Benraiss A, Chmielnicki E, Grinberg A, Westphal H, Goldman SA, 

and Enikolopov G. Nitric oxide negatively regulates mammalian adult neurogenesis. 

Proceedings of the National Academy of Sciences 100: 9566–9571, 2003. 

178.  Pálinkás Z, Furtmüller PG, Nagy A, Jakopitsch C, Pirker KF, Magierowski M, Jasnos K, 

Wallace JL, Obinger C, and Nagy P. Interactions of hydrogen sulfide with 

myeloperoxidase: Sulfide is a substrate and inhibitor of myeloperoxidase. Br J 

Pharmacol 172: 1516–1532, 2015. 

179.  Panieri E and Santoro MM. ROS homeostasis and metabolism: a dangerous liason in 

cancer cells. Cell Death Dis 7: e2253–e2253, 2016. 

180.  Pankiewicz JE, Diaz JR, Martá-Ariza M, Lizińczyk AM, Franco LA, and Sadowski MJ. 

Peroxiredoxin 6 mediates protective function of astrocytes in Aβ proteostasis. Mol 

Neurodegeneration 15: 50, 2020. 

181.  Pannala VR and Dash RK. Mechanistic characterization of the thioredoxin system in 

the removal of hydrogen peroxide. Free Radical Biology and Medicine 78: 42–55, 

2015. 

182.  Panthi S, Manandhar S, and Gautam K. Hydrogen sulfide, nitric oxide, and 

neurodegenerative disorders. Transl Neurodegener 7: 3, 2018. 

183.  Park HR, Park M, Choi J, Park K-Y, Chung HY, and Lee J. A high-fat diet impairs 

neurogenesis: Involvement of lipid peroxidation and brain-derived neurotrophic 

factor. Neuroscience Letters 482: 235–239, 2010. 



Page 60 of 81 
 
 
 

60 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

184.  Park MH, Jo M, Kim YR, Lee C-K, and Hong JT. Roles of peroxiredoxins in cancer, 

neurodegenerative diseases and inflammatory diseases. Pharmacol Ther 163: 1–23, 

2016. 

185.  Park YS, Koh YH, Takahashi M, Miyamoto Y, Suzuki K, Dohmae N, Takio K, Honke K, 

and Taniguchi N. Identification of the Binding Site of Methylglyoxal on Glutathione 

Peroxidase: Methylglyoxal Inhibits Glutathione Peroxidase Activity via Binding to 

Glutathione Binding Sites Arg 184 and 185. Free Radical Research 37: 205–211, 

2003. 

186.  Paul-Samojedny M, Łasut B, Pudełko A, Fila-Daniłow A, Kowalczyk M, Suchanek-Raif 

R, Zieliński M, Borkowska P, and Kowalski J. Methylglyoxal (MGO) inhibits 

proliferation and induces cell death of human glioblastoma multiforme T98G and 

U87MG cells. Biomed Pharmacother 80: 236–243, 2016. 

187.  Pennathur S, Ido Y, Heller JI, Byun J, Danda R, Pergola P, Williamson JR, and 

Heinecke JW. Reactive Carbonyls and Polyunsaturated Fatty Acids Produce a 

Hydroxyl Radical-like Species. Journal of Biological Chemistry 280: 22706–22714, 

2005. 

188.  Picón-Pagès P, Garcia-Buendia J, and Muñoz FJ. Functions and dysfunctions of nitric 

oxide in brain. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 

1865: 1949–1967, 2019. 

189.  Popa-Wagner A, Mitran S, Sivanesan S, Chang E, and Buga A-M. ROS and Brain 

Diseases: The Good, the Bad, and the Ugly. Oxidative Medicine and Cellular 

Longevity 2013: 1–14, 2013. 

190.  Popov B, Gadjeva V, Valkanov P, Popova S, and Tolekova A. Lipid peroxidation, 

superoxide dismutase and catalase activities in brain tumor tissues. Arch Physiol 

Biochem 111: 455–459, 2003. 

191.  Potts MB, Rola R, Claus CP, Ferriero DM, Fike JR, and Noble-Haeusslein LJ. 

Glutathione peroxidase overexpression does not rescue impaired neurogenesis in 

the injured immature brain. J Neurosci Res 87: 1848–1857, 2009. 

192.  Ramdial K, Franco MC, and Estevez AG. Cellular mechanisms of peroxynitrite-

induced neuronal death. Brain Research Bulletin 133: 4–11, 2017. 



Page 61 of 81 
 
 
 

61 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

193.  Ramírez-Expósito MJ and Martínez-Martos JM. The Delicate Equilibrium between 

Oxidants and Antioxidants in Brain Glioma. CN 17: 342–351, 2019. 

194.  Ray RS and Katyal A. Myeloperoxidase: Bridging the gap in neurodegeneration. 

Neuroscience & Biobehavioral Reviews 68: 611–620, 2016. 

195.  Rhee SG, Woo HA, Kil IS, and Bae SH. Peroxiredoxin Functions as a Peroxidase and a 

Regulator and Sensor of Local Peroxides. Journal of Biological Chemistry 287: 4403–

4410, 2012. 

196.  Rink C and Khanna S. Significance of Brain Tissue Oxygenation and the Arachidonic 

Acid Cascade in Stroke. Antioxidants & Redox Signaling 14: 1889–1903, 2011. 

197.  Roe ND and Ren J. Nitric oxide synthase uncoupling: A therapeutic target in 

cardiovascular diseases. Vascular Pharmacology 57: 168–172, 2012. 

198.  Rosen M, Chan P, Saleem M, Herrmann N, Adibfar A, Andreazza A, Oh PI, and 

Lanctôt KL. Longitudinal associations between 4-hydroxynonenal and depression in 

coronary artery disease patients. Psychiatry Research 270: 219–224, 2018. 

199.  Salim S. Oxidative Stress and Psychological Disorders. CN 12: 140–147, 2014. 

200.  Salmina AB, Komleva YK, Szijártó IA, Gorina YV, Lopatina OL, Gertsog GE, Filipovic 

MR, and Gollasch M. H2S- and NO-Signaling Pathways in Alzheimer’s Amyloid 

Vasculopathy: Synergism or Antagonism? Front Physiol 6, 2015. 

201.  Sato K, Hyodo M, Takagi J, Aoki M, and Noyori R. Hydrogen peroxide oxidation of 

aldehydes to carboxylic acids: an organic solvent-, halide- and metal-free procedure. 

Tetrahedron Letters 41: 1439–1442, 2000. 

202.  Saver JL. Time Is Brain—Quantified. Stroke 37: 263–266, 2006. 

203.  Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P, and Bergo MO. Antioxidants 

accelerate lung cancer progression in mice. Sci Transl Med 6: 221ra15, 2014. 

204.  Sbodio JI, Snyder SH, and Paul BD. Redox Mechanisms in Neurodegeneration: From 

Disease Outcomes to Therapeutic Opportunities. Antioxidants & Redox Signaling 30: 

1450–1499, 2019. 

205.  Schalkwijk CG. Vascular AGE-ing by methylglyoxal: the past, the present and the 

future. Diabetologia 58: 1715–1719, 2015. 



Page 62 of 81 
 
 
 

62 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

206.  Schreier SM, Muellner MK, Steinkellner H, Hermann M, Esterbauer H, Exner M, 

Gmeiner BMK, Kapiotis S, and Laggner H. Hydrogen Sulfide Scavenges the Cytotoxic 

Lipid Oxidation Product 4-HNE. Neurotox Res 17: 249–256, 2010. 

207.  Seiler A, Schneider M, Förster H, Roth S, Wirth EK, Culmsee C, Plesnila N, Kremmer 

E, Rådmark O, Wurst W, Bornkamm GW, Schweizer U, and Conrad M. Glutathione 

Peroxidase 4 Senses and Translates Oxidative Stress into 12/15-Lipoxygenase 

Dependent- and AIF-Mediated Cell Death. Cell Metabolism 8: 237–248, 2008. 

208.  Selye H. A Syndrome produced by Diverse Nocuous Agents. Nature 138: 32–32, 

1936. 

209.  Selye H. THE GENERAL ADAPTATION SYNDROME AND THE DISEASES OF 

ADAPTATION1. The Journal of Clinical Endocrinology & Metabolism 6: 117–230, 

1946. 

210.  Selye H. Stress and Disease. Science 122: 625–631, 1955. 

211.  Semchyshyn HM. Reactive Carbonyl Species In Vivo : Generation and Dual Biological 

Effects. The Scientific World Journal 2014: 1–10, 2014. 

212.  Sena LA and Chandel NS. Physiological Roles of Mitochondrial Reactive Oxygen 

Species. Molecular Cell 48: 158–167, 2012. 

213.  Shao C, Yuan J, Liu Y, Qin Y, Wang X, Gu J, Chen G, Zhang B, Liu H-K, Zhao J, Zhu H-L, 

and Qian Y. Epileptic brain fluorescent imaging reveals apigenin can relieve the 

myeloperoxidase-mediated oxidative stress and inhibit ferroptosis. Proc Natl Acad 

Sci USA 117: 10155–10164, 2020. 

214.  Sharma G, Shin E-J, Sharma N, Nah S-Y, Mai HN, Nguyen BT, Jeong JH, Lei XG, and 

Kim H-C. Glutathione peroxidase-1 and neuromodulation: Novel potentials of an old 

enzyme. Food Chem Toxicol 148: 111945, 2021. 

215.  Shirley R, Ord E, and Work L. Oxidative Stress and the Use of Antioxidants in Stroke. 

Antioxidants 3: 472–501, 2014. 

216.  Sies H. Oxidative Stress. London, Elsevier Science, 2014. 

217.  Sies H. Oxidative stress: a concept in redox biology and medicine. Redox Biology 4: 

180–183, 2015. 

218.  Sies H. Hydrogen peroxide as a central redox signaling molecule in physiological 

oxidative stress: Oxidative eustress. Redox Biology 11: 613–619, 2017. 



Page 63 of 81 
 
 
 

63 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

219.  Sies H. Findings in redox biology: From H2O2 to oxidative stress. Journal of Biological 

Chemistry 295: 13458–13473, 2020. 

220.  Sies H, Berndt C, and Jones DP. Oxidative Stress. Annu Rev Biochem 86: 715–748, 

2017. 

221.  Sies H and Chance B. The steady state level of catalase compound I in isolated 

hemoglobin-free perfused rat liver. FEBS Letters 11: 172–176, 1970. 

222.  Sies H and Jones D. Oxidative Stress. In: Encyclopedia of Stress. Elsevier, 2007, pp. 

45–48. 

223.  Sies H and Jones DP. Reactive oxygen species (ROS) as pleiotropic physiological 

signalling agents. Nat Rev Mol Cell Biol 21: 363–383, 2020. 

224.  Singhal A, Morris VB, Labhasetwar V, and Ghorpade A. Nanoparticle-mediated 

catalase delivery protects human neurons from oxidative stress. Cell Death Dis 4: 

e903–e903, 2013. 

225.  Snezhkina AV, Kudryavtseva AV, Kardymon OL, Savvateeva MV, Melnikova NV, 

Krasnov GS, and Dmitriev AA. ROS Generation and Antioxidant Defense Systems in 

Normal and Malignant Cells. Oxidative Medicine and Cellular Longevity 2019: 1–17, 

2019. 

226.  Somasundaram V, Basudhar D, Bharadwaj G, No JH, Ridnour LA, Cheng RYS, Fujita 

M, Thomas DD, Anderson SK, McVicar DW, and Wink DA. Molecular Mechanisms of 

Nitric Oxide in Cancer Progression, Signal Transduction, and Metabolism. 

Antioxidants & Redox Signaling 30: 1124–1143, 2019. 

227.  Stassart RM, Möbius W, Nave K-A, and Edgar JM. The Axon-Myelin Unit in 

Development and Degenerative Disease. Front Neurosci 12: 467, 2018. 

228.  Stefanatos R and Sanz A. The role of mitochondrial ROS in the aging brain. FEBS Lett 

592: 743–758, 2018. 

229.  Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ, Fulda S, 

Gascón S, Hatzios SK, Kagan VE, Noel K, Jiang X, Linkermann A, Murphy ME, 

Overholtzer M, Oyagi A, Pagnussat GC, Park J, Ran Q, Rosenfeld CS, Salnikow K, Tang 

D, Torti FM, Torti SV, Toyokuni S, Woerpel KA, and Zhang DD. Ferroptosis: A 

Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 

171: 273–285, 2017. 



Page 64 of 81 
 
 
 

64 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

230.  Strawbridge R, Young AH, and Cleare AJ. Biomarkers for depression: recent insights, 

current challenges and future prospects. Neuropsychiatr Dis Treat 13: 1245–1262, 

2017. 

231.  Sultana R, Perluigi M, and Butterfield DA. Lipid peroxidation triggers 

neurodegeneration: a redox proteomics view into the Alzheimer disease brain. Free 

Radic Biol Med 62: 157–169, 2013. 

232.  Sweeney MD, Kisler K, Montagne A, Toga AW, and Zlokovic BV. The role of brain 

vasculature in neurodegenerative disorders. Nat Neurosci 21: 1318–1331, 2018. 

233.  Szabo C and Papapetropoulos A. International Union of Basic and Clinical 

Pharmacology. CII: Pharmacological Modulation of H 2 S Levels: H 2 S Donors and H 2 

S Biosynthesis Inhibitors. Pharmacol Rev 69: 497–564, 2017. 

234.  Szeliga M. Peroxiredoxins in Neurodegenerative Diseases. Antioxidants (Basel) 9, 

2020. 

235.  Szeliga M and Albrecht J. Roles of nitric oxide and polyamines in brain tumor 

growth. Advances in Medical Sciences 66: 199–205, 2021. 

236.  Szepesi Z, Manouchehrian O, Bachiller S, and Deierborg T. Bidirectional Microglia–

Neuron Communication in Health and Disease. Front Cell Neurosci 12: 323, 2018. 

237.  Tabner BJ, El-Agnaf OMA, Turnbull S, German MJ, Paleologou KE, Hayashi Y, Cooper 

LJ, Fullwood NJ, and Allsop D. Hydrogen peroxide is generated during the very early 

stages of aggregation of the amyloid peptides implicated in Alzheimer disease and 

familial British dementia. J Biol Chem 280: 35789–35792, 2005. 

238.  Tarasenko TN and McGuire PJ. The liver is a metabolic and immunologic organ: A 

reconsideration of metabolic decompensation due to infection in inborn errors of 

metabolism (IEM). Molecular Genetics and Metabolism 121: 283–288, 2017. 

239.  Terpolilli NA, Moskowitz MA, and Plesnila N. Nitric Oxide: Considerations for the 

Treatment of Ischemic Stroke. J Cereb Blood Flow Metab 32: 1332–1346, 2012. 

240.  The Lancet Global Health. Mental health matters. The Lancet Global Health 8: 

e1352, 2020. 

241.  Tian Q, Chen L, Luo B, Wang A-P, Zou W, You Y, Zhang P, and Tang X-Q. Hydrogen 

Sulfide Antagonizes Chronic Restraint Stress-Induced Depressive-Like Behaviors via 

Upregulation of Adiponectin. Front Psychiatry 9: 399, 2018. 



Page 65 of 81 
 
 
 

65 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

242.  Tran AN, Boyd NH, Walker K, and Hjelmeland AB. NOS Expression and NO Function 

in Glioma and Implications for Patient Therapies. Antioxidants & Redox Signaling 26: 

986–999, 2017. 

243.  Tsay H-J, Wang P, Wang S-L, and Ku H-H. Age-associated changes of superoxide 

dismutase and catalase activities in the rat brain. J Biomed Sci 7: 466–474, 2000. 

244.  Tsuru-Aoyagi K, Potts MB, Trivedi A, Pfankuch T, Raber J, Wendland M, Claus CP, Koh 

S-E, Ferriero D, and Noble-Haeusslein LJ. Glutathione peroxidase activity modulates 

recovery in the injured immature brain. Ann Neurol 65: 540–549, 2009. 

245.  V. Pushchina E, A. Varaksin A, and K. Obukhov D. Hydrogen Sulfide as a Factor of 

Neuroprotection during the Constitutive and Reparative Neurogenesis in Fish Brain. 

In: Neuroprotection - New Approaches and Prospects [Working Title]. IntechOpen, 

2019. 

246.  Vaccarino V, Brennan M-L, Miller AH, Bremner JD, Ritchie JC, Lindau F, Veledar E, Su 

S, Murrah NV, Jones L, Jawed F, Dai J, Goldberg J, and Hazen SL. Association of major 

depressive disorder with serum myeloperoxidase and other markers of 

inflammation: a twin study. Biol Psychiatry 64: 476–483, 2008. 

247.  Valko M, Jomova K, Rhodes CJ, Kuča K, and Musílek K. Redox- and non-redox-metal-

induced formation of free radicals and their role in human disease. Arch Toxicol 90: 

1–37, 2016. 

248.  Vandresen-Filho S, Martins WC, Bertoldo DB, Mancini G, De Bem AF, and Tasca CI. 

Cerebral cortex, hippocampus, striatum and cerebellum show differential 

susceptibility to quinolinic acid-induced oxidative stress. Neurol Sci 36: 1449–1456, 

2015. 

249.  Vaváková M, Ďuračková Z, and Trebatická J. Markers of Oxidative Stress and 

Neuroprogression in Depression Disorder. Oxid Med Cell Longev 2015: 898393, 

2015. 

250.  Vida C, Corpas I, De la Fuente M, and González EM. Age-related changes in xanthine 

oxidase activity and lipid peroxidation, as well as in the correlation between both 

parameters, in plasma and several organs from female mice. J Physiol Biochem 67: 

551–558, 2011. 



Page 66 of 81 
 
 
 

66 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

251.  Walton NM, Shin R, Tajinda K, Heusner CL, Kogan JH, Miyake S, Chen Q, Tamura K, 

and Matsumoto M. Adult Neurogenesis Transiently Generates Oxidative Stress. PLoS 

ONE 7: e35264, 2012. 

252.  Wang W, Zhao F, Ma X, Perry G, and Zhu X. Mitochondria dysfunction in the 

pathogenesis of Alzheimer’s disease: recent advances. Mol Neurodegeneration 15: 

30, 2020. 

253.  Wang Y, Xu E, Musich PR, and Lin F. Mitochondrial dysfunction in neurodegenerative 

diseases and the potential countermeasure. CNS Neurosci Ther: cns.13116, 2019. 

254.  Wetzel MD and Wenke JC. Mechanisms by which hydrogen sulfide attenuates 

muscle function following ischemia–reperfusion injury: effects on Akt signaling, 

mitochondrial function, and apoptosis. J Transl Med 17: 33, 2019. 

255.  Woodruff TM, Thundyil J, Tang S-C, Sobey CG, Taylor SM, and Arumugam TV. 

Pathophysiology, treatment, and animal and cellular models of human ischemic 

stroke. Mol Neurodegeneration 6: 11, 2011. 

256.  Wright LS, Prowse KR, Wallace K, Linskens MHK, and Svendsen CN. Human 

progenitor cells isolated from the developing cortex undergo decreased 

neurogenesis and eventual senescence following expansion in vitro. Experimental 

Cell Research 312: 2107–2120, 2006. 

257.  Wu B, Teng H, Zhang L, Li H, Li J, Wang L, and Li H. Interaction of Hydrogen Sulfide 

with Oxygen Sensing under Hypoxia. Oxidative Medicine and Cellular Longevity 

2015: 1–9, 2015. 

258.  Wu D, Hu Q, and Zhu D. An Update on Hydrogen Sulfide and Nitric Oxide 

Interactions in the Cardiovascular System. Oxidative Medicine and Cellular Longevity 

2018: 1–16, 2018. 

259.  Wu J, Jin Z, Yang X, and Yan L-J. Post-ischemic administration of 5-methoxyindole-2-

carboxylic acid at the onset of reperfusion affords neuroprotection against stroke 

injury by preserving mitochondrial function and attenuating oxidative stress. 

Biochemical and Biophysical Research Communications 497: 444–450, 2018. 

260.  Wu N, Yang M, Gaur U, Xu H, Yao Y, and Li D. Alpha-Ketoglutarate: Physiological 

Functions and Applications. Biomolecules & Therapeutics 24: 1–8, 2016. 



Page 67 of 81 
 
 
 

67 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

261.  Wu W, Wu Y, Mayer K, von Rosenstiel C, Schecker J, Baur S, Würstle S, Liesche-

Starnecker F, Gempt J, and Schlegel J. Lipid Peroxidation Plays an Important Role in 

Chemotherapeutic Effects of Temozolomide and the Development of Therapy 

Resistance in Human Glioblastoma. Transl Oncol 13: 100748, 2020. 

262.  Wu Z, Zhao Y, and Zhao B. Superoxide anion, uncoupling proteins and Alzheimer’s 

disease. J Clin Biochem Nutr 46: 187–194, 2010. 

263.  Xi Q, Cheranov SY, and Jaggar JH. Mitochondria-Derived Reactive Oxygen Species 

Dilate Cerebral Arteries by Activating Ca 2+ Sparks. Circulation Research 97: 354–362, 

2005. 

264.  Xia X, Chen W, McDermott J, and Han J-DJ. Molecular and phenotypic biomarkers of 

aging. F1000Res 6: 860, 2017. 

265.  Xiao AY, Maynard MR, Piett CG, Nagel ZD, Alexander JS, Kevil CG, Berridge MV, 

Pattillo CB, Rosen LR, Miriyala S, and Harrison L. Sodium sulfide selectively induces 

oxidative stress, DNA damage, and mitochondrial dysfunction and radiosensitizes 

glioblastoma (GBM) cells. Redox Biology 26: 101220, 2019. 

266.  Yang C, Zhao Y, Xian M, Li J, Dong Q, Bai H, Xu J, and Zhang M. A Novel Controllable 

Hydrogen Sulfide-Releasing Molecule Protects Human Skin Keratinocytes Against 

Methylglyoxal-Induced Injury and Dysfunction. Cell Physiol Biochem 34: 1304–1317, 

2014. 

267.  Yang H, Ye D, Guan K-L, and Xiong Y. IDH1 and IDH2 Mutations in Tumorigenesis: 

Mechanistic Insights and Clinical Perspectives. Clinical Cancer Research 18: 5562–

5571, 2012. 

268.  Yeo IJ, Park MH, Son DJ, Kim JY, Nam KT, Hyun BK, Kim SY, Jung MH, Song MJ, Chun 

HO, Lee TH, Han S-B, and Hong JT. PRDX6 Inhibits Neurogenesis through 

Downregulation of WDFY1-Mediated TLR4 Signal. Mol Neurobiol 56: 3132–3144, 

2019. 

269.  Yoo M-H, Gu X, Xu X-M, Kim J-Y, Carlson BA, Patterson AD, Cai H, Gladyshev VN, and 

Hatfield DL. Delineating the Role of Glutathione Peroxidase 4 in Protecting Cells 

Against Lipid Hydroperoxide Damage and in Alzheimer’s Disease. Antioxidants & 

Redox Signaling 12: 819–827, 2010. 



Page 68 of 81 
 
 
 

68 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

270.  Yoo S-E, Chen L, Na R, Liu Y, Rios C, Van Remmen H, Richardson A, and Ran Q. Gpx4 

ablation in adult mice results in a lethal phenotype accompanied by neuronal loss in 

brain. Free Radical Biology and Medicine 52: 1820–1827, 2012. 

271.  Yu G, Zheng S, and Zhang H. Inhibition of myeloperoxidase by N-acetyl 

lysyltyrosylcysteine amide reduces experimental autoimmune encephalomyelitis-

induced injury and promotes oligodendrocyte regeneration and neurogenesis in a 

murine model of progressive multiple sclerosis. NeuroReport 29: 208–213, 2018. 

272.  Yuan S, Shen X, and Kevil CG. Beyond a Gasotransmitter: Hydrogen Sulfide and 

Polysulfide in Cardiovascular Health and Immune Response. Antioxidants & Redox 

Signaling 27: 634–653, 2017. 

273.  von Zglinicki T, Wan T, and Miwa S. Senescence in Post-Mitotic Cells: A Driver of 

Aging? Antioxidants & Redox Signaling 34: 308–323, 2021. 

274.  Zhang J, Ding Y, Wang Z, Kong Y, Gao R, and Chen G. Hydrogen sulfide therapy in 

brain diseases: from bench to bedside. Med Gas Res 7: 113, 2017. 

275.  Zhang J and Jiao J. Molecular Biomarkers for Embryonic and Adult Neural Stem Cell 

and Neurogenesis. BioMed Research International 2015: 1–14, 2015. 

276.  Zhang Y, Bi Y-X, Chen J, Li S, Wu X-X, Zhang L, Lin Z-J, Han S, and Ding S-Z. Association 

of Peroxiredoxin 1 and brain-derived neurotrophic factor serum levels with 

depression and anxiety symptoms in patients with irritable bowel syndrome. Gen 

Hosp Psychiatry 68: 59–64, 2021. 

277.  Zhang Y, Tang Z-H, Ren Z, Qu S-L, Liu M-H, Liu L-S, and Jiang Z-S. Hydrogen Sulfide, 

the Next Potent Preventive and Therapeutic Agent in Aging and Age-Associated 

Diseases. Mol Cell Biol 33: 1104–1113, 2013. 

278.  Zhen Y, Zhang W, Liu C, He J, Lu Y, Guo R, Feng J, Zhang Y, and Chen J. Exogenous 

hydrogen sulfide promotes C6 glioma cell growth through activation of the p38 

MAPK/ERK1/2-COX-2 pathways. Oncology Reports 34: 2413–2422, 2015. 

279.  Zhou Q-G, Zhu X-H, Nemes AD, and Zhu D-Y. Neuronal nitric oxide synthase and 

affective disorders. IBRO Rep 5: 116–132, 2018. 

280.  Zhou Y, Wang L, Wang C, Wu Y, Chen D, and Lee TH. Potential implications of 

hydrogen peroxide in the pathogenesis and therapeutic strategies of gliomas. Arch 

Pharm Res 43: 187–203, 2020. 



Page 69 of 81 
 
 
 

69 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

281.  Zhu Y, Carvey PM, and Ling Z. Age-related changes in glutathione and glutathione-

related enzymes in rat brain. Brain Research 1090: 35–44, 2006. 

 

  



Page 70 of 81 
 
 
 

70 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

ed
o

x 
Si

gn
al

in
g 

Th
e 

R
ea

ct
iv

e 
Sp

ec
ie

s 
In

te
ra

ct
o

m
e 

in
 t

h
e 

b
ra

in
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
2

0
.8

2
3

8
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Figure Legends 

 

Figure 1. United view to improve the understanding of reactive species in physiology and 

pathology. The most important elements are 1) the identification of the reactive species, 

i.e. identification, 2) concentration-dependent functions through oxidative eustress and 

distress, i.e. concentration, and 3) the dynamic interaction of the reactive species between 

themselves and downstream biological targets through the reactive species interactome, 

i.e. interaction. RCS, reactive carbonyl species; RNS, reactive nitrogen species; ROS, 

reactive oxygen species; RSS, reactive sulfur species. 
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Figure 2. Main endogenous sources, interactions and enzymes of ROS, RNS, RSS, RCS. In a 

non-exhaustive manner, we overview the main endogenous sources and interactions of 

notable ROS, RNS, RSS, and RCS. Although the reactive species interactome initially 

focused on ROS, RNS, and RSS, we propose including the neglected RCS family to improve 

the understanding of reactive species. Presented key enzymes within ROS, RNS, RSS, and 

RCS metabolism strengthen the relationship between the four families. GPX, glutathione 

peroxidase; MPO, myeloperoxidase; NOS, nitric oxide synthase; PRDX, peroxiredoxin; SOD, 

superoxide dismutase; XOR, xanthine oxidoreductase. 
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Figure 3. Notable reactive species and key enzymes in brain adult neurogenesis. 

Transient oxidative distress mediated by RNS, ROS, and RSS activates adult neurogenesis, 

while oxidative distress mediated by RCS inhibits adult neurogenesis. Although key 

biomarkers are involved in adult neurogenesis, including cell homeostasis, proliferation, 

and differentiation, the molecular mechanisms between reactive species and these 

biomarkers require further investigation. Key enzymes within reactive species dynamics 

could be of interest to improve the understanding of the roles of reactive species in adult 

neurogenesis. Circled reactive species are the known species involved in adult 

neurogenesis. GPX, glutathione peroxidase; MPO, myeloperoxidase; NOS, nitric oxide 

synthase; PRDX, peroxiredoxin; SOD, superoxide dismutase; XOR, xanthine oxidoreductase. 
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Figure 4. Notable reactive species and key enzymes in brain cell-death types. Among 

more than then ten different cell-death types, several ROS, RNS, RSS, and RCS are key 

modulators, inducers or inhibitors, including apoptosis, oxytosis, ferroptosis, necrosis, 

including necroptosis, parthanatos and autophagy-dependent cell death.  The integration 

of key enzymes within reactive species could improve the understanding of the roles of 

reactive species in major cell-death types in the brain, in physiology and pathology.  Circled 

reactive species are the known species involved in cell-death types. GPX, glutathione 

peroxidase; MPO, myeloperoxidase; NOS, nitric oxide synthase; PARP-1, poly ADP-ribose 

polymerase 1; PRDX, peroxiredoxin; RIP1, receptor-interacting protein kinase 1; SOD, 

superoxide dismutase; XOR, xanthine oxidoreductase. 
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Figure 5. Is dysregulated reactive species interactome including RCS the eleventh 

hallmark of brain aging ? Oxidative distress mediated by ROS, RNS, and RCS are pro-aging, 

while oxidative distress mediated by RSS is anti-aging. Moreover, during brain aging, 

several key enzyme activities decline, including SOD and catalase, while other increase, 

including XOR and MPO. Therefore, improving the understanding of the roles of reactive 

species during brain aging needs further investigation considering key enzymes within. 

Circled reactive species are the known species involved in brain aging. GPX, glutathione 

peroxidase; MPO, myeloperoxidase; NOS, nitric oxide synthase; PRDX, peroxiredoxin; SOD, 

superoxide dismutase; XOR, xanthine oxidoreductase. 
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Figure 6.  Notable reactive species and key enzymes in the mental disorder depression. 

The leading mental disorder depression, which affects 300 million people worldwide, could 

be the second leading cause of illness worldwide by 2030.  More than fifteen predictive 

biomarkers, and still a complex disease to treat. Oxidative distress mediated by RSS exerts 

an anti-depressant effect, while oxidative distress mediated by ROS, RNS, and RCS exerts a 

pro-depressant effect. The community is encouraged to improve the understanding of 

reactive species and key enzymes within in the mental disorder depression. Circled 

reactive species are the known species involved in depresion. BDNF, brain-derived 

neurotrophic factor; GPX, glutathione peroxidase; MPO, myeloperoxidase; NOS, nitric 

oxide synthase; PRDX, peroxiredoxin; SOD, superoxide dismutase; VEGF, vascular 

endothelial growth factor; XOR, xanthine oxidoreductase. 
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Figure 7.  Notable reactive species and key enzymes in ischemic stroke. During 

ischemia/reperfusion, oxidative eustress mediated by ROS, RNS NO, and RSS is beneficial 

to counteract deleterious effects, while oxidative distress mediated by ROS, RNS, RSS, and 

RCS is detrimental. Notably, key enzymes catalase, SOD, MPO, and XOR play essential roles 

and are of great interest to improve the understanding the roles of reactive species in 

ischemic stroke. Circled reactive species are the known species involved in ischemic stroke. 

ANG1, angiopoietin-1; AQP4, aquaporin 4; BBB, blood-brain barrier; GPX, glutathione 

peroxidase; MMP9, matrix metalloproteinase 9; MPO, myeloperoxidase; NOS, nitric oxide 

synthase; PRDX, peroxiredoxin; SOD, superoxide dismutase; XOR, xanthine oxidoreductase. 
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Figure 8.  The RSI is a promising target for the treatment of neurogenerative disorders.  

Oxidative distress mediated by RSS is beneficial in the fight against Alzheimer’s disease, 

Parkinson’s disease and Amyotrophic Lateral Sclerosis, while oxidative distress mediated 

by ROS, RNS, and RCS is detrimental. Moreover, key enzyme dysregulation, including SOD, 

catalase, XOR, MPO, GPXs, and PRDXs is detrimental. Circled reactive species are the 

known species involved in neurodegenerative disorders. AGEs, advanced glycation end 

products; GPX, glutathione peroxidase; MPO, myeloperoxidase; NMDA, N-methyl-D-

aspartate; NOS, nitric oxide synthase; PRDX, peroxiredoxin; SOD, superoxide dismutase; 

XOR, xanthine oxidoreductase. 
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Figure 9.  Notable reactive species and key enzymes in brain cancer. In primary tumors 

gliomas and brain metastases, the entire RSI is the ideal target through ROS, RNS, RSS, 

RCS, and key enzymes within. Associated with hypoxia status and response, oxidative 

distress mediated by RS is a promising anti-cancer therapy, while oxidative distress 

mediated by ROS, RNS, and RSS is pro-cancer. Key enzymes within the RSI have to be 
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considered, including SOD, catalase, MPO, XOR, GPXs and PRDXs. Targeting these enzymes 

is also a promising anti-cancer therapy, including in brain cancer. Circled reactive species 

are the known species involved in brain cancer. HIF-1, hypoxia-inducible factor 1; GPX, 

glutathione peroxidase; MPO, myeloperoxidase; NRF2, nuclear transcription erythroid-2-

related factor 2; NOS, nitric oxide synthase; PRDX, peroxiredoxin; SOD, superoxide 

dismutase; XOR, xanthine oxidoreductase. 
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Figure 10. The reactive species interactome in brain physiology and pathology. The RSI, 

including RCS, is proposed as a nexus between the antioxidant defense and the 

bioenergetic metabolism that altogether display beneficial and detrimental roles in 

physiology and pathology. Key enzymes within the RSI, especially SOD, catalase, MPO, 

NOS, GPXs, PRDXs, and XOR, play essential roles in physiology and pathology, and have to 

be also investigated. The brain is a vital organ in which the RSI combined in eustress or 

distress is playing all its potential for mechanistic and therapeutic clues. 
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