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Abstract:



Accumulating evidence shows that oxidative stress is involved in a wide variety of human diseases: rheumatoid arthritis, Alzheimer’s disease, Parkinson’s disease, cancers, etc. Here, we discuss the significance of oxidative conditions in different disease, with the focus on neurodegenerative disease including Parkinson’s disease, which is mainly caused by oxidative stress. Reactive oxygen and nitrogen species (ROS and RNS, respectively), collectively known as RONS, are produced by cellular enzymes such as myeloperoxidase, NADPH-oxidase (nicotinamide adenine dinucleotide phosphate-oxidase) and nitric oxide synthase (NOS). Natural antioxidant systems are categorized into enzymatic and non-enzymatic antioxidant groups. The former includes a number of enzymes such as catalase and glutathione peroxidase, while the latter contains a number of antioxidants acquired from dietary sources including vitamin C, carotenoids, flavonoids and polyphenols. There are also scavengers used for therapeutic purposes, such as 3,4-dihydroxyphenylalanine (L-DOPA) used routinely in the treatment of Parkinson’s disease (not as a free radical scavenger), and 3-methyl-1-phenyl-2-pyrazolin-5-one (Edaravone) that acts as a free radical detoxifier frequently used in acute ischemic stroke. The cell surviving properties of L-DOPA and Edaravone against oxidative stress conditions rely on the alteration of a number of stress proteins such as Annexin A1, Peroxiredoxin-6 and PARK7/DJ-1 (Parkinson disease protein 7, also known as Protein deglycase DJ-1). Although they share the targets in reversing the cytotoxic effects of H2O2, they seem to have distinct mechanism of function. Exposure to L-DOPA may result in hypoxia condition and further induction of ORP150 (150-kDa oxygen-regulated protein) with its concomitant cytoprotective effects but Edaravone seems to protect cells via direct induction of Peroxiredoxin-2 and inhibition of apoptosis.
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1. Introduction


The term oxidative stress is commonly used to describe an imbalance between the systemic manifestation of free radicals and the capability of cells to detoxify them and negate their damaging effects on proteins, lipids, and DNA [1]. The perceptual origin of “oxidative stress” is tracked back to the 1950s and the term began to be used frequently by scientists from 1970 as they started to unravel the effects of free radicals and ionizing radiation [2]. The important relationship between oxidative stress and a wide variety of human diseases has placed this stress factor at the forefront of diseases research. Indeed, diseases such as rheumatoid arthritis (RA) [3,4], Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS) [5], cardiovascular disease [6], allergies [7], immune system dysfunctions [8], diabetes, and cancer are all related to oxidative stress.



The important intracellular signaling molecules in RA are reactive oxygen species (ROS), which may damage matrix components and enhance the synovial inflammatory proliferative response in immune system cells [9]. Oxidative stress conditions may also make T-cells resistant to growth or death stimulators [10]. Moreover, the pathological role of mitochondrial respiratory chain dysfunction and also the roles of oxidative stress in neurodegenerative disease such as AD and PD are well known. The identification of mutations in a few specific genes involved in PD indicates the relevance of both mitochondrial dysfunction and oxidative stress in the sporadic and familial forms of the disease. All of the proteins associated with familial forms of PD are involved in the pathways of oxidative stress and free radical damage. These proteins, including PINK1 (PTEN-induced putative kinase 1), DJ-1 (Parkinson disease protein 7, also known as Protein deglycase DJ-1), LRRK-2 (Leucine-rich repeat kinase 2), parkin and α-synuclein (SNCA), are associated with mitochondria or are mitochondrial proteins [11]. The difference between the prevalence of sporadic and familial forms of the disease may provide a hint to address the question to what extent the mitochondrial injury in PD is due to genetic origin and how much is caused by hydrogen peroxide generated during enhanced turnover of dopamine neurons. However, despite this knowledge, further investigation is needed to reveal the detailed molecular etiology of PD.



Additionally, the increase of cellular ROS is strongly linked to LDL (low-density lipoprotein) oxidation, endothelial dysfunction and other pathological conditions in cardiovascular diseases [12,13]. Various studies have discussed the role of oxidative stress and increased levels of hydrogen peroxide [14,15,16] and nitric oxide [17] in allergic diseases such as asthma. Insulin resistance and enzymatic dysfunctions are oxidative stress effects in diabetes resulting in glucose oxidation and increased lipid peroxidation [18]. Among the complex diseases, cancer initiation and progression is mediated by many different predisposing factors including the activation of different proto-oncogenes [19] and alteration of microRNAs [20,21,22]. The role of ROS and oxidative stress has been investigated extensively in cancer. It is known that the activation of proto-oncogenes in carcinogenesis may be a result of the formation of the highly reactive hydroxyl radical (OH•) [23].



Since oxidative stress affects a broad spectrum of cells, organelles, and molecular pathways, new insight into these various processes will contribute to the development of new therapeutic strategies, especially for neurodegenerative disease. In this study, we focus on the role of oxidative stress as well as mechanisms of scavengers function in neurodegenerative disease. We have included some recent finding provided by proteomic studies [24,25,26,27].




2. Neurodegenerative Disease


The most common chronic neurodegenerative diseases are AD and PD. The AD is the most common type of dementia, accounting for 60–70% of dementia cases [28]. The AD has a progressive pattern defined by short-term memory loss at first and overall cognitive functioning and behavioral symptoms particularly during advanced stages. The two main neuropathological characteristics of AD are abnormal deposition of amyloid β (Aβ) peptide and intracellular accumulation of neurofibrillary tangles of hyperphosphorylated τ protein [29]. Inflammatory processes may also play an important role in the pathogenesis of AD [30]. According to published data, oxidative stress increases in the aging brain leading to increased levels of radical species which ultimately disrupts the balance of antioxidant systems where the expression of stress response, antioxidant and DNA damage repair genes decreases [31]. Although sufficient evidence indicates that oxidative stress is involved in the cellular damage that leads to neuropathology, it remains obscure whether free radical-induced oxidative stress is the primary, initiating event causing neurodegeneration or a downstream consequence of tissue injury.



Moreover, the balance between mitochondrial fusion and fission and the dynamic movement of mitochondria is disrupted with age. It is well known that neurons are highly dependent on appropriate mitochondrial functions because of their high requirement of energy. In addition to the regulation of apoptosis process, studies on mitochondrial dysfunction conditions have outlined the role of this organelle in ROS production in synaptic areas and intracellular spaces [32].



The second most prevalent neurodegenerative disorder is PD [32]. PD mainly affect motor functions in the central nervous system and is characterized by the progressive death of dopaminergic neurons within the substantia nigra and the accumulation and aggregation of the alpha-synuclein (SNCA) protein [33]. In the early stages of PD, the most common symptoms include tremors, muscle rigidity, postural instability and gait [34]. In later stages, non-motor behavioral symptoms including dementia, depression, and insomnia may arise [35]. Some of the molecular mechanisms associated with the pathogenesis of PD have been identified and several proteins have been directly linked to the disease. These include SNCA [36], LRRK2 [37], PARK7/DJ-1 [38], PINK1 [39], Lewy body-positive PARK1/parkin [39] and Lewy body-negative juvenile PARK2 [40]. A number of cellular mechanisms have also been unraveled including defective protein folding, mitochondrial dysfunction, inflammation and oxidative stress [41]. In PD, free radicals may be produced and accumulated in neurons through several mechanisms. These mechanisms include lipid peroxidation [42], glutathione deficiency [43], iron accumulation [42], ferritin reduction [44], and defective mitochondrial respiratory chain functions [42].




3. Sources of Oxidative Stress


Oxidative stress can be broadly divided into exogenous and endogenous mechanisms. Although very different in origin, excessive oxidative stress may lead to damage to lipids, proteins and DNA. Conversely, oxygen and nitrogen free radicals are essential for all aerobic organisms where free radicals and ROS are used for advantageous biological effects. The regulation of free radicals in maintaining redox homeostasis is therefore essential for the physiological health of organisms.



Exogenous and environmental sources of oxidative stress include ionizing radiation of X-, γ- or cosmic rays and α particles from radon decay. Furthermore, many exogenous factors may interact with different classes of chemicals leading to a variety of stress insults ultimately [45,46]. The other types of environmental sources for oxidative stress could be enumerated as pesticides and environmental chemicals. The toxicity effect of pesticides is mainly due to their ability to generate free radicals and subsequently peroxidation of biomolecule and alteration of scavenger enzymes [47]. The role of some solvents has also been clarified in ROS generation and oxidative stress conditions. For example the in vitro effects of six solvents (n-hexane, n-octane, toluene, n-butyl benzene and cyclohexane) have been assessed on rat cerebellum granular cell cultures and showed some levels of ROS generation [48]. Additionally, the ability of redox-active metals such as iron (Fe), copper (Cu), chromium (Cr), and cobalt (Co)) in generation of superoxide anion radical and nitric oxide radicals have been widely studies. For example, it is known that excessive amounts of Iron and copper can be toxic for cells as they affect the redox state of the cell [49].



Endogenous stress often has an intracellular origin mainly derived from signaling pathways, and metabolic and/or inflammation processes [50]. Moreover, some studies indicate the role of cultural condition of cells in changing the expression patterns of different genes and their DNA stability through oxidative stress mechanisms [51]. Indeed, metabolic processes may produce different types of ROS, including superoxide (O2•−), hydrogen peroxide (H2O2), hydroxyl radicals (OH•) and singlet oxygen (O2), which can, if present at an inappropriate level, oxidize DNA and induce various types of damages such as double-stranded DNA breaks and impairments which are frequently found in human tumors [50]. In addition to ROS-producing enzymatic processes which involve NADPH oxidase, xanthine oxidase, uncoupled endothelial nitric oxide synthase (eNOS), cytochrome P450 enzymes, lipoxygenase, and cyclooxygenase, there are non-enzymatic reactions such as mitochondrial respiratory chain [52,53]. The natural production of ROS by the mitochondrial respiratory chain is complex as the ROS can be beneficial in metabolic standpoint but at the same time detrimental to cells [54,55]. It is noteworthy that the effects of free radicals are concentration dependent allowing ROS to toggle between beneficial and harmful scenarios in a pseudo yin and yang fashion. One of the beneficial roles of oxidative stress includes the defense against infections and pathogens. Cells of the immune system, especially neutrophils, undergo a series of reactions in confronting foreign particles by triggering a process called respiratory burst. In this process, phagocytic cells, such as macrophages and neutrophils, produce a massive amount of ROS and superoxide radicals. NAD(P)H oxidase (nicotinamide adenine dinucleotide phosphate oxidase) is the best known enzyme in phagocytic cells that produces O2•− for bacterial destruction within the respiratory burst process [56]. It has also been demonstrated that ROS can act as secondary messengers in intracellular signaling pathways acting as anti-tumorigenic factors by inducing cell senescence and apoptosis [57]. Conversely, low levels of H2O2 may act as a signaling molecule, promoting cell proliferation, differentiation and migration [58]. Combined, it is clear that ROS biology is complex where cells have evolved intricate mechanisms to modulate ROS levels, ensuring redox homeostasis, depending on cell state and fate.




4. RONS (Reactive Oxygen and Reactive Nitrogen Species)


ROS and reactive nitrogen species (RNS) are collectively called RONS. These types of free radicals are mainly produced by cellular enzymes such as NADPH-oxidase, myeloperoxidase and nitric oxide synthase (NOS).



Reactive nitrogen species (RNS) act with reactive oxygen species (ROS) to induce nitrosative stress condition. In animal cells, RNS production starts with the reaction of superoxide (O2•−) with nitric oxide (NO•) to form peroxynitrite (ONOO−), which is a highly reactive species with the ability to damage lipids, DNA bases, proteins, thiols, etc. Since generation of RNS is linked to ROS, it is not surprising that scavengers and antioxidants could reduce the formation and activity of RNS and thus nitrosative stress condition.



The evolutionary role of low concentrations of RONS is known in the immune system where these radicals will eliminate foreign entities within cells to benefit the organism [59]. A growing body of evidence suggests an important role of RONS in intracellular signaling pathways and in processes such as regulating vascular tone, insulin synthesis, hypoxia-inducible factor (HIF) activation, cell proliferation, differentiation and migration [60,61]. In contrast, excessive levels of these free radicals may cause harmful effects on biological structures as discussed previously [62]. Indeed, one of the most susceptible RONS targets is the proteome, the vital machinery for cellular protein homeostasis.



Despite the harmful effects of RONS, a number of proteins are resistant to oxidative stress because of ROS-mediated thiol modifications particularly in cysteine residues. The thiol modification is involved in the regulation of protein function and structure under stress conditions [63]. Depending on the cell’s redox-state, the thiol group of the cysteine residue can be either reduced to a free thiol (SH) by the antioxidant defense system or converted to other oxidative post-translational modifications (Ox-PTMs) [64].



Protein oxidation has been well shown in brains undergoing neurodegeneration. For example, protein carbonyls [65,66] and 3-nitrotyrosine [67] are observed in Alzheimer’s disease (AD) and Parkinson’s disease (PD) brains [68]. Indeed, proteomics approaches in AD brains have revealed a number of oxidized proteins including creatine kinase BB (CK), glutamine synthase (GS), ubiquitin carboxy-terminal hydrolase L-1 (UCHL1), α-enolase, and dihydropyrimidinase related protein 2 (DRP2) [66,69]. Creatine kinase (BB isoform), α-enolase, and triosephosphate isomerase are involved in energy production processes in cells and it seems that a reduction in ATP (Adenosine triphosphate) levels may initiate the degeneration of neurons in AD brain [70]. Proteomic studies further revealed that α-synuclein, a hallmark protein of PD (which lacks tryptophan and cysteine residues), undergoes methionine oxidation to form methionine sulfoxides in the substantia nigra in PD brains. Methionine oxidation has inhibitory effects on protein fibrillation. This can result in the subsequent α-synuclein aggregation, which in turn may influence the onset and progression of PD [71].




5. Scavengers


The study of scavengers and their beneficial role within imbalanced redox situations may provide new insights into new therapeutic strategies for oxidative stress-related diseases. Natural antioxidant systems are categorized into enzymatic and non-enzymatic antioxidant groups. The enzymatic group include a number of enzymes such as catalase, the enzymes of glutathione thioredoxin system and superoxide dismutase (SOD) [72]. Catalases exist in eukaryotic peroxisomes and catalyze the conversion of H2O2 into water and oxygen in the presence of iron or manganese cofactors [73]. The glutathione system comprises of three enzymes, glutathione reductase, glutathione peroxidases and glutathione S-transferases, that contribute in breakdown of H2O2 and hydroperoxides using selenium as the cofactor [74,75]. The thioredoxin system comprises of thioredoxin protein and thioredoxin reductase and acts as a scavenging factor for ROS, a phenomenon that makes other proteins stable in a reduced state [76]. Superoxide dismutases are also antioxidant enzymes that work with cooper/zinc in the cytosol and manganese in mitochondria catalyzing the breakdown of superoxide anions into oxygen and H2O2 [77,78].



The non-enzymatic group contains a number of antioxidants that act directly on oxidative agents and are acquired from dietary sources. This group includes vitamin C (Ascorbate), vitamin E (-tocopherol), carotenoids, flavonoids, polyphenols etc. Ascorbate plays an important role in detoxification of peroxyl and hydroxyl radicals, superoxide, singlet oxygen, and peroxynitrite in many organs particularly in the brain [79]. Vitamin E can interact with ascorbate and protect brain cells during stress conditions [80,81].



There are also antioxidants that are produced by cells and chelate and/or bind to redox metals thus protect the cells against oxidative stress indirectly [82]. Melatonin, one of the first examples of natural scavengers is known to be involved in neutralization of hypochlorous acid and also detoxify a wide range of environmental and chemical agents including H2O2, hydroxyl radical (OH•), peroxyl radicals (ROO•), singlet oxygen (1O2), and reactive nitrogen species (RNS) such as nitric oxide radical (NO•) and peroxinitrite (ONOO−) [83,84,85]. There are several mechanism in which melatonine is involved in oxidative stress protection including electron donation, hydrogen donation, addition, substitution, nitrosation and repair [86]. Other endogenously produced antioxidants are ubiquinol (coenzyme Q), a product of the mevalonate pathway [87] and glutathione synthesized from the amino acids L-cysteine, L-glutamic acid, and glycine.



Some scavengers such as 3,4-dihydroxyphenylalanine (L-DOPA) are currently used for therapeutic purposes for PD treatment [88,89]. Although widely used as a symptomatic relief therapeutic for PD there are conflicting data on its negative effect on dopaminergic neurons and its positive effects on motor system [90]. Another scavenger is Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) that acts as a free radical detoxifier frequently used in acute ischemic stroke [91]. The scavenging role of Edaravone against oxygen and hydroxyl radicals, and its inhibitory role in lipid peroxidation/lipooxygenase pathways, suggests that Edaravone may be a potential therapeutic for oxidative-induced diseases [92,93,94,95].




6. L-DOPA


L-DOPA can activate different mechanisms in central neurons most of which triggered by the transformation of L-DOPA to dopamine (DA) and noradrenalin (NA). All of the D1 and D2 types of DA receptors are activated by DA produced from L-DOPA through both direct and un-conventional receptors. NA, derived from L-DOPA, also helps NA-mediated activation of α- and β-adrenoceptors [96]. Under normal physiological conditions, DA is transported to synaptic terminals and stored until being used as neurotransmitter [97]. A number of neurological diseases are closely correlated with DA system dysfunction and the most common medications used for their treatment are based on altering the effects of DA. PD, Schizophrenia and attention deficit hyperactivity disorder (ADHD) are some of examples of these diseases [98,99]. Although the use of L-DOPA is widespread, controversial data exist on the beneficial versus harmful effects of this compound, particularly in the treatment of PD. For example, studies have shown that L-DOPA can damage DA neurons because of oxidative stress or other unknown mechanisms [90,100]. Further, Reksidler and co-workers showed that intraniagral injection of L-DOPA significantly reduces the number of DA neurons [101]. By contrast, there is much evidence that suggest that L-DOPA has neuroprotective effects by decreasing lipid peroxidation [27,102]. Additionally, studies have demonstrated that L-DOPA can protect neurons by neutralizing the effects of strong oxidants [103].



In an attempt clarify the mechanisms of L-DOPA in terms of neuroprotection, several proteomics studies have been conducted. One of these studies showed that L-DOPA could reverse the toxic effect of H2O2 on the morphology and viability of SHSY5Y human neuroblastoma dopaminergic cells, and also reduce ROS levels in response to H2O2 exposure [100]. According to this report, the expression of ten proteins were significantly up-regulated in H2O2 treated neuronal cells: Fumarate hydratase, Hydroxyacyl-coenzyme A dehydrogenase, Cofilin-2, Destrin, Cofilin-1, Nucleoside diphosphate kinase, L-lactate dehydrogenase A-like 6B, Annexin A1, Protein DJ-1 and Peroxiredoxin-6 [104]. On the other hand, significant down-regulation of six other proteins was observed in response to the H2O2-based oxidative condition. These proteins are: Vimentin, Tropomyosin alpha-4 chain, Tropomyosin alpha-1 chain, Glyceraldehyde-3-phosphate dehydrogenase, Cathepsin Z and Peptidyl-prolyl cis-trans isomerase D. Similarly, exposure to L-DOPA resulted in a significant increase in expression of Hypoxia up-regulated protein 1. Furthermore, the co-treatment condition (treatment with both L-DOPA and H2O2) was also exerted in the same study to examine the probable protective role of L-DOPA in excess oxidative stress. Although the oxidative stress affects cytoskeletal integrity and leads to various changes in neuronal metabolic routes L-DOPA appears to reverse the H2O2− mediated effects. Particularly, the expression of Hypoxia up-regulated protein 1 was just observed in the presence of active L-DOPA [104]. This knowledge suggests that L-DOPA may participate in a cell survival mechanism which is triggered by deprivation of oxygen through induction of ORP150. In the pathway of catecholamine synthesis, the conversion of L-DOPA to norepinephrine through dopamine requires molecular oxygen. This indicates that L-DOPA can aid hypoxia condition and therefore induction of ORP150 with its concomitant cytoprotective effects [104].



Moreover, the expression of seven proteins, prolidase, actin-related protein 2, F-actin-capping protein subunit β, tropomyosin α-3 chain, proteasome activator complex subunit 1, peroxiredoxin 6, and a glyceraldehyde-3-phosphate dehydrogenase that are all involved in cellular integrity, were significantly down-regulated in patients that were administered with L-DOPA [105]. Furthermore, in a study conducted to identify protein deregulation in PD patients, a number of proteins showed different patterns of expression. It was shown by 2D-PAGE (Two Dimensional Polyacrylamide gel Electrophoresis) that the expression of three proteins, Cofilin-1, actin and mitochondrial ATP synthase β-subunit, were significantly up-regulated in patients whereas tropomyosin and γ-fibrinogen were down-regulated [106]. According to this report, there was no linear correlation between the protein profile and the L-DOPA dose [106]. In a separate study, it was shown that the expression of 60-kDa heat shock protein (HSP-60) was up-regulated in cells exposed to L-DOPA under oxidative conditions [107]. This protein is part of the Hsp60/procaspase-3 complex and plays a protective role in cells [108]. The other cytoprotective mechanism of L-DOPA occurs in hypoxia condition with up-regulation of hypoxia up-regulated protein 1 (ORP150), a protein folding chaperone [109]. Despite the broad spectrum of protein profile studies on neuronal cells in response to L-DOPA exposure, additional experiments are required to clarify the complex role of L-DOPA in either cytoprotective or cytotoxic mechanisms.




7. Edaravone


Edaravone (3-methyl-1-Phenyl-2-pyrazolin-5-one) is a free radical scavenger used for therapeutic purposes in neural damage. Edaravone has combined properties of vitamin C and vitamin D in inhibition of free-radical induced peroxidation [95,110,111]. The scavenging property of Edaravone has been proven in both lipid and aqueous phases as it works against free radicals, particularly hydroxyl radicals [111]. Lipid peroxidation process mainly begins by production of lipid radicals (.L) and since the lipid peroxidation process is depend on OH• generation, Edaravone has the capability in preventing this mechanism by scavenging the responsible radicals such as OH• [111]. The beneficial role of Edaravone has been investigated in a wide range of disease such as Parkinson’s disease, Alzheimer’s disease, atherosclerosis, chronic heart failure and diabetes mellitus [112,113,114,115,116]. To clarify the exact role of Edaravone, a number of proteomics studies have been conducted. For example, the protein profile of brain microvascular endothelial cells was investigated using two-dimensional fluorescence difference gel electrophoresis (2D-DIGE). The results revealed that the expression of five different groups of proteins altered upon Edaravone treatment. These groups are: Cytoskeleton (Vimentin, actin, POTE ankyrin domain family member F and Rho-related guanosine triphosphate-binding protein RhoH), the Glycometabolism related proteins (Pirin, fructose-bisphosphate aldolase A, pyruvate kinase isozymes M1/M2, and α-galactosidase A), the antioxidant group (NADPH: adrenodoxin oxidoreductase), translational proteins, and some other proteins [117]. In another study, the cytoprotective effects of Edaravone were investigated in SHSY5Y dopaminergic neurons [118]. Edaravone treatment was found capable to reverse the cytotoxic effects of H2O2 on viability and morphology of cells. Lactate dehydrogenase (LDH) Cytotoxicity and Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assays were also performed to study and compare the different impacts of H2O2 and Edaravone in treatment conditions. These data indicate that the apoptosis rate of treated cells is significantly elevated in presence of H2O2, however this effect is mostly reversed when co-treated with Edaravone. Further proteomics analysis of different treatment conditions showed that the expression of mitochondrial Fumarate hydratase, Hydroxyacyl coenzyme A dehydrogenase, Cofilin-2, Destrin, Cofilin-1, Nucleoside Diphosphate kinase, Peroxiredoxin-6, Vimentin, Tropomyosin alpha-4 chain, Tropomyosin alpha-1 chain, are significantly up-regulated in H2O2 stress condition. Conversely, down-regulated proteins included L-lactate Dehydrogenase A-like 6B, Annexin A1, Protein DJ-1, gelyceraldehyde-3-phosphate dehydrogenase, Cathepsin Z, Peptidyl-prolyl cis-trans isomerase D. The most interesting finding from the above mentioned study is the great up-regulation of Peroxiredoxin-2 and down-regulation of Protein disulfideisomerase A3 in response to Edaravone treatment [118]. Among the Peroxiredoxins (PRXs), Peroxiredoxins-2 (PRX2) levels are elevated in the substantia nigra of PD patientsm [68]. PRX2 is also known to protect neuronal cells against oxidative stress via attenuation of the apoptosis signal regulating kinase (ASK1) signaling cascade and therefore increase the cellular viability [119]. Overall consideration of the altered proteins after different treatments suggests that Edaravone scavenges H2O2 and protects cells against oxidative stress via direct induction of Peroxiredoxin-2 and inhibition of apoptosis [118].




8. Edaravone versus L-DOPA


As two cytoprotective reagents, L-DOPA and Edaravone are involved in different cytosolic and mitochondrial pathways to protect cell against oxidative stress. One of the common proteins through which L-DOPA or Edaravone engage to cell rescue is GAPDH (Glyceraldehyde-3-phosphate dehydrogenase), which plays an important role in Glycolysis pathway. This alteration potentially results in a metabolic flux change from glycolysis to the pentose phosphate pathway (PPP) allowing cells to produce more NADPH to prevent damages caused by oxidative stress. Indeed, NADPH is known to have protective effects in oxidative condition through conversion of the H2O2• to H2O. During oxidative stress the cellular machinery promptly changes accordingly, so that the glucose metabolism shifts from the glycolysis to pentose phosphate pathway to increase the generation of NADPH and moderate the oxidative effects [120,121]. As mentioned above, the expression levels of GAPDH protein is significantly down regulated in oxidative stress however treatment with either L-DOPA or Edaravone leads to compensation of GAPDH levels. In addition to the cytosolic mechanisms, mitochondrial routs are also altered in oxidative stress condition leading to lower levels of NAD(P)H generation but treatment with either L-DOPA or Edaravone reverses these effects [104,118].



The cell surviving property of L-DOPA and Edaravone against oxidative stress conditions relies on the up-regulation of a number of stress proteins such as Annexin A1, Peroxiredoxin-6 and PARK7/DJ-1. Annexin A1 is a membrane associated protein that plays an important role in NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) signaling pathway for regulation of proliferation and apoptosis as a redox sensor [122,123]. The Peroxiredoxin-6 protein could also reduce the H2O2 and short chain fatty acid/phospholipid hydroperoxides and inhibit the NF-κB mediated death signaling [124,125]. PARK7/DJ-1 has been studied in mitochondria function, transcriptional regulation and oxidative conditions, and its cytoprotective effects against neural cell apoptosis by inhibiting p53-Bax-caspase pathway is evident [126,127]. Cathepsin X, a lysosomal cysteine proteinase that acts in cell death mechanisms, is known to be significantly down-regulated in oxidative conditions, but, similar to many other effects, this phenomenon is reversed by either L-DOPA or Edaravone. Cathepsin X targets a number of neurotropic proteins such as α and γ enolases, and mediates neuronal cell survival and neurogenesis [128]. Moreover, the viability and morphology of cells is really depended on cytoskeletal integrity which is vigorously affected in oxidative stress condition. Based on proteomics results, several structural proteins are significantly altered during oxidative stress and these effects are fully reversible by administration with either L-DOPA or Edaravone [104,118]. For instance, Cofilin-1, cofolin-2 and Destrin, which are actin depolymerizing factors and regulate cytoskeleton organization, together with other contractile proteins such as Tropomyosin alpha-4 chain, are known to be altered in oxidative stress conditions effects [104,118,129,130].



Although L-DOPA and Edaravone treatments share the targets in reversing the cytotoxic effects of H2O2, they seem to differ in mechanism of function. As mentioned above the exposure to L-DOPA could result in hypoxia condition in cells and this situation induces ORP150 that has cytoprotective effects [104]. However, it cannot be ruled out that L-DOPA itself has ROS scavenging function. Similarly, Edaravone scavenges H2O2, but it protects cells against oxidative stress via direct induction of Peroxiredoxin-2 and inhibition of apoptosis [118].




9. Conclusions


Oxidative damage is one of the main causes of neurodegenerative diseases such as Alzheimer’s disease, Huntington’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis. Despite a wide variety of studies on oxidative stress phenomenon and role of scavengers, there are still various gaps in explanation of the exact mechanism of these scavengers function. The cytoprotective effects of L-DOPA and Edaravone are similar in affecting protein profile during treatment conditions but the exact mechanism of their function differs and needs further investigations. The L-DOPA function in central neurons is triggered by the transformation of L-DOPA to dopamine (DA) and noradrenalin (NA) and this process would be helpful for dopamine deficiency compensation and nerve signal transmission. Protein profile changes also suggest that L-DOPA could increase the level of cellular NAD(P)H levels through different pathways and decrease the level of free radicals in cell. The Edaravone function is less known, but according to the protein profile changes in treatment experiments, its role is closely similar to L-DOPA. The function of Edaravone is related to lipid peroxidation process, which mainly begins by production of lipid radicals (L•). Edaravone could prevent this mechanism by scavenging the responsible radicals such as OH•, because the lipid peroxidation process is dependent on OH• generation. Although the therapeutic use of Edaravone is wide spread in Eastern Asia, it has not been yet approved by FDA (Food and Drug Administration) and further investigations are definitely required to assess the benefits and safety.
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