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Abstract. 
Accumulating data shows that oxidative stress plays a crucial role in neurodegenerative disorders. The literature data indicate that in vivo or postmortem cerebrospinal fluid and brain tissue levels of F2-isoprostanes (F2-IsoPs) especially F4-neuroprotanes (F4-NPs) are significantly increased in some neurodegenerative diseases: multiple sclerosis, Alzheimer's disease, Huntington's disease, and Creutzfeldt-Jakob disease. Central nervous system is the most metabolically active organ of the body characterized by high requirement for oxygen and relatively low antioxidative activity, what makes neurons and glia highly susceptible to destruction by reactive oxygen/nitrogen species and neurodegeneration. The discovery of F2-IsoPs and F4-NPs as markers of lipid peroxidation caused by the free radicals has opened up new areas of investigation regarding the role of oxidative stress in the pathogenesis of human neurodegenerative diseases. This review focuses on the relationship between F2-IsoPs and F4-NPs as biomarkers of oxidative stress and neurodegenerative diseases. We summarize the knowledge of these novel biomarkers of oxidative stress and the advantages of monitoring their formation to better define the involvement of oxidative stress in neurological diseases. 

 

1. Introduction
The CNS (central nervous system) is very vulnerable to oxidative injury due to its high oxygen demand, high level of polyunsaturated fatty acids (PUFAs), and weak antioxidant defenses. The vulnerability of the brain to oxidative damage increases with the age due to reduced integrity of the blood-brain barrier (BBB) and increased mitochondrial dysfunction [1–19]. Brain aging and neurodegeneration are characterized by chronic inflammation with persistent microglial activation and higher level of proinflammatory cytokines [4]. In addition, it promotes oxidative stress and neuronal damage. Neurons are particularly vulnerable to oxidative damage not only due to excitotoxicity but also to mitochondrial dysfunction. Moreover, neuronal membranes have plenty of unsaturated fatty acids. At higher concentrations, reactive oxygen/nitrogen species (ROS/RNS) cause neural membrane damage. Therefore, it can change not only membrane fluidity but also decreased activities of membrane-bound enzymes, ion channels, and receptors. The main sources of ROS/RNS are the mitochondrial respiratory chain, an uncontrolled arachidonic acid (AA) cascade, and NADPH oxidase (nicotinamide adenine dinucleotide phosphate-oxidase) [5, 6].
It is known that both inflammation and oxidative stress contribute to the development of various neuropathologies including Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS) [5, 6, 20]. As discussed by Guest et al. [7] the cerebrospinal fluid (CSF) of participants aged over 45 years contained statistically higher amounts of the oxidative damage marker F2-isoprostane (F2-IsoPs) and the inflammatory cytokine IL-6.
Brain response to oxidative stress-mediated neurodegeneration is very complex. All brain structures are involved in this multifactorial process. Astrocytes constitute approximately 90% of human brain and protect neurons from excitotoxicity through glutamate uptake system, and on the other side astrocytes contribute to the extracellular glutamate via reversed glutamate transporter [5]. Moreover, they may undergo astrocytosis after dopaminergic cell loss and are involved in the inflammatory processes. In general, inflammation is a protective response. The main mediators of neuroinflammation are microglial cells. Microglial cells consist mainly of macrophages and react to oxidative stress by transformation into activated microglia that are characterized by amoeboid morphology and rapid migration. Chronic activation of microglia may cause neuronal damage through the release of potentially toxic molecules such as proinflammatory cytokines, matrix metalloproteinases, ROS/RNS, proteinases, prostaglandin E2, complement proteins, and growth factors and also leads to the DNA and RNA damage [5, 21]. These factors have neuroprotective properties but on the other hand they can be responsible for acceleration of oxidative stress and neurodegeneration.
Markers of lipid peroxidation include different molecules such as 4-hydroxy-trans-2-nonenal (4-HNE), 4-oxo-trans-2-nonenal (4-ONE), acrolein, isoprostanes, and isofurans. These markers are derived from AA, which is released from neural membrane glycerophospholipids through the activation of cytosolic phospholipases A2 (cPLA2) [22].
Lipid peroxidation is a hallmark of oxidative stress. High level of lipid peroxidation products is a characteristic for many human diseases, especially neurodegenerative diseases. It can cause damage to cellular membranes through changes of membrane organization and alteration of membrane integrity, fluidity, and permeability [23].
2. Biomarkers
Biomarkers are defined as the indicators of normal biological processes or pathologic processes that can be objectively measured and evaluated [1]. The well-characterized, appropriate biomarkers may be used for health examination, diagnosis of pathologic processes at early stage, assessment of treatment response, and prognosis. Noninvasive measurements of circulating levels of specific biomarker are useful along the whole spectrum of the disease process and before diagnosis biomarkers could be used for screening and risk assessment of the diseases [2]. Moreover, biomarkers may be used for precise measurement of oxidative stress status in vivo [3]. Among the biological molecules, lipids appear to be the most susceptible to the attack of ROS/RNS [24, 25] and lipid peroxidation has been implicated in the neurodegeneration [11]. Therefore, the levels of lipid peroxidation products may be used as a biomarker for the measurement of oxidative stress status in vivo in neurodegenerative diseases [3]. The levels of lipid peroxidation products in biological fluids and tissues of human subjects have been measured extensively [26]. Presently, various lipid peroxidation products are applied for assessment of lipid peroxidation and oxidative stress status in vivo.
The measurement of F2-IsoPs is currently the best available biomarker of lipid peroxidation [8, 10, 22, 24].
3. The Isoprostanes Pathways
In the mid-1970s, it was shown that PG-like compounds could be formed in vitro by the nonenzymatic peroxidation of purified PUFAs. F2-IsoPs have been discovered in 1990 by Milne et al. [27] and Roberts II and Morrow [28] and since then they collected a lot of evidence that these compounds might be biomarkers of lipid peroxidation and oxidative stress in vivo as well as in vitro.
F2-IsoPs are a unique prostaglandin-like products, which are formed via nonenzymatic, free radical-mediated peroxidation of polyunsaturated fatty acids—for example, AA [28, 29]. The oxidation of AA proceeds by many competing reactions to give numerous products. IsoPs containing a variety of prostane ring structures are composed of various isomers including F2-IsoPs, which are isomeric to PG
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 [27, 30, 31] and D2/E2-IsoPs, which are isomers of PGD2 and PGE2, respectively [32]. The mechanism of F2-IsoPs formation involves several steps. In the first stage, ROS reacts with the arachidonic acid and undergoes abstraction of an bisallylic hydrogen atom to yield an arachidonyl carbon-centered radical. What is more, there is insertion of oxygen, which leads to the formation of peroxyl radicals. Four different peroxyl radical isomers are formed depending on site of hydrogen abstraction and oxygen insertion. Peroxyl radicals isomers undergo 5-endocyclization and a second molecule of oxygen adds to the backbone of the compound to form four bicyclic endoperoxide intermediate regioisomers—PGH2-like compounds. These unstable bicycloendoperoxide intermediates are reduced to the F2-IsoPs and four F2-IsoPs regioisomers are formed [30, 33, 34]. This regioisomers are reduced to four series of F-ring regioisomers (15-, 8-, 12-, 5-series), each consisting of eight racemic diastereoisomers. These regioisomers are depending on the carbon atom to which the side chain hydroxyl is attached [8].
To sum up, the biosynthetic steps of IsoPs include formation of the following:(i)three arachidonyl radicals,(ii)four peroxyl radical isomers with subsequent endocyclization; finally, formation of bicycloendoperoxide regioisomers, which are reduced to F2-IsoPs; IsoPs are compounds that have F-type prostane rings isomeric to PG
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The alternative ring structures, D/E-type and A/J-type prostane, are formed by the same mechanisms [32, 34]. So that E- or D-ring and thromboxane-ring compounds of IsoPs are formed during the rearrangement of isoprostane endoperoxides in vivo. E2- and D2-IsoPs are not terminal products of the IsoP pathway. These compounds are unstable and readily undergo dehydration in vivo to yield A2/J2-IsoPs. The cyclopentenone IsoPs might be neurotoxic products of the IsoPs pathway and might contribute to the pathogenesis of oxidative neurodegeneration. A2-/J2-IsoPs contain 
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-unsaturated carbonyls, which rapidly adduct cellular thiols and these cyclopentenone IsoPs induce neuronal apoptosis and promote neurodegeneration [27].
The other electrophilic lipid peroxidation products can also damage neurons. The 
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-ketoaldehydes (e.g., isoketals, isolevuglandins), highly reactive acyclic compounds, might be formed as a products of IsoPs endoperoxide rearrangement [35].
PUFAs are the most susceptible to free radical attack and, in general, oxidizability increases as the number of double bonds increases. So, the oxidizability of PUFAs can be estimated by the linear increase in the rate of oxidation with the increasing number of active methylene groups located between two bonds. From such correlation, the oxidizability of each PUFA is increased for about twofold for each active methylene group. Thus, the oxidizability of common fatty acids is as follows: linoleic acid (18 : 2) 
	
		
			

				<
			

		
	
 arachidonic acid (20 : 4, 
	
		
			
				𝑛
				−
				6
			

		
	
) 
	
		
			

				<
			

		
	
 eicosapentaenoic acid (EPA, 20 : 5, 
	
		
			
				𝑛
				−
				3
			

		
	
) 
	
		
			

				<
			

		
	
 docosahexaenoic acid (DHA, 22 : 6, 
	
		
			
				𝑛
				−
				3
			

		
	
) [27, 36].
The oxidation mechanisms of IsoPs are well known, but they are not the only substrate for the IsoPs pathway. The presence of at least three double bonds in fatty acid molecule allows the cyclization.
F2-dihomo-isoprostanes (F2-dihomo-IsoPs) are the peroxidation products from adrenic acid, which is the main component of myelin. The great amount of DHA is observed in brain but primarily found in white matter and is associated with myelin. White matter is commonly damaged by ischemic stroke and is uniformly damaged in MS. F2-dihomo-IsoPs are generated in significant amounts from adrenic acid and their levels are greatly increased in settings of oxidative stress occurring in the white matter portion of the human brains. Roberts II and Milne [8] demonstrate that, proportionally, levels of F2-dihomo-IsoPs in white matter undergoing oxidative injury increase to a greater extent than IsoPs and NeuroPs derived from AA and DHA, respectively. Their studies suggest that the quantification of F2-dihomo-IsoPs might be a selective marker of white matter injury in vivo [8].
F2-dihomo-IsoPs are also present in kidney, adrenal glands, and tissues and might be regarded as an early marker of lipid peroxidation in Rett syndrome—a disorder of the nervous system that leads to developmental reversals, especially in the areas of expressive language and hand use [37].
3.1. AA Is Not the Only One PUFA That Can Be Oxidized to Form IsoPs
By the peroxidation of the 
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-3 PUFA, EPA and DHA, F-ring IsoPs have been generated. The IsoPs-like compounds generated from this acid are named NeuroPs [8].
F3-IsoPs are formed in abundance in vitro and in vivo from EPA nonenzymatically peroxidation [38–40], while DHA may be oxidized nonenzymatically into F4-, D4-, E4-, A4-, and J4-neuroprostanes (F4-, D4-, E4-, A4-, and J4-NeuroPs) [38, 39]. AA is relatively evenly distributed in brain with similar concentrations in gray matter and white matter, and within glia and neurons. Unlike AA, DHA is highly concentrated in neuronal membranes to the exclusion of other cell types. Moreover, F4-NeuroPs are by far the most abundant products of this pathway in the brain [32]. The quantification of F4-NeuroPs provides a highly selective quantitative window for neuronal oxidative damage in vivo. Thus, F2-IsoPs quantification is a reflection of oxidative damage to the brain in general and F4-NeuroPs in particular [40, 41]. Roberts II and Milne [8] have found that the level of IsoPs produced from the oxidation of EPA significantly exceeds those of the F2-IsoPs generated from AA. This is because EPA contains more double bonds, and therefore, it is more easily oxidizable. The authors have also observed that EPA supplementation markedly reduced levels of arachidonate-delivered F2-IsoPs mouse heart tissues by over 60%. Such observations are crucial because F2-IsoPs are generally considered as a proinflammatory molecules associated with the pathophysiological sequelae of oxidant stress. It is thus surprising to propose that the part of mechanism by which EPA prevents certain diseases is its ability to decrease F2-IsoP generation [8].
3.2. IsoPs As Biomarkers of Lipid Peroxidation in Neurodegenerative Diseases
Oxidative stress is caused by an imbalance between free radicals production and antioxidant defenses in favor of the oxidation and leads to lipid peroxidation, membrane protein, and DNA damage and is thought to be important in the pathogenesis of a variety of neurological disorders, especially neurodegenerative diseases or atherosclerosis, cancer, and aging [42]. Lipid peroxidation is the most important source of free radical-mediated injury that directly damages neuronal membranes and yields a number of secondary products responsible for extensive cellular damage. Any specific repair process of lipid peroxidation does not exist as it does for proteins and DNA and this may explain why moderate levels of lipid peroxidation could have physiological significance for cell signaling and membrane remodeling [7]. One of the major targets of the lipid peroxidation process is the CNS. The brain is the most susceptible to oxidative damage because of the high oxygen consumption, the low levels of antioxidant enzymes (catalase and glutathione peroxidase), the elevated levels of iron (a potent catalyst for oxidant formation), and the ability to oxidize different substrates (e.g., membrane polyunsaturated fatty acids). Despite the fact that free radicals can attack many various critical biological molecules, such as DNA and cellular proteins, the high content of unsaturated lipids renders lipid peroxidation, the central feature of oxidant injury in the brain [43]. Peroxidation of membrane lipids affects neuronal homeostasis resulting in augmented membrane inflexibility, diminished activity of membrane-bound enzymes (e.g., sodium pump), destruction of membrane receptors, and changed permeability [44, 45]. One leading hypothesis is that the free radical-mediated oxidation of lipids contributes to the main pathological effects of oxidative stress in the brain. In support of this theory, increased levels of bioactive lipid peroxidation products have been identified in affected brain regions from humans with various neurodegenerative diseases [46, 47], as well as in corresponding animal models [48].
Due to the fact that free radicals are unstable and highly reactive, there are difficulties in direct measurement of their level. That is why elucidation of the importance of oxidative damage in neurological diseases is very hard. Because of their stability, the measurement of F2-IsoPs by mass spectrometry has been extensively employed as a marker of oxidant stress and is widely considered to be the gold-standard index of lipid peroxidation in vivo [49, 50]. IsoPs can be relatively easily quantified in body fluids because they are commonly found in urine, blood, and CSF and are also present in the exhaled air (Table 1). Their formation in vivo can be reliably monitored in every biological fluid by the noninvasive measurements of specific signals of lipid peroxidation, which tend to be sensitive and specific [51]. The measurement of F2-IsoPs has emerged as one of the most reliable approaches to assess oxidative stress status in vivo, providing an important tool to explore the role of oxidative stress in the pathogenesis of human disease. In the oxidative tissue injury the level of F2-IsoP is significantly increasing. The rapid development of analytical methods for IsoPs measurement helped clarify the role of the free radicals in human physiology and pathophysiology [52].
Table 1: Isoprostanes as markers of oxidative stress in neurodegenerative diseases.
	

	Classes of isoprostanes	Material	Disease	Study	Versus control	Reference
	

	F2-IsoPs	
                  CSF*, post mortem brain tissue, plasma, urinary	Alzheimer disease	vivo 	High	[10–13, 32]
	Creutzfeldt-Jakob	vivo/vitro 	High	[17, 18, 53]
	Huntington disease	vivo 	High	[54]
	

	8-iso PGF 2alfa	Urine	SPMS**	vivo 	6-fold	[55]
	
                  CSF	RRMS***	vivo 	Higher	[9, 53, 56, 57]
	ALS****	vivo 	Higher	[5, 19, 58]
	



                CSF*: cerebrospinal fluid; SPMS**: secondary-progressive type of multiple sclerosis; RRMS***: relapsing-remitting type of multiple sclerosis. ALS****: amyotrophic lateral sclerosis.



Measurement of F4-NPs, the stable product of free radical damage to DHA, also provides valuable data in exploring the role of oxidative stress in neurodegenerative diseases. The products of the IsoP pathway were found to have strong biological actions and therefore may participate as physiological mediators of the disease [59]. Research on brain-derived IsoPs has begun only a few years ago, but it has already provided convincing evidence on the usefulness of these markers in understanding the role of oxidative damage in brain diseases [60]. IsoPs as active products of free-radical-mediated peroxidation of AA contained in phospholipids of cell membranes and lipoproteins have a potential relevance to human neurodegenerative and demyelinating diseases. The role of free radical-induced oxidative damage in the pathogenesis of neurodegenerative disorders has been definitely established [61–65]. The elevated formation of F2-IsoPs has been observed in brain tissues and body fluids in numerous neurodegenerative diseases, including Alzheimer’s disease [32], Parkinson’s disease [6], Huntington’s disease (HD) [66], Creutzfeldt-Jakob disease (CJD) [66], multiple sclerosis [55], and amyotrophic lateral sclerosis (ALS) [43].
The measurement of free F2-IsoPs in plasma or urine can be utilized to assess the endogenous formation of IsoPs but not to reveal the organ in which they are formed. Determining the levels of IsoPs in the unique fluid compartment—CSF, which reflects the ongoing metabolic activity of the brain, provides a great opportunity to reveal the occurrence of oxidative stress and lipid peroxidation in the brain [10, 44].
4. Multiple Sclerosis
Multiple sclerosis is a multifactorial, heterogeneous disease with several pathophysiological components: inflammation, demyelination, redox, axonal damage, and repair processes. These components are not uniformly contributed in patient populations but can individually predominate [67, 68]. MS is a leading cause of neurological disabilities in young adults and affects up to 2.4
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 of population in USA and Canada and up to 1.9
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 in some European countries. It is considered to be autoimmune, or at least its etiopathogenesis involves intensive autoaggressive immune response [69]. MS is heterogeneous disease on several grounds. There are several different clinical courses of this disorder. The most usual (over 80%) is relapsing-remitting course (RRMS) in which relapse occurs from time to time followed up by complete or partial recovery [67]. This stage of disease is characterized with multifocal inflammation, oedema, and cytokines actions. About half of RRMS patients after 10–20 years of disease lasting accumulate irreversible neurological deficits  [67, 70]. This type of MS is known as secondary progressive (SPMS) that is dominated by neurodegeneration processes and progression of clinical symptoms [71]. The next 20% of MS patients with progressive symptoms from the onset have primary-progressive (PPMS) type. For the transition from RRMS to progressive stage axonal injury is responsible [67]. Neurodegeneration of demyelinated axons is a major cause of irreversible neurological disability in MS. Disability levels in progressive forms of MS patients often worsen despite a stable MRI T(2) (magnetic resonance) lesion burden [67]. The presence of oxidative stress in the absence of measurable inflammation could help explain this phenomenon [3, 47].
Currently classifications of biomarkers of MS are connected with the pathophysiological processes. It has been divided into seven categories:(1)alteration of the immune system (interleukins IL-1
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, IL-2, IL-4, IL-6, IL-10, IL-12, IL-23, interferon (IFN
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), tumor necrosis factor (TNF
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), transforming growth factor (TGFβ), cytokines CXCR3/CXCL10—marker activated T cells; E-selectin, L-selectin, ICAM-1, VCAM-1, CD31, surface expression of LFA-1 and VLA-4 (adhesion molecules), CD40/CD40L, CD80, CD86, and heat shock proteins (hsp));(2)axonal/neuronal damage (Tau protein, 24S-hydroxycholesterol, N-acetylaspartic acid);(3)blood-brain barrier disruption (matrix metalloproteinases (MMPs): MMP-9 and their inhibitors (TIMP), platelet activating factor (PAF), and thrombomodulin);(4)demyelination (MBP and MBP-like material, proteolytic enzymes);(5)oxidative stress and excitotoxicity (nitric oxide derivatives, F2-IsoPs, and uric acid);(6)gliosis (glial fibrillary acid protein (GFAP), S-100 protein);(7)remyelination and repair (NCAM (neural cell adhesion molecule), CNTF (ciliary neurotrophic factor), MAP-2 + 13 (microtubule-associated protein-2 exon 13), and CPK-BB (creatine phosphatase BB) [67].
IsoPs are the candidate biomarkers of lipid peroxidation in MS. In diseases with a complex pathogenesis an individual biomarker is reflected in only one of many ongoing pathogenic processes [5, 67]. The data presented in our studies indicate that lipid peroxidation and oxidative stress in patients with MS may occur. It was found that the urine IsoPs level was over 6-fold elevated in patients with SPMS than in control [3]. The increased level of 15-
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-IsoPs in CSF of MS patients has been described by Mattsson et al. [9]. To investigate the possible correlation between F2-IsoPs and the disease inflammatory activity it has been observed that the CSF levels of 15-
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-IsoPs in patients with RRMS were not correlated with the clinical signs of the disease. These observations suggest that high levels of F2-IsoPs (about 9-fold higher than control subjects) may represent an index of degenerative phenomena, which persist also in the lack of an ongoing inflammatory activity. In other researches, Minghetti et al. [10] have found that the CSF level of the reliable marker of oxidative stress in vivo, 15-
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-IsoP, is 3 times higher in patients with MS than in a benchmark group of subjects with other neurologic diseases. This increase was not correlated with the 15-
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-IsoP levels and was much lower in steroid-treated patients. Clearly, the levels of 15-
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-IsoP were associated with the degree of disability. What is more, in the spinal cord of mice during early progressive stages of experimental autoimmune encephalomyelitis (EAE) the elevated levels of F2-IsoPs and F4-NPs were observed [72, 73]. In white matter and myelin-forming oligodendrocytes the DHA levels are relatively low, which are affected in MS. So, F2-IsoPs might be preferable to F4-NPs as lipid peroxidation biomarkers in this demyelinating disease [66]. There are some studies which examine the correlation between levels of F2-IsoPs in CSF of MS patients, their healthy siblings, and unrelated controls. The CSF concentrations of F2-IsoPs in siblings of MS patients were significantly higher than in healthy controls. The F2-IsoPs levels in patients suffering from MS were intermediate between siblings, as well as controls. In patients with MS and siblings, the levels of F2-IsoPs were significantly correlated. These researches have been proved that siblings of MS patients have an increased oxidative stress response to the environmental and genetic factors that might be involved in MS pathogenesis [9].
5. Alzheimer’s Disease
Alzheimer’s disease (AD) is one of the major causes of dementia, which is characterized by the deposition of the amyloid β (Aβ) peptide and microtubule-associated protein tau in the brain [74, 75]. The critical role in the AD pathogenesis plays an abnormal tau phosphorylation. It has been proved that Aβ has capacity to interact with transition metals generating redox active ions, which precipitate in lipid peroxidation and cellular oxidative stress [76]. In other words, Aβ promotes cellular oxyradicals accumulation in neurons and glial cells in vulnerable regions of AD brain. Such oxidative stress may lead to many of the metabolic and neurodegenerative alterations observed in this disease [77]. Moreover, in tau phosphorylation, the mediation of oxidant toxicity by Aβ has been also implicated. Besides the oxidative stress, the mitochondrial dysfunction has been observed in AD [78]. A variety of markers of oxidative stress are increased, with a clear relationship with Aβ deposition and neurofibrillary degeneration has been observed in postmortem brain tissues from AD patients [79]. It has been reported that the activity and/or protein levels of several antioxidant enzymes were altered in AD brain regions, consistent with ongoing oxidative stress [11]. Increased F2-IsoPs and F4-NPs levels in the postmortem ventricular fluid from definite AD patients had been firstly demonstrated by Montine et al. [11]. The authors, given the partial overlap between CSF concentrations of F2-IsoPs in AD patients and healthy subjects, suggested that the quantification of CSF F2-IsoPs could not be utilized as an early marker of dementia. There was no correlation between CSF F2-IsoPs and age or duration of disease. This study concerns the relative small group of AD patients and probably may not be fully representative of the AD population [11]. In an independent study, Musiek and colleagues [80] demonstrated the formation of F4-NPs during peroxidation of DHA in vitro F4-NPs may be used as a marker of lipid peroxidation in the pathogenesis of neurodegenerative diseases, because in these diseases the elevated levels of F4-NPs is observed. Subsequently, they proved the presence of esterified F4-NPs in the human brain and showed abnormally high levels in occipital and temporal lobes of AD brains. Interestingly, while in vitro oxidation of DHA yields 3.4-fold higher levels of F4-NPs compared with F2-IsoPs, the CSF levels of these two classes of compounds showed a very close correlation in a small number of AD patients [66].

        In Yao et al.’s [12] and Praticò et al.’s [13] researches, found that the contents of 15-
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-IsoPs and IPF2alpha-VI were markedly elevated in the frontal and temporal lobes of AD brains compared to the corresponding cerebella and to the same regions of control brains. Moreover, there was also a significant correlation between the levels of the two IsoPs measured in each AD brain. In postmortem ventricular CSF, IPF2alpha-VI levels were higher in AD patients than in healthy people. In contrast, brains levels of 6-keto PGF1alpha, an index of prostaglandin production, and ventricular CSF 15-
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-IsoP levels did not differ in AD and control subjects.
F2-IsoPs were measured also in plasma and in urine of AD patients. It has been shown that plasma and urinary levels were higher than controls, but only in the case of plasma the difference was statistically significant. So, plasma or urine content of IsoP in patients with AD reflects a specific increase in oxidative stress within the brain or a more generalized systemic oxidative stress remains to be determined. The authors also found that in the control group F2-IsoPs levels in females were higher than in males and suggested that this could be related to an increase in oxidative stress associated with the loss of estrogens in the postmenopausal period [81]. Indeed, estrogens can be antioxidants because of their phenolic structure [82] or may upregulate apolipoprotein E, favoring the formation of the apolipoprotein E/A-complex, and thus the sequestration of Aβ. Consistent with this hypothesis, Praticò et al. [13] demonstrated markedly elevated F2-IsoPs in the brains of aged apolipoprotein E-deficient mice compared with wild-type C5 [83].
6. Huntington’s Disease
The abnormal expansions of an unstable cytosine-adenine-guanine repeat region at the 5′-end of a gene on chromosome 4 are the main cause of this disease. This genetic abnormality results in the expression of an expanded polyglutamine tract in huntingtin protein, which can aggregate in neuronal nuclei and dystrophic neuritis in Huntington’s disease brains. The HD gene defect causing the death of specific populations of striatal neurons is still unknown. The elevated oxidative damage observed in areas of degeneration in patients’ brains with HD and the increased free radical production in animal models indicate the involvement of oxidative stress either as a cause or as a consequence of the cell death cascade in the disease [66, 84]. There are a lot of studies suggesting that oxidative stress is prominent in the neostriatum of HD brains [85] and contributes to degeneration of the neostriatum. In patients suffering from HD, the mitochondrial dysfunction results in overproduction of ROS leading to oxidative and nitrosative stress [54, 86–88]. Such stress contributes to neuronal dysfunction by damaging the main structures: DNA, proteins, and lipids. It has been shown that the highly reactive product of nitric oxide and superoxide free radicals—peroxynitrite, which inhibits mitochondrial respiration and reduce antioxidant defenses in cells, is marked by increased of 3-nitrotyrosine (3-NT) levels [54, 87, 89]. The immunoreactivity of 3-NT is increased in postmortem HD brain tissue [85]. Also, increased levels of protein carbonyls in HD striatum and cerebral cortex have been observed [85]. It has been observed that 4-hydroxynonenal and malondialdehyde, lipid peroxidation products, are increased eightfold in HD human plasma [90] and also in postmortem brain tissue [84].
The measurement of the levels of F2-IsoPs in the CSF of HD patients indicates the contribution of oxidative stress to the pathogenesis of HD. The level of F2-IsoP in HD patients was significantly higher than in the control group. However, the overlap of levels between these groups suggested that the oxidative damage to the brain may not occur uniformly in the early phase of the disease. But like in AD, correlation between F2-IsoPs and age or disease duration there was not found; moreover no difference between men and women was observed [66].
In addition, in HD plasma the glutathione levels are significantly reduced [91]. Browne and Beal [14] suggest that in transgenic HD mice, there are increased immunostaining for malondialdehyde, 4-hydroxynonenal, and 15-
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7. Creutzfeldt-Jakob Disease
Creutzfeldt-Jakob disease (CJD) is one of the most known human transmissible spongiform encephalopathies (TSEs) or prion diseases, a heterogeneous group of infectious, sporadic, and genetic disorders characterized by rapidly progressive dementia. The characteristic neuropathological hallmark of the disease is the amyloid deposition of the pathological form of a cellular protein (like in AD—Aβ or HD—huntingtin). The accumulation of the pathological prion protein is considered as a central event and is thought to trigger several pathogenetic mechanisms, eventually culminating in the typical spongiform degeneration [66].
The physiological functions of cellular prion protein are still unknown; however, due to its cooper binding ability it might play an important role in the oxidative homeostasis of the brain and could act as an antioxidant. These antioxidant properties may be related to its superoxide dismutase- (SOD-) like activity [15, 16]. Kralovicova et al. [15] have proved that these cells, which express higher levels of prion protein, are more resistant to oxidative stress. Wong et al. suggest [16] that the levels of several oxidative stress markers, protein carbonyl groups and products of lipid peroxidation, were increased in brain tissues of prion protein knockout mice [92]. In brains of mice infected with scrapie, the elevated levels of nitrotyrosine and heme oxygenase-1 had been found [93]. It has been suggested that the level of lipid peroxidation products is increased in brains of scrapie-infected mice and also prion proteins purified from brains of these animals possess a reduced SOD-like activity [94].
The increased levels of F2-IsoP in CSF of Creutzfeldt-Jakob patients have been observed in Minghetti et al.’s [17] researches. Also, another product of lipid peroxidation has been found to be unchanged in CSF from patients suffering from CJD in comparison to controls [95]. Arlt et al. [18] found that CSF lipids from patients suffering from CJD were more susceptible to oxidation process than those from nondemented controls. Thus, they observed that in the CJD patients, the levels of antioxidants and the amount of PUFAs were reduced. Their researches indicate that oxidative stress is elevated in CJD patients and the oxidative mechanisms are correlated with pathogenesis of this disease.
It has been observed that in patients with sporadic and familial CJD, CSF levels of 15-
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-IsoP were about 2.5-fold higher than in patients with noninflammatory disorders. No correlation was found between 15-
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-IsoP levels and age of patients nor polymorphism at codon 129 of the prion protein gene, indicating that lipid peroxidation and prostaglandin synthesis are unrelated phenomena in this disease. PGE2 concentrations, that were about 6.5-fold higher than in controls, were inversely correlated with patient survival; meanwhile, the levels of 15-
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-IsoP were not correlated with the clinical duration of the disease. It has been suggested that the inflammation might be more relevant than oxidative stress to the pathogenesis of this particular disease [53, 66].
In other studies, it has been proved that the increased level of PGE2 in hippocampal is associated with a strong induction of COX-2 expression, which was elevated with progression of disease and is localized to microglial cells [56]. In sporadic CJD patients the shorter survival was associated with higher levels of PGE2 in CSF patients. PGE2 may be an index of disease severity rather than progression, because PGE2 levels were not dependent on the time of CSF sampling during the course of the disease [10]. PGE2 can be associated with neuronal death, because in neuroblastoma cells, prion proteins peptides increase PGE2 levels and COX-1 inhibitors protect against prion proteins toxicity [57]. Whether PGE2 contributes to neuronal death in CJD, is a consequence of neuronal apoptosis, or is just an index of the disease state remains to be established.
8. Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a multifactorial and complex disease, in which genetic, environmental, or genetic-environmental interactions lead to motor neuronal degeneration. The deposition of a misfolded protein in neural tissue, in this instance copper/zinc SOD, is characteristic for the ALS and other neurodegenerative diseases [96, 97]. Several neuroinflammatory changes, such as increased levels of proinflammatory molecules, astrogliosis, and also microglial activation, which are characteristic for many neurodegenerative diseases, have been also found in spinal cord tissue from patients who died of ALS. These processes suggest that inflammation might promote motor neuron death. In addition, in ALS, high CSF levels of glutamate and excitotoxicity have been reported [98]. It has been proved that in ALS, oxidative stress is closely associated with motor neuron degeneration. Several recent clinical researches suggest that there exist a number of biomarkers for oxidative stress in ALS. Mitsumoto et al. [19] have observed that the level of urinary 15-
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-IsoP and urinary 8-oxodG was higher among ALS patients than in control. No correlation has been found between age and urinary IsoPs. Protein carbonyl levels did not differ between patients suffering from ALS and controls, in contrast to urinary levels of IsoPs and urinary 8-oxodG, which are strongly correlated. This suggests that 15-
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-IsoPs and 8-oxodG are biomarkers of oxidative stress in patients with ALS. [58, 99].
What is more, it has been proved that the well-established role of COX-2 in inflammation and in glutamate-dependent neurotoxicity is a basic hypothesis of COX-2 involvement in ALS pathogenesis. The increased COX-2 mRNA and protein were found in postmortem spinal cord of ALS patients. Together with the increase of PGE2 tissue levels, the elevated expression of COX-2 has been observed [100]. COX-2 is expressed in neurons in the spinal cord dorsal and ventral horns and also in dorsal root ganglia under normal conditions. The COX-2 expression was markedly evaluated and localized to both neurons and glial cells in postmortem spinal cord of ALS patients. It has been proved that COX-2 is associated with astrocytes and much lesser extent with glial cells [101]. Some studies suggest that inhibition of COX-2 may have therapeutic benefits by altering the cascade of events leading to the progressive neuronal death in ALS patients. But the efficacy of COX-2 inhibition in the presence of overt clinical signs of disease still remains unknown.
In addition, in spinal cords of sporadic ALS patients, the immunoreactivity of 15-deoxy-D12-14-PGJ2 (15d-PGJ2) has been found. 15d-PGJ2, this bioactive prostanoid produced by dehydration and isomerization of PGD2, activates the nuclear peroxisome proliferator—activated receptor γ (PPARy). PPARy is a critical transcription factor involved in adipocyte and monocyte differentiation.
This receptor can be considered as a potential therapeutic benefit of its activation in several inflammatory neurological diseases [31].
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