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Abstract

:

Aerobic metabolism is highly efficient in providing energy for multicellular organisms. However, even under physiological conditions, an incomplete reduction of oxygen produces reactive oxygen species and, subsequently, oxidative stress. Some of these chemical species are highly reactive free radicals capable of causing functional and structural damage to cell components (protein, lipids, or nucleotides). Oxygen is the most used drug in ill-adapted patients during the newborn period. The use of oxygen may cause oxidative stress-related diseases that increase mortality and cause morbidity with adverse long-term outcomes. Conditions such as prematurity or birth asphyxia are frequently treated with oxygen supplementation. Both pathophysiological situations of hypoxia–reoxygenation in asphyxia and hyperoxia in premature infants cause a burst of reactive oxygen species and oxidative stress. Recently developed analytical assays using mass spectrometry have allowed us to determine highly specific biomarkers with minimal samples. The detection of these metabolites will help improve the diagnosis, evolution, and response to therapy in oxidative stress-related conditions during the newborn period.
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1. Introduction


Fetal life occurs in a relatively hypoxic environment. Hypoxia is necessary for the development and growth of the fetus. Under normal circumstances, the fetal-to-neonatal transition causes physiological oxidative stress (OS), which enhances the antioxidant defense and pulmonary surfactant maturation [1]. Premature babies have both immature lungs and antioxidant defense systems and often require oxygen supplementation to overcome respiratory distress. The combination of hyperoxia, which enhances the generation of reactive oxygen species (ROS), and low antioxidants cause oxidative stress, inflammation, and even apoptosis, thus increasing mortality and morbidity [2]. Birth asphyxia is characterized by successive periods of hypoxia reoxygenation. Experimental studies in animal models and clinical studies have unraveled the pathophysiologic mechanisms triggered during hypoxia–reoxygenation. During hypoxia, there is an accumulation of purine derivatives. Of note, during reoxygenation, there is a generalized activation of oxidases, especially xanthine oxidase, which leads to the formation of a burst of ROS that cause tissue damage. Specific molecular biomarkers that reflect the tissue injury in different neonatal conditions, such as bronchopulmonary dysplasia (BPD), retinopathy of prematurity (ROP), or hypoxic-ischemic encephalopathy (EHI), have been identified. Analytical methods are based in the use of ultra-performance liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS) or gas chromatography–mass spectrometry (GS-MS/MS). These techniques are highly sensitive and selective, need minimal samples, and can be adapted to different matrices, such as plasma, urine, or amniotic fluid. At present, they constitute the most powerful tool for the assessment of oxidative damage with a wide array of applications in neonatal medicine [3].



This review aims to inform the reader about the OS inherent to the fetal-to-neonatal transition under physiologic and pathologic conditions and describe recently developed analytical methods to accurately determine OS biomarkers that aid to better diagnose and treat perinatal conditions.




2. Aerobic Metabolism, Reactive Oxygen Species, and Oxidative Stress


Oxidative phosphorylation is a metabolic process by which the respiratory enzymes of the mitochondria synthesize adenosine triphosphates (ATP) during the oxidation and ulterior phosphorylation of organic molecules, such as carbohydrates, fatty acids, or amino acids. Oxidation is an essential part of both aerobic life and metabolism, because it provides energy for metabolism, growth, and the development of multicellular organisms [4]. Di-oxygen (O2) has paramagnetic properties and, therefore, undergoes a slow reduction process to acquire the four electrons needed to stabilize its outer orbit. However, in the presence of transition metals (e.g., iron, copper, zinc, manganese, and selenium), oxygen turns into highly reactive free radicals, which rapidly oxidize when molecules convert them into free radicals and alter their structure and function [5]. Molecular di-oxygen reduced with just one electron is converted into the superoxide anion radical (O2−); a second one-electron reduction with concomitant acceptance of two protons yields hydrogen peroxide (H2O2). H2O2 that accepts one more electron is split up into the hydroxyl radical (OH). Therefore, incompletely reduced O2 leads to the formation of ROS [6]. In addition, nitric oxide (NO) may combine with oxygen free radicals, especially the superoxide anion, to form peroxynitrite (ONOO−), a reactive nitrogen species (RNS). ROS and RNS rapidly oxidize nucleic acids, lipids, and proteins, thereby altering their structure and function and modifying the normal cellular redox status, leading to increased OS [7] (Figure 1).



ROS are generated in several intracellular compartments, such as the plasma membrane, the peroxisomes, the endoplasmic reticulum, and in the cytosol. The main endogenous source of ROS is the mitochondrial electron transport chain. In addition, free circulating transition metals (Fenton reaction) and enzymes that catalyze ROS-generating chemical reactions, such as peroxidases, NADPH oxidase, xanthine oxidase, lipoxygenases, myeloperoxidase, nitric oxide synthase, and cyclooxygenases, are also relevant sources of ROS [8]. However, there are circumstances such as infection, radiation, or inflammation in which other subcellular structures such as peroxisomes, Golgi apparatus, or endoplasmic reticulum become sources of ROS that outweigh the mitochondria (for a review see [9]).



At low concentrations, ROS and RNS play important roles as regulatory mediators in signaling processes, whereas, at moderate or high concentrations, they are harmful for living organisms, altering cellular function and the redox balance, which is indispensable for reproduction, growth, and differentiation [10]. The redox system may modify the functions of proteins through regulation of their expression, post-translational modifications, and stability. H2O2 can also act as a cell-signaling molecule that regulates the redox-mediated oxidation of cysteine residues within proteins [11]. Cysteine residues exposed on the surfaces of proteins are the dominant intracellular thiol and play an important role in intracellular antioxidant defense and the redox regulation code [12]. OS is a consequence of the interruption of these circuits by different mechanisms [13,14].




3. The Fetal-to-Neonatal Transition


3.1. Cardiocirculatory and Metabolic Changes during Birth and Postnatal Stabilization


The fetal-to-neonatal transition implies a series of complex changes that lead to the establishment of air breathing and the closure of intra- and extracardiac shunting, coinciding with the clamping of the umbilical cord [15,16]. Within a few minutes after birth, the partial pressure of oxygen (PaO2) increases from 3.3 kPa (25–35 mmHg) to 10.5 kPa (80–90 mmHg) [3], and the oxygen saturation (SpO2) plateaus between 95% and 100% at around 5 min in full-term infants and 7–8 min in those born prematurely [17]. The abrupt increase in oxygen availability to the tissue causes physiologic OS with the generation of ROS. Under normal conditions, OS contributes to the activation of enzymatic pathways that facilitate neonatal adaptation [18]. However, asphyxiated newborn infants or very premature infants (<32 weeks of gestation) need positive pressure ventilation with oxygen supplementation to be successfully stabilized. This resuscitation can be effective, although such life-saving measures will generate great amounts of free radicals [19]. It has been shown that very premature infants with gestational ages of <32 weeks of gestation have lower SOD and CAT activities [20] and lower ability to synthesize glutathione [21], and, therefore, such premature infants are ill-prepared to face OS [3].




3.2. Experimental Models of Oxidative Stress in the Fetal-to-Neonatal Transition


Oxidative stress is inherent to the fetal-to-neonatal transition under physiologic circumstances. The reduced glutathione to oxidized glutathione ratio (GSH/GSSG) was compared in isolated hepatocytes of fetal, offspring, and adult Whistar rats after normal pregnancies and deliveries. The GSH/GSSG ratio was significantly lower in the offspring as compared with the fetal and adult rats [22]. GSH/GSSG is the most relevant marker of global oxidative stress, particularly cytoplasmic redox status [23]. The administration of N-Acetyl-Cysteine increased GSH synthesis in pregnant Whistar rats and prevented OS associated with the fetal-to-neonatal transition in the offspring [24]. Gelfand et al. showed that the use of pure oxygen after a hypoxic episode in intubated and ventilated rat pups contributed to significantly reduce the GSH/GSSG ratio, causing intense OS in the brain and the liver [25]. In addition, in a murine model of hypoxia–reoxygenation where rat pups were recovered with oxygen concentrations of between 21% and 100%, Presti et al. demonstrated that there were no differences in the short- and long-term outcomes. Although the use of 100% oxygen rapidly restored cerebral blood flow, long-term sensorimotor deficit was assessed, raising concerns regarding post-resuscitation hyperemia [26]. In rat pups exposed to hypoxia–reoxygenation, using diaphragm electromyography, Bookatz et al. confirmed that the use of high oxygen concentrations delayed the onset of the diaphragmatic response as a consequence of spontaneous respiration [27].



Oxygen in excess alters lung permeability, causing an inflammatory response with the destruction of the alveolar–capillary barrier, augmented pulmonary permeability, and endothelial and epithelial cell death [27]. Moreover, the use of pure oxygen upon reoxygenation, causes damage to other organs, such as the brain, heart, lungs, and liver, as compared with the use of ambient air [28,29]. In addition, other studies with a similar animal models showed cell death in the brain cortex associated with high levels of oxygen [30]. Interestingly, hypoxic preconditioning before reoxygenation decreased the biomarkers of oxidative damage to the DNA in the brain tissue [31]. Hyperoxia also has the potential to alter genome activity via changes in the DNA methylome. Understanding the epigenetic potential of hyperoxia would enable further improvement of the therapeutic strategies for chronic lung disease [28]. Experimental studies in hypoxia–reoxygenation have been exquisitely summarized by Saugstad OD et al. in a recent review article [32].



Translating into the clinical setting, findings in animal experiments would provide more evidence supporting the observation that the fetal-to-neonatal transition under hypoxic conditions appears to be protective and that targeting high saturations too rapidly in premature infants just after birth should be avoided. However, although highly informative, the results of the experiments performed on rodents cannot be directly translated into the human physiology or pathophysiology. There are substantial differences in the maturation of rodents in the last phase of gestation compared with that of humans. Hence, rodents are born with very immature lung and brain development as compared with full-term neonates. However, there is no a direct correlation between extremely premature humans surviving in the neonatal intensive care unit and rat pups that are able to survive in the experimental setting.





4. Pathologic Conditions during the Fetal-to-Neonatal Transition in Newborn Infants


4.1. Perinatal Asphyxia


Perinatal asphyxia is characterized by intermittent periods of hypoxia ischemia that may cause irreversible damage to brain [33]. The pathophysiologic effects of hypoxic ischemia are complex and evolve over time. Hence, a primary phase corresponds to tissue hypoxia followed by a secondary phase characterized by partial recovery upon reoxygenation/reperfusion. The primary energy failure leads to significantly decreased ATP and increased lactate production. The inactivation of ATP-dependent ion pumps causes an excessive influx of sodium ions into the cytoplasm, instigating cell swelling and an inhibition of the synaptic recapturing of neurotransmitters, leading to hyperexcitability. On the other hand, the concomitant increase in intracellular calcium has evident harmful effects, leading to cerebral edema, ischemia, microvascular damage, and necrosis. The secondary energy failure phase occurs 6–48 h after the initial injury [34]. The mechanisms of secondary energy failure produce OS, excitotoxicity, inflammation, and mitochondrial dysfunction. Increased levels of free radicals cause damage to neuronal cell membranes and lead to necrosis or apoptosis [35]. OS is particularly harmful to the neonatal brain due to low concentrations of antioxidants and a high consumption of oxygen when transitioning from fetal to neonatal life [36]. One of the most relevant sources of free radicals that enhance cellular damage upon reperfusion is related to the conversion of xanthine dehydrogenase (XD) to xanthine oxidase (XO). In addition, ATP is converted into hypoxanthine, a purine substrate for XO. Upon reoxygenation XO converts hypoxanthine to uric acid and molecular oxygen to a superoxide and H2O2. During a hypoxic-ischemic state, the iron that was bound to proteins is released, which makes the free iron (Fe2+) available to react with peroxides and form free radicals [37] (Figure 1).



Several studies have described the molecular and metabolomic changes associated with asphyxia and resuscitation using different oxygen concentrations. In experimental studies, Saugstad et al. showed that hypoxanthine accumulation in different animal models of hypoxia directly depended on the duration and intensity of the hypoxia [38,39]. Moreover, in a piglet model of severe hypoxia, Solberg et al. showed changes in specific metabolites in the plasma metabolome [40,41]. In the same experimental model, Sánchez-Illana et al. showed the potential of choline and a panel of related metabolites to enhance the predictive accuracy of the intensity and duration of hypoxia as compared with plasma lactate [41]. Finally, Kuligowski et al. validated a “hypoxia metabolic score” that included choline, 6,8-dihydroxypurine, and hypoxanthine and was highly reliable in predicting the duration and intensity of hypoxia in a piglet model [42]. A study of intermediaries of the Krebs’ cycle in animal models showed that α-ketoglutarate, succinate, and fumarate levels decreased slower after reoxygenation with 100% O2 than with air. The results obtained during reoxygenation with high oxygen concentration revealed mitochondrial dysfunction [43]. Our study showed, for the first time ex vivo, that during reperfusion there is a transient shift from complex I-dependent oxidation of NADH towards complex II-linked oxidation of succinate in the brain mitochondria. As a consequence, electron transport in the electron transport complex is reversed, causing a substantial increase of ROS production [44].



In a series of randomized clinical studies, our group demonstrated the feasibility of resuscitating asphyxiated babies with ambient air instead of pure oxygen. Moreover, these studies also showed that using ambient air significantly reduced the markers of oxidative stress and damage [45,46,47]. In a meta-analysis that included over 2000 asphyxiated newborn infants, the use of air significantly reduced mortality [48]. The international guidelines for full-term newborn resuscitation were changed thereafter, and the initial inspired fraction of oxygen (FiO2) recommended for asphyxiated full-term babies is 0.21 [49].




4.2. Prematurity


Preterm infants have immature lungs and immune systems and are therefore predisposed to respiratory insufficiency that causes short- and long-term morbidities and neurodevelopmental impairment [50,51]. Based on previous experimental findings, Vento et al. [2] launched a clinical trial that randomized extremely premature infants to be initially stabilized with a lower (0.3) versus a higher (0.9) inspired fraction of oxygen (FiO2). Premature infants who received higher initial FiO2 exhibited higher OS as reflected by a significantly lower GSH/GSSG ratio, increased urinary elimination of isoprostanes, isofurans, and DNA and protein oxidation byproducts. Remarkably, babies with increased markers of OS had a higher incidence of BPD [2]. Ezaki et al. [52] found that premature infants who received pure oxygen in the delivery room had significantly higher total peroxides and lower redox potential/total hydroperoxides ratios than neonates who received lower oxygen loads. Tataranno et al. [53] found a significant increase in the plasma levels of advanced oxidative protein products and isoprostanes 12 h after birth in premature babies receiving 100% oxygen. Kapadia et al. compared, from a clinical and analytical perspective, the consequences of using 100% oxygen or lower FiO2’s in the delivery room in extremely premature infants [54]. Total hydroperoxides (TH), biological antioxidant potential (BAP), and the TH/BAP quotient were determined in cord blood and 1 h after birth. At 1 h after birth, TH/BAP was significantly higher in the premature infants ventilated initially with air. In addition, these babies needed fewer days of mechanical ventilation and had a lower incidence of BPD [54]. More recently, two randomized, controlled, blinded trials in babies having experienced <32 weeks of gestation compared the use of an initial FiO2 of 0.3 versus an initial FiO2 of 0.6 in the delivery room. The analytical results showed no significant differences in OS biomarkers or in incidence of BPD [55,56]. It should be underscored that after titrating FiO2 according to the patients’ clinical needs, both groups received a similar oxygen load during stabilization [55,56]. Our studies provided the evidence for a cautious oxygen supplementation in premature infants during postnatal stabilization that was reflected in the most recent international resuscitation guidelines [49].





5. Biomarkers of Oxidative Stress Employed in the Clinical Setting during the Neonatal Period


The biomarkers employed to evaluate OS are byproducts of oxidative damage to proteins, lipids, and nucleotides, and they can be measured in different fluids such as blood, urine, spinal fluid, or amniotic fluid or in different tissues in the experimental setting (Figure 2). Furthermore, low-molecular-weight thiols, namely the GSH/GSSG ratio, are other biomarkers, which are clear indicators of the redox status of the cell, and these are generally determined in the blood (Table 1).



5.1. Ratio of Reduced Glutathione to Oxidized Glutathione (GSH/GSSG)


The GSH/GSSG ratio is a reliable marker extensively used in clinical studies, because it gives a comprehensive picture of the cell redox status [2,45,46,47,55,56]. The major plasma aminothiols are GSH, cysteine, and homocysteine. Aminothiols interact through disulfide exchange and reduction–oxidation reactions regulating the cellular redox code as a consequence of most of the cell functions. The ratios of redox pairs—GSH/GSSG, Cysteine/Cystine, and Homocysteine/Homocystine—were proved to be useful for assessing OS [57].



Aminothiols in biological samples are measured using UPLC-MS/MS. The sample treatment is relatively simple. The samples are acidified with perchloric acid to remove the protein and separated by centrifugation, and the supernatant is analyzed. A specific characteristic in the sample treatment is the addition of N-ethylmaleimide (NEM) to avoid thiols oxidation. Our group has validated a method, which requires appropriate sample preparation and dilution, to obtain accurate and reproducible determinations [57].



In addition, the activity of antioxidant enzymes, such as SOD, CAT, and glutathione peroxidase (GPX), is used as an indirect marker of the response to a pro-oxidant aggression; however, it may fail to reflect oxidative damage to cellular structures (for a description and references see [23]).



Recently, our lab has developed a new method based on surface enhanced Raman spectroscopy (SERS) to easily analyze GSH. We have performed analytical monitoring with high reliability by using a silver colloid that enhances the GSH signal and allows for the accurate measurement of microvolumes (20 µL) of blood. This novel analytical tool has been validated and is extremely suitable, using a portable optical sensor device to perform point-of-care (POC) testing of OS levels in newborns [58].




5.2. Protein Oxidation


Proteins represent an extensive target for ROS and RNS generated under normal or OS conditions. Several amino acidic residues can undergo oxidative modifications, including the oxidation of sulfur-containing amino acid residues, the hydroxylation of aromatic groups, the nitration of tyrosine residues, the chlorination of aromatic groups, or the conversion of some amino acid residues to carbonyl derivatives. In the neonatal period, one of the main biomarkers measured is the oxidation of phenylalanine (Phe). The oxidation of Phe is produced by hydroxyl (OH) radical attack, which converts the Phe to ortho-tyrosine (o-Tyr) or meta-tyrosine (m-Tyr). In addition, other tyrosine-derived byproducts, such as 3-nitrotyrosine (3NO2-Tyr) and 3-chlorotyrosine (3Cl-Tyr), are also useful as biomarkers of nitrosative stress and inflammation, respectively. In the presence of peroxynitrite (ONOO−), p-Tyr can be converted into 3NO2-Tyr, a specific biomarker for protein nitration [59]. Protein nitration and RNS signaling play a role in cell functions such as inflammatory response and apoptosis [60]. Similarly, 3Cl-Tyr, formed by the attack of hypochlorous acid on p-Tyr through the action of the enzyme myeloperoxidase (MPO), is considered to be a useful inflammatory biomarker [61].



The results of these determinations are expressed as ratios, such as the o-Tyr/Phe, m-Tyr/Phe, 3NO2-Tyr/p-Tyr, and 3Cl-Tyr/p-Tyr ratios. These markers have been validated and extensively applied in the clinical setting in different human biofluid matrices, such as amniotic fluid, urine, plasma, cerebrospinal fluid, or human milk in the newborn period [2,62,63,64].




5.3. DNA Oxidation


Under physiological conditions, oxidative DNA damage is continuously being produced, but enzymatic DNA repair mechanisms are capable of reverting the situation, maintaining a low, steady state of oxidative damage [65]. Therefore, DNA oxidation may be secondarily aggravated by oxidative protein damage to the repair mechanisms.



The oxidation of DNA components by ROS is the major source of induced DNA damage, leading to several types of modifications, including nucleotide oxidation, strand breakage, loss of bases, and adduct formation. Hydroxyl radicals may attack the deoxyribose phosphate backbone, as well as the nitrogenous bases of DNA nucleotides, generating a broad variety of base and sugar modification products [66].



The main damage for OS to DNA is generally produced by guanosine base oxidation products, such as 7,8-hydroxy-2′deoxyguanosine (8-oxodG or 8-OHdG), which can be quantitatively measured in urine, plasma, CSF, etc., by UPLC-MS/MS [31]. The results are expressed as the 8-oxodG/2dG ratio [65,66,67,68].




5.4. Lipid Peroxidation


Lipids are readily attacked by free radicals, and lipid peroxidation byproducts reflect oxidative damage in a variety of biological samples. Lipids peroxidation may occur through enzymatic reactions, catalyzed by lipoxygenase (LOX) and cyclooxygenase (COX), which oxidize arachidonic acid (AA) into prostaglandins, prostacyclin, thromboxane, leukotrienes, and lipoxins [69]. All the omega-6 and omega-3 polyunsaturated fatty acids (PUFA) can undergo such enzymatic oxidation, leading to protectins, maresins, and dihydroxy-PUFA (diHPUFA) [70]. The neonatal markers of the peroxidation of PUFA are isoprostanes (IsoPs), isofurans (IsoFs), dihomo-isoprostanes (Dihomo-IsoPs), neuroprostanes (NeuroPs), and neurofurans (NeuroFs). Both are formed through the non-enzymatic free-radical oxidation of AA and other PUFAs and are chemically stable compounds. These analytes have been detected in fluids and tissues such as brain tissue, which has a high content of unsaturated lipids susceptible to OS [71,72,73]. Kuligowski et al. found that premature infants with high urinary IsoFs levels in the first days after birth are at higher risk of developing chronic lung disease [74]. Cháfer-Pericas et al. validated a method for identifying plasma lipid peroxidation biomarkers [75] and established a correlation between 8-iso-15(R)-PGF2 in cord blood with a degree asphyxia to improve diagnostic indices [76]. Barden et al. reported a significant increase of NeuroPs in cord blood, which was inversely correlated with maternal IsoPs, IsoFs, and NeuroPs and could be used estimate birth weight at delivery [77]. On the other hand, we have also validated analytical methods to determine docosahexaenoic acid (DHA) and adrenic acid (AdA). Both are important structural components of the central nervous system. During lipid peroxidation, NeuroPs and NeuroFs arise from DHA oxidation, and Dihomo-IsoPs are generated from AdA. NeuroPs and NeuroFs are highly sensitive and specific markers of neuronal oxidative damage [78].



Several sensitive analytical techniques, such as GC-MS/MS or UPLC-MS/MS, allow for the determination of these compounds in the plasma and tissue matrix, but the interpretation of the results involve many difficulties because of the large number of metabolites, including highly similar structural isomers, sharing physicochemical properties, and the chromatographic behavior.



Our group has contributed to the expansion of these methods in the newborn period. Kuligowski et al. [69,74] developed a UPLC-MS/MS method for recording the profiles of the relative contents of IsoPs, IsoFs, NeuroPs, and NeuroFs in a total of 536 urine samples during the first 4 weeks of life in 184 premature infants who did not develop any free radical-associated conditions during the neonatal period. In addition, Sánchez-Illana et al. developed and validated a comprehensive UPLC-MS/MS approach for the quantitative profiling of 28 isoprostanoids in 150 plasmas from newborns with hypoxic-ischemic encephalopathy, covering a broad range of lipid peroxidation product classes [78]. The access to a large sample set of this especially vulnerable population has allowed us to establish a time frame during which lipid peroxidation byproducts could be quantified and compared to normality ranges [69,78]. The applicability of these new methods to non-invasively obtained samples, such as urine [69] or saliva [79], opens a new window for the precise evaluation of oxidative stress-related conditions in the perinatal period.





6. Conclusions


Oxidative stress-related conditions are extremely frequent in the early neonatal period and contribute to increase mortality and morbidities that may last lifelong. The search for new biomarkers, which serve as diagnostic tools, by using accurate analytical methods on matrices that can be obtained without causing pain or damage to vulnerable newborn infants has become more and more necessary to guide interventions and monitor results. Cot-side oxidative stress evaluation using microsamples and providing rapid results will permit earlier diagnosis, improve our understanding of the consequences of our interventions, avoid possible complications, and evaluate the degree of success of the applied therapies.
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Figure 1. Oxidative phosphorylation, reactive oxygen species (ROS)/reactive nitrogen species (RNS), and antioxidant defense. Oxidative phosphorylation in the mitochondria builds up adenosine triphosphates (ATP) from highly energized electrons from the Krebs’ cycle. The antioxidant system: Superoxide anion (O2−) mainly produced in the mitochondria is dismutated to hydrogen peroxide (H2O2) by superoxide dismutase (SOD1 intracellular, SOD2 mitochondrial, SOD3 extracellular). H2O2 maybe detoxified by both catalase (CAT) or glutathione peroxidase (GPX) producing water (H2O). In addition, free radicals can be neutralized by electrons donated by reduced glutathione (GSH) when converted into oxidized glutathione (GSSG) with the concourse of a set of enzymes under the common denominator of “glutathione redox cycle enzymes”, which comprise GPX, glutathione reductase (GRD), and glutathione S-methyl transferase (GP-S-methyl). 
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Figure 2. The fetal-to-neonatal transition increases exponentially the availability of oxygen to tissues, causing a physiological oxidative stress. However, under pathologic conditions (e.g., hyperoxia, hypoxia–reoxygenation, and hypoxia) a severe oxidative stress ensues that leads to pathologic conditions. Using biofluids (e.g., blood/plasma, urine, amniotic fluid) or tissue in experimental models and applying diverse laboratory techniques, an ample array of validated biomarkers of oxidative stress can be determined. 
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Table 1. Summary of the most relevant biomarkers used in neonatal clinical research.
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	Oxidative Biomarker
	Target Biomolecule
	Modification
	Biological Sampling





	GSH/GSSG

Cysteine/Cystine

Homocysteine/Homocystine
	Antioxidant
	Redox status
	Umbilical cord blood/whole blood/tissue



	o-Tyr/Phe ratio

m-Tyr/Phe ratio

3NO2-Tyr/p-Tyr ratio

3Cl-Tyr/p-Tyr ratio
	Protein
	Tyrosine Hydroxylation

Tyrosine nitration

Tyrosine chlorination
	Urine/plasma/milk/tissue



	8oxodG

(8oxodG/2dG ratio)
	DNA
	Hydroxylation DNA nucleotides
	Urine/plasma/amniotic fluid/tissue



	IsoP
	Lipids
	AA peroxidation
	Urine/plasma/amniotic fluid/tissue



	Dihomo-IsoP
	Lipids
	AdA peroxidation
	Urine/plasma/tissue



	IsoF
	Lipids
	AA peroxidation
	Urine/plasma/tissue



	NeuroP
	Lipids
	DHA peroxidation
	Urine/plasma/tissue



	NeuroF
	Lipids
	DHA peroxidation
	Urine/plasma/tissue







o-Tyr/Phe = orto-tyrosine/Phenylalanine ratio; m-Tyr/Phe = meta-tyrosine/Phenylalanine ratio; 3NO2-Tyr/p-Tyr = nitrotyrosine/para-tyrosine ratio; 3-Cl-tyr/p-Tyr ratio = 3 chlortyrosine/para-Tyrosine ratio. Isop = Isoprostanes; Dihomo-Isop = Dihomo-Isoprostanes; IsoF = isofurans; NeuroP = Neuroprostanes; NeuroF = neurofurans; Ada = adrenic acid; AA = arachidonic acid; DHA = docosahexanoic acid.
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