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Abstract. 

Perinatal asphyxia (PA) is a clinical condition characterized by oxygen deprivation, 

following PA brain damage progresses, leading to behavioural cognitive disabilities affecting 

surviving neonates. There is still lack of consensus on suitable therapeutic approaches and 

protocols preventing the progression of neuronal damage. Reduction of oxidative stress is 

one of the identified molecular targets, based on the fact that the immature brain is highly 

susceptible to free radicals, showing scarcely developed antioxidant defences.  

In the present thesis it was proposed the hypothesis that progression of brain damage during 

a delayed cell death period in vulnerable brain areas of animals exposed to perinatal asphyxia 

is associated with sustained oxidative stress along development, impairing redox 

homeostasis. Nicotinamide enhances the response of glutathione-dependent enzymes by a 

pentose phosphate dependent pathway, preventing asphyxia-dependent brain damage. The 

hypothesis was evaluated using a rat model of severe perinatal asphyxia. 

The first part of the present Thesis evaluated the effect of global perinatal asphyxia on several 

parameters of oxidative stress and cell death in rat brain tissue sampled at an extended 

neonatal period of 14 days. Brain samples (mesencephalon, telencephalon and hippocampus) 

were assayed for glutathione (reduced and oxidized levels; spectrophotometry), tissue 

reducing capacity (potassium ferricyanide reducing assay, FRAP), catalase (the key enzyme 

protecting against oxidative stress and reactive oxygen species, Western blots and ELISA) 

and cleaved caspase-3 (the key executioner of apoptosis, Western blots) levels. It was found 

that global PA produced a regionally specific and sustained increase in GSSG/GSH ratio, a 

regionally specific decrease in tissue reducing capacity and a regionally and time specific 

decrease of catalase activity and increase of cleaved caspase-3 levels, indicating a long-term 

impairment in redox homeostasis. Multivariate analysis demonstrated that progression of 

brain damage along postnatal days is importantly influenced by changes on glutathione ratio, 

cleaved caspase-3 levels and catalase activity.  

In the second part of the Thesis, the experimental approach focused on the damage induced 

in hippocampus at P1 and P14. Glutathione, glutathione reductase (GR), glutathione 

peroxydase (GPx) (all by spectrophotometry), catalase (Western blots and ELISA), TIGAR 
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(Western blots), calpain (fluorescence), and XRCC1 (Western blots) were assayed for 

characterizing the glutathione-dependent redox pathway and for determining the effect of 

nicotinamide; a precursor of NAD+ and NADP+, on death cell mechanisms in hippocampus. 

It was found that global PA produced (i) a sustained increase of GSSG levels and GSSG/GSH 

ratio at P1 and P14; (ii) a decrease of GR, GPx, and catalase activity at P1 and P14; (iii) a 

decrease at P1, followed by an increase at P14 of TIGAR levels; (iv) an increase of calpain 

activity at P14; and (v) an increase of XRCC1 levels, but only at P1. (vi) Nicotinamide 

prevented the effect of PA on GSSG levels and GSSG/GSH ratio, and on GR, GPx, and 

catalase activity, also on the enhancement of TIGAR levels and calpain activity observed at 

P14.  

The present thesis demonstrates that PA induces a sustained oxidative stress along 

development in mesencephalon and hippocampus, both vulnerable brain areas of animals 

exposed to PA, whereas telencephalon, a resistant brain area, displayed an increasing of 

antioxidant response mediated by glutathione and FRAP. The progression of brain damage 

during a delayed cell death period is associated mainly with glutathione ratio, cleaved 

caspase-3 levels and catalase activity. Nicotinamide enhanced the response of glutathione-

dependent enzymes by a pentose phosphate dependent pathway, preventing asphyxia-

dependent brain damage by a reduction of death cell mechanisms mediated by calpain.  

In conclusion the present thesis demonstrates that changes in redox environment induced by 

PA are sustained along the time, contributing to progression of brain damage, but also 

resistance to further damage during the delayed death cell period. The changes in redox 

environment can be modulated, controlling the cell metabolism induced by pentose 

phosphate dependent pathways.  
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1.1. Perinatal Asphyxia 

Oxygen deprivation as a consequence of an impaired placental gas exchange between the 

mother and the foetus during the perinatal period, or as a consequence of a delay in starting 

or interruption of autonomous pulmonary-dependent respiration is a clinical condition 

known as perinatal asphyxia (Herrera-Marschitz et al. 2011; Barkhuizen et al. 2017). The 

interruption of optimal oxygenation can occur in utero, during labour, delivery, and/or 

during the first neonatal period (Golubnitschaja et al. 2011). Clinical manifestations of 

perinatal asphyxia are acidemia (pH < 7) in the umbilical cord, persistence of APGAR 

scores 0–3 for longer than 5 min, neurological deficits, such as seizures, coma, hypotonia 

and/or multiorgan system dysfunction (Hankins et al. 2003, Antonucci et al. 2014). 

Among the risks for perinatal asphyxia can be pointed out maternal and foetal factors, such 

as hypertensive disease during pregnancy or preeclampsia, intrauterine growth restriction, 

placental abruption, foetal anaemia (e.g. rhesus incompatibility), delayed physiological 

labour (e.g. requiring induction), and/or mal-presentation, including vasa praevia (Nelson et 

al. 1981; Thornberg et al. 1995). Also, for the Apgar score (Nelson et al. 1981) the presence 

of meconium stained amniotic fluid, hypoxia-ischemia encephalopathy grading, indicators 

of maternal infection, presentation and method of delivery and multiorgan system 

dysfunction are considered (Nelson et al. 1981).  

The incidence of perinatal asphyxia is 2-10 per 1000 newborns among on term delivery 

(Aslam et al. 2014). Perinatal asphyxia is responsible for 38% of death among children 

under 5 years of age (Bryce et al. 2005), and it is estimated that perinatal asphyxia causes 

56 millions of deaths every year (Golubnitschaja et al. 2011). In high-income countries, 

approximately a 12% of neonatal deaths are related to asphyxia (Ariff et al. 2016, Almeida 

et al. 2017). In contrast, in low-and middle-income countries, most of neonatal deaths 

occurring yearly (740.000-1.480.000) are associated with intrapartum asphyxia (Lawn et al. 

2005). 

Oxygen deprivation following perinatal asphyxia may result in foetal demise, neonatal 

death or neurological long-term consequences in the neonate’s survivors. The neurological 

damage induced by perinatal asphyxia is known as hypoxic-ischemic encephalopathy (HIE) 

and is the most serious consequence of perinatal asphyxia, being the major cause of 

mortality and morbidity in infants affected by perinatal asphyxia. The incidence of HIE has 
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been estimated to be 1.5 per 1,000 live births (Barkhuizen et al. 2017, Aliyu et al. 2018), 

shown by 45% of newborn with low Apgar score (Finer et al. 1981).  

 

1.2 The brain injury induced by perinatal asphyxia 

The hypoxic-ischemic encephalopathy induced by perinatal asphyxia causes a reduced 

cerebral blood flow (ischemia) and reduced blood oxygenation (hypoxemia), therefore most 

of affected neonates manifest hypoxemia and brain hypoxia. If hypoxemia persists for a 

long time, reduced cardiac output and brain ischemia will result in death or severe damage 

affecting the neonate (Huang et al. 2008). The outcome implying only hypoxia is less likely 

to cause brain injury, unless the hypoxia persists for a prolonged time (Huang et al. 2008, 

Johnston et al. 2001). 

The brain of both neonatal and adult subjects is selectively vulnerable to hypoxic-ischemic 

insults, since not all brain areas are affected in the same degree, or are vulnerable at the 

same time (Huang et al. 2008). Factors related to maturation, blood irrigation, energy 

demands, severity and nature of the hypoxia-ischemia, as well as weight of the newborn 

determine the outcome and the pattern of brain injury, implying neurodevelopmental 

disabilities in the neonates affected by perinatal asphyxia (Herrera-Marschitz et al. 2011; 

Golubnitschaja et al. 2011; Barkhuizen et al. 2017). Infants suffering of mild asphyxia 

might not show any evidence of neurological injury. Nevertheless, cases of moderate 

asphyxia may present cognitive and behavioural deficits, such as hyperactivity, autism, and 

attention deficits, or even decreased intelligence scores, but with an onset long after the 

initial perinatal period. Perinatal asphyxia has been associated with psychosis and 

schizophrenia, which are syndromes debuting first at post pubertal periods. Severe asphyxia 

has also been associated with cerebral palsy, mental retardation, neurodegenerative diseases 

and epilepsy (see Herrera-Marschitz et al. 2011, Golubnitschaja et al. 2011).  

Several neuroanatomical patterns of injury (Figure 1) have been observed in infants 

suffering perinatal asphyxia (Huang et al. 2008, Swarte et al. 2009), including: 

 Deep grey matter injury (Pattern 1, 2 and 3), involving thalamus, putamen, 

subthalamic nucleus, cortex, striatum, globus pallidus, hippocampus, central gyri, 

paracentral lobule, white matter, substantia nigra, brainstem, cerebellum and spinal 

cord. Neonates with extensive deep grey matter injury die a few days after birth or 
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develop spastic/dyskinesia and/or quadriplegia.  

 Isolated watershed injury (Pattern 4), involving posterior parietal and subcortical 

areas. The neonates develop deficits without apparent motor dysfunction, although 

childhood seizures can occur. 

 Primary leukomalacia (Pattern 5): It affects white matter and neocortex. The neonates 

show motor impairment affecting legs, as well as visual functions.  

 Isolated cortical necrosis (Pattern 6), affecting hippocampus mainly, subiculum and 

H1. The internal cerebellar granular layer can also be affected. 

 

1.3 Molecular mechanism for progression of brain injury induced by perinatal 

asphyxia and/or hypoxia-ischemia  

The pathogenesis of hypoxic-ischemic encephalopathy is characterized by progressive 

activation of several molecular and cell events, explaining the extension of brain damage, 

from weeks to months as well as delayed neurological disabilities. The biochemical 

changes in the immature brain lead to neuronal death, and alteration of brain development 

and maturation. Neuronal death occurs at two periods following perinatal asphyxia (Stone 

et al. 2008). The first period implies primary cell death, occurring during the hypoxia-

ischemia event. The second period implies delayed cell death, occurring hours after the 

hypoxia-ischemia event, continuing even for several weeks. The energy failure triggers cell 

death during both periods (Vannucci et al. 2004, Alonso-Spilsbury et al. 2005). A third 

period of neuronal death has been described, occurring months and/or years after the insult 

(Hassell et al. 2015). 

 

Primary cell death period  

During a hypoxia-ischemia event, low oxygen and glucose supplementation modifies the 

energetic metabolism of the immature brain, from aerobic to anaerobic metabolism. 

Glucose is metabolized by anaerobic glycolysis under the hypoxia period and its turnover is 

increased to maintain ATP levels. Therefore, glucose uptake and glycolysis increase 

(Alonso-Spilsbury et al. 2005). However, glycolysis is not enough to maintain ATP levels, 

because glucose availability is decreased as a consequence of a decreased cerebral 

perfusion. Furthermore, lactate and protons accumulate as the result of anaerobic 
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glycolysis, decreasing the perfusion pressure, impairing further the cerebral blood flow (Lai 

et al. 2011). Thereby, during an extent hypoxia-ischemia event, ATP levels fall further, 

worsening the primary energy failure, decreasing Na+/K+-pump and Ca2+ ATPase activity, 

but also producing lactic acid accumulation and acidosis, importing Na+ from the 

extracellular compartment, via the Na+/H+ exchanger (NHE) of the plasmatic membrane. 

This increased cytosolic Na+ is exported through the Na+/Ca2+ exchanger causing an 

increase in cytosolic calcium, promoted also by the failure of Ca2+ ATPase. However, 

although NHE exports Na+ to the extracellular space, it also accumulates at high 

concentration in the cytosol, delaying the recovering of homeostasis due to reduced activity 

of Na+/K+-pump (Brookes et al. 2004). Thereby, a failure in the Na+/K+-pump and Ca2+ 

ATPase leads to membrane depolarization and presynaptic release of glutamate, an 

excitatory neurotransmitter, which also binds to available extrasynaptic glutamate 

receptors. The activation of these receptors contributes to increase calcium conductance, 

leading to overload of cytosolic calcium (Johnston 2005), resulting in:(i) activation of 

lipases, proteases and endonucleases, which in turn destroy intracellular structures; (ii) 

activation of neuronal nitric oxide synthase (nNOS), which increases nitric oxide (NO) 

levels, and (iii) Ca2+ mitochondrial overload, causing mitochondrial dysfunction, triggering 

further calcium-dependent events (Brookes et al. 2004; Blomgren et al. 2006), i.e. 

activation of mitochondrial nitric oxide synthase (mNOS), generating NO, inhibiting 

complex I and IV of the electron transport chain, increasing superoxide anion levels; 

dissociation of cytochrome c from the inner mitochondrial membrane; cardiolipin (1,3-

bis(sn-3’-phosphatidyl)-sn-glycerol) oxidation by mitochondrial ROS, promoting the 

release of cytochrome c to cytosol, opening of transition pore to calcium and superoxide 

anions, leading to mitochondrial depolarization, and apoptosis activation.  

 

Secondary or delayed cell death  

After a hypoxia-ischemia event, perfusion and oxygenation have to be restored for 

recovering ATP levels and cellular homeostasis (Lorek et al. 1994). However, in the 

following 24h there is a secondary ATP decreasing period, which is more pronounced at 48 

hours, an event known as secondary energy failure, beginning 8-16 hours during the 

reperfusion-oxygenation (RO) period, ATP reaching the lowest point at 24-48h, depending 
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upon the nature of the insult (Thoresen et al. 1995, Vannucci et al. 2004). The neuronal 

death occurring during the RO period is called delayed cell death and results in the 

activation of several mechanisms, during and after the RO period (Dirnagl et al. 1999, Jin et 

al. 2010). Under the first minutes during the RO period, up to the first hours, neuronal 

death occurs by excitotoxicity-mediated mechanisms, involving glutamate, leading to 

mitochondrial dysfunction, free radicals and apoptosis (Dirnagl et al. 1999). After the RO 

period the neuronal damage continues for days and weeks because of the activation of 

inflammatory responses (Benjelloun et al. 1999; Hudome et al., 1997). Inflammation is 

triggered by activation of microglia, resulting in infiltration of inflammatory cells, 

including neutrophils, macrophages, and T cells into the damaged brain region (Ryan et al. 

2012; Liu et al. 2013). The activated microglia release NO by activation of iNOS, and pro-

inflammatory cytokines, such as TNF-α, IL1β, IL6, MCP1, MIP1α; inducing ICAM1, P-

selectin, E-selectin and integrin expression in local vasculature, promoting adhesion and 

transmigration of leukocytes and platelets into the injured brain area (Ryan et al. 2012). The 

accumulation of leukocytes into the injured brain area is crucial to the extent of 

inflammation and secondary brain damage. Leukocytes release pro-inflammatory 

cytokines, proteases, prostaglandins, complement factors, free oxygen and nitrogen species 

(Jin et al. 2010). These neurotoxic factors damage neuronal populations and brain 

microvasculature, including contractile pericytes on capillary walls (Nortley et al. 2019) 

contributing to disruption of blood brain barrier and formation of vasogenic oedema 

(Nguyen et al. 2007).  

 

The secondary damage promoted by the inflammatory response can last days or months 

(Benjelloun et al. 1999; Winerdal et al. 2012). Therefore, the RO period is considered as an 

opportunity for treatment, due to its wide therapeutic window. The severity of a secondary 

energy failure in neonates determines death or survival, and it correlates with the severity 

of the neurological outcome (Polin et al. 2007). 

 

Tertiary cell death period 

The pathological process of brain damage induced by a hypoxia-ischemia insult can 

continue for months and years, for which this period or phase is known as tertiary brain 
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injury (Hassell et al. 2015, Fleiss et al. 2012). The infants show persisting cerebral lactic 

acidosis over the first year after birth and adverse neurodevelopmental outcomes 

(Robertson et al. 1999). The mechanisms of persisting brain damage involve gliosis, 

inflammatory receptor activation and epigenetic changes (Fleiss et al. 2012, Hagberg et al. 

2015).  

 

1.4 Therapeutic strategies for brain injury induced by perinatal asphyxia 

Several specific neuroprotective pathways are available as targets for minimizing the extent 

of neuronal damage. Some therapeutic strategies imply N-acetylcysteine, allopurinol, 

magnesium sulphate, glutamate receptors blockers, erythropoietin and hypothermia 

(Hobson et al. 2013; Cerio et al. 2013). However, at present, these strategies have not 

proven to be safe and/or effective against the neurological sequels observed in neonates, 

mainly due to insufficient knowledge about the timing and extend of a therapeutic window 

viable for human newborns (Cerio et al. 2013). 

 

Mild hypothermia is the only treatment approved for perinatal asphyxia (Shah 2010, Eicher 

et al. 2005), together with intensive neonatal care (Arnaez et al. 2018, Antonucci et al. 

2014). Hypothermia can be applied to the head or to the whole body of the neonate, cooled 

for 48 to 72 hours, decreasing the infant’s body temperature to 33°-36.5°C (Gunn et al. 

1998). Its effectivity and safety has been proved by several clinical trials, demonstrating a 

reduced rate of cerebral palsy, death and improving mental and psychomotor outcomes 

(Edwards et al. 2010, Jacobs et al. 2013). However, there is still a 45% of infants dying or 

not showing any real improvement of disabilities (Robertson et al. 2012). Furthermore, 

neuroprotection by hypothermia is limited by a narrow therapeutic window, needed to be 

applied within a 6-hour window to be effective (Azzopardi et al. 2016). There are other 

clinical conditions affecting the neonates surviving perinatal asphyxia, such as 

inflammation (Osredkar et al. 2014, Wintermark et al. 2010), and immune response induced 

by hypothermia that may contribute to a poor recovery (An et al. 2014). 

Experimental treatments with EPO (Zhu et al. 2009, Elmahdy et al. 2010), DHA (Berman 

et al. 2009, Suganuma et al. 2010), Xenon (Dingley et al. 2006, Thoresen et al. 2009) have 

been attempted in trials with HIE infants, but similar to hypothermia a recovery has only 
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been seen among infants following moderate HIE, but not following severe HIE, with a 

therapeutic window limited to 4 hours (Elmahdy et al. 2010) after PA. 

1.5 The role of oxidative stress in neonatal brain injury following hypoxia-ischemia 

conditions 

The oxidative stress generated by perinatal asphyxia is an important target for reducing 

brain damage, since free radicals are biomolecules involved in apoptosis, also because of 

the enhanced susceptibility of the immature brain to oxidative stress (Vasiljević et al. 

2012).  

 

The role of oxidative stress in neuronal damage has been evidenced by administration of 

antioxidant molecules. The administration of alpha-tocopherol before hypoxia-ischemia or 

immediately after reperfusion-oxygenation in human neonates exposed to asphyxia 

perinatal showed a reduction of oxidative stress, increasing glutathione (GSH) levels 

(Karim et al. 2005). In a similar way, the administration of amentoflavone to neonatal 7 day 

old rats, before a postnatal hypoxia-ischemia event, decreased neuronal damage, preventing 

the activation of caspase-3 (Shin et al. 2006). These results support the role of oxidative 

stress in the neurological damage induced by hypoxia-ischemia and therefore, the potential 

therapeutic impact of antioxidant strategies. 

The main mechanisms suggested to play a role in the generation of free radicals following 

hypoxia-ischemia conditions are: 

(i) Mitochondrial dysfunction, elevating superoxide anion levels during the hypoxic-

ischemic period (Abramov et al. 2007). 

(ii) Xanthine Oxidase, increasing levels of superoxide anion at the end of the hypoxic-

ischemic and during the reperfusion-oxygenation period. The calcium overload induced by 

glutamate causes activation of calpain that activates xanthine oxidase, and its activity is 

favoured by the accumulation of hypoxanthine and xanthine during the hypoxic-ischemic 

period (Abramov et al. 2007). 

(iii) NADPH oxidase. It is activated in neurons, microglia, neutrophils and macrophages, 

playing a main role during the reperfusion-oxygenation period, increasing anion superoxide 

levels, also contributing to oxidative damage due to its role in the release of glutamate, 
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increasing excitotoxicity during the reperfusion-oxygenation period (Abramov et al. 2007; 

Wang et al. 2013). 

(iv) Nitric Oxide Synthase (NOS). Endothelial NOS is activated by hypoxia-ischemia to 

maintain the cerebral blood flow. Neuronal NOS is also activated during hypoxia-ischemia 

and during the reperfusion-reoxygenation period. NO produced by overactivation of both 

nNOS and iNOS contributes to brain damage. The formed NO increases nitronium free 

radicals, yielding reactive species, such as peroxynitrite, nitrogen dioxide and nitronium ion 

(NO2+), partly responsible of secondary neuronal damage. Also, NO can diffuse to 

neighbouring cells amplifying the damage (Pradeep et al. 2012) 

(v) Myeloperoxidase (MPO). It is a lysosomal enzyme secreted by leucocytes, as a 

response to oxidative stress. It generates hypochlorous acid (HOCl) that modifies lipids and 

proteins, causing local tissue damage and amplification of the inflammatory cascade. MPO 

is activated 48-72 h after reperfusion, promoting the dysfunction of the blood brain barrier, 

endothelium, and neurons (Matsuo et al. 1994; Like et al. 2002). 

 

Thereby, a reperfusion-reoxygenation event after hypoxic-ischemia triggers a metabolic 

cascade generating oxidant molecules and free radicals, such as NO, superoxide anion, 

hydrogen peroxide, hydroxyl radicals and peroxynitrite. The redox imbalance caused by 

these molecules leads to oxidative stress in the brain of neonates, resulting in apoptosis, 

lipid peroxidation, DNA and proteins oxidation, as well as inflammation (Wong et al. 

2008). 

The immature antioxidant status of the brain contributes also to oxidative stress. As 

mentioned above the immature brain has low levels and low activity of antioxidant 

enzymes, since the maturation of the antioxidant system correlates with brain maturation 

(Galkina et al. 2009). Thus, studies performed in 10, 20 and 90 days old rats demonstrated 

that the activity of cytoplasmic superoxide dismutase (SOD1), glutathione (GSH), and 

glutathione peroxidase (Gpx) increased along development (Galkina et al. 2009).  

 

Furthermore, the susceptibility of immature brain to oxidative stress is enhanced under the 

hypoxia-ischemia condition, due to the fact that oxidative stress induces downregulation of 

the expression of antioxidant enzymes, restricting the antioxidant defences of the immature 
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brain (Homi et al. 2002). The mechanism by which oxidative stress causes reduction of the 

expression of brain antioxidant enzymes is not well established, but it may be associated to 

epigenetic changes, as seen in myocardial and hepatic hypoxia-reperfusion models, in 

which a prolonged exposure to reactive oxygen species (ROS) causes downregulation of 

the expression of catalase, via hypermethylation of CpG islands in the catalase promoter 

(Quang et al. 2011). However, free radicals can also act directly on enzymes, modifying 

their activity, as evidenced by an oxidative stress model induced with cytokines in beta-

pancreatic cells, in which increased NO levels inhibited the activity of catalase, causing 

apoptosis (Sigfrid et al. 2003). 

Among several antioxidant systems (Figure 2), glutathione (GSH) is the main antioxidant 

of the brain, which is composed of three amino acids: glutamic acid, cysteine and glycine. 

GSH is found in the 2-3 mM concentration range in brain tissue, higher than in blood or 

cerebrospinal fluid (CSF) (Janaky et al. 2007). GSH levels increase along with brain 

development. Studies in cerebellum and neocortex showed low GSH levels at postnatal day 

3 and a maximum at postnatal day 7. From postnatal day 10 a gradual increase has also 

been observed, up to adult levels (Khan et al. 2003). GSH scavenges multiple oxidative 

species, such as superoxide, NO, hydroxyl radicals, and peroxynitrite. GSH is also an 

essential cofactor for glutathione peroxidase (Gpx), found at higher than catalase 

concentration in the brain. GPx plays a role reducing hydrogen peroxide and oxidized lipids 

(Janaky et al. 2007).  

In comparison with astrocytes, neurons are more susceptible to oxidative stress, due to 

lower levels of GSH. This led to the suggestion that astrocytes support the redox 

homeostasis of neurons, providing them with GSH and/or the precursors for the synthesis 

of GSH, such as cysteine, which enters into neurons via the excitatory amino acid carrier 1 

(EAAC1), facilitating neuronal GSH synthesis (Langeveld et al. 1995). The GSH levels are 

decreased under ischemia-reperfusion, as shown by cerebral ischemia-reperfusion models 

in rats. GSH levels were decreased in the striatum and hippocampus during reperfusion, 

accompanied by an increase in the levels of malondialdehyde (MDA) and reactive oxygen 

species (Shivakumar et al. 1995). The decrease in GSH levels is explained by decreased 

cysteine uptake by EAAC1, which is impaired under oxidative stress (Nieoullon et al. 

2006). 
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Superoxide dismutase (SOD) catalyses the dismutation of superoxide anion into H2O2. In 

mammals, there are three SOD isoforms, (i) cupper/zinc SOD (SOD1), present in the 

cytosol; (ii) manganese SOD (SOD2), present in the mitochondrial matrix, and (iii) 

extracellular SOD (SOD3), present in the extracellular space. In the immature brain, SOD1 

is widely expressed by neurons, mainly in neocortex, hippocampus and hypothalamus, but 

also under hypoxia-ischemia events. Glutamate excitotoxicity causes downregulation of the 

expression of SOD1 in neurons, resulting in increased susceptibility to oxidative damage 

(Mc Donald et al. 1990; Peluffo et al. 2005). Thus, SOD1overexpression has emerged as a 

neuroprotective target, although at post-natal day 7 the overexpression of SOD1 causes 

accumulation of H2O2 levels in brain of rats subjected to hypoxia-ischemia before birth, 

producing apoptosis of neurons and oligodendrocytes, also reducing the activity of 

glutathione peroxidase (GPx) at 2-24h after hypoxia-ischemia (Sheldon et al. 2004). These 

results suggest a possible role of H2O2 in neuronal damage induced by hypoxia-ischemia 

events, also that the immature brain accumulates more H2O2 than the mature brain after a 

hypoxia-ischemia insults (Lafemina et al. 2006), which may be explained by low catalase 

activity in the immature brain. Indeed, catalase levels do not increase together with brain 

development, in contrast with other antioxidant enzymes (De(Addya) et al. 1986). A 

comparative study in human foetal brain with 20-27 weeks of gestation demonstrated that 

catalase activity did not change between 12 and 27 weeks of gestation, but yes at 28 weeks 

of gestation, decreased in brain, in contrast to that observed in liver and kidney, where the 

enzyme activity increases in parallel with the advancement of pregnancy. In the same 

study, the activity of SOD increased in brain, liver and kidney, together with gestational 

weeks (De(Addya) et al. 1986). 

In hypoxia-reperfusion models performed in heart, liver and retina (Abou-El-Hassan et al. 

2011; He et al. 2006; Chen et al. 2011), the overexpression of catalase reduced H2O2 levels, 

preventing lipid peroxidation, DNA damage and protein oxidation. Also, catalase enhanced 

the activity of SOD, resulting in lower levels of superoxide anion and suppression of the 

activation of transcription factors NF-kB and AP-1, reducing the inflammation induced by 

ischemia-reperfusion (He et al. 2006). Furthermore, catalase has been shown to play a role 

in several neurological diseases. Thus, in mice Alzheimer models, increased catalase levels 

resulted in reduction of peptide beta-amyloid and ROS levels (Kassmann et al. 2007). The 
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absence of catalase in peroxisomes causes severe neurological disorders, such as Zellweger 

syndrome (Sheikh et al. 1998), resulting in defects in peroxisomal enzymes, reduction in 

the activity of electron transport chain and increased mitochondrial ROS, leading to death 

cell (Walton et al. 2012). 

 

1.6 Redox balance and energetic metabolism in neonatal brain under hypoxia-

ischemia conditions 

NAD+ and NADP+ are the main electron carriers sustaining cell metabolism and redox 

homeostasis (Massudi et al. 2012; Chong et al. 2003). NAD+ is used to drive oxidative 

phosphorylation, maintaining ATP levels according with cell needs (Stein et al. 2012). 

NAD+ also contributes to DNA repair by ADP-ribosylation mediated by PARP-1 

(Houtkooper et al. 2012).  

Oxidative stress induces DNA damage, leading to depletion of NAD+ by over-activation of 

PARP-1 (Berger 1985; Virag and Szabo 2002; Ying et al. 2010; Neira-Peña et al. 2015), as 

a consequence of energetic cell failure and decreased ATP synthesis (Klaidmanet al. 2003; 

Liu et al. 2009), resulting in cell death (Turunc et al. 2013). The administration of NAD+ 

precursors, such as nicotinamide ribose in a mouse sepsis model displayed prevention of 

oxidative stress and apoptosis by increasing NAD+ levels, which resulted in SIRT1 

activation (Hong et al. 2018).  

NADPH contributes to cell redox balance and proliferative fate, maintaining the activity of 

antioxidant enzymes, GSH:GSSG ratio and sustained cell repair, including DNA repair 

systems (Stincone et al. 2015; Riganti et al. 2012; Ying et al. 2008). The synthesis of 

NADPH can also be driven to either (i) the pentose phosphate (PPP), or (ii) the salvage 

pathway (Ying et al. 2008; Chakrabarti et al. 2015).  

The oxidative phase of the pentose phosphate pathway (Figure 3) starts with a shunt 

towards oxidation of glucose-6-phosphate to 6-phosphogluconolactone by glucose-6-

phosphate dehydrogenase (G6PDH), resulting in the formation of NADPH. Then, 6-

phosphogluconolactone is oxidised to 6-phosphogluconate, which, by oxidative 

decarboxylation mediated by 6-phosphogluconic dehydrogenase (6PGDH) produces a 

second molecule of NADPH, CO2 and ribulose 5-phosphate, converted then into ribose 5-

phosphate, required for the synthesis of nucleotides (Stincone et al. 2015). The NADPH 
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produced via this pathway is used as reduction molecule for lipid synthesis (fatty acid, 

cholesterol, and steroid hormones), detoxification, and also for maintaining the enzymatic 

activity of glutathione reductase (GR), an enzyme that reduces oxidized glutathione 

(GSSG) to yield reduced glutathione (GSH), therefore PPP contributes to maintain GSH 

levels (Stincone et al. 2015; Riganti et al. 2012).  

Glucose-6-phosphate dehydrogenase (G6PDH) is the limiting enzyme of PPP. The activity 

of this enzyme is dependent of the NADP+/NADPH ratio, so NADP+ acts as an allosteric 

modulator stabilizing the active conformation of the enzyme, whereas NADPH de-

stabilizes this conformation, inhibiting the activity of the enzyme (Stanton 2012). Under 

basal conditions, G6PDH has low activity, but it is increased under conditions of oxidative 

stress, lipid synthesis, DNA repair and synthesis, or detoxification, resulting in increased 

PPP flux (Cao et al. 2015). 

The non-oxidative phase of the PPP (Figure 3) converts pentoses-5-phosphate to hexoses 

monophosphate and triose phosphate, reincorporating them into the glycolytic pathway, or 

reintroducing them into the PPP (Riganti et al. 2012). The ribose-5-phosphate and xylulose 

5-phosphate are converted into glyceraldehyde 3-phosphate and sedoheptulose 7-phosphate 

by transketolase (TKT), subsequently, converted into fructose 6-phosphate and erythrose 4-

phosphate by transaldolase (TALDO). The erythrose 4-phosphate produces fructose 6-

phosphate and glyceraldehyde 3-phosphate, which can either be metabolized in the 

glycolytic pathway or reintroduced into the PPP (Stincone et al. 2015). TALDO is the rate-

limiting enzyme of the non-oxidative PPP and its increased activity contributes to increase 

susceptibility to oxidative stress, reducing GSH and NADPH levels (Kuehne et al. 2015; 

Riganti et al. 2012).  

Under hypoxia-ischemia conditions the shunt of glucose-6-phosphate to PPP is dependent 

upon TIGAR (Tp53-inducible glycolysis and apoptosis regulator) for yielding NADPH, 

identified as a p53-inducible gene (Bensaad et al. 2006; Li et al. 2014; Cao et al. 2015). 

TIGAR acts as a phosphofructokinase. It presents sequence homology with the bi-

phosphatase domain (FBPase-2) of PFK-2/FBPase-2 (6-phosphofructo-2-kinase/fructose-

2,6-bisphosphatase), which degrades fructose-2,6-bisphosphate (Fru-2,6-P2), inhibiting 

glycolysis, resulting in the glucose-6-phosphate shunt of the PPP (Bensaad et al. 2006). In 

brain hypoxia-ischemia, there is a high correlation between TIGAR and NADPH and GSH 
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levels, resulting in decreased susceptibility of cells to oxidative stress, apoptosis and DNA 

damage (Li et al. 2014; Chen et al. 2018; Yu et al. 2015). TIGAR expression decreases 

along development, achieving low levels in the adult brain, compared to the neonatal brain 

(P1 to P30), period showing the highest TIGAR levels (Li et al. 2014). In models of 

cerebral ischemia in adult mice, ROS has a role in the induction of TIGAR during 

reperfusion and/or reoxygenation. In a model of primary cortical neurons, the exposition to 

H2O2 (30 μM) up-regulated TIGAR, while NADPH blocked this effect (Sun et al. 2015). In 

contrast, neonatal brain exposed to hypoxia-ischemia displayed a reduced PPP activity after 

the insult, correlating with a reduction of glutathione reductase activity (by 50%) (Brekke et 

al. 2014).  

The salvage pathway for NADPH synthesis (Figure 4) is coupled to NAD+ synthesis from 

nicotinamide (Ying et al. 2008). Niacin (vitamin B3) exists as nicotinamide or nicotinic 

acid, available from dietary (Poljsak et al. 2016). In mammals, nicotinamide ribose is 

known as the only precursor supporting NAD+ synthesis. NADPH generation can be driven 

by the NAD+ salvage pathway via NAmPRT, which catalyses the transfer of the 

phosphoribosyl group from 5-phosphoribosyl-1-pyrophosphate to nicotinamide, forming 

nicotinamide mononucleotide and pyrophosphate. NAD+ generation can then be coupled to 

NAD+ kinase (NADK) activity to generate NADP+ that can then be reduced to NADPH 

through the PPP pathway (Massudi et al. 2012). 

Nicotinamide plays a role as a precursor of NAD+ and NADP+, replenishing exchangeable 

nucleoside phosphate pools. Both, nicotinamide and ribose analogues contribute to increase 

NAD+ levels in brain models of cerebral ischemia (Park et al. 2016; Vaur et al. 2017). In 

models of oxidative stress in vitro, it has been demonstrated that nicotinamide can inhibit 

lipid peroxidation started by hydroxyl radicals and superoxide anions (Kamat et al. 2009). 

In consequence, intraperitoneal administration of nicotinamide for 7 days in a rat model of 

Alzheimer’s disease has demonstrated a protective role, reducing oxidative stress and 

apoptosis induced by amyloid β peptide 1-42 (Turunc et al. 2013). A decrease of PARP1 

over-activation, NF-κβ up-regulation and increased catalase and glutathione peroxidase 

enzymatic activity was found in hippocampus and neocortex from rats treated with 

nicotinamide 100 and 500 mg/Kg (Turunc et al. 2013). Similar results were found in 

diabetic rats orally treated with 200 mg/kg of nicotinamide, showing an increase in the 
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expression of antioxidant enzymes, such as SOD and catalase in liver (John et al. 2012). 

The neuroprotective effect of nicotinamide in perinatal asphyxia has been evaluated by 

intraperitoneal administration of repeated or a single dose of nicotinamide (0.8 mmol/kg, 

i.p.) 1h after asphyxia (Klawitter et al. 2006; 2007), yielding an intracerebral concentration 

of 10 µM of nicotinamide for approximately 5 hours, as monitored by in vivo microdialysis 

(Allende-Castro et al. 2013). In a model of global PA in vivo, nicotinamide produced a 

reduction of apoptosis and neuroinflammation, via decreasing PARP1 over-activation 

(Neira-Peña et al. 2015; Bustamante et al. 2003; Allende-Castro et al. 2013).  
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1.7 Purpose of Thesis 

In hypoxia-ischemia models of neonatal brain, the activation of molecular events has been 

described to be associated to excitotoxicity, calcium overload and inflammation, 

contributing to the progression of brain damage. Although, all these consequences are 

associated to free radicals and redox misbalance, their contribution to brain damage have 

been described in most studies to occur during the first hours of the reperfusion-

oxygenation period. Indeed, the neonatal brain is highly susceptible to oxidative stress and 

antioxidant therapies have been proposed to restore the redox balance and death cell in 

ischemia models. 

In this Thesis, the effect of perinatal asphyxia on redox homeostasis associated to the 

progression of brain damage has been studied, using a model of perinatal asphyxia in rat 

characterized by global asphyxia, producing severe hypoxia, simulating a clinical condition 

affecting human babies.  

The following aims have been proposed: 

(i) The first aim was to determine whether severe perinatal asphyxia in rat produces an 

alteration of redox homeostasis, sustained along the time, affecting brain areas described as 

highly susceptible to hypoxia-ischemia. Hereby, focusing on mesencephalon, hippocampus 

and telencephalon, showing differences in maturation timing and susceptibility to hypoxia 

insults. Redox homeostasis was studied from P1 to P14, a time period under which 

perinatal asphyxia induces delayed cell death in rat neonatal brain, determining a 

relationship between redox homeostasis and delayed cell death. 

(ii)  The second aim of this Thesis was to determine the contribution of redox balance to 

brain damage induced by perinatal asphyxia, focusing on hippocampus, a brain area highly 

susceptible to oxidative stress. The impaired redox homeostasis was restored by 

nicotinamide, a precursor of NAD+/NADP+. The effect of nicotinamide on the 

consequences of perinatal asphyxia was evaluated at P1 and P14.  
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1.7.1 Hypothesis 

The progression of brain damage during a delayed cell death period in vulnerable brain 

areas of animals exposed to perinatal asphyxia is associated with sustained oxidative stress 

along development, impairing redox homeostasis. Nicotinamide enhances the response of 

glutathione-dependent enzymes by a pentose phosphate dependent pathway, preventing the 

progression of asphyxia-dependent brain damage. 

1.7.2 General Aims  

(a) To determine whether perinatal asphyxia induces a sustained oxidative stress during a 

period of delayed cell death in vulnerable brain areas. 

(b) To determine whether perinatal asphyxia and nicotinamide induces a modulation of 

glutathione dependent-antioxidant and brain damage cell responses in hippocampus. 

 

1.7.3 Specific Aims  

(i) To evaluate oxidative stress in the brain of rats exposed to global perinatal 

asphyxia, measuring GSSG:GSH ratio and iron reducing capacity (FRAP), focusing 

on mesencephalon, hippocampus and telencephalon at postnatal days 1, 3, 7 and 14.  

 

(ii) To evaluate the removal of peroxide hydrogen in brain of rats exposed to global 

perinatal asphyxia, measuring the expression and activity of catalase, focusing on 

mesencephalon, hippocampus and telencephalon at postnatal days 1, 3, 7 and 14.  

 

(iii) To evaluate delayed cell death in brain of rats exposed to global perinatal 

asphyxia, measuring caspase-3 protein levels, focusing on mesencephalon, 

hippocampus and telencephalon at postnatal days 1, 3, 7 and 14.  
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(iv) To evaluate the effect of perinatal asphyxia and nicotinamide on glutathione, 

measuring reduced and oxidized glutathione levels, determining the GSSG:GSH 

ratio as an index of oxidative stress in the hippocampus of neonatal rats 1 and 14 

days after birth. 

 

(v) To evaluate the effect of perinatal asphyxia and nicotinamide on the removal of 

hydrogen peroxide, measuring glutathione peroxidase activity together with protein 

levels and enzymatic activity of catalase in the hippocampus of neonatal rats 1 and 

14 days after birth.  

 

(vi) To evaluate the effect of perinatal asphyxia and nicotinamide on the pentose 

phosphate pathway, measuring TIGAR protein levels and glutathione reductase 

activity in the hippocampus of neonatal rats 1 and 14 days after birth. 

 

(vii) To evaluate the effect of perinatal asphyxia and nicotinamide on cell damage, 

measuring XRCC1 protein levels and calpain activity in the hippocampus of 

neonatal rats at 1 and 14 days after birth.  
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Chapter 2 

 

Materials and Methods 
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2.1 Materials 

2.1.1 Reagents and solvents 

Acetic Acid, ACS for analysis. WINKLER; Product code: AC-0030; Lot: LTBP111017; 

FW: 60.05 g/mol; Purity: ≥ 99.7 %. 

40% Acrylamide/Bis Solution, 19:1. BIORAD; cat: 1610154; control: 64061776. 

Alkylphenoxypolyethoxy ethanol (Triton X-100). New England Nuclear; Product code: 

NEF-936; Lot: 054TX1. 

Ammonium persulfate (APS), for molecular biology. WINKLER; Product code: BM-

0250; Lot: K4398301; FW 228.19 g/mol; Purity: 98.7%. 

2-β Mercaptoethanol, for molecular biology. WINKLER; Product code: BM-1200; Lot: 

2571C508; FW: 78.13 g/mol; Purity: ≥ 99.5 %; Humidity: 0.25%. 

β-Nicotinamide adenine dinucleotide 2-phosphate reduced tetrasodium salt hydrate 

(NADPH). SIGMA ALDRICH; Product code: N1630; Lot: SLBM0996V; FW: 833.35 

g/mol; Purity (hplc): ≥ 93 %. 

β-Nicotinamide adenine dinucleotide 2-phosphate reduced tetrasodium salt hydrate 

(NADPH). MP Biomedicals LCC; Product code: 151742; Lot: QR10019; FW: 833.4 

g/mol; Purity (hplc): ≥ 93 %. 

Bovine Serum Albumine, for molecular biology. WINKLER; Product code: BM.0150; 

Lot: 1262C458; Purity: 100 %; Humidity: 0.4267%. 

Butanol, HPLC grade. MERCK; Product code: 9628; Lot: 6931513; FW: 74.12 g/mol; 

Density: 0.81 kg/l. 

Brilliant Blue R, pure. SIGMA-ALDRICH; Product code: B7920; Lot: MKBS9408V; FW 

825.97 g/mol; Purity (HPLC) ≥ 70 %. 

Bromophenol blue, analytical grade. WINKLER; Product code: AZ-0395; Lot: WE1029; 

FW 60.06 g/mol. 

Chloride acid (HCl), ACS for analysis. WINKLER; Product code: AC-0065; Lot: 507141; 

Density: 1.184 kg/l; Purity: ≥ 37.3 %. 

Chloride acid (HCl), ACS for analysis. WINKLER; Product code: AC-0065; Lot: 729141; 

Density: 1.184 kg/l; Purity: ≥ 36.5-38 %. 
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Deoxycholic Acid, Sodium Salt (C24H39O4Na), for molecular biology. WINKLER; 

Product code: BM-0035; Lot: 3341C100; FW 414.57 g/mol; Purity: 103.7 %; Humity: max. 

5.0%. 

Dithiothreitol (DTT), molecular biology grade. WINKLER; Product code: BM-0665; Lot: 

6N012910; FW 154.25 g/mol; Purity: 99.5%. 

5,5 Dithiobis(2-nitrobenzoic acid) DTNB, ≥ 98 %, Bioreagent. SIGMA-ALDRICH; 

Product code: D8130; Lot: SHBF3784V; FW 396.35 g/mol. 

Ethylenediaminetetraacetic acid (EDTA), for molecular biology. WINKLER; Product 

code: BM-0680; Lot: 20072568; FW 372.24 g/mol; Purity: 100.0 %. 

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), for 

molecular biology. WINKLER; Product code: BM-0693; Lot: 1499B506; FW 380.35 

g/mol; Purity: 99.12%; Humity: 0.8848%. 

Glycerol, EMSURE Reagent PhEur for analysis. MERCK; Product code: 1.04094.1000; 

Lot: Z0313094406; Density: 1.23 kg/l; Purity (GC): ≥ 84.5-85.5 %; Humidity: 14.5-15.5%. 

Glycine (Gly), for molecular biology. WINKLER; Product code: BM-0820; Lot: 

7T011330/0544c518; FW 75.07 g/mol; Purity: min 99.6 %. 

Hydrogen peroxide 30% (H2O2), Perhydrol p.a. Pro analysis. MERCK; Product code: 

1072010.1000; Lot: K36414310704; Density: 1.11 g/cm3. 

Iron(III) Chloride anhydrous for synthesis. MERCK; Product code: 803945; FW 162.20 

g/mol; Purity: ≥ 98%. 

L-glutathione oxidized (GSSG). SIGMA ALDRICH; Product code: G4376; Lot: 

SLBM9313V; FW: 612.63 g/mol; Purity (hplc): ≥ 98 %. 

L-glutathione reduced (GSH). SIGMA ALDRICH; Product code: G4251; Lot: 

SLBH7927V; FW: 307.32 g/mol; Purity (hplc): ≥ 98 %. 

Meta-Phosphoric acid, ACS reagent chips, 35.5-36.5 %. SIGMA-ALDRICH; Product 

code: 239275; Lot: MKBT0873V; FW 79.98 g/mol. 

Metanol, EMSURE for analysis. MERCK; Product code: 1.06009.2511; Lot: I865309701; 

FW: 32.04 g/mol; Density: 0.792 kg/l. 

Niacinamide (Nicotinamide). SIGMA Aldrich; Product code: N-3376; Lot: 111K0026; 

FW 122.1 g/mol; Purity (HPLC) ≥98%. 
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N, N, N′, N′-Tetramethylethylenediamine (TEMED), for molecular biology. WINKLER; 

Product code: BM-1970; Lot: 0304C531/0430C516; FW 116.21 g/mol; Purity: 99.9%. 

Polyoxyethylenesorbitanmonolaurate (TWEEN 20), molecular biology reagent. MP 

Biomedicals, LLC; Product code: 11TWEEN201; Lot: Q1831; FW 116.21 g/mol; Purity: 

99.9%; Water Content: 2.2%; Density (25°C): 1.11 g/ml. 

Ponceau S, practical grade. SIGMA-ALDRICH; Product code: P3504; Lot: MKBB2133; 

FW 760.58 g/mol. 

Potassium phosphate monobasic (KH2PO4), for molecular biology. WINKLER; Product 

code: PO-1290; Lot: 004404; FW 136.09 g/mol; Purity: min 99.3 %; Humidity: 0.01%. 

Potassium phosphate dibasic anhydride (K2HPO4), for analysis. Mallinckrodt; Product 

code: 7092; Lot: 7092V33D07; FW 174.18 g/mol; Purity: min 99.6 %; Humidity: 0.08%. 

Potassium Ferricyanide (K3Fe(CN)6•3H2O) grade I. SIGMA ALDRICH; Product code: 

P-8131; Lot: 14C2730; FW:329.3 g/mol ; Purity: 99 %. 

Potassium Ferrocyanide (K4Fe(CN)6•3H2O). SIGMA ALDRICH; Product code: 455989; 

Lot: 470527; FW:422.39 g/mol ; Purity: 99.95 %. 

Phenylmethylsulfonyl fluoride (PMSF: C7H7FO2S), for molecular biology. WINKLER; 

Product code: 713482; Lot: 1382C519; FW 174.19 g/mol; Purity: 99.9%. 

Sodium Chloride (NaCl), for analysis. WINKLER; Product code: SO-1455; Lot: IB-

1601009; FW 58.44 g/mol; Purity: min 99.0 %. 

Sodium dodecyl sulfate (SDS), for molecular biology. WINKLER; Product code: BM-

1650; Lot: 0264C513; FW 288.38 g/mol; Purity: min 99.0 %. 

Sodium hydroxide (NaOH), for molecular biology. WINKLER; Product code: 105470; 

Lot: BH20100608; FW 40 g/mol; Purity: min 99.0 %. 

Sodium Fluoride (NaF), for analysis. MERCK; Product code: 6449; Lot: 538174; FW: 42 

g/mol; Purity (GC): ≥ 84.5-85.5 %; Humidity: 0.1%. 

Sodium orthovanadate (Na3VO4), for molecular biology. SIGMA Aldrich; Product code: 

S6508; Lot: 096K0122; FW 183.91 g/mol; Minimum 90% titration. 

Sodium phosphate dibasic (Na2HPO4), for molecular biology. WINKLER; Product code: 

SO-1490; Lot: 206917; FW 141. 96 g/mol; Purity: min 99.53 %; Humidity: 0.017%. 
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Sodium phosphate dibasic (Na2HPO4·12H2O), for molecular biology. WINKLER; 

Product code: SO-1497; Lot: 293276; FW 358.14 g/mol; Purity: min 99.7 %; Humidity: 

57.0-61.0%. 

Sodium phosphate monobasic (NaH2PO4·H2O), for molecular biology. WINKLER; 

Product code: SO-1500; Lot: 831201; FW 137.99 g/mol; Purity: min 99.4 %; Humidity: 

57.0-61.0%. 

Trichloroacetic acid, ACS reagent ≥ 99.0 %. SIGMA-ALDRICH; Product code: T6399; 

Lot: STBF5881V; FW 163.39 g/mol. 

Triethanolamine, GR for analysis. MERCK; Product code: 1.08379.1000; Lot: 

K46623479528; FW 149.19 g/mol; Purity (GC): ≥ 99.0 %; Humidity: 0.2%. 

Tris(hidroximetil)aminometano (Tris), for molecular biology. WINKLER; Product code: 

BM-2000; Lot: 2837C166; FW 121.14 g/mol; Purity: 100.0 %; Humity: 0.1%. 

4-Vinylpyridine, contains 100 ppm hydroquinone as inhibitor. SIGMA-ALDRICH; 

Product code: V3704; Lot: STBD7497V; FW 105.14 g/mol; Purity (GC): ≥ 94.5 %. 

 

2.1.2 Antibodies and Proteins 

α-tubulin, alpha tubulin monoclonal antibody DM1A. Thermo Fisher Scientific, 

Product: 62204. 

Albumin Standard from bovine serum albumin. Thermo Scientific; Product code: 

23209; Lot: OG189315; 2.0 mg/ml in a 0.9% aqueous NaCl solution containing sodium 

azide. 

β-actin, beta actin loading control anti-mouse monoclonal antibody BA3R. Thermo 

Fisher Scientific. Product: MA515739; Lot: RE233986. 

Catalase from bovine liver, lyophilized powder. SIGMA ALDRICH; Product code: 

C9322; Lot: SLBG1321V; 2000-3000 units/ mg protein. 

Catalase Rabbit polyclonal antibody. Thermo Fisher scientific; Product: PA5-23246; 

Lot: RJ2282482A and Lot: SG2423797. 

Complete Tablets EDTA-free, EASYpack, Protease Inhibitor Cocktail Tables. Roche; 

Product code: 04693132001; Lot: 15205300. 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP. PIERCE THERMO 

SCIENTIFIC. Prod: 31460; Lot: QC214563. 
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Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP. PIERCE THERMO 

SCIENTIFIC. Prod: 31430; Lot: QB213868. 

Glutathione reductase from baker’s yeast (S. cerevisae), Ammonium sulphate 

suspension. SIGMA ALDRICH; Product code: G3664; Lot: SLBK1185V; 100-300 

units/mg protein (biuret); 0.28 ml; 9.5 mg protein/ ml (biuret); 189 units/ mg protein. 

Procaspase-3 and cleaved caspase-3 (Rabbit mAb 9665S). Cell signalling technology; 

Product code: 8G10; Lot: 7; Ref: 08/2016. 

Protease Inhibitor Cocktail Set III, EDTA-free Calbiochem; Product code: 539134; Lot: 

D00163193. 

TIGAR Rabbit polyclonal. Thermo Fisher scientific. Product: PA5-20346; Lot: 

TF2587492. 

XRCC1 Rabbit polyclonal. Abcam. Product: ab58465; Lot: 372659. 

 

2.1.3 Other materials and software 

AccuRuler RGB PLUS Prestained protein Ladder, 10-250 kDa. MAESTROGEN; 

Product code: 02102-250; Lot: 10008762 rev C. 

Bench Mark Prestained Protein Ladder, 10-250 kDa. Invitrogen; Product code: 10748-

010; Lot: 1671922 

Catalase specific activity assay kit. ABCAM; Product code: ab118184; Lot: GR166857-

13; GR236418-5. 

Calpain activity fluorometric assay kit. SIGMA ALDRICH; Product code: MAK228-

1KT; Lot: SLBZ9179. 

Mini Trans-Blot Filter paper. Biorad; Product code: 1703932; Lot: 110371. 

PageRuler Plus Prestained Protein Ladder 10-250 kDa. Thermo Scientific; Product 

code: 26619; Lot: 00321631; 00311589. 

Pierce BCA Protein Assay reagent B. Thermo scientific; Product code: 23224; Lot: 

QF217388. 

Pierce BCA Protein Assay reagent A. Thermo scientific; Product code: 23223; Lot: 

QL226800. 

Precision Plus Protein Western C Standards, 10-250 kDa. BioRad; Product code: 161-

0376; Lot: 10008762 rev C. 
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Protan Whatman Pure Nitrocellulose Transfer and immobilization membrane. Perkin 

Elmer; Product code: NBA083C001EA; Lot: G4032136; Pore size: 0.2 µm. 

ProtanTM Pure Nitrocellulose membrane. Perkin Elmer; Product code: NBA085C001EA; 

Lot: A10052898; Pore size: 0.45 µm. 

WT PLUS ECL Enhanced chemiluminescence substrate. Perkin Elmer. Lot: 203-15021; 

Nº NEL104001EA. 

XLSTAT software, version 2018. 20.1.49878 (ADDINSOFT SARL, Paris, France). 

 

2.1.4 Instruments and equipment 

ChemiScope 3400. ClinX Sciences Instruments Co, Ltd. Model Nº 3400; Serial Nº 89348. 

Electrophoresis Chamber. BIORAD; model Mini PROTEAN Tetra Cell; Serial Nº: 

552BR174397. 

Magnetic Stirrer. IKA LABORTECHNIK; Model JK RCT basic Nº 00.037175; Serie 

79219. 

Multispin. BIOSCAN Model MSC6000; Nº 010211-1204-0058. 

Multiplate Reader Synergy HT equipment. Biotek Instruments, Inc. Serial Nº 269167 

Orbit™ LS Low Speed Orbital Shaker. S2030-LS-B. 

pH meter. HANNA Instruments; Model HI111 pH/ORP meter; Serie A57760. 

Select Heat dry block heater. Select Bioproducts. Model SBD110-2; Serial Nº 

SA1127326. 

Transfer chamber. BIORAD; model Mini PROTEAN 3 Cell; Serial Nº: 525BR061820. 

Waterbath. Memmert; Type WB14; Nº 14011587. 

Newborn rat brain slicer. Zivic Instruments Pittsburgh, PA 15237. 
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2.2 Methods 

2.2.1 Animals 

Wistar albino rats from the animal station of the Molecular & Clinical Pharmacology 

Programme, ICBM, Faculty of Medicine, University of Chile, Santiago, Chile, were used 

along the experiments. The animals were kept on a temperature- and humidity-controlled 

environment with a 12/12-h light/dark cycle, with access to water and food ad libitum when 

not used in the experiments, monitoring permanently the wellbeing of the animals by 

qualified personnel. 

 

2.2.2 Ethic Statement 

All procedures were conducted in accordance with the animal care and use protocol 

established by a Local Ethics Committee for experimentation with laboratory animals at the 

Medical Faculty, University of Chile (Protocol CBA# 0722 FMUCH) and by an ad-hoc 

commission of the Chilean Council for Science and Technology Research (CONICYT), 

endorsing the principles of laboratory animal care (NIH; No. 86-23; revised 1985). Animals 

were permanently monitored (on 24 h basis) regarding well-being, following the ARRIVE 

guidelines for reporting animal studies (www.nc3rs.org.uk/ARRIVE). 

 

2.2.3 Perinatal asphyxia Model 

Pregnant Wistar rats within the last day of gestation (G22) were euthanized by neck 

dislocation and hysterectomised. One or two pups per dam were removed immediately and 

used as non-asphyxiated caesarean-delivered controls (CS). The remaining foetuses-

containing uterine horns were immersed into a water bath at 37 °C for 21 min (asphyxia-

exposed rats, AS). Following asphyxia, the uterine horns were incised and the pups 

removed, stimulated to breathe and, after an approximately 40 min observation period on a 

warming pad, evaluated with an Apgar scale for rats, according to Dell’Anna et al. 1997 

and nurtured by a surrogate dam. The Apgar parameters were monitored up to P14, 

comparing the same CS and AS cohorts. 

  

http://www.nc3rs.org.uk/ARRIVE)
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2.2.4 Nicotinamide Treatment 

One hour after birth, asphyxia-exposed and control rats were divided into 6 experimental 

groups: Control (CS), Control+Vehicle (CS Veh.), Control +Nicotinamide (CS Nicot.), 

Asphyxia (AS), Asphyxia+Vehicle (AS Veh.) and AS+Nicotinamide (AS Nicot.).  

The nicotinamide group (CS Nicot. and AS Nicot.) was injected intraperitoneally with a 

single dose of nicotinamide (Sigma, St. Louis, MO, USA) 0.8 mmol/kg, i.p. (diluted in 

0.9% NaCl) in a volume of 0.1 mL/ kg body weight. The vehicle group (CS Veh and AS 

Veh) received 0.9 % NaCl in a volume of 0.1 mL/ kg body weight, injected 

intraperitoneally.  

 

2.2.5 Tissue sampling  

AS and CS rats (females and males) were euthanized at postnatal days (P) 1, 3, 7 or 14. The 

brain was quickly removed for dissecting out mesencephalon, hippocampus and 

telencephalon. For experiments evaluating the effect of nicotinamide on redox homeostasis 

the animals were euthanized at postnatal days (P) 1 and 14 by rapid decapitation. The brain 

was quickly removed for dissecting out the hippocampus. The procedure was performed on 

ice, using a newborn rat brain slicer (Zivic Instruments Pittsburgh, PA 15237 USA). The 

samples were stored at − 80 °C for further experiments. 

 

2.2.6 Glutathione determination 

Sample preparation. The hippocampus was homogenized in 40 μL 0.1 M potassium 

phosphate buffer with 5 mM EDTA disodium salt, pH 7.5. The recollected supernatant was 

deproteinated by adding 20 μL of previously cold 5% metaphosphoric acid and 10 μL of 

10% trichloroacetic acid. The mixture was kept on ice for 5 min and centrifuged at 5,000 

rpm, 4°C, for 5 min. The supernatant was transferred to fresh Eppendorf tubes and used for 

total GSH and GSSG determination during the same day.  

Total GSH measurement by recycling method. Twenty microliters of de-proteinated 

samples were added to a microplate of 96 wells containing 200 μL of incubation buffer 

(500 μL 20% β-NADPH, 200 μL 6 mM DTNB and 300 μL H2Od) to allow the oxidation 

of GSH by DTNB, resulting in the formation of GSSG and TNB. Then, 5 μL of glutathione 

reductase (266 U/ml, adding baker’s yeast S. cerevisiae 100–300 units/mg protein, Sigma 
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Aldrich, Saint Louis, MO, USA) were added to allow the recycling of GSSG to GSH. The 

absorbance of TNB was measured at 412 nm each 10 s for 1 min in a Multi-Mode 

Microplate Reader (Synergy HT Biotek Instruments, Inc., Winooski, VT, USA). The rate of 

TNB formation is directly proportional to the recycling reaction which is directly 

proportional to total GSH in samples.  

GSSG measurement by derivatization. Fifty microlitres of de-proteinated samples were 

mixtured with 1 μL 4-vinylpyridine (1:10 in phosphate buffer) to allow the derivatization of 

GSH, leaving only GSSG for quantification. The derivatization mixture was vigorously 

stirred in a vortex and incubated for 1 h under dark at room temperature and stirring. Then, 

3 μL triethanolamine (1:100 in phosphate buffer) was added to each sample, mixed 

vigorously in a vortex and incubated at room temperature for 10 min while stirring, leading 

to neutralization of excess of 4-vinylpyridine. Then, twenty microliters of the derivatized 

samples were added to a microplate of 96 wells containing 200 μL of incubation buffer, and 

5 μL of glutathione reductase (to reduce GSSG and to allow recycling reaction). The 

absorbance of TNB was measured at 412 nm each 10 s for 1 min in a Multi-Mode 

Microplate Reader as above. The rate of formation TNB is directly proportional to the 

recycling reaction which is directly proportional to GSSG in samples. 

Analysis. Standard curves were set up for GSH, 5–60 μM and GSSG, 0.25–3.0 μM. 

(Sigma-Aldrich, Saint Louis, MO, USA). The change of absorbance (ΔA412nm) over 1 

minute was calculated for standard solutions and samples by linear regression (A vs time), 

the corrected ΔA412nm was obtained by subtraction of ΔA412nm blank sample.  The 

corrected ΔA412nm was used to determine the concentration of total GSH and GSSG by 

interpolation into respective standard curves (ΔA412nm vs concentration). Total GSH and 

GSSG concentration was expressed in micromole per milligram of total protein. GSH (total 

GSH-2GSSG) was determined to calculate the GSSG:GSH ratio. 
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2.2.7 Reducing power Assay (Potassium Ferricyanide Reducing Assay, FRAP).  

The effect of PA on glutathione levels and oxidative stress can be associated with 

antioxidant reduction capacity. Thus, global antioxidant capacity, FRAP, was assessed by 

spectrophotometry (Benzie and Strain 1996; Perez-Lobos et al. 2017). The antioxidant 

potential of each brain sample was determined by a reducing power assay (Oyaizu 1986). 

Brain samples were homogenised in 0.1 M phosphate buffered saline (PBS), 5 mM EDTA, 

1 mM EGTA, 10 mM NaF and a protease inhibitory cocktail, CALBIOCHEM set III). The 

homogenised samples were incubated for 20 min on ice, centrifuged at 10,000 rpm, 4 °C, 

for 10 min and the supernatant was transferred to fresh Eppendorf tubes. Fifty microlitres 

of the supernatant was added to 300 μL 0.1M phosphate buffer pH 6.6 and 300 μL 1% 

potassium ferricyanide (K3Fe(CN)6•3H2O). The mixture was incubated at 50 °C for 25 

min. Then, 300 μL 10% trichloroacetic acid was added to the mixture and incubated on ice 

for 5 min. The supernatant was obtained by centrifugation at 14,000 rpm, 4 °C, for 10 min. 

Five hundred microliters of the supernatant was mixed with 60 μL 0.1% chloride ferric and 

300 μL distilled water. The mixture was vigorously stirred in a vortex and incubated for 5 

min at room temperature. The absorbance was measured at 700 nm in a Multi-Mode 

Microplate Reader (Synergy HT Biotek Instruments, Inc. Winooski, VT, USA). Aqueous 

solutions of a known Fe (II) concentration, in a range of 100–1000 μM (potassium 

ferrocyanide K4Fe(CN)6•3H2O), were used for the calibration curve. The absorbance of 

blank was subtracted from the absorbance of each sample. The corrected absorbance values 

were interpolated to the calibration curve. The values were expressed as micromolar of Fe 

(II) equivalents per microgram of total protein. All measurements were performed in 

triplicates for each tissue homogenate. 

 

2.2.8 Glutathione Reductase Activity  

Sample preparation. Brain samples were homogenized in 100µL 0.2 M potassium 

phosphate buffer pH 7.6 with 2mM EDTA, supplemented with 2 μL protease inhibitor 

cocktail (1 mM sodium orthovanadate; 1 mM PMSF; 5mMEDTA; 1mMEGTA; 

10mMNaF, and protease inhibitors, CALBIOCHEM set III). A syringe attached to 27 

gauge needles was used for lysing the tissue on ice. Samples were centrifuged at 14,000 

rpm, for 10 min at 4 °C. Supernatant was collected to fresh Eppendorf tubes and used for 
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Glutathione reductase activity determination during the same day. 

 

Glutathione reductase activity by spectrophotometry assay. Twenty microliters of samples 

were added to a microplate of 96 wells containing 100 μL of potassium phosphate buffer 

pH 7.6; 10 μL of 20 mM GSSG and 10 μL 2 mM NADPH. The absorbance was measured 

at 340 nm in 15 s intervals for 5 min at 25ºC in a Multi-Mode Microplate Reader (Synergy 

HT Biotek Instruments, Inc. Winooski, VT, USA). 

 

Analysis. Standard solutions of Glutathione reductase among 5–25 mU/mL (266 U/ml, 

adding baker’s yeast S. cerevisiae 100–300 units/mg protein, Sigma Aldrich, Saint Louis, 

MO, USA) were prepared into 0.2 M potassium phosphate buffer pH 7.6 with 2mM EDTA. 

The absorbance values at 340 nm were obtained according procedure applied for samples. 

The change in absorbance (ΔA340nm) over 5 min for each standard solution was obtained 

for setting up a calibration curve between ΔA340nm and glutathione reductase activity (5–

25 mU/mL). For samples the ΔA340nm over 5 min were obtained and by linear regression 

in calibration curve, the GR activity was determined into samples expressed as mU/mL per 

microgram of total protein.  

 

2.2.9 Glutathione Peroxidase Activity  

Sample preparation. Brain samples were homogenized in 100µL 50 mM potassium 

phosphate buffer pH 7.4 with 5mM EDTA (assay buffer) supplemented with 2 μL protease 

inhibitor cocktail (1 mM sodium orthovanadate; 1 mM PMSF; 5mMEDTA; 1mMEGTA; 

10mMNaF, and protease inhibitors, CALBIOCHEM set III). A syringe attached to 27 

gauge needles was used for lysing the tissue on ice. Samples were centrifuged at 14,000 

rpm, for 10 min at 4 °C. Supernatant was collected to fresh Eppendorf tubes and used for 

Glutathione peroxidase activity determination during the same day. 

 

Glutathione peroxidase activity measurement. 100 microliters of sample or NADPH 

standard solution (10–120 nmol) was added to a microplate of 96 wells containing 50 μL of 

reaction buffer (20 μL 40 mM NADPH; 2 μL Glutathione reductase 5 mU/mL; 2 μL 2 mM 

GSH and 33 μL assay buffer). The plate was incubated for 15 minutes at room temperature. 
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Thereafter 100 μL 3% H2O2 was added. The absorbance was measured at 340 nm in 5 

minute intervals for 30 minutes at 25ºC in a Multi-Mode Microplate Reader (Synergy HT 

Biotek Instruments, Inc. Winooski, VT, USA). 

 

Analysis. The change of absorbance (ΔA340nm) over 30 minutes for each NADPH 

standard solution was determined and the calibration curve between ΔA340nm and 

concentration of NADPH in nmol was set up. The ΔA340nm for samples was used to 

determine the glutathione peroxidase activity by linear regression in calibration curve. The 

glutathione peroxidase activity was expressed as nmol NADPH/min/mL per microgram of 

total protein.  

 

2.2.10 Protein extraction and protein content determination 

Brain tissue was homogenised in RIPA lysis buffer (50mMTris-HCl, pH 7.2, 0.15 M NaCl, 

1.0 mM EDTA, 0.1% SDS, 1.0% Triton X-100, 1.0% sodium deoxycholate) supplemented 

with phosphatase and protease inhibitors (1 mM sodium orthovanadate, 1 mM PMSF, 5 

mM EDTA, 1 mM EGTA, 10 mM NaF and a protease inhibitor cocktail, CALBIOCHEM 

set III). Tissue was lysed, by passing it through 21 and then 27-gauge needles, ten times. 

The lysates were incubated on ice for 20 min and centrifuged at 13,500 rpm, 4 °C, for 20 

min. The supernatant was transferred to fresh Eppendorf tubes, and stored at -80°C pending 

further experiments. Protein concentration was determined using a commercially available 

bicinchoninic acid (BCA) assay kit from Pierce (Thermo Scientific, Rockford, IL USA). 

Absorbance was measured at 562 nm in a Multi-Mode Microplate Reader (Synergy HT 

Biotek Instruments, Inc. Winooski, VT, USA). 

 

2.2.11 Catalase Western blots 

Proteins were separated by electrophoresis onto SDS polyacrylamide gels. Percentage of 

stacking (4%) and separating (10%) gels were used for separation of catalase. Samples 

were mixed with loading buffer (30% glycerol, 6% SDS, 15% DTT, 0.2% bromophenol 

blue, and 120 mM Tris-HCl buffer pH 6.8) and immediately heated at 95°C for 5 min. The 

loaded sample amount onto the wells was according to linear dynamic range of catalase in 

different brain regions (35 μg for mesencephalon; 15 μg for telencephalon; 25 μg for 
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hippocampus). Protein extracts from rat liver (P1) (lane liver) and purified catalase 

(catalase from bovine liver, Sigma Aldrich, Saint Louis, MO, USA) (lane catalase) were 

loaded as positive controls. A protein extract from cerebellum (P1) (Lane C) was loaded to 

control variations in transference.  

Gels were run at constant 40 V for the stacking gel and at 80 V for the separating gel. After 

electrophoresis, proteins were electroblotted on BioTrace TM pure nitrocellulose 

membranes 0.45 µm (Pall Corporation, Pensacola, FL, USA) at 250 mA, 4 °C, for 90 min. 

Ponceau red solution was used to visualise transferred proteins onto the membranes and 

images were digitalized to estimate total protein, as loading control. Thereafter, Ponceau 

red was removed with water and the blotted membranes were blocked with 5% BSA 

dissolved in TBST (Tris-buffered saline containing 0.1% Tween-20) at room temperature 

for 1 h.  

The incubation with primary antibodies was performed at 4 °C overnight. The dilution used 

for catalase was 1:500 (Rabbit polyclonal, ThermoFisher scientific, Rockford, IL, USA). 

After incubation with primary antibodies, the membranes were washed with TBST three 

times for 15 min and incubated with HRP conjugated rabbit secondary antibody (Thermo 

Scientific Pierce, Rockford, IL, USA) at 1:10,000 dilution in 1% BSA and TBST for 1 h, 

under constant shaking at room temperature. Then, the membranes were washed with 

TBST five times for 10 min under constant shaking at room temperature. For visualisation 

of proteins, the membranes were incubated in an enhanced chemiluminescence solution 

prepared according to manufacturer’s instructions (Perkin Elmer Life Sciences, Boston, 

MA). Chemiluminescence was captured by a ChemiScope 3400 (ClinX Sciences 

Instruments Co, Ltd, Shangai, China). 

The same membranes were stripped for reproving β-actin used as loading control for 

quantification of catalase in chapter 4. Membranes were incubated in stripping buffer pH 

2.2 (0.2 mM glycine, 3.47 mM SDS and 1% v/v Tween 20) for 5 min twice, and then were 

washed in PBS twice for 10 min and in TBST, twice for 5 min. The membrane was blocked 

with 2.5% non-fat dry milk for 1 hour at room temperature. The incubation with β-actin 

was performed at 4°C overnight. The dilution used for β-actin (Thermo Fisher Scientific, 

Rockford, IL, USA) was 1:2,500. Thereafter, the membranes were washed with TBST three 

times for 15 min and incubated with HRP conjugated mouse secondary antibody (Pierce 
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Thermo Scientific, Rockford, IL, USA) at 1:10,000 dilution in 1% BSA and TBST for 1 

hour, under constant shaking at room temperature. Then, the membranes were washed with 

TBST five times for 10 min under constant shaking at RT for detection of β-actin by 

chemiluminescence. 

 

2.2.13 Catalase Specific Activity and ELISA  

Catalase activity and protein levels were measured according to Mueller et al. (1997), using 

a catalase specific activity kit (ab118184 Abcam, Cambridge, UK). Brain samples from 

animals at P1, 3, 7 and 14 were processed according to the protocol provided by the kit. 

Catalase was immunocaptured and H2O2 levels, no removed by catalase, were immediately 

assayed by luminescence in a Synergy HT equipment (Biotek Instruments, Inc. Winooski, 

VT, USA) every 5 min for 30 min. The quantity of protein was then measured at 600 nm. 

The absorbance value for each sample was divided by total protein (determined by the BCA 

method), obtaining relative catalase protein levels. Liver protein extract from neonatal rat 

(P1) and purified catalase protein (catalase from bovine liver, Sigma Aldrich, Rockford, IL 

USA) were loaded as positive controls. Catalase activity was determined according to the 

exponential decay of H2O2. The rate constant (k), reflecting catalase activity, was 

determined from the luminescence data according to the equation: k = ln (S1/S2)/dt, where 

dt is the measured time interval; S1 and S2 are H2O2 concentrations at time t1 and t2, 

respectively. The specific catalase activity was obtained by dividing the rate constant (k) by 

absorbance values of catalase and total protein, expressed in milligrams. 

 

2.2.14 Procaspase and cleavage caspase-3 Western blots 

Proteins were separated by electrophoresis onto SDS polyacrylamide gels. Percentage of 

stacking (4%) and separating (12%) gels were used for separation of caspase-3. Samples 

were mixed with sampling buffer (30% glycerol, 6% SDS, 15% DTT, 0.2% bromophenol 

blue, and 187.5 mM Tris-HCl buffer pH 6.8) and immediately heated at 95 °C for 5 min.  

The loaded sample [amount] onto the wells was according to the linear dynamic range of 

caspase-3 (40 μg for mesencephalon; 15 μg for telencephalon; 20 μg for hippocampus). A 

liver protein extract from rat (P1) was loaded as a positive control (lane liver). Total protein 
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from cerebellum (P1) was loaded as an internal control for monitoring variations in 

transference (lane C). 

Gels were run at constant 60 V for the stacking gel and at 100 V for the separating gel. 

After electrophoresis, proteins were electro blotted to BioTrace TM pure nitrocellulose 

membranes 0.2µm (Pall Corporation, Pensacola, FL, USA), 250 mA at 4 °C for 60 min. 

Ponceau red solution was used to visualise and digitalize the image of transferred proteins 

onto the membranes, using total protein as loading control. Thereafter, Ponceau red was 

removed with water and the blotted membranes were blocked with 2.5% BSA dissolved in 

TBST at room temperature for 1 h.  

The incubation with primary antibody was performed at 4 °C overnight. The dilution 

required for detection of procaspase-3 and cleaved caspase-3 (Cell signalling Technology, 

Inc. Danvers, MA, USA) was 1:500, according to the validation. After primary antibody 

incubation, the membranes were washed with TBST three times for 15 min and incubated 

with HRP conjugated rabbit secondary antibody (Thermo Scientific Pierce, Rockford, IL, 

USA) at 1:10,000 dilution in 1% BSA and TBST under constant shaking at room 

temperature for 1 h. Then, the membranes were washed with TBST five times under 

constant shaking at room temperature for 10 min. For visualisation of proteins, the 

membrane was incubated in an enhanced chemiluminescence solution prepared according 

to manufacturer’s instructions (Perkin Elmer Life Sciences, Boston, MA). 

Chemiluminescence was captured by a ChemiScope 3400 (ClinX Sciences Instruments Co, 

Ltd, Shangai, China). 

 

2.2.15 TIGAR Western blots 

Proteins were separated by electrophoresis onto SDS polyacrylamide gels. Percentage of 

stacking (4%) and separating (12%) gels were used for separation of proteins. Samples 

were mixed with loading buffer (30% glycerol, 6% SDS, 15% DTT, 0.2% bromophenol 

blue, and 120 mM Tris-HCl buffer pH 6.8) and immediately heated at 95 °C for 5 min. The 

loaded sample amount onto the wells was according to linear dynamic range in 

hippocampus (15 µg at P1 and 35 μg at P14). A protein extract from cerebellum (P1) (Lane 

C) was loaded to control variations in transference.  
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Gels were run at constant 40 V for the stacking gel and at 80 V for the separating gel. After 

electrophoresis, proteins were electro blotted on BioTrace TM pure nitrocellulose 

membranes 0.2µm (Pall Corporation, Pensacola, FL, USA) at 250 mA, 4 °C, for 60 min. 

Ponceau red solution was used to visualise transferred proteins onto the membranes and 

images were digitalized to estimate total protein, as loading control. Thereafter, Ponceau 

red was removed with water and the blotted membranes were blocked with 5% BSA 

dissolved in TBST (Tris-buffered saline containing 0.1% Tween-20) at room temperature 

for 1 h.  

The incubation with primary antibody was performed at 4 °C overnight. The dilution used 

for TIGAR (Rabbit polyclonal, PA5-20346 Thermo Fisher scientific, Rockford, IL, USA) 

was 1:250. After incubation with primary antibody, the membranes were washed with 

TBST three times for 15 min and incubated with HRP conjugated rabbit secondary 

antibody (Thermo Scientific Pierce, Rockford, IL, USA) at 1:10.000 dilution in 1% BSA 

and TBST for 1 h, under constant shaking at room temperature. Then, the membranes were 

washed with TBST five times for 10 min under constant shaking at room temperature. For 

visualization of proteins, the membranes were incubated in an enhanced 

chemiluminescence solution prepared according to manufacturer’s instructions (Perkin 

Elmer Life Sciences, Boston, MA). Chemiluminescence was captured by a ChemiScope 

3400 (ClinX Sciences Instruments Co, Ltd, Shangai, China). 

The same procedure described for catalase was used for incubation with secondary 

antibody, with the exception that after incubation with TIGAR, the membranes were 

washed with TBST three times for 10 min. The same membranes were stripped (same 

protocol for catalase Western blots) for reproving β-actin, to be used as loading control for 

quantification of TIGAR.  

 

2.2.16 XRCC1 (X-ray repair cross-complementing protein 1) Western blots 

XRCC1 was monitored by Western blots, evaluating whether oxidative stress induced 

changes in the scaffolding protein XRCC1, reflecting DNA damage. Proteins were 

separated by electrophoresis onto SDS PAGE. Percentage of stacking (4%) and separating 

(8%) gels were used for separation of XRCC1. Samples were mixed with loading buffer 

(30% glycerol, 6% SDS, 15% DTT, 0.2% bromophenol blue, and 120 mM Tris-HCl buffer 
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pH 6.8) and immediately heated at 95 °C for 5 min. The amount of loaded sample onto the 

wells was according to the linear dynamic range of XRCC1 in hippocampus (30-40μg). A 

protein extract from liver (P1) was loaded to control variations in transference.  

Gels were run at constant 40 V for the stacking gel and at 80 V for the separating gel. The 

proteins into the gel were electroblotted and detected as described above. The transference 

was at 250 mA, 4°C, for 100 min. The blocking solution for membranes was 2.5% BSA. 

The same procedure described above was carried out for incubation with XRCC1, diluted at 

1:500 (Rabbit polyclonal, Abcam, Cambridge, UK). The same procedure for washing and 

incubation described for TIGAR Western blots was carried out for detection of XRCC1 by 

chemiluminescence. The same membranes were stripped for reproving α-tubulin (alpha 

tubulin monoclonal antibody DM1A, 62204, Thermo Fisher Scientific, Rockford, IL, USA) 

used as loading control for quantification of XRCC1, following the same procedure 

described above. 

 

2.2.17 Calpain activity assay 

Calpain was measured using a calpain activity kit (MAK228; Sigma-Aldrich, St Louis, 

MO, USA). Brain samples from animals at P1 and P14 were processed according to the 

protocol provided by the kit. The calpain activity was quantified by fluorescence in a 

Synergy HT equipment (Synergy HT Biotek Instruments, Winooski, VT, USA). The Ac-

LLY-AFC is cleaved by calpain releasing AFC which emits a yellow-green fluorescence 

(max= 505 nm). Calpain activity was obtained by interpolation of fluorescence intensity in 

a calibration curve for calpain I (0.1-0.8 units), expressed as enzymatic units and 

normalized per milligram of total protein present in each sample. The MAK228 kit 

provides an estimation of total calpain activity, only. 

 

2.2.18 Image Acquisition and Densitometry  

For visualisation of target protein detected by Western blots, the membranes were 

incubated in an enhanced chemiluminescence solution prepared according to 

manufacturer’s instructions (Perkin Elmer Life Sciences, Boston, MA). 

Chemiluminescence was captured by a ChemiScope 3400 (ClinX Sciences Instruments Co, 

Ltd. Shangai, China) and images were digitalized and processed by an ImageJ software 
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(National Institutes of Health, USA). The background was subtracted using a rolling ball 

algorithm. The image for quantification was chosen within the linear range of time 

exposition, the measurement area was obtained as signal for each protein band. The area 

values were normalised by the Sum of all Data Points in replicate (Degasperi et al. 2014). 

According the experiment three loading controls were used for determination of normalised 

target protein levels (Taylor et al. 2014) corresponding to total protein (Ponceau staining) 

and β-actin or α-tubulin as housekeeping. The values obtained from loading controls were 

analysed for statistical analysis.  

 

2.2.19 Statistical analysis  

All results are expressed as means ± standard error of the means (SEM). To determine 

statistic differences on the effect of PA, postnatal days and treatment an unbalanced and 

balanced ANOVA analysis was performed for unequal and equal sample sizes, 

respectively. Benjamini-Hochberg was used as a post hoc test for reducing the false 

discovery rate (type I error) for multiple comparisons. ANOVA results are expressed as F 

ratio value, the freedom degrees corresponding to n-1 (n: number of groups in comparison) 

and N-1 (N: number of replicas of each group) respectively, given in parenthesis. 

Principal factor method was used for multivariate analysis, determining the main variables 

contributing to changes along postnatal days in CS and AS groups. Pearson method was set 

up for determining the correlation among variables with principal factors.  

The probability value (P) is indicated when proper. For statistically significant differences, 

the probability of error was set up to less than 5% for all analysis.  

All data analysis was performed with a XLSTAT software, version 2018. 20.1.49878 

(ADDINSOFT SARL, Paris, France). 
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Chapter 3 

 

Redox Homeostasis and Delayed Cell Death  

in the brain of rats subjected to perinatal asphyxia 
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3.1 Results 

3.1.1 Apgar and Postnatal Evaluation 

Table 1 shows the outcome of global perinatal asphyxia (PA) evaluated by an Apgar scale 

applied 40 min after delivery (the time of the uterine excision), and that evaluation was 

repeated at P1, P3, P7 and P14. Asphyxia-exposed neonates (AS) are compared to sibling 

neonates delivered by the caesarean section without any asphyxia (CS). The rate of survival 

shown by AS neonates was approximately 60%, while it was practically 100% among 

control (CS) neonates. Surviving AS neonates showed decreased respiratory frequency 

supported by gasping, decreased vocalisation, cyanotic skin, rigidity and akinesia, 

indicating a severe metabolic insult.  

The animals were observed up to P14, monitoring reception by the surrogate dam, body 

weight, respiratory frequency, fur and skin colour and motility. While reception and 

survival was equivalent for both CS and AS neonates, there were signs of a sustained 

physiological deficit mainly affecting respiratory and cardiovascular parameters. AS 

neonates showed a decreased respiratory frequency (by approximately 40% along the 

monitored postnatal days), compared to that shown by CS neonates. The effect of PA on 

respiratory frequency was accompanied by a change in skin colour, CS neonates showed a 

pink healthy colour along the monitored period, while AS neonates showed a pink-blue 

(PB) colour and opaque fur, suggesting a reduced blood perfusion and/or decreased 

oxygenation, as well as decreased cleaning behaviour.  
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3.1.2 Effect of Perinatal Asphyxia on Glutathione (GSH, GSSG) and GSSG:GSH 

Ratio Evaluated in Mesencephalon, Telencephalon and Hippocampus of Asphyxia-

Exposed and Control Rat Neonates. 

Table 2 (A, B y C) summarises the effect of PA on GSH and GSSG levels, evaluated in 

mesencephalon (Table 2A), telencephalon (Table 2B) and hippocampus (Table 2C) from 

CS and AS rat neonates at P1, 3, 7 and 14. The GSSG:GSH ratio was calculated for each 

group, as an index of oxidative stress. 

 

The comparison between CS and AS rat neonates showed a reduction of GSH levels 

induced by PA, both in mesencephalon and hippocampus, but only at P14 (Figure 5a and 

7a). In telencephalon GSH levels were increased at P7 and P14 (Figure 6a).  

 

The effect of PA on GSSG levels indicated that PA produced an increase of GSSG levels in 

both mesencephalon and hippocampus along P1 to P14 (Figure 5b and 7b). In 

telencephalon, a statistically significant increase of GSSG levels was only observed at P1 

(Figure 6b). 

 

The GSSG:GSH ratio was calculated to determinate oxidative stress along P1 to 14. An 

increase of  GSSG:GSH ratio both in mesencephalon and hippocampus from AS rat 

compared to CS rat neonates was observed (Figure 5c and 7c). The highest effect induced 

by PA on the GSSG:GSH ratio was observed in mesencephalon and hippocampus at P14, a 

3- fold increase, when compared with CS neonates at the same time after birth. In 

telencephalon, the GSSG:GSH ratio increased significantly only at P1 in AS compared to 

CS rat neonates (Figure 6c).  

 

3.1.3 Effect of Perinatal Asphyxia on Tissue Reducing Capacity (FRAP) Evaluated in 

Mesencephalon, Telencephalon and Hippocampus of Asphyxia-Exposed and Control 

Rat Neonates 

 

Table 3 summarises the effect of PA on FRAP evaluated in mesencephalon, telencephalon 

and hippocampus at P1, 3, 7 and 14, of CS and AS rat neonates.  
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Figure 8 shows that FRAP capacity increased along development, both in CS and AS 

animals, but FRAP levels were lower in AS compared to CS animals, an effect sustained 

along postnatal days in mesencephalon (Figure 8a) and hippocampus (Figure 8c). In 

telencephalon, however, FRAP levels were increased in AS at P7 and P14, compared to CS 

animals (Figure 8b). 

 

3.1.4 Effect of Perinatal Asphyxia on Catalase levels in the Neonatal Rat Brain 

Figure 9 shows representative catalase immunoblots and Ponceau Red stained membranes, 

assaying protein extracts from mesencephalon (A), telencephalon (B) and hippocampus (C) 

of CS and AS neonates sampled at P1, 3, 7 and 14. Catalase was identified as a unique band 

at 60 kDa. Purified catalase protein (lane catalase) and a liver sample (lane liver) taken at 

P1 were used as positive controls, and protein extract from cerebellum (P1) (lane C) loaded 

to control transference variation. Densitometry of the intensity of the protein bands for CS 

and AS rats is shown in Table 4, summarising the effect of PA and postnatal days on 

catalase protein levels (expressed as arbitrary units, a.u.).  

 

The comparison between CS and AS did not show any significant differences in 

mesencephalon and telencephalon (Figure 9a, b and 9c, d), with exception of 

hippocampus at P3 (p< 0.001), where an increase of catalase protein was found in AS 

neonates in comparison to controls (Figure 9e, f). Similar results were obtained for relative 

catalase protein levels measured by ELISA, used for determination of catalase activity. A 

significant increase was found in hippocampus at P3 (p < 0.0001) in AS neonates in 

comparison with the controls (Figure 10e). Also, in mesencephalon the catalase protein 

relative levels showed a decrease in AS rat neonates in comparison to controls at P3 

(p<0.001) (Figure 10a).  

 

Catalase activity was calculated for each individual, determining the k value for the 

decomposition of hydrogen peroxide, normalised by catalase relative levels and total 

protein. Catalase activity in mesencephalon and hippocampus, decreased when compared to 

the controls along postnatal days. In mesencephalon, PA decreased catalase activity at P1 
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and P3 (Figure 10b). In hippocampus, catalase activity decreased by 70% in AS, compared 

to samples from CS animals at P14. However, catalase activity increased in AS versus CS 

hippocampus at P3 (Figure 10f). No significant differences between CS and AS neonates 

were detected in telencephalon along postnatal days (Figure 10 c, d). 

 

3.1.5 Effect of Perinatal Asphyxia on Caspase-3 Assayed in the Neonatal Rat Brain 

Figure 11 shows representative immunoblots for procaspase-3 and cleaved caspase-3 

expression in mesencephalon (Figure 11A), telencephalon (Figure 11C) and hippocampus 

(Figure 11E). The blots for caspase-3 displayed a double band at 35/36 kDa, corresponding 

to procaspase-3, while cleaved caspase-3 fragments were at 19, 17 and 12 kDa. A caspase-3 

fragment was observed at 30 kDa at P7, but only in hippocampus (Figure 11E), reported to 

correspond to a fragment cleaved by calpain (Blomgren et al. 2001), increased in AS, as 

compared to that from CS samples. Table 5 summarises procaspase-3 and cleaved caspase-

3 levels in mesencephalon (Table 5A), telencephalon (Table 5B) and hippocampus (Table 

5C) of CS and AS animals at P1, 3, 7 and 14, expressed as arbitrary units. Procaspase-3 

protein levels did not show significant changes between CS and AS rat neonates along the 

analysed postnatal days (Table 5).  

 

Only, in mesencephalon (Figure 11A, B) and hippocampus (Figure 11E, F), there was an 

increase in cleaved caspase-3 levels, as compared to the corresponding controls. Cleaved 

caspase-3 levels increased at P1, P3 and P14 in mesencephalon (Figure 11B), and at P3 

and P7 in hippocampus (Figure 11F). No significant change on cleaved caspase-3 was 

observed in telencephalon between CS and AS (Figure 11 C, D).  

 

3.1.6 Progression of brain damage and redox environment in the neonatal rat brain 

The progression of brain damage induced by PA was monitored by changes in redox 

environment and activation of apoptosis, as a molecular mechanism for delayed cell death. 

Multivariate analysis was used to determinate the main variables contributing to differences 

along postnatal days in CS and AS groups in different brain areas. 

In mesencephalon (Figure 12A), the main changes along postnatal days in the CS group 

are explained by the first principal component F1 in a 49.13%, composed by cleaved 
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caspase-3 (r: 0.898); FRAP (r: -0.723); catalase activity (r: 0.712) and GSSG:GSH ratio (r: 

0.711). While in the AS group (Figure 12B), catalase activity (r: 0.964), FRAP (r: -0.811), 

cleaved caspase-3 (r: 0.784) contribute to F1 and explain variations along postnatal days in 

a 50,22%.  

For telencephalon (Figure 13A) catalase activity (r: 0.983) and caspase-3 (r: 0.628) is the 

main variable correlated with the first principal factor F1 in CS group, which explains 

variations along postnatal days in a 41.34%. In AS group (Figure 13B), the first principal 

factor F1 explains the variations among postnatal days in a 39.54%, being FRAP (r: 0.923) 

and GSSG:GSH ratio (r: -0.884) the main variables that contribute to F1. 

In hippocampus (Figure 14A) the first principal factor F1 in the CS group contributed to 

variation along postnatal days in a 56.36%, being FRAP (r: 0.990); catalase activity (r: -

0.907) and cleaved caspase-3 (r: -0.712) the main variables explaining the differences.  In 

AS group (Figure 14B), both the first principal factor F1 and the second F2 explain the 

variations along postnatal days in a 33.501% and 28.85%, respectively. The variables 

GSSG:GSH ratio (r: 0.898, for F1) and cleaved caspase-3 (r: 0.899 for F2), explain the 

main variations along postnatal days.  

 

3.2 Discussion of Chapter 3 

The present study provides evidence that redox homeostasis is impaired in a regionally 

specific manner in the neonatal rat brain subjected to global PA, showing a delayed effect 

up to P14 on (i) GSSG/GSH; (ii) tissue reducing capacity (FRAP); (iii) catalase activity, 

and (iv) cleaved caspase-3 levels, mainly affecting mesencephalon and hippocampus, 

suggesting a sustained oxidative stress induced by global perinatal asphyxia.  

 

The study focused on a short postnatal period, up to 14 days, characterized by intensive 

neuritogenesis, synaptogenesis and synaptic integration, affecting in particular 

dopaminergic pathways. Indeed, while the rat brain shows a similar number of dopamine 

cell bodies at P1 as at adulthood, axon projection and synaptogenesis occurs along the first 

weeks, the distribution of dopaminergic fibers reaching a near-adult feature only at P13-20 

(Voorn et al. 1988). Furthermore, there is a process of naturally occurring cell death, 

affecting dopamine neurons with a first peak at P2/3, and a second peak at P14 (Oo & 



44 
 

 
 

Burke 1997; Jackson-Lewis et al. 2000), involving members of the Bcl-2 protein family, 

regulating cytochrome release from mitochondria and activation of caspase cascades. 

Selective nuclear fragmentation has been observed in brain of rat neonates, naive and 

subjected to PA, depending upon the stage of development and brain region (Dell’Anna et 

al. 1997). At P1, apoptosis-like cell fragmentation was observed in para- and presubiculum 

of both PA-exposed and control rat neonates, while in neostriatum it was only observed in 

PA-exposed neonates, but at P8 (Dell’Anna et al. 1997; Neira-Peña et al. 2014). In 

mesencephalon and hippocampus, TUNEL-positive cell death was observed at P1 and P7, 

increased in animals subjected to PA (Morales et al. 2008; Neira-Peña et al. 2014, 2015). In 

hippocampus, delayed cell death was observed to be increased in AS compared to that in 

CS rats up to 30 days (Morales et al. 2010).  

 

PA implies a long-term metabolic insult, triggered by the length of the induced hypoxia-

ischemia, the resuscitation/reoxygenation manoeuvres, but also by the developmental stage 

of the affected brain regions, and the integrity of cardiovascular and respiratory 

physiological functions, which are fundamental for warrantying a proper development.  

The role of oxidative stress on cell damage has be extensively studied in models of 

hypoxia/ischemia at P7, implying vessels ligation and hypoxic chambers, focusing on the 

reperfusion-oxygenation period (Bågenholm et al. 1997; Ikeda et al. 2002), also following 

global asphyxia (Capani et al. 2001, 2003). A relationship between duration of asphyxia 

and ROS production has been demonstrated both in animal and clinical studies (Kumar et 

al. 2007). It has been proposed that oxidative stress markers predict the severity of damage 

induced by PA (Seema et al. 2014; Perrone et al. 2010; Bahuhali et al. 2013). A metabolic 

recovery period has, however, been observed after the insult in neonates exposed to PA, 

(Shah et al. 2003), also in brain damage progression, associated with oxidative stress, ROS 

playing a key molecular mechanism (Morken et al. 2013). 

 

In the present study, the effect of PA on redox homeostasis was monitored in 

mesencephalon, telencephalon and hippocampus, brain areas shown to be susceptible to 

hypoxia and ischemic insults (Bielke et al. 1991; Dell’Anna et al. 1997; Homi et al. 2002). 

The GSSG:GSH ratio was calculated as a marker of oxidative stress, based on the fact that 
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reduced glutathione (GSH) is the major non-enzymatic antioxidant regulating redox 

homeostasis (Aquilano et al. 2014). There was an increase in the GSSG:GSH ratio in 

mesencephalon and hippocampus, confirming that PA induces long-term oxidative stress 

(Capani et al. 2003), in contrast to what was previously reported by Lubec et al. (1997a), 

who concluded that there was no evidence for the involvement of active oxygen species, 

radical adducts or energy depletion, using the same experimental model as reported here, 

but evaluating oxidative stress in total brain 10 min after delivery, without considering any 

regional compartmentalization. 

 

Redox homeostasis can be impaired by increased ROS production or by decreased 

antioxidant defences (Day et al. 2014). The synthesis of glutathione is modulated by Nrf-2, 

a transcriptional factor responding to moderate ROS levels, increasing the transcription of 

genes coding for antioxidant enzymes of phase II metabolism (Zhang et al. 2013). 

Increased ROS levels induce degradation of Nrf-2, by ubiquitination, decreasing 

antioxidant enzymes expression (Bryan et al. 2013). Glutathione reductase (GTx) belongs 

to phase II enzymes, restoring GSH levels by reduction of GSSG (Dringen et al. 2000; 

Franco et al. 2009). The activity of this enzyme is NADPH dependent, hence from glucose 

and ATP availability, promoting the pentose phosphate pathway (PPP), maintaining 

NADPH physiological levels (Bolaños et al. 2008). In models of hypoxia/ischemia in 

postnatal rats, PPP showed a reduced activity after a hypoxic/ischemic insult, leading to 

reduced NADPH levels and decreased glutathione reductase (GTx) activity (Brekke et al. 

2014; Fullerton et al. 1998), also implying mitochondrial hypo-metabolism (Wallin et al. 

2000). A long-term energetic deficit induced by PA has been demonstrated in organotypic 

cultures from asphyxia exposed animals, showing a 6-fold increase of the ADP/ATP ratio 

at DIV 21-22, potentiated by high H2O2 exposure (Perez-Lobos et al. 2017). Therefore, the 

results observed in mesencephalon and hippocampus indicate GSSG accumulation, 

suggesting reduced GTx activity, linked to decreased NADPH levels, contributing to a 

sustained oxidative stress, affecting the synthesis de novo of GSH, regulated by the Nrf-2 

pathway (Itoh et al. 1999).  
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The effect of PA on the GSSG:GSH ratio was supported by that on FRAP, showing a 

decreased antioxidant capacity after PA, both in mesencephalon and hippocampus. FRAP is 

directly associated with reducing molecules availability, such as ascorbic acid, tocopherol, 

ubiquinone, NADPH, L-carnitine, and free thiols (Benzie et al. 1996). Hence, decreased 

FRAP levels supports the idea of a decreased synthesis of NADPH, favouring the GSSG 

accumulation observed during the P1-14 period, leading to oxidative stress, explaining the 

delayed response on decreased GSH levels observed at P14, in mesencephalon and 

hippocampus after PA. No effects were observed in telencephalon, where FRAP was 

increased by PA at P7, compared to control neonates, indicating a local, instead of a 

generalized effect, supporting the idea that oxidative stress depends upon the generation of 

free radical species, as well as upon the intrinsic defences against the insult. 

 

Catalase is a major cell protecting enzyme against oxidative damage and reactive oxygen 

species. Its main function is to decompose hydrogen peroxide to water and molecular 

oxygen, controlling H2O2 levels (Veal et al. 2007; Nicholls et al. 2012). There is a direct 

relationship between the decomposition of H2O2 levels by catalase and resistance to 

oxidative stress and hypoxia-ischemia (Fullerton et al. 1998; Argomida et al. 2011). At 

high levels H2O2 is detrimental to the cells, leading to activation of cell death cascades and 

GSH depletion (Veal et al. 2007), favouring oxidative modifications of proteins (Spolarics 

et al. 1997; Ibi et al. 1999; Hohnholt et al. 2014). 

 

Catalase protein levels were analysed by Western blots and ELISA, estimating the 

enzymatic activity by the constant (k) from the exponential degradation of H2O2, 

normalized by catalase relative levels, finding that catalase activity was decreased up to 

P14, in both mesencephalon and hippocampus from AS, compared to CS neonates. The 

maximum effect was observed in hippocampus at P14. No significant changes were 

observed in telencephalon, which has been shown to be more resilient against hypoxia and 

ischemia induced at early neonatal stages (Homi et al. 2002), probably reflecting a delayed 

postnatal development (Voorn et al. 1988). The antioxidant system of the neonatal brain 

also matures along development, a main factor of vulnerability compared to that shown by 

the adult brain (Khan et al. 2003). It has been reported that the neonatal brain (P7) 
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accumulates more H2O2 levels than the adult brain (P42) up to 5 days after a postnatal 

hypoxic-ischemic insult (Lafemina et al. 2006). At the first hours after a hypoxic-ischemic 

insult, catalase activity is not changed in the neonatal brain (Weis et al. 2011), but it is 

increased in the adult brain (Homi et al. 2002). In the present study, however, catalase 

activity was decreased in mesencephalon and hippocampus, up to 14 days after PA, but not 

in telencephalon. 

 

Western blot and ELISA did not show changes in catalase protein levels in any of the 

studied brain areas, only in hippocampus at P3, associated with increased catalase activity 

in the AS group. At P7 and P14, there was however a decrease in catalase activity in 

hippocampus, without changes in expression, suggesting that oxidative stress induced by 

PA is long-lasting, because of reduced catalase activity, not affecting protein expression. In 

the same region and same period, there was a >2-fold increase of the GSSG/GSH ratio, 

indicating elevated oxidative stress. Similar results have been reported, based on different 

experimental models, showing that catalase activity is decreased by oxidative stress, 

without inducing changes in protein expression, explained by post-transductional 

modifications (Chakravarty et al. 2015; Krych-Madej et al. 2015). Similarly, in a model of 

asthma, oxidative stress led to nitrosylation and oxidation of catalase residues, decreasing 

enzymatic activity, but not protein expression (Ghosh et al. 2006). 

 

Delayed cell death has been observed after PA (Dell’Anna et al. 1997), and at the 

reperfusion-oxygenation period in models of postnatal hypoxia-ischemia (Northington FJ et 

al. 2001a; Northington FJ, et al. 2001b), characterized by activation of apoptotic 

mechanisms (Ferrer et al. 1997), explaining the reported neuronal progressive death after 

PA (Benjelloun et al. 1999; Hudome et al., 1997; Morales et al. 2005; Winerdal et al. 

2012). An increase of molecular mediators of apoptosis has been reported, associated to 

caspase-dependent cascades, and TUNEL positive cell death (Morales et al. 2008; Neira-

Peña et al. 2015; Tapia-Bustos et al. 2016). Several studies have reported that both 

oxidative and nitrosative stress cause DNA fragmentation and mitochondrial dysfunction, 

leading to activation of caspase-dependent cell death (Chen et al. 2011; Ikonomidou et al. 

2011). Hence increased cleaved caspase-3 levels in mesencephalon and hippocampus, 
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confirming that PA induces apoptotic cell death, which is sustained along development, in 

parallel with changes in redox balance, observed in vulnerable brain areas. Cleaved 

caspase-3 levels were increased in mesencephalon of PA neonates at P1-14, while in 

hippocampus that increase was only observed at P3-7. No effect was observed in 

telencephalon, indicating a regional co-variance with postnatal development. 

 

The multivariate analysis was performed to understand the interplaying of the main 

variables explaining the progression of brain damage along postnatal days following 

perinatal asphyxia, affecting mesencephalon, hippocampus and telencephalon. In 

mesencephalon, hippocampus and telencephalon the differences along postnatal days in 

animals CS was associated with changes on cleaved caspase-3 and catalase activity. In 

regards to AS animals, the pattern of variables contributing to differences observed along 

postnatal days showed variations among mesencephalon, hippocampus and telencephalon. 

Changes on cleaved caspase-3 and GSSG:GSH ratio explain differences along postnatal 

days in hippocampus. In telencephalon, FRAP and GSSG:GSH ratio, the variables 

contributing to the differences along postnatal days were those induced by asphyxia. 

However, in mesencephalon there was not any clear pattern contributing to differences 

along postnatal days between AS and CS group, although catalase activity was the variable 

with the strongest contribution in AS group.  These results confirm that progression of 

brain damage induced by perinatal asphyxia in brain areas susceptible to asphyxia is 

associated with changes on apoptosis mechanisms mediated by cleaved caspase-3, together 

with changes in GSSG:GSH ratio and catalase. Whereas in telencephalon, changes in 

FRAP and GSSG:GSH ratio along postnatal days contribute to a major resistant to PA. 

 

3.3 Conclusion of Chapter 3 

The present study provides evidence that redox homeostasis is impaired in a regionally 

specific manner in the neonatal brain of rats subjected to global PA, showing a delayed 

effect up to P14, mainly affecting mesencephalon and hippocampus, suggesting a sustained 

oxidative stress after a hypoxia-ischemia period. It is proposed that PA implies a long-term 

metabolic insult, triggered by (i) the length of asphyxia; (ii) the resuscitation/reoxygenation 

manoeuvres, but also by (iii) the developmental stage of the affected brain regions, and (iv) 



49 
 

 
 

the integrity of cardiovascular and respiratory physiological functions, which are 

fundamental for warrantying a proper development, suggesting novel targets and an 

expanded therapeutic window against the long-term effects induced by global perinatal 

asphyxia. 
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Chapter 4 

 

Restoring of redox homeostasis by nicotinamide in the hippocampus of rats subjected 

to global perinatal asphyxia 
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4.1 RESULTS 

4.1.1 Global Perinatal asphyxia 

Perinatal asphyxia was performed by immersing caesarean removed foetus-containing 

uterine horns from on term rat dams into a water bath at 37oC for 21 min, using sibling 

caesarean-delivered foetuses for comparisons. The rate of survival shown by AS neonates 

was approximately 60%, while it was 100% for control (CS) neonates (Table 6). Surviving 

AS neonates showed decreased respiratory frequency supported by gasping, decreased 

vocalization, cyanotic skin, rigidity and akinesia, indicating a severe metabolic insult. 

Asphyxia-exposed and control neonates were, however, nurtured well by surrogate dams up 

to postnatal (P) day P1 or P14, when they were euthanized for dissecting samples from 

hippocampus to be assayed for glutathione, glutathione reductase (GR), glutathione 

peroxidase (GPx), catalase, TIGAR, calpain and XRCC1. A series of asphyxia-exposed and 

control neonates was injected with either 100 µl saline or 0.8 mmol/kg nicotinamide, i.p., 

one hour after delivery. 

 

4.1.2 Effect of perinatal asphyxia and nicotinamide on glutathione (GSH, GSSG; and 

GSSG:GSH ratio) levels in hippocampus from neonatal rats. 

In section A of Table 7, the effect of PA on GSH and GSSG levels, and GSSG:GSH ratio 

evaluated in hippocampus from CS and AS rat neonates at P1 and 14 is summarized. 

Unbalanced two-way ANOVA indicated a significant effect of PA and postnatal days on 

GSH and GSSG levels and GSSG:GSH ratio. PA increased GSSG levels (~2-fold) at P1 

and P14 (Figure 15B), while GSH levels were decreased by 36% in PA-exposed animals, 

compared to the corresponding controls, but only at P14 (Figure 15A). The GSSG:GSH 

ratio increased in hippocampus of AS versus that in CS neonates, ~2-fold at P1 and >4-fold 

at P14, compared to that observed in CS neonates at the same age (Figure 15C). 

 

In section B of Table 7, the effect of neonatal nicotinamide treatment is summarized. 

Unbalanced two-way ANOVA indicated a significant effect of PA by nicotinamide 

treatment. Nicotinamide increased GSH levels (~2-fold) at P1 and P14, both in control and 

asphyxia-exposed neonates (Figure 15A), and the GSSG:GSH ratio was decreased in all 
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cases, at P1 and P14 (Figure 15C). Nicotinamide treatment also decreased GSSG levels, 

but only in asphyxia exposed-animals (Figure 15B). 

 

4.1.3 Effect of perinatal asphyxia and nicotinamide on glutathione reductase (GR) 

activity in hippocampus from neonatal rats. 

The enzymatic activity of GR in hippocampus at P1 and P14 was determined by absorbance 

at 340 nm. In section A of Table 8, the effect of PA on GR activity evaluated in 

hippocampus from CS and AS rat neonates at P1 and 14 is summarized. Unbalanced two-

way ANOVA indicated a significant effect of PA on GR activity (F (1, 40) = 112.408, P < 

0.0001). The comparison between AS and CS rat neonates showed a reduced enzymatic 

activity on GR in hippocampus of AS animals, both at P1 and P14 (Figure 16).  

In section B of Table 8, the effect of nicotinamide treatment on GR activity is summarized. 

Unbalanced two-way ANOVA indicated a significant effect of nicotinamide on GR levels 

(F (3, 69) = 24.239, P < 0.0001). Nicotinamide treatment increased GR activity, both in CS 

and AS animals, at P1 and P14, compared to the corresponding group treated with vehicle. 

The effect of nicotinamide was particularly prominent in AS neonates at P1 (Table 8; 

Figure 16).  

 

4.1.4 Effect of perinatal asphyxia and nicotinamide on glutathione peroxidase (GPx) 

activity in hippocampus from neonatal rats. 

In section A of Table 9 the effect of PA on GPx activity is shown, measured by absorbance 

at 340 nm in hippocampus of CS and AS rat neonates at P1 and P14. Unbalanced two-way 

ANOVA indicated a significantly effect of PA on GPx (F1, 23=149.002; P < 0.0001). The 

enzymatic activity of GPx was decreased in AS in comparison with CS animals at both P1 

and P14 (Figure 17).  

In section B of Table 9 the effect of nicotinamide on GPx activity is summarized. 

Unbalanced two-way ANOVA indicated a significant effect of nicotinamide (F(3, 49)= 

54.039, P < 0.0001) on GPx activity. Nicotinamide increased GPx activity in both CS and 

AS neonates, compared with the corresponding vehicle-treated control. The effect was 

particularly prominent on AS neonates, both at P1 and P14, while in CS neonates the effect 

of nicotinamide was only observed at P14 (Figure 17). 
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4.1.5 Effect of perinatal asphyxia and nicotinamide on catalase protein levels and 

catalase activity in hippocampus from neonatal rats. 

Immunoblots for catalase were assayed in hippocampus at P1 and P14. In Figure 18A and 

C, a band protein at 60kDa was detected for catalase, using as positive controls liver lysate 

and catalase protein purified from liver, shown in the same immunoblots. Ponceau staining 

was used as loading control for normalization and quantification of catalase protein. No 

significant differences were observed when AS and CS rat neonates were compared 

regarding levels measured by immunoblots at P1 (Figure 18B and 19A) and P14 (Figure 

18D and 19A). Nevertheless, a significant decrease produced by PA was observed when 

measuring protein levels by ELISA (Figure 19C). 

 

In section A of Table 10, the effect of PA on catalase levels and catalase activity in 

hippocampus is shown at P1 and P14 (Figure 19B and C). Unbalanced two-way ANOVA 

indicated a significant effect of PA on both protein (F1, 39= 62.197; P < 0.0001) and activity 

(F1, 13= 40.626; P < 0.0001). In section B of Table 10 the effect of nicotinamide on catalase 

protein and catalase activity is shown. Unbalanced two-way ANOVA indicated a 

significant effect of nicotinamide treatment on catalase activity (F3, 29= 10.959; P < 0.0001), 

increased in both groups at P1, and also at P14, but only in AS neonates. 

 

4.1.6 Effect of perinatal asphyxia and nicotinamide on pentose phosphate pathway 

monitored by the expression of TIGAR in hippocampus from neonatal rats. 

The pentose phosphate pathway (PPP) was evaluated by the TIGAR expression, a regulator 

promoting a shift of glucose, from oxidative phosphorylation toward the pentose phosphate 

pathway, promoting cell survival. In Figure 20 representative immunoblots for TIGAR 

expression in hippocampus are shown, at P1 (Figure 20A and B) and at P14 (Figure 20C 

and D). The corresponding experimental groups to evaluate the effect of perinatal asphyxia 

and nicotinamide are indicated. TIGAR appeared as a band at 30 kDa. The corresponding 

loading controls for β-actin and total protein (Ponceau Stained) are also shown. Table 11 

shows TIGAR protein quantification expressed as arbitrary units (a.u.) obtained by 

densitometry of immunoblots.  
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Section A of Table 11 shows the effect of PA on TIGAR levels at P1 and P14. TIGAR 

levels were decreased in hippocampus of asphyxia-exposed neonates at P1, but were 

increased at P14 (Figure 21), compared with the controls, an effect that was prevented by 

nicotinamide (section B of Table 11). Nicotinamide also produced a slight, but significant 

decrease of TIGAR levels in hippocampus of control neonates at P14 (Figure 21). 

 

4.1.7 Effect of perinatal asphyxia and nicotinamide on XRCC1 protein levels in 

hippocampus from rats exposed to perinatal asphyxia 

The effect of perinatal asphyxia on DNA integrity was estimated by XRCC1 protein 

expression, a scaffold protein that forms part of the DNA base excision repair (BER) 

pathway. Downregulation of this DNA repair pathway has been associated with brain 

damage produced by ischemia-reperfusion in models of stroke in adult brain.  

 

Representative immunoblots for XRCC1 are shown in Figure 20. Full length XRCC1 was 

identified in hippocampus at P1 (Figure 22A and B) and P14 (Figure 22C and D), as a 

band at 96 kDa. α-Tubulin and total protein (Ponceau Stained) are used as loading controls. 

Table 12 shows full length XRCC1 protein quantification, expressed as arbitrary units (a.u.) 

obtained by densitometry. Data illustrate the effect of PA on XRCC1, shown in section A 

of Table 12, as well as the effect of nicotinamide on XRCC1, shown in section B of Table 

12. PA induced a significant increase of XRCC1 protein levels, but only at P1 (Figure 23), 

compared with CS animals. The effect of nicotinamide on XRCC1 protein levels is shown 

in section B of Table 12, decreasing the enhancement induced by PA at P1. Nicotinamide 

treatment had not any significant effect on XRCC1 protein levels in hippocampus at P14, 

comparing vehicle versus nicotinamide-treated animals (Figure 23).  

 

4.1.8 Effect of perinatal asphyxia and nicotinamide on calpain activity in 

hippocampus from rats exposed to perinatal asphyxia 

In section A of Table 13, the effect of PA on hippocampus calpain activity is shown at P1 

and P14 (Figure 24). There was a 2-fold increase in calpain activity in PA-exposed, 

compared with CS animals at P14 (Figure 24). As shown in section B of Table 13, 
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nicotinamide did not have any effect in CS animals, but it decreased calpain activity, 

compared to saline-treated AS animals at P14 (by 60%). 

 

4.2 Discussion of Chapter 4 

The present study evaluates the effect of PA on redox regulation in rat hippocampus at P1 

and P14, evaluating also the effect of intraperitoneal administration of nicotinamide one 

hour after delivery. It was found that global PA produced: (i) a sustained increase of GSSG 

levels and GSSG:GSH ratio at P1 and P14; (ii) a decrease of GR, GPx and catalase activity 

at P1 and P14; (iii) a decrease of TIGAR levels at P1, followed by an increase at P14; (iv)  

an increase of XRCC1 levels, but only at P1; (v) an increase of calpain activity at P14; (vi) 

Nicotinamide prevented the effect of PA on GSSG levels and GSSG:GSH ratio, and on 

GR, GPx and catalase activity, also on TIGAR levels, XRCC1 protein levels and calpain 

activity observed at P14. 

 

The study demonstrates that PA induces oxidative stress in hippocampus, observed at P1 

and at P14, associated with a shift towards a TIGAR-dependent PPP, affecting glutathione 

availability for maintaining the activity of glutathione dependent enzymes, leading to 

alteration of redox homeostasis, and activation of cell damage mechanisms leading to death 

cell. Nicotinamide, a precursor of NAD+/NADP+, could modulate redox homeostasis by a 

PPP independent mechanism, restoring NADPH levels. As consequence, nicotinamide 

enhanced the activity of glutathione dependent enzymes, by transcriptional upregulation, 

decreasing cell damage associated with oxidative stress. 

 

It was observed that TIGAR, a fructose-2, 6 bisphosphate, is rapidly up-regulated in 

response to postnatal ischemia/reperfusion (Li et al. 2014), letting the glucose metabolism 

enter into the PPP (Ros et al. 2013; Li et al. 2014), enhancing its flux, generating NADPH, 

reducing GSSG to GSH, decreasing ROS levels (Fico et al. 2004; Bensaad et al. 2006). The 

shunt of glucose-6-phosphate to the PPP occurs by the fructose-2, 6-bisphosphatase activity 

of TIGAR, decreasing fructose-2, 6-biphosphate levels, inhibiting phosphofructokinase 1 

(PFK1), a rate-limiting enzyme of glycolysis (Bensaad et al. 2006, Okar et al. 2001, Li et 

al. 2014). Also, TIGAR could re-localise to the outer mitochondrial membrane, increasing 
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the activity of hexokinase 2 (HK2) to maintain mitochondrial membrane potential, reducing 

ROS levels, preventing caspase-depending apoptosis (Cheung et al. 2012; da-Silva et al. 

2004). In postnatal models of brain ischemia, TIGAR has been shown to be up-regulated, 

reaching a peak at 3 h post reperfusion, declining thereafter toward basal levels (Li et al. 

2014, Cao et al. 2015). In the present study, it was found that TIGAR levels were decreased 

in hippocampus from AS animals at P1, but increased at P14. The decrease of TIGAR 

levels observed at P1 occurred together with a decrease of GR, GPx and catalase activity, at 

a time when the GSSG:GSH ratio was increased ~2-fold. At P14, however, TIGAR levels 

were increased in PA-exposed animals, when the GSSG:GSH ratio was increased >4-fold 

in AS compared with CS animals, while GPx and catalase activity was remarkable 

decreased (by more than 50%). The downregulation of TIGAR observed at P1 suggests a 

failure of the cell system to shunt glucose-6-phosphate to the PPP for producing NADPH 

during the postnatal period, probably because of a reduced glutathione reductase (GTx) 

activity, also observed in models of postnatal brain hypoxia/ischemia, reducing PPP in 

brain from unilaterally clamped carotid arteries, correlating with a reduction of GTx 

activity, 2 hours after the insult (Brekke et al. 2014). The increase of TIGAR expression 

observed at P14, together with a reduction of GR activity, suggests a compensatory delayed 

mechanism, increasing PPP. However, NADPH levels resulting from this pathway did not 

appear to enhance the activity of NADPH-dependent enzymes, since the oxidative stress 

was sustained, evidenced by a high GSSG:GSH ratio still observed at P14. These results 

suggest that the NADPH produced by PPP in AS animals is used to generate instead 

superoxide anion by the action of NADPH oxidase, because there is in vitro evidence (Lu et 

al. 2012; Kleikers et al. 2012; Gupte et al. 2006, Balteau et al. 2011) indicating that 

superoxide anion production is dependent upon glucose metabolism, via the hexose 

monophosphate shunt to generate NADPH after ischemia-reperfusion (Suh et al. 2008; 

Kuehne et al. 2015). A low NADPH availability and a decreased GR activity observed at 

P1 and P14 after PA can explain the GSSG accumulation observed in hippocampus from 

AS animals up to P14, indicating that PA impairs the GR-dependent salvage pathway for 

GSH recycling. The salvage pathway reduces GSSG to GSH, maintaining the GSH 

dependent activity of antioxidant enzymes (Lushchak et al. 2012). The changes observed in 

GSH levels (decreased by ~36% in AS animals at P14) can imply a failure of de novo 
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synthesis of GSH, associated to metabolic deregulation of cysteine, glycine and/or 

glutamate, precursors of GSH synthesis by astrocytes (Hertz et al. 2004).  

 

Another issue addressed by the present study was to evaluate whether the enzymatic 

activity of GPx is affected by PA, since a reduced catalase activity was reported in AS 

animals, suggesting H2O2 accumulation following hypoxia and re-oxygenation (Lespay-

Rebolledo et al. 2018), in agreement with a cooperative function shown between both 

enzymes under oxidative stress conditions (Baud et al. 2004). The present results show a 

decrease of around 50% in GPx activity, together with more than 60% decrease of catalase 

activity in AS animals at P14. GPx is the enzyme removing hydro- and lipid-peroxides, 

performed by two steps: (i) an oxidative reaction by which H2O2 binds to the catalytic site 

of GR, reduced to H2O by GSH, and (ii) a reductive reaction, by which the GSSG formed 

in the first step is reduced to GSH. Although, the second step is dependent of GSH, the 

catalytic activity of this enzyme depends upon the H2O2 concentration (Deponte et al. 

2013). Both GPx and catalase cooperatively act to remove H2O2 (Baud et al. 2004, 

Lardinois et al. 1996). At high concentrations of H2O2 (>100 µM) catalase is auto-

inactivated by irreversible inhibition, prevented by GPx, removing H2O2, to be maintained 

at low levels (>1 µM), allowing the functioning of catalase (Baud et al. 2004). Therefore, 

the decreased GPx activity observed under AS conditions suggests that is a consequence of 

high accumulation of catalase-regulated H2O2. High GSH levels can activate catalase, as 

shown by studies carried out with astrocytes, demonstrating that GSH deprivation induces 

auto-inactivation of catalase (Dringen et al. 1997, Sokolova et al. 2001). However, as also 

shown in a previous study (Lespay-Rebolledo et al. 2018), PA induced a decrease of GSH 

levels at P14, suggesting that at early stages following PA a decrease of catalase activity is 

not a consequence of low GSH levels, but it is achieved by other mechanisms, increasing 

H2O2 levels, perhaps due to overactivation of SOD and /or NADPH oxidase (Kinouchi et 

al. 1998; Lu et al. 2012; Kleikers et al. 2012). 

 

An important issue was to evaluate the effect of nicotinamide, reversing the redox 

impairment induced by PA. Nicotinamide has been shown to play a fundamental role as a 

biological precursor for the synthesis of NAD+ and NADP+ (Kamat et al. 1999, Chong et al. 
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2004), preventing oxidative stress (Turunc et al. 2014). Indeed, NAD+ can be yielded by 

two pathways: (i) the kynurenine (from dietary tryptophan) and (ii) the salvage pathway 

from nicotinamide by the enzymes nicotinamide phosphoribosyl transferase and NMNAT 

nicotinamide deamidase (Houtkooper et al. 2010; Massudi et al. 2012; Poljsak et al. 2016). 

The synthesis of NADPH can be then driven by re-routing glycolysis to the PPP pathway 

(Chakrabarti et al. 2015), but also by the NAD+ salvage pathway (Massudi et al. 2012), 

which, via NAMPT, contributes to NADPH synthesis by transference of the 

phosphoribosyl group from 5-phosphoribosyl-1-pyrophosphate to nicotinamide, forming 

nicotinamide mononucleotide (NMN), and pyrophosphate. The coupling with NAD+ kinase 

(NADK) to generate NADP+ from NAD+ contributes to NADPH synthesis (Massudi et al. 

2012). Thus, nicotinamide administration probably contributes to restore the redox 

homeostasis under a sustained oxidative stress induced by PA, increasing NADP+, acting 

on the NAD+ salvage pathway. It was previously shown that a single injection of 

nicotinamide (0.8 mmol/kg, i.p.) yields cerebral nicotinamide concentration above the 10 

µM range, lasting for longer than 5 hours (Allende-Castro et al. 2012). 

 

It is suggested here that nicotinamide enhances NADPH levels probably via a PPP-

independent mechanism, since TIGAR expression was downregulated by nicotinamide (by 

approximately 40%) in AS animals at P14, showing increased GR activity (2 fold) at P14.  

However, at P1 TIGAR expression was not changed by nicotinamide, while GR activity 

was increased in both AS (4-fold) and CS (2-fold) animals, indicating that, indeed, 

nicotinamide causes a reversion of the PPP flux to basal levels and a shift to other 

mechanisms for producing NADPH, such as the NAD+ salvage pathway. 

The increase of GR activity in AS animals produced by nicotinamide at P1 and P14 led to a 

decrease in GSSG (by 40%) and an increase in GSH levels (2-3 fold), resulting in a 

decreased GSSG:GSH ratio, also observed in nicotinamide-treated CS animals. The effect 

of nicotinamide on GSSG:GSH ratio suggests a decrease of oxidative stress and activation 

of mechanisms of the de novo synthesis of GSH, since nicotinamide-treated CS animals 

showed increased GSH basal levels without any changes in GSSG levels. The high GSH 

availability implies an increased GPx and catalase activity in AS treated with nicotinamide 

animals at P1 and P14, a maximal effect observed at P14.  
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The increased enzymatic activity induced by nicotinamide on GR, GPx and catalase can be 

associated with allosteric mechanisms mediated by substrate and products (Ramos-

Martinez, 2017). Post-transductional modifications mediated by oxidative stress contribute 

to enzyme inactivation (Miyamoto et al. 2003; Gosh et al. 2006). A transcriptional control 

causes up-regulation of protein expression, resulting in increased enzymatic activity 

(Franco-Enzástiga et al. 2017). The nicotinamide effect on GR and GPx activity, above 

basal levels observed in CS and AS animals suggests up-regulation by increased 

transcriptional-dependent protein levels (Franco-Enzástiga et al. 2017). Although, a 

statistical significant increase in catalase expression was observed in nicotinamide-treated 

CS and AS animals at P1 and P14, that slightly increaseed, had no effect on basal catalase 

activity, suggesting that the increased enzymatic activity observed is due to a decrease of 

post-transductional modifications mediated by ROS.  

 

Finally, it was investigated whether oxidative stress induced by PA produced activation of 

cell damage, in agreement with hippocampus cell damage observed following PA, shown in 

Chapter 3 of this thesis. PA induced caspase-dependent cell death at P3 and P7, but not at 

P1 or at P14, suggesting others molecular mechanisms for the delayed cell death observed 

in hippocampus, perhaps associated to progression of brain damage. Thus, both XRCC1 

and calpain were used as markers of cell damage, activated by oxidative stress. 

 

An increase of XRCC1 levels was only observed at P1 after PA, in agreement with 

previous observations regarding PARP-1 overexpression, restricted in hippocampus to the 

first hours after delivery (Neira-Peña et al. 2014, 2015), prevented, however, by neonatal 

nicotinamide treatment (Allende-Castro et al. 2012; Neira-Peña et al. 2015) and selective 

siRNA PARP-1 knockdown (Vio et al. 2018). The increase in XRCC1 levels induced by 

PA was also prevented by nicotinamide, reducing XRCC1 protein to basal levels. In 

ischemia-reperfusion postnatal models, in which oxidative stress induces DNA strand 

breaks (SSBR), it was observed that polyADP ribosylation sites accumulated XRCC1 (El-

Khamisy et al. 2003; Wei et al. 2013), interacting with DNA ligase III, polymerase DNA 

and PARP-1, probably for DNA repairing (London, 2015). Also, the down-regulation of 

XRCC1 expression has been associated with brain damage in ischemia (Fujimura et al. 
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1999; Ghosh et al. 2015), and now also induced by perinatal asphyxia, as previously 

reported (Chiappe-Gutierrez et al. 1998).  

 

The effect of PA on calpain activity, increased at P14, has also been observed in HI brain 

neonatal models, associated with fragmentation of dendritic processes and neuronal 

degeneration (Neumar et al. 2001), showing an initial activation of calpain 1, short after the 

insult, decreased at 2-48h, but again increased at P14 to P21 (Ostwald et al. 1993; 

Blomgren et al. 1999), leading to apoptosis independent cell death, associated to caspase 7, 

8 and 9 (Chua et al. 2000; Neumar et al. 2003). In the present study, the increase in calpain 

activity and the effect of nicotinamide observed at P14 also indicates a role of oxidative 

stress on calpain, implying increased cytosolic Ca+2 levels, mitochondrial dysfunction, 

and/or endoplasmic reticulum-stress (Ermak et al. 2002), producing activation of calpain 1 

(Yamada et al. 2012). Whether calpain mediates the cell damage induced by PA in 

hippocampus, via necrosis or programmed necrosis, is something that requires further 

investigation, including evaluation of the role of AIF release and/or TNF-α signalling, as 

shown by Neira-Peña et al. (2015) and Cheng et al. (2018). The effect of PA on calpain 

activity was observed at P14, a time at which an increase in caspase-3 levels was no longer 

observed (Lespay-Rebolledo et al. 2018), suggesting a caspase-3 independent, but bax-

dependent delayed cell death, as previously proposed, showing mitochondrial impairment 

to precede neuronal death (D’Orsi et al. 2012).  

 

Thus, the present results support the idea that brain damage continues long after the re-

oxygenation period, extending to days (P1) and/or weeks (P14) after PA, implying changes 

in metabolism, redox homeostasis and suppression and/or over-activation of gene 

expression. Apoptosis has been observed by DNA fragmentation assays in hippocampus of 

PA-exposed animals along periods extending one month, being a primary mechanism for 

progression of brain damage induced by PA (Morales et al. 2010). In this study, the 

activation of differential mechanisms of cell damage was demonstrated, at P1 depending 

upon DNA fragmentation, reflected by decreased XRCC1 levels. But at P14, cell death 

depended upon calpain activation, playing a role in the progression of brain damage 

induced PA.  



61 
 

 
 

4.3 Conclusion of Chapter 4 

The sustained oxidative stress induced by PA causes a reduced antioxidant response in 

hippocampus, leading to increased GSSG:GSH ratio, in parallel with decreased GR, GPX 

and catalase activity, at P1 and P14. PA triggers activation of survival pathways, to reduce 

oxidative stress, increasing NADPH, TIGAR and XRCC1 availability, shifting to PPP flux 

and DNA repair, attenuating, but not avoiding the effect of severe PA on cell death 

observed in hippocampus at P14, associated with increased calpain activity, indicating a 

caspase-independent mechanism for delayed cell death.  

 

Nicotinamide, as a NAD+/NADP+ precursor, increased the activity of antioxidant enzymes, 

restoring GSH, decreasing cell damage in hippocampus. These effects, induced by 

nicotinamide, suggest a metabolic modulation towards restoring redox homeostasis, which 

is fundamental for preventing the neurological damage observed in adolescent rats 

suffering PA. Therefore, nicotinamide can play a fundamental therapeutic role to prevent 

the progression of brain damage and the long-term neurological deficits affecting neonates 

surviving PA. 
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5. Final conclusion 

The immature neonatal brain exposed to PA undergoes a progression of damage known 

as delayed death cell, which is relevant for the motor and cognitive outcome of neonates 

surviving PA. It well known that apoptosis is the main mechanism involved in delayed 

death cell associated with ATP deficits within the 24 first hours period when over-

activation of PARP-1 occurs, worsening cell damage. It is poorly understood, however, 

how the temporal changes in redox mechanisms, contributing to delayed death cell. In 

mature brain exposed to ischemia insults there is a contribution lasting 1-2 hours, without 

evidence for a long-term period associated to delayed death. 

The results obtained in this Thesis support the hypothesis that: the progression of brain 

damage during a delayed cell death period in vulnerable brain areas of animals exposed 

to perinatal asphyxia is associated with sustained oxidative stress along development, 

impairing redox homeostasis. Nicotinamide enhances the response of glutathione-

dependent enzymes by a pentose phosphate dependent pathway, preventing the 

progression of asphyxia-dependent brain damage.  

The present Thesis contributes to demonstrate that redox mechanisms are altered by PA, 

leading to a sustained oxidative stress during a delayed death cell period, evaluated here 

from P1 to P14 in susceptible brain areas, mesencephalon, hippocampus and 

telencephalon. A role for cleaved caspase-3, GSSG:GSH ratio and catalase activity was 

demonstrated, supporting the  progression of damage associated with the antioxidant 

response and apoptosis occurring along a postnatal period following recovering from PA. 

Thus, an increase of reduced glutathione, together with an increase of catalase activity 

will lead to enhanced resistant to apoptotic-like mechanisms.  

The relevance of glutathione for the damage induced by PA was evaluated in 

hippocampus, demonstrating that the response of glutathione-dependent enzymes is 

controlled by the pentose phosphate dependent pathway (PPP), preventing asphyxia-

dependent brain damage.  Thus, precursors of NAD/NADP, like nicotinamide, have the 

ability of induce changes in redox environment by mechanisms modulating the PPP 

increasing NADPH, to maintain the functioning of cell redox, activating mechanisms of 

repairing.  

The understanding the molecular mechanisms involved in the progression of brain 

damage during a delayed death cell period, and the contribution of redox systems leads 
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to selective therapeutic approaches, but also to increase a window of opportunities to 

prevent PA-induced damage. 
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7. Tables 

 

Table 1. Apgar and postnatal evaluation. Apgar scale evaluating the consequences of PA induced by immersing foetus-containing uterine horns 

(removed from ready to delivery rat dams) into a water bath at 37 °C for 21 min. The Apgar scale was applied 40 min after delivery to both 

asphyxia-exposed (AS) and sibling caesarean delivered neonates, used as controls (CS). The following parameters were also monitored at postnatal 

day 1 (P1), P3, P7 and P14 after delivery: (a) survival (yes/no, following intensive resuscitation manoeuvres for at least 5 min; in% of the 

corresponding litter). (b) Body weight (g). (c) Presence of gasping (yes/no; in % of the corresponding litter). (d) Respiratory frequency 

(events/min). (e) Skin colour (pink to blue, P, PB, BP or B). (f) Spontaneous movements (0–4; 0 = no movements; 4 = coordinated movements of 

forward and hind legs, as well as head and neck). (g) Vocalisation (yes/no; in % of the corresponding litter). Data is expressed as means ± SEM, 

whenever the parameters are monitored by continuous scales, or by % of the corresponding litter in cases of qualitative no continuous scales (n, 

number of pups; m, number of dams).  

 

CS (Caesarean delivered; 0 min asphyxia) (n= 76; m=5) 

Parameters 40 min P1 P3 P7 P14 

 

Survival (%) 100 100 100 100 100 

Body weight (g) 6.08 ± 0.12 5.31 ± 0.58 8.55 ± 0.37 13.7 ± 0.49 17.58 1.79 

Gasping (%) 0.06 ± 0.06 0 0 0 0 

Respiratory frequency 

(events/min) 

78.51±1.43 77.76 ± 2.32 80.56 ± 1.28 93.85 ± 2.68 

 
98.0  2.89 

Skin colour (P-B; %) P (99.16 ± 0.83) P (100) P (100) P (100) P (100) 

Spontaneous Movements 

(4-0)  

3.99 ±0.07 4 4 4 4 

Vocalizations (%) 99.24± 0.75 100 100 100 100 

 

AS (21 min asphyxia) (n = 44; m = 5) 

Parameters 40 min P1 P3 P7 P14 

 

Survival (%) 62.16 ± 2.23 

(by 36%)**** 

100 100 100 100 

Body weight (g) 5.89 ± 0.11 4.94 ± 0.74 8.15 ± 0.43 14.14 ± 0.87 16.87 ± 1.92 
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Gasping (%) 
 

47.50  8.69 

(>7 X)**** 

 

0 

 

0 

 

0 

 

0 

Respiratory frequency 

(events/min) 
31.81 ± 2.74 

(by 60%)**** 

41.3 ± 5.71 

(by 47%)**** 

37.38 ± 3.92 

(by 54%)**** 
58.88  6.66 

(by 37%)**** 

58.18 ± 5.37 

(by 41%)**** 

Skin colour 

(P-B; %) 
PB (89.83 ± 4.07)*** 

BP (24.27 ± 8.30)*** 

P (50 ± 25) 

PB (50 ± 25)** 

P (80±12.24) 

PB (20±12.24) 

P (25 ± 28.86) 

PB (75 ± 28.86)*** 

P (30 ± 14.58) 

PB (70 ± 14.58)**** 

Spontaneous Movements 

(4-0) 
0.53 ± 0.12 

(by 87%)*** 

4 4 4 4 

Vocalizations (%) 

 
44.75 ± 7.26 

(by 55%)*** 

100 100 100 100 

 

 

 

Unbalanced two-way ANOVA was used for testing the significant effects of PA and postnatal days on (a) survival: (F(9, 39) = 34.119, P < 0.0001); 

effect of PA (F(1, 39) = 6.5, P = 0.015); effect of postnatal day: (F(4, 39) = 72.055, P < 0.0001) and effect of interaction (F(4, 39) = 3.087, P = 0.027). (b) 

body weight (F(9, 110) = 129.618, P < 0.0001); effect of PA (F(1, 110) = 621.577, P < 0.0001); effect of postnatal day: (F(4, 110) = 131.847, P < 0.0001) 

and effect of interaction (F(4, 110) = 4.398, P = 0.002). (c) gasping (F(9, 39) = 66.813, P < 0.0001); effect of PA (F(1, 39) = 51.838, P < 0.0001); effect of 

postnatal day: (F(4, 39) = 75.165, P < 0.0001) and effect of interaction (F(4, 39) = 62.205, P < 0.0001). (d) respiratory frequency (F(9,110) = 37.254, P < 

0.0001); effect of PA (F(1, 110) = 253.067, P < 0.0001); effect of postnatal day: (F(4, 110) = 19.822, P < 0.0001) and effect of interaction (F(4, 110) = 

0.733, P = 0.571). (e) pink colour skin (F(9, 39) = 14, P < 0.0001); effect of PA (F(1, 39) = 6.499, P = 0.015); effect of postnatal day: (F(4, 39) = 25.322, P 

< 0.0001) and effect of interaction (F(4, 39) = 4.636, P = 0.004). (f) pink-blue colour skin (F(9, 39) =13.925, P < 0.0001); effect of PA (F(1, 39) = 71.774, 

P < 0.0001); effect of postnatal day: (F(4, 39) = 11.376, P < 0.0001) and effect of interaction (F(4, 39)= 2.011, P = 0.112). (g) blue-pink colour skin (F(9, 

39) = 4.446, P < 0.001); effect of PA (F(1, 39) = 3.449, P = 0.071); effect of postnatal day: (F(4, 39) = 5.002, P = 0.002) and effect of interaction (F(4, 39) 

= 4.139, P = 0.007). (h) spontaneous movements (F(9, 39) = 32.933, P < 0.0001); effect of PA (F(1, 39) = 3.362, P = 0.074); effect of postnatal day: (F(4, 

39) = 59.475, P < 0.0001) and effect of interaction (F(4, 39) = 13.784, P < 0.0001). (i) vocalisations % (F(9, 39) = 32.933, P < 0.0001); effect of PA (F(1, 

39) = 3.362, P = 0.074); effect of postnatal day: (F(4, 39) = 59.475, P < 0.0001) and effect of interaction (F(4, 39) = 13.784, P < 0.0001). Benjamini-

Hochberg was used as a post hoc test for comparisons between CS and AS groups. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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Table 2. Effect perinatal asphyxia on glutathione levels in neonatal rat brain. The brain was dissected at postnatal day (P) 1, 3, 7 or 14, from 

control (CS) and asphyxia-exposed (AS) rats. For determination of GSH and GSSG was measured by a kinetic method at 412 nm and the 

concentration normalized by total protein, interpolating the slope values into the corresponding calibration curves. All values are expressed as 

means ± S.E.M., from at least n=6 independent experiments in duplicated (n= 6-13).  

Table 2A 

 
P1 P3 P7 P14 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg  

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg 

protein 

GSSG 

mol/ 

mg 

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg 

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg 

protein 

GSSG 

mol/ 

mg  

protein 

GSSG: 

GSH 

ratio 

CS Mesencephalon n=6-8 

 

5.59 

±1.135 

0.078 

±0.014 

0.0145 

±0.0017 

5.05 

±0.6 

0.028 

±0.003 

§§§§ 

0.006 

0.001 

€€€€ 

8.07 

±0.57 

π 

0.09 

±0.006 

0.012 

0.001 

11.52 

±1.2 

π π π π 

0.065 

±0.004 

0.006 

0.0005 

€€€€ 

AS Mesencephalon n=6-8 

 

6.03 

±0.72 
0.15 

±0.01 

(>1.5X) 

**** 

0.0254 

0.002 

(>1.7X) 

**** 

3.19 

±0.17 

α 

0.036 

±0.002 

££££ 

0.011 

0.001 

(>1.6X) 

**/¥¥¥¥ 

6.04 

±0.39 
0.13 

±0.004 

(>1.45X) 

*** 

0.02 

0.002 

(>1.6X) 

**** 

7.02 

±0.35 

(>1.6X) 

*** 

0.12 

±0.006 

(>1.8X) 

****/££ 

0.018 

0.002 

(>3X) 

*/¥¥¥¥ 

 

Unbalanced two-way ANOVA was significant (a) for GSH levels (F (7, 46) =12.900, P< 0.0001); effect of PA (F (1, 46) =17.115, P= 0.0001); effect of 

postnatal days (F (3, 46) =20.485, P< 0.0001) and interaction (F (3, 46) =3.908, P= 0.014). (b) For GSSG levels two-way ANOVA was significant (F (7, 

46) =46.585, P< 0.0001); effect of PA (F (1, 46) =79.209, P< 0.0001); effect of postnatal days (F (3, 46) =73.278, P< 0.0001) and interaction (F (3, 46) 

=9.018, P< 0.0001).(c) For GSSG: GSH ratio two-way ANOVA was significantly (F (7, 46) =42.155, P< 0.0001); effect of PA (F (1, 46) =38.932, P< 

0.0001); effect of postnatal days (F (3, 46) =69.860, P< 0.0001) and interaction (F (3, 46) =15.525, P< 0.0001). Benjamini-Hochberg was used as a 

post-hoc test. Asterisks represent the comparisons between AS group and its respective CS group. € § π represent the comparisons between CS 

group and CS P1. ¥ £ α represent the comparisons between AS group and AS P1. In general symbols represent the next statistical significances: 

*P<0.05; **P<0.01; ***P<0.001, ****P<0.0001 (* is used as example). 
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Table 2B 

 
P1 P3 P7 P14 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg  

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg 

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg 

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg 

protein 

GSSG 

mol/ 

mg  

protein 

GSSG: 

GSH 

ratio 

CS Telencephalon n=7-11 

6.153 

±0.941 

0.0895 

±0.006 

0.0173 

±0.003 

8.01 

±1.4 

0.075 

±0.01 

0.011 

±0.002 

12.02 

±0.88 

0.092 

±0.004 

0.008 

±0.0006 

€ 

10.90 

±1.38 

π 

0.083 

±0.006 

0.008 

±0.001 

€ 

AS Telencephalon n=7-11 

 

5.043 

±0.54 
0.12 

±0.007 

(>1.8X) 

*** 

0.03 

0.007 

(>1.6X) 

** 

8.89 

±0.98 

0.06 

±0.006 

££££ 

0.008 

0.001 

¥¥¥¥ 

17.96 

±2.57 

(>1.5X) 

**/ α α α α 

0.102 

±0.01 

0.006 

0.004 

¥¥¥¥ 

17.05 

±1.99 

(>1.56X) 

**/α α α α 

0.07 

±0.008 

££££ 

0.004 

0.0002 

¥¥¥¥ 

 

Unbalanced two-way ANOVA was significant (a) for GSH levels (F (7, 61) =9.261, P< 0.0001); effect of PA (F (1, 61) =7.781, P=0.007); effect of 

postnatal days (F (3, 61) =16.383, P=0.007) and interaction (F (3, 61) =2.633, P=0.058). (b) For GSSG levels two-way ANOVA was significant (F (7, 61) 

=7.464, P< 0.0001); effect of PA (F (1, 61) =1.143, P=0.289); effect of postnatal days (F (3, 61) =12.506, P< 0.0001) and interaction (F (3, 61) =4.529, 

P=0.006). (c) For GSSG: GSH ratio two-way ANOVA was significantly (F (7, 61) =9.066, P< 0.0001); effect of PA (F (1, 61) =0.045, P=0.833); 

effect of postnatal days (F (3, 61) =17.407, P< 0.0001) and interaction (F (3, 61) =3.732, P=0.016). Benjamini-Hochberg was used as a post-hoc test. 

Asterisks represent the comparisons between AS group with its respective CS group. € π represent the comparisons between CS group and CS P1. 

¥ £ α represent the comparisons between AS group and AS P1. In general symbols represent the next statistical significances: *P<0.05; **P<0.01; 

***P<0.001, ****P<0.0001 (* is used as example). 

 

  



 
 

89 

 

Table 2C 

 
P1 P3 P7 P14 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg  

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg 

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg  

protein 

GSSG 

mol/ 

mg 

protein 

GSSG: 

GSH 

ratio 

GSH 

mol/ 

mg 

protein 

GSSG 

mol/ 

mg  

protein 

GSSG: 

GSH 

ratio 

CS Hippocampus n=7-13 

 

4.915 

±0.413 

0.08 

±0.004 

0.0173 

0.003 

4.82 

±0.19 

0.044 

±0.003 

§§§§ 

0.0095  

0.001 

€ 

 

3.36 

±0.18 

π 

0.024 

±0.002 

§§§§ 

0.007 

0.0005 

€ 

 

11.17 

±0.66 

π π π π 

0.086 

±0.005 

0.008 

0.0006 

€ 

 

AS Hippocampus n=7-13 

 

4.279 

±0.76 
0.12 

±0.005 

(>1.5X) 

**** 

0.036 

0.005 

(>2X) 

**** 

4.15 

±0.305 
0.06 

±0.004 

(>1.3X) 

**/££££ 

0.015 

0.001 

(>1.6X) 
**/¥¥¥ 

2.65 

±0.26 

α 

0.046 

±0.002 

(>1.9X) 

****/££££ 

0.02 

0.003 

(>2X) 
**/¥¥¥¥ 

5.83 

±0.73 

(>1.9X) 

***/α α α α 

0.11 

±0.005 

(>1.2X) 

**/££ 

0.02 

0.003 

(>2.5X) 
**/¥¥¥¥ 

 

Unbalanced two-way ANOVA was significant (a) for GSH levels (F (7, 81) =24.874, P< 0.0001); effect of PA (F (1, 81) =21.308, P< 0.0001); effect of 

postnatal days (F (3, 81) =40.756, P< 0.0001) and interaction (F (3, 81) =10.179, P< 0.0001).  (b) For GSSG levels two-way ANOVA was significant 

(F (7, 81) =85.284, P< 0.0001); effect of PA (F (1, 81) =97.07, P< 0.0001); effect of postnatal days (F (3, 81) =161.402, P< 0.0001) and interaction (F (3, 81) 

=5.237, P= 0.002). (c) For GSSG: GSH ratio two-way ANOVA was significantly (F (7, 81) =15.523, P< 0.0001); effect of PA (F (1, 81) =53.617, P< 

0.0001); effect of postnatal days (F (3, 81) =15.55, P< 0.0001) and interaction (F (3, 81) =2.798, P= 0.045). Benjamini-Hochberg was used as a post-

hoc test. Asterisks represent the comparisons between AS group with its respective CS group. € § π represent the comparisons between CS group 

and CS P1. ¥ £ α represent the comparisons between AS group and AS P1. In general symbols represent the next statistical significances: *P<0.05; 

**P<0.01; ***P<0.001, ****P<0.0001 (* is used as example). 
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Table 3. Effect of perinatal asphyxia on tissue reducing capacity (FRAP) in neonatal rat brain. The brain was dissected at P1, 3, 7 and 14 

from control (CS) and asphyxia-exposed (AS) rats. The capacity to reduce Fe (III) was determined by a Potassium Ferricyanide Reducing Power 

Assay in mesencephalon, telencephalon and hippocampus. Reducing capacity (Fe(II) is expressed in equivalents in μM, normalised by total protein 

in μg). Data are means ± SEM from at least N=6 independent experiments in triplicated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unbalanced two-way ANOVA showed (a) in mesencephalon a statistical significant effect of PA and postnatal days was found: (F (7, 76) = 199.896, 

P < 0.0001); effect of PA was (F (1, 76) = 89.347, P < 0.0001); effect of postnatal days was (F (3, 76) = 431.769, P < 0.0001) and interaction between 

PA and postnatal days was (F (3, 76) = 4.873, P = 0.004). (b) In telencephalon unbalanced two-way ANOVA showed statistical significance of PA 

and postnatal days (F (7, 85) = 25.549, P < 0.0001); effect of PA was (F (1, 85) = 32.395, P < 0.0001); effect of postnatal days was (F (3, 85) = 42.853, P 

< 0.0001) and interaction between PA and postnatal days was (F (3, 85) = 5.963, P = 0.001). (c) In hippocampus unbalanced two-way ANOVA 

showed statistical significance of PA and postnatal days (F (7, 91) = 63.297, P < 0.0001); effect of PA was (F (1, 91) = 104.903, P < 0.0001); effect of 

 P1 P3 P7 P14 

 FRAP 

µM/µg protein 

FRAP 

µM/µg protein 

FRAP 

µM/µg protein 

FRAP 

µM/µg protein 

CS 

 
    

Mesencephalon;  

N=6-8 

1.577 ± 0.059 1.27 ± 0.05 

π 

3.749 ± 0.129 

π π π π 

4.124 ± 0.139 

π π π π 

Telencephalon;  

N=7-11 

3.581 ± 0.105 4.327 ± 0.151 

§§ 

3.682 ± 0.123 4.74 ± 0.181 

§§§ 

Hippocampus;  

N= 7-13 

2.068 ± 0.124 4.44 ± 0.258 

€€€€ 

3.844 ± 0.038 

€€€€ 

4.558 ± 0.229 

€€€€ 

AS 

Mesencephalon;  

N= 6-8 
1.187 ± 0.036 

(by 24%)** 

0.76 ± 0.08 

(by 40%)***/ α α  
2.627 ± 0.102 

(by 30%)****/ α α α α 

3.45 ± 0.08 

(by 17%)****/α α α α 

Telencephalon; 

N= 7-11 

3.89 ± 0.123 4.51 ± 0.34 

£ 
4.768 ± 0.121 

(>1.2 X)***/££ 

6.338 ± 0.201 

(>1.3 X)****/££££ 

Hippocampus; 

N= 7-13 
1.239 ± 0.089 

(by 40%)**** 

3.176 ± 0.114 

(by 30%)****/¥/¥/¥/¥ 

1.715 ± 0.266 

(by 50%)**** 

3.723 ± 0.132 

(by 20%)***/¥/¥/¥/¥ 
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postnatal days was (F (3, 91) = 106.512, P < 0.0001) and interaction between PA and postnatal days was (F (3, 91) = 6.213, P = 0.001). Benjamini-

Hochberg was used as a post hoc test. Asterisks represent the comparisons between AS group with its respective CS group. € § π represent the 

comparisons between CS group and CS P1. ¥ £ α represent the comparisons between AS group and AS P1. In general symbols represent the next 

statistical significances: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001 (* is used as example). 
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Table 4. Effect of perinatal asphyxia on protein and catalase activity in neonatal rat brain. The brain was dissected at P1, 3, 7 and 14 from 

control (CS) and asphyxia-exposed (AS) rats. Tissue samples from mesencephalon (M), telencephalon (T), and hippocampus (H) were analysed by 

Western blots (WB) and ELISA, determining protein and catalase activity, respectively. Densitometry was performed for quantification, 

determining catalase and total protein. The values were normalized by the sum method, and catalase values divided by total normalized protein 

values (loading control), obtaining the quantity of catalase, represented as catalase protein normalized levels in arbitrary units (a. u.). Enzymatic 

activity was determined by the constant (k) rate from the exponential decomposition of hydrogen peroxide (min), normalized by catalase relative 

levels and total protein in milligram (mg). Relative catalase protein levels were obtained dividing absorbance values by total protein (mg). Data are 

means ± S.E.M from at least N=3 independent experiments by duplicated.  

 

Table 4A 
P1 P3 P7 P14 

 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

 

Activity 

(k/catalase 

/mg 

protein) 

CS Mesencephalon n=5-8 

 

1.383 

± 0.15 

0.181 

± 0.019 

0.021 

± 0.003 

0.976 

± 0.079 

§ 

0.194 

± 0.031 

0.017 

± 0.001 

1.015 

± 0.07 

§ 

0.094 

± 0.011 

€€ 

0.004 

± 0.0001 

π π π π 

0.885 

± 0.057 

§§ 

0.083 

± 0.0186 

€€€€ 

0.0033 

± 0.0003 

π π π π 

AS Mesencephalon n=5 

 

1.109 

± 0.069 

0.134 

± 0.015 
0.011 

± 0.001 

(by 48%) 

*** 

0.887 

± 0.061 
0.109 

± 0.022 

(by 44%) 

** 

0.01 

± 0.002 

(by 47%) 

*** 

1.024 

± 0.082 

0.082 

± 0.0043 

¥ 

0.003 

± 0.0001 

££ 

0.958 

± 0.104 

0.056 

± 0.006 

¥¥¥ 

0.002 

± 0.0002 

££ 

 

(a) For catalase protein determined by Western blot unbalanced two-way ANOVA was statistically significant (F (7, 56) = 3.283, P < 0.005). The 

following results were found for the effect of PA (F (1, 56) = 1,263, P = 0.266); effect of postnatal days (F (3, 56) = 5.789, P<0.01); and interaction 

between PA and postnatal days (F (3, 56) = 1.451, P = 0.238). (b) For catalase relative levels unbalanced two-way ANOVA revealed statistically 
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significant differences (F (7, 22) = 12.907, P < 0.0001); effect of PA (F (1, 22) = 11.2, P< 0.003); for effect of postnatal days (F (3, 22) = 23.924, P < 

0.0001). The interaction between PA and postnatal days did not reach the statistically significant level (F (3, 22) = 2.46, P = 0.09). (c) For catalase 

activity unbalanced two-way ANOVA was significant (F (7, 16) = 28.511, P < 0.0001); also for the effect of PA (F (1, 16) = 28.417, P < 0.0001); and 

postnatal days (F (3, 16) = 50.882, P < 0.0001); and interaction between PA and postnatal days (F (3, 16) = 6.172, P = 0.005). Benjamini-Hochberg was 

used as a post hoc test. Asterisks represent the comparisons between AS group with its respective CS group. € § π represent the comparisons 

between CS group and CS P1. ¥ £ represent the comparisons between AS group and AS P1. In general symbols represent the next statistical 

significances: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001. (* is used as example). 
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Table 4B 

 
P1 P3 P7 P14 

 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

 

Activity 

(k/catalase 

/mg 

protein) 

CS Telencephalon n=5-7 

1.05 

± 0.129 

0.16 

± 0.014 

0.007 

± 0.0003 

1.056 

± 0.09 

0.136 

± 0.011 

0.006 

± 0.0005 

0.98 

± 0.053 

0.112 

± 0.005 

0.005 

± 0.0008 

0.854 

± 0.13 

0.085 

± 0.004 

€€€€ 

0.004 

± 0.001 

 

AS Telencephalon n=5 

1.216 

± 0.119 

0.16 

± 0.01 

0.007 

± 0.0009 

1.044 

± 0.052 

0.141 

± 0.011 

0.007 

± 0.0008 

0.834 

± 0.056 

0.115 

± 0.007 

0.006 

± 0.001 

0.723 

± 0.068 

¥¥¥ 

0.102 

± 0.02 

££ 

0.005 

± 0.001 

 

 

(a) For catalase protein determined by Western blot unbalanced two-way ANOVA was significantly (F (7, 48) = 3.050, P = 0.01). No statistically 

significant effect was found for PA (F (1, 48) = 0.483, P = 0.491); effect of postnatal days (F (3, 48) = 6.101, P = 0.001) and interaction between PA 

and postnatal days (F (3, 48) = 0.853, P = 0.472). (b) For catalase relative levels unbalanced two-way ANOVA was significant (F (7, 42) = 6.388, P < 

0.0001); effect of PA (F (1, 42) = 0.445, P = 0.508); effect of postnatal days (F (3, 42) = 14.504, P < 0.0001) and interaction between PA and postnatal 

days (F (3, 42) = 0.252, P = 0.860). (c) For catalase activity unbalanced two-way ANOVA was significantly (F (7, 40) = 2.523, P = 0.03); effect of PA 

(F (1, 40) = 1.225, P = 0.275); effect of postnatal days (F (3, 40) = 5.192, P = 0.004) and interaction between PA and postnatal days (F (3, 40) = 0.287, P = 

0.834). Benjamini-Hochberg was used as a post hoc test. Asterisks represent the comparisons between AS group with its respective CS group. € 

represents the comparisons between CS group and CS P1. ¥ £ represent the comparisons between AS group and AS P1. In general symbols 

represent the next statistical significances: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001 (* is used as example). 
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Table 4C 

P1 P3 P7 P14 
 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

Activity 

(k/catalase 

/mg 

protein) 

Total 

protein 

(A.U.) 

(WB) 

A 

/mg 

protein 

(ELISA) 

 

Activity 

(k/catalase 

/mg 

protein) 

CS Hippocampus n=5-6 

 

0.864 

± 0.049 

0.202 

± 0.019 

0.12 

± 0.006 

0.919 

± 0.056 

0.119 

± 0.009 

0.036 

± 0.005 

π π π π 

1.135 

± 0.04 

§§ 

0.206 

± 0.003 

0.067 

± 0.006 

π π π π 

0.871 

± 0.075 

 

0.066 

± 0.006 

€€€€ 

0.013 

± 0.001 

π π π π 

AS Hippocampus n=5 

0.845 

± 0.046 

0.19 

± 0.013 
0.086 

± 0.001 

(by 28%) 

**** 

1.187 

± 0.037 

(>29%) 

***/¥¥¥¥ 

0.22 

± 0.025 

(by 84%) 

**** 

0.061 

± 0.003 

(>1.6 X) 

****/ α α α α 

1.156 

± 0.055 

¥¥¥ 

0.182 

± 0.011 

 

0.031 

± 0.003 

(by 54%) 

****/ α α α α 

0.98 

± 0.05 

¥¥¥ 

0.094 

± 0.006 

££££ 

0.005 

± 0.001 

(by 70%) 

*/ α α α α 

 

(a) For catalase protein determined by western blot unbalanced two-way ANOVA was significant (F (7, 40) = 7.569, P < 0.0001); effect of PA (F (1, 

40) = 6.638, P = 0.014); effect of postnatal days (F (3, 40) = 12.463, P < 0.0001) and interaction between PA and postnatal days (F (3, 40) = 2.985, P = 

0.042). (b) For catalase relative levels unbalanced two-way ANOVA was significant (F (7, 24) = 18.846, P < 0.0001); effect of PA (F (1, 24) = 6.088, P 

= 0.021); effect of postnatal days (F (3, 24) = 33.147, P < 0.0001) and interaction between PA and postnatal days (F (3, 24) = 8.798, P = 0.0004). (c) 

For catalase activity unbalanced two-way ANOVA was significant (F (7, 29) = 135.114, P < 0.0001); effect of PA (F (1, 29) = 28.153, P < 0.0001); 

effect of postnatal days (F (3, 29) = 275.427, P < 0.0001) and interaction between PA and postnatal days (F (3, 29) = 30.456, P < 0.0001). Benjamini-

Hochberg was used as a post hoc test. Asterisks represent the comparisons between AS group with its respective CS group. § € π represent the 

comparisons between CS group and CS P1. ¥ £ α represent the comparisons between AS group and AS P1. In general symbols represent the next 

statistical significances: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001 (* is used as example). 
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Table 5. Effect of perinatal asphyxia on procaspase-3 and cleaved caspase-3 levels in neonatal rat brain. The brain was dissected at P1, 3, 7 

and 14 from control (CS) and asphyxia-exposed (AS) rats. Tissue samples from mesencephalon, telencephalon and hippocampus were analysed by 

immunoblotting with caspase-3 (1:500). Densitometry was performed, quantifying procaspase -3 and total cleaved caspase-3 (p19/17/12), also total 

protein (Ponceau stained membranes). The values were normalized by the sum method and divided by total normalized protein values to determine 

caspase-3 normalized levels in arbitrary units (a. u.). Data are means ± S.E.M from N=5 independent experiments.  

Table 5A 

P1 P3 P7 P14 
 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

CS Mesencephalon n=5 

1.143 ± 0.173 2.256 ± 0.226 0.92 ± 0.146 1.6 ± 0.159 

§ 

0.908 ± 0.51 1.933 ± 0.1089 0.609 ± 0.106 

€€ 

0.927 ± 0.071 

§§§§ 

AS Mesencephalon n=5 

 

1.662 ± 0.173 

(>1.4X) 

* 

3.104 ± 0.266 

(>1.3 X) 

** 

1.143 ± 0.144 

££ 

 

2.522 ± 0.358 

(>1.5 X) 

**/¥ 

1.115 ± 0.016 

££ 

2.478 ± 0.094 

(>1.2 X) 

¥ 

0.667 ± 0.141 

££££ 

1.294 ± 0.07 

(>1.3X) 

*/¥¥¥¥ 

(a) For procaspase-3 unbalanced two-way ANOVA was significant (F (7, 32) = 6.466, P<0.0001); effect of PA (F (1, 32) = 7.450, P=0.01); effect of 

postnatal days (F (3, 32) = 11.506, P<0.0001) and interaction between PA and postnatal days (F (3, 32) = 1.098, P= 0.364). (b) For cleaved caspase- 3 

unbalanced two-way ANOVA was significant (F (7, 32) = 13.546, P<0.0001); effect of PA (F (1, 32) = 23.118, P<0.0001); effect of postnatal days (F (3, 

32) = 22.961, P<0.0001) and interaction between PA and postnatal days (F (3, 32) = 0.942, P= 0.432). Benjamini-Hochberg was used as a post-hoc 

test. Asterisks represent the comparisons between AS group with its respective CS group. § and € represent the comparisons between CS group and 

CS P1. ¥ and £ represent the comparisons between AS group and AS P1. In general symbols represent the next statistical significances: *P<0.05; 

**P<0.01; ***P<0.001, ****P<0.0001 (* is used as example). 
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Table 5B 

P1 P3 P7 P14 
 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

CS Telencephalon n=5 

1.147 ± 0131 2.103 ± 0.187 1.199 ± 0.108 2.479 ± 0.427 1.062 ± 0.098 2.066 ± 0.348 0.559 ± 0.078 0.999 ± 0.136 

§ 

AS Telencephalon n=5 

 

1.01 ± 0.187 1.743 ± 0.161 1.436 ± 0.258 2.8 ± 0.188 1.001 ± 0.101 2.733 ± 0.396 

¥ 

0.685 ± 0.075 1.298 ± 0.147 

 

 

(a) For procaspase-3 unbalanced two-way ANOVA was significant (F (7, 32) = 3.870, P=0.004); effect of PA (F (1, 32) = 0.165, P=0.687); effect of 

postnatal days (F (3, 32) = 8.251, P=0.0003) and interaction between PA and postnatal days (F (3, 32) = 0.724, P= 0.545). (b) For cleaved caspase- 3 

unbalanced two-way ANOVA was significantly (F (7, 32) = 5.702, P=0.0002); effect of PA (F (1, 32) = 1.437, P=0.239); effect of postnatal days (F (3, 

32) = 11.591, P<0.0001) and interaction between PA and postnatal days (F (3, 32) = 1.234, P= 0.313). Benjamini-Hochberg was used as a post-hoc 

test. § represent the comparisons between CS group and CS P1. ¥ represent the comparisons between AS group and AS P1. In general symbols 

represent the next statistical significances: §P<0.05; §§P<0.01; §§§ P<0.001, §§§§ P<0.0001. (§ is used as example). 
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Table 5C 

P1 P3 P7 P14 
 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

Procaspase-3 

(A.U.) 

Cleaved 

caspase-3 

(A.U.) 

CS Hippocampus n=5 

 

1.555 ± 0.156 3.194 ± 0.308 1.121 ± 0.087 

€ 

2.962 ± 0.413 0.788 ± 0.121 

€€€ 

2.239 ± 0.25 

§ 

0.672 ± 0.105 

€€€€ 

1.054 ± 0.103 

§§§§ 

AS Hippocampus n=5 

 

1.338 ± 0.074 2.625 ± 0.199 

 

1.031 ± 0.095 3.81 ± 0.342 

(>1.3X) 

* 

0.811 ± 0.083 

££ 

 

 

5.004 ± 0.313 

(>2 X) 

****/¥¥¥¥ 

0.937 ± 0.076 

£ 

 

1.304 ± 0.114 

¥¥ 

 

(a) For procaspase-3 unbalanced two-way ANOVA was significantly (F (7, 32) = 8.383, P<0.0001); effect of PA (F (1, 32) = 0.004, P= 0.952); effect of 

postnatal days (F (3, 32) = 17.579, P<0.0001) and interaction between PA and postnatal days (F (3, 32) = 1.979, P= 0.137). (b) For cleaved caspase- 3 

unbalanced two-way ANOVA was significantly (F (7, 32) = 21.131, P<0.0001); effect of PA (F (1, 32) = 19.991, P<0.0001); effect of postnatal days (F 

(3, 32) = 29.895, P<0.0001) and interaction between PA and postnatal days (F (3, 32) = 12.747, P<0.0001). Benjamini-Hochberg was used as a post-hoc 

test. Asterisks represent the comparisons between AS group with its respective CS group. § and € represent the comparisons between CS group and 

CS P1. ¥ and £ represent the comparisons between AS group and AS P1. In general symbols represent the next statistical significances: *P<0.05; 

**P<0.01; ***P<0.001, ****P<0.0001 (* is used as example). 
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Table 6. Apgar and postnatal evaluation. Apgar scale evaluating the consequences of PA induced by immersing foetus-containing uterine horns 

(removed from ready to delivery rat dams) into a water bath at 37 °C for 21 min. The Apgar scale was applied 40 min after delivery to both 

asphyxia-exposed (AS) and sibling caesarean delivered neonates, used as controls (CS). The following parameters were also monitored at postnatal 

day 1 (P1) and P14 after delivery: (a) survival (yes/no, following intensive resuscitation manoeuvres for at least 5 min; in% of the corresponding 

litter). (b) Body weight (g). (c) Presence of gasping (yes/no; in % of the corresponding litter). (d) Respiratory frequency (events/min). (e) Skin 

colour (pink to blue, P, PB, BP or B). (f) Spontaneous movements (0–4; 0 = no movements; 4 = coordinated movements of forward and hind legs, 

as well as head and neck). (g) Vocalisation (yes/no; in % of the corresponding litter). Data is expressed as means ± SEM, whenever the parameters 

are monitored by continuous scales, or by % of the corresponding litter in cases of qualitative no continuous scales (n, number of pups; m, number 

of dams).  

 

CS (Caesarean delivered; 0 min asphyxia) (n= 280; m=24)   

Parameters 40 min P1 P14 

 

Treatment - - Veh Nicotinamide - Veh Nicotinamide 

Survival (%) 100 100 100 100 100 100 100 

Body weight (g) 6.11 ± 0.56 7.01 ± 0.29 6.54 ± 0.18 6.63 ± 0.22 25.08 0.88 24.10 0.78 24.20 0.82 

Gasping (%) 0.053 ± 0.03 0 0 0 0 0 0 

Respiratory 

frequency 

(events/min) 

75.04±0.87 78.32 ± 2.04 78.55 ± 1.99 86.36 ± 2.13 99.09  2.07 103.09 2.31 101.73 2.70 

Skin colour (P-B; 

%) 

P (100) Not Evaluated Not Evaluated Not Evaluated Not Evaluated Not Evaluated Not Evaluated 

Spontaneous 

Movements (4-0)  

3.90 ±0.03 4 4 4 4 4 4 

Vocalizations (%) 99.21± 0.39 100 100 100 100 

 

100 

 

100 

 

AS (21 min asphyxia) (n = 44; m = 5)   

Parameters 40 min P1 P14 

 

  

Survival (%) 60.81 ± 2.55 

(by 61%)**** 

100 100 100 100 100 100 

Body weight (g) 5.96 ± 0.55 6.75 ± 0.22 6.32 ± 0.17 6.56 ± 0.24 24.00 ± 0.97 23.50 ± 0.60 25.28 ± 0.70 



 
 

100 
 

Gasping (%) 43.72  4.35 

(>8X)**** 

0 0 0 0 0 0 

Respiratory 

frequency 

(events/min) 

36.54 ± 1.43 

(by 52%)**** 

40.55 ± 3.53 

(by 48%)**** 

38.27 ± 3.73 

(by 51%)**** 

57.92 ± 1.59 

(by 33%)**** 

63.64 ± 3.57 

(by 36%)**** 

61.64 ± 3.35 

(by 40%)**** 

82.09 ± 2.54 

(by 19%)**** 

Skin colour 

(P-B; %) 
PB (77.85 ± 4.37)**** 

BP (29.51 ± 5.54)**** 

Not Evaluated Not Evaluated Not Evaluated Not Evaluated Not Evaluated Not Evaluated 

Spontaneous 

Movements (4-0) 
0.72 ± 0.08 

(by 82%)*** 

4 4 4 4 4 4 

Vocalizations (%) 

 
50.22 ± 3.88 

(by 49%)**** 

100 100 100 100 

 

 

100 

 

 

100 

 

 

 

One-way ANOVA was used for testing the significant differences among groups at 40min on (a) survival: (F (1, 227) = 235.912, P < 0.0001). (b) 

body weight (F (1, 279) = 0.463, P = 0.497). (c) gasping (F (1, 227) = 100.744, P < 0.0001). (d) respiratory frequency (F (1,279) = 527.138, P < 0.0001). 

(e) Skin colour (F (2, 101) = 100.581, P < 0.0001). (f) spontaneous movements (F(1, 278) = 1495.367, P < 0.0001). (g) vocalisations % (F(1, 226) = 

159.290, P < 0.0001). One-way ANOVA indicated a significant difference among groups on respiratory frequency (F(5, 131) = 61.934, P < 0.0001) 

at P1 and (F(5, 131) = 46.059, P < 0.0001) at P14. Benjamini-Hochberg was used as a post hoc test. Asterisks represent the comparisons between CS 

and AS groups. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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Table 7. A. Effect of perinatal asphyxia (PA) and B. nicotinamide on glutathione levels monitored in hippocampus of rat neonates at P1 and P14. 

(comparisons: AS versus CS; CS nicotinamide versus CS vehicle; AS nicotinamide versus AS vehicle). The concentrations of GSH and GSSG 

were expressed as µmol/mg protein, GSSG:GSH ratio is a measured of oxidative stress. All values are means ± S.E.M., from at least N=4-6 

independent experiments in duplicated. 

 

Postnatal day P1 P14 

 GSH 

mol/mg  

protein 

GSSG 

mol/ 

mg protein 

GSSG: 

GSH 

ratio 

GSH 

mol/mg 

protein 

GSSG 

mol/ 

mg protein 

GSSG: 

GSH 

ratio 

A. Effect of PA; N= 4 independent experiments 

CS;  n=8 7.49 ±0.70 0.08 ±0.01 0.011 ±0.0005 8.91 ±0.30 0.07 ±0.01 0.008±0.001 

AS; n=8-9 7.32 ±0.31 0.15±0.01 

(>1.9x)**** 

0.02 ±0.002 

(>1.9X)**** 

5.71±0.59 

(by 35.85%)**** 

0.16±0.01 

(>2.5x)**** 

0.031±0.003 

(>4.1X)**** 

B. Effect of Nicotinamide; N=4-5 independent experiments 

CS Vehicle;  

n=8-10 

7.13 ±0.44 0.07 ±0.02 0.01 ± 0.0011 10.09 ±1.01 0.08 ±0.01 

 

0.01±0.001 

CS Nicotinamide; 

n=9-10 

12.11±0.88 

(>1.7X)**** 

0.08 ±0.01 

 

0.007 ± 0.001 

(by 32.81%)* 

23.06±1.30 

(>2.4X)**** 

0.08 ±0.01 

 

0.004±0.001 

(by 61.76%)**** 

AS Vehicle;   

n=8-10 

7.53 ±0.65 0.16 ±0.01 0.02±0.001 4.83 ±0.49 0.14 ±0.005 0.03±0.002 

AS Nicotinamide;  

n=9-12 

13.70±1.09 

(>1.8X)**** 

0.09±0.01 

(by 42.78%)**** 

0.007±0.0003 

(by 68.79%)**** 

11.82±1.08 

(>2.8X)**** 

0.07±0.003 

(by 44.04%)**** 

0.007±0.001 

(by 75.26%)**** 
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(a) For GSH levels unbalanced two-way ANOVA indicated (i) a significant effect of PA and postnatal days on GSH (F (3, 29) = 23.534, P < 

0.0001); effect of PA on GSH levels was (F (1, 29) = 55.915, P < 0.0001); effect of postnatal days was (F (1, 29) = 12.122, P = 0.002) and interaction 

between PA and post-natal days on GSH levels was (F (1, 29) = 2.566, P = 0.120).  (ii) The effect of nicotinamide and postnatal days was statistically 

significant on GSH (F (7, 69) = 44.998, P < 0.0001); effect of nicotinamide on GSH levels was (F (3, 69) = 82.353, P < 0.0001); effect of post-natal 

days was (F (1, 69) = 43.384, P < 0.0001) and interaction between nicotinamide and post-natal days on GSH levels was (F (3, 69) = 8.181, P < 0.0001).  

 

(b) For GSSG levels unbalanced two-way ANOVA indicated (i) a significant effect of PA and postnatal days (F (3, 29) = 12.473, P < 0.0001); effect 

of PA on GSSG levels was (F (1, 29) = 11.231, P = 0.002); effect of postnatal days was (F (1, 29) = 17.022, P = 0.0003) and interaction between PA 

and post-natal days was (F (1, 29) = 9.165, P = 0.005). (ii)  The effect of nicotinamide and postnatal days on GSSG levels was statistically significant 

(F (7, 69) = 60.604, P < 0.0001); effect of nicotinamide on GSSG levels was (F (3, 69) = 127.0171, P < 0.0001); effect of post-natal days was (F (1, 69) = 

16.161, P = 0.0001) and interaction between nicotinamide and post-natal days on GSSG levels was (F (3, 69) = 8.952, P < 0.0001).  

 

(c) For GSSG:GSH ratio unbalanced two-way ANOVA indicated (i) a significant effect of PA and postnatal days (F (3, 29) = 17.096, P < 0.0001); 

effect of PA on GSSG:GSH ratio was (F (1, 29) = 8.040, P < 0.0001); effect of post-natal days was (F (1, 29) = 27.169, P < 0.0001) and interaction 

between PA and post-natal days was (F (1, 29) = 16.079, P < 0.0001). (ii)  The effect of nicotinamide and postnatal days was statistically significant 

on GSSG:GSH ratio (F (7, 69) = 61.584, P < 0.0001); effect of nicotinamide was (F (3, 69) = 131.943, P < 0.0001); effect of post-natal days was (F (1, 69) 

= 12.698, P = 0.001) and interaction between nicotinamide and post-natal days was (F (3, 69) = 7.522, P = 0.0002). Benjamini-Hochberg was used as 

a post-hoc test. Asterisks represent the comparisons between AS group with its respective CS group and between CS nicotinamide/AS 

nicotinamide group with its respective CS vehicle/AS vehicle group. Statistical significance: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001.  
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Table 8. A. Effect of perinatal asphyxia (PA) and B. nicotinamide on glutathione reductase (GR) activity monitored in hippocampus of rat 

neonates at P1 and P14. (Comparisons: AS versus CS; CS nicotinamide versus CS vehicle; AS nicotinamide versus AS vehicle). GR activity is 

expressed as mU/ml/g protein. All values are expressed as means ± S.E.M., from at least N=4 independent experiments by duplicated.  

Postnatal day P1 P14 

 GR 

mU/mL/µg protein 

GR 

mU/mL/µg protein 

A. Effect of PA; N=4-7 independent experiments 

CS; n=9-14 8.39 ±0.60 5.12 ±0.33 

AS; n=10 5.36 ±0.71 

(by 29.2%) ** 

3.75 ±0.28 

(by 27.9%) ** 

B. Effect of Nicotinamide; N=4-8 independent experiments 

CS Vehicle;  n=9 7.58 ±0.63 5.91 ±0.31 

CS Nicotinamide; n=10-16 13.28 ±1.24 

(> 1.7X)** 

7.89 ±0.57 

(> 1.3X)* 

AS Vehicle; n=8-11 4.54 ±0.39 4.40 ±0.25 

AS Nicotinamide; n=8-10 14.73 ±2.09 

(> 3.6X)**** 

7.78 ±0.55 

(> 1.8X)**** 

Unbalanced two-way ANOVA indicated (i) a significant effect of PA and postnatal days on GR (F (3, 40) = 43.897, P < 0.0001); effect of PA on GR 

was (F (1, 40) = 112.408, P < 0.0001); effect of post-natal days was (F (1, 40) = 2.401, P = 0.129) and interaction between PA and post-natal days on 

GR was (F (1, 40) = 16.881, P = 0.0002). (ii) The effect of nicotinamide and postnatal days was statistically significant (F (7, 69) = 15.810, P < 0.0001); 

effect of nicotinamide on GR was (F (3, 69) = 24.239, P < 0.0001); effect of post-natal days was (F (1, 69) = 4,706, P = 0.034) and interaction between 

nicotinamide and post-natal days on GR was (F (3, 69) = 4.505, P = 0.014). Benjamini-Hochberg was used as a post-hoc test. Asterisks represent the 

comparisons between AS group with its respective CS group and between CS nicotinamide/AS nicotinamide group with its respective CS 

vehicle/AS vehicle group. Statistical significance: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001.  
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Table 9. A. Effect of perinatal asphyxia (PA) and B. nicotinamide on glutathione peroxidase (GPx) activity monitored in hippocampus of rat 

neonates at P1 and P14. (Comparisons: AS versus CS; CS nicotinamide versus CS vehicle; AS nicotinamide versus AS vehicle). GPx activity is 

expressed as NADPH nmol/ml/mg protein. All values are expressed as means ± S.E.M., from at least N=3 independent experiments by duplicated. 

Postnatal day P1 P14 

 GPX 

(NADPH nmol/mL/mg protein) 

GPX 

(NADPH nmol/mL/mg protein) 

A. Effect of PA; N=3-4 independent experiments 

CS; n=6-8 786.69±109.46 839.31±53.09 

AS; n=6-7 369.80±29.28 

(by 51.4%)** 

385.27±49.41 

(by 52.7%)**** 

B. Effect of Nicotinamide; N=3-5 independent experiments 

CS Vehicle; n=6 656.06±35.16 808.21±76.14 

CS Nicotinamide; n=10 772.16±36.90 

 

1764.97±138.44 

(>2.3X)**** 

AS Vehicle;  n=6 408.88±28.85 459.90±45.38 

AS Nicotinamide; n=10 904.32±95.99 

(>2.3X)**** 

1315.88±140.71 

(>3.1X)**** 

Unbalanced two-way ANOVA indicated (i) a significantly effect of PA and postnatal days on GPx activity (F (3, 23) = 55.633, P < 0.0001); effect of 

PA on GPx was (F (1, 23) = 149.002, P < 0.0001); effect of post-natal days was (F (1, 23) = 13.852, P = 0.001) and interaction between PA and post-

natal days on GPx was (F (1, 23) = 4.041, P = 0.056).  (ii) The effect of nicotinamide and postnatal days was statistically significant on GPx activity 

(F (7, 49) = 37.536, P < 0.0001); effect of nicotinamide on GPx was (F (3, 49) = 54.039, P < 0.0001); effect of post-natal days was (F (1, 49) = 74.822, P 

= 0.034) and interaction between nicotinamide and post-natal days on GPx was (F (3, 49) = 8.605, P = 0.0001). Benjamini-Hochberg was used as a 
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post-hoc test. Asterisks represent the comparisons between AS group with its respective CS group and between CS nicotinamide/AS nicotinamide 

group with its respective CS vehicle/AS vehicle group. Statistical significance: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001.  

 

 

 

Table 10. A. Effect of perinatal asphyxia (PA) and B. nicotinamide on catalase protein levels and activity monitored in hippocampus of rat 

neonates at P1 and P14.(Comparisons: AS versus CS; CS nicotinamide versus CS vehicle; AS nicotinamide versus AS vehicle). Normalized 

catalase protein by western blot (N=5 independent experiments) is expressed in arbitrary units (a. u.), relative catalase levels by ELISA is 

expressed in absorbance values by total protein (mg) and catalase activity by ELISA is expressed as constant (k) rate from the exponential 

decomposition of hydrogen peroxide (min), normalized by catalase relative levels and total protein in milligram (mg). Data are means ± S.E.M 

from N=3 independent experiments.  
Postnatal day P1 P14 

 Catalase 

WB 

(a.u.) 

Catalase 

ELISA 

(absorbance/ 

mg protein) 

CatalaseActivity 

(k/catalase/ 

mg protein) 

Catalase 

WB 

(a.u.) 

Catalase 

ELISA 

(absorbance/ 

mg protein) 

CatalaseActivity 

(k/catalase/ 

mg protein) 

A. Effect of PA;  N= 5 (WB); N= 4 (ELISA and activity) independent experiments 

CS; 

n=(10); (4-5) 

0.94±0.10 0.368±0.099 0.150±0.022 1.074±0.052 0.176±0.018 0.017±0.003 

AS; 

n=(10-12); (4-5) 

1.04±0.08 0.206±0.034 

(by 36.31%)** 

0.053±0.009 

(by 64.46%)**** 

0.966±0.054 0.105±0.016 

(by 41.73%)* 

0.004±0.0003 

(by 71.23%)*** 

B. Effect of Nicotinamide; N= 5 (WB); 4 (ELISA and activity) independent experiments 

CS Vehicle; 

n=(10-12); (4-5) 

0.98±0.07 0.212±0.029 0.102±0.009 1.016±0.045 0.150±0.012 0.011±0.001 

CS Nicotinamide; 

n=(12); (4-5) 

1.19±0.08 

 

0.363±0.047 

(> 1.8X)** 

0.214±0.020 

(> 2.2X)*** 

0.982±0.080 0.124±0.028 

 

0.009±0.001 
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AS Vehicle;  

n=(12-18); (4-5) 

1.05±0.07 0.168±0.075 0.065±0.015 0.995±0.052 0.078±0.004 0.005±0.001 

AS Nicotinamide; 

n=(12); (4-5) 

1.27±0.06 

(> 1.2X)* 

0.399±0.065 

(> 3.8X)** 

0.145±0.015 

(> 2.5X)*** 

1.35±0.076 

(> 1.3X)** 

0.145±0.021 

(> 1.8X)** 

0.023±0.007 

(> 5.8X)** 

(a) For catalase protein determined by Western blots two-way ANOVA indicated (i) a significant effect of PA and postnatal days on catalase 

levels (F (3, 39) = 32.261, P < 0.0001); effect of PA on catalase levels was (F (1, 39) = 62.197, P < 0.0001); effect of postnatal days was (F (1, 39) = 

27.090, P < 0.0001) and interaction between PA and postnatal days on catalase levels was (F (1, 39) = 7.496, P = 0.009). (ii)  The effect of 

nicotinamide and postnatal days was statistically significant on catalase levels (F (7, 98) = 56.185, P < 0.0001); effect of nicotinamide on catalase 

levels was (F (3, 98) = 76.576, P < 0.0001); effect of postnatal days on catalase was (F (1, 98) = 34.227, P < 0.0001) and interaction between 

nicotinamide and postnatal days was (F (3, 98) = 26.383, P < 0.0001).  

 

(b) For catalase relative levels determined by ELISA unbalanced two-way ANOVA indicated (i) a significant effect of PA and postnatal days on 

catalase relative levels (F (3, 15) = 11.349, P = 0.0004); effect of PA was (F (1, 15) = 26.214, P = 0.0001); effect of post-natal days was (F (1, 15) = 0.232, 

P= 0.637) and interaction between PA and post-natal days was (F (1, 15) = 7.601, P = 0.015). (ii) The effect of nicotinamide on catalase relative 

levels reached the statistically significant level (F (7, 29) = 3.954, P = 0.004); effect of nicotinamide was (F (3, 29) = 7.494, P = 0.001); effect of 

postnatal days was (F (1, 29) = 0.15, P = 0.701) and interaction between nicotinamide and post-natal days was (F (3, 29) = 1.681, P = 0.193).  

 

(c) For catalase activity unbalanced two-way ANOVA indicated (i) a significant effect of PA and postnatal days on catalase activity (F (3, 13) = 

22.186, P < 0.0001); effect of PA on catalase activity was (F (1, 13) = 40.626, P < 0.0001); effect of postnatal days was (F (1, 13) = 7.533, P = 0.017) 

and interaction between PA and postnatal days was (F (1, 13) = 18.399, P = 0.001). (ii) The effect of nicotinamide and postnatal days was 

significantly (F (7, 29) = 7.833, P < 0.0001); effect of nicotinamide was (F (3, 29) = 10.959, P < 0.0001); effect of postnatal days was (F (1, 29) = 8.226, P 

= 0.008) and interaction between nicotinamide and postnatal days was (F (3, 29) = 4.575, P = 0.01). Benjamini-Hochberg was used as a post-hoc test. 

Asterisks represent the comparisons between AS group with its respective CS group and between CS nicotinamide/AS nicotinamide group with its 

respective CS vehicle/AS vehicle group. Statistical significance: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001.  
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Table 11. A. Effect of perinatal asphyxia (PA) and B. nicotinamide on TIGAR protein levels monitored in hippocampus of rat neonates at P1 and 

P14.(Comparisons: AS versus CS; CS nicotinamide versus CS vehicle; AS nicotinamide versus AS vehicle).TIGAR normalized levels are 

expressed in arbitrary units (a. u.). Data are means ± S.E.M. from N=5 independent experiments. 

Postnatal day P1 P14 

 TIGAR (a.u.) TIGAR (a.u.) 

A. Effect of PA; N=5 independent experiments 

CS; n=5 1.38 ±0.15 0.92 ±0.04 

AS; n=5 0.80 ±0.08 

(by 35.9%)** 

1.29 ±0.14 

(> 1.4X)** 

B. Effect of Nicotinamide; N=5 independent experiments 

 TIGAR (a.u.) TIGAR (a.u.) 

CS Vehicle;  n=5 1.18 ±0.07 0.95 ±0.05 

CS Nicotinamide; n=5 0.95 ±0.07 0.71 ±0.07 

(by 28.1%)** 

AS Vehicle; n=5 0.94 ±0.09 1.44 ±0.15 

AS Nicotinamide; n=5 0.88 ±0.08 0.82 ±0.10 

(by 40.7 %)** 

Two-way ANOVA indicated (i) a significant effect of PA and postnatal days on TIGAR levels (F (3, 37) = 50.557, P < 0.0001); effect of PA on 

TIGAR levels was (F (1, 37) = 91.25, P < 0.0001); effect of post-natal days was (F (1, 37) = 25.71, P < 0.0001) and interaction between PA and post-

natal days was (F (1, 37) = 34.71, P < 0.0001). (ii) The effect of nicotinamide and postnatal days was statistically significantly (F (7, 73) = 56, 911, P < 

0.0001); effect of nicotinamide on TIGAR levels was (F (3, 73) = 117.538, P < 0.0001); effect of post-natal days was (F (1, 73) = 14.993, P = 0.0002) 

and interaction between nicotinamide and post-natal days was (F (3, 73) = 10.256, P < 0.0001). Benjamini-Hochberg was used as a post-hoc test. 

Asterisks represent the comparisons between AS group with its respective CS group and between CS nicotinamide/AS nicotinamide group with its 

respective CS vehicle/AS vehicle group. Statistical significance: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001.  
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Table 12. A. Effect of perinatal asphyxia (PA) and B. nicotinamide on XRCC1 protein levels monitored in hippocampus of rat neonates at P1 and 

P14. The XRCC1 protein levels are represented as protein normalized levels in arbitrary units (a. u.). Data are means ± S.E.M. from N=5 

independent experiments. 

Postnatal day P1 P14 

 XRCC1 (a.u.) XRCC1 (a.u.) 

A. Effect of PA; N=5 independent experiments 

CS n=5 0.88 ±0.06 1.10 ±0.05 

AS n=5 1.14 ±0.03 

(> 1.3X)** 

0.96 ±0.06 

 

B. Effect of Nicotinamide; N=5 independent experiments 

 XRCC1 (a.u.) XRCC1 (a.u.) 

CS Vehicle  n=5 1.01 ±0.07 1.19 ±0.11 

CS Nicotinamide n=5 0.93 ±0.03 0.94 ±0.10 

 

AS Vehicle n=5 1.16 ±0.06 0.93 ±0.06 

AS Nicotinamide n=5 0.81 ±0.06 

(by 29.34 %)*** 

0.93 ±0.10 

 

 

Two-way ANOVA indicated (i) a significant effect of PA and postnatal days on XRCC1 levels (F (3, 31) = 21.033, P < 0.0001); effect of PA on 

XRCC1 levels was (F (1, 31) = 43.834, P < 0.0001); effect of post-natal days was (F (1, 31) = 17.018, P = 0.0003) and interaction between PA and post-

natal days was (F (1, 31) = 2.248, P = 0.144). (ii) The effect of nicotinamide and postnatal days was statistically significant (F (7, 65) = 69.192, P < 

0.0001); effect of nicotinamide was (F (3, 65) = 140.079, P < 0.0001); effect of post-natal days was (F (1, 65) = 26.327, P < 0.0001) and interaction 

between nicotinamide and post-natal days was (F (3, 65) = 12.595, P < 0.0001). Benjamini-Hochberg was used as a post-hoc test. Asterisks represent 

the comparisons between AS group with its respective CS group and between CS nicotinamide/AS nicotinamide group with its respective CS 

vehicle/AS vehicle group. Statistical significance: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001.  



 
 

109 
 

Table 13. A. Effect of perinatal asphyxia (PA) and B. nicotinamide on calpain activity monitored in hippocampus of rat neonates at P1 and P14. 

(Comparisons: AS versus CS; CS nicotinamide versus CS vehicle; AS nicotinamide versus AS vehicle). Calpain activity is expressed in units/mg 

protein. Data are means ± S.E.M. from N=4 independent experiments in duplicated.  
Postnatal day P1 P14 

 Calpain activity 

(units/mg total protein) 

Calpain activity 

(units/mg total protein) 

A. Effect of PA; N=4 independent experiments 

CS; n=8 1346.07 ±69.07 2962.24 ±102.08 

AS; n=8 1500.19 ±60.92 

 

6228.25 ±400.74 

(>2.05X)**** 

B. Effect of Nicotinamide; N=4 independent experiments 

CS Vehicle;  n=8 1357.35 ±45.57 2783.57 ±160.74 

CS Nicotinamide; n=8 1313.15 ±51.36 2627.08 ±204.60 

 

AS Vehicle; n=8 1478.33 ±53.41 5972.28 ±463.16 

AS Nicotinamide; n=8 1597.31 ±115.82 

 

2247.91 ±74.04 

(by 62.40%)**** 

 

Two-way ANOVA indicated (i) a significant effect of PA and postnatal days on calpain activity (F (3, 27) = 111.989, P < 0.0001); effect of PA was 

(F (1, 27) = 65.660, P < 0.0001); effect of postnatal days was (F (1, 27) = 219.338, P < 0.0001) and interaction between PA and postnatal days on 

calpain activity was (F (1, 27) = 50.971, P < 0.0001).  (ii) The effect of nicotinamide and postnatal days was statistically significant on calpain 

activity (F (7, 52) = 56.117, P < 0.0001); effect of nicotinamide was (F (3, 52) = 45.256, P < 0.0001); effect of postnatal days was (F (1, 52) = 161.714, P 

< 0.0001) and interaction between nicotinamide and postnatal days on calpain activity was (F (3, 52) = 31.779, P < 0.0001). Benjamini-Hochberg was 

used as a post-hoc test. Asterisks represent the comparisons between AS group with its respective CS group and between CS nicotinamide/AS 

nicotinamide group with its respective CS vehicle/AS vehicle group. Statistical significance: *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001.  
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8. Figures 

Figure 1. Main Patterns of injury in term birth asphyxia. Image obtained from thesis 

titled ҅ ҅ The Clinical Value of Intensive Monitoring in Term Asphyxiated Newborns ҆ ҆. Page 

51. Renate M. c. Swarte, 2010. 

 

 

Figure 2. Main enzymatic and non-enzymes antioxidants. (Kellner M. et al. 2017) 
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Figure 3. The pentose phosphate pathway (PPP). The enzymes involved in the oxidative 

phase of the PPP (highlighted by blue) are indicated by numbers. (1) G6P dehydrogenase 

(G6PDH); (2) 6-phosphogluconolactone (6PGL); (3) 6PGDH; (5) isomerization by Ru5P 

isomerase (RPI); (6) Ru5P epimerase (RPE). In the non oxidative PPP (highlighted by yellow 

background), (7) transketolase (TKT); (8) Transaldolase (TALDO); transketolase (TKT) (9). 

(Figure extracted from article the pentose phosphate pathway and cancer ҆by Patra et al 2014).  
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Figure 4. The NAD+ synthesis. The de novo pathway represents the catabolism of the amino 

acid L-tryptophan to quinolinic acid through the kynurenine pathway (KP). Quinolinic acid 

is then converted to nicotinic acid mononucleotide (NaMN) which connects to the salvage 

pathway. The three different salvage pathways start either from nicotinamide (Nam), 

nicotinic acid (Na), or nicotinamide riboside (NR). Nicotinamide is a by-product of NAD 

metabolism, which is converted into nicotinamide mononucleotide (NMN) by nicotinamide 

phosphoribosyl transferase (NamPRT)) and then into NAD+ by the action of nicotinamide 

mononucleotide adenylyl transferases (Na/NMNAT1, 2, and 3). NAD+ is converted to 

NADP+ by phosphate transference catalysed by NAD Kinase (NADK) (Figure extracted 

from review Massudi et al. 2012).  
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Figure 5. GSH (A), GSSG (B) levels and (C) GSSG: GSH ratio in mesencephalon of perinatal 

asphyxia-exposed and control rats. The effect of PA on GSH, GSSG levels (µmol/mg protein), and 

GSSG:GSH ratio, used as a oxidative stress index monitored at postnatal day (P) 1, 3, 7 or 14 in 

mesencephalon from control (CS) and asphyxia-exposed (AS) rats. All values are expressed as means 

± S.E.M., from at least N=4 independent experiments in duplicated. Unbalanced two-way ANOVA 

indicated a significant effect of PA on GSH (F (1, 46) = 17.115, P = 0.0001); GSSG (F (1, 46) = 79.209, 

P < 0.0001) and on GSSG: GSH ratio (F (1, 46) = 38.932, P < 0.0001). Benjamini-Hochberg was used 

as a post hoc test. The statistical differences between CS and AS groups are indicated by asterisk. (*P 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).    

(A) 

 

(B) 
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Figure 6. GSH (A), GSSG (B) levels and (C) GSSG:GSH ratio in telencephalon of perinatal 

asphyxia-exposed rats. The effect of PA on GSH, GSSG levels (µmol/mg protein), and GSSG:GSH 

ratio, used as a oxidative stress index monitored at postnatal day (P) 1, 3, 7 or 14 in mesencephalon 

from control (CS) and asphyxia-exposed (AS) rats. All values are expressed as means ± S.E.M., from 

at least N=4 independent experiments in duplicated. Unbalanced two-way ANOVA indicated a 

significant effect of PA on GSH (F (1, 61) = 7.781; P= 0.007); GSSG (F (1, 61) =1,143; P = 0.289) but 

not on GSSG: GSH ratio (F (1, 61) = 0.045, P= 0.833). Benjamini-Hochberg was used as a post hoc test 

for comparison between CS and AS groups. The statistical differences are indicated by asterisk. (*P 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).    

 

(A) 

 

 

 

(B) 
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Figure 7. GSH (A), GSSG (B) levels and (C) GSSG:GSH ratio in hippocampus of perinatal 

asphyxia-exposed rats.  The effect of PA on GSH and GSSG levels (µmol/mg protein), and 

GSSG:GSH ratio, used as a oxidative stress index monitored at postnatal day (P) 1, 3, 7 or 14 in 

mesencephalon from control (CS) and asphyxia-exposed (AS) rats. All values are expressed as means 

± S.E.M., from at least N=4 independent experiments in duplicated. Unbalanced two-way ANOVA 

indicated a significant effect of PA on GSH (F (1, 81) = 21.308; P< 0.0001); GSSG (F (1, 81) =97.070; 

P< 0.0001) and GSSG: GSH ratio (F (1, 84) = 53.617, P < 0.0001). Benjamini-Hochberg was used as a 

post hoc test for comparison between CS and AS groups. The statistical differences are indicated by 

asterisk. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).  

 

 (A) 

 

(B) 
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Figure 8. Reducing capacity (FRAP) in brain of perinatal asphyxia exposed rats. Effect of PA 

on FRAP (Fe(II) equivalents in μM, normalised by total protein in μg), as an index of antioxidant 

capacity along postnatal day (P) 1, 3, 7 or 14 in mesencephalon (A), telencephalon (B) and 

hippocampus (C) from control (CS) and asphyxia-exposed (AS) rats. Data are means ± SEM from at 

least N=6 independent experiments in triplicated. Unbalanced two-way ANOVA indicated a 

significant effect of PA on FRAP levels in mesencephalon (F (1, 76) = 89.347, P < 0.0001), 

telencephalon (F (1, 85) = 32.395, P < 0.0001) and hippocampus (F (1, 91) = 104.903, P < 0.0001). 

Benjamini-Hochberg was used as a post hoc test. The statistical differences between CS and AS 

groups are indicated by asterisk (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

 

(A) 

 

 

(B) 
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Figure 9. Representative Immunoblots of the effect of perinatal asphyxia (PA) on catalase 

protein in mesencephalon (A, B), telencephalon (C, D) and hippocampus (E, F) of neonatal rats. 

The effect of PA was analysed in protein extracts from tissue sampled at P1, 3, 7 and 14. Control 

(CS) and asphyxia-exposed (AS) samples were taken from sibling neonatal rats. Representative 

immunoblots for catalase and Ponceau Red staining, as loading control, are shown in (A) 

mesencephalon, (C) telencephalon and (E) hippocampus, respectively. Catalase was identified as a 

unique band at 60 kDa, also for extracted protein from a liver sample taken at P1. Purified catalase 

protein was used as a positive control. Lane C is an internal control from cerebellum, used to control 

variations in transference. Lane L corresponds to a ladder protein marker. Quantification of catalase 

was performed by densitometry. The area of catalase and total protein was determined and normalized 

by the sum method. Catalase values were divided by total protein values, normalized (by loading 

control) for obtaining the quantity of catalase. Catalase protein normalized levels are in arbitrary units 

(a. u.) for (B) mesencephalon, (D) telencephalon and (F) hippocampus. Data are means ± SEM from 

at least N=6 independent experiments. Unbalanced two-way ANOVA indicated a non-significant 

effect of PA on catalase protein evaluated in mesencephalon (F (1, 56) = 1,263, P = 0.266); and 

telencephalon (F (1, 48) = 0.483, P = 0.491). In hippocampus the effect of PA reached the statistically 

significant level (F (1, 40) = 6.638, P < 0.05). Benjamini-Hochberg was used as a post hoc test. The 

statistical differences between CS and AS groups are indicated by asterisks. (*P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001). 
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Figure 10. Effect of perinatal asphyxia on protein and catalase activity in neonatal rat brain. 

The brain was dissected at P1, 3, 7 and 14 from control (CS) and asphyxia-exposed (AS) rats. Tissue 

samples from mesencephalon (M), telencephalon (T), and hippocampus (H) were analysed by 

Western blots (WB) and ELISA, determining protein and catalase activity, respectively. 

Densitometry was performed for quantification, determining catalase and total protein. The values 

were normalized by the sum method, and catalase values divided by total normalized protein values 

(loading control), obtaining the quantity of catalase, represented as catalase protein normalized levels 

in arbitrary units (a. u.). Enzymatic activity was determined by the constant (k) rate from the 

exponential decomposition of hydrogen peroxide (min), normalized by catalase relative levels and 

total protein in milligram (mg). Relative catalase protein levels were obtained dividing absorbance 

values by total protein (mg). Data are means ± S.E.M. Unbalanced two-way ANOVA indicated a 

significant effect of PA on catalase relative levels, in mesencephalon (F (1, 22) = 11.2, P=0.003), 

hippocampus (F (1, 24) = 6.088, P=0.021) but not in telencephalon (F (1, 42) = 0.445, P=0.508). 

Unbalanced two-way ANOVA indicated a significant effect of PA on catalase activity in 

mesencephalon (F (1, 16) = 28.417, P<0.0001), telencephalon (F (1, 40) = 1.225, P=0.275) and 

hippocampus (F (1, 29) = 28.153, P<0.0001). Benjamini-Hochberg used as a post-hoc test. The 

statistical differences between CS and AS groups are indicated by asterisks. *P<0.05; **P<0.01; 

***P<0.001, ****P<0.0001 bold. 
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Figure 11. Representative Immunoblots and quantification of the effect of perinatal asphyxia 

on procaspase-3 and cleaved caspase-3 expression in mesencephalon (A, B), telencephalon (C, 

D) and hippocampus (E, F) of neonatal rat brain. The effect of perinatal asphyxia was analysed in 

neonatal brain samples, taken at P1, 3, 7 and 14 from control (CS) and asphyxia-exposed (AS) sibling 

neonatal rats. Protein extracts were used for separation by SDS-PAGE (12%) and immunoblotting 

for caspase-3 (1:500). Ponceau Red staining was used as loading control. Protein extract from liver 

(P1) was used as positive control (Lane Liver). Total protein measured in cerebellum (Lane C) was 

used as an internal control for transference variation. Ladder protein marker is in Lane L. Procaspase-

3 was identified as bands at 36 and 35 kDa, cleaved fragments for active caspase-3 were identified at 

19, 17 and 12 kDa, indicated by the arrows in mesencephalon (A), telencephalon (C), and (E) 

hippocampus. At P7, but only in hippocampus (E), a procaspase-3 m-calpaìn-cleaved fragment was 

identified at 30kDa, both in CS and AS samples, the signal being stronger in samples from AS than 

that from CS animals. The area of caspase-3 in the blots and total Ponceau stained proteins was 

quantified and normalized by the Sum method. The values normalized, and divided by total protein 

to obtain the quantity of caspase-3, in arbitrary units (a. u.) represented by graphs in B, D, and F for 

mesencephalon, telencephalon and hippocampus, respectively. Data are means ± S.E.M from N=5 

independent experiments. Two-way ANOVA indicated a significant effect of PA on cleaved caspase-

3 levels in mesencephalon (F (1, 32) = 23.118, P<0.0001) and hippocampus (F (1, 32) = 19.991, 

P<0.0001), but not telencephalon (F (1, 32) = 1.234, P=0.313). Benjamini-Hochberg was used as a post-

hoc test. The statistical differences between CS and AS groups are indicated by asterisks.*P<0.05; 

**P<0.01; ***P<0.001, ****P<0.0001 bold. 
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Figure 12. Multivariate analysis in mesencephalon. The differences along postnatal days in CS 

and AS groups were determined by principal factor analysis, the variables with major contribution 

are combined in a single variable called principal first factor F1 (axis x) and principal second factor 

F2 (axis y). Then, the observations at different postnatal days was correlated with F1 and F2 for 

determining the variables with major contribution to variations among postnatal days. The values of 

axis corresponding to values of correlation (r) for each variable that contribute to F1 and F2. In red 

are shown the vectors for each variable analysed, the longest vector and closest to axis indicate the 

variable with most contribution to F1 or F2. The red point of vector indicates the correlation value 

for variable with F1 or F2. (A) In CS groups the principal factor analysis indicated that main variations 

among postnatal days are explained by the principal first factor F1 in a 49,12% and by the principal 

second factor F2 in a 20,70%. Cleaved caspase-3 (r: 0,898); FRAP (r: -0,723); catalase activity (r: 

0,712) and GSSG:GSH ratio (r: 0,711) were the variables highly correlated with F1.  F2 was 

correlated with catalase activity (r: -0,689). In the figure are shown the differences among postnatal 

days correlated with F1 and F2 in CS groups. P1 was positively correlated with F1 while that P14 

displayed a negative correlation with F1, P3 displayed a negative correlation with F2 and P7 a positive 

correlation with F2. (B) In AS groups the principal factor analysis indicated that main variations 

among postnatal days are explained by the principal first factor F1 in a 50,22% and by the principal 

second factor F2 in a 16,57%. Catalase activity (r: 0,964); FRAP (r:-0,811) and cleaved caspase-3 

(r: 0,784) were the variables highly correlated with F1. F2 was correlated with GSSG: GSH ratio (r: 

-0,764). In the figure are shown the differences among postnatal days correlated with F1 and F2 

observed in AS groups. P1 was positively correlated with F1 while that P14 displayed a negative 

correlation with F1, P3 displayed a positive correlation with F2 and P7 a negative correlation with 

F2. 
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Figure 13. Multivariate analysis in telencephalon. The differences along postnatal days in CS and 

AS groups were determined by principal factor analysis, the variables with major contribution are 

combined in a single variable called principal first factor F1 (axis x) and principal second factor F2 

(axis y). Then, the observations at different postnatal days are correlated with F1 and F2 for 

determining the variables with major contribution to variations among postnatal days. The values of 

axis corresponding to values of correlation for each variable that contribute to F1 and F2. In red are 

shown the vectors for each variable analysed, the longest vector and closest to axis indicate the 

variable with most contribution to F1 or F2. The red point of vector indicates the correlation value 

for variable with F1 or F2. (A) In CS groups the principal factor analysis indicated that main variations 

among postnatal days are explained by the first principal component F1 in a 41,34% and by the second 

principal component F2 in an 8,47%. F1 was correlated with catalase activity (r: 0,983). F2 was 

correlated with GSSG:GSH ratio (r: 0,555). In the figure are shown the differences among postnatal 

days correlated with F1 and F2 in CS groups. P1 was positively correlated with F1 while that P14 

displayed a negative correlation with F1, P3 displayed a positive correlation with F1 and P7 a positive 

correlation with F2. (B) In AS groups the principal factor analysis indicated that main variations 

among postnatal days are explained by the first principal component F1 in a 39,53% and by the second 

principal component F2 in a 12,41%. F1 was correlated with FRAP (r: 0,923) and GSSG:GSH ratio 

(r:-0,884). F2 was correlated with cleaved caspase-3 (r: -0,717). In the figure are shown the 

differences among postnatal days correlated with F1 and F2 in AS groups. P1 was positively 

correlated with F1 while that P14 displayed a positive correlation with F2, P3 displayed a positive 

correlation with F2 and P7 a negative correlation with F2. 
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Figure 14. Multivariate analysis in hippocampus. The differences along postnatal days in CS and 

AS groups were determined by principal factor analysis, the variables with major contribution are 

combined in a single variable called principal first factor F1 (axis x) and principal second factor F2 

(axis y). Then, the observations at different postnatal days are correlated with F1 and F2 for 

determining the variables with major contribution to variations among postnatal days. The values of 

axis corresponding to values of correlation (r) for each variable that contribute to F1 and F2. In red 

are shown the vectors for each variable analysed, the longest vector and closest to axis indicate the 

variable with most contribution to F1 or F2. The red point of vector indicates the correlation value 

for variable with F1 or F2. (A) In CS groups the principal factor analysis indicated that main variations 

among postnatal days are explained by the first principal component F1 in a 56,36% and by the second 

principal component F2 in a 22,34%. F1 was correlated with FRAP (r: 0,990); catalase activity (r:-

0,907); cleaved caspase-3 (r: -0,712) and GSSG:GSH ratio (r: -0,671). F2 was correlated with 

catalase protein (r: -0,991). In the figure are shown the differences among postnatal days correlated 

with F1 and F2 in CS groups. P1 was positively correlated with F1 and F2 while that P14 displayed 

a negative correlation with F1, P3 displayed a negative correlation with F1 and P7 a negative 

correlation with F2. (B) In AS groups the principal factor analysis indicated that main variations 

among postnatal days are explained by the first principal component F1 in a 33,50% and by the second 

principal component F2 in a 28,85%. F1 was correlated with GSSG:GSH ratio (r: 0,898). F2 was 

correlated with cleaved caspase-3 (r: 0,899). In the figure are shown the differences among postnatal 

days correlated with F1 and F2 in AS groups. P1 is negatively correlated with F1 while that P14 

displayed a positive correlation with F1, P3 displayed a positive correlation with F1 and P7 a negative 

correlation with F1. 
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Figure 15. Effect of asphyxia and nicotinamide on glutathione in the hippocampus from 

neonatal rats. The hippocampus was dissected at P1 and P14 from control (CS), asphyxia-exposed 

(AS) animals and (CS), (AS) pups treated one hour after birth with an intraperitoneal injection of 

nicotinamide (CS/AS Nicotinamide; 0.8 mmol/kg, i.p.) or 100 µl of NaCl 0.9% (CS/AS Vehicle; 

0.1 ml, i.p.). The percentage of change from baseline corresponding to CS group at P1 and P14 

respectively, was computed for representing the effect asphyxia and nicotinamide on (A) GSH, (B) 

GSSG and (C) GSSG: GSH ratio at P1 and P14. Data were expressed as means ± S.E.M., from at 

least N=4 independent experiments in duplicated. ANOVA indicated a significant effect of PA, 

postnatal days and nicotinamide. Benjamini-Hochberg was used as a post hoc test, comparisons 

were between CS (baseline) and experimental groups at P1 and P14, respectively. Significant 

differences are shown by asterisks. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).  
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Figure 16. Effect of asphyxia and nicotinamide on glutathione reductase activity in the 

hippocampus from neonatal rats. The hippocampus was dissected at P1 and P14 from control 

(CS) and asphyxia-exposed (AS) animals, (CS) and (AS) pups treated one hour after birth with an 

intraperitoneal injection of nicotinamide (CS/AS Nicotinamide; 0.8 mmol/kg, i.p.) or 100 µl of 

NaCl 0.9% (CS/AS Vehicle; 0.1 ml, i.p.). The percentage of change from baseline corresponding to 

CS group at P1 and P14 respectively, was computed for representing the effect asphyxia and 

nicotinamide on glutathione reductase activity at P1 and P14. Data were expressed as means ± 

S.E.M., from at least N=4 independent experiments in duplicated. ANOVA indicated a significant 

effect of PA, postnatal days and nicotinamide. Benjamini-Hochberg was used as a post hoc test, 

comparisons were between CS (baseline) and experimental groups at P1 and P14, respectively. 

Significant differences are shown by asterisks. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001).  
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Figure 17. Effect of asphyxia and nicotinamide on glutathione peroxidase in the hippocampus 

from neonatal rats. The hippocampus was dissected at P1 and P14 from control (CS) and 

asphyxia-exposed (AS) animals, (CS) and (AS) pups treated one hour after birth with an 

intraperitoneal injection of nicotinamide (CS/AS Nicotinamide; 0.8 mmol/kg, i.p.) or 100 µl of 

NaCl 0.9% (CS/AS Vehicle; 0.1 ml, i.p.). The percentage of change from baseline corresponding to 

CS group at P1 and P14 respectively, was computed for representing the effect asphyxia and 

nicotinamide on glutathione peroxidase activity at P1 and P14. Data were expressed as means ± 

S.E.M., from at least N=3 independent experiments in duplicated. ANOVA indicated a significant 

effect of PA, postnatal days and nicotinamide. Benjamini-Hochberg was used as a post hoc test, 

comparisons were between CS (baseline) and experimental groups at P1 and P14, respectively. 

Significant differences are shown by asterisks. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001).  
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Figure 18. Representative immunoblots of the effect of perinatal asphyxia (PA) and 

nicotinamide on catalase protein in hippocampus of rats at P1 (A) and P14 (B). The effect of 

PA on catalase was evaluated in hippocampus dissected at P1 and P14 from control (CS) and 

asphyxia-exposed (AS) animals. The effect of nicotinamide was evaluated from (CS) and (AS) pups 

treated one hour after birth with an intraperitoneal injection of nicotinamide (CS/AS Nico; 0.8 

mmol/kg, i.p.) or 100 µl of NaCl 0.9% (CS/AS Veh; 0.1 ml, i.p.). Representative Immunoblots for 

catalase and loading controls, corresponding to β-actin and Ponceau red staining are shown. 

Catalase was identified as a unique band at 60 kDa. Extracted protein from a liver sample taken at 

P1 and purified catalase protein were used as positive controls. Lane Cer is an internal control from 

cerebellum, used to control variations in transference. Lane L corresponds to a ladder protein 

marker. Quantification of catalase was performed by densitometry. The area of catalase, β-actin and 

total protein was determined and normalized by the sum method. Catalase values were divided by 

β-actin and total protein values (used as loading controls), for obtaining the quantity of catalase (B, 

D), represented as catalase protein normalized levels in arbitrary units (a. u.). Data are means ± 

S.E.M from N=5 independent experiments. Two-way ANOVA indicated a significant effect of PA 

(F (1, 39) = 62.197, P < 0.0001) and nicotinamide treatment (F (3, 98) = 76.576, P < 0.0001) on 

hippocampus catalase levels. Benjamini-Hochberg was used as a post-hoc test for differences 

among experimental groups. Asterisks in figure B (*P<0.05; **P<0.01; ***P<0.001, 

****P<0.0001) [AS Veh vs AS Nico, p= 0.048; CS Veh vs CS Nico, p = 0.054]. 
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Figure 19. Effect of asphyxia and nicotinamide on catalase in the hippocampus from neonatal 

rats. The hippocampus was dissected at P1 and P14 from control (CS) and asphyxia-exposed (AS) 

animals, (CS) and (AS) pups treated one hour after birth with an intraperitoneal injection of 

nicotinamide (CS/AS Nicotinamide; 0.8 mmol/kg, i.p.) or 100 µl of NaCl 0.9% (CS/AS Vehicle; 

0.1 ml, i.p.). The percentage of change from baseline corresponding to CS group at P1 and P14 

respectively, was computed for representing the effect asphyxia and nicotinamide on catalase (A) 

protein levels by western blot, (B) activity and (C) relative protein levels by ELISA at P1 and P14. 

Data were expressed as means ± S.E.M., from at least N=3 independent experiments in duplicated. 

ANOVA indicated a significant effect of PA, postnatal days and nicotinamide. Benjamini-Hochberg 

was used as a post hoc test, comparisons were between CS (baseline) and experimental groups at P1 

and P14, respectively. Significant differences are shown by asterisks. (*P < 0.05, **P < 0.01, ***P 

< 0.001, ****P < 0.0001).  
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Figure 20. Representative immunoblots of the effect of perinatal asphyxia and nicotinamide 

on TIGAR protein levels in hippocampus of rats at P1 (A) and P14 (B). The effect of PA was 

evaluated in hippocampus dissected at P1 from control (CS) and asphyxia-exposed (AS) animals. 

The effect of nicotinamide was evaluated from (CS) and (AS) pups treated one hour after birth with 

an intraperitoneal injection of nicotinamide (CS/AS Nico; 0.8 mmol/kg, i.p.) or 100 µl of NaCl 

0.9% (CS/AS Veh; 0.1 ml, i.p.). Representative immunoblots for TIGAR and loading controls, 

corresponding to β-actin and Ponceau red staining are shown. TIGAR was identified as a unique 

band at 30 kDa. Lane Cer is an internal control from cerebellum, used to control variations in 

transference. Lane L corresponds to a ladder protein marker. Quantification of TIGAR was 

performed by densitometry. The area of TIGAR, β-actin and total protein was determined and 

normalized by the sum method. TIGAR values were divided by β-actin values and total protein 

values (used as loading controls), for obtaining the quantity of TIGAR, expressed as TIGAR protein 

normalized levels in arbitrary units (a. u.). The quantity of TIGAR is in graphs B, D, as TIGAR 

protein normalized levels in arbitrary units (a. u.). Data are means ± S.E.M from N=5 independent 

experiments. Two-way ANOVA indicated a significant effect of PA on TIGAR protein (F (1, 37) = 

91.25, P < 0.0001) and a significant effect of nicotinamide on TIGAR protein (F (3, 73) = 117.538, P 

< 0.0001). The comparison between experimental groups was analysed by Benjamini-Hochberg 

post-hoc test, the statistically significant differences are indicated by asterisks (*P<0.05; **P<0.01; 

***P<0.001, ****P<0.0001). 
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Figure 21. Effect of asphyxia and nicotinamide on TIGAR in the hippocampus from neonatal 

rats. The hippocampus was dissected at P1 and P14 from control (CS) and asphyxia-exposed (AS) 

animals, (CS) and (AS) pups treated one hour after birth with an intraperitoneal injection of 

nicotinamide (CS/AS Nicotinamide; 0.8 mmol/kg, i.p.) or 100 µl of NaCl 0.9% (CS/AS Vehicle; 

0.1 ml, i.p.). The percentage of change from baseline corresponding to CS group at P1 and P14 

respectively, was computed for representing the effect asphyxia and nicotinamide on TIGAR 

protein levels at P1 and P14. Data were expressed as means ± S.E.M., from at least N=5 

independent experiments. ANOVA indicated a significant effect of PA, postnatal days and 

nicotinamide. Benjamini-Hochberg was used as a post hoc test, comparisons were between CS 

(baseline) and experimental groups at P1 and P14, respectively. Significant differences are shown 

by asterisks. In figure * is for comparisons between CS and AS vehicle, CS nicotinamide, AS 

nicotinamide at P1 (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).  
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Figure 22. Representative immunoblots of the effect of perinatal asphyxia and nicotinamide 

on XRCC1 protein in hippocampus of rats at P1 (A) and P14 (B). The effect of PA was 

evaluated in hippocampus dissected at P1 and P14 from control (CS) and asphyxia-exposed (AS) 

animals. The effect of nicotinamide was evaluated from (CS) and (AS) pups treated one hour after 

birth with an intraperitoneal injection of nicotinamide (CS/AS Nico; 0.8 mmol/kg, i.p.) or 100 µl of 

NaCl 0.9% (CS/AS Veh; 0.1 ml,i.p.).Representative immunoblots of XRCC1 and loading controls, 

corresponding to α-tubulin and Ponceau red staining, are shown. XRCC1 was identified as a unique 

band at 96 kDa. Lane Cer is an internal control from cerebellum, used to control variations in 

transference. Lane L corresponds to a ladder protein marker. Quantification of XRCC1 was 

performed by densitometry. The area for XRCC1, α-tubulin and total protein was determined and 

normalized by the sum method. XRCC1 values were divided by α-tubulin values and total protein 

values (used as loading controls), for obtaining the quantity of XRCC1, represented as XRCC1 

protein normalized levels in arbitrary units (a. u.) in graphs B, D. Data are means ± S.E.M from 

N=5 independent experiments. Two-way ANOVA indicated a significant effect of PA on XRCC1 

levels in hippocampus (F (1, 31) = 43.834, P < 0.0001). The effect of nicotinamide on XRCC1 levels 

was also significant (F (3, 65) = 140.079, P < 0.0001). Benjamini-Hochberg was used as a post-hoc 

test. *P<0.05; **P<0.01; ***P<0.001, ****P<0.0001. 
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Figure 23. Effect of asphyxia and nicotinamide on XRCC1 in the hippocampus from neonatal 

rats. The hippocampus was dissected at P1 and P14 from control (CS) and asphyxia-exposed (AS) 

animals, (CS) and (AS) pups treated one hour after birth with an intraperitoneal injection of 

nicotinamide (CS/AS Nicotinamide; 0.8 mmol/kg, i.p.) or 100 µl of NaCl 0.9% (CS/AS Vehicle; 

0.1 ml, i.p.). The percentage of change from baseline corresponding to CS group at P1 and P14 

respectively, was computed for representing the effect asphyxia and nicotinamide on XRCC1 

protein levels at P1 and P14. Data were expressed as means ± S.E.M., from at least N=5 

independent experiments. ANOVA indicated a significant effect of PA, postnatal days and 

nicotinamide. Benjamini-Hochberg was used as a post hoc test, comparisons were between CS 

(baseline) and experimental groups at P1 and P14, respectively. Significant differences are shown 

by asterisks. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).  
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Figure 24. Effect of asphyxia and nicotinamide on Calpain in the hippocampus from neonatal 

rats. The hippocampus was dissected at P1 and P14 from control (CS) and asphyxia-exposed (AS) 

animals, (CS) and (AS) pups treated one hour after birth with an intraperitoneal injection of 

nicotinamide (CS/AS Nicotinamide; 0.8 mmol/kg, i.p.) or 100 µl of NaCl 0.9% (CS/AS Vehicle; 

0.1 ml, i.p.). The percentage of change from baseline corresponding to CS group at P1 and P14 

respectively, was computed for representing the effect asphyxia and nicotinamide on calpain 

activity at P1 and P14. Data were expressed as means ± S.E.M., from at least N=4 independent 

experiments in duplicated. ANOVA indicated a significant effect of PA, postnatal days and 

nicotinamide. Benjamini-Hochberg was used as a post hoc test, comparisons were between CS 

(baseline) and experimental groups at P1 and P14, respectively. Significant differences are shown 

by asterisks. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).  

 

 

 

 

 

 

 

 

 

 

 

 

 


