
free radicals. The vulnerability of the developing brain to oxidative 
stress is due to high metabolic activity, sufficiently high concentration 
of iron ions and relatively low antioxidant system. One of the main 
pathogenic factors of the brain damage is perinatal hypoxia-ischemia 
leading to oxidative stress. On the other hand, free radicals such as 
reactive oxygen or reactive nitrogen species can regulate fundamental 
cellular processes during development. This review will focus on the 
role of such oxygen derivatives and antioxidants in the developmental 
processes. 

FREE RADICALS AND CONTROL OF 
PHYSIOLOGICAL FUNCTIONS
A free radical can be defined as a molecule with one or more 
unpaired electrons in its outer orbital. This unpaired electron 
usually gives a considerable degree of reactivity to the free radicals. 
Main radicals generated in the mammalian organism are oxygen 
derivatives called reactive oxygen species (ROS). The most common 
ROS are superoxide anion, hydrogen peroxide and their derivatives, 
e.g. hydroxyl radical. There are also reactive nitrogen species (RNS); 
the best known among them are nitric oxide (NO) and peroxynitrite. 
However, there exist other special “reactive species” (abbreviation 
“RS” introduced by Halliwell[1]) manifesting biological effects, e.g. 
reactive chlorine species (hypochlorite) or reactive sulfur species[1-4]. 
RS are highly reactive oxidants and their uncontrolled production 
may destroy cellular function. The harmful effect of free radicals 
causing potential biological damage is termed “oxidative stress”[5]. 
In order to avoid oxidative stress in the cells, special mechanisms 
have developed during evolution. Compounds that prevent cellular 
damage may act in a number of ways – from prevention of ROS 
and RNS formation, to reparation of oxidative molecules. The 
antioxidant system involves various types of antioxidants, which are 
usually found in cells and tissues. Antioxidants can be classified as 
enzymatic (superoxide dismutase, catalase, glutathione-dependent 
enzymes, glutaredoxins, peroxiredoxins, thioredoxin system) and 
non-enzymatic (vitamins C, E, glutathione, carotenoids, flavonoids 
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ABSTRACT
Reactive oxygen and nitrogen species can regulate cellular processes 
fundamental for development such as proliferation, migration, 
differentiation and apoptosis. Brain cells at various stage of 
development can exhibit discrete changes in their parameters of 
oxidation and antioxidant defence. This review will focus on the role 
of reactive oxygen and nitrogen species and antioxidants in brain 
development. The following topics will be discussed: critical periods 
of the brain development, control of physiological functions by free 
radicals, especially the development process, participation of free 
radicals and antioxidants in brain development. Emphasis will be on 
changing in the activity and expression of antioxidant enzymes.
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INTRODUCTION
The developing brain is very susceptible to oxidizing agents such as 



and so on)[6,7]. Under normal conditions there is a balance between 
the intensity of free radical oxidation and the activity of antioxidant 
defense. When there is a deficiency of antioxidants on the one side 
and overproduction of free radicals on the other, oxidative stress 
occurs in the cells[8,9].
    The steady state level of oxygen radicals and related “reactive 
species” plays an important physiological roles. Due to their high 
reactivity, the location where they are produced is essential for 
manifestation of their biological functions[3,10]. ROS play a key role 
in the defence of organisms against pathogens[2]; it is now well 
accepted that ROS are signaling molecules, which are involved 
in the intracellular signaling cascade and the regulation of signal 
transduction[10,11,12]. Nitric oxide is involved in vascular tone, innate 
immunity, and neuronal signal transduction. Moreover, RS can play 
a role in development[10,13]. At least the ability of ROS to regulate 
cellular processes fundamental for development such as proliferation, 
migration, differentiation and apoptosis was shown[14,15]. Cells and 
tissues at various stages of differentiation can exhibit discrete changes 
in their parameters of oxidation and antioxidant defence[13]. Control 
of cell proliferation and differentiation involves changes in gene 
expression and is characterized by the appearance of tissue-specific 
enzymes and other proteins. The mechanisms by which RS can 
regulate these processes generally involve changes in the redox status 
(the ratio of oxidizing and reducing equivalents – Rox/red) of cells. It 
includes Rox/red for the thiol groups of peptides and proteins involved 
in almost all signaling pathways known to date[2,16,17]. These oxidative 
modifications result in changes in the structure and/or function of the 
proteins including protein conformation, enzyme activity, transporters 
and receptors modification, protein–protein interactions, protein–
DNA interactions and so on[18].

C R I T I C A L P E R I O D S O F T H E B R A I N 
DEVELOPMENT
Nervous system development is marked by several periods, each 
of them defined by major events in brain growth and structural 
maturation[19,20,21,22]. In general, these processes are remarkably 
parallel for rodents and humans, but the temporal windows are 
significantly different[22]. In the rat central nervous system (CNS) 
there is a considerable period of postnatal development. Neurogenesis 
(process that includes proliferation, migration and differentiation 
of neurons) starts in embryogenesis (in Embryonic Day (ED) 12-
15), but the maximal rate of proliferation occurs in Postnatal days 
(PD) 10-15, including an increase of cell size, growth of axons and 
dendrites[19]. It should be noted that timing of neurogenesis varies in 
different brain regions. 
    The most important period in postnatal ontogenesis of the brain is 
the process of myelination. Formation of myelin begins in different 
animals in different ways: some neurons in humans begin to be 
covered by myelin quite early in the prenatal period and at the age of 
3-5 years the brain is almost completely myelinated; in rats and other 
nest-building animals myelination occurs mainly in the postnatal 
period: beginning in about 10-12 days and reaching the maximal rate 
of myelin accumulation in about 20-21 days[19,22,23].
    The period of maximal myelination and gliogenesis coincides with 
other important changes in the CNS. Myelination dramatically alters 
the lipid composition of the brain[24]. Brain weight increases more 
than four times and reaches 90-95% of adult weight. It is known 
as “brain growth spurt”. The critical period of synaptogenesis in 
rats occurs during the first three postnatal weeks with the changes 
in many neurotransmitter systems[25]. These processes need energy. 
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The rate of glucose metabolism and energy utilization as well as in 
oxygen uptake significantly increases (from 3 to 7 times according 
to various estimates) between PD7-10 and PD21 days[20]. Within 
the cells the number of mitochondria increases. Acceleration in 
mitochondrial respiration occurs immediately after birth and then 
the number of mitochondria per cell quadruples from PD1 to PD21; 
changes also occur in the density, structure and functional activity[26].
    Another important event in the developing brain is the 
programmed cell death (apoptosis). The excess of neuronal cells, 
forming during the brain development, is eliminated by apoptosis 
that is triggered by internal signal (e.g. from ROS). In certain brain 
regions more than half of neurons die due to apoptosis during normal 
brain development[27]. This process occurs during pre- and postnatal 
development. The earlier apoptosis occurs in proliferative zones and 
the later one – in neuronal and glial post mitotic cells[19].

ROS/RNS, ANTIOXIDANTS AND BRAIN 
DEVELOPMENT
Several metabolic features of the adult brain suggest that it is 
sensitive to oxidative damage. These features include enhanced 
oxygen metabolic rate (brain uses 20% of O2 body consumption), 
leading to excessive levels of ROS; high content of polyunsaturated 
fatty acids and the presence of redox-active metals (Cu2+ and Fe2+) in 
some brain regions; an inadequate defense system against oxidative 
stress[28]. At the same time, the brain can use the increased production 
of ROS to perform specific neuronal functions.
    Oxygen derivatives generated metabolically may be a cause of 
the initiation of certain developmental events in the brain[29]. It has 
been shown that ROS can influence multiple aspects of neurogenesis, 
including the proliferation of neural precursors, their differentiation 
into specific neuronal cell types. For example, high levels of ROS 
are present in newborn neurons[30,31]. In cell cultures from embryonic 
rat cortex (isolated from ED 14-15) ROS were generated as soon as 
neurons differentiated from multipotent progenitor cells and are not 
associated with cell death. Worth noting that a high level of ROS 
persists in the adult brain only in neurogenic regions such as the 
hippocampus and olfactory bulb. These neurons differentiate in the 
clonal culture into two types of cells: large pyramidal-like neurons 
and smaller neurons that express nuclear calretinin. Treatment with 
antioxidants, lowering ROS level, does not alter number of neuron 
but dramatically changes the ratio of formation of these two types 
shifting differentiation towards an increase in the number of smaller 
neurons[31]. These data indicate that the level of ROS in the cells can 
influence neuronal differentiation.
    As previously mentioned the mechanisms by which ROS affect 
these processes involve changes in redox state. Redox state has 
been shown to be essential for NGF (nerve growth factor)-induced 
differentiation of pheochromocytoma PC12 cells[32,33]. It may 
influence differentiation of mesencephalic precursors[34] and neural 
crest stem cells[35]. In addition, redox state modulates differentiation 
of glial precursor cell (oligodendrocyte/type-2 astrocyte progenitors)
[36].
    RNS can be involved in the development and maturation of the 
nervous tissue too. It has been hypothesized that messenger NO may 
affect axonal growth, differentiation and migration process during 
embryonic development of the rat brain and play an important role 
in neuronal maturation and cortical plasticity in early postnatal 
development[37,38]. It is suggested also that NO can mediate the 
switch from proliferation to differentiation during neurogenesis[39]. 
Transcription of all three NO-synthase isoforms (neuronal - nNOS, 
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endothelial- eNOS, and inducible - iNOS) take place in brain cells 
from early embryonic period. Expression of nNOS in rats was first 
observed on ED14 in the marginal zone of the cortical mantle –
in cells responsible for migration of neuronal precursors to their 
appropriate positions in the cortical plate[40]. This activity decreased 
from ED20. At the same time expression of iNOS during embryonic 
development is significantly lower than that of nNOS. During early 
postnatal development cortex of rats exhibits a high expression of 
nNOS and iNOS. The expression of iNOS increases from PD1 to 
PD10 and then declines to a very low level during the adult period, 
while nNOS maintains comparatively high expression throughout 
adult life[41,42]. 
    Expression and activity of the antioxidant enzymes also change 
during the maturation of the brain. Despite limited and contradictory 
data on this issue, the most considerable changes in enzyme activity 
in mammals are observed immediately after birth (in response to 
changes in oxygen tension), whereas the expression of antioxidant 
enzymes takes place in embryogenesis.
    One of the main antioxidant enzymes is superoxide dismutase 
(SOD). It catalyzes the dismutation of superoxide anion to hydrogen 
peroxide. In mammals there are three SOD isoforms: the Cu/
ZnSOD – abundant cytosolic enzyme coded by the Sod1 gene, the 
MnSOD – mitochondrial enzyme coded by the Sod2 gene and minor 
extracellular Cu/ZnSOD coded by the Sod3 gene[43]. The activity and 
expression of Cu/Zn SOD in the rodent brain were shown at ED15-
18[44,45]. An increase in Cu/Zn SOD expression was demonstrated 
around the time of birth in rats[45]. Activity of SOD in guinea pigs 
remained constant throughout the ED30–60 period[46]. 
    In the postnatal period Cu/Zn SOD levels are reported either to 
reach a peak around the second week of life and then declines to adult 
level[44,47] or increases up to adult level with some variations[48,49,50,51]. 
On the other hand the enzyme activity remained relatively constant 
whereas Cu/Zn SOD protein level increased from PD1 to PD21 that 
may be related to copper availability[52]. 
    In the immature rat brain widespread expression of Cu/Zn SOD 
is observed primarily in neurons: in cortical layers II, III and V, in 
the sub-plate, in the pyriform cortex, in the hippocampus, and in the 
hypothalamus[53], with the lack of expression in glial cells. Very little 
is known about the presence of this enzyme in progenitor cells in 
the immature brain. It is suggested that Cu/Zn SOD is expressed in 
certain populations of these cells at certain stages of maturation[54].
    The activity of mitochondrial superoxide dismutase (MnSOD) 
gradually increased during the first month of life[44,50]. It is suggested 
that MnSOD plays a critical role in protection of neuronal cells 
against oxidative stress and is essential for animal survival[55]. 
Complete knockout of MnSOD (Sod2–/–) in mice results in early 
neonatal death[56,57]. Over expression of Cu/ZnSOD does not 
prevent oxidative unbalance and neonatal lethality in mice that 
lack MnSOD[58], but over expression of MnSOD decreases death of 
differentiated neuroblastoma cells with mutation in Sod1[59]. More 
over in the immature brain over expression of Cu/ZnSOD induced 
tissue damage after perinatal hypoxia-ischemia[60]. 
    The two main enzymes involved in H2O2 detoxification are catalase 
and glutathione peroxidase. In the adult brain the major systems 
responsible for this process are peroxidase systems, including 
glutathione/glutathione peroxidase and thioredoxin/peroxiredoxins[61]. 
Activity of catalase and glutathione peroxidase in guinea pig brain 
has been demonstrated to remain constant from ED30 to 45 and to 
increase from ED45 to ED60[46]. Catalase activity in the developing 
rat brain is apparently higher than in the adult one[49,62]. It should be 
noted that the specific activity of catalase is significantly lower in the 

adult brain than in other tissues[28]. According to various estimates 
the maximum enzyme activity in different brain regions of rats is 
observed from birth to PD5 - PD10, thereafter decreasing to the 
adult level around day 30[44,49]. Our data (not published) suggest that 
the activity of catalase in the cytosolic fraction of rat brain cortex is 
two times higher in PD5 than in PD10. On the other hand catalase 
expression and activity were relatively constant during the maturation 
of oligodendrocytes[63]. However, the complete absence of enzyme is 
not critical for survival. Catalase knockout mice develop normally, 
but their brain mitochondria are more susceptible to trauma-induced 
oxidative stress[64]. 
    Glutathione peroxidases (GPxs) are several-times more abundant 
than catalase in the adult brain[28]. The GPx family includes eight 
different isoforms (GPx1 – 8), which are encoded by different 
genes and have different substrate specificities. In addition to other 
enzymes, such as thioredoxin reductases and deiodinases of thyroid 
hormones, GPxs (except for GPx5, rodent GPx6, and GPx7) are 
members of a large group of selenium-containing proteins[65,66,67]. 
Main GPxs of the brain are classical GPxs (cGPx or GPx1), 
this enzyme has also been called cytosolic or cellular GPx, and 
phospholipid hydroperoxide glutathione peroxidase (PHGPx or 
GPx4)[28].
    The total GPx activity was very similar in different brain regions, it 
decreased after birth, but then increased again after 10 days reaching 
the maximum activity by 11th week[49]. Data of other authors 
demonstrated continued elevation in GPx activity up to the P45[44]. 
Our data showed that the activity of cytosolic GPxin the rat brain 
cortex did not substantially change during the first 20 days of life, but 
it was significantly higher at the PD90[68].
    Among others glutathione peroxidases – GPx4 is a unique 
member playing a key role in brain development and function, 
presumably due its impact on proliferation[69,70]. Gpx4 knockout 
mice show abnormalities in brain development. Complete absence 
of the enzyme leads to the death of the embryo[70]. GPx4 exists as 
cytosolic, mitochondrial, and nuclear isoforms[71]. Comparative 
expression analysis showed that the onset of expression Gpx4 in 
rats had been observed during gastrulation[72]. At ED6 all three 
isoforms are expressed in extra-embryonic and embryonic structures, 
including the ecto-, meso- and endoderm. During the somite stage 
of development, mitochondrial and cytosolic isoforms of GPx4 
mRNA were expressed in the forebrain, midbrain and hindbrain 
and in the developing eye. Despite the fact that the expression of 
nuclear isoforms was found during embryogenesis, it is very poorly 
expressed in the neuroepithelium and expression disappears at 
ED16-17 until birth. During postnatal development, GPx4 is mainly 
found in the cortex, hippocampus and cerebellum. Expression of the 
enzyme reaches peak values in the PD15 and gradually decreases 
thereafter[69,73].
    Little is known about the expression and function of glutaredoxins 
(Grxs), peroxiredoxins (Prxs), thioredoxins (Trxs) during normal 
brain development. Glutaredoxin and thioredoxin are present in 
many tissues of mouse embryo at organogenesis stage (ED11-13) 
and increase later in development[74]. These oxidoreductases may 
control the cellular redox state[66] which, as mentioned above, is 
very important for brain embryonic development. Most vertebrates 
contain four Grxs: Grx1, Grx2 (dithiol) and Grx3, Grx5 (monothiol)
[75]. The developing zebrafish brain depends on the enzymatic activity 
of Grx2, loss of Grx activity during development is associated with 
apoptotic neuronal death[76]. 
    All these data indicate that the steady state level of ROS/RNS 
plays an important role in the development of mammalian brain. 
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Besides that there seems to be a general trend towards increasing 
antioxidant capacity in the brain during maturation. Accordingly, 
a decrease in antioxidants (in some pathological states) can have 
negative consequences for developmental processes. However, 
addition of antioxidants can disturb the natural redox homeostasis 
in the brain and have unpredictable deleterious consequences. It 
should be concluded that experimental data about antioxidant system 
of the brain during embryonic and early postnatal periods are still 
insufficient and contradictory.

ACKNOWLEDGMENTS
 I am grateful to Vasily Stefanov for language polishing.

CONFLICT OF INTERESTS
The author has no conflicts of interest to declare. 

REFERENCES 
1.	 Halliwell B. Oxidative stress and neurodegeneration: where are 

we now? J Neurochem 2006; 97: 1634–1658
2	 Droge W. Free radical in the physiological control of cell function. 

Physiol Rev2002; 82: 47-95
3	 Winterbourn CC. Reconciling the chemistry and biology of reac-

tive oxygen species. Nature Chemical Biology 2008; 4: 278–286
4	 Kowaltowski AJ, de Souza-Pinto NC, Castilho RF, Vercesi AE. 

Mitochondria and reactive oxygen species. Free Radic Biol Med 
2009; 47: 333–343

5	 Chong Z, Li F, Maiese K. Oxidative stress in the brain: Novel 
cellular targets that govern survival during neurodegenerative dis-
ease. Progr in Neurobiology 2005; 75: 207–246

6	 Cadenas E, Packer L, Dekker M (Ed.) Handbook of Antioxidants. 
2d ed. New York, Basel. 2002: 704p.

7	 Flora SJ. Structural, chemical and biological aspects of antioxi-
dants for strategies against metal and metalloid exposure. Oxida-
tive Medicine and Cell. Longevity 2009; 2: 191-206 

8	 Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology 
of ageing. Nature 2000; 408: 239–247

9	 Mariani E, Polidori MC, Cherubini A, Mecocci P. Oxidative stress 
in brain aging, neurodegenerative and vascular diseases: An over-
view. Journal of Chromatography B 2005; 827: 65–75

10	 Covarrubias L, Hernández-García D, Schnabel D, Salas-Vidal E, 
Castro-Obregón S. Function of reactive oxygen species during 
animal development: Passive or active? Developmental Biology 
2008; 320: 1–11

11	 Valko M, Leibfritz D, Moncol J, Cronin M, Mazur M, Telser J. 
Free radicals and antioxidants in normal physiological functions 
and human disease. Int J Biochand Cell Biol 2007; 39: 44-84

12	 Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) 
homeostasis and redox regulation in cellular signaling. Cellular 
Signalling 2012; 24: 981–990

13	 Hitchler MJ, Domann FE. An epigenetic perspective on the free 
radical theory of development. Free Radic Biol Med 2007; 43: 
1023-1036

14	 Wolf G. Role of reactive oxygen species in angiotensin II-medi-
ated renal growth, differentiation, and apoptosis. Antioxid Redox 
Signal 2005; 7: 1337–1345

15	 Law SK, LeungCS-L, Yau KL, Tse CL, Wong CK, Leung FP, 
Mascheck L, Huang Y, Sauer H, Tsang SY. Regulation of multiple 
transcription factors by reactive oxygen species and effects of pro-
inflammatory cytokines released during myocardial infarction on 
cardiac differentiation of embryonic stem cells. Int J Cardiol 2013; 
168: 3458–3472

16	 Winterbourn CC, Hampton MB. Thiol chemistry and specificity in 
redox signalling. Free Radic Biol Med 2008; 45: 549–561

17	 Janssen-Heininger YM, Mossman BT, Heintz NH, Forman HJ, 
Kalyanaraman B, Finkel T, Stamler JS, Rhee SG, van der Vliet A. 
Redox-based regulation of signal transduction: principles, pitfalls, 
and promises. Free Radic Biol Med 2008; 45: 1–17

18	 Kemp M, Go YM, Jones DP. Nonequilibrium thermodynamics 
of thiol/disulfide redox systems: A perspective on redox systems 
biology. Free Radic Biol Med 2008; 44: 921–937

19	 Rice D, Barone SJ. Critical periods of vulnerability for the devel-
oping nervous system: Evidence from humans and animal models. 
Environm Health Perspectives 2000; 108(suppl 3): 511-533

20	 Erecinska M, Cherian S, Silver IA. Energy metabolism in mam-
malian brain during development. Progr in Neurobiology 2004; 
73: 397–445

21	 Molnar Z, Clowry G. Cerebral cortical development in rodents 
and primates. Progr in Brain Res 2012; 195: 45–70

22	 Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Hae-
usslein LJ. Brain development in rodents and humans: Identifying 
benchmarks of maturation and vulnerability to injury across spe-
cies. Progr in Neurobiology 2013; 106-107: 1–16

23	 Benjamins JA, Murphy EJ, Seyfried TN. Basic Neurochemistry. 
8th ed. Elsevier, 2012: 81-99

24	 Galkina OV, Putilina FE, Eshchenko ND. Changes in the lipid 
composition of the brain during early onthogenesis. Neurochemi-
cal J 2014; 8: 83–88

25	 Herlenius E, Lagercrantz H. Development of neurotransmitter sys-
tems during critical periods. Experimental Neurology 2004; 190: 
S8–S21

26	 Nakai A, Taniuchi Y, Asakura H, Oya A, Yokota A, Koshino T, 
Araki T. Developmental changes in mitochondrial activity and 
energy metabolism in fetal and neonatal rat brain. Dev Brain Res 
2000; 121: 67–72 

27	 Raft MC, Barres BA, Burne JF, Coles HS, Ishizaki Y, Jacobson 
MD. Programmed cell death and the control of cell survival: les-
sons from the nervous system. Science 1993; 262: 695-700

28	 Galkina OV. The specific features of free radical processes and the 
antioxidant defense in the adult brain. Neurochemical J 2013; 7: 
89–97

29	 Jankov R, Negus A, Tanswell A. Antioxidants as therapy in the 
newborn: some words of caution. Pediatric Res 2001; 50: 681-687

30	 Tsatmalia M, Walcott EC, Crossin KL. Newborn neurons acquire 
high levels of reactive oxygen species and increased mitochondri-
al proteins upon differentiation from progenitors. Brain Res 2005; 
1040: 137– 150

31	 Tsatmalia M, Walcott EC, Makarenkova H, Crossin KL. Reactive 
oxygen species modulate the differentiation of neurons in clonal 
cortical cultures. Mol Cell Neurosci 2006; 33: 345–357

32	 Suzukawa K, Miura K, Mitsushita J, Resau J, Hirose K, Crystal R, 
Kamata T. Nerve growth factor-induced neuronal differentiation 
requiresgeneration of Rac1-regulated reactive oxygen species. J 
Biol Chem 2000; 275: 13175–13178

33	 Kamata H,Oka S, Shibukawa Y, Kakuta J, Hirata H. Redox regu-
lation of nerve growth factor-induced neuronal differentiation of 
PC12 cells through modulation of the nerve growth factor recep-
tor, TrkA. Arch Biochem Biophys 2005; 434: 16–25

34	 Lee JY, Chang MY, Park CH, Kim HY, Kim JHH, Son YS, Lee 
SH. Ascorbate-induced differentiation of embryonic cortical 
precursors into neurons and astrocytes. J Neurosci Res 2003; 73: 
156–165

35	 Morrison SJ, Csete M, Groves AK, Melega W, Wold B, Anderson 
DJ. Culture in reduced levels of oxygen promotes clonogenic 
sympathoadrenal differentiation by isolated neural crest stem 
cells. J Neurosci 2000; 20: 7370–7376

36	 Smith J, Ladi E, Mayer-Proschel M, Noble M. Redox state is a 
central modulator of the balance between self-renewal and dif-
ferentiation in a dividing glial precursor cell. PNAS 2000; 97: 
10032–10037

37	 Cheng A, Wang S, Cai J, Rao MS, Mattson MP. Nitric oxide acts 



127 © 2015 ACT. All rights reserved.

Galkina O.  Antioxidants in the Developing Brain

in a positive feedback loop with BDNF to regulate neural progeni-
tor cell proliferation and differentiation in the mammalian brain. 
Devel Bio 2003; 258: 319–333

38	 Rodrigo J, Fernandez AP, Serrano J, Peinado MA, MartınezA. The 
role of free radicals in cerebral hypoxia and ischemia. Free Radic 
Biol Med 2005; 39: 26 – 50

39	 Contestabile A. Role of nitric oxide in cerebellar development and 
function: focus on granule neurons. Cerebellum 2012; 11: 50–61

40	 Santacana M, Uttenthal LO, Bentura ML, Fernandez AP, Martınez 
de Velasco J, Alonso D, Martinez-Murillo R, Rodrigo J. Expres-
sion of neuronal nitric oxide synthase during embryonic devel-
opment of the rat cerebral cortex. Devel Brain Res 1998; 111: 
205–222

41	 Rodrigo J, Springall D, Uttenthal LO, Bentura ML, Abadia- Mo-
linaF, Riveros-Moreno V, Martinez-Murillo R, Polak JM, Monca-
da S. Localization of nitric oxide synthase in the adult rat brain. 
Philos Trans R Soc Lond B Biol Sci 1994; 345: 175–221.

42	 Fernandez AP, Alonso D, Lisazoain I, Serrano J, Leza JC, Bentura 
ML, Lopez JC, Encinas JM, Fernandez-Vizarra P, Castro-Blanco S, 
Martinez A, Martinez-Murillo R, Lorenzo P, Pedrosa JA, Peinado 
MA, and Rodrigo J. Postnatal changes in the nitric oxide system 
of the rat cerebral cortex after hypoxia during delivery. Dev Brain 
Res 2003; 142: 177–192

43	 Zelko IN, Mariani TJ, Folz RJ. Superoxide dismutase multi-
gene family: a comparison of the CuZn-SOD (SOD1), Mn-SOD 
(SOD2), and EC-SOD (SOD3) gene structures, evolution, and 
expression. Free Radic Biol Med 2002; 33: 337–349

44	 Aspberg A, Tottmar O. Development of antioxidant enzymes in rat 
brain and in reaggregation culture of fetal brain cells. Brain Res 
Dev Brain Res 1992; 66: 55–58

45	 De Haan JB, Tymms MJ, Cristiano F, Kola I. Expression of cop-
per/zinc superoxide dismutase and glutathione peroxidase in or-
gans of developing mouse embryos, fetuses, and neonates. Pediatr 
Res 1994; 35: 188-196

46	 Mishra OP, Delivoria-Papadopoulos M. Antioxidant enzymes in 
fetal guinea pig brain during development and the effect of mater-
nal hypoxia. Dev Brain Res 1988; 42: 173–179

47	 Ceballos-Picot I, Nicole A, Clement M, Bourre JM, Sinet PM. Age 
related changes in antioxidant enzymes and lipid peroxidation in 
brains of control and transgenic mice overexpressing copper-zinc 
superoxide dismutase. Mutat Res 1992; 275: 281–293

48	 Mavelli I, Rigo A, Federico R, Ciriolo M, Rotilio M. Superoxid-
edismutase, glutathione peroxidase and catalase in developing rat 
brain. Biochem J 1982; 204: 535-540

49	 Del Maestro R, McDonald W. Distribution of superoxide dis-
mutase, glutathione peroxidase and catalase in developing rat 
brain. Mech Ageing Dev 1987; 41: 29-38

50	 Shivakumar BR, Anandatheerthavarada HK, Ravindranath V. Free 
radical scavenging systems in developing rat brain. Int J Dev Neu-
rosci 1991; 9: 181-5.

51	 Prasanthi RPJ, Devi CB, Basha DC, Reddy NS, Reddy GR. Calci-
um and zinc supplementation protects lead (Pb)-induced perturba-
tions in antioxidant enzymes and lipid peroxidation in developing 
mouse brain. Int J Dev Neurosci 2010; 28: 161–167

52	 Khan JY, Black SM. Developmental Changes in Murine Brain 
Antioxidant Enzymes. Pediatr Res 2003; 54: 77–82

53	 Peluffo H, Acarin L, Faiz M, Castellano B, Gonzalez B. Cu/Zn 
superoxide dismutase expression in the postnatal rat brain follow-
ingan excitotoxic injury. J Neuroinflam 2005; 2: 1-12

54	 Faiz M, Acarin L, Peluffo H, Villapol S, Castellano B, Gonzalez B. 
Antioxidant Cu/Zn SOD: Expression in postnatal brain progenitor 
cells. Neurosci Lett 2006; 401: 71–76

55	 Fukui M, Ting ZhuB. Mitochondrial superoxide dismutase SOD2, 
but not cytosolic SOD1, plays a critical role in protection against 
glutamate-induced oxidative stress and cell death in HT22 neuro-
nal cells. Free Radic Biol Med 2010; 48: 821–830

56	 Lebovitz RM, Zhang H, Vogel H, Cartwright JJ, Dionne L, Lu N, 
Huang S, Matzuk MM. Neurodegeneration, myocardial injury, and 
perinatal death in mitochondrial superoxide dismutase-deficient 
mice. PNAS 1996; 93: 9782–9787

57	 Huang TT, Carlson EJ, Kozy HM, Mantha S, Goodman SI, Ursell 
PC, Epstein CJ. Genetic modification of prenatal lethality and 
dilated cardiomyopathy in Mn-superoxide dismutase mutant mice.
Free Radic Biol Med 2001; 31: 1101–1110

58	 Copin JC, Gasche Y, Chan PH. Overexpression of copper/zinc su-
peroxide dismutase does not prevent neonatal lethality in mutant 
mice that lack manganese superoxide dismutase. Free Radic Biol 
Med 2000; 28: 1571–1576

59	 Flanagan SW, Anderson RD, Ross MA, Oberley LW. Overex-
pression of manganese superoxide dismutase attenuates neuronal 
death in human cells expressing mutant (G37R) Cu/Zn-superoxide 
dismutase. J Neurochem 2002; 81: 170-7

60	 Ditelberg JS, Sheldon RA, Epstein CJ, Ferriero DM. Brain injury 
after perinatal hypoxia –ischemia is exacerbated in copper/zinc 
superoxide dismutase transgenic mice. Pediatr Res 1996; 39: 204 
– 208 

61	 Drechsel DA, Patel M. Respiration-dependent H2O2 removal in 
brain mitochondria via the thioredoxin/peroxiredoxin system. J 
Biol Chem 2010; 285: 27850–27858

62	 Hamby-Mason R, Chen JJ, Schenker S, Perez A, Henderson GI. 
Catalase mediates acetaldehyde formation from ethanol in fetal 
and neonatal rat brain. Alcohol Clin Exp Res 1997; 21: 1063–1072

63	 Baud O, Greene AE, Li J, Wang H, Volpe JJ, Rosenberg PA. 
Glutathione peroxidase–catalase cooperativity is required for re-
sistance to hydrogen peroxide by mature rat oligodendrocytes. J 
Neurosci 2004; 24: 1531-1540

64	 Ho YS, Xiong Y, Ma W, Spector A, Ho DS. Mice lacking catalase 
develop normally but show differential sensitivity to oxidant tis-
sue injury. J Biol Chem 2004; 279: 32804-12

65	 Imai H, Nakagawa Y. Biological significance of phospholipid 
hydroperoxide glutathione peroxidase (PHGPx, GPx4) in mam-
malian cells. Free Radic Biol Med 2003; 34: 145–169

66	 Schweizer U, Brauer AU, Kohrle J, Nitsch R, Savaskan NE. Se-
lenium and brain function: a poorly recognized liaison. Brain Res 
Rev 2004; 45: 164– 178

67	 Herbette S, Roeckel-Drevet P, Drevet JR. Seleno-independent 
glutathione peroxidases. More than simple antioxidant scavenger. 
FEBS J 2007; 274: 2163-2180

68	 Galkina OV, Putilina FE, Romanova AA, Eshchenko ND. Chang-
es in lipid peroxidation and antioxidant system of the brain during 
early postnatal development in rats. Neurochemical J 2009; 3: 93-
97

69	 Savaskan NE, Ufer C, Kuhn H, Borchert A. Molecular biology of 
glutathione peroxidase 4:from genomic structure to developmental 
expression and neural function. Biol Chem 2007; 388: 1007–1017

70	 Brigelius-Flohe R, Maiorino M. Glutathione peroxidases. Biochim 
Biophys Acta (General Subjects) 2013; 1830: 3289-3303

71	 Imai H, Nakagawa Y. Biological significance of phospholipid 
hydroperoxide glutathione peroxidase (PHGPx, GPx4) in mam-
malian cells. Free Radic Biol Med 2003; 34: 145–169

72	 Borchert A, Wang CC, Ufer C, Schiebel H, Savaskan NE, Kuhn 
H. The role of phospholipid hydroperoxide glutathione peroxidase 
(GPx4) isoforms in murine embryogenesis. Biol Chem 2006; 281: 
19655–19664.

73	 Savaskan NE, Borchert A, Brauer A, Kuhn H. A role for glutathi-
one peroxidase-4 in brain development and neuronal apoptosis. 
Free Radic Biol Med 2007; 43: 191–201

74	 Kobayashi M, Nakamura H, Yodoi J, Shiota K. Immunohisto-
chemical localization of thioredoxin and glutaredoxin in mouse 
embryos and fetuses. Antioxid Redox Signal 2000; 2: 653–663

75	 Aon-Bertolino ML, Romero JI, Galeano P, Holubiec M, Badorrey 
MS, Saracen GE, Hanschmann EM, Lillig CH, Capani F. Thiore-



128© 2015 ACT. All rights reserved.

Galkina O.  Antioxidants in the Developing Brain

doxin and glutaredoxin system proteins-immunolocalization in the 
rat central nervous system. Biochim Biophys Acta 2011; 1810: 93-
110

76	 Brautigam L, Schutte LD, Godoy JR, Prozorovski T, Gellert M, 
Hauptmann G, Holmgren A, Lillig CH, Berndt C. Vertebrate-

specific glutaredoxin is essential for brain development. PNAS 
2011; 108: 20532–20537

Peer reviewer: Mustafa Aydin, Department Of Pediatrics/
Neonatology, Firat University Hospital, 23119, Elazig, Turkey


