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  Pref ace   

 The embryonic and fetal period is wrought with oxidative challenges, which can 
impact development (Chap.   1    ). These lead to long-lasting consequences in neonatal 
life and beyond. This book will evaluate the continuum of perinatal to postnatal 
oxidative stress and address possible therapeutic strategies to mitigate the deleteri-
ous effects. 

 In the prenatal period, maternal constitutive or acquired exposure to oxidative 
injury can result in pathology that impacts both the mother and the fetus. The exam-
ples of diabetes (Chap.   3    ) and maternal smoking (Chap.   4    ) will be discussed in the 
book. In the instance of Down syndrome (Chap.   7    ), the adverse oxidant environ-
ment resulting from excess manganese superoxide dismutase leads to abnormal 
organogenesis and development. 

 Maternal infection (Chap.   2    ) and poor placentation can result in adverse neonatal 
effects related to oxidative stress. In terms of poor placentation, a fetus may present 
with intrauterine growth restriction and have oxidative stress-mediated maladapta-
tion of organs and tissues (Chap.   6    ). This is well illustrated in adults born to mal-
nourished mothers during the Dutch famine. It is thought that the resultant 
intrauterine growth restriction and “thrifty” substrate utilization predisposed these 
infants to develop diabetes, hypertension, and obesity, or syndrome X, as adults at a 
higher proportion than in normally grown infants. These observations raise the 
question of whether this predisposition could also occur in preterm infants who 
have abnormal growth and poor nutrition during a critical period of development. 
Onset of preterm labor may also be determined by oxidative stress. The evidence for 
this is discussed in Chap.   5    . 

 Postnatally, there are many consequences of the extrauterine environment on a 
premature or sick host. A baby born prematurely will have decreased oxidative 
defenses and, therefore, will be more susceptible to oxidative stress as tissues and 
organs are still developing. The eyes are particularly vulnerable to changes in hyper-
oxia, leading to abnormal retinal blood vessel proliferation or retinopathy of prema-
turity (Chap.   8    ). The relationship between oxidative stress and the development of 
this condition was found only after physicians had instituted the use of liberal oxygen 
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delivery to prevent equally adverse consequences related to hypoxemia, illustrating 
the double-edged sword of oxygen. Necrotizing enterocolitis is another condition 
that may result from enhanced oxidative stress in the gut of an immature infant 
(Chap.   9    ). 

 Enhanced oxidative burden is not restricted to preterm infants; several conditions 
lead to adverse oxidative stress in term infants including the prenatal hypoxia. This 
has caused a reevaluation of how we resuscitate infants in the delivery room (Chap.   11    ). 
The dire consequences of oxidative stress can lead to brain injury (Chap.   14    ), pain 
(Chap.   16    ), and seizures (Chap.   20    ). Oxidative stress can also lead to aggravation of 
pulmonary vasoreactivity as in persistent pulmonary hypertension of the neonate 
(PPHN), as discussed in Chap.   10    . One of the key discoveries of the last century was 
nitric oxide (NO). Its use was shown to prevent or ameliorate pulmonary hyperten-
sion in the neonate. In fact, use of inhaled NO has improved the survival of infants 
with pulmonary hypertension and may promote alveolar development. Nevertheless, 
it is well known that NO in the presence of oxygen can generate the peroxynitrite 
radical. In animal models, this combination results in pulmonary toxicity, perhaps 
explaining why inhaled NO has been fraught with challenges in preterm infants 
since these vulnerable hosts may not have suffi cient antioxidant defenses. Although 
NO is not recommended for use in prematures, surfactant that is used to alleviate 
respiratory distress syndrome also has signifi cant antioxidative properties as dis-
cussed (Chap.   12    ). Another common concern in neonates is hyperbilirubinemia 
(Chap.   15    ). Interestingly, this provides antioxidant defenses to the neonate in the 
transition to a relatively hyperoxic environment but carries a risk of signifi cant 
toxicity. 

 Once we understand the impact of oxidative stress in the uterus, placenta, fetus, 
and neonates, we need to develop strategies to mitigate these effects. General mech-
anisms of how oxidative stress affects the neonate and how glutathione is involved 
are explored in Chap.   13    . Also, we gain a better understanding of how endogenous 
antioxidant defenses develop (Chap.   17    ). This sets the stage for the development of 
antioxidant therapies (Chap.   18    ) and for understanding the importance of nutrition 
to antioxidant protection (Chap.   19    ). The development of new therapeutic interven-
tions to prevent and obviate oxidative stress is also examined (Chap.   22    ). 

 Overall, the examples in this book illustrate that the perinatal and neonatal 
periods are an important time of vulnerability to oxidative stress and that the effects 
of excess oxidative stress can lead to lifelong adverse events (Chap.   21    ). It is the 
hope that, with a better understanding of the mechanisms by which reactive oxygen 
species impact the fetal and neonatal host, therapeutic interventions can be devel-
oped to obviate such effects. 

 We are extremely grateful to John Bretz for his diligence and outstanding com-
mitment to the execution of this book.  

    Philadelphia ,  PA ,  USA      Phyllis     A.     Dennery   
    Siena ,  Italy      GIusseppe     Buonocore   
    Oslo ,  Norway      Ola     Didrik Saugstad       
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    Chapter 1   
 Impact of Oxidative Stress on Development 

             Peter     G.     Wells      ,     Lutfi ya     Miller-Pinsler    , and     Aaron     M.     Shapiro   

           Introduction 

    The developing embryo and fetus, collectively termed the conceptus, are highly 
susceptible to the adverse effects of oxidative stress initiated by endogenous pro-
cesses and by xenobiotics that enhance the formation of reactive oxygen species 
(ROS). This susceptibility is due in part to the high conceptal rates of cellular divi-
sion and differentiation and the complex processes involved in the formation of 
organ structures and development of functional systems, including brain activity. 
Alterations in these processes can result in in utero or perinatal death, or structural 
and functional birth defects, termed “teratogenesis.” The instability of ROS, and 
particularly hydroxyl radicals, means that proximate formation of ROS within the 
conceptus, rather than distal maternal formation, plays a critical role in teratogene-
sis. Susceptibility is compounded by relatively high levels of embryonic and fetal 
enzymes involved in ROS formation and xenobiotic bioactivation to free radical 
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intermediates and conversely low levels of protective antioxidative enzymes. Enhanced 
ROS levels can adversely affect development by altering signal transduction and/or 
by oxidatively damaging conceptal cellular macromolecules such as lipids, pro-
teins, and DNA, the latter of which may be mitigated by DNA repair enzymes. The 
risk of teratogenesis is therefore largely determined at the conceptal level, at which in 
mouse models those littermates with an unfavorable imbalance among pathways of 
ROS formation and detoxifi cation, and DNA repair, exhibit greater structural and/or 
functional birth defects than littermates with a favorable balance.  

    Embryonic and Fetal Development 

 Following fertilization, development in the human begins with a 2-week period of 
conceptal cell division, followed by an embryonic period of organ development 
and a fetal period of functional development (Fig.  1.1 ). Human exposure to 

GESTATIONAL TIME
(weeks)

3 4 5 6 7 8 12 16 20 - 36 381 - 2

DEVELOPMENTAL
PROCESS 

TERATOLOGICAL
CONSEQUENCE 

STAGE
From fertilization

to blastocyst;
Implantation

Prenatal death

Embryonic Period Fetal Period

Cellular differentiation and
organogenesis 

Major morphological
abnormalities 

Histological differentiation and
functional development 
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Cellular division  

ORGAN
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first two weeks

Central nervous system

Heart

Arms

Legs

Eyes

Teeth

Human Development and “Critical Periods” for Drug Exposure

  Fig. 1.1    Human development and critical periods for exposure to developmentally toxic agents 
(Modifi ed from Wells et al. [ 98 ]). Exposure to toxic agents during the fi rst 2 weeks following fer-
tilization can result in either the death of the conceptus or a morphologically normal child, or pos-
sibly birth defects resulting from genetic or epigenetic changes. Exposure during the embryonic 
period, which encompasses the period of cellular differentiation and organogenesis, can result in 
either  in utero  death or major gross morphological birth defects. Exposure during the fetal period, 
which encompasses histological differentiation and functional development, can result in altered 
functions of organs and biochemical pathways and systems       
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developmentally toxic agents during the initial 2 weeks following fertilization tradi-
tionally has been believed to result in either the death of the conceptus or a normal 
child, since cells have not yet begun to differentiate and a suffi cient residual of unaf-
fected cells can compensate for the lost cells. However, this concept was largely 
based upon teratogens that caused structural birth defects by receptor-mediated pro-
cesses, and it is likely that exposure to agents that damage DNA via either genetic 
or epigenetic mechanisms may alter later developmental processes. Later effects 
also could arise from early exposure to teratogens with long half-lives of elimina-
tion. Exposure during the  embryonic  period, which encompasses the period of cel-
lular differentiation and organogenesis, largely results in in utero death or major 
structural birth defects (shortened or missing limbs, cleft palate, spinal bifi da, etc.), 
although postnatal functional defi cits can be initiated by exposure to some xenobi-
otics during this period. The risk of developmental toxicities exhibits a remarkable 
pattern not found in other areas of toxicology, namely, critical periods of suscepti-
bility, exemplifi ed in Fig.  1.1  by the fi lled bars representing periods in which spe-
cifi c organs are at maximal risk for alterations leading to major structural defects 
[ 61 ,  104 ]. Exposure to teratogens outside of the critical period for a given organ 
typically will not affect the structural development of that organ, although prior 
exposure to a xenobiotic with slow elimination may result in toxic concentrations 
being sustained into the critical period. Exposures in the later component of the 
critical period, exemplifi ed by the open bars, which for some organs extend into the 
fetal period, result in only minor structural defects, and exposures beyond the criti-
cal period have no teratogenic effect. Exposures during the  fetal  period, during 
which histological differentiation and functional development occur, typically result 
in altered functions of organs and biochemical pathways and systems like the 
immune system. Susceptibility to the initiation of postnatal cancer by transplacental 
carcinogens at least in mouse models is highest during this period. Fetal exposures 
can be particularly important for organs like the brain, in which functional develop-
ment continues throughout gestation and postnatally until around the age of 20 years 
in humans. As the risk of functional teratogenesis from fetal exposures has become 
more evident, the traditional focus on the fi rst trimester of pregnancy, encompassing 
the embryonic period, has shifted to a more balanced view of developmental risk 
encompassing the entire duration of pregnancy and even into the postnatal period.

   The broad spectrum of developmental outcomes is shown in Fig.  1.2  and can 
vary by the nature of the developmental toxin, the exposure level, and gestational 
timing of the exposure.

       Conceptal Reactive Oxygen Species Formation 

 Developmental toxicity can be initiated via a spectrum of mechanisms that are not 
necessarily mutually exclusive, including the receptor-mediated effects of xenobio-
tics and macromolecular damage caused by the bioactivation of xenobiotics to 
 electrophilic and free radical intermediates. Teratological mechanisms involving 
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receptor-mediated processes and the covalent binding of xenobiotic electrophilic 
reactive intermediates to cellular macromolecules have been discussed elsewhere 
([ 97 – 99 ,  120 ]). Reactive oxygen species (ROS) and oxidative stress can be initi-
ated proximally in the embryo and fetus by xenobiotics and agents like ionizing 
radiation via several mechanisms (Fig.  1.3 ). These include redox cycling 
of quinone metabolites of xenobiotics, cardiac suppression by xenobiotics followed 
by reperfusion (e.g., phenytoin), activation and/or induction of ROS-producing 
NADPH oxidases (NOXs) (e.g., ethanol and methanol), and interruption of the 
mitochondrial electron transport chain. A number of    endogenous pathways 
can lead to ROS formation, including redox cycling (e.g., quinone metabolites of 
dopamine in the brain), as well as enhanced ROS formation in diseases like diabetes 
[ 25 ,  99 ,  116 ]. In diabetes, high sugar levels and possibly additional factors can dys-
regulate the mitochondrial electron transport chain [ 114 ] as well as induce NOXs 
[ 28 ], both of which result in enhanced ROS formation. Xenobiotics can also be 
converted to ROS-initiating free radical intermediates by enzymes like prostaglan-
din H synthases (PHSs) and lipoxygenases (LPOs) (Fig.  1.4 ) as well as by cyto-
chromes P450 (CYPs). Unlike CYPs, PHSs and LPOs are highly expressed in the 

Embryotoxic
(fetotoxic)

effect
Normal newborn

Prenatal death Mutation
Structural 
anomaly

Functional
anomaly 

Transplacental
carcinogenesis

Heritable
defects ?

TERATOGENIC
DEFECT

gross and minor
malformations

GROWTH
RETARDATION 

general
dysplasia 

DYSFUNCTION
postnatal

manifestation:
hormonal &

immune systems,
brain & organ

function, fertility   

REVERSIBLE DEFECT

IRREVERSIBLE DEFECT

CONSEQUENCES OF DRUG
EXPOSURE DURING PREGNANCY

NONLETHALLETHAL

  Fig. 1.2    Consequences of exposure to developmentally toxic agents during pregnancy. A revers-
ible defect will result in a normal newborn. An irreversible defect, if lethal, can lead to prenatal 
death. If the irreversible defect is nonlethal, three general consequences are possible: (1) mutations 
leading to transplacental carcinogenesis or heritable defects; (2) structural or gross morphological 
anomalies, either teratogenic defects or growth retardation; or (3) functional anomalies, including 
a spectrum of postnatal metabolic dysfunctions (Modifi ed from Neubert et al. [ 65 ])       
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embryo and fetus, and these enzymes have been shown in animal models to contribute 
to the bioactivation and teratogenicity of several drugs including benzo[a]pyrene, 
thalidomide, phenytoin, and structurally related antiepileptic drugs.

    The nature of ROS is discussed elsewhere in this book. Briefl y, ROS include hydro-
gen peroxide (H 2 O 2 ), superoxide anion (O 2 • − ), and hydroxyl radical (HO•). Unlike 
O 2 • −  and H 2 O 2 , which are relatively stable and diffusible forms of ROS, HO• is highly 
unstable and nondiffusible, reacting rapidly with nearby molecular targets within the 
subcellular compartment in which it is formed. ROS are an important component of 
many physiological signal transduction pathways; however, if levels of ROS exceed the 
capacity for detoxifi cation, this results in “oxidative stress,” including the oxidation of 

Xenobiotic
Free radical
intermediate

GSSGGSH

GSH Reductase

G-6-P Dehydrogenase
G-6-P 6-phospho

gluconate

NADP+ NADPH

GSH Peroxidase

Catalase

H2O

H2O + O2

O2
• - SOD

H2O2

Fe2+

HO•

O2

Repair

Enzymatic
bioactivation

Cardiac suppression
& reperfusion

NADPH oxidases

Quinone metabolite
redox cycling

Teratogenesis

Oxidative Damage
• DNA
• Protein
• Lipid

• p53
• ATM 
• OGG1
• CSB
• BRCA1

Mitochondrial electron
transport chain 

Hyperglycemia-diabetes

Endogenous
sources

CYPs,  PHSs, LPOs

  Fig. 1.3    Biochemical pathways for endogenous and xenobiotic-enhanced formation and detoxifi -
cation of reactive oxygen species (ROS) and repair of oxidatively damaged cellular macromole-
cules. Teratogenesis is postulated to result from ROS-mediated alterations in signal transduction 
(not shown) and/or embryonic or fetal macromolecular damage. If embryonic or fetal ROS forma-
tion exceeds the proximal capacity for ROS detoxifi cation and/or repair of cellular macromole-
cules, this imbalance can result in enhanced teratogenesis, even at a therapeutic drug concentration 
or generally “safe” exposure level for an environmental chemical.  Blue arrows  indicate pathways 
through which ROS are formed endogenously. Many of the same ROS-forming pathways that are 
enhanced by xenobiotics are also responsible for endogenous ROS formation. Abbreviations:  ATM  
ataxia telangiectasia mutated,  BRCA1  breast cancer 1,  CSB  Cockayne  syndrome B,  CYPs  cyto-
chromes P450,  Fe  iron,  G-6-P  glucose-6-phosphate,  GSH  glutathione,  GSSG  glutathione disulfi de, 
 LPOs  lipoxygenases,  NADP+  nicotinamide adenine dinucleotide phosphate,  OGG1  oxoguanine 
glycosylase 1,  PHSs  prostaglandin H synthases,  SOD  superoxide dismutase (Modifi ed from Wells 
et al. [ 100 ])       
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proteins, lipids, DNA, and other cellular macromolecules and/or alterations in signal 
transduction pathways, which can play a role in disease, aging, and xenobiotic toxicity, 
including developmental abnormalities (Fig.  1.5 ) [ 24 ,  25 ,  99 ].

   The instability of ROS, and particularly hydroxyl radicals, means that proximate 
formation of ROS within the conceptus, rather than distal maternal formation, plays a 
critical role in teratogenesis. Embryo culture studies have shown that the embryo 
has the necessary enzymes for bioactivating “proteratogens” to free radical reactive 
intermediates, as well as ROS-producing NOXs, balanced by variable but critically 
important activities of protective antioxidative and DNA repair enzymes. As dis-
cussed in the next section on mechanisms, this has important implications for the 

Xenobiotic

Free Radical
Intermediate 

Oxidative Stress

TERATOGENESIS

Lipoxygenase

5-HETE

5-HPETE

Hydroperoxidase

Lipoxygenase
(LPO) Pathway

Phospholipase A2

Membrane phospholipids

Arachidonic acid

Prostaglandin H Synthase
(PHS) Pathway

PHS
Cyclooxygenase

PHS
Hydroperoxidase

PGG2 -OOH

PGH2 -OH

COOH

  Fig. 1.4    Bioactivation of xenobio   tics catalyzed by prostaglandin H synthases (PHSs) and lipoxy-
genases (LPOs). The hydroperoxidase component of PHSs, and hydroperoxidases associated with 
LPOs, can oxidize xenobiotics to free radical intermediates that can initiate ROS formation, oxida-
tive stress, and teratogenesis.   Arachidonic acid is released from membrane phospholipids by the 
action of phospholipase A2 and can then serve as a substrate in both the cyclooxygenase- and 
lipooxygenase-dependent eicosanoid pathways generating the corresponding hydroperoxides, 
which are then reduced by hydroperoxidases to the corresponding alcohols.   In this pathway, xeno-
biotic may serve as a reducing co-substrate, itself being oxidized to a reactive free radical interme-
diate.   If not detoxifi ed, this free radical can initiate oxidative stress resulting in ROS-mediated 
oxidative macromolecular damage and teratogenesis (Modifi ed from Yu and Wells [ 115 ])       
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determinants of teratological risk as well as for the analysis of data when teratogenesis 
is initiated by the formation of ROS, as distinct from receptor-mediated mechanisms. 
Evidence for a role of these pathways in embryonic and fetal ROS formation, as well 
as the involvement of ROS in mechanisms of teratogenesis, is derived primarily if not 
exclusively from animal models, with no human studies to provide corroboration.  

ROS

Macromolecular
oxidative damage

Signal
transduction 

ProteinsLipids DNA

Altered:
• differentiation
• migration
• function
• communication

Cell death

• 8-oxoguanine

Teratogenesis

DNA repair

• Xenobiotics
• Ionizing radiation
• Diabetes

• OGG1

Developmental cellular alterations

Proteins

• PTEN
• GSH
• Trx

Embryo/Fetus

  Fig. 1.5    Alternative biochemical effects of reactive oxygen species (ROS): oxidative damage to 
cellular macromolecules and altered signal transduction. Physiological or environmentally 
enhanced levels of embryonic and fetal ROS can adversely affect development via one or both of 
the following two mechanisms: (1) Irreversible oxidative damage to cellular macromolecules 
including DNA, proteins, peptides, and lipids. 8-Oxoguanine is the most prevalent of over 20 DNA 
lesions initiated by ROS, and this lesion is repaired by oxoguanine glycosylase 1 (OGG1), one 
of several DNA repair proteins known to protect the developing embryo and fetus (see Fig.  1.3 ). 
(2) Reversible oxidative modifi cation of signaling molecules, exemplifi ed by phosphatase and 
 tensin homolog (PTEN), glutathione (GSH), and thioredoxin (Trx). The degree to which either or 
both of these two alternative pathways contribute to the pathogenic mechanism may vary with the 
particular nature and timing of ROS initiation and the conceptal target tissue, among other factors. 
These biochemical changes can lead to non-apoptotic alterations in cellular function including 
differentiation, migration, function, and communication or may result in cell death. If these cellu-
lar alterations occur during critical windows of development, they may cause gross morphological 
birth defects or postnatal functional abnormalities such as neurodevelopmental defi cits.       
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    Mechanisms of ROS-Initiated Teratogenesis 

    ROS-Dependent Mechanism 

 ROS can initiate developmental toxicity via oxidative damage to embryonic or fetal 
cellular macromolecules (lipids, proteins, DNA, etc.) and/or by altering signal 
transduction (Fig.  1.5 ) [ 14 ,  25 ,  99 ]. It is important to remember that studies impli-
cating macromolecular damage in the mechanism of teratogenesis do not preclude 
a contribution from altered signal transduction nor a contribution from mechanisms 
that do not involve ROS, as discussed later for thalidomide. It seems likely that 
particular types of developmental abnormalities can be initiated via more than one 
mechanism. 

 Representative xenobiotics, agents, and diseases for which a ROS-mediated 
mechanism of teratogenesis has been implicated are listed in Table  1.1 , although 
other mechanisms including receptor-mediated actions may also contribute [ 98 ]. It 
is also possible that different mechanisms may lead to a similar developmental 
abnormality and that the relative contribution of a particular mechanism may vary 
with the nature of the ROS-initiating agent, the exposure concentration, the gesta-
tional time of exposure, and the target tissue or cell type.

   Evidence of a ROS-dependent mechanism of teratogenesis has been obtained by 
a variety of approaches involving the use of pharmacological probes and genetically 
modifi ed animal models (Table  1.2 ). Pharmacological probes all have actions in 
addition to their intended activity, so the degree of certainty is enhanced by the use 
of multiple probes that modulate complementary pathways and by corroborating 
studies using animal models in which the pathway in question has been genetically 
modifi ed. Even results from studies using genetically modifi ed animals such as 
knockout mice can be confounded by unappreciated biochemical changes in these 
mice in response to the loss of an important gene, so corroborating approaches 
improve the confi dence of an interpretation. Studies supporting ROS-dependent 
mechanisms of developmental toxicity include: (1) Blocking xenobiotic bioacti-
vation by enzymes like prostaglandin H synthases (PHSs) to a free radical intermedi-
ate, using PHS inhibitors such as acetylsalicylic acid (ASA, aspirin) or eicosatetraynoic 
acid (ETYA), which reduce the teratogenicity of drugs like phenytoin, benzo[a]
pyrene, and thalidomide in vivo and/or in embryo culture [ 47 ,  99 ]. These studies 
have been corroborated by the use of knockout mice lacking a PHS isozyme, which 
exhibit reduced embryonic bioactivation of xenobiotics like phenytoin and benzo[a]
pyrene, and are protected from the resulting increase in oxidatively damaged cellular 
macromolecules and developmental toxicity in vivo and/or in embryo culture [ 99 ]. In 
the case of drugs like ethanol and methanol, which induce the expression of ROS-
producing NADPH oxidases (NOXs), pretreatment with a NOX inhibitor reduces 
embryonic DNA oxidation and teratogenesis [ 18 ,  100 ]. (2) Altering antioxidative 
pathways, as discussed below in section “ Antioxidative Pathways ,” where increases 
in antioxidants and antioxidative pathways protect the embryo and fetus from xeno-
biotic-initiated oxidative damage to cellular macromolecules and from the associated 
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   Table 1.1    Representative drugs and environmental chemicals 
(xenobiotics) and other agents and diseases for which ROS 
have been implicated in the mechanism of teratogenesis   

 Alcohol (ethanol)* 
 Cocaine* 
 Cyclophosphamide* 
 Benzo[a]pyrene 
 Diethylstilbestrol* 
 Hydroxyurea 
 Methamphetamine 
 Methanol 
 Methylmercury* 
 Phenytoin and structurally related antiepileptic drugs* 
 Thalidomide* 
 Tobacco smoke* 
 Valproic acid* 
 Ionizing radiation* 
 Diabetes* 

  From studies in animal models. Asterisks indicate known human 
teratogens [ 100 ], although xenobiotics like benzo [a]pyrene, 
a component of tobacco smoke, are presumed human terato-
gens despite the absence of human studies evaluating them in 
isolation. Evidence for ROS involvement does not preclude a 
contribution from other mechanisms, including receptor-
mediated initiation, which has been implicated for many of the 
above xenobiotics. Teratological outcomes include structural 
birth defects (e.g., ethanol, thalidomide) and postnatal func-
tional abnormalities including neurodevelopmental defi cits 
(e.g., ethanol, valproic acid, and methamphetamine) and can-
cer (e.g., diethylstilbestrol) (Based upon data from papers and 
recent reviews [ 15 ,  25 ,  85 ,  94 ,  99 ])  

developmental abnormalities in vivo and/or in embryo culture. A converse increase 
in conceptal macromolecular damage and developmental toxicity is observed when 
antioxidants and antioxidative pathways are reduced. (3) Pretreatment with free 
 radical spin trapping agents like phenylbutylnitrone (PBN), which block oxidative 
damage to cellular macromolecules and the associated developmental toxicity of 
drugs like phenytoin, thalidomide, methanol and ethanol in vivo and in embryo culture 
[ 6 ,  47 ,  99 ,  100 ], and lipopolysaccharide- initiated toxicity in vivo [ 113 ]. In addition 
to implicating ROS in the teratological mechanism, such approaches provide insights 
into the relative contribution of ROS, as distinct from other mechanisms, such as the 
covalent binding of xenobiotic electrophilic reactive intermediates to embryonic and 
fetal cellular macromolecules or receptor-mediated effects of the parent compound 
or a stable metabolite.

1 Impact of Oxidative Stress on Development
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   The high reactivity of ROS, and particularly hydroxyl radicals, means that ROS 
cannot readily travel from the mother to the embryo. Therefore, proximal embry-
onic and fetal pathways for ROS formation, as distinct from distal maternal path-
ways, are major determinants of risk. An illustration of the importance of proximate 
pathways can be seen for ROS formation in a mouse knockout model for PHS2, in 
which progeny from the same dam and litter may be wild type, or heterozygous or 
homozygous defi cient for the  phs2  gene. In this example, among all littermates, the 
PHS2-defi cient progeny, lacking bioactivating activity, are protected from benzo[a]pyrene 
teratogenicity, at least at lower doses, while the wild-type littermates are suscepti-
ble, although all are littermates from the same dam and are exposed to the same 
teratogen concentration [ 74 ]. Even strains of mice that are not genetically modifi ed 
exhibit substantial littermate variability in embryonic determinants of risk, as exem-
plifi ed with CD-1 mice, in which embryonic catalase activity can vary up to 
fourfold among embryos of the same litter [ 3 ]. Accordingly, for mechanisms involv-
ing the formation of ROS, the conceptal genotype is the fundamental determinant of 
risk rather than the litter or maternal genotype. Traditionally, teratological data are 
analyzed by litter, grouping all fetuses in the litter as equivalent, largely to compen-
sate for the occasionally confounding occurrence of exceptional developmental 
anomalies in an isolated litter, often termed the “litter effect.” This approach usually 
works well for teratogens acting through a receptor-mediated mechanism, as long as 
there is no genetic modifi cation or substantial spontaneous littermate variability in 
the receptor gene. However, in the case of a ROS-mediated mechanism, although it 
is important to evaluate a suffi cient number of litters to dilute the impact of an 
anomalous litter response, the individual conceptus rather than the litter is the essen-
tial parameter. As discussed below in sections “ Antioxidative Pathways ” and “ DNA 
Repair ,” the conceptal activity for antioxidative and DNA repair pathways is similarly 
critical. Accordingly, the balance among the conceptal pathways of ROS  formation 
and detoxifi cation, and DNA repair, within a single embryo or fetus is the fundamen-
tal determinant of developmental risk for that conceptus.  

    ROS-Initiated Macromolecular Damage 

 ROS oxidize or oxidatively damage all embryonic and fetal cellular macromole-
cules, including lipids, proteins, peptides (e.g., glutathione [GSH]), RNA, and DNA, 
as well as alter signal transduction (Fig.  1.5 ), so it is diffi cult to know which molecu-
lar events are contributing to developmental toxicity and to what degree. Proteins 
and lipids in particular are oxidatively damaged by enhanced conceptal ROS forma-
tion (Table  1.3 ) and would be expected to contribute to mechanisms of ROS-mediated 
teratogenesis, in which case the repair or removal of such macromolecular lesions 
would likely modulate the developmental toxicity of a ROS-initiating agent. 
However, approaches to defi nitively test this hypothesis have yet to be developed, 
and studies providing evidence of a causal role for oxidatively damaged lipids and 
proteins in the pathogenic mechanism are lacking. On the other hand, a number of 
genetically modifi ed animal models have been developed that lack key proteins and 
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enzymes involved in the recognition of oxidatively damaged DNA and its repair, as 
discussed below in section “ DNA Repair .” Knockout or conditional knockout mice 
lacking these DNA repair components exhibit an increase in oxidatively damaged 
DNA in embryos and in fetal brain, and in the associated embryopathies and post-
natal neurodevelopmental defi cits, caused by agents like benzo[a]pyrene, metham-
phetamine, ethanol, and ionizing radiation [ 80 ,  99 ,  100 ]. These studies show that 
DNA oxidation, as distinct from oxidative damage to other types of cellular macro-
molecules, is a pathogenic molecular event. They also provide insight into the rela-
tive teratogenic contribution of oxidatively damaged DNA as distinct from 
ROS-mediated alterations in signal transduction. The next two subsections accord-
ingly focus upon DNA as a macromolecular target of ROS, which can cause both 
mutagenic changes in gene sequence and direct and indirect epigenetic changes 
with no change in gene sequence.

      Mutagenic Mechanisms 

 ROS initiate over 20 different lesions in DNA, with 8-oxoguanine (Fig.  1.6 ) being 
the most prevalent [ 31 ]. This lesion is mutagenic, leading to a change in the DNA 
structure, and likely is involved in the mechanism of transplacental carcinogenesis, 

guanine

7,8-dihydro-8-oxoguanine
(8-oxoG)

8-hydroxyguanine
(8-OH-dG)

•OH

8-Oxoguanine Formation

8-oxoG can lead to: 

• transversion mutations

Cancer

• altered transcription

EmbryopathiesOXIDATIVE
DNA DAMAGE

  Fig. 1.6    Reaction of hydroxyl radicals (HO•) with guanine residues of DNA to form the molecular 
lesion 7,8-dihydro-8-oxoguanine (8-oxoguanine, 8-oxoG). If not repaired, this DNA lesion can 
cause mutagenic changes in gene sequences, and/or altered gene transcription, which respectively 
may lead to the development of postnatal cancer in the progeny, and/or structural or functional 
teratogenesis (From Wells et al. [ 99 ])       
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perhaps including postnatal cancer in the children of mothers treated with the 
 synthetic estrogen diethylstilbestrol [ 82 ]. However, aside from cancers, other forms 
of developmental toxicity, including structural birth defects and postnatal neurode-
velopmental defi cits, likely result not from mutagenesis but rather from the direct 
effects of 8-oxoG and possibly other ROS-initiated DNA lesions on embryonic and 
fetal gene expression, as discussed below.

       DNA Oxidation and Altered Gene Expression: Epigenetic Mechanisms 

   Direct Effects of ROS 

 Unlike the ROS-initiated genetic damage leading to mutagenesis, ROS-initiated 
lesions in DNA, and particularly the oxidation of DNA by hydroxyl radicals, may 
directly alter gene expression without changes to the DNA sequence, by interfering 
with transcriptional machinery [ 35 ,  37 – 39 ,  76 ]. At least for the 8-oxoG lesion, some 
of its developmental effects may occur via a mechanism that could be viewed as 
epigenetic. 

 Epigenetic modulation of transcription involves the regulation of gene expression 
in a sequence-independent manner. One key form of epigenetic regulation is DNA 
methylation of cytosine residues within CpG islands, which either renders DNA avail-
able as euchromatin to promote transcription or sequesters DNA into heterochromatin 
to hinder transcription. The periods during gametogenesis and immediately following 
fertilization are marked by the global demethylation of genomic DNA with subse-
quent remethylation, catalyzed by DNA methyltransferases (DNMTs), in a process 
known as epigenetic reprogramming [ 77 ]. This comprehensive reprogramming 
 provides an enhanced window of sensitivity to modulation by epigenetic regulation [ 10 ]. 
Experimentally, this has been shown in mice using the DNMT inhibitor 5-azacytidine 
shortly after fertilization. Inhibition of the remethylation of DNA by 5-azacytidine at 
this critical stage in development, in the days prior to the start of organ development, 
resulted in neural tube and ocular defects [ 83 ], suggesting that loss of epigenetic con-
trol during reprogramming can lead to teratogenesis. 

 DNA silencing by methylation involves the binding of methyl-CpG-binding 
domain proteins (MBDs), which leads to the incorporation of histones and subsequent 
conversion to heterochromatin [ 52 ]. Methylation of DNA can be reversed either enzy-
matically or by ROS and particularly the 8-oxoG lesion (Fig.  1.7 ). Enzymatic hydrox-
ylation of the 5-methyl group of cytosine by Tet methylcytosine dioxygenase 1 (Tet1) 
forms 5-hydroxymethylcytosine (5-hmC) [ 93 ], which prevents MBD  binding [ 52 ].

   Similar to the inhibition of MBD binding by 5-hmC formation, oxidized gua-
nine, in the form of 8-oxoguanine, when adjacent to 5-mC can block MBD binding, 
thereby maintaining DNA as euchromatin [ 95 ] (Fig.  1.7 ). Oxidative stress during 
development may therefore initiate teratogenesis via the interruption of epigenetic 
sequestering of DNA to heterochromatin.  

P.G. Wells et al.
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  Fig. 1.7    Oxidatively 
“damaged” DNA in the 
activation of gene 
transcription. Hydroxylation 
of guanine residues by 
hydroxyl radicals forms 
8-oxoguanine, which when 
adjacent to 5-methylcytosine 
in CpG islands can block the 
binding of methyl-CpG 
binding domain proteins 
(MBDs) to DNA, thereby 
maintaining DNA as 
euchromatin and genes in 
their active state. This could 
be viewed as an epigenetic 
effect of DNA oxidation       

   Indirect Epigenetic Effects 

 Xenobiotics also may inhibit or induce DNMTs, resulting in gene activation or 
silencing. Similarly, xenobiotic-initiated alterations in the acetylation, methylation, 
or phosphorylation of histone proteins may alter chromatin structure and the bind-
ing of transcription factors to DNA. Finally, xenobiotics may alter the expression of 
related components like MBDs that are necessary gene transcription. It is not yet 
clear the extent to which, if any, ROS may contribute to the modulation of these 
epigenetic regulators, but if so this contribution would likely vary with the nature of 
the developmental toxicant and possibly the stage of gestation and conceptal target 
tissue. For example, the ROS-initiating teratogen ethanol in rodent embryos or fetuses 
alters the methylation status of several genes in more severely affected embryos, as 
well as gene expression of several DNMTs and at least one MBD, and DNMT activity 
in fetal brains; however, the involvement of ROS was not investigated ([ 121 ], [ 122 ]).   

    Macromolecular Oxidative Damage Versus Signal Transduction 

 ROS-initiated changes in signal transduction have been suggested by some investi-
gators to play a primary role in developmental toxicity, with ROS-initiated macro-
molecular damage contributing only at higher xenobiotic exposures. There appears 
to be little evidence to support this hierarchy, and oxidative damage to cellular mac-
romolecules including DNA is typically evident at minimally developmentally toxic 
doses and concentrations of numerous ROS-initiating teratogens. For example, 
DNA oxidation in fetal brain is measurable in the absence of ROS-enhancing condi-
tions and is elevated by a dose of ethanol that does not cause structural birth defects 
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when administered during embryogenesis [ 55 ]. Both oxidative damage and altered 
signal transduction are likely to play important roles in teratogenesis (Fig.  1.5 ). 
While macromolecular damage to lipids, proteins, and DNA are all potentially 
important mechanisms of teratogenesis, approaches for proving the selective mech-
anistic contributions of lipid and protein damage, as distinct from DNA damage, to 
teratogenesis have yet to be developed. An increase in conceptal lipid peroxidation 
and/or protein oxidation has been reported for embryopathies or birth defects caused 
by numerous teratogens (Table  1.4 ); however, while such results are biomarkers for 
oxidative stress, this association is not evidence for a causal role of these macromo-
lecular lesions in the pathogenic mechanism. Accordingly, it is unclear in which 
cases the oxidative damage to lipids and proteins is causally involved in or merely 
associated with increased teratogenesis. In the case of oxidatively damaged DNA, 
on the other hand, the developmentally pathogenic role of 8-oxoG and possibly 
other DNA lesions is particularly demonstrable in genetically modifi ed rodent mod-
els with defi cient DNA repair. Indeed, physiological oxidative stress alone in the 
developing embryo and fetus, in the absence of xenobiotic exposure, can result in 
postnatal neurodevelopmental defi cits in progeny with genetic defi ciencies in DNA 
repair enzymes like ataxia telangiectasia mutated (ATM) [ 9 ] or oxoguanine glycosyl-
ase 1 (OGG1) [ 100 ]. However, ROS-initiated mechanisms of developmental toxic-
ity involving macromolecular damage and alterations in  signal transduction are not 
mutually exclusive, and the relative teratological contributions of each mechanism 
could vary with the teratogen, time of gestation, and conceptal target tissue.

   There also is some cross-talk between ROS-mediated macromolecular damage 
and altered signal transduction, which further complicates the potential mechanism 
of teratogenesis, as exemplifi ed by phosphatase and tensin homolog (PTEN). PTEN 
is a protein tyrosine phosphatase that controls cellular proliferation through the 
phosphatidylinositide 3-kinases (PI3K)/protein kinase B (PKB/Akt)/mammalian 
target of rapamycin (mTOR) (PI3K/Akt/mTOR) pathway [ 46 ]. PTEN regulates the 
PI3K/Akt/mTOR pathway by dephosphorylating phosphatidylinositol (3,4,5)-
triphosphate (PIP3) to phosphatidylinositol (4,5)-diphosphate (PIP2), which leads 
to the inhibition of cell growth and promotion of apoptosis [ 46 ]. 

 In addition to the dephosphorylation of PIP3, a number of additional signaling 
pathways have been identifi ed as PTEN dependent, including DNA damage repair. 
PTEN is important for chromosomal stability through its association with 
centromere- specifi c binding protein C (CENPB) and induction of Rad51, which is 
involved in homologous recombination repair (HRR) [ 78 ]. The loss of PTEN results 
in an inability to repair DNA as indicated by the presence of p53 binding protein 1 
(53BP1) foci through a mechanism that is independent of nuclear phosphatase sig-
naling. PTEN contains a phosphorylation site for ATM kinase activity, which pro-
motes the SUMOylation of PTEN. This SUMOylation is thought to promote nuclear 
translocation and is necessary for double-strand break repair by HRR [ 7 ]. 

 In the presence of ROS, PTEN can become reversibly inactivated through the 
generation of a disulfi de bridge at Cys 71  and Cys 124  [ 44 ]. PTEN inhibition has been 
extensively studied in the context of neurodevelopment. Clinically, a number of 
nonsense mutations in the PTEN gene have been identifi ed and are associated with 
Bannayan–Riley–Ruvalcaba syndrome, which is characterized by macrocephaly, 
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developmental delay, and a number of neoplastic lesions [ 86 ]. In PTEN knockout 
mice, the inhibition of mTOR complex 1 (mTORC1), a downstream effector of the 
PI3K/Akt/mTOR pathway, prevented macrocephaly, the incidence of seizures, and 
behavioral issues including anxiety and social interaction [ 118 ]. Mice defi cient 
in the DNA repair protein ATM, which promotes nuclear translocation of PTEN, 
are at greater risk of xenobiotic-initiated embryopathies [ 8 ]. Taken together, these 
results suggest that the inhibition of PTEN can lead to adverse developmental out-
comes by both alterations in signal transduction and loss of DNA repair.   

   Table 1.4    Redox-regulated transcription factors involved in development   

 Transcription factor  Regulation and developmental role 

 HIF-1  Activated in hypoxia 
 Induced by reducing agents 
 Controls: 
  Vascular genes 
  Iron regulatory elements 
  Erythropoietic genes 

 NF-κB  Activated in oxidative stress 
 Developmental expression 
 Controls: 
  Apoptosis 
  Proliferation 

 AP-1  Activated in oxidative stress 
 Developmental expression 
 Controls: 
  DNA repair (Ref-1) 
  Apoptosis 
  Antioxidative genes 

 Nrf1  Activated in oxidative stress 
 Developmental expression 
 Controls: 
  Apoptosis 
  Redox balance 
  Antioxidative genes 

 Nrf2  See section “ Regulation of Embryonic and Fetal ROS-Protective 
Pathways by Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) 
in Teratogenesis ” and Fig.  1.12  

 Wnt  Activated by hydrogen peroxide 
 Developmental expression 
 Controls 
  Body patterning 
  Organogenesis 

  Abbreviations:  AP-1  activator protein-1,  HIF-1  hypoxia-inducible factor-1,  NF- κ B  nuclear factor 
kappa B,  Nrf1  nuclear factor erythroid 2-related factor 1,  Nrf2  nuclear factor erythroid 2-related 
factor 1,  Wnt  wingless and integration site for mouse mammary tumor virus (From Dennery [ 14 ])  
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    Reactive Nitrogen Species (RNS) in Teratogenesis 

 Little is known about the role of RNS, produced via embryonic and fetal nitric oxide 
synthases (NOSs), in errors of development. However, it seems likely that RNS 
alone and/or in combination with ROS can adversely affect development (Fig.  1.8 ) 
via altered signal transduction and/or macromolecular damage. RNS have been 
implicated in the mechanism of teratogenesis for several xenobiotics [ 20 ], including 
phenytoin [ 33 ], although in the latter case using NOS knockout mice, RNS cannot 
fully account for the teratogenic effects observed. However, the contribution of 
RNS in phenytoin embryopathies revealed in NOS knockout mice was carried out 
in embryo culture, demonstrating that proximate embryonic NOS, as distinct from 
maternal activity, was the source of RNS.

  Fig. 1.8    Molecular damage by reactive nitrogen species (RNS) and potential interactions between 
the RNS and ROS pathways leading to enhanced damage to embryonic and fetal cellular macro-
molecules (From Kasapinovic et al. [ 33 ])       
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       ROS-Mediated Signal Transduction 

 The potential for dual ROS mechanisms contributing to ROS-mediated teratogenesis 
is exemplifi ed by the antiepileptic drug phenytoin. Although ROS-initiated macro-
molecular damage has been implicated in the mechanism of phenytoin teratogene-
sis, this drug also increases the embryonic levels of signal transduction proteins Ras 
and NF-κB (Fig.  1.9 ) [ 34 ,  107 ], as is typically observed during oxidative stress. The 
embryopathic effects of phenytoin were blocked by pretreatment with either a 
farnesyltransferase that prevents posttranslational Ras activation or an antisense 
 oligonucleotide inhibitor of NF-κB, implicating this signal transduction pathway in 
the mechanism of teratogenesis. Thalidomide is another example of a drug for 
which multiple mechanisms of teratogenesis have been implicated, including some 
potentially unrelated to oxidative stress [ 47 ]. In regard to oxidative stress, thalido-
mide and at least two of its metabolites can enhance embryonic ROS formation, at 
least in part via bioactivation by embryonic prostaglandin H synthases (PHSs) to 
a reactive intermediate, which can alter embryonic signal transduction pathways 
(see below) and/or oxidatively damage embryonic DNA [ 25 ,  47 ,  99 ].

   Mechanisms of ROS-initiated signal transduction in development have been 
reviewed in detail elsewhere [ 14 ,  25 ,  99 ]. Signal transduction pathways involving 
ROS and RNS are tightly and temporally regulated within cell types, subcellular 
organelles, and microenvironments within individual proteins and lipids [ 29 ], which 
likely accounts at least in part for the distinctive patterns of abnormal structural and/
or functional development caused by different teratogens. Among the various forms of 
ROS, H 2 O 2  is relatively stable and diffusible and hence is commonly implicated in 
signal transduction via the selective oxidation of sulfhydryl groups of specifi c cysteine 
residues, which is reversible at lower H 2 O 2  concentrations, although higher concentra-
tions can result in irreversible changes [ 24 ]. This usually reversible oxidation is deter-
mined by the redox state of the cell, which is regulated by the ratios of several redox 
“couples” (Fig.  1.10 ), including cysteine/cystine, GSH/glutathione disulfi de, and, for 
both forms of thioredoxin (TRX1, TRX2), TRX reduced /TRX oxidized , all of which are 
localized in different cellular compartments. These redox couples are believed to reg-
ulate developmental pathways for cellular proliferation, differentiation, apoptosis, and 
necrosis in a fashion that is selective for the species, strain, time of gestation, target 
tissue and cell, and cellular compartment, thereby accounting at least in part for 
the distinctive teratological profi les that are characteristic of different teratogens [ 25 ]. 
As the cellular redox state of the developing embryo moves from an anaerobic reduc-
ing environment, which favors cellular proliferation, to an oxidizing environment, 
which favors differentiation, the contributions of these redox couples change according 
to the distinctive redox potentials of their components, contributing to the variably 
distinctive consequences of in utero exposure to different ROS-initiating teratogens 
[ 25 ]. ROS-mediated oxidation of selective cysteine residues is implicated in signaling 
by several redox-sensitive endogenous ligands (Table  1.5 ) [ 14 ] and by tumor necrosis 
factor alpha and epidermal growth factor, both of which stimulate ROS formation 
[ 25 ], and for teratogens like thalidomide, which is postulated to disrupt NF-κB signal-
ing leading to changes in multiple genes involved in limb growth (Fig.  1.11 ) [ 25 ].
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Embryonic bioactivation

Drug
Free Radical

ROS

O2
-, H2O2, OH

Ras

NF-kB

Macromolecular
Damage 

Oxidative
Damage 

EMBRYOPATHY

• DNA
• proteins
• lipids

Altered Signal
Transduction 

Drug

Detoxification

Detoxification

Repair

• GSH

• GSH
• GSH peroxidase
• GST
• GSH reductase
• SOD
• Catalase
• G6PD

• p53
• ATM
• OGG1
• CSB
• BRCA1Functional Alterations

• gene expression
• protein activity

Within the embryo:
• Metabolite redox cycling 
• Cardiac suppression
followed by reperfusion

• PHS
• LPO

  Fig. 1.9    Dual effects of ROS in initiating signal transduction and oxidatively damaging structural 
macromolecules, which are not mutually exclusive. Potential contribution of Ras and NF-κB pro-
teins in signal transduction pathways initiated by drug-enhanced formation of ROS (Modifi ed from 
Kennedy et al. [ 34 ])       

     Oxidative stress can affect signaling in other ways, including, as examples, 
(1) reducing DNA and histone methylation reactions indirectly via the diversion of 
homocysteine to GSH synthesis, (2) altered gene transcription inactivation via 
reduced stability of hypoxia-inducible factor (HIF), and (3) altered gene transcrip-
tion via an increase in sirtuin-dependent deacetylation of some transcription factors 
(increased transcription) or histone proteins (decreased transcription) [ 99 ].   
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GSSGGSH

GSH Reductase

G-6-P Dehydrogenase
G-6-P 6-phospho

gluconate
NADP+ NADPH

GSH Peroxidase
H2OO2

• SOD
H2O2

Fe

HO•

O2

TrxredTrxox

Prxred Prxox

Thioredoxin (Trx) Reductase

NADPH NADP+

• Xenobiotics
• Endogenous sources

Redox “Couples”

Peroxiredoxin (Prx) Reductase

  Fig. 1.10    Redox couples modulating the cellular effects of endogenous or xenobiotic-enhanced 
oxidative stress. Redox couples in addition to those circled include NADPH/NADP+ and Prx red /
Prx ox  shown above and cysteine/cystine (not shown). Abbreviations:  ox  oxidized,  red  reduced 
(From Wells et al. [ 99 ])       

      Antioxidative Pathways 

 In the absence of adequate antioxidative protection within the embryo and fetus, 
even physiological levels of conceptal ROS production can be developmentally toxic 
(Table  1.6 ). Untreated progeny with genetic defi ciencies in glucose-6-phosphate 
dehydrogenase (G6PD) [ 67 ] or catalase [ 2 ,  3 ] exhibit increased embryopathies 
compared to wild-type littermates with normal activities of these antioxidative 
enzymes, even though embryonic and fetal activities of enzymes like catalase are 
less than 10 % of maternal activity. A role for endogenous ROS has been similarly 
implicated in the in utero initiation of postnatal carcinogenesis in cancer-prone p53 
knockout mice: dietary supplementation with low-dose vitamin E reduced concep-
tal DNA oxidation and postnatal tumorigenicity [ 12 ], whereas high-dose vitamin 
had an opposite, pro-oxidant effect, enhancing conceptal DNA oxidation and post-
natal tumorigenicity [ 13 ].

   As discussed earlier for ROS formation and the predominant importance of indi-
vidual embryonic or fetal activity over maternal activity or the average activity for 
a litter, due to the instability of ROS, proximate antioxidative protection within the 
conceptus, as distinct from maternal activities, is critical. The same will be reiter-
ated for conceptal DNA repair in the following section. This observation is evident 
in genetically altered mice with either defi cient or enhanced activities of catalase, in 
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which embryopathic susceptibility to phenytoin [ 2 ,  3 ], methanol [ 57 ], or ethanol [ 56 ] 
is dependent upon the embryonic genotype, with increasing effect of the genetic 
alteration going from wild-type to heterozygous to homozygous gene modifi cation 
(knockout defi ciency or transgenic enhancement), even though these embryos 
are littermates and exposed to the same drug concentrations and uterine environ-
ment. A similar embryonic gene determinant of susceptibility, as distinct from a 
maternal or litter determinant, has been observed for G6PD in the developmental 
toxicity of phenytoin. 

  Fig. 1.11    A postulated role for ROS signaling in thalidomide teratogenicity. Normal limb outgrowth 
requires both the activation of NF-κB in the cytosol via oxidative and non-oxidative mechanisms, 
followed by translocation of NF-κB to the nucleus and binding to DNA. Thalidomide enhances 
ROS, which disrupt NF-κB activation and/or DNA binding, causing a loss of gene expression, 
with limited or absent limb growth. This effect is blocked by the free radical spin trapping agent 
phenylbutylnitrone (PBN). Abbreviations:  cys  cysteine,  FGF  fi broblast growth factor,  GSH  
reduced glutathione,  GSSG  oxidized glutathione,  I- κ B  inhibitor of NF-κB,  NF- κ B  nuclear factor 
kappa-light-chain-enhancer of activated B cells,  ox  oxidized,  PBN  phenylbutylnitrone,  red  reduced, 
 ROS  reactive oxygen species,  SH  sulfhydryl group,  SOH  oxidized sulfhydryl group,  SSR  reduced 
sulfhydryl group,  Trx  thioredoxin,  Eh  redox potential (From Hansen and Harris [ 25 ])       
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 Pretreatment with lipid-soluble vitamin E or water-soluble caffeic acid reduces 
the teratogenicity of drugs like phenytoin (Table  1.6 ) [ 99 ]. Similarly, preincubation 
with exogenous polyethylene glycol (PEG)-conjugated (stabilized) forms of super-
oxide dismutase (SOD) and catalase reduces the oxidative macromolecular damage 
and embryopathies caused by xenobiotics like phenytoin and benzo[a]pyrene in 
embryo culture, as is also observed in genetically modifi ed mice overexpressing 
endogenous catalase activity when exposed to phenytoin, ethanol, and methanol 
[ 1 – 3 ,  56 ,  57 ,  99 ,  100 ]. In vivo, maternal pretreatment with PEG-catalase increases 
embryonic catalase activity and reduces phenytoin teratogenicity, although in vivo 
pretreatment with PEG-SOD conversely enhances phenytoin teratogenicity, possi-
bly due to the accumulation of H 2 O 2  [ 106 ]. Catalase overexpressing mice are simi-
larly resistant to structural birth defects and/or postnatal neurodevelopmental 
defi cits caused by in utero exposure to phenytoin and ethanol [ 1 ,  2 ,  56 ]. 

 Conversely, depletion of cellular antioxidants like GSH, inhibition of antioxida-
tive enzymes like GSH peroxidase and GSH reductase, or the use of genetically 
modifi ed mice with a defi ciency in catalase or G6PD enhance the macromolecular 
damage and teratogenicity caused by in utero exposure to xenobiotics like phenyt-
oin, ethanol, and methanol in embryo culture and/or in vivo [ 1 – 3 ,  56 ,  57 ,  99 ]. While 
results from embryo culture and in vivo studies are similar for most teratogens, one 
exception is methanol, for which evidence of a ROS-dependent mechanism of 
developmental toxicity in embryo culture is comprehensive [ 57 ,  100 ], while in vivo 
results suggest an alternative mechanism [ 90 ].  

      DNA Repair 

 The genetic engineering of cells and mouse models with altered DNA repair activity 
has provided the opportunity for evaluating the pathogenic role of oxidatively dam-
aged DNA in developmental toxicity (Table  1.6 ), as distinct from the contributions 
of oxidative damage to other cellular macromolecules like proteins and lipids or 
receptor- mediated mechanisms. In addition, these models allow a selective evalua-
tion of the relative contribution of ROS-initiated DNA oxidation as distinct from 
ROS-initiated alterations in signal transduction. The complementary insight pro-
vided by these models is the importance of embryonic and fetal DNA repair in 
protecting the conceptus from the developmental toxicity of endogenous and 
xenobiotic- enhanced conceptal ROS formation. 

 As with antioxidative pathways, studies in untreated genetically modifi ed mice 
with defi cient DNA repair proteins have revealed a potentially pathogenic role for 
oxidatively damaged DNA resulting from physiological levels of developmental 
ROS formation. For example, the ataxia telangiectasia-mutated (ATM) protein and 
p53 are critical components of the pathways for the detection of oxidatively dam-
aged DNA and the transduction of the signal for DNA repair or apoptotic cell death 

P.G. Wells et al.
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(Fig.  1.12 ). The DNA repair-defi cient progeny of untreated ATM knockout mice 
exhibit enhanced embryopathies in culture compared to wild-type littermates [ 9 ]. 
Similarly, untreated knockout mice lacking oxoguanine glycosylase 1 (OGG1), the 
major enzyme for repair of the 8-oxoG lesion in DNA, exhibit enhanced postnatal 
neurodevelopmental defi cits compared to their wild-type littermates [ 100 ].

   In genetically modifi ed cells and/or mouse models with a defi ciency in ATM, p53, 
OGG1, the DNA repair protein Cockayne syndrome B (CSB) or the DNA repair-
coordinating protein breast cancer 1 (BRCA1), DNA oxidation and the   cytotoxicity 
and/or embryopathic effects of xenobiotics like phenytoin, benzo[a]pyrene, metham-
phetamine, and ethanol, as well as ionizing radiation, in vivo and/or in embryo 
culture, are enhanced [ 51 ,  80 ,  88 ,  100 ]. Similarly in vitro,  ogg1  knockout cells are 
more sensitive to DNA damage and cytotoxicity caused by methylmercury [ 70 ,  71 ]. 
In some cases, the picture can be less straightforward. In the case of p53, which in 
response to DNA damage can transduce a signal either for DNA repair or apoptosis, 
the modulatory effect of this protein may vary with the drug and target tissue. 
Accordingly, while p53 knockout mice are more susceptible to the full spectrum of 
teratogenic effects of benzo[a]pyrene [ 66 ], they are protected from the  ocular tera-
togenic effect of 2-chloro-2′-deoxyadenosine [ 112 ], in the latter case presumably 
due to a reduced signal for apoptosis. 

 Conversely, cells genetically engineered to express enhanced levels of OGG1 or its 
bacterial homolog, formamidopyrimidine glycosylase (FPG), exhibit reduced levels 
of oxidatively damaged DNA, DNA double-strand breaks, identifi ed by the phos-
phorylation of histone protein 2AX (gamma H2AX), and cytotoxicity caused by 
H 2 O 2 , menadione, cisplatin, oxaliplatin, phenytoin, and/or methylmercury [ 71 ,  80 ]. 

 The protective effects of the DNA damage detection and response proteins ATM, 
p53, and BRCA1 suggest that oxidatively damaged DNA plays an important patho-
genic role in the developmental toxicity of endogenous ROS or xenobiotic-enhanced 
ROS formation, while the protective effects of OGG1, CSB, and FPG suggest that 
8-oxoG specifi cally is a pathogenic lesion.  

Oxidative Stress ROS Oxidative
DNA damage

Embryopathies

ATM

• Cellular metabolism
• Phenytoin
• Ionizing radiation p53

DNA
repair

Apoptosis

Normal development

  Fig. 1.12    The relation of the ATM and p53 proteins in the cellular DNA repair process or apoptosis 
following DNA damage initiated by oxidative stress (From Bhuller and Wells [ 9 ])       
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     Regulation of Embryonic and Fetal ROS-Protective Pathways 
by Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) 
in Teratogenesis 

 Nrf2 is a transcription factor that regulates the transcription of numerous proteins, and 
particularly several important proteins and enzymes that protect against oxidative 
stress, including (1) NAD(P)H:quinone oxidoreductase (NQO1), which blocks the 
redox cycling of catechol metabolites; (2) antioxidative peptides and enzymes, includ-
ing the GSH synthetic enzyme gamma-glutamyl-cysteine synthase, the glutamate/
cystine transporter, TRX1, TRX reductase-1, peroxiredoxins, SOD, catalase, and 
G6PD; and (3) the DNA repair enzyme OGG1 (Fig.  1.13 ) [ 25 ,  81 ]. Nrf2 in the cyto-
plasm is activated by the ROS-initiated oxidation of sulfhydryl groups in cysteine 
residues of its repressor protein, Kelch-like ECH-associated protein 1 (Keap1), which 
releases Nrf2 from Keap1 and allows it to translocate to the nucleus, where it het-
erodimerizes with other proteins and binds to the antioxidant response element 
(ARE), thereby activating gene transcription. The DNA binding of Nrf2 also is redox-
sensitive. Cytosolic activation of Nrf2 is primarily controlled by the GSH redox cou-
ple, while Nrf2 DNA binding is controlled by the nuclear Trx1 couple. Little is known 
about the role of Nrf2 in development. Although the viability and apparently normal 

Antioxidative Proteins
• SOD • Catalase
• NQO1 • GST
• Trx reductase• Trx
• Prx • G6PD
• gamma-GCS

ROS
O2

-

H2O2
OH

Oxidative Damage
• DNA
• Protein
• Lipids

DNA Repair Proteins
• OGG1

Signal
Transduction

Nrf2

In utero death, Teratogenesis

  Fig. 1.13    Central role of embryonic and fetal nuclear factor erythroid 2-related factor 2 (Nrf2) in 
protecting progeny from endogenous and xenobiotic-enhanced oxidative stress. ROS can enhance 
both the activation of conceptal Nrf2 in the cytoplasm and its binding to DNA in the nucleus, 
stimulate the comprehensive expression of a battery of proteins and enzymes that blocks redox 
cycling, detoxify reactive oxygen species, and repair oxidatively damaged DNA. Abbreviations: 
 gamma-GCS  gamma-glutamyl-cysteine synthase,  G6PD  glucose-6-phosphate dehydrogenase, 
 GST  glutathione S-transferase, NQO1 NAD(P)H quinone oxidoreductase,  Prx  peroxiredoxin,  SOD  
superoxide dismutase,  Trx  thioredoxin       
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development of Nrf2 knockout mice suggests a negligible role, Nrf2 mRNA and 
 protein are expressed during organogenesis [ 11 ]. Moreover, pretreatment of pregnant 
mice with 3H-1,2-dithiole-3-thione (D3T), a Nrf2 activator, protects their progeny 
from apoptosis and malformations caused by in utero exposure to the ROS-initiating 
teratogen ethanol [ 17 ], suggesting that Nrf2 serves an important embryoprotective 
role. More recently, the central role of Nrf2 in protecting the fetus from oxidative 
stress was corroborated in Nrf2 knockout mice, the Nrf2-defi cient progeny of which 
when exposed in utero to the ROS-initiating teratogen methamphetamine exhibited 
increased oxidatively damaged DNA in fetal brain, and more severe postnatal neuro-
developmental defi cits in activity and olfaction, compared to wild-type littermates 
[ 81 ]. Accordingly, as in adult tissues, Nrf2 appears to serve in the embryo and fetus as 
a master switch that, in response to either endogenous or xenobiotic-enhanced oxida-
tive stress, activates the transcription of a comprehensive battery of enzymes and 
 proteins that interrupt ROS formation, detoxify ROS, and repair DNA that has been 
oxidatively damaged by ROS (Fig.  1.12 ).

       Conclusions and Future Considerations 

 Oxidative stress in the developing embryo and fetus can adversely affect both gross 
morphological and functional development. This stress can occur with both physi-
ological levels of ROS when conceptal ROS detoxifi cation or macromolecular 
repair is defi cient and with elevated conceptal ROS levels initiated by xenobiotics, 
ionizing radiation, and other ROS-initiating environmental factors. Mechanisms of 
teratogenesis include both alterations in ROS-mediated signal transduction 
 pathways and ROS-initiated macromolecular damage, which are not necessarily 
mutually exclusive and in some cases may also involve ROS-independent mecha-
nisms. At least in animal models (primarily rodents and rabbits), susceptibility 
is substantially determined by the conceptal balance among pathways for ROS 
formation, ROS detoxifi cation, and repair of oxidative macromolecular damage, 
any of which can differ markedly among littermates. 

 Our understanding of the full role of ROS-mediated macromolecular damage 
will benefi t from the development of more defi nitive approaches to establish a 
causal or pathogenic role for specifi c conceptal cases of lipid peroxidation and pro-
tein oxidation, similar to the use of knockout mice defi cient in particular DNA 
repair proteins for revealing the embryopathic role of DNA oxidation and repair. 
This includes the role of lipid peroxidation products in subsequent reactions with 
proteins and DNA. More defi nitive studies of the cross-talk between ROS-mediated 
signal transduction and DNA oxidation, the latter of which could be considered a 
form of epigenetic signaling, will likely provide important new insights into the 
mechanisms of ROS-mediated teratogenesis.     
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           Introduction 

 Chorioamnionitis is commonly associated with preterm labor and preterm delivery 
[ 1 ]. Although chorioamnionitis can be diagnosed by clinical criteria [ 2 ] or by micro-
biology [ 3 ], the most accepted defi nition is histologic infl ammation of the amnion/
chorion/decidua [ 4 ]. Fetal infl ammation is diagnosed by the presence of funisitis or 
chorionic vasculitis [ 4 ]. In addition to triggering preterm labor, chorioamnionitis is 
also associated with an increased risk for infl ammatory diseases in the preterm 
infant including bronchopulmonary dysplasia, necrotizing enterocolitis [ 5 ], and 
injury to the white matter of the brain. Infection in chorioamnionitis is largely 
restricted to the amniotic compartment and is not systemically disseminated since 
only 5 % of preterm infants with histologic chorioamnionitis have early onset sepsis 
by organisms recovered in routine cultures [ 6 ]. However, a higher percentage is 
blood culture positive for genital mycoplasma and ureaplasma when selective 
 culture methods are used [ 7 ,  8 ]. Therefore, infl ammatory diseases of different fetal 
organs are thought to be mediated by fetal infl ammatory response syndrome (FIRS) 
induced by chorioamnionitis with colonization of the fetus by bacteria in the amni-
otic fl uid. FIRS is the systemic response of the fetus to chorioamnionitis, generally 
diagnosed clinically as infl ammatory cells in the umbilical cord or increased 
 cytokines/acute phase reactants in the cord blood [ 9 ,  10 ]. 
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 Oxidative stress can both cause and be induced by infl ammation. Therefore, it is 
logical to ask “what is the contribution of oxidative stress to chorioamnionitis- 
induced fetal organ injury?” However, chorioamnionitis is a unique infection and 
infl ammatory disorder: (1) the organisms causing chorioamnionitis have low viru-
lence, e.g., ureaplasma/mycoplasma species [ 11 ]. (2) The FIRS from chorioamnio-
nitis is compartmentalized in experimental models with the most affected organs 
being those that are in contact with the amniotic fl uid – the lung, amnion/chorion, 
gut, and the skin [ 12 – 15 ]. Unlike the cytokine storm associated with adult systemic 
infl ammatory response [ 16 ], FIRS is a low-grade infl ammatory disease [ 17 ]. (3) 
Although chorioamnionitis can occur in term infants, it is most prevalent in preterm 
infants and therefore largely a disease of a developmentally immature host, and (4) 
since the host is a fetus with low ambient intrauterine oxygen tension, the oxidant 
load is much lower than that in post natal life. Not much is known about oxidant 
stress in human fetuses, and therefore this review will focus on data from animal 
models of chorioamnionitis.  

    Animal Models of Chorioamnionitis 

 Most chorioamnionitis in humans is an ascending infection, where the organisms in 
the lower genital area ascend in to the chorio-decidual space or the chorioamnion 
space through the cervix [ 18 ]. Organisms are thought to spread diffusely through 
the chorio-decidual or the chorioamnion plane and then invade the amniotic cavity. 
However, a recent study using molecular microbiologic techniques in human pla-
centae demonstrated that the initial event is a localized chorio-decidual infection, 
which then invades locally into the amniotic cavity and thereby infecting amniotic 
fl uid and the fetus prior to diffuse chorio-decidual infl ammation [ 19 ]. This sequence 
is consistent with experiments in the Rhesus macaque demonstrating that localized 
chorio-decidual infection with live  Group B streptococci  did not trigger preterm 
labor until the amniotic fl uid was colonized [ 20 ]. However, a transient chorio- 
decidual infection induced cytokine production in the amniotic fl uid, which resulted 
in fetal lung infl ammation without overt infection of amniotic fl uid or preterm labor 
[ 21 ]. Therefore, animal models of chorioamnionitis resulting from injection of 
infl ammatory agents or organisms into the amniotic fl uid may reproduce the pathol-
ogy of most cases of chorioamnionitis associated with preterm delivery. Models of 
chorioamnionitis have been described with intrauterine injection of proinfl amma-
tory agonists or live bacteria in the mouse [ 22 ,  23 ] and the rabbit [ 24 – 26 ]. 
Chorioamnionitis can also be induced by intra-amniotic injection in the sheep using 
proinfl ammatory agonists that include IL-1ß [ 27 ], IL-1α [ 27 ], LPS (ligand for 
TLR4) [ 28 ], and live  Ureaplasma parvum  [ 29 ]. In the Rhesus macaque, intra- 
amniotic injections of  Group B streptococci  [ 30 ],  Ureaplasma parvum  [ 31 ], IL-1ß 
[ 32 ,  33 ], or TNF [ 32 ] cause chorioamnionitis. Since most of the data on oxidants in 
chorioamnionitis are described in the preterm sheep model, we will focus on this 
experimental system.  
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    Infl ammation and Oxidants 

 The major endogenous sources of the reactive oxygen species are the reduced 
 nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, mitochondrial 
respiratory chain, enzymatic activation of cytochrome p450, and others [ 34 ]. 
Although the general belief is that reactive oxygen species are invariably harmful, 
they also mediate important biological functions that are adaptive in nature [ 35 ]. 
NADPH oxidases are activated by insulin, platelet-derived growth factors and 
other growth factors, and proinfl ammatory molecules such as TNF, complement 
5a, leukotriene B4, and others [ 34 ]. ROS can regulate the activity of NF-kB, prolyl 
hydroxylases which can in turn modulate the activity of hypoxia-inducible factor 
(HIF)-1α. Thus, ROS can regulate cell proliferation, survival, differentiation, and 
redox homeostasis [ 36 ]. The classic role of ROS in innate immunity is killing of 
microorganisms by phagocytes [ 37 ]. Accordingly, patients with chronic granulo-
matous disease, a disorder characterized by increased susceptibility to infections, 
have mutations in NOX 2 , a subunit of NADPH oxidase, the main source of ROS in 
neutrophils and monocytes [ 38 ]. Further, ROS can also activate the infl ammasome 
NLRP3 leading to production of IL-1ß [ 39 ]. ROS also regulate adaptive immune 
responses via their action in B-cells. Ca 2+  and reactive oxygen intermediates gener-
ated upon B cell receptor activation rapidly engage in a cooperative interaction that 
acts in a feedback manner to amplify the early signal generated and thereby infl u-
ence downstream pathways [ 40 ]. Therefore, ROS effects range from adaptive to 
maladaptive with tissue injury depending on the concentration of these molecules 
and host defense against the ROS. The ROS effects are regulated by suppression of 
pathways leading to ROS production, catabolism of ROS, and repair of ROS-
mediated damage [ 35 ]. To what extent these mechanisms operate in the preterm are 
not understood but constitute an important area of future study.  

    Developmental Aspects of Oxidants/Antioxidants 

 Endogenously produced reactive oxygen species are part of the normal development 
and the homeostasis. The highly toxic superoxide radical O 2  −  is, for example, pro-
duced by NAD(P)H oxidases. The balance between oxidants and antioxidants is 
however essential for the normal development, especially after preterm birth [ 41 ]. 

 The antioxidant system in the fetus is not upregulated until very late in gestation. 
During the last 15 % of gestation, the antioxidant enzyme system is increasingly 
expressed [ 42 ,  43 ]. Nonenzymatic antioxidants also cross the placenta at this late ges-
tation. The enzyme activity of superoxide dismutase (SOD), catalase, and glutathione 
peroxidase (GP) increased with the development of the lungs in rabbit fetuses during 
late gestation. The expression of these enzymes increased in parallel with the surfactant 
synthesis in late gestation [ 44 ]. SOD and catalase are secreted into pulmonary surfac-
tant probably to mediate protection of the lipid layer in the alveolus for gas exchange. 
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The function of SOD is to transform the highly toxic superoxide radical O 2  −  into 
hydrogen peroxide (H 2 O 2 ) and water. Hydrogen peroxide is then further converted 
to water by catalase, GP, and glutathione reductase. The enzyme activity increases 
by more than 150 % in the last 15 % of the gestation [ 44 ]. 

 Gas exchange in the placenta is also causing oxidative stress for which SOD, 
catalase, and thioredoxin are locally expressed in gestation-dependent pattern. In 
human placenta, there was a positive association between the detection of mito-
chondrial manganese SOD mRNA and chorioamnionitis [ 45 ]. The functional impli-
cations are unclear. 

 Apparently, evolution does not prepare the fetus for the abrupt transition from 
the low oxygen environment in utero to air breathing with higher oxygen exposure 
and oxidative stress until very late in gestation. The treatment with antenatal mater-
nal glucocorticoids matures the antioxidant enzymes in the preterm fetus which 
may be part of the benefi cial effects of antenatal glucocorticoids [ 46 ,  47 ].  

    Chorioamnionitis and Oxidative Stress 

 There are limited data on oxidative stress to the fetus and the counter-regulatory 
antioxidant enzymes after exposure to chorioamnionitis in the preterm fetus. Intra- 
amniotic (IA) injection of  E. coli  LPS in preterm sheep at about 80 % gestation 
causes chorioamnionitis (Table  2.1 ). The predominant infl ammation is in the fetal 
lung, although modest infl ammation, immune modulation, and injury response is 
also seen in the ileum [ 48 ], skin [ 13 ], brain [ 49 ,  50 ], thymus [ 51 ], and liver [ 52 ]. The 
lung infl ammation is maximally induced 1–2 days after IA LPS exposure with large 
increases in IL-1ß, IL-8, and IL-6 expression and a robust recruitment of neutro-
phils and monocytes to the lung [ 53 ,  54 ].    Compared to controls, protein carbonyls, 
markers of oxidative stress, increased by threefold in the airways of fetuses 7 days 
after exposure to IA LPS but not at 2 days after IA LPS [ 55 ]. Similar increases were 
also noted in myeloperoxidase levels in the airways 7 days after IA LPS [ 55 ]. 
Mirroring the increased oxidants in the lungs, protein carbonyls also increased in 
the plasma of fetuses 7 days after IA LPS but not at 2 days post LPS [ 55 ]. However, 
the increase in plasma protein carbonyls was more modest compared to the lung 
response. Since the maximal infl ammation preceded increases in oxidants, the oxi-
dant stress response appears to be a consequence rather than a cause of infl amma-
tion in this model. It should also be noted that these oxidant stress responses are 
modest compared to increases after postnatal hyperoxia.

   A major mechanism to reduce oxidant damage is the antioxidant enzyme system. 
The major enzymes include superoxide dismutase, catalase, and glutathione peroxi-
dase. In preterm sheep delivered at 125 days gestational age (80 % gestation) after 
7 days exposure to IA LPS, the antioxidant enzyme activity of glutathione peroxi-
dase, catalase, and superoxide dismutase increased in the fetal lung in a dose- 
dependent fashion [ 56 ]. Pulmonary glutathione peroxidase activity increased at 
2 days post IA LPS, whereas superoxide dismutase increased by 4 days, and catalase 
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activity increased by 7 days after IA LPS. The induction of antioxidant enzyme 
 systems in the lung was short-lived since the values declined to near control levels 
15 days after IA LPS [ 56 ]. However, antioxidant enzyme activity did not increase in 
the fetal sheep lung after exposure to IA IL-1 alpha, although the lung infl ammatory 
response is roughly equivalent to LPS responses [ 57 ]. These experiments suggest a 
time-dependent and ligand-dependent antioxidant enzyme induction in the preterm 
sheep in different chorioamnionitis models.  

    Interactive Phenomenon Between Antenatal Infl ammation 
and Postnatal Oxidative Stress 

 Postnatal hyperoxia inhibits alveolar development in the developing neonatal lungs of 
mice [ 58 ]. Antenatal infl ammation in the preterm sheep also inhibits alveolar devel-
opment, although the effects are milder [ 59 ]. Similar changes of inhibited alveolar 
development were also demonstrated in the rats exposed to IA LPS [ 60 ]. Interestingly, 
IA-induced aberrant lung development was reversed after moderate but not severe 
postnatal hyperoxia [ 60 ]. These results demonstrate the complex interactions 
between chorioamnionitis or antenatal infl ammation and injury resulting from post-
natal hyperoxia. In these experiments, the oxidant stress response was not mea-
sured, and therefore it is not clear whether the effects were attributable to oxidative 
lung damage or other mechanisms leading to lung injury. These interactive phenomena 
are reminiscent of other experiments showing adaptive effects of oxygen exposure. 

   Table 2.1    Summary of results in sheep models of chorioamnionitis   

 Chorioamnionitis 
induced by  Organ  Readout  Reference 

 LPS intra-amniotically  Lung  Hydrogen peroxide production in cells 
from fetal airways 

 [ 53 ] 

 Lung  Glutathione peroxidase activity increased 
within 2 days 

 [ 56 ] 

 Catalase activity increased within 4 days 
 Superoxide dismutase activity increased 
within 7 days 
 No sustained effects after 15 days 

 Airways  Protein carbonyls increased after 7 days  [ 55 ] 
 Myeloperoxidase increased after 7 days 

 Lung  No difference in protein carbonyls, 
superoxide dismutase, and peroxiredoxin 1 
after 7 days 

 [ 55 ] 

 Plasma  Protein carbonyl was increased after 7 days  [ 55 ] 
 Interleukin-1 alpha 
intra-amniotically 

 Lung  Superoxide dismutase activity, catalase 
activity, and glutathione peroxidase activity 
did not increase 

 [ 57 ] 
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Adult rats exposed to 95 % oxygen for 7 days had 100 % mortality [ 61 ]. However, if 
the rats were exposed to 95 % oxygen for 2 days followed by 1 day of either exposure 
to room air or 50–75 % oxygen followed by exposure to 95 % oxygen for continued 
periods, the mortality was prevented [ 61 ]. This tolerance to hyperoxia after exposure 
to a sublethal oxygen exposure was attributed to increased pulmonary antioxidant 
enzyme activity [ 61 ]. These experiments demonstrate that infl ammation and oxida-
tive stress responses can either potentiate injury responses or can cause tolerance 
leading to reduced organ injury response. Preterm infants are exposed to multiple 
injurious insults both antenatally and postnatally, and the net result on organ injury 
can be unpredictable based on the animal studies. The magnitude of the effects of 
oxidants from chorioamnionitis to fetal organ injury seems to be much less than that 
following preterm birth and oxygen exposure.     
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    Chapter 3   
 Oxidative Stress in Pregnancies Complicated 
by Diabetes 

                Martha     Lappas     ,     Andrea     Leiva    ,     Fabián     Pardo    ,     Luis     Sobrevía    , 
and     Alicia     Jawerbaum   

           Introduction 

 GDM is defi ned as any degree of glucose intolerance with onset or fi rst recognition 
during pregnancy [ 99 ]. GDM and its complications impose signifi cant economic 
constraints on health systems and in some countries, during pregnancy, labour and 
the puerperium. In addition, there is also a personal cost to individuals and families 
of monitoring and potential adverse outcomes. Unless preventative measures are 
implemented, diabetes-related expenditure will increasingly dominate the health 
budgets of many countries [ 173 ]. 
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 Although many women who develop GDM during pregnancy revert back to 
 normal glucose tolerance (NGT) postdelivery, a portion of women go on to develop 
diabetes later in life [ 35 ,  92 ]. One of the largest postpartum study performed in 
Boston, USA, demonstrated that incidence of DM (type 1 and type 2) amongst 
women who previously acquired GDM was 49.9 % in comparison to 7.0 % in con-
trols [ 109 ]. GDM women are at a higher risk of developing cardiovascular disease 
[ 139 ] particularly in women with a family history of type 2 DM [ 19 ]. Of recent, stud-
ies have also suggested a relationship with GDM and the development of certain 
cancers, including pancreatic cancer [ 119 ] and breast cancer postmenopause [ 118 ]. 

 Diabetic women are at higher risk of pregnancy-induced hypertension and, in 
severe circumstances, preeclampsia [ 98 ,  176 ]. This can impact on the pregnancy 
occasionally leading to iatrogenic delivery, caesarean delivery and intrauterine 
growth-restricted (IUGR) offspring [ 98 ,  140 ,  176 ]. 

 Complications include, but are not limited to, macrosomia, neonatal hypoglycae-
mia, congenital malformation, polycythemia, hyperbilirubinemia, hypocalcaemia, 
respiratory distress syndrome and unexplained stillbirths [ 21 ,  77 ,  137 ,  142 ]. 
Macrosomia occurs in 20–30 % of infants whose mothers have GDM [ 77 ] and can 
also impede on the likelihood of a vaginal birth. 

 Increased risk of small for gestational age (SGA) babies has also been shown in 
women with GDM. Studies have shown that women receiving intensive insulin 
treatment have increased risk for SGA babies in comparison to NGT controls [ 44 ]. 
Furthermore, population studies have demonstrated a negative association between 
maternal BMI and SGA only in males suggesting sexual dimorphisms may play a 
role in the risk of macrosomia or SGA offspring [ 129 ]. 

 Intrauterine exposure to maternal diabetes leaves offspring with an increased risk 
of obesity and subsequently altered glucose metabolism and increased risk of type 
2 DM and cardiovascular disease in adulthood [ 98 ,  162 ].  

    Pathophysiology of Diabetes in Pregnancy 

    Chronic Insulin Resistance 

 During normal pregnancy, insulin resistance develops to shift the balance of mater-
nal energy utilisation and mobilisation towards supporting the developing foetus. 
Hence, she utilises less glucose (thus sparing it as a constitutive substrate for her 
foetus) and stops suppressing lipolysis at the adipocyte, leading to increased 
plasma triglycerides providing alternative substrates for the mother and allowing 
for lipid delivery to the placenta and ultimate transfer of fatty acids across the 
 placenta to the foetus. 

 Pregnancy-derived hormones, including human placental lactogen (hPL) and 
human placental growth hormone (hPGH), are believed to be contributing factor 
in reprogramming maternal physiology to an insulin-resistant state to allow for 
optimum maternal-foetal nutrient transfer [ 9 ]. Cytokines secreted from adipose 
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tissues, or adipokines, have also been implicated in insulin resistance. For 
example, in pregnancy, circulating levels of TNF-α correlate with whole body 
insulin sensitivity [ 76 ]. 

 In women with GDM, peripheral insulin resistance is even more pronounced 
(Catalano    et al. 2002; Colomiere et al. 2010), which results in greater substrate 
availability for foetal growth and development (Lain and Catalano 2007). 
Approximately 90 % of women with GDM present with chronic insulin resistance 
[ 16 ]. Previous studies have demonstrated increased whole body insulin resistance in 
women prior to GDM [ 22 ]. Deteriorated β-cell function is believed to be the under-
lying cause; hyperbolic relationships between insulin sensitivity and insulin secre-
tion revealed progressively diminished pancreatic β-cell function in women with 
GDM [ 70 ] both before and during pregnancy [ 15 ,  73 ,  132 ]. These studies have 
altered the perception of GDM, demonstrating both insulin resistance and decreased 
β-cell function may defi ne the pathophysiology of GDM rather than just insulin 
resistance [ 132 ].  

    Infl ammation 

 Low grade chronic infl ammation is a central feature of GDM. Although the initial 
stimulus triggering infl ammation in pregnancy with GDM is not currently known, 
potential candidates include dietary and environmental factors such as caloric over-
load or changes in microbiota in the pregnant women [ 17 ,  86 ]. 

 Maternal systemic infl ammation with increased concentration of adipokines and 
infl ammatory cytokines is increased by the accumulation of activated macrophages 
in the interstitial stroma of the placenta of women with GDM [ 11 ,  31 ,  78 ,  124 ]. 
Cross-sectional studies have shown that circulating concentrations of TNF-α are 
higher in pregnant women with GDM when compared to the normal pregnant 
women [ 43 ,  174 ]. Importantly, TNF-α is a signifi cant predictor of insulin resistance 
during pregnancy [ 76 ]. An overproduction of placental TNF-α has been demon-
strated in patients with type I diabetes and GDM [ 90 ] and is associated with increased 
foetal adiposity [ 124 ]. Other circulating proinfl ammatory cytokines like monocyte 
chemoattractant protein-1 (MCP-1) [ 78 ], IL-1β [ 161 ] and IL-6 [ 7 ] were also found 
to be positively correlated with GDM. Further to this, there is signifi cantly greater 
release of the proinfl ammatory cytokine TNF-α under conditions of high glucose 
concentrations in the GDM placenta [ 29 ]. Given that proinfl ammatory cytokines 
have been implicated in the regulation of glucose and lipid metabolism, and in insu-
lin resistance, these data are consistent with the hypothesis that proinfl ammatory 
cytokines may be involved in the pathogenesis and/or progression of GDM. 

 Current dogma suggests that maternal adipose tissue as well as the placenta con-
tributes to infl ammation in GDM pregnancies by synthesising and secreting a num-
ber of cytokine hormones. Indeed, our own recent studies have shown that the 
secretion of the proinfl ammatory cytokine IL-1β is higher in omental adipose tissue 
from women with GDM when compared to BMI-matched controls [ 83 ].  
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    Apoptosis 

 Apoptosis is crucial to the maintenance of placental homeostasis and any imbalance 
in this process may compromise placenta function and, consequently, pregnancy 
 success. Hyperglycaemia modulates the expression of apoptosis regulatory genes in 
the preimplantation blastocyst stage [ 101 ]. In placental trophoblast, there is a higher 
apoptosis index in diabetic placentas [ 138 ]. In women with GDM, maternal leuko-
cyte activity of the proapoptotic protein poly(ADP-ribose) polymerase (PARP) is 
elevated as early as the middle of pregnancy [ 55 ]. Furthermore, there is also a positive 
linear correlation that was observed between the severity of carbohydrate intolerance 
and PARP activity of circulating maternal leukocytes [ 55 ]. Additionally, hypergly-
caemia upregulates p53, triggering the mitochondrial death cascade pathway in the 
mouse placenta [ 100 ], and increases the rate of apoptosis in cultured trophoblast cell 
lines [ 167 ]. Placental apoptosis may be initiated by a variety of stimuli, including 
hypoxia and oxidative stress [ 141 ].  

    Endothelial and Vascular Dysfunction 

 Human fetoplacental endothelial dysfunction is a feature in GDM [ 150 ] with 
 metabolic changes that include elevated synthesis of NO paralleled by increased 
expression of endothelial NO synthase (eNOS), high membrane transport of 
L-arginine and reduced membrane transport of adenosine in primary cultures of 
human umbilical vein (HUVEC, macrovascular) and placenta microvillus (hPMEC, 
microvascular) endothelial cells [ 50 ,  133 ,  171 ]. The alterations in HUVEC and 
hPMEC are associated with increased eNOS and inducible NOS (iNOS) expression 
and activity, respectively. In addition, HUVEC and hPMEC exhibit increased expres-
sion and activity of the human cationic amino acid transporter 1 (hCAT-1) and 
reduced expression and activity of the equilibrative nucleoside transporters 1 
(hENT1) and hENT2, as well as for the corresponding  SLC7A1  (coding for hCAT-1) 
 SLC29A1  (coding for hENT1) and  SLC29A2  (coding for hENT2) gene promoter 
activities. Interestingly, the above-mentioned alterations in the expression of these 
genes result from increased NO level, as well as increased activity of protein kinase 
C (PKC) as well as p44 and p42 mitogen-activated protein kinases (p44/42 mapk ), and 
activation of the transcription factor complex hCHOP-C/EBPα [ 38 ]. The latter is 
evidenced as an increased hCHOP-C/EBPα binding to the corresponding consensus 
sequences in these genes. In addition, a key role is played by the specifi c protein 1 
(Sp1) transcription factor as repressor of  SLC29A1  and activator of  SLC7A1  expres-
sion via a NO/p44/42 mapk /PKC signalling axis in foetal endothelial cells from 
GDM. Whether an increase in the bioactive NO level is always benefi cial is argu-
able since abnormally elevated levels of this gas could lead to formation of 
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nitrogen- derived reactive species including the highly active peroxynitrate (ONOO-). 
Thus, a physiological increase of endothelial-derived NO level is crucial to maintain 
the correct vascular responsiveness to vasoactive molecules; however, in pathological 
conditions, a supraphysiological increase of NO synthesis and bioavailability could 
result to be detrimental [ 122 ,  135 ]. 

 Markers of endothelial dysfunction have been reported in GDM [ 85 ]. These 
include increased levels of endothelium-derived reactive oxygen and nitrative- 
derived species (a phenomenon where NADPH oxidase and xanthine oxidase, 
amongst other enzymes, play key roles in the foetal and maternal circulation), 
increased levels of symmetric dimethylarginine (ADMA) and C-reactive protein 
maternal plasma levels and altered expression of junctional adhesion molecules. All 
these alterations could result from endothelial dysfunction in this syndrome. Several 
recent evidences show that a reduced ENTs-mediated adenosine transport in GDM 
is associated with stimulation of L-arginine transport and NO synthesis (the referred 
ALANO signalling pathway) in GDM [ 135 ,  160 ]. Since adenosine is also a potent 
antioxidant and because its plasma level is increased in the foetal blood in GDM, it 
is likely that this nucleoside will be acting a role as such in this syndrome. Indeed, 
we hypothesise that the ALANO signalling pathway itself could be a signalling 
mechanism through which adenosine acts as antioxidant in GDM resulting in 
improvement of endothelial function (Fig.  3.1 ). ALANO pathway is also associated 
to a reduced expression and activity of hENT1, thus accumulating adenosine in the 
extracellular space to facilitate its several biological actions. However, even being a 
relatively new point of view, a potential involvement of hENT2 expression and 
activity in restoring (at least partially) the GDM-associated reduced adenosine 
transport and fetoplacental vascular endothelial dysfunction in this syndrome is also 
likely [ 150 ]. Insulin also exerts a differential modulation of endothelial cells from 
macrocirculation compared with microcirculation, possibly due to expression of 
different insulin receptor isoforms in this type of tissues [ 133 ,  171 ].    The latter is 
essentially proposed on the bases that endothelial cells from the macrocirculation of 
the human placenta a predominant expression of insulin receptor A (IR-A) subtype 
compared with IR-B subtype associated with activity (i.e. phosphorylated over 
total) p42/44 mapk /Akt ratio >1, suggestive of a preferential mitogenic rather than a 
metabolic insulin effect in these cell types ([ 153 ], and F Westermeier, L Sobrevia, 
 unpublished results ). However, a similar expression of IR-A and IR-B subtypes, 
with activity p42/44 mapk /Akt ratio ~1, has been reported in cells from the microcir-
culation of the human placenta [ 120 ]. Insulin action on its receptors is also modu-
lated by activation of other types of receptors, such as adenosine receptors in the 
human fetoplacental endothelium [ 48 ,  50 ]. Thus, a differential biological action of 
insulin as modulator of endothelial function subjected to co-regulation by other 
(parallel) signalling molecules is proposed. However, potentially common func-
tional characteristic leading to changes in the bioavailability of adenosine and 
metabolism of L-arginine is evidenced by human foetal micro- and macrovascular 
endothelium accounting for endothelial dysfunction in GDM.
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  Fig. 3.1    Placenta endothelial dysfunction in normal and diabetic pregnancies. In cells from normal 
pregnancies ( Normal ), the production of reactive oxygen species is controlled by antioxidant systems 
whose consequence is an effi cient inhibition (−) of the synthesis of superoxide anion (O 2  −. ). Normal 
circulating levels of D-glucose (Glu) and cholesterol (Cho) seem to be in equilibrium with the activ-
ity of the antioxidant systems; however, circulating insulin (Ins) plays a key role diminishing (−) the 
production of O 2  −.  via activation of insulin receptors (IR) in these cells. In addition, adenosine (Ado) 
activates adenosine receptors (AR) leading to stimulation (+) of L-arginine (Arg) transport via the 
human cationic amino acid transporter 1 (hCAT-1), a phenomenon apparently required for the syn-
thesis of nitric oxide (NO). Insulin also stimulates the latter phenomenon, keeping a basal synthesis 
of NO in placental endothelial cells. The O 2  −.  and NO will then react to form a minimal level of per-
oxynitrite (ONOO − ). In endothelial cells from type 1 diabetes, the production of O 2  −.  is increased due 
to a reduced activity of antioxidant systems caused by the increased levels of circulating D-glucose 
and perhaps ( dotted lines , ?) in response to the seen elevated plasma levels of total cholesterol. This 
phenomenon is worsened since in this syndrome circulating insulin is negligible or absent, thus limit-
ing this hormone’s antioxidant capacity in reducing O 2  −.  overproduction. It is also unknown (?) 
whether circulating levels of adenosine and/or L-arginine, as well as AR activation by adenosine and 
associated signalling modulating hCAT-1 activity and/or expression, are altered in these patients, thus 
limiting the biological actions of adenosine on the L-arginine/NO signalling pathway. Since O 2  −.  is 
likely increased in this syndrome, a larger production of ONOO −  is expected. However, this phenom-
enon could be limited by a normal or reduced synthesis of NO. In type 2 diabetes, insulin levels are 
increased, but insulin receptors are not responsive to insulin in this syndrome, thus since not signal-
ling associated to this hormone is expected, its antioxidant capacity in reducing O 2  −.  overproduction 
is limited or absent. In this syndrome, a reduced activity of antioxidant systems is likely due to 
increased plasma D-glucose and cholesterol overproduction of O 2  −. . However, since a reduced syn-
thesis of NO is also feasible in this syndrome, formation of ONOO −  could be negligible or reaching 
values with an evident consequence in the endothelial function. The role of adenosine and L-arginine 
is again unclear in this syndrome. In GDM, there is an increased plasma D-glucose, cholesterol, 
insulin and adenosine levels. Elevated extracellular D-glucose reduces the activity of antioxidant 
systems leading to an increase in the O 2  −.  synthesis, a phenomenon that could be minimally regulated 
(?) by insulin. However, insulin in concordance with adenosine increases hCAT-1 expression and 
activity leading to overproduction of NO, thus facilitating the formation of pathophysiological levels 
of ONOO −  in this cell type. The increased L-arginine uptake via hCAT-1 results in reduced circulat-
ing levels of L-arginine in the human fetoplacental circulation. It is also proposed that elevated mater-
nal cholesterol in pregnancy could result in reduced activity on the antioxidant systems in women 
whose pregnancies course with GDM and maternal supraphysiological hypercholesterolemia       
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       Oxidative Stress 

 It has been postulated that oxidative stress is a causative agent in GDM-related 
 placental disorders such as preeclampsia [ 2 ,  105 ] with ROS and antioxidant enzyme 
systems playing crucial roles in pregnancy. Although measurements of markers of 
oxidative stress in maternal blood and urine show that pregnancy per se is a state 
of oxidative stress, this condition is higher in pregnancies complicated with diabetes 
[ 85 ,  105 ]. 

 ROS include highly chemically reactive molecules such as O 2  •− , hydroxyl radical 
( • OH), peroxide radicals (ROO • ) and carbon monoxide (CO) and non-radicals that 
are oxidising agents easily converted into radicals, such as hypochlorous acid 
(HOCl), ozone (O 3 ), singlet oxygen ( 1 O 2 ) and hydrogen peroxide (H 2 O 2 ). The O 2  •−  
can be synthesised by NADPH oxidase (NOX), xanthine oxidoreductase (XOR), 
complexes I and III of the electron transport chain, uncoupled NOS, heme- oxygenase 
(HO) and the P 450  enzymes family and enzymes of the arachidonic acid metabolism. 
In addition, reactive nitrative species (RNS) relate mainly to nitric oxide (NO), 
which is normally synthesised by the nitric oxide synthase (NOS); however, it can 
be converted into species such as nitrosonium cation (NO + ), nitroxyl anion (NO − ) 
and peroxynitrite (ONOO − ). During pregnancy there is an elevation of nitrative 
stress due to increased RNS [ 105 ]. A prolonged nitrative stress is seen in women 
with GDM, which may be involved in the development of carbohydrate intolerance 
later in life or in the development of late cardiovascular complications as a sign or 
evidence of foetal programming of adult diseases due to posttranslational modifi ca-
tions under a nitrative stress as well [ 55 ,  85 ]. 

 Prolonged nitrative stress is evident in women with GDM and type 2 diabetes 
[ 18 ,  55 ,  85 ], which may be involved in the development of carbohydrate intolerance 
later in life or in the development of late cardiovascular complications. Indeed, 
nitrative stress can induce damage to proteins, lipids and nucleic acids, disrupts 
multiple signalling pathways during organ development and impairs NO availabil-
ity affecting fetoplacental vascular function. These alterations can either persist or 
generate adaptations in the offspring and lead to increases in the risk of metabolic 
and cardiovascular diseases [ 64 ,  120 ,  122 ,  131 ]. 

 Mitochondria are considered to be the major generators of ROS. There is very 
limited data on the role of the electron transport chain in diabetic pregnancies. 
However, placental mitochondrial mass increases with gestational age, and placen-
tal mitochondria is a source of oxidative stress in other placental pathologies such 
as preeclampsia, suggesting increased contribution of the electron transport chain to 
ROS generation [ 166 ]. It is possible that excessive ROS production by placental 
mitochondria may be released in the foetal circulation and may be critical in foetal 
programming of atherosclerosis [ 88 ]. 

 There are several antioxidant systems controlling the damage produced by oxi-
dative stress. Nonenzymatic antioxidant mechanisms include ascorbic acid (vitamin 
C), α-tocopherol (vitamin E) and glutathione (GSH). The latter is the major cellular 
redox buffer. In addition, cells express enzymatic systems such as superoxide dis-
mutase (SOD), which converts O 2  •−  into H 2 O 2  and O 2 ; glutathione peroxidase (GPx) 
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that catalyses the reduction of H 2 O 2  oxidising GSH to oxidised glutathione (GSSG), 
which oxidises cysteine residues of proteins (i.e.  S -glutathiolation); and catalase 
that metabolises H 2 O 2  to form O 2  and H 2 O. In patients with GDM, there is a decrease 
in the antioxidant defence paralleled by increased levels of protein oxidation mark-
ers associated with oxidative stress [ 85 ].   

    Oxidative Stress Mediates Cellular and Metabolic 
Damage in the Intrauterine Compartment 

 The maternal circulating levels of free radicals and antioxidants are altered in 
 diabetic pregnancies with the pro-oxidant/antioxidant imbalance towards prooxida-
tion. In addition, in the placenta, there is an overproduction of free radicals, oxida-
tion reactions are accelerated and the radical scavenger function mechanisms are 
impaired. Given that the placenta provides the interface of the maternal and foetal 
circulations, it may play a crucial role in protecting the foetus from adverse effects 
of the maternal diabetic milieu, while disturbances in placental function may exac-
erbate this state. 

 In the placenta, diabetes-induced oxidative stress may affect a number of critical 
pathways, including implantation and decidualisation, embryo organogenesis and 
placental nutrient transport (Fig.  3.2 ). These pathways play an important role in 
many aspects of pregnancy, including implantation, decidualisation, embryogenesis 
and placentation.

      Implantation and Decidualisation 

 The human embryo undergoes interstitial implantation by invading the maternal 
decidua at the blastocyst stage. It has been suggested that diabetes induces oxidative 
stress which can affect fertilisation and induce apoptosis, resulting in embryo frag-
mentation, implantation failure or abortion. It is well established that high glucose 
concentrations can impair preimplantation embryo development or induce embryo 
degeneration and cause a reduction in total cell number of blastocysts [ 12 ,  101 , 
 116 ]. Mild diabetes is suffi cient to trigger alterations in maternal organs, leading to 
impaired decidua development contributing to failure in embryonic implantation 
and early embryonic losses [ 147 ]. Diabetic metabolic factors may induce embryo-
toxicity in preimplantation embryos through derangement of the antioxidant defence 
mechanism [ 112 ] and impaired NO synthesis [ 63 ,  108 ]. 

 Adequate uteroplacental blood fl ow is critical for the survival and growth of the 
developing foetus. In early pregnancy, a subpopulation of foetal trophoblast cells, the 
extravillous trophoblast, invades the decidualised (differentiated) endometrial stro-
mal compartment (interstitial invasion) and its spiral arteries (endovascular invasion). 
The ability of the trophoblast to invade the uterus is related to NO production during 
implantation and during the remodelling of uteroplacental arteries [ 47 ,  51 ,  72 ,  156 ].  
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    Organogenesis 

 Evidence of increased ROS has been found as early as the oocyte and early embryo 
stage in hyperglycaemic and insulin-resistant conditions and related to mitochon-
drial defects, increased apoptotic events and early loss in embryos from diabetic rats 
[ 68 ,  114 ]. 

 Spontaneous abortions and structural inborn anomalies are the main complica-
tions of diabetic pregnancy [ 121 ]. Studies performed in the early organogenesis 
stage have clearly established the relevance of the relationship between oxidative 
stress and the induction of congenital malformations [ 93 ]. Indeed, in vitro and 
in vivo studies in animal models of diabetes and pregnancy have shown that mater-
nal diabetes and hyperglycaemia generate ROS and impair antioxidant capacity in 
parallel to the induction of congenital malformations [ 36 ]. 

 The increases in isoprostanes and protein carbonyls evidence the oxidative stress 
in embryos from diabetic rodents during early organogenesis, the period during 
which most malformations are induced. The antioxidant capacity plays a fundamen-
tal role in counteracting oxidative stress and is affected by maternal diabetes 
[ 36 ,  66 ]. Indeed, studies performed in diabetic experimental models have shown a 
decreased expression of Cu/Zn SOD, Mn SOD and glutathione peroxidase in 
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  Fig. 3.2    In normal pregnancy, ROS plays a number of important roles throughout pregnancy, 
including embryo development, implantation, angiogenesis, placental development and function 
and thus foetal development       
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embryos from diabetic rats when compared to controls [ 23 ,  148 ,  168 ]. Additionally, 
the importance of antioxidant enzymes is highlighted by experiments that show that 
animal strains resistant to the induction of congenital malformations in 
streptozotocin- induced diabetes have increased MnSOD concentrations. In this 
context, the different susceptibility to congenital malformations in genetic models 
of diabetes is related to the expression of antioxidant enzymes [ 34 ,  111 ]. 

 As expected, diabetic animal treatments with antioxidants such as vitamin E and 
C prevent the induction of congenital malformations, although there are still diffi -
culties in the translation of these results to human pregnancies [ 85 ]. It is interesting 
that folic acid in the dose used in diabetic human pregnancies to prevent congenital 
malformations seems to have antioxidant effects. Indeed, experimental models of 
diabetes and pregnancy have shown that folic acid reduces congenital malforma-
tions, at least in part, by exerting antioxidant effects. This is evidenced by their 
capacity to reduce the concentrations of isoprostanes and regulate the balance of the 
activity of matrix metalloproteinases (MMPs) and its endogenous inhibitors 
(TIMPs), markers of a proinfl ammatory state during early organogenesis [ 52 ]. 

 Oxidative stress-induced damage during embryo organogenesis has been related 
to the disruption of signalling pathways that change the balance between cell 
growth, differentiation and death. During organogenesis, apoptosis is required in an 
appropriate location and temporal pattern, and increased apoptosis, related to the 
increased oxidative stress, has been evidenced in experimental models of diabetes 
and pregnancy [ 178 ]. In fact, when embryos from diabetic rats are compared to non- 
malformed ones, decreased expression of glutathione peroxidase and increased 
apoptosis have been found in the developing heart [ 169 ]. 

 The paired box protein PAX-3 is a transcription factor needed for the correct 
processes of neural tube closure and neural crest cell migration. In maternal diabe-
tes, an impaired induction of PAX-3 occurs due to increased oxidative stress [ 104 ]. 
This leads to an impaired process of closure of the neural tube and to apoptosis of 
neural crest cells, which result in cephalic and cardiac malformations. Moreover, 
prevention of apoptosis and induction of hyperglycaemia-induced neural tube and 
heart malformations, together with increases in PAX-3 expression, can be achieved 
by treatments with antioxidants such as α-tocopherol and glutathione ethyl ester 
[ 178 ]. Treatments with resveratrol have also been shown to reduce oxidative stress 
and malformation rates in experimental models of diabetes [ 146 ]. 

 Peroxynitrite is another potent oxidant formed in the embryo during organogen-
esis in diabetic experimental models [ 63 ]. Peroxynitrites, which are the result of 
excessive production of ROS and nitric oxide (NO), have the capacity to induce 
oxidative damage to DNA, proteins and lipids. Peroxynitrite-induced protein modi-
fi cations, which can be evidenced by nitrotyrosine immunostaining, interfere with 
the function of relevant enzymes during development and are involved in endoplas-
mic reticulum stress and apoptosis [ 65 ,  183 ]. The involvement of ROS and NO 
interaction in embryo dysmorphogenesis is highlighted by the reduced ROS- and 
diabetes-induced teratogenesis observed in inducible NO synthase (iNOS) knock-
out mice [ 152 ]. 
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 Lipids are also affected by oxidative stress, and increased lipoperoxidation in the 
embryos from diabetic rats not only is a marker of increased ROS but also indicates 
the loss of function of bioactive lipids, especially those of polyunsaturated nature 
like essential fatty acids (EFAs), which cannot be synthesised by mammals and 
should thus be provided through the diet. The EFA linoleic acid (n-6) is the precur-
sor of arachidonic acid, an n-6 long chain polyunsaturated fatty acid (LC- PUFA) 
highly required during embryo organogenesis, whereas α-linolenic acid (n-3) is the 
precursor of docosahexaenoic acid (DHA), an n-3 LC-PUFA highly required for 
foetal visual, cognitive and immune system development [ 80 ]. Arachidonic acid is 
the precursor of prostaglandins (PGs) and leukotrienes (LT), bioactive lipids 
involved in developmental processes. Indeed, arachidonic acid defi ciencies are 
clearly related to the induction of congenital malformations in maternal diabetes 
[ 63 ]. At least in part, this is because the embryo requires PGE2 during organogen-
esis to sustain the rapid growth of the neural folds during the process of closure of 
the neural tube. Besides, PGI2 is a positive regulator of PGE2 and phospholipid 
synthesis and is an endogenous agonist of the nuclear receptor PPARδ [ 62 ]. 

 Peroxisome proliferator-activated receptors (PPARs) are ligand-activated tran-
scription factors that heterodimerise with the RXR receptor for retinoic acid and, 
after ligand binding, lead to the regulation of the transcription of multiple genes 
involved in metabolic homeostasis and anti-infl ammatory processes both through 
transactivation and transrepression pathways [ 62 ]. Indeed, antioxidant genes such 
as catalase are positively regulated by PPAR activation, while enzymes involved in 
the proinfl ammatory response such as iNOS and MMPs are negatively regulated 
through PPAR activation. Besides, PPARs have relevant roles in cell differentiation 
and development. Amongst the three known PPAR isoforms (PPARα, PPARγ and 
PPARδ), PPARδ is the only one that has been found to be expressed during embryo 
early organogenesis [ 14 ]. Interestingly, PPARδ has an important role in embryo 
organogenesis and decidualisation and is decreased in embryos from diabetic rats 
[ 62 ]. Since increased lipoperoxidation, defi ciency in EFAs and decreased PPARs 
impair embryo development in maternal diabetes, maternal diets enriched in unsatu-
rated fatty acids capable of activating PPARs have been studied as possible regula-
tors of embryo impairments [ 53 ]. These dietary treatments have been shown to 
positively regulate PGE 2  and PGI 2  concentrations and negatively regulate ROS and 
NO production and MMPs activity, regulations that occur in parallel to a reduction 
in malformation and resorption rates [ 62 ]. 

 It has been hypothesised that activation of stress-activated protein kinases may 
be a primary mechanism for the induction of diabetic embryopathy that is mediated 
by oxidative stress-induced excessive apoptosis. In rats, streptozotocin-induced dia-
betes is associated with c-Jun N-terminal kinase (JNK)1/2 activation in the embryos 
and yolk sacs [ 127 ]. Of note, vitamin E supplementation reduced the activation of 
JNK in the embryos and yolk sacs from diabetic mice, which results in the preven-
tion of or rescue from diabetic embryopathy [ 128 ]. 

 Therefore, in maternal diabetes, embryos are exposed to increased oxidative and 
nitrative stress, which affects the availability and function of bioactive lipids, 
induces post-transductional changes that affect protein function and damages the 
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DNA structure, leading to aberrant apoptotic pathways, causing congenital malfor-
mations and inducing developmental alterations that can further affect the foetal and 
postnatal stages (Fig.  3.3 ).

   It should be noted that congenital malformations constitute the most severe post-
natal consequences of diabetes and pregnancy and are related to oxidative and nitra-
tive stress during early organogenesis. As congenital malformations are mostly 
induced before the 8th week of pregnancy, efforts in conception planning, in main-
taining glucose homeostasis and in assuring folate intake in diabetic women at 
reproductive age are needed to prevent their induction.  

    Fetoplacental Development 

 Experimental studies have shown that oxidative stress increases with gestational 
age in healthy pregnancies. This is also evident in diabetic pregnancies, in which 
ROS are increased when compared to healthy pregnancies at different gestational 
ages [ 64 ]. In cord blood from both GDM and type 1 mothers with diabetes, there is 
evidence of increase ROS and decreased antioxidant enzyme activities [ 74 ]. 
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  Fig. 3.3    Schematic representation of maternal diabetes-induced oxidative damage during embryo 
organogenesis       
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Oxidative stress can induce oxidative damage to proteins, lipids and nucleic acids, 
which can result in disruption of normal structure and function. Damage to chroma-
tin can cause both genetic and epigenetic changes and can infl uence gene expression 
and differentiation during fetoplacental development [ 158 ]. 

 Studies in experimental models of diabetes have shown increased ROS in foe-
tuses and placentas, possibly related to the excessive transfer of metabolic sub-
strates from maternal circulation. Foetal oxidative stress is evidenced even in mild 
diabetic experimental models, implying that the antioxidant capacity can be 
exceeded at mild hyperglycaemia. Moreover, according to the severity and genetic 
background of the experimental models of diabetes and pregnancy, the activity of 
antioxidant enzymes is increased or decreased in placentas and foetuses, being the 
damage induced by ROS to proteins, lipids and nucleic acids greater when the anti-
oxidant defences are impaired [ 66 ,  75 ,  113 ]. 

 Increased ROS generation, together with increased NO production and the con-
sequent formation of the potent oxidant peroxynitrite, is involved in the induction of 
fetoplacental damage during development in experimental models of diabetes [ 64 ]. 
Indeed, peroxynitrite-induced protein nitration affects the activity of multiple 
enzymes, including Cu/Zn superoxide dismutase (whose activity and thus antioxi-
dant capacity are reduced), MMPs (whose activity is increased, which leads to the 
generation of a proinfl ammatory environment) and PGI 2  synthase (whose activity is 
reduced, which impairs vasodilation and anti-infl ammatory pathways). Reductions 
in the concentrations of PGI 2  (or prostacyclin) affect signalling pathways both 
through the membrane prostaglandin I 2  receptor (resulting in impaired vasodilation) 
and the nuclear receptors PPARδ. In the placentas from diabetic rats, PPARδ activa-
tion has been shown to negatively regulate NO production, lipid mass and lipid 
peroxidation [ 81 ]. On the other hand, 15-deoxy-Δ 12,14 -PGJ 2  (15d-PGJ 2 ), an endog-
enous ligand of PPARγ, has been also found reduced in the placenta and foetuses 
from diabetic rats, and its activation has potent anti-infl ammatory effects and leads 
to the reduction of NO and MMPs activity in placentas and foetuses [ 123 ]. MMPs 
are proteolytic enzymes involved in remodelling processes of the extracellular 
matrix. MMPs overactivity, evident in both foetuses and placentas during develop-
ment, constitutes a marker of a proinfl ammatory state, which can be observed even 
in sera from pregnant diabetic rats. Both ROS and NO have been shown to posi-
tively regulate MMPs activity in foetuses and placentas from diabetic rats. In exper-
imental studies with diabetic animals that were fed with diets enriched in PPAR 
ligands during pregnancy, increased concentrations of 15d-PGJ2 in foetuses and 
placentas and a reduction in placental MMPs can be observed, together with a 
reduction in serum MMPs concentrations [ 94 ]. Besides, nitrative stress is increased 
and leads to specifi c nitration of MMPs in placentas from type 2 diabetic patients, 
where MMPs are overactivated [ 18 ]. 

 Experimental models have shown that increases in NO and MMPs are also evi-
dent in the initial phases of implantation in maternal diabetes [ 63 ], the increased 
pro-oxidant and proinfl ammatory environment affects the formation, the develop-
ment and the function of the placenta. 
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 Overall, both as a consequence of placental alterations and as a direct response 
to the abnormal metabolic milieu that reaches the foetal compartment, the foetuses 
are exposed to oxidative stress, challenging its development and growth (Fig.  3.4 ).

       Placental Transport Mechanisms 

 Foetal growth and development is dependent on placental uptake and transfer of 
nutrients, including lipids, from the maternal circulation. Thus, pathological placen-
tal development and/or function may contribute to changes in the rate of foetal 
growth, via alterations in the transport of nutrients across the placental barrier into 
the foetal circulation. Foetal overgrowth in pregnancies complicated by type 1 dia-
betes [ 61 ] but not by gestational diabetes mellitus (GDM) [ 59 ] is associated with 
increased placental glucose transporter (GLUT) activity and protein expression. 
The capacity of the placenta to transport the essential amino acid L-leucine is 
increased in GDM complicated by foetal overgrowth [ 58 ], and placental system A 
amino acid transporter activity is increased in both type 1 diabetes and GDM [ 58 ]. 

 Leptin [ 57 ] and adiponectin [ 67 ] have been shown to regulate placental system A 
activity. There are, however, very few studies that have explored the role of oxida-
tive stress in regulating placental transport mechanisms. Recent studies have shown 
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that antioxidants, including dehydroascorbic acid, N-acetyl cysteine (NAC) and 
catalase and SOD, can regulate placental system A amino acid transporter activity 
[ 8 ]. We have recently also shown that in placental explants, increased oxidative 
stress resulted in reduced glucose uptake and lowered GLUT1 expression [ 84 ]. In 
accordance with these studies, in mice overexpressing thioredoxin-1, placental oxi-
dative stress is reduced, which was shown to be associated with increased protein 
expression of placental GLUT1 [ 159 ]. Furthermore, chronic hypoxia in vivo with 
high altitude pregnancies also reduces expression of GLUT1 [ 179 ].  

    Perinatal Period 

 At term pregnancy, evidence of increased oxidative stress is observed in different 
foetal organs, in foetal serum and in the placenta from experimental models of 
diabetes and pregnancy [ 64 ]. In foetuses and neonates from diabetic rats, the 
heart, brain, liver, kidney and lungs are organs that show increased oxidative 
stress, alterations that occur in parallel to reduced antioxidant defences [ 75 ,  82 , 
 95 ,  126 ]. Treatments with vitamins E and C have been shown to reduce oxidative 
stress in foetal organs such as the brain and the heart in foetuses from diabetic rats 
[ 75 ,  113 ,  144 ]. 

 Natural medicinal herbs and plants have been shown to also be protective against 
pregestational and gestational diabetes-induced fetopathy and thus may serve as a 
therapeutic supplement under diabetic pregnancy.  Tinospora cordifolia  is an herba-
ceous vine of the family Menispermaceae, found in tropical and subtropical regions 
of India. It protects diabetes-induced oxidative stress in foetal brain and liver tissues 
[ 143 ]. Extract of leaves of  Morus nigra  (usually known as black mulberry) also 
shows capacity to reduce oxidative stress and reduced malformations in foetuses 
from diabetic rats, a benefi cial effect observed despite the lack of regulation of 
maternal glycaemia [ 163 ]. There are no clinical studies that have evaluated the 
effect of natural medicinal products on the foetus. 

 Alterations in the signalling pathways that regulate antioxidant pathways are, at 
least in part, related to the increased reactive oxygen and nitrogen species observed 
at term in experimental models of diabetes in pregnancy. This includes PPARs sig-
nalling, which is profoundly impaired in foetal organs at term diabetic pregnancies. 
In the foetal lung, PPARα is decreased in male foetuses from diabetic rats, and the 
activation of this nuclear receptor is able to prevent the overproduction of NO in 
lungs from both male and female foetuses [ 82 ]. In the foetal liver, there is increased 
production of NO, increased lipid mass and increased lipoperoxidation, alterations 
that are prevented by the activation of the nuclear receptor PPARα [ 95 ]. Animal 
dietary treatments with PUFAs, providing PPARs ligands and preventing the defi cit 
in EFAs, have been found to regulate ROS and NO production in different foetal 
organs and to reduce lipoperoxidation in neonatal serum in offspring from diabetic 
rats [ 82 ,  95 ,  177 ]. 
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 Therefore, there is a growing evidence of increasing knowledge of increased 
ROS in the intrauterine compartment affecting the function of foetal organs in 
the perinatal period, and various animal studies that show that the impaired intra-
uterine pro-oxidant/proinfl ammatory state can be reduced through treatments 
compatible with the pregnant state, which deserve to be evaluated in human 
pregnancies.  

    Postnatal Consequences of Oxidative Stress 

 The described placental impairments related to oxidative stress in maternal diabetes 
are related to alterations in foetal development with consequences in postnatal 
development. Indeed, the placenta has been proposed to have a relevant role in the 
intrauterine programming of metabolic and cardiovascular diseases [ 60 ]. Besides, 
oxidative and nitrative stress and the consequent induction of a pro-oxidant and 
proinfl ammatory intrauterine environment play a relevant role in the programming 
of metabolic and cardiovascular diseases in the offspring that is common to various 
pathologies such as obesity, diabetes and intrauterine growth restriction [ 85 ,  145 , 
 157 ,  158 ]. Maternal diabetes programmes intrauterine metabolic and cardiovascular 
diseases [ 40 ,  54 ], and this may be in part due to the impaired generation of reactive 
oxygen and nitrogen species during pregnancy [ 89 ]. Indeed, animal models of dia-
betes and pregnancy show that vascular, cardiac and renal impairments in adult 
offspring are related to impairments in NO availability, peroxynitrite formation and 
antioxidant enzyme activities [ 27 ,  71 ,  130 ,  154 ]. 

 The pancreas is highly susceptible to both oxidative stress and changes in glu-
cose concentrations, leading to changes in β cell mass, which are related to the 
neonatal macrosomic and microsomic phenotypes and to the impaired glucose 
tolerance in the adult offspring [ 40 ,  54 ]. On the other hand, in neonates from 
 diabetic rats, there is impaired generation of orexigenic and anorexigenic hypo-
thalamic neurons that regulate food intake, an alteration related to ROS formation, 
PPARs function and leptin resistance, as well as to the programming of metabolic 
diseases [ 32 ,  42 ]. 

 Overall, as schematised in Fig.  3.5 , the programming of metabolic and cardio-
vascular diseases is highly related to intrauterine and perinatal oxidative and nitra-
tive stress, which affects the function of bioactive molecules, cells, tissues and 
organs during development. This leads to impaired signalling pathways that affect 
the  complex and interrelated mechanisms that regulate insulin sensitivity, metabolic 
pathways, appetite and endothelial dysfunction in the adult offspring.
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        Oxidative Stress Mediates Endothelial and Vascular 
Dysfunction in the Placenta 

 An abnormal function of the placenta (placental dysfunction) is seen in diabetic 
pregnancies, which is associated with vascular and endothelial dysfunction [ 20 ,  37 , 
 105 ,  135 ,  150 ,  170 ]. It is thought that an imbalance in the antioxidant and pro- 
oxidant mechanisms is determinant of a normal or altered vascular and endothelial 
dysfunction in humans [ 151 ]. 

    Oxidative Stress and Vascular Alterations in Pregnancy 

 Diabetes mellitus is the most common endocrine disorder leading to the develop-
ment of macrovascular and microvascular dysfunction that contribute to patient 
morbidity and mortality. In pregnancy, these conditions affect not only the mother 
but also the developing foetus [ 45 ]. Numerous studies demonstrate impaired endo-
thelial function (defi ned as an altered capacity of the endothelium to take up and 
metabolise the cationic amino acid L-arginine (the substrate for NO synthesis via 
NOS)) both in pregestational and GDM where the oxidative stress and ROS and 
RNS contribute to the progression of the disease [ 6 ,  45 ]. The development of car-
diovascular disease in diabetic patients is associated with increased oxidative stress 
caused by higher activity of the enzymes NOX and xanthine oxidase (XO) together 
with uncoupling of NOS [ 13 ]. These phenomena induce cell dysfunction through 
oxidation of lipoproteins, nucleic acids, carbohydrates and proteins [ 85 ]. 

 The development of endothelial dysfunction in diabetes mellitus is related with 
the degree of hyperglycaemia. Free radicals, such as superoxide anion, reduce the 
bioavailability of NO by limiting NOS expression and activity. In fact, human 
umbilical vein endothelial cells (HUVEC) from normal pregnancies exposed to 
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high extracellular concentrations of D-glucose exhibit increased L-arginine 
 transport and eNOS activity together with increased production of ROS. The 
increase in ROS results in reduced NO bioavailability and increased production of 
ONOO −  [ 151 ]. These fi ndings are thought important in diabetes where acute (min-
utes to hours) or chronic (days to months) episodes of elevated D-glucose plasma 
levels can occur leading to endothelial dysfunction.  

    Oxidative Stress and Vascular Alterations 
in Type 1 Diabetic Pregnancies 

 Endothelial dysfunction in the maternal vasculature is well described in pregnant 
women with type 1 diabetes and is associated with the development of pregnancy 
complications such as preeclampsia and restriction of foetal growth [ 28 ,  56 ]. Vascular 
alterations due to type 1 diabetes include microangiopathies such as retinopathy, 
which progresses during pregnancy and up to the fi rst-year postpartum [ 1 ], and 
nephropathy, which is the main risk factor to develop preeclampsia in women with 
type 1 diabetes (40–60 % of the cases). This condition is directly related with an 
increase in the level of maternal glycosilated Hb A1c  and proteinuria [ 69 ]. In pregnan-
cies with type 1 diabetes, foetal macrosomia is expected. However, when pregnancy 
courses with maternal vascular alterations, foetal growth restriction occurs mainly 
associated with the manifestation of preeclampsia [ 56 ]. In this regard, the maternal 
endothelial dysfunction in type 1 diabetic pregnancies evaluated as elevated blood 
levels of soluble E-selectin correlates with increased foetal growth; however, in these 
patients an elevated plasma level of the vascular cell adhesion molecule-1 (sVCAM-
1) correlates with reduced foetal growth [ 180 ]. 

 The endothelial function evaluated in the skin microvasculature using isolated 
microvessels or in situ perfused vessels from women with type 1 diabetes is reduced 
compared with nondiabetic control subjects [ 79 ,  125 ]. However, microvascular endo-
thelial dysfunction was not different when it was adjusted by the level of glycosylated 
Hb A1c  in these patients [ 125 ]. Additionally, pregnant women with well- controlled 
type 1 diabetes have both normal endothelial and smooth muscle function in abdomi-
nal arteries [ 5 ]. Thus, glycaemic control is relevant regarding the endothelial func-
tion. In fact, incubation of HUVEC from normal pregnancies with plasma from type 
1 diabetic pregnant women exhibited increased eNOS activity [ 134 ]. Interestingly, 
the resulting increase in NO level was rapidly reduced by its inactivation due to 
increased circulating ROS in these patients. This phenomenon has also been described 
in HUVEC primary cultures from pregnancies cursing with GDM [ 48 ]. 

 Offspring of mothers with diabetes mellitus have increased risk of developing 
type 1 diabetes, and a reduced percentage of these patients develop type 2 diabetes or 
obesity in adulthood [ 107 ]. Children followed for up to 30 years old that suffered of 
exposure in uterus to diabetes (type 1, type 2 and GDM) are predisposed to develop 
diseases of the circulatory system in the adulthood, including atherosclerosis, hyper-
tension and hard attack amongst others [ 175 ]. The impact of type 1 diabetes in the 
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placenta includes enhanced placental angiogenesis, mainly described as longitudinal 
growth more than increased placental capillary diameter [ 96 ], which associates with 
increased expression of vascular endothelial growth factor (VEGF) and its receptors 
1 (VEGFR-1), 2 (VEGFR-2) and 3 (VEGFR-3) [ 33 ]. Endothelial cells from type 1 
diabetic women exhibit functional and structural alterations including enhanced 
expression of placental vascular endothelial cadherin and β-catenin, molecules that 
play key roles in the process of barrier formation and angiogenesis in the placenta 
from patients with this syndrome in pregnancy [ 87 ]. In addition, a reduced resistance 
to shear stress, reduced uptake of D-glucose [ 136 ] and altered plasma membrane 
structure together with increased mitochondrial area [ 26 ] have been described in 
patients with type 1 diabetes. Thus, a wide range of adaptations and mis-adaptations 
occur in the maternal and foetal endothelium in pregnancies coursing with type 1 
diabetes.  

    Oxidative Stress and Vascular Alterations 
in Type 2 Diabetic Pregnancies 

 Type 2 diabetes is mainly associated with maternal macroangiopathies such as coro-
nary artery disease [ 69 ]. Type 2 diabetes leads to maternal and foetal endothelial 
dysfunction reported to be a consequence of the deregulation of the glycaemic con-
trol [ 117 ] associated with overproduction of ROS [ 115 ]. 

 Pregnant women with type 2 diabetes exhibit placental endothelial dysfunction 
leading to serious foetal consequences. In the foetus, the maternal hyperglycaemia 
leads to higher foetal hyperinsulinemia, which associates with foetal overgrowth 
[ 164 ]. Studies performed in primary cultures of HUVEC from normal pregnancies 
that were exposed to high extracellular concentrations of D-glucose have demon-
strated an increase in the L-arginine transport and eNOS activity together with 
increased production of ROS. These phenomena lead to a reduced NO bioavailabil-
ity and increased production of ONOO −  [ 151 ]. Interestingly, HUVEC isolated from 
newborns from mothers with familiar history of type 2 diabetes has a reduced syn-
thesis of NO and an impaired expression of eNOS in response to elevated extracel-
lular D-glucose (25 mM) [ 3 ].  

    Oxidative Stress and Vascular Alterations 
in GDM Pregnancies 

 In the maternal vasculature, GDM courses with endothelial dysfunction evaluated 
as reduced acetylcholine response in small subcutaneous artery rings [ 79 ], reduced 
fl ow-mediated dilatation in brachial artery [ 117 ] and reduced vasodilatory responses 
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in brachial artery in women with euglycaemia with previous GDM [ 4 ]. Additionally, 
women with GDM and their offspring have increased blood concentration of mark-
ers of endothelial dysfunction such as the soluble intercellular adhesion molecule-1 
(sICAM-1) and sVCAM-1. Both sICAM-1 and sVACM-1 are associated with 
reduced SOD activity suggesting that oxidative stress plays a key role in the endo-
thelial dysfunction in pregnancies coursing with this syndrome [ 103 ]. 

 GDM associates with abnormal regulation of the vascular tone in placental and 
foetal tissues [ 46 ], and in contrast to the increased angiogenesis described in type 1 
diabetes, angiogenesis seen in GDM is unperturbed [ 96 ]. The effect of GDM in the 
placental endothelial function includes alteration in the adenosine/L-arginine/NO 
(ALANO) signalling pathway [ 135 ,  160 ]. HUVECs from GDM pregnancies show 
increased L-arginine transport and NO synthesis as well as impairment in the action 
of insulin due to hyperglycaemia [ 160 ]. Thus, vascular dysfunction resulting from 
this syndrome may be a consequence of a functional dissociation between the syn-
thesis of NO and its bioavailability to the vascular endothelium and smooth muscle 
cells in the human placental circulation. In this regard, GDM is associated with 
oxidative stress where an overproduction of ROS and other free radicals is charac-
teristic and mainly associated with reduced activity of antioxidant enzymes such as 
NOX and XO [ 85 ]. 

 Interestingly, GDM alterations of foetal endothelial function, including reduced 
adenosine transport and increased NO synthesis [ 50 ,  135 ,  171 ], are mimicked by 
exposure of HUVEC from normal pregnancies to elevated extracellular D-glucose 
(25 mM, high D-glucose) [ 41 ]. The latter is also a condition associated with 
increased formation of ROS [ 39 ]. Adenosine transport occurs via the human equili-
brative nucleoside transporters 1 (hENT1) and hENT2 and L-arginine transport via 
the human cationic amino acid transporter 1 (hCAT-1) in HUVECs. GDM has been 
shown to alter these membrane transport mechanisms through activation of cell 
signalling cascades involving PI3K, PKC (most likely PKCα), NO and p44 and p44 
kDa mitogen-activated protein kinases (p44/p42 mapk ) [ 38 ,  160 ]. One of the direct 
consequences of the stimulation of these signalling molecules is the activation of 
transcription factors inhibiting the promoter activity of  SLC29A1  gene (coding for 
hENT1) leading to reduced transcript and protein abundance with the subsequent 
reduced adenosine uptake. This could be a mechanism by which adenosine antioxi-
dant properties could be facilitated since increasing extracellular concentrations of 
this nucleoside are reported in the umbilical whole blood (vein and arteries) [ 171 ] 
as well as in the umbilical vein, but not in the artery blood [ 133 ] in GDM.  

    Adenosine and Oxidative Stress 

 Several studies refer to adenosine as an endogenous antioxidative molecule, which 
contributes to lower ROS production in endothelial cells by regulating NOX activ-
ity [ 155 ,  182 ]. However, even when in GDM an increase in the fetoplacental cir-
culation of adenosine concentration is seen [ 133 ,  171 ], its antioxidative capacity 
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has not been evaluated [ 150 ,  151 ]. In addition, as in GDM, this potential property 
of adenosine has not been reported in pregnant women with type 1 or type 2 
 diabetes [ 150 ,  151 ].  

    Insulin and Oxidative Stress 

 Even when there is good control of glycaemia in type 1 diabetes, the changes from 
hypo- to hyperglycaemia worsen endothelial function, increasing oxidative stress 
[ 24 ]. Insulin is also considered as an endogenous antioxidative, since decreases in 
ROS generation by suppression of NADPH oxidase [ 30 ]. Moreover, it is suggested 
that when placental endothelium is exposed to higher concentrations of insulin than 
what is detected in the fetoplacental blood, an increase in the NO bioavailability and 
maintenance of vascular haemostasis in GDM and other pathologies is seen [ 120 , 
 153 ,  171 ]. Additionally, in HUVEC, insulin leads to an increase in NO synthesis 
[ 171 ] by a mechanism dependent of phosphatidylinositol 3-kinase (PI3K) and Akt 
signalling pathway [ 165 ,  181 ]. The increase in NO synthesis leads to vasodilation 
and to increase glucose uptake in target tissues [ 153 ,  171 ]; nevertheless insulin 
resistance produce an augment in vasoconstriction, mostly due to the impaired insu-
lin signalling [ 25 ]. 

 Several studies describe that oxidative stress decreases insulin sensitivity in 
patients with insulin resistance [ 97 ]. Moreover, in type 2 diabetes, diminished eNOS 
expression and Akt/PKB phosphorylation in arterial tissue is seen, probably due to 
insulin resistance [ 110 ]. This effect is more prolonged during pregnancy since 
hyperinsulinemia is present from the actual placental implantation day. Since endo-
thelial cells from human placental macro- [ 171 ] and microvasculature [ 133 ] express 
insulin receptor and GDM patient courses with higher levels of insulin [ 172 ], mostly 
in the second and third semesters of pregnancy, this hormone could be playing a role 
as an antioxidant defence mechanism for the growing foetus and the mother. 
Interestingly, insulin is in fact playing key roles in the haemostasis of human pla-
cental macro- and microvascular endothelial dysfunction in GDM. Since adenosine 
is also increased in the mother and the foetus blood and because this endogenous 
nucleoside improves the response to insulin in HUVECs [ 50 ], it is feasible that 
added antioxidant effi ciency of insulin and the nucleoside adenosine is key in the 
improvement of fetoplacental endothelial dysfunction in GDM. 

 Recent studies show that HUVEC and hPMEC in GDM exhibit differential 
expression of insulin receptor isoforms A (IR-A) and B (IR-B) [ 133 ,  171 ]. HUVEC 
preferentially expresses IR-A over IR-B isoforms in GDM, and IR-A mRNA is 
higher in GDM compared with cells from normal pregnancies. On the contrary, in 
hPMEC a preferential expression of IR-B in cells from GDM compared with nor-
mal pregnancies is seen. However, IR-A expression is lower in GDM compared 
with normal cells. Since IR-A and IR-B activate mainly the p42/44 mapk  and Akt 
signalling pathways, respectively, a differential cell signalling mechanism is evident 
in human fetoplacental endothelium [ 120 ]. Thus, specifi c mechanisms of regulation 
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of insulin receptor isoforms expression could account in endothelial cells from 
macro- compared with microvasculature in the human placenta [ 49 ]. Eventually, if 
in fact adenosine is involved in the response of these cell types to insulin via a 
mechanism controlling the redox state of the cells, a differential role of adenosine 
as an antioxidant could be feasible for the response to IR-A or IR-B in human foetal 
endothelium.  

    Cholesterol and Oxidative Stress 

 A physiological increase of the maternal total cholesterol occurs during pregnancy 
to satisfy the increasing metabolic demand of lipids by the growing foetus, a condi-
tion referred as maternal physiological hypercholesterolemia (MPH) [ 10 ,  102 ]. 
However, when a mis-adaptation occurs and the level of cholesterol goes over a 
physiological range, another condition is recognised, i.e. maternal supraphysiologi-
cal hypercholesterolemia in pregnancy (MSPH) [ 89 ,  102 ]. Even when a strong cor-
relation between maternal cholesterolaemia in pregnancy and endothelial placental 
dysfunction as well as the size of atherosclerotic lesions in arteries of the foetus is 
documented [ 106 ], MSPH effect on the foetal endothelial function of pregnancies 
coursing with GDM is unknown [ 89 ]. 

 A potential pathophysiological interaction between maternal levels of choles-
terol and the oxidative status of the mother, the placenta and the foetus in the devel-
opment of foetal atherosclerosis have been proposed [ 89 ]. Maternal factors 
associated with increased levels of total cholesterol in pregnancy correlates with a 
reduced catalase activity, but increased lipid peroxidation and oxidised LDL in 
MSPH. This phenomenon leads to alterations in the placenta, including reduced 
catalase, SOD and GPx activity, and in the foetus, including reduced catalase and 
GPx activity, but increased lipid peroxidation and oxLDL levels [ 91 ]. This pro- 
oxidant environment has been reported leading to endothelial dysfunction in the 
maternal vasculature; however, whether foetal vasculature is modifi ed in MSPH is 
unknown [ 91 ]. It is suggested that in pregnancy, the mother, the placenta and the 
foetus are subjected to oxidative stress in a pathological condition of the mother 
such as MSPH. This is actually worrying since these phenomena lead to vascular 
alterations including endothelial dysfunction and atherosclerosis    [ 91 ,  149 ]. We have 
recently enrolled a group of pregnant women with GDM that exhibited MSPH, 
which corresponded to 30 % of the GDM population. These women exhibited 
increased total and LDL-cholesterol compared with MSPH, thus suggesting that the 
latter is a condition worsened in GDM (A Leiva, L Sobrevia,  unpublished ). This 
could be a relevant pathophysiological mechanism accounting for endothelial dys-
function in GDM (A Leiva, L Sobrevia,  unpublished ). How are the pro- and antioxi-
dant mechanisms been operative under this new scenario, in the case of GDM plus 
MSPH, is not fully known. 

 Figure  3.1  is a schematic diagram summarising placenta endothelial dysfunction 
in normal and diabetic pregnancies.   
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    Conclusions 

 Oxidative stress induces damage in GDM in the placenta and the vasculature of the 
mother, the placenta and the umbilical cord, produced as a resulting consequence of 
exacerbated NO and ROS production. Oxidative stress disturbs placental function 
leading to perpetrations in foetal growth and development. There is also a clear 
benefi cial effect of antioxidants on diabetes and pregnancy animal models, indicat-
ing the relevance of oxidative stress in diabetes-induced pregnancy complications. 
However, whether or not antioxidant supplementation or eating a diet rich in anti-
oxidants can improve the consequences of oxidative stress in the offspring is yet to 
be elucidated. More studies are thus required to fully understand the short- and 
long-term health benefi t of reducing oxidative stress during diabetic pregnancies.     
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     Abbreviations 

   CAT    Catalase   
  GPX    Glutathione peroxidase   
  LOOH    Lipid hydroperoxide   
  MDA    Malondialdehyde   
  OSI    Oxidative stress index   
  ROS    Reactive oxygen species   
  SOD    Superoxide dismutase   
  TAC    Total oxidant capacity   
  TOS    Total oxidant capacity   

          Introduction 

 Cigarette smoking undoubtedly represents one of the greatest current health 
 problems, if not the greatest, facing us. Pregnant women have smoking cessation 
rates only as high as 15–20 % [ 1 ]. Cigarette smoking probably contributes the great-
est single share of causality to a variety of lethal and disabling effects on health [ 2 ]. 
It is well known that adverse pregnancy outcomes are related to tobacco smoking 
during pregnancy [ 3 – 6 ]. Most tobacco toxins have a low molecular weight and high 
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water solubility and therefore readily cross the placenta [ 7 ]. Maternal smoking also 
impairs placental development and anatomy and functions [ 8 ,  9 ]. Active smoking 
(AS) or passive smoking (PS) (or secondhand smoking, environmental tobacco 
smoke) in pregnant women results in intrauterine growth retardation [ 3 ] and an 
increased risk of spontaneous abortion [ 10 ]. In addition, prenatal exposure to 
tobacco smoking may lead to higher risk of sudden infant death syndrome [ 4 ], 
reduction of pulmonary function in healthy neonates [ 11 ], and wheezy bronchitis in 
children [ 12 ]. Furthermore, reduced lung function in infancy resulting from prenatal 
exposure to smoking may lead to abnormal lung function in childhood and track 
into adulthood [ 13 ]. Several mechanisms have been postulated to explain such 
effects. Cigarette smoke contains an abundance of compounds emitted in gases and 
condensed tar particles, many of which are oxidants and pro-oxidants capable of 
producing reactive oxygen species (ROS) [ 14 ]. The enhanced production of ROS by 
smoke is related to increased free radical production, antioxidant depletion, and 
oxidative stress [ 15 – 19 ], which can result in the oxidation of lipids, induction of 
DNA single-strand breakage, inactivation of certain proteins, and the disruption of 
biological membranes [ 20 ,  21 ]. One possibility given credence by several in vitro 
studies [ 22 – 26 ] is that cigarette smoke, rich in free radicals and oxidizing species, 
depletes plasma antioxidants [ 14 – 19 ,  27 ]. Cigarette smoking causes oxidative stress 
in pregnant women and may have a similar effect in fetuses [ 15 ].  

    Quantifying Tobacco Smoke Exposure 

 Most studies of the effects of AS or PS during pregnancy and on neonates have used 
questionnaire reports of exposure, although some have used biochemical measures 
to validate smoking habits [ 28 ,  29 ]. Apart from the problem of reporting bias, the 
defi nition of what a “smoker” is and what characterizes smoking varies between 
studies. Many early studies have described women simply as smokers or nonsmok-
ers [ 28 ]. Because of the variable quality of smoking data obtained from question-
naires, recent studies that quantifi ed smoking have usually assessed maternal serum, 
urine, or hair samples, obtained during the fi rst half of pregnancy, and umbilical 
serum, urine, or hair samples, obtained at delivery, by measuring the concentration 
of the nicotine metabolite cotinine [ 29 ,  30 ]. The lower limit of detection was 
0–10 ng/ml for both nicotine and cotinine, with an assay calibration curve of 
10–200 ng/ml, and subjects with cotinine levels >2–14 ng/ml were considered 
smokers [ 9 ]. Self-reported abstinence was defi ned as no smoking during the previ-
ous 7–10 days. 

 Distinguishing between passive smokers and nonsmokers was more diffi cult, 
and the assay did not accurately discriminate between these exposure groups in all 
patient types, especially in pregnant women. There are a number of possible expla-
nations for this [ 30 ]. First, there was a real overlap in the samples’ cotinine from 
passive and unexposed subjects. This is largely attributable to the fact that even 
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those reporting no exposure to cigarette smoke can still be exposed to small amounts. 
Quantifying exposure of nonsmokers has been problematic in most studies. Passive 
smoking depends on a number of factors, including number of smokers, their prox-
imity to the subject, the number of cigarettes smoked, the size of the space, the 
ventilation of that space, and the duration of exposure. Moreover, interindividual 
variability in the conversion of nicotine to cotinine may also make it diffi cult to 
discriminate between passive and unexposed nonsmokers. The metabolism of nico-
tine to cotinine varies with age, ethnicity, and sex [ 31 ].  

    Smoking During Pregnancy 

 Tobacco use started several centuries ago and increased markedly after the inven-
tion of the cigarette-making machine. Behaviors pertaining to tobacco use have 
changed signifi cantly over the past century. Compared with 1964, smoking preva-
lence rates have halved from 40 to 20 % in the United States, and as a result there 
has been a slow but steady decline in the rates of tobacco-induced diseases [ 32 ]. 
While the smoking habit is decreasing in developed countries, tobacco use is 
increasing in developing countries [ 33 ]. Once people start smoking, they fi nd it dif-
fi cult to quit. This is due to the addictive effect of nicotine in tobacco smoke. 
Pregnant women have smoking cessation rates only as high as 15–20 % [ 1 ]. Various 
studies showed that maternal nicotine exposure during pregnancy and lactation via 
tobacco smoke of nicotine replacement therapy program the offspring to develop 
compromised lung structure later in life with consequent compromised lung func-
tion. This implies that nicotine replacement therapy is not an option to assist preg-
nant or lactating smokers to quit [ 33 ]. It is best to quit smoking before getting 
pregnant. 

    Thirdhand Smoke 

 New research shows that thirdhand smoke (THS) is a complex phenomenon result-
ing from residual tobacco smoke pollutants that cling to the clothing and skin of 
smokers and to surfaces, couches, and carpets in indoor environments [ 34 ]. These 
pollutants, reemitted into the gas phase or reacting with oxidants or other com-
pounds, persist long after the smoke from a cigarette or cigar has cleared. Thus, 
THS exposure consists of unintentional intake (mainly through inhalation but also 
via ingestion and dermal routes) of tobacco smoke and other related chemicals that 
occurs in the absence of concurrent smoking. 

 To achieve a better understanding of the health effects attributable to THS, future 
research should evaluate the risk in pregnant women, fetuses, neonates, and other 
populations.   

4 Tobacco Smoking and Oxidative Stress in Pregnancy
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    Oxidant and Antioxidant Molecules 

 Pro-oxidant molecules can have free radicals or they can catalyze or initiate reduc-
tion/oxidation (redox) reactions that result in the production of free radicals or ROS 
such as the superoxide anion (O 2  − ), hydroxyl radicals (HO • ), and hydrogen peroxide 
(H 2 O 2 ), which initiate oxidative chain reactions resulting in oxidative damage to 
DNA, proteins, and lipids [ 14 ,  20 ,  24 ]. These oxidized molecules can be measured 
in biological fl uids, being protein carbonyls, as a marker of protein oxidation and 
thiobarbituric acid reactive species (TBARS), lipid hydroperoxide (LOOH), malo-
ndialdehyde (MDA), and total peroxide as markers of lipid oxidation, the most fre-
quently oxidative stress markers measured in humans [ 35 ,  36 ]. 

 Enzymes that can catalyze free radical-producing redox reactions include certain 
hydroxylases, oxidases, oxygenases, peroxidases, and synthases. The body, on 
account of its susceptibility to oxidative insult, is naturally provided with effi cient 
enzymatic and nonenzymatic antioxidant systems. A series of enzymes also act as 
scavenging systems, including superoxide dismutase (SOD), glutathione peroxi-
dase (GPX), and catalase (CAT). These enzymes are the fi rst line of defense against 
ROS and are generally referred to as primary antioxidants [ 15 ]. The level of CAT, 
which is a peroxisomal hydrogen peroxide-consuming enzyme, increases in chronic 
smokers, whereas the levels of several antioxidant enzymes, such as CuZnSOD, 
glutathione transferase (GST), and GPX, appear to decline in smokers with long 
smoking histories [ 20 ]. 

 Plasma has various nonenzymatic antioxidant molecules. Albumin; uric acid; 
bilirubin; vitamins C, E, and A; β-carotene; and ceruloplasmin are the major anti-
oxidant components of plasma. Total antioxidant capacity (TAC) represents practi-
cally all of them. Albumin has about half of the total antioxidant capacity of plasma 
[ 37 ,  38 ]. Plasma thiol contents originate from albumin and act as the antioxidant 
component of plasma. 

 Analytical methods of oxidant [ 39 – 43 ]/antioxidant [ 37 ,  38 ,  44 ,  45 ] parameters 
were described, from highly complex, time-consuming, and expensive procedures 
such as chemiluminescence-HPLC assay to more rapid, inexpensive, and sensitive 
techniques such as automated-colorimetric methods. 

    Oxidant Status 

 The values of lipid peroxidation products can be used as an index of oxygen free 
radical generation. The measurement of LOOH, MDA, and total oxidant status 
(TOS) provides a sensitive index of lipid peroxidation and oxidative stress [ 43 ,  46 , 
 47 ]. It has been argued that the increased production of ROS associated with smok-
ing may exceed the capacity of the oxidant defense system, resulting in oxidative 
damage to selected proteins, lipids, and DNA [ 48 – 50 ]. Chelchowska et al. reported 
that the level of MDA was signifi cantly higher in the cord blood of newborns of 
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smoking mothers [ 36 ]. Aycicek et al. found that LOOH and TOS levels were signifi -
cantly higher in active and passive smokers than in the controls. They also reported 
[ 15 ,  27 ] that the TOS levels of the mother’s peripheral blood, cord blood, and pla-
centa tissue were signifi cantly higher in active smokers than in passive smokers and 
controls. These levels were also signifi cantly higher in the passive smokers than in 
the controls (Fig.  4.1 ). Arguelles et al. [ 51 ] measured levels of serum lipid peroxides 
in newborns and their mothers and observed signifi cantly higher peroxidation in the 
newborns, as well as a positive correlation between the levels measured in the new-
borns and mothers exposed to tobacco smoke.

   Protein carbonyl content levels, a parameter of protein oxidation during preg-
nancy and in newborns, were increased in pregnant women when compared with 
nonpregnant subjects [ 51 ]. Arguelles et al. reported a signifi cant effect of tobacco 
smoke exposure on protein carbonyl levels in newborns and mothers [ 52 ]. In con-
trast, Rossner et al. performed a similar study and did not fi nd any relation between 
tobacco smoke exposure and protein carbonyl levels [ 51 ]. 

 Rossner et al. [ 52 ] and Daube et al. [ 53 ] analyzed oxidative damage to DNA by 
measuring the levels of 8-hydroxydeoxyguanisine (8-OHdG) in the placenta. They 
did not fi nd a difference in 8-OHdG levels between the placentas from women 
exposed and not exposed to tobacco smoke, even though the mean values of plasma 
cotinine were twofold higher than in subjects from another study [ 51 ]. Moreover, in 
Yin et al. [ 54 ], the comparison of 8-OHdG levels in placental DNA from women 
exposed and not exposed to tobacco smoke based on plasma cotinine levels also did 
not show a signifi cant difference, although the levels of 8-OHdG in women exposed 
to tobacco smoke were higher than those in women not exposed. Sbrana et al. [ 55 ] 
demonstrated that the tobacco-mediated metabolic gene pathway perturbations 
manifest with signifi cant placental accumulation of both 4-hydroxy-2-nonenal 
(4-HNE, a marker for oxidative lipid damage) and 8-hydroxydeoxyguanisine 
(8-OHdG, a marker of DNA damage) showed increased levels in the placenta of 
smokers compared with controls.  
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  Fig. 4.1    Box plot graphic of mother’s peripheral blood ( a ), cord blood ( b ), and placenta tissue ( c ) 
TOS levels in active smokers, passive smokers, and controls. Differences are signifi cant between 
the groups ( P  < 0.05)       

 

4 Tobacco Smoking and Oxidative Stress in Pregnancy



86

    Antioxidant Status 

 The potential damage that can be caused by free radicals is normally minimized by 
the antioxidant systems. In passive smoking infants, several components of the anti-
oxidant defense system have been reported to be impaired as compared with those 
of infants not exposed to smoking [ 40 ]. Chelchowska et al. [ 36 ] reported that the 
level of TAC was signifi cantly decreased in the cord blood of newborns of smoking 
mothers. Fayol et al. [ 18 ] demonstrated that the TAC level was low in the infant cord 
blood of passive smoking mothers but that this was not the case in the infants of 
active smokers. Aycicek and Ipek [ 15 ,  27 ] found that maternal peripheral blood, 
cord blood, and placental tissue TAC levels were lower in active and passive smok-
ers than in controls (Fig.  4.2 ), and positive signifi cant correlations were found 
between placenta tissue TAC and cord blood TAC levels (Fig.  4.3 ). It is also reported 
that mothers who smoke, even if they did not smoke during pregnancy, have a higher 
oxidative stress parameter [ 51 ]. Thus, these mothers have a high concentration of 
serum lipid peroxidation and protein carbonyl content and decreased TAC.

    Positive signifi cant correlations were found between maternal cigarette exposure 
and placenta, cord blood, and maternal peripheral blood TOS and OSI levels, while 
a negative signifi cant correlation was found between number of cigarettes exposed 
to and birth weight and head circumference and between placenta and cord blood 
TAC levels [ 15 ,  27 ]. 

 Uric acid is a well-known low-molecular-weight water-soluble plasma antioxi-
dant [ 38 ,  56 ]. Several clinical studies in humans have demonstrated increased uric 
acid production as a result of oxidative stress, such as that related to smoking [ 57 ]. 
Fayol et al. reported that the uric acid levels in the cord blood of passive smoking 
infants were signifi cantly higher than those in the cord blood of controls [ 18 ]. 
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However, Aycicek and Ipek [ 15 ] found that plasma uric acid levels were slightly 
higher in active smokers than in passive smokers and controls, but the difference 
was not statistically signifi cant.  

    Oxidative Stress Index 

 In addition to these markers, OSI, which is a cumulative marker of both oxidative 
and antioxidative power [ 15 ,  17 ,  40 ], was signifi cantly increased in the cord blood 
of active and passive smokers (Fig.  4.4 ). These results are the fi rst on placental 
tissue. According to the data obtained in the present study, increased TOS levels, 
decreased TAC, cumulatively increased OSI, and the other antioxidants together 
with the routine clinical parameters may implicate the presence of oxidative stress 
in the placenta subsequently in fetuses. In addition, decreased lipophilic antioxi-
dants may play a role in the pathogenesis of atherosclerosis in the fetuses of moth-
ers who are active or passive smokers through increased susceptibility to lipid 
peroxidation in utero.

   It is reported that highly significant positive significant correlations were 
found between maternal cigarette exposure and placenta, cord blood, and 
maternal peripheral blood TOS (Fig.  4.4 ) and OSI levels, while a negative 
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significant correlation was found between number of cigarettes exposed to 
and birth weight and head circumference and between placenta and cord blood 
TAC levels [ 27 ].   

    Antioxidant Enzymes 

 Cigarette smoking is associated with systemic oxidative stress, leading to an upreg-
ulation of antioxidant systems (superoxide dismutase (SOD), catalase (CAT), gluta-
thione peroxidase (GPx), and heme oxygenase (HO)) in some tissues [ 58 ]. Smoking 
throughout pregnancy resulted in elevated expression of the HO enzymes in the 
placental basal plate region. Smoking did not alter the expression of CAT, SOD, or 
GPx in any of the placental regions studied. Interestingly, cord blood CAT levels 
were lower in active and passive smokers than in controls [ 15 ]. 

 Ceruloplasmin is a copper-containing glucoprotein with multiple physiological 
functions, including ferroxidase and oxidase activity. It is induced by infl amma-
tory processes, air pollution, and cigarette smoking [ 14 ,  59 ,  60 ]. The level of 
ceruloplasmin was found to be signifi cantly increased in neonates whose mothers 
were active or passive smokers [ 61 ]. However, Aycicek et al. found that cerulo-
plasmin levels did not differ signifi cantly between each of the three groups (active 
and passive smokers and controls) and did not fi nd any correlation in their study 
[ 15 ]. Similarly, Fayol et al. reported that cord blood antioxidant parameters strongly 
correlated with maternal antioxidant status, with the exception of ceruloplasmin 
[ 18 ]. They also stated that an altered neonatal ceruloplasmin concentration may 
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refl ect the effect of cigarette exposure on the antioxidant system of the neonate 
rather than transplacental transfer of maternal ceroloplasmin. Further investiga-
tions are needed to address this issue. 

 Aycicek et al. found that basal/salt-stimulated PON1 activities were signifi cantly 
lower in patients who were active smokers than in passive smokers and controls, 
while LOOH and TOS levels were signifi cantly higher [ 15 ]. According to the data 
obtained in the present study, increased LOOH and TOS levels, decreased PON1 
activities, and the presence of other antioxidants together with the routine clinical 
parameters may implicate the presence of oxidative stress in fetuses. In addition, 
decreased lipophilic antioxidants and PON1 activities may play a role in the patho-
genesis of atherosclerosis in infants of active smoking mothers through an increased 
susceptibility to lipid peroxidation in utero.  

    Antioxidative Gene Expression 

 It is reported that smokers showed upregulation of xenobiotic genes (CYP1B1, 
GSTM1, and CBR3), whose expression was likely directly induced by tobacco 
smoke exposure. GSTM1 (glutathione S-transferase Mu 1) is implicated in the 
detoxifi cation of electrophilic compounds, including carcinogens, environmen-
tal toxins, and products of oxidative stress [ 9 ]. It is stated that cigarette smoke 
alters the expression of genes involved in oxidative stress, immune and infl am-
matory responses, xenobiotic metabolism (particularly cytochromes CYP1A1 
and CYP1B1), coagulation and fi brinolysis, oncogenesis, DNA repair, structural 
units of condensed DNA, and extracellular matrix degradation in smokers and their 
newborns. The majority of genes implicated in the above-mentioned pathways are 
nonspecifi cally deregulated and thus represent rather general biomarkers of toxic 
exposure. In contrast, aldehyde metabolism (e.g., ALDH3) appears to be uniquely 
modulated by cigarette smoke [ 62 ]. 

 Cigarette smoking is associated with altered antioxidant defense enzyme gene 
expression and regulation in pregnancy. In this context, Vatovova et al. reported 
increased expression of GPx3 and NXN in placental and fetal cells [ 9 ]. GPx3 (glu-
tathione peroxidase 3) is a peroxidase that catalyzes detoxifi cation of hydrogen per-
oxide and plays a crucial role in protecting proteins and DNA from oxidation caused 
by smoking [ 63 ,  64 ]. A thioredoxin-related protein, NXM (nucleoredoxin), governs 
ROS-stimulated Wnt signaling pathway, which is essential for early development 
and stem cell maintenance [ 65 ]. In contrast to expectations, SOD2 (superoxide dis-
mutase 2) expression showed downregulation in peripheral blood cells of smokers, 
and this fi nding was confi rmed by qRT-PCR [ 63 ]. SOD2 encodes a mitochondrial 
antioxidant enzyme that transforms superoxide into oxygen and hydrogen peroxide, 
which are less toxic products. A similar decrease in SOD2 levels was found in 
human neuroblastoma cells exposed to cigarette smoke condensate [ 66 ], suggesting 
that smoking may cause free radical or ROS overcharge, which in turn may be 
responsible for inhibition of gene expression in antioxidant genes.  
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    Proinfl ammatory Effect 

 Passive smoking is increasingly appreciated to have major adverse health effects 
and to result in a proinfl ammatory state [ 67 ]. It is reported that prenatal and postna-
tal maternal exposure to environmental tobacco smoke increases neonatal arterial 
expression of genes that are proinfl ammatory and induce or contribute to vascular 
injury while reducing the arterial expression of a gene for angiogenesis [ 67 ]. 
Perinatal and following 1 year of postnatal environmental tobacco smoke exposure, 
nonhuman primates were found to have increased vascular oxidative stress (protein 
carbonyls and SOD) and mitochondrial dysfunction/damage (cytochrome oxidase, 
mitochondrial DNA) that were coupled to reductions in mitochondrial antioxidant 
capacity and copy number in vascular tissue compared to fi ltered air-exposed con-
trols [ 68 ]. These changes may be responsible for early arterial vascular remodeling 
that is predisposing to a subsequent vascular disease. Multiple reports have now 
documented that early and intermediate stage atheroma occurs in children and teen-
agers [ 69 ].    Thus, it is plausible that the potential for increased atherosclerotic dis-
ease susceptibility in adulthood following in utero and early life smoke exposure 
because infl ammation and mitochondrial damage and dysfunction in response to 
tobacco smoke exposure are features of early atherosclerosis.  

    Summary and Conclusions 

 Active or passive maternal smoking is associated with important alterations in the 
oxidant and antioxidant balance in maternal and cord blood and placental tissue and 
causes potent oxidative stress in all of them. However, future longitudinal studies 
estimating oxidative markers and antioxidants serially throughout pregnancy may 
be able to prove the association of elevated oxidant status and diminished antioxi-
dant levels in pregnant women, and the estimation of oxidative stress markers may 
be predictive of the development health effects of prenatal tobacco smoke.     
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    Chapter 5   
 Oxidative Stress and Preterm Birth 

             Ramkumar     Menon       and     Elizabeth     Bonney    

           Preterm Birth (PTB) and Its Risk Factors 

    Preterm birth (PTB; birth before 37 weeks of gestation) is a major complication of 
pregnancy [ 1 ]. According to a recent report (  http://www.who.int/pmnch/media/
news/2012/preterm_birth_report/en/index.html    ), more than 15 million infants are 
born prematurely each year, accounting for more than 1 in 10 infants born world-
wide. Over one million children die each year due to complications of PTB; and 
many survivors face a lifetime of disability, including learning disabilities and 
visual and hearing problems. PTB rates are increasing in almost all countries with 
reliable data, and prematurity due to low birth weight (<2,500 g) is the leading 
cause of newborn deaths (babies in the fi rst 4 weeks of life) and now the second 
leading cause of death after pneumonia in children under the age of 5 [ 1 ]. 

 PTB is a complex syndrome. A myriad of etiologies (both exogenous and endog-
enous), like genetic susceptibility, race and ethnic origin, psychosocial and socio-
economic factors, environmental and behavioral factors, and infection, contribute to 
development of preterm labor [ 2 – 4 ]. Every facet of PTB’s understanding is compli-
cated by heterogeneities. It has been suggested that infl ammation resulting from 
these insults comprises a common fi nal pathway leading to PTB [ 4 ]. However, a 
recent biomarker review by Menon and colleagues noted 117 biomarkers have been 
studied in PTB, but none of them have signifi cant positive or negative predictive 
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value as a risk identifi er, underlining the pathophysiologic heterogeneities of this 
complex syndrome [ 5 ], the need to take a wider systems-based approach to the 
problem, and the importance of generation of new hypotheses. Oxidative stress 
(OS) is thought to underlie several pathological processes [ 6 – 15 ]. The purpose of 
this review is to further develop the hypothesis that OS may play a signifi cant role 
in the pathophysiology of this syndrome and to delineate the possible underlying 
mechanisms [ 16 ]. PTB is commonly classifi ed into three categories: 

  Medically indicated (physician-driven)  PTB accounts for approximately 25 % of 
all PTB (95 % CI = 18.7 − 35.2 %) [ 17 ]. There are several reports implicating OS in 
diseases leading to medically indicated or physician-driven prematurity, and several 
excellent reviews exist on OS in pregnancy and pregnancy complications like pre-
eclampsia, gestational diabetes, and intrauterine growth restriction [ 18 – 23 ]. Moreover, 
data exists relating OS to poor neonatal outcome in babies born preterm [ 19 – 39 ].  

    Preterm Premature Rupture of Membranes (pPROM) 

  Preterm premature rupture of membranes (pPROM)  is said to account for 25 % of 
PTB (95 % CI = 7.1 − 51.2 %); however, 30–40 % of women experience pPROM 
[ 17 ]. This process contributes to physician-driven PTB because of maternal illness 
or developing fetal compromise [ 1 ]. In addition, pPROM is a precursor to spontane-
ous PTB. Infection is associated with up to 70 % of all pPROM [ 2 ,  4 ] with resulting 
infl ammation that leads to the breakdown of the fetal membranes [ 40 – 43 ]. More 
than one risk factor is generally associated with pPROM [ 44 ]. Few studies have 
reported a relationship between OS markers and pPROM [ 41 ,  45 – 49 ]. 

  Spontaneous PTB  is occasionally referred to as “idiopathic” and accounts for 50 % 
of PTB [ 50 ]. The term  “ PTB,” as cited in the rest of this chapter, refers to the sponta-
neous onset of labor followed by preterm delivery. PTB does not arise from a single 
etiologic factor indicative of etiologic heterogeneity. Infl ammation is also thought to 
contribute signifi cantly to this process. However, the factors that lead to PTB with or 
without rupture are still unclear, and the factors that specifi cally lead to PTB in the 
absence of pPROM are not known. Few studies specifi cally relate to OS and PTB 
[ 51 – 56 ] and none of these studies not their reviews have conceptualized a mechanistic 
role for OS in PTB pathology.  

    OS 

 Oxygen-dependent (or cellular) respiration and other energy-building processes 
generate highly reactive free radicals (molecules with one or more unpaired elec-
trons in their outer orbitals) in mammalian cells. Production of these reactive inter-
mediates is due to incomplete reduction of oxygen and includes superoxide radical 
(one electron) and hydrogen peroxide (two electrons) [ 57 ,  58 ]. Hydrogen peroxide 
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does not contain unpaired electrons in the valence orbitals, and it is not a free- 
radical molecule until the O–O bond is lysed by ferrous iron through the Fenton 
reaction, yielding one of the most powerful oxidants called the “hydroxyl radical 
(HO•).” These free radicals and oxidants derived from them are called “reactive 
oxygen species” (ROS). Generation of ROS is an inevitable physiologic process 
associated with all aerobic processes in mammalian cells. Redox balance is main-
tained through the production and subsequent elimination of ROS. Cells are able to 
protect themselves against OS by the fi nely tuned regulation of redox status through 
endogenous enzymes, antioxidants, and other cellular mechanisms. At low levels, 
ROS often generated in biological systems is essential for cell division and survival, 
cell signaling, infl ammation and immune functions, autophagy, and stress response 
[ 59 – 61 ]. However, an overwhelming redox imbalance compromises a biological 
system’s ability to detoxify these highly reactive molecules or can result in a failure 
to repair any damage caused by them [ 62 ]. Therefore, the former is termed “OS” 
and the latter “oxidative damage” [ 63 ]. Oxidative damage due to ROS generation 
has been linked to the development of adult diseases including cardiovascular dis-
ease, cancer, chronic infl ammation, and neurologic disorders. 

 The two main sources of ROS in human cells are (1) mitochondrial and (2) non- 
mitochondrial. The mitochondria generate ROS as a by-product of the electron 
transport chain during respiration, and the rate of ROS production is proportional to 
the rate of mitochondrial respiration. The ROS production rate is thus obviously 
higher when metabolic rates are high [ 64 ,  65 ]. A vast majority of ROS in the human 
body is produced by mitochondria, and mitochondria are the primary sources of 
superoxide production other than phagocytic cells during innate immune defense. 

 The Fenton reaction (explained above), where H 2 O 2  degradation results in HO•, 
is an example of non-mitochondrial generation of ROS. One of the fi rst identifi ed 
non-mitochondrial sources of ROS is phagocytes, where ROS is not the by-product, 
but rather the product of the primary function of innate immune defense by nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidases (NOX) [ 66 ]. Here, ROS 
is generated to kill the invading pathogens. However, other cell types and tissues, 
such as the lung epithelium, also express NOX enzymes, and while these may con-
tribute to innate immunity, they may also contribute to diseases such as asthma [ 67 ]. 
Other pro-oxidant-generating enzymes include nitric oxide synthase [ 68 ,  69 ] and 
the more recently highlighted dual oxygenases (Duox 1) that are members of NOX 
family [ 51 ,  70 ,  71 ].  

    Oxidative Damage Induced by ROS 

 OS occurs when the balance between pro-oxidants and antioxidants is disrupted. 
OS can produce a spectrum of genetic, metabolic, and cellular responses, and pro- 
oxidants exert their effects on cellular elements—namely, lipids, proteins, and 
nucleic acids—disrupting their expression, structure, and function [ 18 ,  63 ,  72 ]. 
Peroxidation of proteins leads to the loss of the sulfhydryl groups and linking of 
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carbonyl groups with the side chains of other amino acids [ 73 ,  74 ]. Although these 
proteins are normally proteolytically cleared from the system, under heightened 
ROS, oxidized proteins do not undergo proteolysis but rather accumulate as long 
hydrophobic bonds that affect cell function [ 73 ]. Cell membrane phospholipids are 
always a target of ROS activity [ 75 ]. The peroxidized cell membrane stiffens, loses 
its selective permeability, and loses its integrity. Oxidized cell membranes are also 
susceptible to action by phospholipase enzymes that can activate a series of enzy-
matic and nonenzymatic breakdowns of oxidized phospholipids. One of the nonen-
zymatic by-products of this lipid peroxidation is F2-Isoprostane which is considered 
the biomarker of ROS in a system [ 76 ]. 

 The most lethal damage ROS can cause is that exerted on DNA. This damage can 
result in single- or double-strand breaks, interchanging of sister chromatids, cross- 
linking of DNA to DNA or protein, and base modifi cations [ 77 – 79 ]. Although all 
four bases of DNA are susceptible to ROS-mediated alterations, hydroxylated 
nucleotide 8-hydroxydeoxyguanosine (8-OHdG) was for the fi rst time referred to as 
a major product of oxidative DNA damage, and high concentrations of 8-OHdG in 
biological fl uids are considered a biomarker of ROS [ 80 – 91 ]. Damages in DNA are 
constantly repaired, and simply measuring 8-OHdG levels is not suffi cient to mea-
sure the extent of ROS; however, higher concentrations of 8-OHdG clearly indicate 
an underlying pathology that cannot be ignored.  

    Interaction Between OS and Other Pathways 
of Tissue Stress and Damage 

 The idea that ROS are signaling molecules in a variety of cellular processes sug-
gests that an overabundance of ROS in a cell is likely to drive dysregulation at the 
molecular, cellular, tissue, and organ levels. Parturition comprises uterine contrac-
tion, membrane rupture, and dilation of the cervix. The mechanisms underlying 
these processes include infl ammation, apoptosis, senescence, and alterations in col-
lagen and the extracellular matrix. Expanding evidence, briefl y mentioned here 
below, suggests ROS are involved in these mechanisms. 

    OS and Infl ammation 

 ROS can regulate infl ammation on several levels, possibly producing disparate 
results. For example, ROS can support the function of the NLRP3/NALP3 “infl am-
masome.” This group of interacting proteins cleaves pro-IL-1β and pro-IL-18 to their 
active forms which then are released and free to bind to their receptors. In contrast, 
oxidation of caspase 1, another member of the infl ammasome, can lead to caspase-1 
inactivation, thus suppressing infl ammation by this pathway [ 92 ]. Toll- like recep-
tors (TLR) are thought to be an important mediator of PTB-induced infection. 
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While signals through these receptors may themselves generate ROS (Sanlioglu, 
Williams et al. 2001   ), these molecules can enhance the TLR signaling pathway to 
activate more NF-κB and nuclear translocation [ 93 ,  94 ] and subsequent expression 
of such molecules as cyclooxygenase 2 [ 95 ]. Tumor necrosis factor (TNF), a key 
infl ammatory cytokine, binds to TNF membrane receptor and subsequently sup-
ports production of ROS which can then mediate cellular necrosis via the MLKL 
pathway [ 96 ].  

    OS and Apoptosis 

 OS has been implicated in enhanced apoptosis in degenerative disease, trauma and 
sepsis, and other disorders. Mitochondrial accumulation of ROS can lead to cyto-
solic release of proapoptotic proteins and contribute to the formation of the “apopto-
some” [ 97 ]. Recently, members of the Wnt/b-catenin family have been linked to 
protection against ROS-induced apoptosis [ 98 ]. Both proteins are downregulated in 
abnormal pregnancy [ 99 ]. In addition, ROS can enhance apoptosis via TNF expres-
sion [ 100 ]; TNF then binds to its receptor and can lead to caspase-mediated apopto-
sis [ 96 ]. Moreover, TNF can participate in a signaling pathway involving RIP1 and 
or RIP3 leading to regulated necrosis or necroptosis, thus suggesting that ROS may 
lead to this alternative form of programmed cell death.  

    OS and Autophagy 

 Autophagy comprises three processes called “chaperone-mediated autophagy,” 
“microautophagy,” and “macroautophagy” and is the regulated process by which 
abnormal cytoplasmic proteins or organelles are targeted to the lysosome for degra-
dation [ 101 ]. Although initially thought to be a response to starvation, growth factor 
depravation, or energy depletion, autophagy is now thought to play a critical role    in 
immunity and cellular homeostasis. OS enhances expression and function of several 
key proteins in the generation of the autophagosome [ 102 ], and autophagy is thought 
to help remove proteins damaged by ROS. ROS may also enhance autophagy 
through suppression of the mTOR pathway [ 103 ,  104 ].  

    OS and Senescence 

 It has been hypothesized that placental senescence occurs as a result of OS and is a 
contributor to stillbirth [ 105 ]. A potential underlying mechanism is likely through 
damage to telomeres, which are rich in residues that are susceptible to oxidative 
attack [ 105 ]. Oxidative damage to telomeres in the context of the normal decrease 
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in telomerase activity that occurs with time during gestation could lead to decreased 
telomere length and decreased ability for cellular turnover [ 106 ]. 

 Within the uterus, decidual senescence due to premature terminal differentiation 
and restricted growth may also be a cause of PTB [ 107 ]. Such senescence has been 
observed in the context of enhanced mammalian target of rapamycin complex 1 
(mTORC1) pathway signaling [ 107 ]. ROS regulation of this pathway is complex, as 
low levels of ROS can enhance, but high levels can inhibit senescence [ 108 ]. In addi-
tion, activation of this pathway may itself support increased production of ROS [ 109 ].  

    OS and Lysis of Collagen 

 The extracellular matrix is comprised of a number of polysaccharides and protein 
fi bers. Collagen is an important fi ber in the extracellular matrix and undergoes sig-
nifi cant alteration in cervical dilation. Matrix metalloproteinases 1, 8, and 13—
among others—are important collagenases. There is evidence that ROS may both 
increase the expression [ 110 ] and the activation of MMPs [ 111 ].  

    Antioxidant Mechanisms and the Sources of ROS 

 Generation of ROS is tightly regulated by an array of enzymatic and nonenzymatic 
ways to keep redox balance. This balance in humans is maintained by a well- 
orchestrated antioxidant system that is responsible for homeostatic balance which 
maintains physiologic functions but prevents oxidative damage. Antioxidants, in 
general, are substances that decrease the severity of OS by forming less active radi-
cals or by quenching damage created by free-radical chain reactions. Antioxidants 
can be classifi ed into three major categories and include (1) low molecular antioxi-
dants (glutathione [GSH], vitamins C and E, bilirubin, and urate); (2) enzymes that 
neutralize free radicals (superoxide dismutase), catalase, glutathione peroxidase, 
DT diaphorase, and peroxiredoxin; and (3) nonenzymatic proteins (thioredoxin, 
glutaredoxin, and metallothioneins).  

    OS and Animal Models of Prematurity 

 Much of the data from animal models relating OS to poor pregnancy outcomes has 
occurred in animal models of preeclampsia [ 37 ,  112 ]. Little attention therefore has 
been paid to the length of gestation in these models. This issue will likely be 
addressed in future studies. Because of the mechanisms related to both infl amma-
tion and infection, it is logical to examine the role of OS in animal models of infec-
tion or infl ammation-induced prematurity. The only studies specifi cally addressing 
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this issue in animals utilize the lipopolysaccharide (LPS)-induced preterm labor 
mouse m   odel [ 56 ,  113 – 115 ]. 2011). These studies have been used to show an 
increase in OS in the placenta of mice given LPS during pregnancy [ 113 ]. These 
studies have also shown the protective effect of antioxidant therapy in increasing the 
time till delivery in mice given LPS [ 56 ,  113 ,  115 ].  

    OS in Adverse Pregnancy Outcome and Failure 
of Antioxidant Clinical Trials 

 Healthy pregnancy, as with other physiological states, is characterized by a stable 
redox balance between ROS and antioxidants [ 20 ,  21 ,  116 ]. Reviews by Myatt 
et al., Agarwal et al., Dennery et al., and many others have already highlighted 
ROS-associated damages and their infl uence on adverse pregnancy outcome [ 18 , 
 20 ,  21 ,  117 ]. Several clinical trials have been conducted to minimize ROS and 
improve pregnancy outcome with a marginal success rate [ 22 ,  118 – 123 ]. Many of 
these trials were conducted to reduce the risk of preeclampsia, with an underlying 
ROS pathology with defective placentation. Numerous reasons can be cited for the 
failure in these trials, but the following primary factors are highlighted:

    1.    These interventions are based on oxidative damage and not necessarily the type 
of ROS that leads to oxidative damage. ROS is not likely a causal factor but a 
pathophysiology secondary to other signals; therefore, it is unlikely that revers-
ing OS would reduce the risk of adverse pregnancy outcome.   

   2.    Clinical trials are conducted based on the generalized theory that OS is an 
underlying pathology. This is unlikely and may very well be limited to a subset 
of subjects with specifi c exposures that can cause ROS. These exposures can 
be, but are not limited to, cigarette smoking, obesity, and antioxidant nutrient 
defi ciency.   

   3.    There are no biomarkers used for screening subjects for ROS prior to interven-
tion to document the type of ROS and to assess the amount of ROS-associated 
damage. Even the type of biomarker measures may not be refl ective of the type 
of exposure or extent of ROS as these markers may represent an end-stage indic-
ative of damage and not necessarily risk.   

   4.    Like infl ammation, ROS is not a homogeneous phenomenon. Different tissues 
and cells (and even within the cell itself), cytoplasmic and nuclear membranes, 
and the contents of different organelles (inner and outer membranes of mito-
chondria) may react differently to different stressors producing distinct patterns 
of ROS. The antioxidants used in trials may curtail a particular ROS pathway or 
production of a specifi c free radical, but depending on the type of risk in a given 
individual, the ROS pathway and antioxidant requirement may be different.   

   5.    As mentioned above, ROS-associated damage can be any of the major functional 
elements mentioned earlier, and the degree of damage is likely dependent on the 
site, dose of risk factors, and type of trigger that initiate an ROS-mediated response.    
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  The above arguments highlight the need for more basic and functional studies to 
better understand the role of ROS in the initiation of the pathologic pathways ending 
in adverse birth outcomes and also the need to design more appropriate clinical tri-
als based on the following: (1) risk exposure, (2) type of ROS response, and (3) type 
of antioxidant requirement.  

    OS in PTB and pPROM 

 There is a paucity of studies specifi cally addressing the mechanistic role of ROS in 
PTB and pPROM [ 29 ,  45 ,  46 ,  51 – 54 ,  56 ,  81 ,  124 ]. Numerous studies have exam-
ined either ROS markers or antioxidant gene expression; however, these studies 
have not suffi ciently generated targets for intervention or projected biomarkers of 
these conditions. The Menon laboratory has recently been interested in understand-
ing the factors that generate ROS, and we are trying to understand the mechanistic 
role of ROS in PTB and pPROM. The next section of this chapter introduces several 
new concepts based on our laboratory’s recent published and unpublished data rel-
evant to ongoing studies. Readers are warned that we are neither projecting PTB or 
pPROM biomarkers nor intervention targets. Our aim is to inspire readers to engage 
in future research leading to drawing pathways infl uenced by ROS along with 
infl ammation.  

    Measurement of Lipid Peroxidation Marker F2-Isoprostanes 
in PTB and pPROM Amniotic Fluid Samples 

 Isoprostanes (IsoP) are eicosanoids formed by the oxidation of arachidonic acid, 
a ubiquitous polyunsaturated fatty acid [ 76 ,  125 – 128 ]. Unlike prostaglandins 
(PG), which are formed via the action of the cyclooxygenase enzymes, the most 
well- studied form, F2-IsoP, contains F-type prostane rings that are isomeric to 
PGF2α and are formed nonenzymatically as a result of the free-radical-mediated 
peroxidation of arachidonic acid. The biological functions of IsoP include vaso-
constriction, induction of osteoclast and macrophage activation differentiation 
leading to bone resorption, inhibition of platelet aggregation, induction of hyper-
trophy in cardiac endothelial cells, induced endothelin release, and proliferation 
of vascular smooth muscle cells [ 76 ,  127 ]. In a case-control study, amniotic fl uids 
were collected at the time of labor or during cesarean delivery [ 52 ]. Samples were 
subjected to gas chromatography, negative ion chemical ionization, and mass 
spectrometry for F2-IsoP. Primary analysis examined differences between pros-
tanoid concentrations in PTB ( n  = 133) compared with term births ( n  = 189). 
Secondary stratifi ed analyses compared eicosanoid concentrations in three epide-
miological risk factors (race, cigarette smoking, and microbial invasion of amni-
otic cavity [MIAC]). Amniotic fl uid F2-IsoP was signifi cantly higher at term than 
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in PTB [ 52 ] (Fig.  5.1 ). Regardless of gestational age status, F2-IsoP was threefold 
higher in smokers than nonsmokers. PTB with MIAC had signifi cantly higher 
F2-isoprostane compared with PTB without MIAC. The concentrations of F2-IsoP 
in smokers from PTB were much higher than those found in cases with 
MIAC. These results prompt us to postulate that OS, as manifested by F2-IsoP, is 
a risk-specifi c response to smoking and infection but not necessarily a general 
effector of the labor. PGF2α, a proinfl ammatory    uterotonic, was severalfold higher 
in PTB than normal term births suggesting that PG may play the role of the effec-
tor for PTB pathway, whereas underlying OS could be a major initiator of the 
labor process.

   In the next phase of this study, we examined amniotic fl uid samples from 
pPROM and compared these with data from PTB and term births. When F2-IsoP 
data were compared with PTB and term birth, pPROM had the highest concen-
tration of F2-IsoP compared to gestational age-matched PTB or normal term 
birth. Similar to PTB and term births, smokers and MIAC also had the highest 
F2-IsoP concentrations. The concentrations were also higher in subjects who 
reported smoking during pregnancy than in cases with MIAC. These data are 

F2-IsoP in Amniotic Fluid
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F2-IsoP concentrations were measured in amniotic fluid samples from spontaneous
preterm birth (PTB) and normal term birth using GC/MS. F2-IsoP concentration 
was higher at term than PTB.

  Fig. 5.1                 
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indicative of measurable OS response due to lipid peroxidation in the intra-
amniotic environment and OS’s  differential role in two pregnancy complica-
tions that otherwise have overlapping etiologies, have pathophysiologic 
pathways, and share several common infl ammatory biomarkers. Although con-
siderable overlap and interaction exist between the infl ammatory and OS path-
ways, our results suggest that these pathways may uniquely be operative in 
different pregnancy complications and their activation is likely dependent on 
the type of risk exposure.  

    Cigarette Smoke Extract (CSE) Increases Lipid Peroxidation 
and F2-IsoP Production from Human Fetal Membranes In Vitro 

 The effect of cigarette smoke and infection, two risk factors for PTB and pPROM, 
on fetal membrane ROS was further verifi ed using our fetal membrane organ 
explant model. CSE were prepared by bubbling smoke drawn from a single-lit com-
mercial cigarette as explained in our prior reports. Each cigarette is reported to 
contain 26 mg of tar and 1.7 mg of nicotine. CSE was prepared fresh for each 
experiment. Normal term, not-in-labor, fetal membrane explants were exposed to 
culture media containing CSE and LPS (100 ng/ml) and stimulated for 24 h. CSE-
exposed fetal membranes produced signifi cantly higher F2-IsoP than unexposed 
controls [ 46 ] (Fig.  5.2 ). The concentration of F2-IsoP in LPS-treated membranes 
was considerably less than that in CSE-treated tissues. These data confi rmed our 

  Fig. 5.2           
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in vivo analysis of amniotic fl uid where we observed similar changes in response to 
different risk factors.

       DNA Peroxidation and Telomere Attrition 
Associated with PTB and pPROM 

 Telomeres are DNA-protein complexes that cap the ends of chromosomes and 
preserve chromosomal stability throughout the cell cycle [ 14 ,  15 ]. When chro-
mosomes undergo replication during cell division, the telomere is not fully rep-
licated secondary to limitations of the DNA polymerase activity at the 59 end of 
the lagging strand, resulting in progressive telomere shortening with each cell 
cycle. Thus, telomere lengths serve as a valid marker of a cell’s “biologic age” 
[ 129 – 132 ]. Emerging studies suggest that in adults, biochemical mediators of 
physiological and psychological stress result in OS, accelerate telomere short-
ening, and advance cellular aging [ 133 – 135 ]. Cellular senescence, as evidenced 
by shortened telomeres, is a predictor of mortality and a number of chronic 
diseases such as obesity, diabetes, and cardiovascular and infl ammatory disor-
ders [ 136 – 140 ]. Our study analyzed fetal leukocyte telomere length during ges-
tation, comparing telomere length among products of pPROM, PTB, and normal 
term births to ascertain the risk of the three pregnancy outcomes in subjects with 
reduced telomere length. Telomere lengths were quantifi ed in cord blood leuko-
cytes ( n  = 133) from three major groups using real-time quantitative PCR: (1) 
pPROM ( n  = 28), (2) PTB ( n  = 69), and (3) uncomplicated full-term births (con-
trols,  n  = 35). Telomere length was calculated using the empirically derived qua-
dratic formula: telomere l   ength (bp) = 37,631x22 85075x + 53,005. Reference 
standards of genomic DNA with known telomere length (from pooled “old,” 
“middle-aged,” and “young” subjects) were used to normalize the assay. 
Placental membrane specimens ( n  = 18) were used to correlate fetal leukocyte 
and placental telomere lengths. 

 Initially, we calculated fetal leukocyte telomere length in pregnancies delivered 
with intact membranes. As anticipated, we observed a general trend that telomere 
length was inversely proportional to gestational age [ 45 ]. The longest telomeres 
(25,258 bp) were noted in a PTB sample at 174 days gestation and the shortest telo-
meres (5,022 bp) in a term pregnancy delivered at 282 days. These data should be 
interpreted with caution as fetal telomeres from PTB may be confounded by patho-
logical complications leading to early delivery. Primary analyses compared telo-
mere lengths among pPROM, PTB, and term birth. Overall, telomere length was not 
different between pPROM (996,263,124 bp) and term birth (901,162,497 bp; 
 p  = 0.31). PTB had signifi cantly longer telomeres (1,154,664,348 bp) than either 
pPROM ( p  = 0.05) or term birth ( p  < 0.01) groups. When the data were further strati-
fi ed based on gestational age, early pPROM and PTB (<32 weeks) had similar 
 evidence of infection, infl ammation, and low birth weight. Fetal telomeres from 
PTB <32 weeks had longer telomeres (1,167,964,926 bp) than those of gestation 
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age- matched pPROM (943,262,618 bp;  p  = 0.01), whereas no difference was seen in 
telomere length between fetuses from pPROM (1,240,064,374 bp) and PTB 
<2 weeks (1,141,663,771 bp;  p  = 0.63). Interestingly, pPROM <32 weeks had simi-
lar fetal telomere length (943,262,618 bp) to that detected in term births 
(901,162,497 bp;  p  = 0.67). However, marginally longer telomeres were observed in 
pPROM >32 weeks (1,240,064,374 bp) compared with term births (901,162,497 bp; 
 p  = 0.07). When data were compared based on infection status, we did not observe 
any statistically signifi cant difference between the infection groups in pPROM and 
PTB, and this very well may be attributed to sample size. Regardless, pPROM had 
much lower telomere length than gestational-age-matched PTB which were similar 
to those found at term. 

 Analyses were performed to correlate matched fetal leukocyte and placental 
membrane telomere lengths. Telomere lengths in placental membranes were sys-
tematically longer than corresponding fetal leukocyte telomeres; however, the same 
trends in pPROM and PTB were maintained. Placental membrane telomeres were 
shorter in pPROM (922,763,389 bp) compared with PTB (1,444,463,320 bp; 
 p  = 0.05), whereas no differences were seen between pPROM and term birth 
(1,184,264,456 bp;  p  = 0.32). A strong Pearson’s correlation was observed between 
placental membrane and fetal DNA telomere lengths ( r  = 0.77;  p  < 0.01) despite a 
small sample size. 

 The responses of telomeres to OS support our hypothesis and prior observations 
that specifi c subsets of PTB may be caused by OS [ 45 ,  46 ]. Due to their high content 
of guanines, which undergo oxidative modifi cation to 8-oxo-dG bases, telomeres 
are highly sensitive to damage by OS. Senescent cells have four times the 8-oxo-dG 
content of healthy cells [ 141 – 143 ]. Furthermore, ROS, especially HO•, can intro-
duce single-strand DNA breaks, which are less amenable to repair in telomeric than 
genomic DNA. In vitro studies also indicate that infection, infl ammation, and 
infl ammatory cytokines per se (e.g., TNF-α) downregulate hTERT enzyme activity 
(an enzyme that maintains telomere length) accelerating cell senescence [ 144 – 146 ]. 
We postulate that OS-mediated telomere shortening is a normal physiologic process 
leading to term delivery but is activated prematurely in pPROM prior to PTB.  

    Telomere Shortening in Amnion Cells Exposed 
to Cigarette Smoke  

 We recently performed a pilot study to test our system for telomere measurements 
using in vitro-cultured amnion cells from normal term cesarean sections at 38 weeks. 
In control cells, telomere length was 1.433 ± 1.369 (mean ± STD), and in CSE- 
treated cells, 0.6177 ± 0.2797 after 24 h. These lengths were further decreased over 
time as expected, and after 96 h in culture and simulation, telomere lengths were 
1.092 ± 0.6564 in controls and 0.2273 ± 0.09817 in CSE-treated cells. Although we 
saw a severalfold decrease in telomere length, these data did not achieve statistical 
signifi cance due to sample size. Additionally, we noticed DNA damage in these 
cells and generation of 8-oxoG lesions.  
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    Lipid and DNA Peroxidation Indicate OS-Associated Pathology 
in Adverse Pregnancy Outcome 

 The above detailed data are strong indicators of OS response in PTB and pPROM 
and likely a driving force in normal term birth as well. OS response is much more 
prevalent in pPROM than PTB with intact membranes, especially in early pPROM 
cases (<34 weeks).  

    OS and Senescence 

 Emerging data from ongoing studies in our laboratory are indicative of OS-associated 
changes inducible in fetal tissues by PTB and pPROM risk factors, and we postulate 
that one of the changes that can result from OS damage is senescence of the fetal 
membranes or other intrauterine tissues. Senescence of the placenta, a condition 
associated with OS, is expected in normal term births, and this is likely a natural 
physiologic response that eventually leads to the birthing process. However, prema-
ture senescence at the maternal fetal interface due to ROS (indicated by lipid peroxi-
dation, DNA damage, and telomere reduction) is a pathologic process that can cause 
fetal membrane extracellular matrix degradation, chorioamnionitis, and eventual 
rupture of the membranes. Apoptosis of the membranes has been well connected to 
PTB and pPROM, but senescence is not well documented. Senescence is an irre-
versible growth arrest of cells. Unlike apoptosis, these cells can persist, alter their 
function, and change the tissue environment. This change is often associated with 
senescence-associated secretory phenotype (SASP) characterized by infl ammatory 
markers like cytokines and matrix metalloproteinases, an infl ammatory feature 
underlying pPROM and a larger subset of PTB [ 147 ] that reduces fetal membrane 
tensile strength, thus weakening the membranes. Activation of this infl ammatory 
process can also cause myometrial activation and cervical ripening. It is likely that 
both apoptosis and senescence are still factors that can associate with PTB and 
pPROM, and the delineation of pathways may very well depend on the dose of the 
stimulus and the extent of activation of downstream elements that can either cause 
apoptosis or senescence. When exposed to OS-inducer cigarette smoke, amnion 
cells showed an increased number of cells with senescence-associated β-gal stain-
ing (Fig.  5.3 ) compared with control, confi rming risk-associated induction of senes-
cence changes in fetal cells.

   We therefore postulate that PTB and pPROM risk factors can cause OS dam-
ages at the maternal fetal interface, and this can result in pathologic changes as 
explained above. OS damages can be the initiator of preterm labor process or it 
can be secondary to infl ammation. Depending on the type of risk factor, its dose, 
and the tissue type (location), either infl ammation or OS can be the initiator of 
the phenotypic changes associated with PTB and pPROM. Further studies are 
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required to understand the kinetics of OS and infl ammation to identify the 
 initiator to better understand the underlying pathology. Diagnosis of high-risk 
pregnancies cannot be generalized based on infl ammation alone as most of cur-
rent literature suggests. OS markers along with infl ammatory indicators may 
provide much more valuable information for better diagnosis and identifying 
targets for intervention.   

    Summary 

 PTB is a clinically important and heterogeneous syndrome leading to neonatal com-
promise. The major categories of PTB are driven by many different clinical and 
biological causes. However, this chapter proposes that OS and the complex biology 
of ROS may specifi cally contribute signifi cantly to the pathophysiology involved in 
each category. Herein we review how ROS interact with several major biological 
pathways including infl ammation, apoptosis, autophagy, senescence, and collagen 
metabolism. Further, we propose that this interactive role underlies several of the 
processes involved in PTB by impacting the fi nal common pathways involved in 
placental dysfunction, uterine contractions, and the premature rupture of mem-
branes. This chapter further suggests that the apparent confl ict in the association 
between exposure to OS and PTB seen in epidemiologic studies on the one hand 
and the apparent lack of effect in antioxidant therapy in clinical trials to improve 
clinical outcome on the other stems from the need for a more complete understand-
ing of the underlying biology of ROS. Such an understanding may be derived from 
careful studies in animal models and humans.     

  Fig. 5.3           
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           Introduction 

 It is becoming increasingly apparent that the in utero environment in which a fetus 
grows and develops may have long-term effects on subsequent health and survival 
[ 1 ,  2 ]. The landmark cohort study of 300,000 men by Ravelli and colleagues showed 
that exposure to the Dutch famine of 1944–1945 during the fi rst half of pregnancy 
resulted in signifi cantly higher obesity rates at age 19 [ 3 ]. Subsequent studies 
 demonstrated a relationship between low birth weight and the later development of 
cardiovascular disease [ 4 ] and impaired glucose tolerance [ 5 – 7 ] in men in England. 
Those men who were smallest at birth (2.5 kg) were nearly seven times more likely 
to have impaired glucose tolerance or type 2 diabetes than were those who were 
heaviest at birth. In addition, the investigators found a similar relationship between 
lower birth weight and higher systolic blood pressure and triglyceride levels [ 8 ]. 
Subsequent studies in diverse populations through the world have demonstrated a 
signifi cant correlation between low birth weight and the later development of type 
2 diabetes [ 9 – 21 ].  

    Role of Oxidative Stress 

 Uteroplacental insuffi ciency, caused by such disorders as preeclampsia, maternal 
smoking, and abnormalities of uteroplacental development, is one of the most com-
mon causes of fetal growth retardation. In the face of uteroplacental insuffi ciency, 
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the fetus adapts to an inadequate supply of substrates (such as glucose, amino acids, 
fatty acids, and oxygen) by metabolic changes, redistribution of blood fl ow, and 
changes in the production of fetal and placental hormones which control growth. 
The fetus’ immediate metabolic response to placental insuffi ciency is catabolism: it 
consumes its own substrates to provide energy, and there are shifts from accretion 
to oxidative metabolism and breakdown of protein/glycogen for oxidative metabo-
lism, or both. A more prolonged reduction in availability of substrates leads to a 
slowing in growth. This enhances the fetus’ ability to survive by reducing the use of 
substrates and lowering the metabolic rate. Slowing of growth in late gestation leads 
to disproportion in organ size, since organs and tissues that are growing rapidly at 
the time are affected the most. 

 Multiple studies have now shown that intrauterine growth retardation is associ-
ated with increased oxidative stress in the human fetus [ 22 – 30 ]. A major conse-
quence of limited nutrient availability is an alteration in the redox state in susceptible 
fetal tissues leading to oxidative stress. In particular, low levels of oxygen, evident 
in growth-retarded fetuses, will decrease the activity of complexes of the electron 
transport chain, which will generate increased levels of reactive oxygen species 
(ROS) [ 31 – 33 ]. Overproduction of ROS initiates many oxidative reactions that lead 
to oxidative damage not only in the mitochondria but also in cellular proteins, lipids, 
and nucleic acids. Increased ROS levels inactivate the iron-sulfur centers of the 
electron transport chain complexes, and tricarboxylic acid cycle aconitase, resulting 
in shutdown of mitochondrial energy production.  

    What Animal Models Can Tell Us 

 Animal models have a normal genetic background upon which environmental 
effects during gestation or early postnatal life can be tested for their role in inducing 
diabetes. For a comprehensive survey of the numerous animal models of fetal 
growth retardation, the reader is referred to two excellent reviews [ 34 ,  35 ]. The most 
commonly used animal models are caloric or protein restriction, glucocorticoid 
administration, or induction of uteroplacental insuffi ciency in the pregnant rodent. 
In the rat, maternal dietary protein restriction (approximately 40–50 % of normal 
intake) throughout gestation and lactation has been reported to impair glucose toler-
ance and induce hypertension in the adult offspring [ 36 – 41 ]. Offspring are signi-
fi cantly growth retarded, remain growth retarded throughout life, and in some cases 
develop mild β-cell secretory abnormalities [ 36 – 40 ] and in others insulin resistance 
[ 38 ,  41 ]. Aged rats develop hyperglycemia characterized by defects in insulin sig-
naling in muscle, adipocytes, and liver [ 41 – 45 ]. 

 Fetal overexposure to glucocorticoids either via maternal administration or 
by inhibition of placental 11beta-hydroxysteroid dehydrogenase type 2 (11βHSD2) 
in the rat results in fetal growth restriction and induces hypertension and glucose 
intolerance, and increased basal hypothalamic-pituitary-adrenal (HPA) activity 
after birth [ 46 – 49 ]. 
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 To extend these experimental studies of growth retardation, we developed a 
model of uteroplacental insuffi ciency (IUGR) induced by bilateral uterine artery 
ligation at day 18 of gestation (term is 22 days) in the rat that restricts fetal growth 
[ 50 ,  51 ]. Growth-retarded fetal rats have critical features of a metabolic profi le char-
acteristic of growth-retarded human fetuses: decreased levels of glucose, insulin, 
insulin-like growth factor 1 (IGF-I), amino acids, and oxygen [ 52 – 54 ]. By 6 months 
of age, IUGR rats develop diabetes with a phenotype remarkably similar to that 
observed in the humans with type 2 diabetes: progressive dysfunction in insulin 
secretion and insulin action. Thus, the studies in various animal models support the 
hypothesis that an abnormal intrauterine milieu can induce permanent changes in 
glucose homeostasis after birth and lead to type 2 diabetes in adulthood.  

    Cellular Mechanisms: Mitochondrial Dysfunction 
and Oxidative Stress 

 The intrauterine environment infl uences development of the fetus by modifying 
gene expression in both pluripotential cells and terminally differentiated cells. 
The long-range effects on the offspring (into adulthood) depend upon the cells 
undergoing differentiation, proliferation, and/or functional maturation at the time of 
the disturbance in maternal fuel economy. 

 A key adaptation enabling the fetus to survive in a limited energy environment 
may be the reprogramming of mitochondrial function [ 55 – 57 ]. However, these 
alterations in mitochondrial function can have deleterious effects, especially in cells 
that have a high energy requirement, such as the β-cell. The β-cell depends upon the 
normal production of ATP for nutrient-induced insulin secretion [ 58 – 65 ] and prolif-
eration [ 66 ]. Thus, an interruption of mitochondrial function can have profound 
consequences for the β-cell. 

 Mitochondrial dysfunction can also lead to increased production of reactive 
 oxygen species (ROS), which will lead to oxidative stress if the defense mecha-
nisms of the cell are overwhelmed. β-cells are especially vulnerable to attacks by ROS 
because expression of antioxidant enzymes in pancreatic islets is very low [ 67 ,  68 ] 
and β-cells have a high oxidative energy requirement. Increased ROS impair glu-
cose stimulated insulin secretion [ 66 ,  69 ,  70 ], decrease gene expression of key 
β-cell genes [ 71 – 77 ], and induce cell death [ 78 – 80 ]. 

 We have found that uteroplacental insuffi ciency induces oxidative stress and 
marked mitochondrial dysfunction in the fetal β-cell [ 81 ]. ATP production is 
impaired and continues to deteriorate with age. The activities of complexes I and III 
of the electron transport chain progressively decline in IUGR islets. Mitochondrial 
DNA point mutations accumulate with age and are associated with decreased 
mtDNA content and reduced expression of mitochondrial-encoded genes in IUGR 
islets. Mitochondrial dysfunction results in impaired insulin secretion. These results 
demonstrate that IUGR induces mitochondrial dysfunction in the fetal β-cell, 
 leading to increased production of ROS, which in turn damage mtDNA [ 81 ]. 
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A self- reinforcing cycle of progressive deterioration in mitochondrial function leads 
to a corresponding decline in β-cell function. Finally, a threshold in mitochondrial 
dysfunction and ROS production is reached and diabetes ensues. 

 Mitochondrial dysfunction is not limited to the β-cell in the IUGR animal. IUGR 
animals exhibit marked insulin resistance early in life (prior to the onset of hyper-
glycemia), characterized by blunted whole-body glucose disposal in response to 
insulin and impaired insulin suppression of hepatic glucose output [ 82 ]. Basal 
hepatic glucose production is also increased [ 82 ]. Oxidation rates of pyruvate, glu-
tamate, succinate, and α-ketoglutarate are signifi cantly blunted in isolated hepatic 
mitochondria from IUGR pups (prior to the onset of diabetes) [ 82 ]. Rotenone- 
sensitive NADH-O 2  oxidoreductase activity is similar in control and IUGR mito-
chondria, showing that the defect responsible for decreased pyruvate, glutamate, and 
 a   ketoglutarate oxidation in the IUGR liver precedes the electron transport chain 
and involves pyruvate and α-ketoglutarate dehydrogenases. Increased levels of 
manganese superoxide dismutase (MnSOD) suggest that an antioxidant response 
has been mounted, and 4-hydroxynonenal (HNE) modifi cation of pyruvate dehy-
drogenase E2 catalytic and E3-binding protein subunits suggests that HNE-induced 
inactivation of this key enzyme may play a role in the mechanism of injury. These 
results indicate that uteroplacental insuffi ciency impairs mitochondrial oxidative 
phosphorylation in the liver, and this derangement predisposes the IUGR rat 
to increased hepatic glucose production by suppressing pyruvate oxidation and 
increasing gluconeogenesis [ 82 ]. As increased hepatic glucose production and 
hepatic insulin resistance are associated with type 2 diabetes, the observed abnor-
malities in the IUGR liver likely play key roles in the pathophysiology of type 2 
diabetes in this animal model. 

 Mitochondria in muscle of IUGR young adult rats, prior to the onset of hypergly-
cemia, exhibit signifi cantly decreased rates of state 3 oxygen consumption with 
pyruvate, glutamate, α-ketoglutarate, and succinate [ 83 ]. Decreased pyruvate oxida-
tion in IUGR mitochondria is associated with decreased ATP production, decreased 
pyruvate dehydrogenase activity, and increased expression of pyruvate dehydroge-
nase kinase 4 (PDK4). Such a defect in IUGR mitochondria leads to a chronic 
reduction in the supply of ATP available from oxidative phosphorylation. Impaired 
ATP synthesis in muscle compromises energy-dependent GLUT4 recruitment to the 
cell surface, glucose transport, and glycogen synthesis, which contributes to insulin 
resistance and hyperglycemia of type 2 diabetes [ 84 ]. 

 Other animal models of fetal growth retardation also show mitochondrial abnor-
malities. Mitochondrial DNA content is reduced in the liver, pancreas, and skeletal 
muscle of male offspring of dams fed a low-protein diet during pregnancy and lacta-
tion [ 85 ,  86 ]. This was associated with reduced expression of mitochondrial DNA- 
encoded genes [ 86 ]. More recently, a targeted metabolomics study in a rabbit IUGR 
model (unilateral uterine artery ligation) revealed a signifi cant increase in metabolites 
associated with oxidative stress in IUGR rabbit brain [ 87 ]. Thus, multiple models of 
fetal growth restriction in different species show oxidative stress in several tissues, 
suggesting that mitochondrial dysfunction is a central mechanism in the pathogenesis 
of fetal growth restriction and the later development of disease in adulthood. 
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 A number of studies in humans further suggest that mitochondrial dysfunction 
may contribute to type 2 diabetes. Studies using  13 C and  31 P magnetic resonance 
spectroscopy (MRS) have shown decreases in mitochondrial activity and increases 
in intramyocellular fat content in young insulin-resistant offspring of parents with 
type 2 diabetes, a group that has a strong tendency to develop diabetes later in life 
[ 88 ]. Expression of genes involved in oxidative phosphorylation is reduced among 
patients with type 2 diabetes mellitus and insulin resistance [ 89 ], although this may 
be an effect rather than a cause of diabetes. However, it is not known whether mito-
chondrial defects are causal to the disease and what the contribution of mitochon-
drial dysfunction is to the development of diabetes in individuals who were born 
growth restricted. Thus, future studies need to be directed toward addressing this 
question.  

    Conclusions 

 The combined epidemiological, clinical, and animal studies clearly demonstrate 
that the intrauterine environment infl uences both growth and development of the 
fetus and the subsequent development of adult diseases. There are critical specifi c 
windows during development, often coincident with periods of rapid cell division, 
during which a stimulus or insult may have long-lasting consequences on tissue or 
organ function postnatally. Birth weight is only one marker of an adverse fetal 
 environment, and confi ning studies to this population only may lead to erroneous 
conclusions regarding etiology. Studies using animal models of uteroplacental 
insuffi ciency suggest that mitochondrial dysfunction and oxidative stress play an 
important role in the pathogenesis of the fetal origins of adult disease.     

   References 

    1.    Hales CN, Barker DJP. Type 2 diabetes mellitus: the thrifty phenotype hypothesis. Diabetologia. 
1992;35:595–601.  

    2.    Kermack WO. Death rates in Great Britain and Sweden. Lancet. 1934;1:698–703.  
    3.    Ravelli GP, Stein ZA, Susser MW. Obesity in young men after famine exposure in utero and 

early infancy. N Engl J Med. 1976;295:349–53.  
    4.    Barker DJP, Winter PD, Osmond C, Margetts B, Simmons SJ. Weight in infancy and death 

from ischaemic heart disease. Lancet. 1989;2:577–80.  
    5.    Hales CN, Barker DJP, Clark PMS, Cox LJ, Fall C, Osmond C, Winter PD. Fetal and infant 

growth and impaired glucose tolerance at age 64. BMJ. 1991;303:1019–22.  
   6.    Phipps K, Barker DJ, Hales CN, Fall CH, Osmond C, Clark PM. Fetal growth and impaired 

glucose tolerance in men and women. Diabetologia. 1993;36:225–8.  
    7.    Fall CHD, Osmond C, Barker DJP, Clark PMS, Hales CN, Stirling Y, Meade TW. Fetal and 

infant growth and cardiovascular risk factors in women. BMJ. 1995;310:428–32.  
    8.    Barker DJP, Hales CN, Fall CHD, Osmond C, Phipps K, Clark PMS. Type 2 diabetes mellitus, 

hypertension, and hyperlipidemia (syndrome X): relation to reduced fetal growth. Diabetologia. 
1993;36:62–7.  

6 Developmental Origins of Disease: The Role of Oxidative Stress



122

    9.    Hales CN, Barker DJ. The Thrifty phenotype hypothesis. Br Med Bull. 2001;60:5–20.  
   10.       Valdez R, Athens MA, Thompson GH, Bradshaw BS, Stern MP. Birthweight and adult health 

outcomes in a biethnic population in the USA. Diabetologia. 1994;37:624–31.  
   11.    Curhan GC, Willett WC, Rimm EB, Spiegelman D, Ascherio AL, Stampfer MJ. Birthweight 

and adult hypertension, diabetes mellitus and obesity in US men. Circulation. 1996;94: 
3246–50.  

   12.    Lithell HO, McKeigue PM, Berglund L, Mohsen R, Lithell UBN, Leon DA. Relation of size 
at birth to non-insulin dependent diabetes and insulin concentrations in men aged 50–60 years. 
BMJ. 1996;312:406–10.  

   13.    McKeigue PM, Lithell HO, Leon DA. Glucose tolerance and resistance to insulin-stimulated 
glucose uptake in men aged 70 years in relation to size at birth. Diabetologia. 1998;41: 
1133–8.  

   14.    Leger J, Levy-Marchal C, Bloch J, Pinet A, Chevenne D, Porquet D, Collin D, Czernichow 
P. Reduced fi nal height and indications for insulin resistance in 20 year olds born small for 
gestational age: regional cohort study. BMJ. 1997;315:341–7.  

   15.    Jaquet D, Gaboriau A, Czernichow P, Levy-Marchal C. Insulin resistance early in adulthood 
in subjects born with intrauterine growth retardation. J Clin Endocrinol Metab. 2000;85: 
1401–6.  

   16.    Egeland GM, Skjaerven R, Irgrens LM. Birth characteristics of women who develop gesta-
tional diabetes: population based study. BMJ. 2000;321:546–7.  

   17.    Forsen T, Eriksson J, Tuomilehto J, Reunanen A, Osmond C, Barker D. The fetal and child-
hood growth of persons who develop type 2 diabetes. Ann Intern Med. 2000;133:176–82.  

   18.    Rich-Edwards JW, Colditz GA, Stampfer MJ, Willett WC, Gillman MW, Hennekens CH, 
Speizer FE, Manson JE. Birthweight and the risk for type 2 diabetes mellitus in adult women. 
Ann Intern Med. 1999;130:278–84.  

   19.    Eriksson J, Forsen T, Tuomilehto J, Osmond C, Barker D. Fetal and childhood growth and 
hypertension in adult life. Hypertension. 2000;36:790–4.  

   20.    Bavdekar A, Sachdev HS, Fall CHD, Osmond C, Lakshmy R, Barker DJP, Biswas SKD, Ramji 
S, Prabhakaran D, Reddy KS. Relation of serial changes in childhood body-mass index to 
impaired glucose tolerance in young adulthood. N Engl J Med. 2004;350:865–75.  

    21.    Bavdekar A, Yajnik CS, Fall CH, Bapat S, Pandit AN, Deshpande V, Bhave S, Kellingray SD, 
Joglekar C. Insulin resistance syndrome in 8-year-old Indian children:small at birth, big at 
8 years, or both? Diabetes. 1999;48:2422–9.  

    22.    Myatt L, Eis ALW, Brockman DE, Kossenjans W, Greer IA, Lyall F. Differential localization 
of superoxide dismutase isoforms in placental villous tissue of normotensive, pre-eclamptic, 
and intrauterine growth-restricted pregnancies. J Histochem Cytochem. 1997;45:1433–8.  

   23.    Karowicz-Bilinska A, Suzin J, Sieroszewski P. Evaluation of oxidative stress indices during 
treatment in pregnant women with intrauterine growth retardation. Med Sci Monit. 2002; 
8:CR211–6.  

   24.    Ejima K, Nanri H, Toki N, Kashimura M, Ikeda M. Localization of thioredoxin reductase 
and thioredoxin in normal human placenta and their protective effect against oxidative stress. 
Placenta. 1999;20:95–101.  

   25.    Kato H, Yoneyama Y, Araki T. Fetal plasma lipid peroxide levels in pregnancies complicated 
by preeclampsia. Gynecol Obstet Invest. 1997;43:158–61.  

   26.    Bowen RS, Moodley J, Dutton MF, Theron AJ. Oxidative stress in pre-eclampsia. Acta Obstet 
Gynecol Scand. 2001;80:719–25.  

   27.    Wang Y, Walsh SW. Increased superoxide generation is associated with decreased superoxide 
dismutase activity and mRNA expression in placental trophoblast cells in pre-eclampsia. 
Placenta. 2001;22:206–12.  

   28.    Wang Y, Walsh SW. Placental mitochondria as a source of oxidative stress in pre-eclampsia. 
Placenta. 1998;19:581–6.  

   29.    Guvendag Guven ES, Karcaaltincaba D, Kandemir O, Kiykac S, Mentese A. Cord blood 
 oxidative stress markers correlate with umbilical artery pulsatility in fetal growth restriction. 
J Matern Fetal Neonatal Med. 2013;26(6):576–80.  

R.A. Simmons



123

    30.    Kimura C, Watanabe K, Iwasaki A, Mori T, Matsushita H, Shinohara K, Wakatsuki A. 
The severity of hypoxic changes and oxidative DNA damage in the placenta of early-onset 
preeclamptic women and fetal growth restriction. J Matern Fetal Neonatal Med. 2013;26(5): 
491–6.  

    31.    Esposti MD, McLennan H. Mitochondria and cells produce reactive oxygen species in virtual 
anaerobiosis: relevance to ceramide-induced apoptosis. FEBS Lett. 1998;430:338–42.  

   32.    Chandel NS, Budinger GRS, Schumacker PT. Molecular oxygen modulates cytochrome c 
 oxidase function. J Biol Chem. 1996;271:8672–18677.  

    33.    Gorgias N, Maidatsi P, Tsolaki M, Alvanou A, Kiriazis G, Kaidoglou K, Giala M. Hypoxic 
pretreatment protects against neuronal damage of the rat hippocampus induced by severe 
hypoxia. Brain Res. 1996;714:215–25.  

    34.    Fowden AL, Forhead AJ. Endocrine mechanisms of intrauterine programming. Reproduction. 
2004;127:515–26.  

    35.    McMillen C, Robinson JS. Developmental origins of the metabolic syndrome: prediction, 
plasticity, and programming. Physiol Rev. 2005;85:571–633.  

     36.    Dahri S, Snoeck A, Reusens-Billen B, Remacle C, Hoet JJ. Islet function in off-spring of 
mothers on low-protein diet during gestation. Diabetes. 1991;40:115–20.  

   37.    Snoeck A, Remacle C, Reusens B, Hoet JJ. Effect of a low protein diet during pregnancy on 
the fetal rat endocrine pancreas. Biol Neonate. 1990;57:107–18.  

    38.    Ozanne SE, Wang CL, Coleman N, Smith GD. Altered muscle insulin sensitivity in the male 
offspring of protein-malnourished rats. Am J Physiol. 1996;271:E1128–34.  

   39.    Berney DM, Desai M, Palmer DJ, Greenwald S, Brown A, Hales CN, Berry CL. The effects of 
maternal protein deprivation on the fetal rat pancreas: major structural changes and their recu-
peration. J Pathol. 1997;183:109–15.  

    40.    Wilson MR, Hughes SJ. The effect of maternal protein defi ciency during pregnancy and lacta-
tion on glucose tolerance and pancreatic islet function in adult rat offspring. J Endocrinol. 
1997;154:177–85.  

      41.    Burns SP, Desai M, Cohen RD, Hales CN, Iles RA, Germain JP, Going TCH, Bailey 
RA. Gluconeogenesis, glucose handling, and structural changes in livers of the adult offspring 
of rats partially deprived of protein during pregnancy and lactation. J Clin Invest. 1997; 
100:1768–74.  

   42.    Ozanne SE, Jensen CB, Tingey KJ, Storgaard H, Madsbad S, Vaag AA. Low birthweight is 
associated with specifi c changes in muscle insulin-signalling protein expression. Diabetologia. 
2005;48:547–52.  

   43.    Ozanne SE, Olsen GS, Hansen LL, Tingey KJ, Nave BT, Wang CL, Hartil K, Petry CJ, Buckley 
AJ, Mosthaf-Seedorf L. Early growth restriction leads to down regulation of protein kinase C 
zeta and insulin resistance in skeletal muscle. J Endocrinol. 2003;177:235–41.  

   44.    Petry CJ, Dorling MW, Pawlak DB, Ozanne SE, Hales CN. Diabetes in old male offspring of 
rat dams fed a reduced protein diet. Int J Exp Diabetes Res. 2001;2:139–43.  

    45.    Fernandez-Twinn DS, Wayman A, Ekizoglou S, Martin MS, Hales CN, Ozanne SE. Maternal 
protein restriction leads to hyperinsulinemia and reduced insulin-signaling protein expression 
in 21-mo-old female rat offspring. Am J Physiol Regul Integr Comp Physiol. 2005;288: 
R368–73.  

    46.    Benediktsson R, Lindsay R, Noble J, Seckl JR, Edwards CRW. Glucocorticoid exposure 
 in utero ; a new model for adult hypertension. Lancet. 1993;341:339–41.  

   47.    Lindsay RS, Lindsay RM, Edwards CRW, Seckl JR. Inhibition of 11β-hydroxysteroid dehy-
drogenase in pregnant rats and the programming of blood pressure in the offspring. 
Hypertension. 1996;27:1200–4.  

   48.    Lindsay RS, Lindsay RM, Waddell B, Seckl JR. Programming of glucose tolerance in the rat: 
role of placental 11β-hydroxysteroid dehydrogenase. Diabetologia. 1996;39:1299–305.  

    49.    Niyirenda MJ, Seckl JR. Intrauterine events and the programming of adulthood disease: the 
role of fetal glucocorticoid exposure. Int J Mol Med. 1998;2:607–14.  

    50.    Simmons RA, Templeton L, Gertz S, Niu H. Intrauterine growth retardation leads to type II 
diabetes in adulthood in the rat. Diabetes. 2001;50:2279–86.  

6 Developmental Origins of Disease: The Role of Oxidative Stress



124

    51.    Boloker J, Gertz S, Simmons RA. Offspring of diabetic rats develop obesity and type II diabetes 
in adulthood. Diabetes. 2002;51:1499–506.  

    52.    Ogata ES, Bussey M, Finley S. Altered gas exchange, limited glucose, branched chain amino 
acids, and hypoinsulinism retard fetal growth in the rat. Metabolism. 1986;35:950–77.  

   53.    Simmons RA, Gounis AS, Bangalore SA, Ogata ES. Intrauterine growth retardation: fetal 
glucose transport is diminished in lung but spared in brain. Pediatr Res. 1991;31:59–63.  

    54.    Unterman T, Lascon R, Gotway M, Oehler D, Gounis A, Simmons RA, Ogata ES. Circulating 
levels of insulin-like growth factor binding protein-1 (IGFBP-1) and hepatic mRNA are 
increased in the small for gestational age fetal rat. Endocrinology. 1990;127:2035–7.  

    55.    Sakai C, Tomitsuka E, Miyagishi M, Harada S, Kita K. Type II Fp of human mitochondrial 
respiratory complex II and its role in adaptation to hypoxia and nutrition-deprived conditions. 
Mitochondrion. 2013;13:602–9.  

   56.    Pejznochova M, Tesarova M, Hansikova H, Magner M, Honzik T, Vinsova K, Hajkova Z, 
Havlickova V, Zeman J. Mitochondrial DNA content and expression of genes involved 
in mtDNA transcription, regulation and maintenance during human fetal development. 
Mitochondrion. 2010;10:321–9.  

    57.    Lattuada D, Colleoni F, Martinelli A, Garretto A, Magni R, Radaelli T, Cetin I. Higher mito-
chondrial DNA content in human IUGR placenta. Placenta. 2008;29:1029–33.  

    58.    Panten U, Zielman S, Langer J, Zunkler BJ, Lenzen S. Regulation of insulin secretion by 
energy metabolism in pancreatic β-cell mitochondria. Biochem J. 1984;219:189–96.  

   59.    Newgard CB, McGarry JD. Metabolic coupling factors in pancreatic β-cell signal transduc-
tion. Annu Rev Biochem. 1995;64:689–719.  

   60.    Schuit F. Metabolic fate of glucose in purifi ed islet cells. Glucose regulated anaplerosis in 
β-cells. J Biol Chem. 1997;272:18572–9.  

   61.    Mertz RJ, Worley III JF, Spencer B, Johnson JH, Dukes ID. Activation of stimulus-secretion 
coupling in pancreatic β-cells by specifi c products of glucose metabolism. J Biol Chem. 
1996;271:4838–45.  

   62.    Ortsater H, Liss P, Akerman KEO. Contribution of glycolytic and mitochondrial pathways in 
glucose-induced changes in islet respiration and insulin secretion. Pfl ugers Arch Eur J Physiol. 
2002;444:506–12.  

   63.    Antinozzi PA, Ishihara H, Newgard CB, Wollheim CB. Mitochondrial metabolism sets the 
maximal limit of fuel-stimulated insulin secretion in a model pancreatic beta cell. A survey of 
four fuel secretagogues. J Biol Chem. 2002;277:11746–55.  

   64.    Malaisse WJ, Hutton JC, Carpinelli AR, Herchuelz A, Senner A. The stimulus-secretion cou-
pling of amino acid-induced insulin release. Metabolism and cationic effects of leucine. 
Diabetes. 1980;29:431–7.  

    65.    Lenzen S, Schmidt W, Rustenbeck I, Panten U. 2-Ketoglutarate generation in pancreatic β-cell 
mitochondria regulates insulin secretory action of amino acids and 2-keto acids. Biosci Rep. 
1986;6:163–9.  

     66.    Noda M, Yamashita S, Takahashi N, Eto K, Shen LM, Izumi K, Daniel S, Tsubamoto Y, Nemoto 
T, Lino M, Kasai H, Sharp GW, Kadowaki T. Switch to anaerobic glucose metabolism with 
NADH accumulation in the beta-cell model of mitochondrial diabetes. Characteristics of betaHC9 
cells defi cient in mitochondrial DNA transcription. J Biol Chem. 2002;277:41817–26.  

    67.    Lenzen S, Drinkgern J, Tiedge M. Low antioxidant enzyme gene expression in pancreatic 
islets compared with various other mouse tissues. Free Radic Biol Med. 1996;20:463–6.  

    68.    Tiedge M, Lortz S, Drinkgern J, Lenzen S. Relationship between antioxidant enzyme gene expres-
sion and antioxidant defense status of insulin-producing cells. Diabetes. 1997;46:1733–42.  

    69.    Maechler P, Jornot L, Wollheim CB. Hydrogen peroxide alters mitochondrial activation and 
insulin secretion in pancreatic beta cells. J Biol Chem. 1999;274:27905–13.  

    70.    Sakai K, Matsumoto K, Nishikawa T, Suefuji M, Nakamaru K, Hirashima Y, Kawashima J, 
Shirotani T, Ichinose I, Brownlee M, Araki E. Mitochondrial reactive oxygen species reduce 
insulin secretion by pancreatic β-cells. Biochem Biophys Res Commun. 2003;300:216–22.  

    71.    Kaneto H, Xu G, Fujii N, Kim S, Bonner-Weir S, Weir GC. Involvement of c-Jun N-terminal 
kinase in oxidative stress-mediated suppression of insulin gene expression. J Biol Chem. 2002; 
277:30010–8.  

R.A. Simmons



125

   72.    Kaneto HH, Xu G, Fujii N, Kim S, Bonner-Weir S, Weir GC. Involvement of protein kinase C 
beta 2 in c-myc induction by high glucose in pancreatic beta-cells. J Biol Chem. 2002; 
277:3680–5.  

   73.    Kaneto H, Xu G, Song KH, Suzuma K, Bonner-Weir S, Sharma A, Weir GC. Activation of the 
hexosamine pathway leads to deterioration of pancreatic beta-cell function through the induc-
tion of oxidative stress. J Biol Chem. 2001;276:31099–104.  

   74.    Kaneto H, Kajimoto Y, Fujitani Y, Matsuoka T, Sakamoto K, Matsuhisa M, Yamasaki Y, Hori 
M. Oxidative stress induces p21 expression in pancreatic islet cells: possible implication in 
beta-cell dysfunction. Diabetologia. 1999;42:1093–7.  

   75.    Jonas JC, Laybutt DR, Steil GM, Trivedi N, Pertusa JG, Van de Casteele M, Weir GC, Henquin 
JC. High glucose stimulates early response gene c-Myc expression in rat pancreatic beta cells. 
J Biol Chem. 2001;276:35375–81.  

   76.    Jonas JC, Sharma A, Hasenkamp W, Ilkova H, Patane G, Laybutt R, Bonner-Weir S, Weir 
GC. Chronic hyperglycemia triggers loss of pancreatic beta cell differentiation in an animal 
model of diabetes. J Biol Chem. 1999;274:14112–21.  

    77.    Efanova IB, Zaitsev SV, Zhivotovsky B, Kohler M, Efendic S, Orrenius S, Berggren PO. 
Glucose and tolbutamide induce apoptosis in pancreatic β-cells. J Biol Chem. 1998;273: 
22501–7.  

    78.    Moran A, Zhang HJ, Olsonm LK, Harmon JS, Poitoust V, Robertson RP. Differentiation of 
glucose toxicity from β-cell exhaustion during the evolution of defective insulin gene expres-
sion in the pancreatic islet cell line, HIT-T15. J Clin Invest. 2000;99:534–9.  

   79.    Donath MY, Gross DJ, Cerasi E, Kaiser N. Hyperglycemia-induced β-cell apoptosis in pancre-
atic islets of Psammomys obesus during development of diabetes. Diabetes. 1999;48:738–44.  

    80.    Silva JP, Kohler M, Graff C, Oldfors A, Magnuson MA, Berggren PO, Larsson NG. Impaired 
insulin secretion and β-cell loss in tissue specifi c knockout mice with mitochondrial diabetes. 
Nat Genet. 2000;26:336–40.  

     81.    Simmons RA, Suponitsky-Kroyter I, Selak MA. Progressive accumulation of mitochondrial 
DNA mutations and decline in mitochondrial function lead to beta-cell failure. J Biol Chem. 
2005;280:28785–91.  

       82.    Peterside IE, Selak MA, Simmons RA. Impaired oxidative phosphorylation in hepatic mito-
chondria of growth retarded rats alters glucose metabolism. Am J Physiol. 2003;285: 
E1258–64.  

    83.    Selak MA, Storey BT, Peterside IE, Simmons RA. Impaired oxidative phosphorylation in 
 skeletal muscle contributes to insulin resistance and hyperglycemia. Am J Physiol. 2003; 
285:E130–7.  

    84.    Boyle KE, Newsom SA, Janssen RC, Lappas M, Friedman JE. Skeletal muscle MnSOD, mito-
chondrial complex II, and SIRT3 enzyme activities are decreased in maternal obesity during 
human pregnancy and gestational diabetes mellitus. J Clin Endocrinol Metab. 2013;98: 
E1601–9.  

    85.    Park HK, Jin CJ, Cho YM, do Park J, Shin CS, Park KS, Kim SY, Cho BY, Lee HK. Changes 
of mitochondrial DNA content in the male offspring of protein-malnourished rats. Ann N Y 
Acad Sci. 2004;1011:205–16.  

     86.    Park KS, Kim SK, Kim MS, Cho EY, Lee JH, Lee KU, Pak YK, Lee HK. Fetal and early 
postnatal protein malnutrition cause long-term changes in rat liver and muscle mitochondria. 
J Nutr. 2003;133:3085–90.  

    87.    van Vliet E, Eixarch E, Illa M, Arbat-Plana A, González-Tendero A, Hogberg HT, Zhao L, 
Hartung T, Gratacos E. Metabolomics reveals metabolic alterations by intrauterine growth 
restriction in the fetal rabbit brain. PLoS One. 2013;8:e64545.  

    88.    Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI. Impaired mitochondrial activity in the 
insulin-resistant offspring of patients with type 2 diabetes. N Engl J Med. 2004;350:664–7.  

    89.    Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, Puigserver P, 
Carlsson E, Ridderstrale M, Laurila E, Houstis N, Daly MJ, Patterson N, Mesirov JP, Golub 
TR, Tamayo P, Spiegelman B, Lander ES, Hirschhorn JN, Altshuler D, Groop LC. PGC-
1alpha- responsive genes involved in oxidative phosphorylation are coordinately downregu-
lated in human diabetes. Nat Genet. 2003;34:267–73.    

6 Developmental Origins of Disease: The Role of Oxidative Stress



127© Springer Science+Business Media New York 2014 
P.A. Dennery et al. (eds.), Perinatal and Prenatal Disorders, 
Oxidative Stress in Applied Basic Research and Clinical Practice, 
DOI 10.1007/978-1-4939-1405-0_7

    Chapter 7   
 Down Syndrome as a Special Case 
of Oxidatively Induced Developmental 
Dysregulation 

             Marzia     Perluigi     and        D.     Allan     Butterfi eld    

        M.   Perluigi    
  Department of Biochemical Sciences , 
 Sapienza University of Rome ,   00185   Rome ,  Italy     

    D.  A.   Butterfi eld      (*) 
  Department of Chemistry, Sanders-Brown Center on Aging, 
and Center of Membrane Sciences ,  University of Kentucky , 
  Lexington ,  KY   40506-0055 ,  USA   
 e-mail: dabcns@email.uky.edu  

           Down Syndrome 

 Down syndrome (DS) is the most common genetic cause of intellectual disability 
that arises from the triplication of the entire portion or part of chromosome 21 (tri-
somy 21). DS occurs in 1 every 700–800 live births, and the only known risk factor 
is the increased meiotic maternal nondisjunction errors occurring with age [ 1 ]. 
Although genetic defects are the crucial determinants of the majority of clinical pre-
sentations of the disease such as craniofacial abnormalities, small brain size, acceler-
ated aging, and cognitive decline, other factors play a crucial role in determining the 
severity of pleiotropic phenotypes. Trisomy 21 is associated with a genetic instabil-
ity that affects not only chromosome 21 (Chr21) but also other chromosomes, and it 
is essentially responsible of two types of phenotypes: (1) those present in every DS 
individual and (2) those that occur only in a subset of DS individuals. Further, for 
any given phenotype, there is wide variability in expression that in turn results in a 
complex set of clinical features [ 2 ]. One of the hypotheses to explain such variability 
is “gene dosage hypothesis,” which states that the increased dosage of Chr21 genes 
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is the direct cause of the phenotypical alterations of DS [ 3 – 5 ]. This scenario becomes 
much more complex when considering the effects of overexpression of trisomic 
genes on disomic genes, which, in turn, may gain aberrant expression and contribute 
to some clinical manifestations [ 5 ]. In this view, “the amplifi ed developmental insta-
bility hypothesis” suggests that the variability of phenotypic features may actually 
involve a relatively small number of genes which have the ability to impact global 
gene expression thus leading to deleterious effects on development [ 6 ]. 

 By combining these two different theories, it is likely that, in this deregulated 
scenario, the effects caused by some dosage-sensitive genes are extremely amplifi ed 
and result in a plethora of different phenotypic traits according to the “number and 
dose” of genes involved. 

 Life expectancy in the DS population is shorter compared with normal individu-
als; however, improvements in medical care and identifi cation and treatment of psy-
chiatric disorders have signifi cantly improved the quality of life of individuals with 
DS [ 7 ,  8 ]. Numerous developmental defects are associated with DS [ 9 ,  10 ], includ-
ing skeletal defects, reduced brain size, craniofacial dysmorphic features, defects of 
atrioventricular septum, and abnormalities of the gastrointestinal system [ 10 ]. Brain 
development and intellectual disabilities are the most striking features of trisomy 
[ 11 ,  12 ], and language, learning, and memory appear to be severely affected [ 13 ]. 
The comprehension of degenerative phenomena related to accelerated aging and 
neurodegeneration is one of the major challenges of research in this fi eld, both at 
molecular and clinical levels. 

 Growing data support the link between the DS phenotype and an increased risk of 
development of AD [ 14 ]. The incidence of dementia among DS patients is 8 % in the 
age range 35–49, 55 % in the age range 50–59, and 75 % above the age of 60 years, 
but AD neuropathology is present in all DS individuals by the age of 40 [ 15 ]. 
Neuropathological features of AD-like dementia are the presence of senile plaques 
(SPs) and neurofi brillary tangles (NFTs) and also cholinergic and serotonergic 
reduction [ 16 ,  17 ]. However, although Aβ plaques are present in DS patients early in 
life, even in the fetus, it is only very later on that DS individuals may develop AD. 

 It is reasonable to speculate that neurodegenerative processes may in part overlap 
between these two disorders, and identifi cation of common, as well as divergent 
pathways, may help to elucidate the role of specifi c molecular events within a com-
plex puzzle. Among the proposed “unifying molecular mechanisms” for both DS 
and AD, OS is a major candidate and the genetics of DS are a rich environment for 
the amplifi cation of the cascade of reactions initiated by free radicals.  

    Oxidative Stress in DS: Implication for Development 
of Alzheimer Disease 

 A growing number of studies have demonstrated that OS is involved in the biology 
of DS (reviewed in [ 18 ]). OS represents an imbalance between the production of 
ROS and the ability of the cell to detoxify the reactive intermediates or to repair the 
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resulting damage [ 19 ,  20 ]. Increasing levels of OS-induced by-products have been 
measured in brain tissue from DS [ 20 ,  21 ]. The most striking link between OS and 
the pathology of DS is the fact that increased conditions of OS are exacerbated by 
the overexpression of some of the genes encoded by Chr21 including SOD1, APP, 
BACE2, Ets-2, S100b, carbonyl reductase, amyloid precursor protein, among others 
(see Fig.  7.1 ).

   SOD1 is one of the major enzymes involved in the antioxidant defense and cata-
lyzes the dismutation of O 2  •−  to molecular oxygen (O 2 ) and H 2 O 2 , which in turn is 
metabolized by catalase (CAT) and by (selenium-containing) glutathione peroxi-
dase (GPX) to water [ 22 ]. However, brain levels of both CAT and GPX are gener-
ally lower compared with other tissues, and this may in part explain why neuronal 
tissues are particularly susceptible to oxidative damage. Further, the triplication of 
Chr21 leads to an imbalance in the ratio of SOD-1 to CAT and GPX, resulting in the 
accumulation of H 2 O 2  [ 15 ]. Interestingly, all DS tissues, in addition to the brain, 
display an altered SOD-1/GPX activity ratio [ 23 ]. SOD-1 was found at levels 
approximately 50 % higher than normal in a variety of DS cells and tissues, includ-
ing erythrocytes, B and T lymphocytes, and fi broblasts. Indeed, the erythrocytes of 
DS children, adolescents, and adults exhibited systemic increases in SOD-1, SOD-1/
GPX, or the SOD-1/(GPX + CAT) activity ratio. A key role of SOD-1 was also dem-
onstrated by Shin et al. which found that transgenic mice overexpressing wild-type 
human SOD1 (Tg-SOD1) showed mitochondrial swelling, vacuolization, learning, 
and memory defi cits [ 24 ]. 

 In line with these studies, Busciglio and Yankner [ 25 ] reported that neurons of 
DS patients have higher intracellular ROS levels also associated with elevated levels 

  Fig. 7.1    Oxidative stress hypothesis in Down syndrome. Increased oxidative stress likely results 
by the overexpression of some of the genes encoded by Chr21. Among these, amyloid precursor 
protein (APP), copper-zinc superoxide dismutase (SOD1), beta secretase (BACE2), cystathionine 
beta synthase (CBS), carbonyl reductase (CR), and transcription factor Ets-2 can directly or indi-
rectly lead to OS       
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of lipid peroxidation. However, a proteomics study from Gulesserian et al. [ 26 ] sug-
gested that OS in fetal DS is not merely a consequence of SOD-1 overexpression 
but appeared to be caused principally by low levels of antioxidant enzymes, such as 
glutathione transferases and thioredoxin peroxidases. 

 It is worth mentioning that elevated levels of OS could be also caused by 
increased production of amyloid beta-peptide (Aβ) [ 27 – 29 ] due to the overexpres-
sion of the amyloid precursor protein ( APP ) gene. Indeed, accumulation of Aβ(1–
42) peptide, a characteristic hallmark of AD pathology which correlates with age, 
was observed in postmortem brain from DS persons [ 30 ]. Mehta et al. [ 31 ] mea-
sured the levels of Aβ(1–42) and Aβ(1–40) and found that both were higher in DS 
plasma than controls. The ratio of Aβ42/Aβ40 was lower in DS than in controls, and 
a signifi cant negative correlation between age and Aβ40 in DS and controls was 
observed, and between age and Aβ42 levels in DS but not in controls. Recently, the 
same group demonstrated that among adults with DS, decreasing levels of plasma 
Aβ42, a decline in the Aβ42/Aβ40 ratio, or increasing levels of Aβ40 may be puta-
tive markers of conversion to AD, possibly refl ecting compartmentalization of Aβ 
peptides in the brain [ 32 ]. Intriguingly, recent studies from Anandatheerthavarada 
et al. [ 33 ] demonstrated also that full-length APP may be neurotoxic, mostly at the 
mitochondrial level. The authors hypothesized that increased APP expression 
caused a progressive accumulation of transmembrane-arrested APP which in turn 
affected mitochondria ultimately resulting in impairment of energy metabolism. 
Additional studies supported this novel hypothesis by showing that mice overex-
pressing wild-type human APP develop neuronal pathology similar to AD, but 
without robust Aβ deposition in the hippocampus [ 34 ]. These fi ndings support the 
notion that overexpression of APP may promote mitochondrial dysfunction in DS 
independent of aberrant Aβ deposition. 

 Related to Aβ metabolism, another gene encoded by Chr21 is the  β -site APP- 
cleaving 2 enzyme (BACE2). BACE2, homologous to BACE1, is a  β -secretase 
involved in the amyloidogenic pathway of APP proteolysis. Though initially it was 
hypothesized that the co-overexpression of APP and BACE2 could contribute to 
Alzheimer-like neuropathology in DS, recent evidence showed that co- 
overexpression of BACE2 and APP did not increase amyloid- β  peptide concentra-
tion in brain of Tg mice. It is likely that in vivo effects of APP are not exacerbated 
by BACE2 co-overexpression but, on the contrary, may confer protective effects in 
specifi c behavioral and cognitive domains in transgenic mice [ 35 ]. 

 Chr21 also maps the gene for S100β, an astroglial-derived Ca 2+ -binding protein 
acting as a neurotrophic factor on neurons and glial cells. S100β is a neurite growth- 
promoting factor that is important for brain development, which promotes neuronal 
growth and differentiation, intracellular calcium signal transduction, and prolifera-
tion and morphogenesis in astrocytes [ 36 ]. Both DS and AD are characterized by an 
elevated astrocytic S100β expression, and the pattern of elevated tissue S100β levels 
across brain regions in AD refl ects that of neuritic plaques [ 37 ,  38 ]. This strong cor-
relation found between numbers of activated S100β positive astrocytes and the 
numerical density of amyloid plaques, together with the fi nding that the numbers of 
activated S100β-positive astrocytes (but not nonactivated S100β +  cells) increases in 
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parallel with the density of classic plaques, supports the idea that S100β is an impor-
tant element in the accumulation of plaques in DS and AD. It is likely that chronic 
overexpression of S100β promotes increased neuronal and neuritic βAPP expres-
sion with consequent increased amyloid deposition, as well as abnormal growth of 
neurites in β-amyloid plaques, as seen in middle-aged DS patients [ 37 ]. However, 
this proinfl ammatory role of S100β is not restricted to the brain. Indeed, S100β 
stimulates both NO production and iNOS protein transcription and expression in rat 
peritoneal macrophages [ 39 ]. 

 Ets-2 is a member of the Ets family of transcription factors that has been pro-
posed to have important functions in cancer, bone development, and immune 
responses. Ets-2 was shown to be upregulated by OS, and it is involved in differen-
tiation, maturation, and signaling cascade [ 40 ]. Previous studies have demonstrated 
that increased expression of Ets-2 is associated with pathologic markers. 
Interestingly, though Ets-2 overexpression is involved in neuronal apoptotic cell 
death, it is conceivable that this protein plays a role in the reduced incidence of solid 
tumors occurring in DS individuals [ 41 ]. 

 The overexpression of Ets-2 has been hypothesized to be an important contribu-
tor to the increased susceptibility of DS cells to apoptotic stimuli that might, at least 
in part, be responsible for the thymic and splenic hypoplasia and conceivably other 
pathophysiological features shared between Ets-2 transgenic mice and individuals 
with DS [ 42 ]. 

 By mapping Chr21, another candidate gene that may be involved in OS is the 
enzyme carbonyl reductase (CBR). Carbonyls are cytotoxic metabolic intermedi-
ates, which are detoxifi ed by oxidation catalyzed by aldehyde dehydrogenase 
(ALDH) or by reduction to their corresponding alcohols by CBR. Protein levels of 
these enzymes were found to be increased in different brain regions of both DS and 
AD patients [ 43 ]. Further, CBR is an oxidatively modifi ed protein in the brain of 
subjects with mild cognitive impairment (MCI), arguably a prodromal phase of AD 
[ 44 ]. 

 There is evidence of a link between 1-carbon/transsulfuration (1C-TS) metabo-
lism and DS. There are at least six genes encoding enzymes important for 1C-TS 
metabolism located on human Chr21, including the gene for cystathionine beta syn-
thase (CBS) [ 45 ]. CBS catalyzes the condensation of serine and homocysteine to 
form cystathionine. CBS plays a critical role in linking the folate cycle and the 
methionine cycle and in regulating homocysteine levels [ 46 ]. In addition, CBS can 
convert cysteine to hydrogen sulfi de, which researchers are beginning to recognize 
as an important neuromodulator in the brain [ 47 ]. There is evidence that CBS pro-
tein levels and enzyme activity are increased in persons with DS [ 48 ]. Elevated CBS 
activity can lower homocysteine levels, which in turn perturb the balance of 1C-TS 
metabolism and lead to elevated—perhaps toxic—levels of hydrogen sulfi de. These 
metabolic alterations might play a role in the cognitive disability seen in DS [ 49 ]. 
Accordingly, CBS is reportedly a risk factor for AD [ 50 ]. 

 Elevated OS markers have been measured in peripheral and CNS specimens of 
DS patients and animal models of the disease [ 25 ] (summarized in Table  7.1 ). 
Levels of TBARS, total protein carbonyls, and advanced glycation end products 
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(AGEs) were increased in the cortex from DS fetal brain compared with controls 
[ 51 ]. Accumulation of 8-hydroxy-2-deoxyguanosine (8OHdG), oxidized proteins, 
and nitrotyrosine was also observed in the cytoplasm of cerebral neurons in DS 
[ 52 ]. At the systemic level, the amount of isoprostane 8,12- iso -iPF2 α  (iPF2 α ), a 
specifi c marker of lipid peroxidation, has been found to be elevated in urine samples 
from adults with DS [ 27 ]. In addition, levels of AGEs, dityrosine, H 2 O 2 , and nitrite/
nitrate were signifi cantly higher in urine samples of DS compared with age-matched 
controls [ 53 ,  54 ].

   Recently, an epidemiologic study showed that the levels of allantoin and 
2,3-dinor-iPF2α-III are not increased in DS individuals compared with controls 
[ 54 ]. These results emphasize a controversy within the fi eld of DS. Although the 
prevailing concept considers oxidative stress a major contributor of several morbidi-
ties associated with DS, results from human studies are confl icting as to whether or 
not such oxidative stress exists and can be reliably measured at the systemic level 
has yet to be clarifi ed. 

 Most of the results reported have been collected on animal models of the disease, 
including Ts65Dn mice and Ts1Cje mice. The Ts65Dn mouse carries a small chro-
mosome derived primarily from mouse chromosome 16, causing dosage imbalance 
for approximately half of the human chromosome 21 orthologs; these mice have 
cerebellar pathology with direct parallels to DS [ 55 ]. The Ts1Cje mouse, containing 
a translocated chromosome 16, is dosage imbalanced for 67 % of the genes tripli-
cated in Ts65Dn [ 56 ]. Ts1Cje mice do not express the SOD1 gene and show some 
DS-related abnormalities such as craniofacial alterations and spatial learning defi -
cits [ 57 ], but different from Ts65Dn mice. 

 Ishihara et al. [ 58 ] showed increased level of ROS and mitochondrial dysfunc-
tion in primary cultured astrocytes and neurons from Ts1Cje transgenic mice. 
These results support the “gene-dosage” hypothesis, which in this case is suitable 
to explain the major part of OS-induced intracellular damage observed in this ani-
mal model of DS. The authors applied a redox proteomics approach, and they were 
able to identify those proteins that were modifi ed by lipid peroxidation-derived 

   Table 7.1    Markers of oxidative stress in brain and body fl uids from DS individuals   

 Markers of oxidative damage in DS  Brain  Amniotic fl uid  Urine 

 Allantoin and 2,3-dinor-iPF2α-III  No change 
 Tolun [ 54 ] 

 Isoprostane 8,12- iso -iPF2 α   Pratico [ 27 ] 
 HNE-bound proteins and protein carbonyls  Perluigi [ 60 ] 
 TBARS, AGEs, carbonyls  Odetti [ 51 ] 
 8OHdG, 3NT  Nunomura [ 52 ] 
 AGEs, dityrosine, H 2 O 2   Campo [ 53 ] 
 HNE-bound proteins  Cenini 

et al. [ 71 ] 

  These markers have been found increased compared with their age-matched controls except for 
allantoin and 2,3-dinor-iPF2α-III  
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products [ 58 ]. ATP synthase mitochondrial F1 complex b subunit,  α -enolase, and 
triose  phosphate isomerase 1 were identifi ed as proteins modifi ed by 3-hydroperoxy-
9Z,11E- octadecadienoic acid (13-HPODE). Neurofi lament light polypeptide, 
internexin neuronal intermediate fi lament  α , neuron-specifi c enolase, peroxiredoxin 
6, phosphoglycerate kinase 1, and triose phosphate isomerase were shown to be 
HNE- modifi ed proteins. Based on these data, the dysfunction of these proteins as 
a consequence of oxidative damage may disturb ATP production and the neuronal 
cytoskeleton system and antioxidant system function. Interestingly, previous studies 
from the Butterfi eld laboratory already identifi ed by redox proteomics some of these 
proteins modifi ed by hydroxynonenal, a reactive product of lipid peroxidation, in 
AD and MCI brain [ 44 ,  59 – 62 ]. These data, together with the fi ndings on Tg mice, 
suggest that these brain proteins might contribute to cognitive dysfunction and neu-
rodegenerative processes occurring in both DS and AD. As discussed above, DS and 
AD neuropathology share common features, and redox proteomics studies contrib-
uted to illuminate putative pathways altered in both pathologies. 

 In order to better understand the role of OS, we have analyzed the amniotic fl uid 
(AF) from women carrying DS pregnancy compared with that from women carry-
ing healthy fetuses. Most prior studies were performed on DS fetal brains or DS 
mouse models, but few data were available on AF, which is a more reliable index of 
the physiological condition of the fetus. Indeed, in analogy with CSF, AF could be 
a powerful source for the identifi cation of disease biomarkers to be coupled with 
current genetic screening. The composition of AF is complex and includes fetal and 
maternal proteins, amino acids, carbohydrates, hormones, lipids, and electrolytes. 
AF is in direct contact with multiple organs of the fetus and provides both physical 
and biochemical support for the developing fetus. AF contains high concentrations 
of proteins that are directly secreted from the fetus [ 63 ]. Recent development of 
advanced proteomics platforms allowed analysis of AF, in order to better under-
stand its complex biological function and to discover disease-specifi c biomarkers 
for fetal aneuploidies and pregnancy-related complications [ 64 ]. 

 In detail, we evaluated a set of oxidative stress biomarkers in AF from women 
carrying DS fetuses, and we found that the levels of protein carbonyl and lipid per-
oxidation were increased, coupled with reduction of GSH and Trx levels, and induc-
tion of the heat shock protein (HSP) response. By a redox proteomics approach, we 
identifi ed selective proteins that showed increased oxidation in DS AF compared 
with that from mothers carrying healthy fetuses. The identifi ed proteins are involved 
in iron homeostasis (ceruloplasmin and transferin), lipid metabolism (Zinc-alpha2- 
glycoprotein, retinol-binding protein 4, and Apolipoprotein A1), and infl ammation 
(Complement C9, Alpha-1B-glycoprotein, Collagen alpha-1 V chain) with critical 
relevance in the clinical outcome of DS [ 60 ]. 

 As already discussed, another key player in the oxidative stress hypothesis of neu-
rodegeneration is Aβ peptide. A consistent Aβ deposition and neurofi brillary tangle 
formation was evidenced in DS brain [ 40 ] that correlates with age. Although plaque 
deposition occurs very early in DS individuals, even during fetal development, it 
is only very later on that DS individuals may develop AD [ 65 ]. Clinical features of 
dementia in DS population, over 50 years of age, appeared many years after the fi rst 
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signifi cant insoluble Aβ accumulation or plaque deposition and also after the fi rst 
signs of neurofi brillary tangle pathology [ 66 ]. Thus, other molecular pathways, in 
addition to Aβ metabolism and tangles formation, likely are involved to cause con-
sistent neuronal dysfunction and cognitive decline. Synaptic dysfunction may be a 
consequence of APP overexpression or increased Aβ [ 67 ]. Neuroinfl ammation [ 68 ], 
endosomal dysfunction [ 69 ], and oxidative damage [ 70 ] may play a crucial role in 
DS as well as in AD pathology [ 66 ]. 

 Recently the Butterfi eld group [ 71 ] showed that DS brains with neuropathologi-
cal hallmarks of AD have more oxidative, but not nitrosative, stress than those with 
DS but without signifi cant AD pathology, as compared with similarly aged-matched 
non-DS controls. They also found that soluble and insoluble Aβ and oligomers 
increase as a function of age in DS frontal cortex. Of the oxidative stress markers, 
HNE-bound proteins were increased overall in DS. Protein carbonyls were corre-
lated with Aβ40 levels. These results suggest that oxidative damage, but not nitrosa-
tive stress, may contribute to the onset and progression of AD pathogenesis in 
DS. Further studies are needed to better understand aging-related neurodegenerative 
phenomena in DS, which from one side contribute to development of AD but also 
paradoxically result in AD neuropathology but without dementia. 

 Recent studies reported a quite surprising trend of oxidative stress damage in 
DS. While increased OS conditions are detectable as early as during pregnancy [ 72 ] 
and increase with age in young DS, adults with DS do not show a signifi cant 
increased oxidative damage to DNA from peripheral lymphocytes [ 73 ]. These data 
are in contrast with other fi ndings supporting the correlation of increased oxidative 
damage with increasing age. This discrepancy may be due to the type of samples 
analyzed, that is, peripheral lymphocytes which display a specifi c functionality and 
which could be able to activate compensatory mechanisms that the brain does not. 
Further, results obtained by measuring different markers of oxidative stress do not 
always correlate with each other, because the susceptibility of lipids, proteins, and 
nucleic acid to accumulate oxidative damage is different together with the specifi c 
susceptibility of different cells to repair the damage. 

 Young DS individual are exposed to chronic oxidative stress and the “surviv-
ing” cells are those able to activate defense mechanisms that counteract increas-
ing oxidative stress conditions over the lifespan [ 73 ]. It is likely that newborn DS 
have to challenge high levels of ROS that are responsible of the pathogenesis of 
many of the pathological manifestations. Living in a more oxidant environment 
leads to the selection of more resistant cellular phenotypes that otherwise show 
multiple dysfunctions. Studies performed by Head et al. [ 65 ] demonstrated by 
PET that compensatory increases in metabolic rate and activation of plasticity 
mechanisms in vulnerable brain regions in DS occurred prior to the development 
of dementia. 

 It seems likely that some trisomic genes may interact with each other and are 
responsible for learning and memory defi cits during development, but with increas-
ing age, their interaction may become benefi cial and possibly protective [ 63 ,  65 ]. 
The molecular mechanisms that drive dysfunction versus protection need to be fur-
ther elucidated. 
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    Summary Comments 

 The cause of increased OS conditions in DS has to be searched by mapping Chr21, 
where a number of genes, directly or indirectly, lead to overproduction of ROS, 
enhanced oxidative damage, and possibly to ROS-induced cell death. Among the 
most relevant contributory factors to OS, SOD1, APP, BACE2, Ets-2, S100b, car-
bonyl reductase are encoded on Chr21. Thus, it is likely that deregulation of several 
intracellular pathways occurs early in DS as demonstrated by studies performed on 
fetal brain and AF from DS pregnancy showing increased markers of OS, including 
TBARS, protein oxidation, AGEs, 8OHdG, isoprostanes, among others. 

 In particular, the development of advanced proteomics platforms contributed to 
better understand the role of OS in DS neuropathology allowing identifi cation of 
intracellular targets that have selective oxidative damage. These studies demon-
strated that dysfunction of energy metabolism, neuronal cytoskeleton system, and 
antioxidant system function contributes to neuronal loss observed in DS individu-
als. We suggest that OS is an early event that contributes to exacerbation of neuro-
degenerative phenomena in DS brain from early in life. 

 Posttranslational modifi cations of proteins—caused by OS—are critical to their 
functions, as they can affect activity, stability, aggregation, and turnover. Thus, future 
studies should employ selective proteomics approaches that aim to characterize spe-
cifi c posttranslational modifi cations more than simply looking at difference in protein 
expression levels. By following this approach, novel putative markers may emerge 
and may also contribute to better understand the mechanism of disease pathogenesis 
and progression. Similar approaches can also be employed to test the effi cacy of novel 
therapeutic approaches that may slow or decrease OS-induced neuronal damage.   

    Role of Mitochondria in DS Neuropathology 

 Several studies highlighted the central role of mitochondrial impairment in neuro-
degenerative processes [ 74 ]. Mitochondria are subcellular organelles essential for 
ATP production and maintenance of calcium homoeostasis and also crucially 
involved in apoptotic signaling. As an essential link to oxidative stress, mitochon-
drial dysfunctions are observed whenever redox imbalances occur, due to the main 
role of mitochondria in oxygen metabolism, and this is the case of DS. Mitochondrial 
abnormalities, such as abnormal shape, reduced levels of microtubules, among oth-
ers, in DS were reported in cultured cerebellar neurons from trisomy 16 (Ts16) mice 
[ 75 ]. Previous fi ndings demonstrated a decreased functionality of mitochondrial 
enzymes, including monoamine oxidase, cytochrome oxidase, and isocitrate dehy-
drogenase [ 76 ]. A number of reports demonstrated that the accumulation of mito-
chondrial DNA (mtDNA) mutations may contribute to degenerative phenomena 
associated with both human aging and cognitive decline [ 77 ]. Mutations in mtDNA 
may be responsible of increased production of free radicals and also cause decreased 
ATP levels. Druzhyna et al. [ 78 ] demonstrated increased mtDNA oxidative damage 
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associated with reduced activity of some repair systems in fi broblasts from DS 
patients. Reasonably, increased oxidative stress levels were caused by increased 
superoxide formation, as demonstrated in Ts16 neurons compared to control neu-
rons. This stress condition was also evident in Ts16 neurons treated with rotenone 
(complex I inhibitor) that blocked O 2  •−  production only in diploid neurons, but not 
in Ts16 neurons. Similar results were also obtained by treating Ts16 neurons and 
diploid neurons with carbonyl cyanide p-trifl uoromethoxyphenylhydrazone, used to 
uncouple mitochondrial oxidative phosphorylation, which caused irreversible defi -
ciency in the energy metabolism in Ts16 neurons, but not in diploid control neurons. 
These fi ndings support the hypothesis that the Ts16 neurons display increased O 2  •−  
basal generation due to defi cient complex I and impaired mitochondrial energy 
metabolism that severely contribute to neuronal cell death [ 79 ]. Accordingly, data 
published by Valenti et al. [ 80 ] showed a selective defi cit in the catalytic effi ciency 
of Complex I in DS-HSFs (DS human fetal skin fi broblasts). Impairment of Complex 
I was associated with a decrease in cAMP-dependent phosphorylation of the 18 kDa 
subunit of the complex, due to a decrease in PKA activity. Furthermore, the authors 
found a threefold increase in cellular levels of ROS, in particular O 2  •− , mainly pro-
duced by DS-HSF mitochondria. The levels of H 2 O 2  and calcium uptake were not 
signifi cantly different in the Ts16 mitochondria, while decreased pyruvate dehydro-
genase levels were detected, similar to the pattern found in Parkinson disease [ 81 ]. 

 Mitochondrial functionality was also evaluated by the study of Conti et al. [ 82 ], 
who analyzed the expression profi le of several genes on Chr21 using oligonucle-
otide microarrays in hearts of human DS fetuses compared with normal fetuses. 
Results from this work demonstrated that a dosage-dependent upregulation of 
Chr21 genes also affected those genes responsible for mitochondrial function and 
for the extracellular matrix organization in the fetal heart of trisomic subjects [ 82 ]. 
Further, Roat et al. [ 83 ] reported the in vivo alteration of mitochondrial function in 
blood cells from DS patients indexed by increased loss of mitochondrial membrane 
potential. Mitochondrial function is also regulated by the methyl status, and we 
discussed above the genes encoded by Chr21 that participate in recycling of methio-
nine/homocysteine in the methyl cycle sequence of reactions. Methylation is a nec-
essary event in mitochondria and relies on the availability and uptake of the methyl 
donor S-adenosylmethionine. Indeed, mitochondrial dysfunctions have been 
described in DS, but they have never been correlated to a possible mitochondrial 
methyl unbalance. Infantino et al. [ 84 ] recently showed that the mitochondrial lev-
els of S-adenosylmethionine were reduced in DS compared to control cells consis-
tent with a methyl imbalance in mitochondria functionality. 

    Summary Comments 

 It is well recognized that mitochondrial dysfunction is a crucial event for neurode-
generation. Mitochondria are known to play a central role in many cell functions 
including ATP generation, intracellular Ca 2+  homeostasis, ROS formation as 
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by- products of oxidative phosphorylation, and apoptosis. Neurons are particularly 
dependent on mitochondria because of their high-energy demands, and it is likely 
that neurons are intolerant of mitochondrial dysfunction. 

 Altered mitochondrial activity and oxidative stress have long been associated 
with DS. DS cortical neurons exhibit higher production of ROS and lipid peroxida-
tion; both DS neurons and astrocytes display an abnormal pattern of protein pro-
cessing consistent with chronic energy defi cits; altered mitochondrial activity has 
been reported in DS fi broblasts and mitochondrial DNA mutations were found in 
DS brain tissue. 

 This scenario is further complicated by the fact that a number of proteins that 
cause neurodegeneration, including Aβ, interact with mitochondria or affect mito-
chondrial function. Taken together, DS neurons are threatened by increased ROS 
levels, decreased mitochondrial functionality, decreased ATP production, and 
increased Aβ load. All these events may participate in a self-sustaining vicious 
cycle thus ultimately making neurons highly susceptible to death.   

    Conclusions and Future Perspectives 

 The fi ndings highlighted in this review that trisomy affects gene/protein expression of 
trisomic, as well as some disomic genes, ultimately leading to increased OS and 
impaired mitochondrial function. These alterations are early events in DS pathophysi-
ological development as demonstrated by studies performed on fetal brain and amni-
otic fl uid. OS conditions are caused, and further amplifi ed, not only from overexpression 
of some of the genes encoded by Chr21 but also in the presence of reduced antioxi-
dant system effi ciency. Redox homeostasis also is disturbed by overproduction of Aβ, 
which accumulates into plaques as a function of age in DS as well as in AD. 

 Indeed, Aβ neurotoxicity contributes to neuronal loss and cognitive dysfunctions 
observed both in DS and in AD and amplifi es oxidative damage to macromolecules. 
OS is detrimental because it modifi es several intracellular regulatory pathways such 
as cell growth/death, gene expression, protein function, energy production, among 
many others. 

 That OS contributes to neurodegeneration is well established, but in the case of 
DS and AD, genetic similarities, due to the fact that some of the genes responsible 
for familial form of AD are encoded by Chr21, provide the basis to gain insights 
into specifi c dysregulated pathways. A better understanding of such molecular 
events would allow testing the possibility of using antioxidant nutrients to  prevent/
slow free radical-mediated damage and possibly modulate some of the complica-
tions of DS. Unfortunately, a very recent paper by Lott et al. [ 85 ] showed that a 
2-year randomized, double-blind, placebo-controlled trial with daily oral antioxi-
dant supplementation (900 IU of alpha-tocopherol, 200 mg of ascorbic acid, and 
600 mg of alpha-lipoic acid), though safe and tolerable for individuals with DS and 
dementia, did not result in improvement in cognitive functioning nor a stabilization 
of cognitive decline compared with control group. 
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 These results are not in agreement with those obtained by Lockrow et al. [ 86 ], 
who observed that a long-term supplementation with vitamin E effectively reduced 
the levels of ROS in the adult Ts65Dn brain. Treated mice also exhibited improved 
performance on a spatial working memory task and showed an attenuation of cho-
linergic neuron pathology in the basal forebrain. 

 These contrasting results likely refl ect the “biological discrepancy” between 
human and animal studies. Transgenic mice, though useful models to study the 
molecular basis of a disease and test the effi cacy of drug treatment, do not show all 
the features of human disease. More importantly, when testing the protective effects 
of antioxidants, antioxidants supplementation should be administered at the very 
early stage of the disease, before persistent oxidative damage occurs. Indeed, many 
individuals with AD have signifi cant AD pathology about 20 years prior to presen-
tation of prominent symptoms and subsequent disease diagnosis. 

 An intriguing fi eld or research for the development of novel therapeutic strate-
gies in DS is the putative compensatory mechanisms that may be activated in the 
presence of genetic instability in the DS population. In fact, overexpression of sev-
eral genes on Chr21, including APP, DYRK1A, SOD1, and RCAN1, in addition to 
impairing neuronal growth and synapse maintenance, may participate to the activa-
tion of compensatory pathways during aging. DS may be considered a kind of pro-
dromal AD, and better understanding of common as well as different pathways of 
neurodegeneration occurring in both these neuropathologies is urgently needed. 
Studies on human and animal models of both DS and AD are currently ongoing in 
our laboratory.     
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           Introduction 

 Retinopathy of prematurity (ROP) is a potentially blinding disease, the end stage of 
which was fi rst described by Terry in 1942 [ 1 ]. During the 1940s, a dramatic increase 
in ROP-induced blindness occurred in highly developed countries [ 2 ], but the inci-
dence decreased after the identifi cation of oxygen supplementation as a risk factor. 
In recent years, improved neonatal care and increased survival of very immature 
babies has led to a new epidemic of severe ROP. This epidemic differs between 
countries and even between institutions in the same country [ 3 ]. With highly devel-
oped care, the most immature babies, i.e., those born before 28 gestational weeks, 
risk sight-threatening ROP, while with less advanced care and unmonitored oxygen 
use, more mature infants develop severe ROP. With poor or no care, immature 
infants die and ROP is not seen [ 4 ]. ROP is the result of early neonatal impairment 
of retinal vessel growth, which renders the peripheral retina avascular and hypoxic. 
Many of the risk factors associated with ROP are associated with excessive levels of 
reactive oxygen species (ROS), including hyperoxia, hypoxia, hyperglycemia, and 
disturbed metabolism. Infants who develop ROP have higher levels of markers of 
oxidative damage [ 5 ].  
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    The Neonatal Period of the Very Preterm Infant 

 At birth, the very preterm infant leaves the maternal environment where oxygen, 
nutrients, hormones, and other factors are provided through the placenta where a 
close crosstalk regulates this transfer. After birth, the metabolic rate of the preterm 
infant becomes higher than that of a fetus, which is surrounded by its mother and 
has a metabolic rate similar to hers. In mammals, small size is associated with 
increased metabolism presumably to compensate for heat loss through a relatively 
larger surface area. Preterm infants undergo a prolonged adaptation to an extrauter-
ine metabolism appropriate for size resulting in increased calorie demands com-
pared to those of a fetus of the same age [ 6 ]. Oxygen is needed for metabolism and 
oxygen demands also increase after birth. Despite much research, there is still 
uncertainty about the requirements regarding both oxygen and nutrition of the very 
preterm neonate. The immaturity of vital organ systems makes the results of inter-
ventions hard to predict. 

 The fi rst weeks of extrauterine life of very immature babies is characterized by 
varying oxygenation with frequent desaturation episodes [ 7 ], varying glycemia with 
hyperglycemic episodes [ 8 ], undernutrition, and growth retardation [ 9 ].  

    Normal Fetal Retinal Vascularization 

 Retinal vascularization starts around 12 weeks of gestation (WG) at the optic nerve 
[ 10 ]. The area immediately anterior to the vasculature is densely populated with 
astrocyte precursor cells, which fi rst appear at the optic nerve in the inner retina at 
8 weeks and extend to the retinal periphery at 28 weeks with reduced density by 
32 weeks [ 11 ]. Astrocytes are intimately associated with the blood vessels during 
retinal vascularization which initially occurs by vasculogenesis, i.e., blood vessel 
formation from vascular precursor cells which are restricted to the central two thirds 
of the retina [ 10 ]. The expansion of the vascular network, to meet the needs for oxy-
gen and nutrients of the developing retina, then proceeds through angiogenesis, i.e., 
budding from already formed vessels. Increased metabolic demands of the retina as 
it matures in a radial fashion result in a “physiological hypoxia” which induces 
expression of vascular endothelial growth factor (VEGF), which stimulates vascular 
growth [ 12 ]. In the retina, minimum levels of nutrient-dependent insulin- like growth 
factor-I (IGF-I) are required for VEGF-mediated blood vessel growth [ 13 ].  

    Retinopathy of Prematurity 

 ROP is considered a two-phase disease with an initial phase of vasoobliteration and 
impaired vessel growth followed by a second phase of pathologic neovasculariza-
tion. This order of events is found in animal models of the disease where mice [ 14 ] 
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and rats [ 15 ] are most commonly used. Human ROP has been classifi ed into fi ve 
stages: demarcation line (stage 1), ridge (stage 2), ridge with extraretinal neovascu-
larization (stage 3), partial retinal detachment (stage 4), and total retinal detachment 
(stage 5). The latter proceeds to the end stage of ROP, retrolental fi broplasia (RLF) 
described by Terry [ 1 ], where the retina is dragged anteriorly and is visible behind 
the crystalline lens. In extremely preterm infants with ROP, the demarcation 
line and ridge usually appear around 2 months after birth, and in those with more 
severe disease, vasoproliferative stage 3 becomes visible with ophthalmoscopy 
some weeks later [ 16 ]. The two phases of the disease are not as evident in humans 
as in rodents, and it has not been defi ned whether ROP stage 1 and 2 belongs to phase 
I or II. Vascular leakage has been found in stage 2 ROP indicating neovasculariza-
tion [ 17 ]. Perhaps, all ROP visible with ophthalmoscopy should be regarded as 
phase II ROP. Plus disease implies increased central vessel dilation and tortuosity 
and is an ominous sign of disease progression. Pre-plus also denotes vessel dilation 
and tortuosity but is less severe than plus disease. The extent of vascularization from 
the optic nerve head to the periphery is expressed with regard to zone where zone I 
is the most central and zone III most peripheral. More posterior (closer to the optic 
nerve) ROP implies a larger peripheral avascular area and greater risk of sight- 
threatening ROP. Aggressive posterior (AP) ROP is a form of the disease with 
 posterior location, prominence of plus disease, ill-defi ned nature with regard to 
stage, and a tendency for rapid progression [ 18 ]. 

 Ophthalmoscopically detectable ROP is fi rst seen at around 30 weeks PMA [ 16 ]. 
At this age, the initial period of growth retardation, unstable oxygenation, and 
hyperglycemia is commonly followed by a period of more or less intense general 
catch-up growth.  

    Oxygen as Risk Factor for ROP 

 Oxygen supplementation is the earliest identifi ed and best known risk factor for 
ROP; controlling oxygen reduces the incidence of ROP. Animal models of ROP are 
based on oxygen-induced retinopathy (OIR). However, there are other important 
risk factors, especially the degree of immaturity and factors related to metabolism 
and growth. 

 Optimum oxygen saturation for each postmenstrual age is unknown. Oxygen as a 
risk factor for ROP has more recently been studied in terms of higher or lower oxy-
gen saturation targets in peripheral blood without measuring actual saturation or reti-
nal oxygenation [ 19 ]. Much of our knowledge of the pathophysiology of the disease 
comes from cell cultures and animal studies with exposure of normal newborn ani-
mals to hyperoxia for a period when retinal vessel growth would normally occur but 
is impeded by hyperoxia exposure, followed by a return to room air of the now 
incompletely vascularized retina. Manipulations of genes, nutrition, and oxygen pro-
tocols in these animal models have increased our knowledge of ROP. According to 
its most simple description, ROP is a disease caused by initial retinal vessel growth 
retardation and loss, later hypoxia and pathologic neovascularization. 

8 Retinopathy of Prematurity and Oxygen



146

 However, factors other than oxygen are involved because high oxygen levels are 
neither necessary nor suffi cient to induce ROP since some infants who have never 
received oxygen treatment developed ROP and not all infants with long periods of 
oxygen supplementation develop the disease [ 20 ]. 

 Attempts to prevent ROP have mainly focused on avoidance of hyperoxia, which 
is thought to stop vascular growth and destroy retinal vessels in the fi rst phase. 
Avascular retina then leads to hypoxia with upregulation of vascular endothelial 
growth factor (VEGF) and uncontrolled vessel growth in the second phase (Fig.  8.1 ). 
During the fi rst epidemic of ROP, uncontrolled use of pure oxygen made even rather 
mature babies blind. The ensuing oxygen restriction to fraction of inspired oxygen 
(FIO 2 ) of no more than 50 % was estimated to result in an excess of 16 deaths per 
case of blindness prevented [ 21 ]. More than half a century later, the question of the 
best oxygen supplementation practice is still not solved and we know very little 
about actual retinal oxygenation.

  Fig. 8.1    Progression of retinopathy of prematurity.  A  In utero, in the infant, the oxygen tension is 
low.  B  After birth until ~30 weeks postmenstrual age, retinal vascularization is inhibited due to 
hyperoxia which suppresses production of VEGF and Epo. In addition after preterm birth, serum 
IGF-I levels fall due to loss of in utero sources and inability to produce IGF-I due to liver immatu-
rity. Blood vessel growth stops, and as the retina matures and metabolic demand increases, there is 
resulting hypoxia (Phase I).  C  The hypoxic retina stimulates expression of oxygen-regulated fac-
tors VEGF and Epo, which stimulate retinal neovascularization. IGF-I levels rise slowly from low 
levels after preterm birth to level that VEGF activates MAPK and Akt (Phase II).  D  Resolution of 
retinopathy can be achieved by preventing phase I by limiting oxygen to prevent loss of VEGF and 
Epo (early treatment), or VEGF can be suppressed in phase II after neovascularization by suppress-
ing VEGF with an antibody or by careful oxygen supplementation and/or by increasing IGF-I to in 
utero levels (Adapt   ed from Smith [ 96 ], by permission of the Association for Research in Vision 
and Ophthalmology)       
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      Measuring Oxygenation 

 Although sensitive retinal oximetry methods have been developed, their use in clini-
cal studies of preterm infants has not been reported. In studies aiming to evaluate 
oxygen manipulation as prevention for ROP, different blood oxygen saturation SpO 2  
target ranges have usually been compared. Blood oxygen saturation is measured 
using pulse oximeter, a technology from the 1990s, which provides continuous 
monitoring and targeting within a specifi ed range. However, the accuracy of pulse 
oximetry technology varies. 

 Signal extraction technology (SET) as used in the Masimo SET pulse oximeter 
has been shown to reduce the number of false alarms and missed events during 
motion and low perfusion [ 22 ]. In one study, changes in clinical practice in combina-
tion with use of Masimo SET but not without it led to signifi cant reduction in severe 
ROP, highlighting the importance of using the best technology [ 23 ]. Also, software 
characteristics can infl uence results [ 24 ]. Recent evidence suggests that oxygen 
delivery to preterm infants during ventilation may be systematically underestimated 
[ 25 ]. In the brain, increase in FiO 2  to assist recovery from desaturation may cause 
hyper-oxygenation for 5–15 min [ 26 ], which could also affect the retina.  

    Retinal Vessel Alternations in the First Phase of OIR and ROP 

 At very preterm birth, both vasculogenesis and angiogenesis are ongoing processes 
in the retina. Immature retinal vessels have increased susceptibility to hyperoxia 
during a sensitive period, which in mice is confi ned to the fi rst few weeks of life. 

 Retinal endothelial cell death by apoptosis has been regarded as the major cause 
of vessel loss in hyperoxia [ 27 ,  28 ]. In a canine cell culture study, hyperoxia inhib-
ited differentiation and proliferation of canine retinal angioblasts and proliferation 
and migration of endothelial cells thus probably affecting both angiogenesis and 
vasculogenesis. Apoptosis of endothelial cells was seen immediately after hyper-
oxia exposure but contributed less (18 %) to the decrease in endothelial cell number 
than inhibition of proliferation (75 %) [ 29 ] Fig.  8.1 . 

    Animal Models 

 Rodents have commonly been used for studies of oxygen-induced retinopathy 
(OIR) in the neonatal period. In mice and rats, oxygen exposure inhibits retinal 
vascularization which normally takes place during the fi rst weeks of life resulting 
in cessation of radial development of vessels and loss of central vascular beds in 
rats [ 30 ], mice [ 14 ] and dogs [ 31 ]. In the beagle dog study by McLeod, vasocon-
striction after exposure to 100 % oxygen from 4 to 8 days of age resulted in 
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arterial constriction from a diameter of 35.6 to 14.4 μm, vein constriction from 
97.9 to 27.9 μm, and capillary constriction from 15.6 to 4.7 μm [ 31 ]. In addition, 
the area of vascularized retina after 4 days of continuous hyperoxia was reduced 
to 51 mm 2 , 60 % less than that of control animals breathing air (127 mm 2 ). Retinal 
thickness was also reduced by 11 % in hyperoxia exposed puppies, and this reduc-
tion was mainly confi ned to the inner retinal layers. In the mouse model by Smith 
et al. [ 14 ], reduced perfusion of the fi ne central branching capillaries was found 
probably due to vasoconstriction. This perfusion defect was reversible initially 
but became persistent with time. However, in the mouse model, retinal vascular-
ization normalizes after a period of pathologic vascularization and no retinal 
detachments occur.  

    Humans 

 In preterm infants with ROP, delayed retinal vessel growth is evident at ophthalmos-
copy. With well-regulated oxygen supplementation, it has not been clear if vasoo-
bliteration, as found in animal OIR, also occurs in humans. 

 Screening for ROP starts at the earliest at about 4 weeks of age or at a postmen-
strual age (PMA) of 31 weeks [ 32 ] since ROP is seldom detected earlier. Thus, the 
fi rst phase of ROP is rarely observed. Zepeda-Romero et al. [ 33 ] recently reported 
the results of fl uorescein angiograms (FAs) taken at 2 weeks of age in ten infants 
with GA 26–32 weeks. Capillary loss and non-perfused areas were found in the two 
infants who later developed Type I ROP. Other early fi ndings were arteriovenous 
shunts, which were surrounded by capillary non-perfusion, rosary-bead-like hyper-
fl uorescence and tortuosity, and leakage from distal arterioles. In a study by Velia 
et al. [ 17 ] with serial FAs every other week from a PMA of 31 weeks, capillary bed 
loss in the junction between vascularized and avascular retina was common, and 
shunts and circumferential vessel formation was always close to the junction or to 
non-perfused areas. In another study, FA performed at the time of treatment for 
aggressive posterior ROP in infants with GA 24–25 weeks demonstrated areas of 
non-perfusion posterior to the demarcation line. Lack of capillary development in 
the vascularized retina was one explanation suggested by the authors [ 34 ]. Thus, 
areas of non-perfusion in the vascularized retina are a feature also of human 
ROP. Whether it is caused by vasoobliteration or lack of capillary development 
remains unknown. Interestingly, in a recent study from India, rather mature infants 
(GA 28–35 weeks) subjected to very high uncontrolled oxygen concentrations 
developed AP-ROP. In babies with immature vascularization in zone II or III at fi rst 
examinations 2 days to 3.5 weeks after birth, loss of vascularized retina from zone 
II and even zone III to zone I was demonstrated. FA revealed large geographic areas 
of vasoobliteration posterior to the shunt vessels within otherwise vascularized ret-
ina. Thus, loss of already formed vessels occurs after excessive oxygen exposure 
also in human preterm infants [ 35 ].   
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    Oxidative Stress in the First Phase of ROP 

 Retinal vessel loss in the fi rst phase of ROP is generally attributed to hyperoxia- 
induced oxidative stress with formation of reactive oxygen species (ROS) and 
vasoobliteration. Reactive oxygen species are produced during normal cellular 
metabolism, and in low to moderate concentrations, they have benefi cial effects in 
the defense against infectious agents and in the function of a number of cellular 
signaling systems [ 36 ]. In physiologic conditions, ROS are scavenged by intrinsic 
antioxidant defense mechanisms. 

 Excessive levels of ROS are produced in mitochondria in response to both hyper-
oxia [ 37 ] and hypoxia [ 38 ]. In high concentrations, ROS oxidize lipids, proteins, 
and polysaccharides and can damage DNA and RNA [ 39 ,  40 ]. Preterm infants have 
poor antioxidant defense systems and are especially vulnerable to oxidative stress 
[ 41 ]. At a postnatal age (PNA) of 4–6 weeks, higher levels of markers of oxidative 
damage were found in infants who developed ROP than in those who did not [ 5 ]. 

 Retinal oxidative stress with production of ROS also occurs in diabetic retinopa-
thy [ 42 ] which in many ways is similar to ROP, pathologic neovascularization sub-
sequent to retinal hypoxia. Hyperglycemic episodes are common in preterm infants 
especially in those with BW < 1,000 g and hyperglycemia has been recognized as a 
risk factor for ROP [ 43 ,  44 ].  

    Oxidative Stress in the Second Phase of ROP 

 Mitochondrial reactive oxygen species are generated in hypoxia but less than 
in hyperoxia. However, the relationship between hypoxia and ROS production is 
controversial [ 45 ].  

    Oxygen Treatment in the First Phase of ROP 

 In the delivery room, resuscitation with 100 % oxygen has been the rule until ran-
domized trials showed that for full-term infants, room air was more effective than 
pure oxygen [ 46 – 48 ]. In a study of preterm infants with GA ≤ 28 weeks, Escrig 
et al. compared the use of 30 and 90 % FiO 2  during delivery room resuscitation. 
Infants in the high oxygen group had a tendency to an increased incidence of ROP 
although not statistically signifi cant ( p  < 0.069) [ 49 ]. In another randomized study 
comparing room air and 100 % oxygen for resuscitation of infants with GA 
<32 weeks, no difference in ROP incidence was found [ 50 ]. Thus, there are no con-
clusive results regarding the effect on ROP incidence of various fractions of inspired 
oxygen at resuscitation. Based on other variables, treatment recommendations for 
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resuscitation of infants with GA <32 weeks were released in 2010 [ 51 ]: Neither 
room air nor pure oxygen was recommended but a mixture that resulted in a “normal” 
oxygen saturation as defi ned by Dawson [ 52 ] and measured using pulse oximetry. 

 A few observational studies of higher and lower SpO 2  targets and ROP have been 
published. Tin et al. found that babies with GA <28 weeks in neonatal intensive care 
units (NICU) targeting an oxygen saturation of 88–98 % for at least the fi rst 8 weeks 
of life needed treatment for ROP four times as often as babies in NICUs targeting 
70–90 % saturation [ 53 ]. Interestingly, babies in the high saturation target group 
were more likely to have a weight below the third centile at discharge. No difference 
in survival or cerebral palsy was found. 

 In a US national survey of infants with BW <1,500 g, NICUs with a SpO 2  max 
>98 % in the two fi rst postnatal weeks reported ROP treatment in 5.5 % of infants vs. 
3 % in units with saturation targets ≤98 % ( p  < 0.05). With SpO 2 targets after 2 weeks 
of age >92 %, 3.3 % of infants needed ROP treatment compared to 1.3 % with a SpO 2  
target ≤92 % ( p  < 0.00001). ROP ≥ stage 3 was found in 5.5 % when max SpO 2  was 
>92 % vs. 2.4 % when it was ≤92 % ( p  < 0.0005) after 2 weeks of age [ 54 ]. 

 Recently, SpO 2  target ranges of 85–89 % and 91–95 % have been compared in 
two large multicentre double-blind, randomized controlled studies: the Surfactant, 
Positive Pressure, and Pulse Oximetry Randomized Trial (SUPPORT) performed 
by the SUPPORT Study Group of Eunice Kennedy Shriver NICHD Neonatal 
Research Network and the multicenter Benefi ts of Oxygen saturation Targeting 
(BOOST)-II study. The latter was planned to include 1,200 infants in each of 
Australia and the UK and 320 in New Zealand [ 55 ]. In addition, a prospective meta- 
analysis including the SUPPORT, BOOST-II, and the Canadian Oxygen Trial 
(COT) (NCT00637169) was organized to get a large sample size ( n  = 5,230) to study 
outcome of oxygen saturation targets in infants with GA <28 weeks, primarily in 
terms of mortality and major disability by 2 years of corrected age [ 55 ]. 

 In the SUPPORT study, 1,316 infants born with GA between 24 and 27 + 6/7 weeks 
were included and the Masimo Radical Pulse Oximeter was used [ 56 ]. Infants in the 
low oxygen target group had increased mortality before discharge (19.9 % of infants 
vs. 16.2 %), but survivors had reduced incidence (8.6 % vs. 17.9 %) of severe ROP, 
i.e., type 1 ROP as defi ned in the ETROP study [ 57 ]. 

 In the UK and Australian BOOST-II studies, infants were initially managed with 
the use of Masimo oximeters similar to those used in the SUPPORT trial, but in early 
2009, all oximeters were fi tted with a revised calibration algorithm with improved 
SpO 2  targeting. In December 2010, a joint safety analysis of survival at 36 weeks 
PMA was undertaken including 2,315 infants in the UK, Australian, and New Zealand 
BOOST-II trials and the 1,316 infants of the SUPPORT trial. Reduced survival was 
found among the infants assigned to the lower SpO 2  target (85–89 %) compared to 
those assigned to the higher target (91–95 %) with mortalities of 17.3 % vs. 14.4 % 
( p  = 0.015). For the 1,055 infants in the UK and Australian trials managed after the 
change of calibration algorithm, mortality differences were greater (21.8 % vs. 
13.3 %;  p  < 0.001) and the recruitment of infants in these trials was closed [ 19 ]. 

 Thus, the optimal target range of oxygen saturation is still unknown. In addition, 
it might be that the need for oxygen is different at different developmental 
stages since retinal hyperoxia is thought to be a problem in the fi rst phase of ROP 

A.-L. Hård et al.



151

and hypoxia in the second. Accordingly, Chen et al. performed a systematic review 
and meta-analysis of ten publications to report the association between severe ROP 
and high or low target oxygen saturation as measured by pulse oximetry. They 
found that both low oxygen saturation (70–96 %) in the fi rst several postnatal weeks 
and high oxygen saturation (94–99 %) at ≥32 weeks PMA were associated with 
decreased risk for progression to severe ROP [ 58 ]. In addition to the degree of oxy-
genation, long duration of mechanical ventilation has been identifi ed as a ROP risk 
factor in several studies [ 59 ].  

    Fluctuating Oxygenation 

 Other oxygen-related variables such as fl uctuations in oxygen levels during the fi rst 
few weeks of life have also been found to be associated with increased ROP risk 
[ 60 – 62 ] which is supported by the results of experimental studies [ 15 ,  63 ,  64 ]. In rat 
pups, clustered brief episodes of hypoxia produced more severe retinopathy than 
dispersed episodes [ 65 ]. Frequent intermittent episodes of hypoxia during the fi rst 
8 weeks of life have been associated with later ROP needing treatment. Using pulse 
oximetry with more frequent sampling than usually applied, Di Fiore et al. showed 
that for all infants in their study ( n  = 79, GA 24 to 27 + 6/7 weeks), few hypoxic 
episodes occurred during the fi rst week of life with a progressive increase in weeks 
2–4 and a decrease in weeks 6–8. Interestingly, a higher incidence of hypoxemic 
events was associated with increased risk of severe ROP, while a higher incidence 
of hyperoxemic events was associated with reduced risk [ 66 ]. 

 It might be that variations in oxygenation increase ROP risk more than hyperoxia 
per se and one might speculate that oxygenation variability is increased with higher 
rather than lower oxygen saturation targets contributing to higher ROP incidence.   

    Other Risk Factors in Relation to Oxygen 

 Even in the early 1950s, when oxygen treatment had been identifi ed as an important 
risk factor for ROP, it was clear that it was not the only cause of the disease. The 
degree of immaturity is by far the most important risk factor and others such as poor 
weight gain, low serum IGF-I levels, lack of antioxidant defense, and low levels of 
omega 3 long chain polyunsaturated fatty acids are complexly interrelated with each 
other and with oxygen. Retinal vessel development is driven by “physiological 
hypoxia” as it progresses from central to peripheral retina [ 67 ]. Since the vascula-
ture provides not only oxygen but also nutrients, hormones, and many other factors 
necessary for metabolism and growth, it seems likely that factors related to nutrition 
and metabolism also infl uence retinal vessel growth. 

 More than 50 years ago, the Swedish scientist Bo Hellström reported that 
 undernutrition in mouse pups resulted not only in poor weight gain but also in a 
slightly reduced growth of retinal vessels. Exposure to 98–100 % oxygen almost 
completely stopped vessel outgrowth irrespective of the state of nutrition. 
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In newborn mice that were starving during 10 days of oxygen exposure and after 
return to room air for 10 days, 2 of 14 developed pathologic neovascularization, 
while all 12 pups that were undernourished during oxygen exposure but received a 
normal diet thereafter had extraretinal neovascularization [ 68 ]. Thus, poor neonatal 
growth followed by a later catch up, which is common in preterm infants, appeared 
to be associated with an increased risk of retinopathy. This phenomenon was also 
noted by Lubchenco, also more than 50 years ago [ 69 ]. Interestingly, in a rat OIR 
model, starvation affected the outgrowth of the vasculature more than the outgrowth 
of the neural retina, resulting in a smaller ratio of vascularized to total retina. In addi-
tion, rat pups in larger litters receiving less milk per pup developed more neovascu-
larization than better nourished pups in a small litter. A smaller area of normal 
 vascularization was associated with higher incidence and severity of abnormal neo-
vascularization. This agrees with other reports suggesting that the size of the periph-
eral avascular zone determines the incidence of neovascularization in rats exposed to 
variable oxygen [ 15 ,  70 ]. Acidosis in the neonatal period results in  acidosis-induced 
retinopathy (AIR) which is similar to OIR and likewise results in more neovascular-
ization in undernourished than normally fed rat pups [ 71 ]. Recently, OIR in mice 
with poor weight gain showed a delayed onset and prolonged course of neovascular-
ization and VEGF-expression [ 72 ]. 

 Insulin-like growth factor-1 (IGF-1) is a nutrient-dependent growth factor, which 
is essential for growth and development during the third trimester when fetal serum 
levels normally increase two- to threefold [ 73 ]. After very preterm birth, with loss 
of the maternal to fetal supply of nutrients and the crosstalk between mother and 
fetus in the placenta, serum IGF-1 levels drop dramatically [ 74 ]. Liver IGF-1 syn-
thesis is mainly regulated by energy and amino acid availability and low serum 
levels are a natural consequence of the insuffi cient nutrient intake of most very 
preterm babies. Low neonatal serum IGF-1 levels have been identifi ed as an impor-
tant risk factor for ROP and other morbidities in preterm infants [ 75 ]. In the retina, 
low serum IGF-1 suppresses VEGF-mediated vessel growth [ 13 ] refl ecting the need 
for suffi cient nutrients and IGF-1 for vascular growth. 

 Interestingly, hyperoxia causes a decrease in metabolism and oxygen consump-
tion in cells and tissues [ 76 ,  77 ]. Few studies have examined an association between 
oxygenation and weight gain in preterm infants, but Tin et al. reported that weight 
centiles fell more between birth and discharge with higher (88–98 %) than lower 
(70–90 %) oxygen saturation targets [ 53 ]. Thus, both hyperoxia and poor nutrition 
may contribute to poor weight gain which is a strong risk factor for ROP [ 78 ,  79 ].  

    Possible Preventive Strategies to Reduce Oxidative 
Stress and ROP 

 In addition to optimizing nutrition and other factors important for proper growth, 
minimizing oxidative stress either by preventing the production of free radicals or 
improving antioxidant capacity is likely to reduce ROP. 
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    Prevention of ROS 

    Oxygen 

 Attempts to prevent ROP through decreased oxygen saturation targets have been 
mentioned above. Clinical efforts to control oxygen fl uctuations with rigorous oxy-
gen control, and in one study, avoidance of hyperoxia and episodes of hypoxia- 
hyperoxia resulted in reduced incidence of proliferative ROP from 12.5 % in 1997 
to 2.5 % in 2001 and reduction in the need for laser treatment from 4.5 to 0 % [ 80 ]. 
Thus, ROP prevention by better oxygen control appears possible even in settings 
with advanced care. In parts of the world where oxygen supplementation is unmoni-
tored and more mature infants develop ROP, better oxygen control would certainly 
prevent some ROP [ 35 ]. 

 Several reports indicate that alleviating the retinal hypoxia of phase II ROP by 
supplemental oxygen may reduce pathologic neovascularization [ 81 – 83 ]. The 
Supplemental Therapeutic Oxygen for Prethreshold Retinopathy of prematurity 
(STOP-ROP) [ 84 ] investigated whether severe ROP could be prevented by higher 
oxygen saturation levels to prevent the hypoxic stimulus to the avascular retina. 
Infants with oxygen saturation >94 % in room air were excluded and included in 
the High-Oxygen-Percentage Retinopathy of prematurity (HOPE-ROP) [ 85 ] study. 
In the STOP-ROP study, infants with prethreshold disease without plus disease pro-
gressed less often (32 % vs. 46 %) to threshold disease if receiving supplemental 
oxygen. Infants with >94 % oxygen saturation (HOPE-ROP) at prethreshold disease 
progressed less often to threshold than those in the STOP-ROP cohort for unknown 
reasons.  

    Metabolism 

 Avoiding hyperglycemia may reduce oxidative stress and ROP. Increasing early 
protein intake may be one intervention leading to less hyperglycemia [ 86 ].   

    Increasing Antioxidant Capacity 

    Omega 3 Polyunsaturated Fatty Acids (PUFAs) 

 In animal OIR, increased intake of fi sh oil rich in omega-3 PUFAs increases vessel 
regrowth after hyperoxic injury as well as directly inhibits pathological vessels [ 87 ]. 

 Preterm infants with parenteral nutrition for at least 2 weeks after birth, who 
were administered SMOFlipid (Fresenius Kabi) containing medium-chain triglyc-
erides (30 %), lipids from soy bean oil (30 %), olive oil (25 %), and fi sh oil (15 %) 
containing omega 3 polyunsaturated fatty acids DHA and EPA, had increased 
total antioxidant potential compared to infants receiving standard Intralipid 20 % 
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(Fresenius Kabi) based on soy bean oil. In a recent Polish study, infants with BW 
<1,250 g born before the 32nd week of gestation, needing total parenteral nutrition 
from day one, received a lipid emulsion consisting of equal parts of 20 % Clinoleic 
(soy bean and olive oil) (Baxter SA, Norfolk UK) and 10 % Omegaven (fi sh oil) 
(Fresenius Kabi AG) (Omegaven). A historic control group received Clinoleic only. 
The frequency of retinopathy in the two groups was similar, 32.5 vs. 36.3 %. 
However, regression of disease was more common in the Omegaven-treated group 
and fewer needed laser treatment than in the historical control cohort [ 88 ].  

    SOD 

 In a rat OIR model, retinal activities of superoxide dismutase (SOD), an important 
antioxidant, were reduced in pups raised in hyperoxia, compared to room air-raised 
controls, and supplementation with SOD resulted in increased SOD activity, reduced 
vaso-attenuation, and decreased avascular area [ 89 ].  

    Vitamins 

 Vitamin E, a free radical scavenger, was the fi rst intervention studied for ROP pre-
vention [ 90 ]. High doses of vitamin E were later found to prevent ROP and blind-
ness but increased the risk of sepsis [ 91 ]. However, current enteral and parenteral 
nutrition options result in less vitamin E provided than recommended for very low 
birth weight infants [ 92 ]. 

 Low vitamin A levels have been found in preterm infants, but no protective effect 
of vitamin A supplementation against ROP has been proven [ 93 ].  

    IGF-1 

 In cell culture, IGF-1 has been found to prevent oxidative stress-induced apoptosis 
[ 94 ] indicating that this might be one important mechanism for IGF-1 in preventing 
OIR [ 95 ] and ROP.    

    Conclusions 

 Oxygen is one of many risk factors for ROP and proper oxygenation levels are still 
not known. However, if current knowledge is applied, and oxygen closely moni-
tored, and high oxygenation levels and episodes of hypoxia-hyperoxia avoided, the 
burden of ROP-induced blindness can be substantially reduced worldwide. To fur-
ther reduce ROP incidence, other risk factors also have to be addressed such as lack 
of nutrition and growth factors. Research must also continue to identify and explore 
other unknown factors.     
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 Introduction

Necrotizing enterocolitis (NEC) is one of the most common gastrointestinal conditions
affecting newborn infants. Despite vigorous research the pathogenesis of NEC
remains unclear. Oxidative stress has been shown to contribute to the development
of other diseases involving premature infants such as bronchopulmonary dysplasia
(BPD) and retinopathy of prematurity (ROP). More recently, oxidative stress has
implicated in the pathogenesis of NEC. This chapter will briefly review the clinical
presentation and management of NEC, discuss the potential role of oxidative stress
in the pathogenesis of NEC, and finally review possible therapeutic targets in the
hope of preventing NEC in high-risk infants.

 Necrotizing Enterocolitis (NEC) and Prematurity

NEC is diagnosed in approximately 1–5 % of all neonatal intensive care (NICU)
admissions with approximately 5,000–7,000 new cases of NEC occurring in the
USA each year [1–3]. The risk of this condition is highest for the most prematurely
born infants as approximately 5–10 % of all infants <1,500 g at birth and born prior
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to 30 weeks gestational age develop NEC [4]. Although NEC can occur in near term
and late preterm infants, low birth weight premature infants are the most commonly
affected and represent 90–95 % of the cases. As medical care, in particular surfac-
tant replacement therapy, has led to the increased survival of extremely premature
infants, the incidence of NEC has been increasing [5].
The medical and economic impact of NEC remains substantial [6, 7]. The risk 

of death or lifelong disability and the long-term social and financial impact on the
family and other healthcare resources make NEC a significant morbidity associated
with preterm birth [6]. As the preterm birth rate increases worldwide and as the
survivability of extremely premature infants is enhanced, it is likely that the medical
significance of NEC will also rise over the next decades [7, 8]. Consequently, there
is a clear need to further define this condition and to develop rational strategies to
affect its incidence and/or progression.
Several preventative strategies have been developed over the years based on

clinical and experimental data [1]. Cautious feeding regimens, the use of maternal
breast milk, passive immunization, and the use of probiotics have each been shown
to reduce the incidence of NEC in small studies [9]. As there is no medical treat-
ment for NEC, finding novel preventative strategies is therefore important. Also,
since NEC is primarily a disease of the premature newborn, until we are able to
markedly decrease the incidence of preterm birth, NEC will likely remain a signifi-
cant problem within this population.

 Clinical Course, Medical Diagnosis,  
and Consequences of NEC

Key aspects of this medical condition in this high-risk patient population (e.g., the
preterm infant) are the initially subtle symptoms, a likely chronic/progressive phase
of intestinal pathology that may last days or weeks, and an often “suddenly appar-
ent” intestinal crisis requiring emergent resection of the severely diseased portion of
bowel. The bedside identification, diagnosis, and clinical care for preterm and other
infants with NEC are therefore challenging, especially since the early signs and
symptoms of NEC are often nonspecific in nature and are similar to the presenting
symptoms of more common entities encountered in the neonatal intensive care
setting [12]. The timing of presentation, typically in the first few weeks of life, is
related to gestational age with less mature infants presenting later compared to more
mature infants. Indeed, one of the most devastating and demoralizing aspects of
NEC for families and clinicians alike is that often these small fragile infants develop
NEC and become critically ill when they are over their acute cardiorespiratory prob-
lems associated with prematurity, are taking enteral feedings, and are starting to
progress toward discharge [10].
The early signs and symptoms of NEC are often nonspecific and include apnea,

bradycardia, lethargy, irritability, and temperature instability. Unfortunately, due to
the nonspecific nature of the early signs of NEC, delays in the diagnosis of NEC are
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not uncommon [3]. Abdominal findings include abdominal distension, abdominal
tenderness, decreased bowel sounds, feeding intolerance, bile- or blood-stained
emesis or gastric aspirates, bloody stools, and abdominal wall erythema. Laboratory
findings include metabolic acidosis, thrombocytopenia, leukopenia, or leukocytosis
with a relative increased number of immature cells, glucose instability, hyponatre-
mia, coagulopathy, and elevated markers of inflammation (particularly C – reactive
protein). Radiographic findings include abdominal distension, ileus, and pneumato-
sis intestinalis and, in more advanced stages, evidence of intestinal perforation(s).
In 1978, Bell and colleagues proposed a combination of clinical and radiographic

criteria which could be used to describe the severity of NEC which are still useful
to this day [11]. Stage I NEC designates infants with clinical symptoms of NEC,
including bile stained gastric aspirates, bloody stools, and bowel stasis; this is con-
sidered “suspected NEC” [11]. Approximately one half of infants with stage I NEC
advance to stage II NEC, also known as “medical NEC” which is confirmed by
radiographic findings including ileus, bowel dilation, and intramural gas or pneu-
matosis intestinalis [11, 12]. Approximately 70 % of these infants advance to stage
III NEC, or “surgical NEC” requiring surgical intervention. Shown in Fig. 9.1 are
representative abdominal radiological images of preterm infants with relatively
normal findings (left panel), versus evidence of intestinal air trapping and dilation
(e.g., pneumatosis) (right panel); see figure legend for details.
The medical management of NEC is supportive and includes bowel rest, broad

spectrum antibiotics, parenteral nutrition, and cardiorespiratory support as clini-
cally indicated [13]. Surgical intervention is performed when there is evidence of
bowel perforation and/or bowel necrosis [14]. Surgical treatment involves either
resection of diseased bowel or peritoneal drainage. Unfortunately, both therapies
are associated with very high morbidity and mortality [11, 12].

Fig. 9.1 Radiologic images of preterm infant abdomen showing a normal bowel (left) and a bowel
showing large dilated loops (right)
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The clinical outcome of NEC is highly variable and has substantial morbidity
and mortality that contributes to the escalating costs of health care both short term
and longer term [15, 16]. Only half of extremely low birth weight infants receiving
surgical resection for NEC survive to hospital discharge [12, 17]. Morbidities in
survivors include poor growth, short gut syndrome, liver failure secondary to
prolonged hyperalimentation, and strictures [18]. Development of intestinal stric-
tures may be due to abnormal wound healing within the premature intestine [19]. 
Furthermore, neurodevelopmental outcomes in infants who develop NEC are
concerning and may be related to the timing of surgical interventions required for
bowel resection [6]. Among extremely low birth weight infants, surgical NEC is
associated with significant growth delay and adverse neurodevelopmental outcomes
at 18–22 months corrected age compared with age-matched controls [20]. Infants
who develop NEC but do not go on to require surgical intervention do not seem to
have additional risks, suggesting that the surgical event itself has lasting detrimental
consequences in these vulnerable patients [6].

 Mechanisms of NEC: Disease Initiation and/or Progression

Despite over 30 years of investigation, the pathogenesis of NEC remains enigmatic
but is likely multifactorial in nature. Retrospective surveys have identified numer-
ous risk factors for NEC, including catheterization of umbilical vessels [21], hypox-
emia and hypotension [22], intrauterine growth retardation [23, 24], alterations 
in wound healing capabilities of the immature intestine [25], and prematurity [26]. 
Preterm birth remains the single most identifiable risk factor, especially for
extremely low birth weight (ELBW) infants (born weighing<1,000 g) or gesta-
tional age <30 weeks [16, 27]. Formula feeding has been implicated in the patho-
genesis of NEC. Indeed, the exclusive use of breast milk for feeding premature
infants is associated with a twofold reduction in NEC when compared to exclusive
formula use. These two observations are consistent with the basic concept that 
the premature newborn has an immature and underdeveloped intestinal tract that is
unprepared for the postnatal challenges of a mature and fully developed intestine.
Shown in Fig. 9.2 is a pathological illustration of the progressive nature of NEC

with respect to intestinal tissue damage that occurs. Representative images of surgi-
cally resected small intestine from NEC cases (formalin fixed, paraffin embedded,
and H/E stained sections of intestinal tissue) are presented, showing full-thickness
intestinal cross sections. The panels shown include visibly normal intestinal mor-
phology tissue (which was harvested from the boundary of the resected segment
found to be uninvolved and visibly healthy), as well as sequential “grades” of intes-
tinal injury, illustrating the pathological progression from modest injury to the
mucosal villous layer to the severe disruption of the mucosa and complete loss of
luminal integrity. A key aspect of the pathophysiological process in this complex
tissue is the likely involvement of several cell types (epithelial, vascular, immune
cells), the ultimate event of mucosal damage and destruction, and potentially
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intestinal perforation due to severe and full-thickness necrosis. The histopathology
of NEC is characterized by destruction of the mucosal layer in initial stages and by
transmural necrosis of the intestinal wall in advanced stages of the disease [2, 28]. 
Therefore, it appears that the epithelial cells in the mucosa may be the first cells to
undergo cell death, either by apoptosis or necrosis, prior to transmural necrosis [29]. 
Determining the mechanisms involved in early cell death of the mucosal layer may
lead to possible therapeutic targets that prevent large sections of intestinal necrosis
from requiring surgical intervention.
Early theories on the pathogenesis of NEC implicated blood flow limitations and

ischemic damage to the premature intestinal tract as the primary insult. Data sup-
porting this concept include animal models of vascular occlusion which create
lesions similar to human NEC and other evidence that ischemia and hypoxic condi-
tions are features of involved intestinal segments. Whether blood flow limitation
leads to intestinal stasis and injury or whether intestinal distension can lead to blood
flow limitation is uncertain. Others have suggested that the increase in metabolic
demand that occurs following feeding, coupled with immature vascular reactivity
and control of blood flow distribution, may lead to regions of hypoperfused intestine
and thus promote ischemic injury.

Fig. 9.2 Illustration of grading system for necrotizing enterocolitis. Grade 0 is comprised of nor-
mal healthy villi. Grade 1 shows evidence of cell sloughing from the villus tips. Grade 2 shows cell
sloughing progressing midway down the villus. Grade 3 is characterized by loss of villi and some
swelling within the submucosa. Grade 4 is transmural necrosis with total villi loss and separation
of the mucosa from the submucosa
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More recent theories on the pathogenesis of NEC have implicated host-pathogen
interactions and related inflammatory mechanisms. These include exposure of 
the fetal GI tract to inflammatory insults via chorioamnionitis (inflammation of the
fetal membranes due to a bacterial infection), abnormal intestinal colonization by
microbes postnatally that lead to mucosal damage, inflammatory responses of 
an innate immune system locally within the immature GI tract to these microbes
particularly by Toll-like receptors, and eventually a large systemic inflammatory
responses likely due to translocation of bacteria or signaling from the GI tract lead-
ing to cardiovascular collapse. These possible mechanisms are supported by both
animal and clinical studies. In addition, these mechanisms are also rational in this
clinical setting since both an immature and poorly regulated immune system is a
well-established feature of extremely premature infants. In some cases, studies have
shown a diminished immune response when compared to term infants or older age
groups (which could promote inappropriate bacterial colonization), whereas in
other studies an exaggerated inflammatory response to LPS and other bacterial con-
stituents have been shown to exist in preterm infants, as well as a reduced capacity
to limit an inflammatory response by appropriate braking mechanisms via release of
anti-inflammatory cytokines and related signaling pathways.

 A Role for Oxidative Stress

Recently, oxidative stress has been implicated in the pathogenesis of NEC and could
represent a final common pathway leading to tissue due to a variety of inciting
mechanisms. Tissue ischemia and related oxygen limitation is a well-recognized
cause of redox imbalance and reactive oxygen intermediates. Likewise, abnormal or
uncontrolled bacterial colonization leading to immune cell infiltration and activation
or the exposure of intestinal epithelium to various cytokines and other factors which
stimulate inflammatory gene expression are key processes known to cause reactive
intermediates and oxidative stress in tissues. Factors in the newborn intestine modu-
lating endothelial function [30, 31], cytokine and oxidant production [32, 33], infec-
tions [34], protective and toxic effects of nitric oxide (NO) [31, 35, 36], and apoptosis
[29, 37] have all been postulated as contributing to the initiation and/or progression
of NEC. Furthermore, interactions of epithelial cell injury and vascular endothelial
alterations have been suggested as important factors involved in the pathogenesis of
NEC, and epithelial barrier function may be related to coincident local changes in
vascular integrity [38, 39]. Regardless of the upstream mechanisms, enterocyte
death leading to an attendant breach of intestinal barrier function and integrity 
are the hallmark pathological outcomes. Whether the limitations are related to an
underdeveloped epithelium with immature barrier function and poor restitution
capabilities, an immature vasculature, and/or an immature enteric nervous system
remains unclear.

P.J. Giannone et al.



167

 NOS 2, Oxidants and Intestinal Cell Death

Endogenous NO production occurs via the metabolism of L-arginine catalyzed by a
family of enzymes known as nitric oxide synthase (NOS). There are three isoforms
of NOS: inducible NOS (iNOS or NOS2), endothelial NOS (eNOS), and neuronal
NOS (nNOS) with iNOS being the isoform most commonly implicated in NO dys-
regulation [40–42]. Under physiologic conditions, relatively low concentrations of
NO are produced in the intestine by eNOS and nNOS, where NO serves as a media-
tor of intestinal tone and contractility [43]. Additionally, when produced by iNOS
at low levels, NO acts as an intercellular transduction mediator, [44] an intracellular
effector of enzymes, and as a toxicant for immune defense. These divergent roles
suggest that strict control of intra- and intercellular levels of NO are critical and NO
dysregulation may have drastic consequences.
NO produced by eNOS is quickly dispersed into red blood cells and then con-

verted into nitrate. NO produced by iNOS within the intestinal tissue cells cannot be
converted readily into nitrate. Thus, during times of inflammation increased NO
production can react with other molecules, such as superoxide, and produce various
reactive nitrogen species (peroxynitrite and others). For example, during inflamma-
tion, superoxide anion destroys NO, reduces its efficacy as a signal transduction
agent, and promotes the formation of peroxynitrite, a highly reactive nitrogen spe-
cies known to nitrate protein tyrosine residues and cause cellular oxidative damage,
including DNA strand breaks [45]. This nitration reaction produces a chemically
stable oxidative modification of tyrosine residues in proteins (3-nitrotyrosine) and is
somewhat selective. Thus, accumulation of 3-NT serves as a biomarker for reactive
nitrogen species [46]. The reaction of NO with superoxide anion is extremely rapid
and occurs at a diffusion-limited rate [47]. Excess or uncontrolled production of
reactive nitrogen species can shift the actions of available NO from a useful cellular
signaling molecule to a toxic free radical [48]. Giannone et al. and others have dem-
onstrated protein nitration in both experimental animal models and in tissue resected
from infants with NEC [36, 49]. Therefore, the consequences of inflammation and
the formation of reactive nitrogen species may be the putative causes of enterocyte
death in NEC, especially in the early progression of the disease (i.e., transition from
stage 1 to stage 2).
Increased levels of NOS2 and 3-NT have been found in intestinal tissue from

both experimental animal models of NEC as well as in tissue resected from infants
with NEC. In newborn mice, lipopolysaccharide (LPS) has been shown to markedly
enhance intestinal iNOS production. This implies that abnormal bacterial coloniza-
tion within the newborn intestine may increase baseline iNOS production. These
cytopathic effects of NO dysregulation associated with LPS in the newborn intes-
tine have been implicated in barrier dysfunction. It is postulated that bacterial trans-
location of abnormal bacteria further activates the newborn intestine’s innate system
(i.e., Toll-like receptors) further propagating the inflammatory cascade leading 
to intestinal injury. When these mice were administered aminoguandine, an iNOS
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inhibitor, the bacterial translocation was inhibited when exposed to LPS. In addition,
when iNOS knockout mice were exposed to LPS, they had significantly less
bacterial translocation than their wild-type littermates exposed to the same
dose of LPS.
Increased levels of tissue 3-NT have been linked to cell death both in vitro and

in vivo. In tissue resected from infants with NEC, high levels of iNOS and 3-NT
were found in areas with significant apoptosis and necrosis along the crypt/villus
area of the intestinal mucosa. Maintenance of the intestinal barrier involves a
balance between apoptosis at the villus tip, cell proliferation at the crypt, and
migration of proliferating cells up to the tip. Increased cell death due to nitrative or
other forms of cell death may overwhelm the ability of the intestinal mucosa 
to replenish the cells and thus lead to barrier dysfunction and further propagation
of intestinal injury.
Aside from nonspecific oxidation of proteins caused by reactive nitrogen

species, some enzymes can be nitrated at key tyrosine residues in a quasi-specific
manner leading to enzymatic dysfunction. For example, several proliferative pro-
tein kinase pathways involve tyrosine protein phosphorylation, including both
EGFR-meditated cell proliferation and SRC kinase-mediated proliferation.
Disruption of these pathways due to nitration can lead to decrease crypt cell prolif-
eration and an inability of the mucosa to replenish cells entering apoptosis, thus
leading to barrier dysfunction. Finally, decreased immature intestinal cell migra-
tion has been seen in the presence of increased NO production in animal models 
of NEC as well as in vitro models of cell migration. Further studies of reactive
nitrogen species in the pathogenesis of NEC, as well as short-term and long-term
consequences to gut development, are needed.

 Poly(ADP-Ribose) Polymerase – 1 (PARP-1) as a Respondent 
to Reactive Nitrogen Species

Nitration has been found in humanNEC specimens [36], and it is known that reactive
nitrogen species also cause DNA damage [50]. Following DNA damage due to
oxidation, PARP-1 is a critical enzyme activated to facilitate DNA repair [51]. This
enzyme uses NAD+ (nicotinamide adenine dinucleotide) as a substrate and attaches
polyADP-ribose (PAR)units to itself andother acceptor proteins [52].This poly(ADP-
ribosyl)ation allows the acceptor proteins to selectively influence important cellular
responses that enhance DNA repair and transcription of inflammatory mediators
such as NF-kB [53]. When the PAR polymer becomes too large, it will result in
PARP-1 deactivation. In this case, poly(ADP-ribose) glycohydrolase (PARG) may
reactivate these proteins by removing the PAR that is being continually added to
PARP-1 or other acceptor proteins, allowing PARP-1 to remain activated and con-
tinue to increase PAR production [54]. However, in the presence of severe cellular

P.J. Giannone et al.



169

oxidative stress and DNA damage, over-activation of PARP-1 may ensue. This may
lead to cell death by two possible mechanisms. First, high PAR turnover via PARP-1
activation may deplete the cells of NAD+/ATP, killing the cells by metabolic catas-
trophe [55]. Second, in the presence of adequate cell energy stores, increased
PARP-1 activation can lead to apoptosis via apoptotic inducing factor (AIF) from
the mitochondria or by caspase-dependent mechanisms [56]. If the cell already has
low NAD+ stores, as in highly proliferative cells like the enterocyte, the cell may be
more likely to enter a necrotic cell death pathway when faced with marked DNA
damage. Necrotic cell death leads to the release of proinflammatory mediators, such
as high-mobility group protein B1 (HMGB1), into the local environment, and fur-
ther propagation of tissue injury may ensue. Thus, the activity of PARP-1 in an
injured or activated cell serves as a checkpoint or governor between the fate of cel-
lular repair and the fate of cell death (via either apoptosis or necrosis), and cellular
energetics play an important role in this fate [57]. PARP-1 is increased in the rat
NEC model, and it is associated with tissue regions with high abundance of protein
nitration [58]. These data suggest that PARP-1 activation may indeed be a down-
stream consequence of reactive nitrogen species formation in this setting. Enhancing
cellular NAD+ stores and attenuating PARP-1 activation with nicotinamide
decreased intestinal necrosis seen in NEC [58].

 Red Blood Cell Transfusion and NEC

While a convincing link has not been established, there are multiple retrospective
studies suggesting an association between recent exposure to transfusion and the
development of NEC. In 1987McGrady et al. reported a significant increase in NEC
cases from a single center during a 3-month period involving 31 % of very low birth
weight (VLBW) infants [59]. After investigation, RBC transfusion was found to be
strongly associated with NEC with an odds ratio (OR) for NEC after transfusion of
15.1. In 1998, Bednarek et al. reported a similar association in 6 NICUs in the
Boston area with different transfusion practices [60]. VLBW infants in the highest
transfusing NICUs had a higher prevalence of NEC (7 %) compared with a 2 %
prevalence in the low-transfusing centers (p<0.05). A recent meta-analysis identi-
fied 11 retrospective case-control studies and 1 cohort study evaluating the temporal
association of blood transfusion in the previous 48 h with the development of
transfusion-associated NEC (TANEC) [61]. The authors concluded that recent
exposure to transfusion was associated with NEC in both adjusted and unadjusted
analyses. Infants who developed TANEC had lower birth weights, were of lower
gestational age, had higher odds of patent ductus arteriosus (PDA), and were more
likely to be ventilated [61]. While the true mechanism of transfusion associated
NEC remains unclear, several potential mechanisms have been proposed, including
once by the authors demonstrated in Fig. 9.3.
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 The Effects of Storage on Packed Red Blood Cells

The standard transfusion practice in many NICUs is to limit donor exposure by
assigning a specific unit of donated red blood cells (RBCs) for each transfused
patient that is used exclusively over the infant’s course up to the expiration date of
the unit. While this decreases the risk of viral transmission through transfusions 
of blood from multiple donors, this approach increases the rates of transfusion of
older RBCs. Recent observational studies have shown that prolonged RBC storage
is associated with increased mortality and organ dysfunction in critically ill adults 
and children [62, 63]. The storage of red blood cells in preservative medium is
associated with harmful metabolic, biochemical, and molecular changes to the ery-
throcytes including oxidative injury to cytoskeleton proteins and membrane phos-
pholipids [64]. During the preparation of packed red blood cell units, most of the
plasma proteins capable of binding and sequestering iron, such as transferrin and
albumin, are removed. The extracellular medium surrounding red blood cells in
just-expired pediatric packed cell preparations was found to be rich in iron, likely
due to oxidative damage to the erythrocyte membrane [65]. The iron released under
these conditions is associated with methemoglobin formation and appears to be
redox active and therefore potentially harmful [66]. Josephson et al. found that the
median age of blood storage of RBCs was longer for infants that developed NEC
compared to transfused patients who did not develop NEC [67]. However, a recent
randomized trial found no improvement in survival or rates of complications includ-
ing NEC among critically ill premature infants receiving fresh RBC transfusions
(stored≤7 days) compared with standard RBC transfusion practices [68].

Fig. 9.3 Illustration of a potential mechanism for transfusion-associated NEC
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 Blood Transfusions and Oxidative Stress

Previous studies have demonstrated an association between the number of transfu-
sions a premature infant receives and their risk for developing bronchopulmonary
dysplasia (BPD) and retinopathy of prematurity (ROP) [69, 70]. One explanation
for these links and for the relationship between blood transfusions and NEC may be
the release of oxygen-derived free radicals. Blood transfusions may deliver excess
ferrous iron, which through the Haber-Weiss reaction may enable formation of the
highly reactive hydroxyl radical (.OH) from superoxide [71]:

 O Fe O Fe2
3

2
2- + ++ ® +  

 2 22 2 2 2O H O H O- ++ ® +  

 Fe H O Fe OH OH2
2 2

3+ + -+ ® + + ×  

The reactive hydroxy radical causes lipid peroxidation which may result in cell
injury in a premature infant with limited antioxidant defenses [72]. Blood transfu-
sions were found to significantly increase plasma non-transferrin bound iron (“free”
iron with the potential to promote the generation of reactive oxygen species) in
premature infants but not in full term infants [73]. Under normal conditions, protec-
tion against free iron is provided by ceruloplasmin (which converts the pro-oxidant
ferrous iron into the ferric state) and transferrin (which binds the ferric iron), but in
premature infants the concentrations of these binding proteins are low [73, 74]. 
Consequently, blood transfusions were associated with lipid peroxidation in prema-
ture infants as measured by urinary malondialdehyde (MDA) and levels of MDA in
bronchoalveolar lavage fluid [71, 75]. Biomarkers of oxidative stress have also been
linked to NEC, as levels of non-protein-bound iron and total hydroperoxides in cord
blood were found to be significantly higher in infants who developed NEC [76].

 Potential Interventions for Transfusion Associated NEC

Ideally, one approach to prevent transfusion-associated NEC would be to limit late
transfusions. While no standard national guidelines for transfusions in the NICU
exist, protocols may exist in individual units. A transfusion-reduction program
instituted by the NICUs of Intermountain Healthcare in 2009 was accompanied by
a trend toward a lower rate of NEC (P<0.09) [77]. In addition, erythropoietin (Epo)
has been shown to be protective against NEC [78]. Finally, Singh et al. found that
iron supplementation, another therapeutic intervention for treatment of anemia, was
also associated with a lower risk for NEC [79]. Previous concerns about excess iron
and oxidative injury in premature infants with reduced antioxidant defenses have
been limited after two recent studies showed that iron supplementation to stable
growing premature infants does not induce oxidative stress [80, 81].
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The issue of enteral feeding practices in relationship with blood transfusions was
first addressed by Perciaccante and Young in an abstract which showed that making
infants Nil per os (NPO) 4 h before transfusion was associated with a reduction in
the occurrence of TANEC to zero compared to 39 % in the previous time period
[82]. More recently, El-Dib et al. completed a case-control study involving 50
infants born<32 weeks gestation and found a reduction in TANEC after making
patients NPO immediately before and during the transfusion [83]. Clearly, well-
designed prospective studies are needed to convincingly establish the association
between NEC and blood transfusion and to evaluate the impact of withholding feeds
prior and during a blood transfusion.

 Challenges and New Prospects for NEC Therapy

Progress in treating NEC after initial diagnosis remains extremely limited. In fact,
at this time there are no therapies for NEC treatment, aside from surgical resection
of damaged intestinal tissue. Progress in this setting has therefore been mainly in
the area prevention of NEC. Several emerging possibilities for NEC therapy have
been investigated in preclinical and clinical settings.

 Enteral Antibiotic Administration

LPS appears to exacerbate nitrative injury in the immature epithelium of the neonate.
Oral administration of antibiotics has been used in an attempt to decrease abnormal
colonization [84]. Meta-analysis has shown a decrease in the incidence of NEC but
no decrease in mortality in NEC cases [85]. Therefore, with the concerns of resis-
tance development by pathogenic bacteria and altering the normal flora, further
studies are needed to evaluate the long-term safety of this strategy.

 Probiotics

Probiotics are live microbial food supplements (bacteria or yeast) that beneficially
affect the host animal by improving its intestinal microbial balance [86]. These
beneficial, commensal organisms play a central role in the maintenance of intestinal
barrier function and intestinal homeostasis. As abnormal colonization of the prema-
ture gut with pathogenic bacteria has been implicated in the pathogenesis of NEC,
the ability of probiotics to alter the intestinal flora of infants by favoring the growth
of beneficial commensal bacteria makes their use an attractive potential strategy for
the prevention of NEC.
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 Role of Intestinal Flora

Commensal bacteria regulate appropriate bacterial colonization by increasing 
the mucosal barrier to bacteria and bacterial products [87, 88]. These bacteria play
a role in the development of intestinal tolerance to luminal antigens, regulate the
expression of certain protective barrier genes as well as genes involved in digestion
and angiogenesis, and can induce specific mucus genes. Other functions of com-
mensal bacteria include regulation of intestinal permeability, modulation of intesti-
nal inflammation, degradation protein and carbohydrates, and increased production
of anti-inflammatory cytokines [89, 90]. These varied functions may be particularly
important in the immature intestine with inadequate defense mechanisms against
pathogenic bacteria and the potential for an exaggerated inflammatory response
[84]. Therefore, the establishment of a stable and diverse intestinal bacterial com-
munity plays a vital role in maintenance of intestinal barrier function and immune
regulation.

 Probiotics for the Prevention of NEC

The potential benefits of probiotics include more than simply modifying the gut
flora. Indeed, probiotics may limit some of the pathologic features thought to
predispose premature infants to NEC including an exaggerated innate immune
response, local perturbations in intestinal perfusion leading to ischemia, and an
immature intestinal barrier. Interaction between commensal bacteria and the intesti-
nal epithelium allow for appropriate regulation of the intestinal immune and inflam-
matory response. When the immature intestinal barrier is breeched by pathogenic
bacteria, activation and upregulation of innate immune receptors in the epithelium,
such as Toll-like receptor 4, can occur. The innate immune receptors recognize
these bacteria as harmful and initiate the inflammatory cascade via NF-κB.
Commensal bacteria prevent the nuclear ubiquination or degradation of the NF-κB/
IκB complex, thus preventing the nuclear translocation and activation of NF-κB
[91]. IκB increases with maturation; thus, immature enterocytes have less IκB to
inhibit NF-κB and thus are particularly susceptible to uncontrolled inflammatory
response when presented with a pathogen [92]. Therefore, commensal bacteria may
play an important role in the premature enterocyte to prevent activation of NF-κB,
thus modulating the inflammatory response and potentially protect the newborn
intestine from injury.
Treatment of human intestinal epithelial cells primed with TNF-α, IL-1β, and

IFNγ with a probiotic led to increased nitric oxide (NO) production through the
induction of inducible nitric oxide synthase (iNOS). This controlled induction of
NOS and subsequent low level production of NO may be a potential mechanism
whereby probiotics serve to protect the intestinal tract [93]. In immature mice, Lin
et al. demonstrated that a probiotic blocked inflammatory signaling via generation
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of reactive oxygen species, regulated apoptosis, and promoted cytoprotective
responses [94, 95]. D’Souza et al. noted downregulation of caveolin-1, eNOS, and
nNOS and upregulation of iNOS in the terminal ileum of formula fed neonatal 
rats. Following probiotic supplementation, superoxide dismutase and glutathione
peroxidase were upregulated [96]. Later this group demonstrated that probiotic
supplementation decreased proinflammatory cytokine production and downregu-
lated genes involved in oxidative stress and toll-like receptor pathways in the terminal
ileum of formula-fed neonatal rats, although the effect was attenuated in hypoxia/
hyperoxia [97]. In formula-fed neonatal rat pups, Fordjour et al. demonstrated pres-
ervation of bowel integrity and induction of IGF-1 and EGF by formula supple-
mented with probiotics [98]. Utilizing immature and mature human intestinal
xenografts and primary enterocytes isolated from resected NEC tissue, Ganguli
et al. noted an attenuated response to inflammatory stimuli following exposure to
probiotic conditioned media due to the secretion of an anti-inflammatory probiotic
factor, possibly a glycan or glycolipid [99].
The possibility of decreasing the incidence of NEC by the administration of

probiotics has been investigated in human infants. Several groups have noted a
decrease in the incidence of NEC following probiotic supplementation [100–104]. 
In contrast, other groups have failed to demonstrate a reduction in the incidence of
NEC following probiotic administration [105, 106]. Despite these negative findings,
several recent meta-analyses have concluded that probiotic supplementation reduces
the incidence of NEC in preterm infants [107, 108]. While the available data are
insufficient to support the routine use of probiotics to prevent NEC, these studies do
support the need for a large randomized, controlled trial to further investigate the
role of probiotics in the prevention of NEC in premature infants.

 Growth Factors

Growing clinical evidence supports the use of EGF as a predictive marker of NEC
and its use for prevention and treatment of NEC [109]. In addition, experimental
data indicate potential mechanisms of EGF prevention against NEC. These consist
of reduction of inflammation, improvement of barrier function, and regulation of
epithelial apoptosis, all of which appear to be directly affected by nitrative injury.
HB-EGF is one such growth factor that appears to be a promising therapeutic agent
in regard to preventing and possibly treating NEC. Further studies are necessary to
identify the optimal dose, timing, and route of administration of members of the
EGF family, including HB-EGF, to NEC patients.

 Glucocorticoids

Glucocorticoids have been found to accelerate maturation of the immature intestinal
epithelium as well as decrease inflammation and abnormal bacterial colonization
[84, 110–112]. However, due to concerns regarding the incidence of spontaneous
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intestinal perforations as well as poor neurodevelopmental outcomes noted following
postnatal steroid exposure in premature infants, further studies are needed to further
evaluate the safety and efficacy of this strategy.

 NOS2 Inhibitors

NOS2 inhibitors (L-NIL, aminoguanidine) have been found to decrease markers of
nitrative stress and as well as tissue injury in experimental animal models of NEC
[36, 113]. NOS inhibition in adults with acute states of disease, such as sepsis,
unfortunately has not been as promising. Current iNOS inhibitors may not be as
selective as hoped and thus also inhibit the beneficial effects of NO. Perhaps in the
future there may be more specific iNOS inhibitors able to attenuate the detrimental
effects of overproduction of NO vs. its required effects for homeostasis at lower
levels. Other options would include therapeutics targeting more focal downstream
effects of NO dysregulation.

 PARP Antagonism

There are three potential mechanisms by which PARP-1 may contribute to tissue
injury and cell death. First, NAD+ consumption by PARP-1 may deplete the cells of
energy metabolites leading to cellular necrosis [55, 114]. Second, in the presence 
of severe DNA damage but adequate NAD+ stores, PARP-1 activation may lead to
apoptosis by either caspase-dependent mechanisms or apoptosis-inducing factor
(AIF) release from mitochondria that causes caspase-independent apoptotic cell
death [115]. Lastly, PARP-1 appears to be part of the NF-kB transcriptosome and
thus contributes to the synthesis of inflammatory mediators [116]. These potential
pathways by which PARP-1 may contribute to the intestinal injury and intestinal
cell death seen in NEC need to be tested mechanistically. A substantial number of
pharmacologic studies have shown the benefit of various classes of PARP inhibitors
in different disease models of inflammation and oxidation, neurodegeneration, and
vascular disease, including myocardial infarction, septic shock, and colitis [117, 
118]. Some of these inhibitors have entered human trials [118, 119]. PARP inhibi-
tion appears to be a viable candidate for medical therapy in NEC and warrants
further investigation.

 Summary

NEC is a devastating intestinal condition that has severe consequences in preterm
infants. While there are several clinical strategies that have been shown to reduce
the incidence of NEC, no medical approach has been established for NEC therapy.
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The identification of various risk factors for the development of NEC has shed light
on important contributors and mechanisms of the disease process. Studies have sug-
gested alterations of intestinal blood flow, abnormal bacterial colonization, and/or
limited growth factor presence in the immature neonatal intestine as contributors to
NEC risk and its progression. These mechanisms may act alone or exist in concert,
and this may explain the variable timing and presentation of NEC symptoms and
outcomes. Each of these mechanisms is a known contributor to activation of infla-
mmatory processes and related innate immunity mechanisms. In turn, intestinal
inflammation can promote local oxidative stress and may be a common pathway for
NEC-related tissue injury. As the mechanisms of NEC are better defined, newer
opportunities for rational therapeutic strategies will continue to emerge. Further
studies to elucidate the unifying and common processes in this heterogeneous and
often unpredictable disease state are clearly needed.
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           Introduction 

 The lung is the human organ that is exposed to the highest concentrations of 
 atmospheric oxygen, and as a result, it has developed an intricate array of responses 
to changes in oxygen concentrations. The perinatal lung is particularly interesting in 
this regard, because the fetus must survive and grow in a hypoxic environment, and 
then rapidly adapt to an oxygen-rich atmosphere. Respiratory failure affects 2 % of 
live births and contributes signifi cantly to neonatal morbidity and mortality [ 1 ], and 
therapeutic oxygen is commonly required. This review will focus on the role of 
reactive oxygen species as mediators of responses to neonatal respiratory failure, 
hypoxia, and hyperoxia.  

    Overview of Reactive Oxygen Species 

 The vascular effects of both hypoxia and hyperoxia are largely mediated through 
the formation of reactive oxygen species (ROS), small molecules derived from 
molecular oxygen. ROS are important vascular signaling molecules, regulators 
of vascular tone and function, and a potential source of vascular injury through 

mailto:robin.steinhorn@ucdmc.ucdavis.edu


184

their interaction with proteins, DNA, RNA, and lipids [ 2 ,  3 ]. Multiple enzymatic 
oxidase systems can contribute to generation of ROS in the vessel wall, and 
each system has specifi c roles in vascular physiology and pathophysiology. 
Antioxidant systems also regulate vascular signaling pathways by scavenging 
ROS. In the endothelium, mitochondria, xanthine oxidase, cytochrome P450, 
and cyclooxygenase can generate ROS that infl uence vascular function, while 
under stress conditions, an uncoupling of endothelial nitric oxide synthase 
(eNOS) can also contribute [ 4 ,  5 ]. In vascular smooth muscle, NADPH oxidases 
(Nox) and mitochondria can function as signifi cant sources of ROS generation 
[ 6 – 10 ]. 

 ROS-generating systems donate an electron to molecular oxygen to generate 
superoxide anion (O 2  − ), the precursor for hydrogen peroxide and other reactive spe-
cies. Superoxide dismutases (SODs) generate hydrogen peroxide (H 2 O 2 ) through 
dismutation of superoxide, although spontaneous dismutation can occur at low pH 
even in the absence of SOD. H 2 O 2  induces vasoconstriction, which is blocked by 
scavengers such as catalase and glutathione peroxidase. In the presence of SOD, 
superoxide is relatively short lived, and its negative charge renders it relatively 
impermeable to biological membranes. By contrast, H 2 O 2  has a longer half life and 
is uncharged and freely diffusible through aquaporins in membranes. As such, H 2 O 2  
is an important intracellular and intercellular signaling molecule. Superoxide can 
also react with other radicals such as nitric oxide (NO − ) to form peroxynitrite 
(ONOO − ), an exceptionally reactive oxidant that can promote vascular dysfunction 
by nonspecifi c nitration of proteins resulting in signifi cant consequences for their 
functions. In the presence of iron, H 2 O 2  can generate hydroxyl radicals through the 
Fenton reaction. However, these highly reactive radicals are unlikely to participate 
in signaling pathways and are therefore exclusively involved in cell damage 
responses.  

    Perinatal Lung Development 

 As the human fetal lung develops, lung vascular growth and branching is closely 
coupled with the growth and branching of the airway epithelium [ 11 ]. Formation of 
the pulmonary vasculature is dependent on vasculogenesis, or de novo formation of 
blood vessels, and angiogenesis, the formation of new vessels from preexisting 
ones. During the fi nal stages of vascular development, the pulmonary capillaries 
surround the thinning alveolar walls, providing the increased alveolar and capillary 
surface areas necessary for effi cient gas exchange at birth. This choreographed 
structural organization requires the tight regulation of vascularization and alveolar-
ization. After birth, vascular development continues with expansion of capillary 
volume and surface area, driven by angiogenesis from preexisting vessels and intus-
susceptive growth [ 12 ]. Antenatal or postnatal events that affect the developmental 
program of the fetal or newborn lung may contribute to defective pulmonary vascu-
lar development. 
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 The fetal lung is programmed to develop in a low-oxygen intrauterine environment 
that favors multiple growth factor signaling pathways. The VEGF and NO signaling 
pathways are among those critical for antenatal and postnatal lung vascular growth. 
Vascular endothelial growth factor (VEGF) is expressed in vascular endothelial and 
smooth muscle cells and in airway epithelium in the fetal lung and is central to vas-
cular development of the perinatal lung. Two distinct transmembrane tyrosine kinase 
receptors, VEGF receptor 1 (VEGFR-1) and VEGF receptor 2 (VEGFR-2), are 
expressed on vascular endothelium. Experimental inactivation of VEGF or its recep-
tor genes results in embryonic lethality characterized by defi cient organization of 
endothelial cells and vascularization, and targeted inactivation in the early postnatal 
period increases mortality and impairs lung vascular development [ 13 ]. Inhibition of 
VEGF receptors in adult rodents also produces abnormalities of lung architecture, 
suggesting that VEGF signaling remains important after infancy for maintenance of 
normal pulmonary vasculature and alveolar structure. 

 Lung VEGF expression is regulated by members of the hypoxia-inducible factor 
(HIF) family of transcription factors [ 14 ,  15 ]. HIFs are heterodimers consisting of 
oxygen-sensitive α subunits (HIF-1α, HIF-2α) and constitutively expressed β sub-
units. Hypoxia stabilizes the α subunit leading to nuclear accumulation and activa-
tion of multiple target genes [ 16 ]. Conversely, elevated levels of oxygen target the 
protein for proteasomal degradation thereby decreasing target gene expression. 
Deletion of HIF-1 or HIF-2 results in embryonic lethality, and an important recent 
study demonstrated that SMC-specifi c knockout of HIF-1α in mice results in pul-
monary hypertension and increased phosphorylation of myosin light chain under 
normoxia and following hypoxic exposure [ 17 ]. 

 Nitric oxide (NO) is a well-known pulmonary vasodilator but also plays a key 
role in lung vascular growth during fetal and neonatal life. For example, the lungs 
of late fetal and neonatal eNOS-defi cient mice have striking abnormalities of vascu-
larization [ 18 ] and are more susceptible to failed vascular growth following expo-
sure to mild hypoxia [ 19 ]. Recent studies also suggest that VEGF-induced lung 
angiogenesis is in part mediated by NO. For instance, inhibition of VEGF receptors 
decreased lung eNOS protein expression and NO production, and lung vascular 
growth could be restored by treatment with inhaled NO [ 20 ,  21 ]. 

 The perinatal period is also distinguished by specifi c circulatory patterns required 
for placental respiration. Fetal blood fl ow bypasses the lungs via the foramen ovale 
and the ductus arteriosus, thereby directing oxygenated blood to the systemic circu-
lation. Multiple mechanisms maintain high pulmonary vascular resistance and low 
pulmonary blood fl ow in the fetus, including low-oxygen tension, low basal produc-
tion of vasodilator products (such as PgI 2  and NO), and increased production of 
vasoconstrictors (such as endothelin-1). Maternal hyperoxygenation has no effect 
on human fetal pulmonary blood fl ow prior to 26 weeks gestation but produces 
signifi cant increases by mid-third trimester, suggesting a developmentally regulated 
capacity of the pulmonary circulation to sense and respond to changes in oxygen 
tension [ 22 ]. The low-oxygen environment of the fetus maintains low production of 
vasoactive mediators such as nitric oxide and prostacyclin. For example, maternal 
hyperoxygenation activates endothelial nitric oxide synthase and increases pulmo-
nary blood fl ow to postnatal levels in fetal lambs [ 23 ]. 
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 At birth, the lung adapts to replace the placenta as the organ of gas exchange. This 
is facilitated by a dramatic decrease in pulmonary vascular resistance, regulated by 
complex physiological and biochemical processes, and resulting in an eight- to ten-
fold increase in pulmonary blood fl ow [ 24 ]. Hypoxic pulmonary vasoconstriction is 
reversed at birth by the sudden increase in lung oxygenation when the newborn takes 
its fi rst breath. If this process is altered by abnormal lung vascular development and/
or vascular dysfunction, pulmonary hypertension and its attendant complications 
will result. In addition, the responsiveness to hypoxia is retained into adulthood, and 
pulmonary hypertension can be triggered by respiratory failure, other hypoxic lung 
disease, travel to high altitude, or intermittent obstructive sleep apnea.  

    Neonatal Pulmonary Vascular Disease 

 Persistent pulmonary hypertension of the newborn (PPHN) describes the failure of 
normal pulmonary vascular adaptation at birth and is characterized by elevated pul-
monary vascular resistance and right-to-left extrapulmonary shunting of deoxygen-
ated blood that produces severe hypoxemia [ 25 ]. The PPHN syndrome complicates 
the course of approximately 10 % of term and preterm infants with respiratory failure 
and carries a signifi cant risk of death, pulmonary morbidity, and neurodevelopmental 
impairment. Early, severe PPHN is associated with pathologic remodeling in utero, 
with fi ndings of medial thickening of small pulmonary arteries and abnormal exten-
sion of vascular smooth muscle to nonmuscular arteries (Fig.  10.1 ) [ 26 ]. The extent 

  Fig. 10.1    Representative    histology of a pulmonary vessel from an infant that died with asphyxia 
and severe PPHN, demonstrating dramatic smooth muscle cell thickening around pulmonary arter-
ies ( arrow ) and mild adventitial proliferation. ( b ) Lung    photomicrograph with elastin staining 
from an infant with BPD-associated pulmonary hypertension and organizing pneumonia. A thick-
ened medial layer, double elastic lamina, and modest proliferation of the adventitia are noted 
( arrow ). Both examples indicate a lack of the intimal proliferation that characterizes adult pulmo-
nary hypertension       
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of pulmonary vascular remodeling correlates with the severity of the disease, 
although the in utero abnormalities that alter the development and adaptation of the 
pulmonary circulation remain poorly understood. Levels of eNOS expression are 
decreased in umbilical venous endothelial cell cultures from human infants with 
meconium staining who develop PPHN [ 27 ]. Circulating levels of cGMP are 
decreased [ 28 ], and endothelin (ET-1) levels are elevated in PPHN infants [ 29 ,  30 ].

   Chronic intrauterine hypoxia can occur due to high altitude, cigarette smoking, 
anemia, placental insuffi ciency, and numerous other causes. Chronic fetal hypoxia 
is commonly associated with fetal intrauterine growth restriction and increases the 
risk of pulmonary hypertension [ 31 ]. During chronic hypoxia, sustained constric-
tion of pulmonary arteries causes pulmonary arterial hypertension leading to right 
ventricular hypertrophy. In addition, acute perinatal asphyxia or alveolar hypoxia 
arising from lung parenchymal disorders such as meconium aspiration syndrome, 
respiratory distress syndrome, and pneumonia can cause structurally normal pulmo-
nary vessels to constrict. 

 Bronchopulmonary dysplasia (BPD) occurs most frequently in extremely 
preterm infants born before 28 weeks gestation and is characterized by alveolar 
simplification, loss of small pulmonary arteries, and decreased capillary den-
sity [ 16 ]. Pulmonary hypertension (PH) complicates the course of up to a third 
of infants with BPD. Over time, BPD-associated PH contributes to ongoing 
hypoxemia, which induces further vascular remodeling and right ventricular 
hypertrophy. 

 Preterm birth exposes the lung to ambient oxygen concentrations that are sever-
alfold higher than fetal levels, and supplemental oxygen is frequently required to 
treat respiratory failure. The preterm lung is ill equipped to cope with increased 
ambient oxygen concentrations, and exposure to hyperoxia during this develop-
mentally sensitive period increases lipid and protein oxidation products [ 32 ] and 
disrupts normal parenchymal and vascular lung development [ 16 ]. While multiple 
studies support an association between oxidative stress and BPD, a causal relation-
ship has yet to be defi nitively established. However, these conditions could rapidly 
degrade HIF and promote abnormal lung development after preterm birth through 
disrupting expression of downstream targets such as VEGF and mitochondrial 
SOD (Fig.  10.2 ). Mitochondrial SOD (MnSOD) is essential for survival in an aero-
bic  environment, and its deletion leads to early neonatal death and increased sensi-
tivity to oxidant stress [ 33 ,  34 ]. In support of this theory, short-term hyperoxic 
ventilation of preterm lambs increased PHD2 expression and disrupted pulmonary 
expression of HIF and its downstream target VEGF [ 35 ]. Furthermore, decreased 
VEGF is evident in the lungs of premature neonates who died with BPD [ 36 ], and 
VEGF expression is decreased in tracheal aspirates from premature infants who 
later develop BPD [ 37 ]. These data suggest that hyperoxia may interrupt the 
expression of critical factors that promote normal lung vascular and parenchymal 
development.
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       Experimental Models of Neonatal Pulmonary 
Vascular Disease 

 Understanding the mechanisms that produce abnormal lung vascular and parenchy-
mal development and function is important in improving early detection and treat-
ment strategies for infants with pulmonary hypertension. As it is not feasible to 
study the processes in the human infant, much of our current knowledge is derived 
from animal models. 

    Chronic Intrauterine Pulmonary Hypertension 

 In fetal lambs, ligation or compression of the ductus arteriosus rapidly induces fetal 
and neonatal pulmonary hypertension. Similar to newborns that die of PPHN, these 
lambs have medial hypertrophy within the small pulmonary arteries, complete mus-
cularization of normally partially muscularized pulmonary arteries, and extension of 
muscle to non-muscularized arteries. PPHN lambs exhibit impaired NOS expression 
and activity [ 38 ], decreased responsiveness to NO, decreased expression of soluble 
guanylate cyclase [ 39 ], increased PDE5 expression and activity [ 40 ], and increased 

  Fig. 10.2    Hyperoxic conditions activate prolyl hydroxylases, which degrade hypoxia- inducible 
factors (HIF1 and HIF2), key regulators of vascular angiogenesis in fetal life. Reduced HIF activ-
ity likely promotes abnormal lung development after preterm birth by disrupting expression of 
downstream targets such as VEGF and mitochondrial SOD       
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ET-1 levels [ 41 ]. Recent studies found elevated production of 5- hydroxytryptamine 
in PPHN lambs [ 42 ], which causes fetal pulmonary vasoconstriction via mechanisms 
involving Rho kinase [ 43 ]. Further, Rho kinase activity is elevated in pulmonary 
artery endothelial cells (PAEC) isolated from PPHN lambs [ 44 ] in an ET-1-dependent 
fashion [ 45 ]. Together these data suggest that dysregulation of multiple redox-sensi-
tive pathways contributes to impaired pulmonary vasodilation in PPHN lambs.  

    Hypoxia-Induced Pulmonary Hypertension 

 Hypoxia can occur antenatally due to maternal hypoxia or placental dysfunction or 
postnatally due to acute or chronic cardiopulmonary disease. Pulmonary arterial 
smooth muscle cells undergo calcium-dependent contraction in response to acute 
hypoxia, indicating that the O 2  responsiveness is intrinsic to vascular cells. While 
controversial, evidence suggests that hypoxia activates oxidant signaling in pulmo-
nary vascular cells and that the acute vasoconstriction response is redox-sensitive. 
During chronic hypoxia, sustained constriction of pulmonary arteries causes pul-
monary arterial hypertension, leading to right ventricular hypertrophy. If this condi-
tion persists for more than a few weeks, the walls of pulmonary arteries remodel 
through a process that involves hypertrophy and hyperplasia of smooth muscle cells 
and in some cases the endothelium [ 46 ]. After the vessels have remodeled, the pul-
monary hypertension can become refractory to normoxia and vasodilating drugs, 
most likely because reorganization of the extracellular matrix restricts the ability of 
the vessel to dilate. 

 Pregnancy and delivery of sheep at high altitude yields offspring with pulmonary 
hypertension, coupled with increased constrictor reactivity of isolated pulmonary 
vessels. This effect persists even if the lamb is returned to sea level and is associated 
with higher sensitivity to endothelin-1, elevated expression of eNOS and PDE5, and 
decreased heme oxygenase-1 expression and carbon monoxide production [ 47 ]. 
Exposure of neonatal mice to 2 weeks of chronic hypoxia (12 % O 2 ) in an airfl ow 
chamber causes pulmonary hypertension and vascular remodeling that is mediated 
in part by ET-1 [ 48 ]. Pulmonary hypertension develops in newborn piglets exposed 
to hypoxia for 3 days and worsens after 10 days of hypoxia [ 49 ]. These fi ndings are 
associated with uncoupled NOS activity and reduced NO bioavailability, associated 
with excessive oxidant stress [ 50 ]. These data suggest that chronic hypoxia may 
induce pulmonary hypertension via mechanisms similar to those associated with 
antenatal ductal ligation in lambs.  

    Hyperoxic Lung Injury 

 The increase in oxygen tension at birth is one of the most important stimuli to facili-
tate the fetal to newborn transition, hence high oxygen concentrations and com-
monly used to treat hypoxemia and reverse pulmonary vasoconstriction in neonates 
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with pulmonary hypertension. Until very recently, hyperoxic gas mixtures were also 
recommended whenever an infant required resuscitative measures. While the use of 
hyperoxic gas mixtures has short-term benefi ts, there is an emerging understanding 
that hyperoxia may also greatly exaggerate oxidative stress in multiple cellular 
compartments of the normal and diseased pulmonary vasculature. 

 Healthy newborn lambs ventilated with 100 % oxygen for the fi rst 30 minutes of 
life show a more rapid decrease in pulmonary vascular resistance than those venti-
lated with 21 % oxygen [ 51 ]. However, when weaned to 21 % oxygen and studied 
4 h later, the high oxygen group display impaired pulmonary vasodilator responses 
to endogenous and exogenous NO [ 51 ]. Further studies in a newborn lamb model of 
acute perinatal asphyxia confi rm that vasodilator responses are decreased following 
resuscitation with 100 % O 2  and suggest that elevated vascular oxidant stress is 
involved (Fig.  10.3 ) [ 52 ].

   In PPHN lambs born after antenatal ductal ligation, the use of 100 % oxygen does 
not enhance the decrease in pulmonary vascular resistance relative to ventilation 
with 21 % or 50 % oxygen, confi rming the reduced responsiveness to oxygen in 
remodeled pulmonary vessels. However, hyperoxia impairs the vasodilator response 
to inhaled NO and produces striking increases in the activity of cGMP- specifi c 
phosphodiesterase [ 53 ]. These data suggest that short-term pulmonary vascular 
 benefi ts of ventilation with high levels of oxygen need to be weighed against longer-
lasting adverse effects on vascular reactivity. 

 Given the additional potential for harm due to oxidant-induced injury, the routine 
use of high oxygen concentrations for initial delivery room resuscitation is no lon-
ger recommended [ 54 ]. However, the optimal concentration of oxygen to treat 
hypoxemic respiratory failure and/or pulmonary hypertension in the NICU setting 
remains controversial and poorly studied. In clinical practice, only limited informa-
tion (i.e., calculated alveolar PO 2  and measured arterial PO 2 ) is typically available 
to evaluate the relative effect of higher oxygen mixtures on pulmonary vasodilation. 
The relationship between PaO 2  and PVR has been studied in animal models. 
In young healthy calves, PVR rises steeply when the PaO 2  falls below 50 mmHg but 
decreases minimally when the PaO 2  is >50 mmHg [ 55 ]. Equivalent studies in neo-
natal lambs ventilated with 10, 21, 50, or 100 % oxygen show a strikingly similar 
relationship between PaO 2  and PVR in both healthy lambs and lambs with 
PPHN. While both the normal and remodeled vasculature constrict vigorously to 
hypoxia, increasing the FiO 2  > 50 % or PaO 2  > 50–60 mmHg produces little addi-
tional reduction of PVR in both groups [ 51 ,  56 ]. These fi ndings suggest that the 
vasodilatory effects of supplemental oxygen reach a plateau at about 50 % oxygen 
or a PaO 2  of 50–60 mmHg and are similar to previous clinical observations in chil-
dren with bronchopulmonary dysplasia and pulmonary hypertension [ 57 ]. 

 Chronic exposure to hyperoxia induces additional factors that may impair  normal 
lung development. Mice and rats are born in the saccular stage of lung development 
and do not begin alveolarization until postnatal day 5 (P5) and have been used to 
model the effects of hyperoxia in the immature lung. Chronic exposure to hyperoxia 
(60 % O 2  and greater) induces pulmonary hypertension and vascular remodeling in 
newborn rats [ 58 ] and mice [ 59 ]. Similar to premature infants who die with BPD 
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[ 36 ,  60 ], lung VEGF expression is decreased in various rodent models of  neonatal 
hyperoxic lung injury [ 61 – 63 ]. Disrupted pulmonary VEGF leads to abnormal vas-
cular and alveolar development, lung hypoplasia, and pulmonary hypertension [ 15 , 
 64 ,  65 ], and pharmacologic inhibition of VEGF receptors in neonatal rats produces 
similar impairments in lung alveolarization and vascular growth [ 20 ,  66 ,  67 ]. 
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  Fig. 10.3    Term lambs were subjected to acute asphyxia and then ventilated with 100 % oxygen or 
21 % oxygen for 30 min. Representative sections of the lung were imaged with the superoxide probe 
dihydroethidium (DHE). The DHE signal was more than twofold higher after 100 % oxygen resusci-
tation than with 21 % oxygen. The bottom panel shows that the force of contraction of small pulmo-
nary arterial rings to norepinephrine is greater after resuscitation with 100 % oxygen. Contractility is 
restored to control levels after treatment with superoxide dismutase and catalase.  PA  pulmonary artery       
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 Recent research has investigated the role of microRNAs (miRNAs), small 
 conserved noncoding RNAs that regulate posttranscriptional gene expression, in nor-
mal and abnormal lung development. Abnormal regulation of miRNAs has been 
implicated in the development of multiple pathological conditions, and their impor-
tance in pulmonary arterial hypertension is becoming more apparent [ 68 ]. For 
instance, microRNA-21 (miR-21) is linked to hypoxia, BMP signaling, and infl am-
matory signaling and has been proposed as a central regulator in adult-onset pulmo-
nary hypertension [ 69 ]. Inhibitors of miR-21 reduced pulmonary vascular remodeling 
in hypoxia-exposed mice, suggesting that miRNAs could become therapeutic targets 
[ 70 ]. Several studies have monitored changes in lung expression of miRNAs and 
their target genes in neonatal rodent models of BPD [ 71 ,  72 ]. Continuing studies may 
provide further insight into the mechanisms of dysregulated gene expression that 
contribute to the pathophysiology of neonatal pulmonary hypertension and BPD. 

 The importance of a hypoxic intrauterine environment suggests a potential role 
for HIFs in the regulation of normal fetal and neonatal lung development. Knockdown 
of pulmonary vascular HIF-1alpha expression induces pulmonary vasoconstriction 
in neonatal mice [ 17 ], and hyperoxia-mediated degradation of HIFs may contribute 
to decreased VEGF expression in rodent models of BPD. Similar to human infants 
that develop BPD [ 32 ], markers of oxidative stress are increased in hyperoxia-
exposed mice [ 73 ] and rats [ 74 ]. Additional studies have also implicated alterations 
in the thioredoxin system by hyperoxia, which could alter HIF and VEGF signaling 
[ 75 ,  76 ]. Together these data suggest that hyperoxia may contribute to BPD and PH 
by several distinct mechanisms including oxygen- mediated attenuation of HIF and 
VEGF signaling and oxygen-derived reactive oxygen species (ROS).   

    Sources of Reactive Oxygen Species (ROS) 
in Neonatal Pulmonary Hypertension 

 The animal models of PPHN and BPD have proved valuable in determining how 
oxidant stress contributes to disease pathogenesis. Increased superoxide levels have 
been found in the endothelium and vascular smooth muscle of PPHN pulmonary 
arteries [ 77 ,  78 ] (Fig.  10.4 ). Vascular superoxide anions react with NO in a diffusion- 
limited reaction to form the highly reactive intermediate peroxynitrite (ONOO), 
which reduces NO bioavailability, constricts the neonatal pulmonary vasculature [ 79 ], 
and inactivates other enzymatic pathways via the formation of nitrotyrosine 
(Fig.  10.4 ). In addition, increased production of H 2 O 2  in PPHN pulmonary arteries 
[ 80 ,  81 ] may contribute to decreased eNOS expression [ 82 ], impaired cGMP 
 production [ 83 ], and elevated PDE5 activity [ 83 ]. Figure  10.5  shows impaired NO 
signaling due to elevated ROS in PPHN. In addition to inhibiting vasodilation, ROS 
can stimulate vascular SMC growth and contribute to pulmonary vascular remodel-
ing [ 84 ,  85 ]. The following section will discuss potential sources of ROS generation 
in animal models of pulmonary hypertension.
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  Fig. 10.4    Vascular remodeling is associated with increased ROS in PPHN pulmonary arteries. 
Frozen sections from control and PPHN lamb lungs were incubated with the H 2 O 2 -sensitive dye 
2ʹ′, 7ʹ′-dichlorodihydrofl uorescein diacetate (Adapted from [ 81 ]), with the superoxide-sensitive 
dye dihydroethidium (Adapted from [ 77 ]), or fi xed and incubated with an antibody to 3-nitrotyro-
sine residues (3-NT) (Adapted from [ 134 ]), and visualized by fl uorescence microscopy       

  Fig. 10.5    Elevated levels of reactive oxygen species ( ROS ) induces vasoconstriction and pulmonary 
vascular remodeling in PPHN via multiple mechanisms. In endothelial cells, ROS inhibit eNOS 
activity resulting in decreased levels of bioavailable NO. In smooth muscle cells, ROS inactivate 
sGC and activate PDE5 resulting in decreased levels of cGMP. Combined with increased endothe-
lin, these abnormalities promote vascular constriction       

 

 

10 Oxidative Stress and the Perinatal Circulation



194

       NADPH Oxidases (Nox) 

 Nox enzymes are membrane proteins that transfer electrons from NADPH to 
 molecular oxygen, producing superoxide intracellularly or extracellularly depending 
on the isoform and subcellular location of the enzyme. Seven Nox enzymatic sub-
types have been identifi ed in a wide range of cell types, which include vascular cell 
expression of the Nox1, Nox2, and Nox4 homologues. Each of these Nox family 
members is regulated by specifi c physiological mechanisms, and dysregulation of 
expression or activity may contribute to pulmonary vascular dysfunction. 

 Nox1 is expressed in vascular smooth muscle, endothelium, and adventitia 
[ 86 ,  87 ] and has been localized to membranes, including plasma membranes, cave-
olae, and endosomes. Nox1 activity requires the association with other protein sub-
units including p22 phox , Noxo1, Noxa1, and Rac [ 87 ,  88 ]. Overexpression of Nox1 in 
vascular smooth muscle increases production of reactive oxygen species, causes 
eNOS uncoupling, and decreases nitric oxide bioavailability [ 89 ]. Nox1 expression 
is increased in mouse lung cell lines exposed to 72 h hyperoxia, while hyperoxia- 
induced ROS generation and lung injury is attenuated in Nox1-defi cient mice [ 90 ]. 
Increased pulmonary Nox1 expression was reported in neonatal mice with PH after 
hyperoxia [ 91 ] and in neonatal piglets exposed to hypoxia [ 92 ], and Nox1 may be 
involved in pulmonary vascular remodeling in monocrotaline-treated rats [ 93 ]. 
Nox1 levels are unchanged in the lungs of fetal lambs with chronic intrauterine 
pulmonary hypertension [ 81 ], although expression and activity of Nox1 following 
delivery and hyperoxic ventilation remains under investigation. 

 The Nox2 isoform is expressed in phagocytic cells as well as in cells comprising 
the vascular wall and is activated by pathways very similar to Nox1. It requires 
assembly of protein subunits including p22 phox , p47 phox , p67 phox  , and Rac for activa-
tion. When assembled in the plasma membrane, Nox2 secretes superoxide into the 
extracellular space and potentially inhibits NO signaling through formation of per-
oxynitrite (Fig.  10.6 ), but when endocytotic vesicles arising from the plasma mem-
brane are formed, the superoxide is secreted into the lysosome [ 94 ,  95 ]. Similar to 
Nox1, Nox2 produces superoxide that is associated with vasoconstriction, and 
increased Nox2 subunit expression correlates with increased superoxide levels and 
impaired pulmonary vasorelaxation in both lamb and piglet models of neonatal pul-
monary hypertension [ 77 ,  96 ]. Nox2-defi cient mice display attenuated hypoxia- 
induced ROS, vascular remodeling, and pulmonary hypertension [ 46 ] but are not 
different from controls when exposed to hyperoxia [ 90 ]. The Nox inhibitor  apocynin 
improves oxygenation and decreases ROS in ventilated PPHN lambs [ 97 ]. In addi-
tion, serum-induced PASMC proliferation requires the Nox subunit Rac1, indicat-
ing that Nox2 may be important in vascular remodeling [ 98 ].

   Nox4 is more abundantly expressed in vascular cells relative to Nox1 and Nox2, 
and has been shown to localize to the mitochondria, endoplasmic reticulum, and 
nucleus [ 99 – 101 ]. Nox4 was initially thought to require only p22 phox  for activity and 
to be constitutively active [ 102 ], although recent data indicate that polymerase delta 
interacting protein 2 (Poldip2) interacts with Nox4 to enhance its activity [ 103 ]. 
Nox4 activity appears to be regulated primarily by expression, and Nox4 has been 
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shown to generate both superoxide and H 2 O 2  depending upon the stimulus and cell 
type [ 104 ]. Nox4 mediates PASMC proliferation in response to transforming growth 
factor (TGF)-β1 [ 105 ], urotensin II [ 106 ] and hypoxia [ 107 ]. Increased Nox4 
expression correlates with increased H 2 O 2  in PPHN pulmonary arteries, while Nox4 
knockdown attenuates ROS levels in SMC isolated from PPHN pulmonary arteries 
relative to controls [ 81 ]. Nox4-derived H 2 O 2  may contribute to impaired vasodila-
tion in PPHN lambs via multiple mechanisms including decreased eNOS and sGC 
expression and increased PDE5 activity [ 81 ] (Fig.  10.5 ). Nox4 has also been impli-
cated in the regulation of cellular migration, growth, and differentiation [ 108 ], and 
increased Nox4 activity may also contribute to pulmonary vascular remodeling in 
PPHN lambs. An understanding of the downstream targets of ROS-induced PASMC 
proliferation is just emerging. Cyclin D1 regulates the transition from G 0 /G 1  to S 
phase in the cell cycle, resulting in activation of genes necessary for cell cycle pro-
gression. Cyclin D1 expression is increased in PPHN lungs and PASMC [ 81 ]. Nox4 
siRNA decreases cyclin D1 expression in PPHN PASMC, and intratracheal catalase 
decreases cyclin D1 expression in the lungs of ventilated PPHN lambs [ 81 ]. Together 
these data indicate a link between increased ROS generation, activation of cell cycle 
promoters, and pulmonary vascular remodeling in pulmonary hypertension. Further 

  Fig. 10.6    Diagram depicting the interactions between cellular ROS generators and scavengers. 
In mitochondria, ROS levels are regulated by enzymes including manganese superoxide dismutase 
( MnSOD ), glutathione peroxidase ( GPx ), and peroxiredoxin ( PRx ). In the cytosol, NADPH oxi-
dases ( Nox ), xanthine oxidase, and uncoupled endothelial nitric oxide synthase ( eNOS ) generate 
ROS, while copper/zinc superoxide dismutase ( CuZnSOD ) and catalase scavenge ROS. Nox also 
contribute to ROS in the extracellular space, while extracellular superoxide dismutase ( ecSOD ) 
scavenges extracellular superoxide. Increased extracellular superoxide decreases bioavailable NO 
in the formation of peroxynitrite ( ONOO ), and this vasoconstrictor is removed in the presence of a 
decomposition catalyst       
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studies are warranted to determine if cell cycle proteins are dysregulated in other 
models of pulmonary hypertension. Identifi cation of such proteins may improve 
early detection of pulmonary vascular remodeling, and their targeting may attenuate 
or reverse this process. 

 Nox4 may also contribute to hypoxia-induced pulmonary hypertension [ 109 ], 
although data from Nox4 knockout models in mice are just emerging. Novel Nox 
pharmacologic inhibitors are in early development, which would allow for targeted 
therapy. Administration of the Nox1/Nox4 inhibitor GKT137831 attenuates 
hypoxia-induced pulmonary artery wall thickness and right ventricular hypertrophy 
in mice [ 110 ], while reduced ROS levels have been detected in several animal mod-
els treated with the pan-Nox inhibitor VAS 2870 [ 111 ]. 

 The membrane protein p22 phox  is the common subunit to Nox1, Nox2, and Nox4, 
and p22 phox  expression is elevated in the lungs, PA, and PASMC isolated from 
PPHN lambs [ 81 ]. The transcription factor NFκB regulates p22 phox  and Nox4 
 transcription in human aortic smooth muscle cells [ 112 ,  113 ], and NFκB activity is 
elevated in PA and PASMC of fetal lambs with chronic intrauterine pulmonary 
hypertension [ 81 ]. NFκB inhibition decreases Nox4 expression in PPHN PASMC 
[ 81 ] and attenuates monocrotaline-induced pulmonary arterial hypertension in rats 
[ 114 ,  115 ], suggesting a potential role for NFκB in triggering pulmonary vascular 
ROS generation. Hyperoxia selectively activates NFκB in fetal, but not adult, lung 
fi broblasts [ 116 ], suggesting that NFκB could also play a role in the development 
of neonatal pulmonary hypertension due to hyperoxic lung injury. NFκB activity is 
regulated through its interaction with the regulatory protein IκB. NFκB is activated 
by ROS via the phosphorylation of IκB, which targets IκB for protein degradation 
[ 117 ] and allows NFκB to translocate into the nucleus and regulate the transcription 
of target genes. Together these data suggest the possibility of a feed-forward mech-
anism in PPHN whereby ROS generated by Nox isoforms increases the activity of 
key transcription factors such as NFκB, resulting in sustained Nox subunit expres-
sion. NFκB could prove to be an attractive target to reduce the amplifi cation of ROS 
in hypertensive diseases.  

    Mitochondrial Electron Transport Chain 

 During normal oxidative phosphorylation, electrons are transferred to molecular 
oxygen at the terminal cytochrome oxidase in the mitochondrial electron transport 
chain, generating H 2 O. However some electrons are captured by O 2  at more proxi-
mal sites, resulting in the formation of superoxide radical. Superoxide generated at 
Complex I, II, or III can result in oxidant stress in the mitochondrial matrix or inter-
membrane space [ 118 ]. In some conditions such as atherosclerosis, the mitochon-
dria become dysfunctional and the leak of electrons is enhanced [ 119 ]. Mitochondrial 
ROS appear to trigger increased Nox activity in hypoxic pulmonary arteries [ 120 ], 
and increased oxidative stress in the mitochondrial matrix is associated with 
increased Nox4 expression in pulmonary artery smooth muscle cells isolated from 
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PPHN lambs [ 81 ,  121 ]. Emerging evidence indicates cross talk between the 
 mitochondria and Nox isoforms [ 122 ], and further investigation of the underlying 
mechanisms may produce novel therapies for pulmonary hypertensive diseases. In 
addition, selective inhibition of mitochondrial oxidant stress reduces vascular oxi-
dant stress and hypertension in systemic vessels [ 123 ], suggesting that effective 
antioxidant therapy will require targeting of specifi c subcellular compartments. 
Indeed, hypoxia decreases ROS levels in the mitochondrial matrix while increasing 
ROS derived from mitochondrial complex III in the mitochondrial intermembrane 
space and cytosol [ 124 ,  125 ]. Conversely PPHN and hyperoxia both increase 
 oxidant stress in the mitochondrial matrix and cytosol in fetal sheep PASMC 
[ 121 ,  126 ], suggesting that precise antioxidant targeting within cellular subcom-
partments may be required to treat hypertensive diseases with different etiologies.  

    Endothelial Nitric Oxide Synthase (eNOS) 

 Endothelial NOS converts  L -arginine and molecular oxygen to  L -citrulline and the 
vasodilator NO using O 2  as well as electrons from NADPH. The activity of eNOS is 
normally regulated by availability of substrate as well as several cofactors including 
calcium calmodulin, HSP90, and tetrahydrobiopterin (BH 4 ), and mechanisms that 
inhibit eNOS activity or attenuate downstream NO signaling can induce vasoconstric-
tion. Elevated ROS decrease eNOS expression and reduce available tetrahydrobiop-
terin in PPHN lambs [ 80 ,  127 ] and reduce downstream responses to NO by decreasing 
sGC expression [ 80 ] and increasing cGMP-specifi c phosphodiesterase activity [ 83 ]. 

 Impaired eNOS expression and activity may also contribute to abnormal lung 
and vascular development that produce BPD. Substantial reductions in total NOS 
activity and expression of all three NOS isoforms have been observed in baboon and 
rodent models of hyperoxic lung injury [ 128 ,  129 ]. NO not only mediates the down-
stream effects of VEGF during lung development but may also upregulate VEGF 
expression [ 130 ]. Intrauterine growth restriction (IUGR) increases the risk for BPD 
[ 131 ], although a mechanistic role for oxidant stress has not yet been established. 
Still, PAECs isolated from a lamb model of IUGR exhibit decreased eNOS expres-
sion and phosphorylation, decreased NO production, and attenuated tube formation 
and migration [ 132 ]. eNOS-defi cient mice display pulmonary hypertension and 
vascular remodeling when exposed to mild hypoxia [ 133 ], further highlighting the 
central role of eNOS in maintaining normal vascular tone and development. 

 Peroxynitrite formation is elevated in PPHN lambs [ 134 ] and inhibits NOS activ-
ity via mechanisms that include decreased association with HSP90 [ 135 ,  136 ]. 
eNOS becomes a source of ROS when the enzyme becomes “uncoupled,” resulting 
in incomplete reduction of molecular oxygen with the formation of superoxide. 
Endothelial NOS uncoupling is evident in hypoxic piglets [ 137 ] and can occur via 
several mechanisms, including degradation or oxidation of cofactors such as tetra-
hydrobiopterin and HSP90 or by inactivation of the enzyme through increased per-
oxynitrite levels [ 134 ,  138 ]. Increased Nox activity may be an important trigger for 
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eNOS uncoupling [ 89 ,  139 ], while eNOS uncoupling can promote mitochondrial 
dysfunction and ROS generation via increased peroxynitrite [ 140 ]. Together these 
data suggest that abnormal regulation of ROS can promote oxidant production from 
additional sources, thus amplifying and sustaining a pathological state.   

    Antioxidants 

 Cells also regulate ROS levels through a wide variety of enzymatic scavengers that 
are developmentally regulated [ 141 ,  142 ]. The expression of these ROS scavengers is 
specifi c to certain subcellular compartments and most antioxidant enzymes are selec-
tive for a single type of ROS molecule. Superoxide dismutase (SOD) degrades super-
oxide to H 2 O 2 , and H 2 O 2  produced by SOD is regulated by its rate of degradation by 
enzymes such as catalase, glutathione peroxidase, and peroxiredoxins [ 143 ]. 

 There are three known forms of superoxide dismutase: Cu/ZnSOD (SOD1), 
MnSOD (SOD2), and extracellular superoxide dismutase (ecSOD or SOD3). Cu/
ZnSOD is expressed in the cytosol and intermembrane space of the mitochondria, 
and ecSOD is secreted to the extracellular space where it binds to the extracellular 
matrix. Lung expression of all three SOD isoforms is greater in the lungs of 8-week- 
old mice relative to 1-week-old mice [ 91 ], suggesting that the newborn lung is more 
susceptible to increased oxidant stress due to limited antioxidant capacity. MnSOD 
is localized to the mitochondria and is responsible for protecting against excessive 
mitochondrial superoxide generation. Mice with homozygous deletion of the 
MnSOD gene die from oxidative stress shortly after birth [ 144 ], and mice lacking 
one allele of MnSOD develop hypertension with aging and in response to a high-salt 
diet [ 145 ]. MnSOD levels are reduced in pulmonary artery endothelial cells of 
PPHN lambs [ 146 ] but were unexpectedly higher in PPHN PASMC [ 81 ,  121 ], high-
lighting the complex cell-specifi c regulatory mechanisms. 

 ecSOD is predominantly synthesized by the vascular smooth muscle cells and 
comprises a signifi cant component of the total SOD activity in the blood vessel wall 
[ 147 ]. It is most highly expressed in the lung [ 148 ,  149 ] and is present in high con-
centrations between the endothelium and smooth muscle surrounding blood vessels, 
the same domain that NO must pass through to stimulate smooth muscle relaxation. 
This suggests that high concentrations of ecSOD in this region are especially impor-
tant in maintaining low superoxide concentrations and preserving NO function 
[ 150 ]. ecSOD activity is decreased in PPHN lungs and PASMC [ 126 ], potentially via 
a mechanism involving Nox4-derived H 2 O 2  that oxidizes copper at the enzyme active 
site [ 81 ]. Decreased ecSOD activity is predicted to decrease bioavailable NO via the 
formation of peroxynitrite, while protein nitration inhibits ecSOD activity [ 151 ] 
indicating a potential feed-forward mechanism of enzyme inhibition. Therapeutic 
intervention to maintain ecSOD activity is therefore predicted to be benefi cial in the 
treatment of cardiovascular disease. Overexpression of ecSOD ameliorates pulmo-
nary hypertension in rats [ 152 ], protects lung development [ 153 ], and attenuates 
pulmonary vascular remodeling in hypoxic mice [ 154 ]. The H 2 O 2  scavenger catalase 
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also enhances ecSOD activity and decreases PA superoxide in PPHN lambs [ 126 ]. 
The development of novel proteins such as a chimeric SOD2/3 [ 155 ] may allow for 
more sustained pulmonary vascular antioxidant activity. Treatment with a peroxyni-
trite decomposition catalyst attenuates hyperoxia-induced decreases in VEGF 
expression and enhances alveolar formation in neonatal rats [ 156 ] suggesting that 
this approach may also increase ecSOD activity and improve NO signaling in PPHN. 

 Catalase functions to catalyze the decomposition of hydrogen peroxide to water 
and oxygen. However, mice defi cient in catalase develop normally, indicating that 
other complementary antioxidant systems must be present [ 157 ]. The glutathione 
peroxidase (GPx) and peroxiredoxin (PRx) systems utilize reduced glutathione to 
scavenge H 2 O 2  and are critical for minimizing oxidant stress and for regulating 
redox signaling pathways. GPx levels are decreased in the lungs of patients with 
IPAH [ 158 ], although genetic deletion of GPx-1 does not affect the increase in 
 aortic pressure or vascular hypertrophy induced by angiotensin II, and GPx-1 levels 
are unchanged in the lungs of PPHN lambs [ 80 ,  159 ]. By contrast, deletion of per-
oxiredoxin 1 induces hemolytic anemia and a signifi cant decrease in lifespan [ 160 ], 
while deletion of peroxiredoxin 3 leads to oxidant-mediated lung infl ammation and 
an enhanced susceptibility to LPS challenge [ 161 ].  

    Therapeutic Considerations 

 While the data presented above strongly suggest a potential role for antioxidant 
therapy in the treatment of neonatal pulmonary hypertension, clinical trials of anti-
oxidant therapy for a wide range of diseases including BPD have had only limited 
success [ 162 ]. Antioxidant therapy may be ineffective once the disease has pro-
gressed beyond a critical stage, suggesting that early detection strategies may 
improve treatment outcomes. ROS scavenging may also interfere with normal sig-
naling pathways in the developing lung. Furthermore, oxidant stress may be local-
ized to specifi c subcellular compartments in different diseases, which may limit the 
effi cacy of nonspecifi c antioxidants. Thus, highly targeted therapies may be required 
to maximize the potential of antioxidants in the treatment of hypertensive diseases. 

 Inhaled NO therapy improves pulmonary hypertension resulting from impaired 
eNOS signaling, but could potentially increase peroxynitrite formation, resulting in 
nitration and inhibition of endogenous eNOS activity [ 136 ]. Intratracheal antioxidants 
decrease ROS, increase eNOS expression, and normalize tetrahydrobiopterin levels in 
PPHN lambs [ 97 ,  127 ], suggesting that antioxidants could enhance the vascular 
effects of inhaled NO. Intratracheal recombinant human SOD (rhSOD) also reduces 
ONOO-mediated protein nitration [ 134 ], decreases PDE5 activity, and increases 
cGMP in the pulmonary arteries of ventilated PPHN lambs [ 163 ], suggesting that 
antioxidant therapy may improve NO signaling at multiple points in the pathway. The 
SOD mimetic MnTE-2-PyP attenuates hypoxia-induced pulmonary vascular remod-
eling and pulmonary hypertension in mice [ 164 ], and the SOD mimetic M40403 
improves NO-mediated relaxation in PAs isolated from hypoxic piglets [ 137 ]. 
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 Administration of intratracheal catalase to ventilated PPHN lambs improves 
oxygenation, increases ecSOD activity, and decreases PA superoxide levels [ 126 ]. 
Further, intratracheal catalase decreases PDE5 activity and increases cGMP in the 
PAs of ventilated PPHN lambs [ 121 ]. These data suggest that H 2 O 2  scavenging 
improves NO signaling in PPHN, possibly by increasing ecSOD activity (Fig.  10.7 ). 
Accordingly, treatment with catalase improves NO-mediated vasodilation in PAs 
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isolated from PPHN lambs [ 80 ] and from hypoxic piglets [ 137 ]. Anti-infl ammatory 
glucocorticoids are used to treat neonates with MAS [ 165 ], and hydrocortisone 
improves oxygenation, decreases PA ROS, decreases PDE5 activity, and increases 
cGMP levels in PPHN lambs [ 50 ]. Figure  10.6  illustrates the localized interaction 
between antioxidants and ROS.

   Overexpression of GTP cyclohydrolase, the enzyme catalyzing the rate-limiting 
step in BH 4  synthesis, attenuates hypoxic pulmonary hypertension [ 166 ], which could 
be due to improved NOS function. GTP-cyclohydrolase expression is diminished in 
PPHN lambs and restored by treatment with antioxidants [ 127 ]. Clinical trials with 
oral BH 4  have been conducted in adults with pulmonary hypertension [ 167 ], and 
future studies may determine the effi cacy of this approach in the treatment of children. 
Other approaches to increase NOS activity include supplementation with  L -citrulline. 
eNOS generates NO from the oxidation of  L -arginine, and  L -citrulline is formed as a 
by-product.  L -citrulline is converted back to  L -arginine by enzymes that colocalize 
with eNOS in the endothelium, and  L -citrulline may be a more potent activator of 
eNOS by providing a supply of  L -arginine in close proximity to eNOS. Oral supple-
mentation with  L -citrulline attenuates pulmonary hypertension and increases NO pro-
duction in newborn piglets exposed to hypoxia [ 168 ]. Moreover, hyperoxia decreases 
plasma  L -arginine and  L -citrulline levels in a rat model of BPD, while supplementation 
with  L -citrulline preserves lung alveolar and vascular development and attenuates pul-
monary hypertension and vascular remodeling [ 169 ].  L -arginine can also be converted 
to urea and  L -ornithine by arginase enzymes expressed in the lung, and increased 
arginase activity decreases NO production from eNOS by competing for the same 
substrate. Hypoxia induces human PASMC proliferation via arginase [ 170 ], while 
hypoxic mice defi cient in MAP kinase signaling display elevated arginase expression, 
exaggerated pulmonary hypertension and vascular remodeling, and decreased eNOS 
expression relative to wild type mice [ 171 ]. Decreased  L -arginine promotes eNOS 
uncoupling [ 172 ], suggesting that therapies including  L -citrulline supplementation 
and arginase inhibition may attenuate eNOS uncoupling and stimulate NO production 
in hypertensive diseases. 

 Augmenting cGMP concentrations through other routes may also prevent or 
reverse pulmonary vascular remodeling due to oxidant stress. Novel activators of 
sGC such as cinaciguat (BAY 58–2667) are functional in the enzyme’s oxidized, 
NO-resistant state [ 173 ,  174 ], and phosphodiesterase inhibitors such as sildenafi l 
are a logical approach to overcome increased PDE5 activity. Sildenafi l treatment of 
neonatal rats exposed to hyperoxia normalizes lung alveolar and vascular develop-
ment and attenuates pulmonary hypertension and vascular remodeling [ 175 ]. 
Furthermore, sildenafi l treatment after initiation of hyperoxia restores HIF-1 expres-
sion [ 176 ] and signifi cantly reduces medial wall thickness and right ventricular 
hypertrophy, suggesting hyperoxia-induced vascular remodeling is reversible [ 177 ]. 
Iron is an important regulator of ROS levels, and an iron chelator prevents hypoxia- 
induced pulmonary hypertension and pulmonary vascular remodeling in rats [ 68 ]. 
Future studies are needed to determine if similar approaches are effective in the 
neonatal pulmonary vasculature.  

10 Oxidative Stress and the Perinatal Circulation



202

    Summary and Conclusions 

 Oxidant stress plays multiple roles in the susceptibility and pathogenesis of pulmo-
nary hypertension in preterm infants and newborns. Increased oxidant stress can 
arise due to exposure to a variety of injurious stimuli, including hyperoxia and 
hypoxia, which activate ROS generators, and/or inactivate endogenous antioxi-
dants. The mechanisms differ based on the cell type and underlying disease process, 
which will have implications for the most effective therapeutic approach. As noted 
in Table  10.1 , further investigation into the specifi c mechanisms involved, along 
with the development of novel antioxidant and non-antioxidant therapies, may 
improve the outcomes for infants with pulmonary hypertension.
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           Introduction 

    Aerobic Metabolism (Summarized in Fig.  11.1 ) 

    Oxygen (O 2 ) is one of the most abundant elements in nature and probably the most 
widely used drug in neonatology [ 130 ]. Evolution from unicellular to multicellular 
organisms required a substantial increase in the amount of energy needed, and this 
could only be provided by mitochondrial combustion of glucose, amino acids, and 
free fatty acids in the presence of O 2  [ 104 ]. Basic nutritional elements broken down 
into acetyl coenzyme A are metabolized in the tricarboxylic acid cycle (Kreb’s 
cycle). During this process, highly energized electrons are liberated and transported 
by specifi c dinucleotides (NADH, NADPH, FADH) to the electron transport chain 
(ETC) located in the inner membrane of the mitochondria. These reducing equiva-
lents are used to maintain the electrochemical gradient that drives adenosine tri-
phosphate (ATP) synthesis. Oxygen is the fi nal acceptor of electrons at the complex 
IV of the respiratory chain. The process involving complete reduction of oxygen to 
water comprises a four-electron process without production of reactive oxygen 
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species (ROS) [ 130 ]. Because O 2  has a high standard oxidation-reduction (redox) 
potential, it is an ideal electron acceptor – and is therefore a sink for the capture of 
energy for intracellular use. The effi ciency of aerobic metabolism is approximately 
18–20-fold greater than anaerobic. Hence, while anaerobic metabolization of one 
molecule of glucose will produce 2–4 mol of ATP, aerobic combustion will produce 
36 mol of ATP [ 121 ]. The proportion of carbohydrates, lipids, and proteins utilized 
to build up ATP is cell specifi c and organ specifi c. Hence, brain and erythrocytes use 
almost exclusively glucose (although the brain may use ketone bodies early in fetal 
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ingested nutrients) entering into the inner mitochondrial space will liberate highly energized elec-
trons in the tricarboxylic cycle (Kreb’s cycle) which will be thereafter transported to the electron 
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and the energy provided by Ψ m  will be employed to synthesize adenosine triphosphate ( ATP ) from 
adenosine diphosphate ( ADP ). Oxygen will be reduced with four electrons. This process is known 
as oxidative phosphorylation. For further explanation, see text       
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to neonatal transition), whereas the energy for cardiac contraction derives funda-
mentally from free fatty acid oxidation [ 113 ]. The mitochondrial electrochemical 
gradient or proton motive force (Δ p   m  ) is generated and utilized by the oxidative 
phosphorylation (OxPhos) system, composed by the electron transport chain (ETC) 
and ATP synthase. ETC transfers highly energized electrons to the fi nal acceptor 
oxygen. For this purpose, the different proteins in the ETC complex intervene in a 
sequential manner. Briefl y, the nonprotein carrier ubiquinone transfers electrons 
from complex I (NADH dehydrogenase) and II (succinate dehydrogenase) to 
complex III ( bc  1  complex) followed by electron transfer to complex IV (cytochrome 
 c  oxidase, CcO) via the electron carrier cytochrome  c  (Cytc). CcO catalyzes the 
fi nal and proposed rate-limiting step in electron transfer: the donation of electrons 
to O 2 , allowing the conversion of O 2  + H +  to H 2 O. Along this process, energy 
extracted at the different complexes (I, III, and IV) is used to pumping of H +  across 
the inner mitochondrial membrane. This process generates the mitochondrial 
membrane potential (ΔΨ m ), which represents the charge difference across the inner 
mitochondrial membrane. Extruded protons are captured by ATP synthase (complex V) 
which drives the conversion of adenosine diphosphate (ADP) + inorganic phosphate 
(Pi) to ATP. Remarkably, OxPhos provides the majority of ATP synthesized in our 
economy and is especially relevant in aerobic-dependent tissues such as brain [ 96 ]. 
Regulation of OxPhos depends on both the availability of substrate (NADH, O 2 , 
ADP, Pi) and its end product ATP. ATP and ADP are allosteric inhibitors of cyto-
chrome  c  oxidase (CcO), respectively, and this control mechanism adjusts ETC 
activity to energy demand [ 51 ]. Another relevant mechanism for respiratory con-
trol is Δ p  m . Hence, in resting mitochondria when most of the ADP has already 
been converted into ATP, synthesis of ATP slows down, and Δ p  m  increases and 
inhibits ETC proton pumps preventing further proton pumping at higher Δ p  m  levels. 
This feedback mechanism helps maintaining ΔΨ m  at physiological levels (80–140 mV) 
in which ATP production is effi cient, and generation of reactive oxygen species 
(ROS) is minimal [ 96 ].  

    Reactive Oxygen Species, Redox Regulation, 
and Antioxidant Enzymes 

    Reactive Oxygen Species (ROS) Formation (Summarized in Fig.  11.2 ) 

    Reactive oxygen species (ROS) is a phrase used to describe a variety of molecules 
derived from incomplete reduction of molecular dyoxygen [ 9 ]. Under physiological 
conditions, more than 90 % of O 2  undergoes a complete reduction with four electrons 
by CcO to form H 2 O. However, a small percentage of electrons will “leak” causing 
a “partial” reduction of oxygen. The most common incomplete reduction consistent 
in a monovalent reduction of oxygen elicits the production of anion superoxide 
[·O 2  − ]. This ROS production takes place proximal to CcO by inhibition of electron 
transfer through the Q cycle for complex III. Superoxide is released in the matrix 
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(complex I) and intermembrane space sides (complex III). Additional monovalent 
reduction of anion superoxide will lead to the generation of hydrogen peroxide 
(H 2 O 2 ), while a third monovalent reduction will produce the highly reactive hydroxyl 
radical (·OH). Other ROS such as peroxyl, hydroperoxyl, and alkoxyl radicals are 
also produced however in minor quantities [ 66 ]. ROS are also relevant in the regula-
tion of nitric oxide bioavailability and, therefore, indirectly infl uence airway and 
vascular reactivity. Hence, anion superoxide can sequester great amounts of ·NO 
producing the very reactive peroxynitrite (·ONOO − ) and altering pulmonary vascu-
lar reactivity [ 60 ]. ROS generation is highly dependent on keeping ΔΨ m  within a 
physiological range (80–140 mV). However, hyperpolarization (ΔΨ m  >140 mV) 
causes an exponential increase in ROS generation at both complexes I and III [ 37 ]. 

 The production of ROS under physiological and also pathologic conditions is 
very highly dependent on the concentration of oxygen in the tissue. ROS can be 
extremely aggressive when acting as free radicals causing direct structural and/or 
functional damage and/or interfere with essential redox regulatory elements. 
Contrarily, ROS can also be relatively stable molecules and act as signaling mole-
cules in physiological processes. A free radical can be defi ned as any molecule 
capable of independent existence with one or more unpaired electrons in the outer 
shell (e.g., anion superoxide, hydroxyl radical). When reacting with other free radicals, 
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they form covalent bonds to share one electron; however, the resulting molecule 
easily decomposes leading to the formation of toxic products. Free radicals may 
also react with non-radical molecules in typical chain reactions causing damage to 
DNA, proteins, and lipids or by promoting the formation of adducts with DNA. 
The range of molecular damage produced by free radicals is rather remarkable and 
encompasses, for instance, lipid peroxidation and nitration, protein oxidation and 
nitration, protein-thiol depletion, nucleic acid hydroxylation and nitration, DNA 
strand breakage, and DNA adduct formation. Multiple pathways have been involved 
in ROS-induced apoptosis and/or necrosis. Remarkably, under very stressful condi-
tions (ischemia-reperfusion, infl ammation, or hyperoxia) damage to proteins, lipids, 
and nucleic acids can inevitably lead to cell death. Nitration or carbonylation of 
proteins can alter their structure and function causing marked cellular dysfunction. 
Oxidation of cell membrane phospholipids can activate sphingomyelinase and 
release of ceramide, which activates apoptosis. In addition, intense damage to DNA 
can also lead to necrosis or apoptosis. ROS can also activate multiple signal trans-
duction pathways relevant to cell function but also to triggering apoptosis. Hence, 
ROS can activate mitogen-activated protein kinases (MAP- kinases) such as c-Jun 
N-terminal kinase to release Bcl-2-related proteins. These proteins will activate Bax 
which in turn will translocate to the mitochondria and initiate release of cytochrome 
c and other pro-death mediators into the cytosol [ 4 ,  5 ,  37 ]. 

 Enzyme complexes linked to other structures and functions different from 
 mitochondrial respiration can also generate ROS. Hence, cytochrome P 450  mono-
oxygenase system, xanthine oxidoreductase, nitric oxide synthases, heme oxygen-
ases, or several others involved in the infl ammatory process are also capable of 
producing signifi cant amounts of ROS. Moreover, in the presence of “free” metals 
such as iron, copper, and manganese, generation of ROS can be exponentially 
increased [ 96 ]. 

 Interestingly, ROS have a relevant role in cell physiology. Benefi cial effects of ROS 
occur at low/moderate concentrations and imply an ample array of cellular responses. 
Thus, various ROS-mediated actions can protect cells against ROS- induced oxidative 
stress and reestablish or maintain redox homeostasis (see section “Redox regulation”). 
Among the physiological functions controlled by redox- responsive signaling path-
ways, the most relevant involve the redox-regulated production of NO, the oxidative 
burst produced as response to infectious agents by phagocytic NAD(P)H oxidase, or 
the ROS production as sensing elements for regulating tissue oxygen needs, cell 
adhesion, immune responses, or regulation of induced apoptosis [ 118 ].  

    Redox Regulation 

 Recently, a seminal observation led to the development of redox compartmentalization 
and cell stress. Hence, the two central thiol/disulfi de couples reduced to oxidized 
glutathione (GSH/GSSG), and cysteine/cystine (Cys/CysSS) couples varied little 
among healthy individuals but were maintained in disequilibrium relative to each 
other. Thereby, it was shown that the concept of oxidative stress as a global 
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imbalance affecting the entire economy was incorrect because two central antioxidant 
systems were not in balance [ 49 ]. Central couples, which include GSH/GSSG, 
Cys/CysSS, and thioredoxins (Trx/TrsSS), function as reducing counterparts of 
H 2 O 2  and other oxidants in controlling redox state of oxidizable thiols in proteins. 
These sulfur switches are used for cell signaling, protein structure, protein traffi ck-
ing, and regulation of enzyme, transporter, receptor, and transcription factor activ-
ity. The rates of electron transfer implicated in redox signaling and control are 
extremely low as compared to those of energy production in the mitochondria and 
in the range of approximately 1 % of the overall oxygen consumption by cells. H 2 O 2  
is the presumed oxidant in most of these reactions although other oxidants could be 
also involved. Of remarkable interest is the fact that the rates of peroxide generation 
and use for signaling and control appear to be considerably greater than the rates of 
free radical reactions contributing to macromolecular damage [ 118 ]. Alteration of 
thiol-dependent signaling seems to be the most sensitive and quantitatively impor-
tant processes in oxidative stress. Since these redox mechanisms control proinfl am-
matory and pro-fi brotic signaling, cell proliferation, apoptosis, and a range of other 
biologic processes without a requirement for macromolecular damage, the results 
suggest that failure of free radical scavenger trials may have occurred because oxi-
dative stress research overemphasized the importance of free radical mechanisms 
and macromolecular damage as an underlying mechanism [ 47 ]. 

 The redox hypothesis postulates that oxidizable thiols are common control ele-
ments for biologic processes. These control elements are functionally organized in 
redox circuits, which are controlled by GSH/GSSG, thioredoxins, and other control 
nodes. These circuits are isolated from each other and are highly responsive for 
redox conditions and can function independently in signaling and regulation of dif-
ferent biologic processes. Hence, oxidative stress would be the consequence of the 
disruption of these circuits by different mechanisms [ 49 ].  

    Antioxidant Defenses (Fig.  11.2 ) 

 The balance between generation of ROS and adequate maintenance of the cellular 
redox status is highly dependent on the antioxidant defenses (AOD). AOD can 
include enzymatic and nonenzymatic mechanisms. Antioxidant enzymes catalyti-
cally remove ROS, thereby decreasing ROS reactivity, and protect proteins through 
the use of chaperones, transition metal-containing proteins (transferrin, ferritin, 
ceruloplasmin), and low-molecular-weight compounds that purposely function as 
oxidizing or reducing agents to maintain intracellular redox stability [ 130 ]. 

 Superoxide dismutases (SODs) are a ubiquitous group of enzymes that catalyze 
dismutation of superoxide anions to H 2 O 2 . Three different SODs have been charac-
terized, cytoplasmic SOD1 (Cu/Zn), mitochondrial SOD2 (Mn/Cu), and extracel-
lular SOD3 (EC-SOD) (Zn/Cu). H 2 O 2  is mostly degraded by peroxidases; however, 
the remaining will function as a relevant signaling molecule. Catalases (CAT) and 
glutathione peroxidases (GPx) convert H 2 O 2  into H 2 O and O 2 . GPx couples H 2 O 2  
reduction to water with the oxidation of GSH to GSSG. GSSG is again reduced to 
GSH by the activity of the pentose shunt. Other systems to detoxify hydrogen 
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peroxide in mitochondria and other organelles include glutaredoxin, thioredoxin, 
thioredoxin reductase, and the peroxiredoxins. Other enzymes with antioxidant and 
signaling functions are heme oxygenases (HO-1 and HO-2). HO-1 removes heme, 
a pro-oxidant, and generates biliverdin, an antioxidant-releasing iron, and carbon 
monoxide. Finally, nonenzymatic antioxidants such as reduced glutathione, vitamin 
C, vitamin E, and β-carotene also function to protect cells from damaging effects of 
ROS [ 4 ,  5 ,  66 ]. Enzymatic antioxidants’ expression is post-conceptionally pro-
grammed, and, therefore preterm infants are more susceptible to ROS-mediated 
damage especially under pro-oxidant circumstances such as hypoxia- reoxygenation, 
infl ammation, or infection. In addition, transplacental passage of antioxidants also 
occurs in the later part of gestation. In assays performed in human  abortus  materi-
als, it has been shown that SOD, catalase, GPx, and glutathione reductase activities 
increased with advancing of gestation. Therefore, specifi c conditions occurring dur-
ing pregnancy such as preeclampsia signifi cantly alter placental antioxidant enzyme 
expression causing a pro-oxidant burden for the fetus [ 15 ]. Hypoxia during fetal to 
neonatal transition may stimulate the expression of certain antioxidant enzymes as 
HO-1 or thioredoxin. However, hypoxia-reoxygenation in term and preterm infants 
causes a signifi cant increase in antioxidant enzyme activities and a reduction in the 
GSH/GSSG ratio [ 130 ].  

    Biomarkers of Oxidative Stress (Summarized in Table  11.1 ) 

      Reduced and Oxidized Glutathione Ratio (GSH:GSSG) 

 Analysis of changes in glutathione status, including GSH oxidation to GSSG and 
protein glutathionylation reactions (P-SH → P-SSG), provides a measure of the cell 
redox status [ 48 ,  114 ]. Thus, levels of GSH and GSSG are used to evaluate oxida-
tive stress, and the ratio of GSH to GSSG (GSH:GSSG) serves as a representative 
marker of the antioxidant capacity of the cell [ 27 ]. In humans, the overall glutathi-
one status may not only be determined as plasma GSH:GSSG but also as whole 
blood GSH:GSSG, where 0.5 % of glutathione derives from plasma and 99.5 % 
from erythrocytes. Both are simple and straightforward ways to evaluate the oxida-
tive stress associated to pathologies or clinical interventions as well as to test the 
effi cacy of clinical therapies [ 27 ,  48 ,  105 ,  114 ]. At present, liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS) constitutes a sensitive and 
accurate methodology for simultaneous determination of both GSH and GSSG in 
complex samples [ 23 ,  42 ]. For proper GSH and GSSG, sample processing is 
extremely important to prevent artifacts. For this reason, the use of thiol-blocking 
agents such as maleimides or iodoacetamides preventing GSH oxidation is highly 
recommendable [ 23 ,  81 ], and enzymes such as γ-glutamyl-transpeptidase (γGT) 
or glutathione reductase (GR) should be inactivated, which is usually achieved 
by sample acidifi cation [ 114 ]. In practice, it is recommended to fi rst add 
N-ethylmaleimide (NEM) to blood samples as soon as possible because the reaction 
of  N -ethylmaleimide with –SH is fast at neutral pH and hence only requires short 
incubation times followed by acidifi cation with perchloric acid (PCA) [ 80 ]. 
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    Table 11.1    Main oxidative biomarkers used in experimental and clinical studies (references in text)   

 Oxidative 
biomarkers 

 Target 
biomolecule  Modifi cation 

 Biological 
sampling 

 Analytical 
method 

 Glutathione 
(GSH/GSSG ratio) 

 Antioxidants  General redox 
status 

 Whole blood  LC-MS/MS 

 MDA  Lipids  PUFA peroxidation  Plasma  HPLC (UV 
detection) 

 HNE  Lipids  PUFA peroxidation  Plasma  HPLC 
 o-Tyrosine 
(o-Tyr/Phe ratio) 

 Proteins  Tyrosine 
hydroxylation 

 Urine  LC-MS/MS 

 m-Tyrosine 
(m-Tyr/Phe ratio) 

 Proteins  Tyrosine 
hydroxylation 

 Urine  LC-MS/MS 

 3N2-Tyrosine  Proteins  Tyrosine nitration  Urine  LC-MS/MS 
 8OHdG 
(8OHdG/2dG ratio) 

 Lipids  AA peroxidation  Urine/plasma  LC-MS/MS 

 F2-IsoPs  Lipids  AA peroxidation  Urine/plasma  GC-MS/MS; 
LC-MS/MS 

 D2/F2-ISoPs  Lipids  AA peroxidation  Urine/plasma  GC-MS/MS; 
LC-MS/MS 

 IsoFs  Lipids  AA peroxidation  Urine/plasma  GC-MS/MS; 
LC-MS/MS 

 NeuPs  Lipids  DHA peroxidation  Urine/plasma  GC-MS/MS; 
LC-MS/MS 

 NeuFs  Lipids  DHA peroxidation  Urine/plasma  GC-MS/MS; 
LC-MS/MS 

   Abbreviations : GSH: reduced glutathione; GSSG: oxidized glutathione; MDA: malondialdehyde; 
HNE: 4-hydrox-2-nonenal; o-Tyr: ortho-tyrosine; m-Tyr: meta-tyrosine; 3N2-Tyrosine: 
3- nitrotyrosine; 8OHdG: 8-hydroxi-2’-deoxiguanosine; 2dG: 2’-deoxiguanosine; IsoPs: isopros-
tanes; IsoFs: isofurans; NeuPs: Neuroprostanes; NeuFs: neurofurans; AA: arachidonic acid; DHA: 
docosa-hexanoic acid; LC: liquid chromatography: GC: gas chromatography; MS/MS: tandem 
mass spectrometry   

  In the clinical setting, this time-critical derivatization step might be a practical 
 limitation. However, GSH/GSSG quotient has been very extensively used as a reliable 
marker of oxidative stress in neonatology, especially in studies related to asphyxia and 
reoxygenation with different oxygen concentrations [ 125 ,  127 ,  131 ,  132 ]. 

 The evaluation of GSH/GSSG in complex whole blood samples using LC-MS/
MS requires appropriate sample preparation and dilution to ensure accurate and 
reproducible determinations. This complex and time-consuming process may be 
diffi cult to employ use under stressful and highly dynamic situations such as post-
natal resuscitation.  

   Biomarkers of Protein Oxidation 

 ROS may inactivate enzymes such as DNA repairing or polymerases enzymes, thus 
causing secondary damage to other biomolecules [ 40 ]. Protein oxidation may be 
reversible or irreversible depending on the ROS molecule and the severity of 
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oxidative stress. Among oxygen free radicals, hydroxyl radicals (HO·) are the most 
highly  reactive and may attack indiscriminately and irreversibly many biological 
molecules including amino acids [ 11 ]. The most common protein modifi cations 
used as oxidative biomarkers are protein carbonylation and tyrosine oxidation and 
nitration. 

  Protein Carbonyls . Hydroxyl radical attack of proteins may lead to protein carbon-
ylation with the formation of aldehydes (RHC = O) and ketones (RR’C = O) in the 
presence of oxygen (O 2 ) [ 72 ,  136 ]. In addition, carbonyls may be formed by reac-
tion with aldehydes or reactive carbonyls, which may arise from lipid peroxidation 
or glycation, respectively. Side-chain lysine, arginine, proline, and threonine are the 
main amino acid residues in proteins susceptible to yield carbonyl derivatives 
[ 72 ,  114 ]. Due to their chemical stability, protein carbonyls have become the most 
general and widely used marker of protein oxidation damage in experimental and 
clinical studies [ 6 ]. Protein carbonyls may be detected in tissue or biofl uids 
(plasma, serum) by several techniques such as spectrophotometry, enzyme-linked 
immunosorbent assay (ELISA), or immune-blotting after derivatization to 
2,4- dinitrophenylhydrazone (DNP) by reaction with 2,4-dinitrophenylhydrazine 
(DNPH) [ 12 ,  40 ,  114 ]. The availability of methodologically simple and reliable 
commercial kits for DNPH derivatization and anti-DNP antibodies has rendered 
protein carbonylation a useful diagnostic biomarker [ 6 ,  12 ]. 

 On the other hand, carbonyls cannot be considered specifi c markers of oxidative 
damage to proteins since bound aldehydes and glycated protein are also measured. 
In addition, only few proteins are prone to be carbonylated, and carbonylation of 
abundant proteins as, e.g., albumin in plasma, might induce overestimation of the 
global protein carbonylation in the sample. Therefore, special care must be taken 
in this regard. Nevertheless, carbonyl assay may be a very sensitive and accurate 
technique if it is combined with proteomics to identify specifi c proteins regulated by 
carbonyl oxidation [ 40 ]. 

  Oxidative and Nitrosative Tyrosine Derivatives . Under physiological conditions, 
oxidation of  L -phenylalanine ( L -phe) to  L -para-tyrosine ( L -tyr) is carried out enzy-
matically by the action of phenylalanine hydroxylase (PheH) [ 138 ]. However, in 
pathophysiologic situations, the spontaneous oxidation of  L -phe to  L -tyr isomers 
may be given in the presence of OH· leading to the production of the  L -ortho- 
tyrosine  (o-tyr) [ 64 ,  68 ] and  L -meta-tyrosine (m-tyr) [ 68 ]. While o-tyr has been 
widely accepted, nonenzymatic oxidation of  L -phe to m-tyr is more controversial 
since it could be produced by the action of phenylalanine 3-hydroxylase (Phe3H), a 
member of the PheH protein family [ 64 ]. In addition, the attack of ROS such as 
peroxynitrite (ONOO − ) or hypochlorous acid (HClO) may directly attack  L -tyr pro-
ducing oxidized  L -tyr derivatives such as 3-nitrotyrosine (3Nitro-tyr) or 
3- chlorotyrosine (3Cl-tyr), respectively [ 98 ].  L -phe and  L -tyr derivatives have been 
described to be reliable biomarkers of oxidative damage to proteins. Furthermore, 
3nitro-tyr is also used as an index of nitrosative stress and 3Cl-tyr as a marker of 
infl ammation because it indicates myeloperoxidases (MPO) activation (MPO con-
verts H 2 O 2  to HClO) [ 14 ,  78 ,  98 ]. Analytical determination based on mass spec-
trometry (MS) of these  L -phe and  L -tyr oxidative derivatives has been widely probed 
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in experimental and human urine samples in the newborn period as well as in 
 amniotic fl uid of pregnant women [ 25 ,  62 ,  108 ,  123 ,  131 ]. 

 For these studies, a method employing liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) was developed enabling the simultaneous quantifi ca-
tion of  L -phe,  L -tyr, o-tyr, m-tyr, 3nitro-tyr, and 3Cl-tyr in urine samples establish-
ing typical ranges of these biomarkers in newborns. Other LC and gas 
chromatography (GC)-based approaches for these analytes in human urine and 
plasma have been reported [ 14 ,  68 ,  78 ,  98 ]. MS approaches are useful tools for 
research and clinical applications allowing an accurate measurement of a set of 
metabolites in relatively small sample volumes. However, drawbacks are the need 
for valuable equipment and qualifi ed staff. Furthermore, method development and 
optimization to ensure reliable results and control possible matrix effects can be 
time-consuming.  

   Biomarkers of DNA Oxidation 

 Hydroxyl radicals may attack deoxyribose phosphate backbone as well as the 
nitrogenous bases (nucleobases) of DNA nucleotides, generating a broad variety of 
base and sugar modifi cation products [ 12 ]. Physiologically, oxidative DNA modifi -
cations are being produced continuously, and enzymatic DNA repair mechanisms 
are crucial to maintain a low steady state of oxidative DNA damage [ 117 ]. Therefore, 
DNA oxidation may be secondarily aggravated by oxidative protein damage to 
repair mechanisms, and urine determination of oxidative DNA derivatives may 
refl ect the balance between DNA damage and repair [ 114 ]. Among the oxidative 
DNA derivatives, interest is focused specially on 8-oxo-2′-deoxyguanosine 
(8-oxodG) because it is an abundant lesion formed in vivo, which can be quantita-
tively measured [ 18 ,  117 ]. Usually, 8-OHdG and 8-oxodG are considered as the 
same compound [ 56 ]. 8-OHdG is by far the most extensively used biomarker of 
oxidative damage to DNA, and it can be measured in urine or directly from tissue 
samples, prior DNA isolation, and in vitro degradation [ 12 ,  40 ,  95 ,  114 ,  117 ]. 

 8-OHdG detection and quantifi cation can be performed by instrumental methods 
(HPLC, LC-MS/MS) and immunological techniques (ELISA, immunostaining). 
It has to be underlined that the determination of cellular 8-OHdG must be carried 
out carefully since 8-OHdG artifacts may be formed during DNA processing [ 40 ]. 
The use of urinary 8-OHdG is limited as it is a biased measure of damage to guano-
sine that cannot rule out other origins rather than disease (for instance, from diet), 
but to date 8-OHdG is the most accurate biomarker for evaluating DNA oxidation. 
The advantage of measurements in body fl uids such as urine or amniotic fl uid by 
LC-MS/MS is that it allows the simultaneous determination of both 8-OHdG and 
2-dG as well as other oxidative biomarkers like  L -phe and  L -tyr derivatives in com-
plex biological samples without tedious sample preparation steps. Moreover, it is 
easily performed in the newborn animals or human neonatal patients without being 
invasive and has therefore been widely used in experimental and clinical settings 
[ 25 ,  62 ,  108 ,  123 ,  131 ].  
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   Biomarkers of Lipid Oxidation 

 The oxidative damage to lipids induced by ROS and RNS (not including H 2 O 2 , NO·, or 
O2 ·−  which poorly react with lipids) is known as lipid peroxidation (LPO) [ 38 ,  40 ]. 
Actually, LPO can originate from different sources, and it may be classifi ed as  enzy-
matic ,  nonenzymatic non-radical peroxidation , and  nonenzymatic free-radical- 
mediated peroxidation  [ 38 ]. Complexity of LPO originates from the large number 
of products that can be produced. Among PUFAs, peroxidation of the omega-6 
(ω-6) fatty acid arachidonic leads to the formation of leukotrienes (LTs), hydroxytet-
ronic    acid derivatives (HETEs), prostaglandins (PGs), and thromboxanes (TXs), 
respectively; all of them are known to be infl ammatory mediators and referred to as 
eicosanoids [ 22 ]. On the other hand, nonenzymatic PUFA peroxidation mediated by 
free radicals has also been studied in depth, and it occurs in three steps: (1) initia-
tion, OH· attacks a PUFA generating a lipid radical (L·) (LH + OH .  → L .  + H 2 O); (2) 
propagation, L .  reacts with oxygen to form a lipo-peroxyl radical (LOO . ) 
(L· + O 2  → LOO·) that may react with another PUFA to yield a new L· and a lipid 
hydroperoxide (LOOH) (LOO· + LH → LOOH + L·); and (3) termination, a series of 
radical reactions ending by the generation of non-radical products (NRPs) 
(LOO .  + LOO .  → NRP) [ 38 ]. Free radical-mediated LPO generates stable products, 
which can be divided into primary and secondary lipid hydroperoxide products the 
latter being metabolites such as aldehydes or isoprostanes [ 114 ]. Malondialdehyde 
(MDA), 4-hydroxy-2-nonenal (HNE), and F 2 -isoprostanes (F 2 -IsoPs) are LPO 
 products frequently used as lipid peroxidation biomarkers. 

  4 - Hydroxynonenal  ( HNE ). HNE is an α,β-unsaturated hydroxyalkenal originating 
from lipid peroxidation which has three reactive groups, an aldehyde, a double- 
bond at carbon 2, and a hydroxy group at carbon 4, and therefore it is a highly reac-
tive molecule. It may form adducts with other biomolecules such as proteins, 
peptides, nucleic acids, or lipids. Under physiological conditions, HNE may act as 
signaling molecule by inactivating phosphatases [ 106 ] or by activating the NF-E2- 
related factor 2 (NRF2) that leads the antioxidant response [ 115 ]. In addition, a 
strong electrophile, HNE, can also signifi cantly alter the cellular redox status by 
depleting thiol compounds such as GSH. An increase of HNE has been detected 
after perinatal asphyxia [ 103 ]. HNE determination can be performed by liquid 
chromatography with ultraviolet detection (LC-UV). However, this method may 
underestimate HNE due to its high reactivity with other molecules [ 112 ]. To avoid 
this inconvenience, ELISA kits that use anti-HNE-histidine conjugate antibodies 
have been developed [ 7 ]. In addition, analytical methods for the detection of HNE- 
protein adducts or HNE derivatives based on proteomics and lipidomics using 
LC-MS and GC-MS techniques have been developed. However, they are expensive 
and rather tedious and therefore of limited routine use [ 112 ]. 

  Malondialdehyde  ( MDA ). MDA is a three-carbon di- or keto-aldehyde containing a 
carbonyl group produced by cleavage of oxidized PUFAs as arachidonic acid (AA) 
or docosahexaenoic acid (DHA) [ 38 ]. MDA is highly reactive and able to form 
adducts with biomolecules. Elevated levels of MDA have also been reported in 
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asphyxiated neonates    and in preterm babies subjected to painful procedures [ 107 ]. 
The most common method to measure LPO based on determining thiobarbituric 
acid (TBA) reactive substances (TBARS) assay is questionable since many other 
molecules rather than MDA may react with TBA, and most TBA derivatives in 
human body fl uids are not related to lipid peroxidation [ 65 ]. Nevertheless, the use 
of analytical methods like LC-UV has improved the accuracy in the detection of 
MDA-TBA adducts. Furthermore, due to its carbonyl group, MDA-DNP adducts 
(prior DNPH derivatization) may be also determined by LC-UV [ 7 ]. Other 
approaches to detect MDA are based on the use of antibodies against MDA protein 
adducts, such as the dihydropyridine-lysine (DHP-lysine) antibody [ 12 ]. Urinary 
levels of MDA may arise due to artifacts or derive from the diet. Therefore, for clinical 
purposes, plasma or serum MDA are more suitable [ 40 ]. 

  Isoprostanes  ( IsoPs ). During nonenzymatic LPO mediated by free radicals, per-
oxyl radicals may suffer cyclization to generate endoperoxides products like iso-
prostanes (IsoPs) by further oxidation [ 112 ]. IsoPs are a family of eicosanoids of 
nonenzymatic origin with a broad variety of isomers. F 2 -isoprostanes (F 2 -IsoPs) are 
prostaglandin F 2  (PGF 2 )-like compounds that contain the F-type prostane ring of 
PGF 2 . Currently, IsoPs are considered as the best available biomarker of LPO, being 
F 2 -IsoPs the most studied class of IsoPs, due to their great stability [ 71 ]. Of note is 
that despite IsoPs may be detected in foods they are not absorbed in the gut in suf-
fi cient quantities to produce artifacts in the urinary or plasma IsoPs levels, and 
hence it is assumed that urinary and circulating F 2 -IsoPs in humans arise from free 
radical-mediated LPO [ 40 ]. Increased levels 8-iso-PGF 2  have been found in plasma, 
urine, or bronchoalveolar lavage fl uid (BAL) in neonates with bronchopulmonary 
dysplasia (BPD) or acute respiratory distress syndrome [ 12 ,  131 ]. Furthermore, the 
ratio of D 2 /E 2 -IsoPs to F 2 -IsoPs provides information about the LPO and about the 
redox environment [ 71 ]. Several methodologies have been developed for detection 
of IsoPs. Immunoassays based on immunological reactions of antibodies against 
specifi c IsoPs such as 8-iso-PGF 2α  have been frequently employed. However, 
cross- sensitivity between IsoPs isomers and homologous prostaglandins constitute 
the main drawback of this technique. Currently, new LC-MS/MS approaches are 
emerging which provide straightforward measurement and help to partly avoid 
time- consuming sample preparation steps [ 8 ]. 

  Neuroprostanes  ( NeuPs ). DHA is an important ω-3-PUFA that is the predominant 
structural component of the central nervous system tissues. DHA is more prone to 
oxidation than AA because of the higher number of double bonds, and neuropros-
tanes (NeuPs) arise from its oxidation in a similar manner to IsoPs [ 71 ,  93 ]. NeuPs 
have been suggested as neuronal oxidative damage markers more adequate than 
IsoPs that may be measured in neuronal tissues as well as in urine, plasma, or cere-
brospinal fl uid [ 71 ,  93 ]. The determination of NeuPs may be performed as the sum 
of total NeuPs by GC-MS/MS or LC-MS/MS. [ 61 ,  109 ,  110 ] However, both 
approaches are limited by the lack of commercially available, pure NeuP standards 
necessary for a reliable quantifi cation of NeuPs. 
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  Isofurans  ( IsoFs )  and Neurofurans  ( NeuFs ). IsoFs are mainly formed under condi-
tions of elevated oxygen tension. Oxygen interacts with arachidonic acid (AA) 
inducing the generation of a tetrahydrofuran ring instead of a prostane ring. Therefore, 
IsoFs have been suggested as reliable biomarkers of LPO produced under hyperoxic 
conditions that may be detected in fl uids and tissues [ 71 ,  110 ]. IsoFs are increased 
with the use of higher oxygen concentrations in the resuscitation of asphyxiated new-
borns in experimental [ 109 ] and clinical studies [ 131 ]. NeuFs formation mechanisms 
are not entirely clear. Hence, a direct action of oxygen upon DHA as similar to AA 
has not been proven in vitro studies. Another disadvantage for the clinical application 
of NeuFs is that urine and plasma levels may be below the achievable limits of detec-
tion employing state-of-the-art instruments. Nevertheless, NeuFs may be determined 
in brain tissue or cerebrospinal fl uid [ 2 ]. Similarly to NeuPs, determination of IsoFs 
and NeuFs may be performed by GC-MS/MS or LC-MS/MS [ 61 ,  109 ] suffering 
from the above described limitations.     

    The Role of Oxygen in the Transition from Fetal 
to Extrauterine Life 

    Oxygen in the Fetal to Neonatal Transition 

 Fetal life develops in a relatively hypoxic environment. Hence, arterial partial pres-
sure of oxygen (p a O 2 ) in utero is approximately 4 kPa (25–30 mmHg) as compared 
to 9 kPa (80–90 mmHg) in the mother. Interestingly, this situation is partially com-
pensated by the presence of fetal hemoglobin with a greater affi nity for oxygen thus 
favoring placental oxygen uptake by fetal blood and increased oxygen saturation for 
a given p a O 2 . Immediately after birth and with the initiation of spontaneous respira-
tion alveolar-capillary gas exchange, p a O 2  rises to 80–90 mmHg in the fi rst 5–10 min 
after birth [ 21 ,  66 ,  123 ,  139 ]. This abrupt change results in a physiological oxidative 
stress necessary to trigger the expression of a number of signifi cant genes necessary 
for postnatal adaptation. Of note is that in the last trimester of gestation, both trans-
placental passage of antioxidant enzymes and increased activity of proper fetal anti-
oxidant enzymes prepare the fetus for lung respiration [ 15 ,  31 ]. In the fetal to 
neonatal transition, both blood oxygen content and oxygen availability to tissue 
increase in a few minutes to almost adult values contributing to the generation of a 
burst of ROS which may act as signaling molecules modulating maturation of spe-
cifi c metabolic pathways [ 24 ,  32 ,  84 ]. Interestingly, the use of antenatal steroids, 
which has dramatically improved morbidity free survival of preterm infants, is asso-
ciated with enhanced activity of the antioxidant defense system thus favoring post-
natal adaptation to a relative hyperoxic situation [ 123 ].  
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    Pulse Oximetry in the Delivery Room 

 Pulse oximetry is now commonly used to monitor peripheral oxygenation saturation 
(oxyhemoglobin saturation or SpO 2 ) in neonatal intensive care units (NICU) where 
it has been described as the “fi fth vital sign” [ 73 ] but also in the delivery room (DR) 
where it has the benefi t of measuring SpO 2  and heart rate (HR) continuously and 
noninvasively, without the need for calibration and correlates closely with arterial 
oxygen saturation except for the higher (>95 %) and lower (<50 %) ranges [ 44 ,  53 , 
 55 ,  57 ]. National and international [ 3 ,  58 ,  74 ] resuscitation guidelines now recom-
mend using pulse oximetry in the delivery room when managing preterm infants 
and when infants are receiving supplemental oxygen or advanced respiratory sup-
port. In the delivery room, assessment of an infant’s color, as a surrogate measure 
of oxygenation, has constituted one-fi fth of the Apgar score. However, O’Donnell 
showed that there is substantial inter- and intra-observer variability when assessing 
color in the minutes after birth and therefore is a poor proxy for tissue oxygenation 
during the fi rst minutes of life [ 76 ]. In contrast, pulse oximetry provides an objec-
tive measure of oxygenation. The important, emerging role of pulse oximetry in the 
DR was recognized by the American Academy of Pediatrics (AAP) [ 58 ] in their 
2010 guidelines for neonatal resuscitation: “It is recommended that oximetry be 
used when resuscitation can be anticipate, when positive pressure is administered 
for more than a few breaths, when cyanosis is persistent, or when supplementary 
oxygen is administered” [ 58 ]. 

    Effect of Mode of Delivery 

 In the fi rst 5 min after birth, infants born via caesarean have signifi cantly lower 
SpO 2  measurements than those born vaginally [ 1 ,  16 ,  41 ,  54 ,  90 ]. Harris [ 41 ] postu-
lated that this difference was due to the increased amount of lung fl uid after caesar-
ean section which may interfere with transition to air breathing. In contrast, other 
researchers found no signifi cant difference in SpO 2  measurements in infants born 
vaginally versus caesarean births [ 20 ,  45 ,  85 ]. The latter group of studies had smaller 
samples and used older-generation pulse oximeter that may have contributed to 
their fi ndings.  

    Effect of Gestational Age 

 While there are several reports on SpO 2  measurements in term infants in the minutes 
after birth, there are fewer reports on the change in SpO 2  in preterm infants. Dawson 
[ 16 ] showed that in 160 preterm infants, the median SpO 2  at 5 min was 86 %, versus 
92 % in term infants ( p  < 0.001). Kamlin [ 54 ] reported in 54 preterm infants the 
median SpO 2  at 5 min after birth was 87 %, signifi cantly lower than term infants 
where the median SpO 2  at 5 min was 90 % ( p  < 0.001). Nuntnarumit [ 75 ] studied 75 
preterm infants <35 weeks who did not receive supplemental oxygen in the DR 
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and reported median (IQR) SpO 2  at 2, 3, 4, 5, and 6 min was 77 % (72–92), 84 % 
(75–94), 88 % (80–94), 90 % (79–95), and 95 % (85–97), respectively. In Kopotic’s 
observational study of 15 infants born at 24–29 weeks’ gestation, the SpO 2  was 
≥80 % by 4.4 (1.9–40) min, median (range). However, infants in the Kopotic study 
may have received oxygen and other interventions which might account for the 
shorter time to achieve an SpO 2  ≥ 80 % [ 59 ].  

    Sensor Location 

 In the DR, SpO 2  is changing rapidly; therefore, it is important to use the best tech-
nique to place the sensor that obtains a reliable signal in the shortest possible time. 
The Masimo [ 77 ] and Nellcor oximeters    [ 97 ] provide a measurement fastest when 
the oximeter is turned on; the sensor is applied to the infant before connecting the 
sensor to the oximeter cable. Pulse oximeter sensors can be placed on an infant’s 
hand or wrist, anterior, dorsal aspect of the foot, and other locations. Sensors placed 
on the right hand or wrist inform on preductal oxygen saturation. Preductal mea-
surements have been shown to be signifi cantly higher than postductal measurements 
soon after birth and remain so for the fi rst 15 min after birth [ 67 ]. In the DR where 
the presence of intra- and extracardiac shunts persist, the right hand or wrist is the 
best site for monitoring SpO 2  measurements and titrating administration of oxygen 
since these readings are more representative of SpO 2  values for the brain [ 70 ].  

    Motion Artifact 

 One of the concerns when using oximetry to determine oxygen saturation is motion 
artifact. Motion artifact can cause false readings when using oximetry. Motion arti-
fact can cause both false-positive (false alarm) and false-negative (missed hypox-
emia). New generation oximeters have electronic signal processing techniques and 
sensor features that decrease or eliminate motion artifact [ 43 ]. Premature infants 
may be less susceptible to motion artifact than more active term infants. When the 
sensor is attached correctly and fi rmly to the limb, motion artifact is reduced.   

    The Oxygen Saturation Centile Charts (Figs.  11.3 ,  11.4 , and  11.5 ) 

      Previous researchers have presented SpO 2  measurements from infants not requiring 
interventions in the DR as box plots or as line graphs illustrating the interquartile 
range for pre-preductal SpO 2 , in the fi rst minutes after birth [ 20 ,  29 ,  45 ,  54 ,  70 ,  90 ]. 
The Dawson SpO 2  centile charts provide a reference range for SpO 2  in the fi rst ten 
minutes after birth. These charts are unique due to the large number of data points 
(61,650) and the large number of infants studied ( n  = 468) who did not receive any 
medical interventions other than warmth and stimulation in the fi rst 10 min after birth. 
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  Fig. 11.4    Third, 10th, 25th, 50th, 75th, 90th, and 97th SpO 2  percentiles for all infants ≥ 37 weeks’ 
gestation with no medical intervention after birth (Reprinted from Dawson et al. [ 16 ]. With permis-
sion from  Pediatrics )       

  Fig. 11.3    Third, 10th, 25th, 50th, 75th, 90th, and 97th SpO 2  percentiles for newborn infants of all 
gestational ages with no medical intervention after birth (Reprinted from Dawson et al. [ 16 ]. With 
permission from  Pediatrics )       
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These data points were used to construct smoothed centile curves to illustrate the 
changing distribution of SpO 2  measurements after birth rather than “snapshots” of the 
data at each minute after birth. These data were used to develop centile charts for 
<32 weeks’ gestation, 32–36 weeks’ gestation, and term infants ≥37 weeks’ gestation. 
For all 468 infants at 1 min, the 3rd, 10th, 50th, 90th, and 97th percentiles were 29, 
39, 66, 87, and 92 %, respectively; at 2 min, 34, 46, 73, 91, and 95 %; and at 5 min, 
59, 73, 89, 97, and 98 %. It took a median (IQR) of 7.9 (5.0–10.0) min to reach an 
SpO 2  > 90. At all time points, the median SpO 2  was signifi cantly lower for preterm 
infants than for term infants. Until there is a consensus regarding the defi nition of 
“normoxia,” the Dawson centile charts provide our “best guess” at the appropriate 
targets for oxygen saturation during resuscitation.  

    Oxygen Saturation in Healthy Preterm Using Continuous 
Positive Airway Pressure (CPAP) and Air (Fig.  11.6 ) 

    The use of CPAP in the DR has been recommended to facilitate an early achieve-
ment of a functional residual capacity (FRC) in preterm babies immediately after 
birth [ 17 ]. It has recently been shown that spontaneously breathing preterm babies 
using face mask CPAP and air achieved higher SpO 2 s signifi cantly earlier than that 

  Fig. 11.5    Third, 10th, 25th, 50th, 75th, 90th, and 97th SpO 2  percentiles for all infants 32–36 
weeks’ gestation with no medical intervention after birth (Reprinted from Dawson et al. [ 16 ]. With 
permission from  Pediatrics )       
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reported in the reference nomogram    [ 16 ,  129 ]. This seems to support the specula-
tion that achieving stable lung aeration and functional residual capacity (FRC) 
might reduce the need for supplementary oxygen in preterm infants in the delivery 
room [ 88 ].  

    Brain Oxygenation and Cerebral Blood Flow 

    Cerebral Blood Flow: Physiological Considerations 

 Cerebral metabolic rate and the related rate of oxygen consumption is dependent 
on the species studied and on brain maturation, which may infl uence baseline 
cerebral blood fl ow and its relative changes related to hypoxic and hypercapnic 
challenge [ 94 ]. During conditions of hypoxia, cerebral blood fl ow increases to 
compensate for decreased arterial oxygen concentration [ 50 ]. Although a clear 
autoregulatory plateau for cerebral blood fl ow in response to changes in blood 
pressure has been demonstrated in fetal sheep [ 79 ], this may not be present consis-
tently in premature infants after birth, where blood pressure fl uctuations, arterial 
hypotension, or hypercapnia may result in signifi cant changes of cerebral blood 
fl ow [ 52 ]. Doppler studies in human infants suggest that autoregulation of cerebral 
blood fl ow in response to blood pressure changes increases with a higher gesta-
tional age [ 91 ], and the range of autoregulation seems to be narrowed in very pre-
term infants [ 120 ]. Studies of cerebral blood fl ow in preterm infants in relation to 
changes in blood pressure or PCO 2  suggest a relationship between low cerebral 
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  Fig. 11.6    SpO 2 s in the fi rst 10 min after birth in preterm babies of <32 weeks’ gestation who 
received continuous positive pressure ventilation (PPV) with face and mask and air. Comparison 
established with Dawson’s nomogram [ 16 ] for preterm infants using  χ  2  test       
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blood fl ow and the loss of vasoreactivity, which may lead to the development of 
intraventricular hemorrhage    [ 86 ]. Furthermore, the loss of vasoreactivity and 
persistently high cerebral blood fl ow velocity seems to be associated with poor 
outcome in asphyxiated full-term newborns [ 87 ]. Doppler measurements of cere-
bral blood fl ow (velocity) are, however, diffi cult to obtain for longitudinal observa-
tions and even more diffi cult if not impossible during resuscitation of sick newborn 
infants immediately after birth. Therefore, a simple system to monitor cerebral 
blood fl ow and/or cerebral tissue oxygenation, similar to pulse oximetry may be 
more helpful in these circumstances.  

    Measurements of Cerebral Oxygenation with Near-Infrared 
Spectroscopy (NIRS) in Different Clinical Settings 

 Near-Infrared Spectroscopy (NIRS) is a noninvasive technique to measure oxyhe-
moglobin, deoxyhemoglobin, and oxidized cytochrome aa 3  [ 46 ,  92 ,  134 ]. This tech-
nology is based on the absorption of near-infrared light by iron and copper atoms in 
hemoglobin and cytochrome aa 3 . Infrared light penetrates several centimeters into 
the brain tissue and provides information on oxygenation of the brain. It measures 
tissue oxygenation underneath the optical pathway and gives real-time information 
to the clinician. NIRS has been used clinically since the 1970s, is noninvasive, pro-
vides continuous information, does not require pulsatile blood fl ow, and refl ects a 
balance between oxygen delivery and consumption [ 46 ]. NIRS has been suggested 
as a useful tool to guide treatment in critically ill infants [ 137 ].  

   Technical Considerations with NIRS 

 There are no uniform standards for NIRS technology and for the algorithms used by 
different manufacturers. Clinicians need to be aware that the displayed absolute 
values are to some degree device-specifi c. Therefore, clinicians using NIRS should be 
aware that when they are interpreting NIRS data, there are no uniform standard. 
Experts in using NIRS have recommended standardizing devices, thus increasing 
validity of measurements in neonatal patients and to improve measurement tech-
niques. This would enable more accurate comparison between data obtained from 
different models for NIRS [ 83 ]. Measured values of cerebral oxygenation may be 
affected by extracranial contamination. In healthy volunteers, it has been shown that 
tissue ischemia of the skin underneath the sensor site affects the measured values, and 
the magnitude of the measured decrease in cerebral oxygenation caused by scalp 
ischemia seems to be dependent on the specifi c device used [ 13 ]. This has not been 
studied in neonates, but may be an important issue as the scalp may be exposed to 
birth trauma secondary to local forces especially during vaginal delivery. There are a 
number of other pitfalls to consider when NIRS is used to monitor cerebral oxygen 
saturation in neonates, and these have been nicely reviewed by van Bel 2008 [ 119 ].  
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   Measurements of Cerebral Oxygenation with Near-Infrared Spectroscopy 
(NIRS) in Neonates During Transition Shortly After Birth 

 The studies in adults and children undertaken in surgical settings suggest that moni-
toring cerebral oxygenation during surgery may help to identify those patients at 
risk for adverse outcomes. Cerebral oxygenation may be affected during delivery 
and by adverse conditions immediately after birth. Monitoring cerebral oxygenation 
may be helpful to identify those infants who need respiratory and/or cardiovascular 
support at this time. Mc Neill [ 69 ] has recently published data for preterm infants 
from the fi rst day of life to postnatal day 21. If brain oxygenation, measured by 
NIRS, is used to guide interventions in the DR, there is an urgent need for reference 
standards for newly born premature and full-term infants. 

 Fauchere et al. measured cerebral oxygen saturation in 20 healthy term newborn 
infants during the fi rst 15 min after elective caesarean section using the NIRO 300 
device (Hamamatsu Photonics, Hamamatsu, Japan) [ 28 ]. All infants had an unevent-
ful transition and did not need any resuscitative support or supplemental oxygen. 
They were able to obtain a signal within 2 (1–4) min (median [range]) after birth 
and found a median tissue oxygenation index of 52 % at 3 min of age, which 
increased to approximately 69 % at 6 min of age, with no further increase until 
15 min of age. During the same time, the median SpO 2  increased from 71 to 88 %. 
Urlesberger et al. measured regional tissue oxygenation of the brain along with 
SpO 2  in 59 healthy term infants with no need for respiratory support or supplemental 
oxygen immediately after elective caesarean section in an observational study using 
the INVOS 5100 device (Somanetics. Troy, Michigan) [ 116 ]. The sensor was positioned 
at the left frontoparietal forehead. The authors were able to obtain regional cerebral 
saturation (rSO 2 ) values from 3 min after birth and could show that it increased from 
a mean of 44 % at 3 min to 76 % at 7 min, with no further increase during the 10 min 
observation period. The rate of increase was faster than the rise in preductal SpO 2 , 
consistent with the observation of other researchers [ 28 ]. This may indicate prefer-
ential oxygen delivery to the brain immediately after birth. In another, study rSO 2  
was measured in 46 healthy term newborn infants ( n  = 20 after spontaneous vaginal 
delivery,  n  = 22 after caesarean section, and  n  = 4 after vaginal-assisted delivery) 
during the fi rst 10 min of life using a laser light source oximeter (FORE- SIGHT, 
Casmed, Branford, CT) [ 33 ]. The median (interquartile range) cerebral oxygen sat-
uration at 2 min after birth was 42 (39–46) % after spontaneous vaginal delivery, 42 
(30–52) % after caesarean section, and 36 (20–53) % after assisted instrumental 
vaginal delivery (no signifi cant difference between groups). rSO 2  increased continu-
ously and reached a steady state approximately 8 min after birth. The differences in 
values measured in the three studies [ 28 ,  33 ,  116 ] may be related to the use of dif-
ferent devices or by differences in the amount of infant handling. 

 In another study in 51 VLBWI, it was shown that cerebral tissue oxygenation using 
NIRS can be measured in the delivery room within 52 (44–68) seconds of life [median 
(interquartile range)]. After delivery, cerebral tissue oxygen saturation rose continu-
ously from 37 (31–49)% at 1 min reaching a steady state after approximately 7 min of 
life with a range of 61–84 % [ 33 ]. Regional cerebral oxygen saturation increased at 
least as fast as in the full-term cohort studied by the same group of researchers [ 33 ].    
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    Oxygen Administration in the Delivery Room 

    Oxygen Supplementation in the Term Newborn Infant 

 Perinatal asphyxia is a relatively common condition especially in developing coun-
tries. Hence, approximately four million babies will suffer for intrapartum 
asphyxia, and out of these, one million will die and another million will have 
important neurocognitive impairment [ 133 ]. Interestingly, many so-called fresh 
stillbirths occurring in rural settings where supplemental oxygen was not available 
may have been successfully revived if positive pressure ventilation with air (21 % 
oxygen) had been initiated [ 36 ]. However, in the last two decades, a body of evi-
dence has demonstrated in experimental [ 101 ] and clinical [ 99 ,  100 ] studies that in 
newly born asphyxiated term, infants’ resuscitation with air may offer substantial 
advantages over the use of 100 % oxygen. Room air shortens the time needed to 
initiate spontaneous respiration and improves Apgar score [ 125 ]. Moreover, room 
air has been shown to reduce oxidative stress ([ 125 – 127 ,  132 ]; Martin 2008). In 
randomized studies where clinicians were blinded to the gas admixture, it has been 
shown that in infants receiving 21 % or 100 % oxygen for resuscitation, both 
groups demonstrated evidence of oxidative stress. However, infants receiving air 
had signifi cantly higher reduced oxidized to glutathione ratios (index of cytoplas-
mic oxidative stress) at day 3 and day 28 after birth [ 125 ]. In addition, striking 
differences in the glutathione redox cycle enzymes in newborn infants resuscitated 
with room air versus 100 % oxygen confi rmed the alteration of the cellular redox 
status caused by the use of higher oxygen loads during resuscitation [ 127 ,  132 ]. 
These fi ndings suggest that excess of oxygen and OS in a “sensitive” period such 
as the fetal to neonatal transition could trigger a biologic response consisting of an 
oxidative stress mediated by gene activation. In addition to the alteration of bio-
markers of oxidative stress, further studies have found that administration of 100 % 
oxygen in severely asphyxiated babies increased oxidative damage to myocardium 
and renal proximal tubule as compared to room air [ 132 ]. In a recent meta-analysis, 
it was shown that the use of room air for resuscitation signifi cantly reduces mortal-
ity in the delivery room in term neonates [ 99 ]. In response to these fi ndings, the 
2010 International Liaison Committee on Resuscitation guidelines recommended 
the use of air as the initial gas admixture for the depressed term infant [ 82 ]. Thus, 
resuscitation of depressed term newborn infants should be initiated with positive 
pressure ventilation and 21 % oxygen. Lung expansion and early achievement of a 
functional residual capacity is essential for allowing a good gas exchange and pul-
monary circulation. Under these circumstances, oxygenation and heart rate should 
be monitored with preductal pulse oximetry following centiles illustrated in the 
Dawson nomogram [ 16 ,  133 ]. FiO 2  should be individually adjusted, or titrated, 
according to an infant’s response and SpO 2  measurements. In very severe clinical 
situations where an infant does not respond to PPV with 21 % oxygen, then endo-
tracheal intubation and administration of a higher oxygen concentration are 
 warranted [ 133 ].  
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    Titrating Oxygen Needs in Preterm Infants 

 Pulse oximetry measurement of SpO 2  has replaced assessment of color as an 
 indication for administering supplemental oxygen in several national and interna-
tional guidelines, e.g., the AAP [ 58 ], European Resuscitation Council (ERC [ 74 ]) 
and the Australian Resuscitation Council [ 3 ]. The 2010 ILCOR guidelines suggest 
using PO to guide administration of supplemental oxygen in the DR to avoid hyper-
oxia and hypoxia particularly in extremely preterm infants. Suggested targets for 
SpO 2  at intervals following birth are provided [ 3 ,  74 ,  82 ]. The Dawson SpO 2  refer-
ence charts can be used in the delivery room as a guide to prevent hypo-/hyperoxia. 
This is especially important when managing extremely preterm infants at risk of 
developing hyperoxia [ 124 ,  128 ]. Kopotic and Lindner [ 59 ] studied 50 high-risk 
infants; 25 were managed with pulse oximetry, while the remaining 25 infants were 
not monitored. Infants managed with oximetry were less likely to be admitted to the 
special care nursery (32 % vs. 52 %;  p  = 0.04). Moreover, they observed the infl u-
ence of oximetry during resuscitation in 15 infants <30 weeks’ gestation (suppress 
in a second study!) [ 59 ]. Oxygen was started at 100 % and titrated to achieve an 
SpO 2  between 80 and 92 %. They demonstrated that they were able to reduce the 
fraction of inspired oxygen (FiO 2 ) from 1.0 to, on average, 0.40 [ 59 ]. Deckardt [ 19 ] 
used an SpO 2  < 80 % at 5 min to determine whether infants should receive continu-
ous positive airway pressure (CPAP) with a mask and 100 % oxygen. The treatment 
stopped once the SpO 2  reached 90 %. The observational studies of Deckardt [ 19 ] 
and Kopotic [ 59 ] suggest that using SpO 2  in the DR is valuable in managing resusci-
tation. Finer and Leone have previously advocated a targeted oxygen saturation pro-
tocol in the DR [ 30 ]. Three randomized trials [ 26 ,  89 ,  135 ] have shown it is possible 
to titrate the administration of supplemental oxygen in the DR using SpO 2  target 
ranges. However, during resuscitation, an appropriate SpO 2  target below which oxy-
gen therapy does more good than harm has not been determined. The highest safe 
level of SpO 2  is also unclear. Even short-term exposure to a high FiO 2  can generate 
damaging reactive oxygen (ROS) and nitrogen species (RNS) [ 128 ]. These free 
radicals are associated with short- and long-term morbidity, with preterm infants at 
most risk of harm from exposure to excess oxygen [ 102 ]. 

 There are no guidelines recommending how fast or by how much oxygen should 
be increased if SpO 2  measurements are below the recommended target range. Nor 
are there guidelines for how quickly and by how much FiO 2  should be decreased 
when SpO 2  above the target range. We have recommended that once effective ven-
tilation is confi rmed, if SpO 2  is below the 10th centile, the FiO 2  should be increased 
until the SpO 2  reaches at least the 10th centile. Ongoing supplemental oxygen 
should be given targeting the 50th centile and avoiding saturations >90th centile. 
Since oxygen saturation >95 % may be associated with unpredictably high arterial 
oxygen concentration, supplemental oxygen should be reduced to maintain oxygen 
saturation <96 % at all times in the delivery room [ 17 ,  122 ]. Several NICU studies 
have shown how diffi cult it is to keep infants SpO 2  with a narrow target range [ 10 , 
 39 ]. In the DR, it is likely to be more diffi cult to keep infants who are receiving 
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supplemental oxygen within a target range when SpO 2  measurements are normally 
rising rapidly. Gandhi et al. [ 35 ] describes a novel system for improving the amount 
of time infants remain within a target range. At UCSD (San Diego, USA), the 
Transitional Oxygen Targeting System (TOTS) plots real-time SpO 2  values in rela-
tion to the 10th and 50th centiles oxygen saturation curves from Dawson [ 16 ]. 
Infants ≤36 weeks’ gestation whose supplemental oxygen was managed with TOTS 
were kept within the specifi ed target range signifi cantly longer when compared to 
control infants managed without TOTS ( p  = 0.026). Experts in neonatal resuscita-
tion remind us that the cornerstone of resuscitation is to perform effective ventila-
tion to establishing an adequate functional residual capacity before considering 
commencing or increasing supplemental oxygen [ 17 ,  63 ]  

    Interventions in the Delivery Room: Effects on Cerebral 
Oxygenation 

 There is very little data available on the effects of interventions undertaken dur-
ing the fi rst seconds or minutes of life on cerebral oxygenation. Out of the 51 infants 
studied by Fuchs et al., 10 received only CPAP or no respiratory support [ 33 ]. There 
was very little difference in cerebral oxygen saturation comparing those infants 
receiving respiratory support compared against those who did not receive respiratory 
support (Fig.  11.7 ). Furthermore, it is very interesting that the two infants who later 
developed intraventricular hemorrhage demonstrated cerebral oxygen saturation 
well below the 10th percentile compared to the other study infants, suggesting that 
adverse cerebral blood fl ow was responsible for this observation. We speculate that 
measuring cerebral oxygenation using NIRS immediately after birth may be useful to 
detect patients at high risk for adverse cerebral outcome (Fig.  11.7 ).

   The immediate effects of sustained lung infl ations on arterial and cerebral oxy-
genation were studied in 24 VLBWI with a mean gestational age of 28 weeks [ 34 ]. 
All study infants received one sustained infl ation with 20 cmH 2 O for 15 s duration 
and CPAP at 5 cmH 2 O thereafter. 16/24 (67 %) received a second infl ation with 25 
cmH 2 O for 15 s, and 2/24 (8 %) received a third infl ation with 30 cmH 2 O/15 s as per 
unit protocol if the infants did not respond to the previous infl ation(s). Thereafter, 
all infants were supported with CPAP and eventually nasopharyngeal ventilation at 
the discretion of the neonatologist taking care. During sustained infl ations, there 
was a rapid increase in heart rate, cerebral tissue, and SpO 2  [ 34 ]. In this observa-
tional study by Fuchs, there was no control group receiving an alternative mode of 
respiratory support. Therefore, it is presently unclear if sustained infl ations are 
superior in stabilizing tissue oxygenation after birth. To evaluate the effect of sus-
tained infl ations on cerebral oxygenation, we need a properly powered randomized 
trial comparing infants receiving sustained infl ations with a control group who do 
not receive sustained infl ations. 

 Monitoring cerebral oxygen saturation in the delivery room and during the early 
hours of life might be useful to assess tissue oxygenation and may help to provide 
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information to adjust FiO 2  and other interventions, such as ventilator settings in 
infants with lung disease. There is some evidence that the brain of stable VLBW 
infants may be hyperoxygenated during the fi rst hours and days of life as shown in a 
cohort study of 46 preterm infants compared against 25 healthy term infants [ 111 ]. 

  Fig. 11.7    Panel ( a ). Comparison between cerebral oxygen saturation (rSO 2 ) in infants receiving 
respiratory support as compared against those who did not receive respiratory support. As shown 
in the fi gure, there were not signifi cant differences. Panel ( b ). The fi gures show the rSO 2  graph of 
two infants who later developed intraventricular hemorrhage and who demonstrated cerebral oxy-
gen saturation well below the 10th percentile compared to the other study infants suggesting that 
adverse cerebral blood fl ow was responsible for this observation [ 33 ]       
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 Technology is now available in the delivery room to measure the effect of 
 interventions such as different modes of respiratory or cardiovascular support and 
their effect on cerebral oxygenation. We hope that further studies using this technol-
ogy to monitor infants in the fi rst minutes after birth may eventually help to improve 
survival and neurodevelopmental outcome of extremely low birth weight infants.      
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  PUPLs    Polyunsaturated phospholipids   
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  SP-A    Surfactant protein A   
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         Introduction 

 Preterm birth affects about 5–9 % of gestations in European countries and 12–13 % 
in the USA [ 1 ] and is at present the leading cause of overall infant death in devel-
oped countries [ 2 ]. Despite general improvement in perinatal care, preterm birth 
rates are still increasing [ 3 ]. Respiratory distress syndrome (RDS), the major acute 
complication of prematurity, occurs in about 50 % of preterm neonates born before 
30 weeks of gestation [ 4 ] ranging from 100 % at 23 weeks to 50 % at 29 weeks [ 5 ]. 
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RDS remains at present the leading cause of death in extremely preterm infants and 
often requires surfactant replacement therapy and respiratory support [ 5 ]. 

 Endotracheal surfactant administration has affi rmed as one of the milestones of 
RDS treatment, as it is associated with reduced mortality, air leaks, and need for 
mechanical ventilation, although it has been proved ineffective in preventing bron-
chopulmonary dysplasia (BPD) [ 6 ]. 

 Surfactant is produced by mammalians type II alveolar cells and is a complex 
mixture of 90 % lipids and 10 % proteins. The most abundant phospholipid in sur-
factant is dipalmitoylphosphatidylcholine (DPPC), which is the main agent respon-
sible for surface tension lowering at the air-liquid interface, probably with the 
contribution of other lipid compounds, as phosphatidylglycerol [ 7 ]. Surfactant pro-
teins (SPs) constitute a mixture of hydrophilic and hydrophobic components of the 
surfactant, which contribute to surface tension lowering through specifi c interac-
tions with DPPC and involvement in surfactant turnover process. Because of its 
well-known tensioactive properties, exogenous surfactant administration in RDS 
results in reduction of alveolar opening pressure, increase of lung volume at a cer-
tain distending pressure, and stabilization of lung volume during the defl ation 
phases, thus reducing the work of breathing [ 8 ,  9 ]. 

 However, surfactant is a pleiotropic compound. In fact, besides its chemico- 
physical properties, surfactant was also demonstrated to exert consistent anti- 
infl ammatory and antioxidant activities, for which nonenzymatic and enzymatic 
proteins and some minor lipid components appear mainly responsible [ 10 – 12 ]. 
Although less extensively investigated, these functions may contribute to the 
 effi cacy of exogenous surfactant administration in preterm neonates with RDS.  

   Oxidative Stress in Preterm Newborn Lungs 

 Oxidative stress occurs when a relative unbalance exists between pro-oxidant agents 
and antioxidant pathways, leading to accumulation of reactive oxygen species 
(ROS) and other reactive components within different tissues, resulting in cascade 
damages of lipids, proteins, polysaccharides, and DNA strains [ 13 ,  14 ]. Antioxidant 
defense consists of a complex web of interacting molecules which exert scavenging 
activity both by enzymatic pathways, such as catalase (CAT), superoxide dismutase 
(SOD), glutathione peroxidase, and nitric oxide synthase, and nonenzymatic path-
ways, such as vitamins C and E and uric acid [ 15 ,  16 ]. 

 Oxidative stress was demonstrated to play a signifi cant role in the development 
of several complications of preterm birth, as RDS and BPD, but also retinopathy of 
prematurity and intraventricular hemorrhage, which are all grouped together as 
“free radical-related diseases” [ 13 ,  14 ]. 

 Preterm newborns have to deal with a consistent load of ROS and other reactive 
species, as a consequence of several perinatal conditions related to preterm birth 
determining activation of pro-oxidant pathways, as hyperoxia, tissue perfusion 
impairment and reperfusion, infections, and rapidly growing energy demand. 
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However, antioxidant defenses show impaired activity because of developmental 
arrest of both placental transfer and endogenous production of enzymatic and nonen-
zymatic compounds, thus leading to the occurrence of a pro-oxidant status [ 13 – 16 ]. 
In fact, when compared to term newborns, preterm newborns present signifi cantly 
reduced activity of glutathione peroxidase and SOD for several weeks after birth [ 17 ] 
and lower circulating levels of vitamin E and ascorbic acid [ 13 ,  14 ]. Moreover, sus-
ceptibility to oxidative stress may be further increased by high concentration of poly-
unsaturated fatty acids (PUFAs) which are highly sensitive to peroxidation injuries, 
particularly in the neuronal membranes, and relatively increased free iron release 
favoring free radicals (FRs) formation [ 13 ,  14 ]. It was also demonstrated that preterm 
newborns lack the capacity to induce a proper antioxidant enzymatic activity in 
response to oxidative challenges [ 18 ]. 

 Lung tissues of preterm newborns are particularly exposed to ROS activity, as 
the main treatment options for RDS, oxygen supplementation, and mechanical ven-
tilation are known to promote oxidative stress and local proinfl ammatory responses 
[ 19 ,  20 ]. Such detrimental effects of RDS therapy lead in turn to endogenous surfac-
tant inactivation, lung tissue damage, and further aggravation of respiratory failure 
[ 19 ,  20 ]. Moreover, although BPD is defi nitely a multifactorial disease, a close rela-
tionship has been established between BPD and oxidative and infl ammatory stress, 
as ROS and infl ammatory cytokines production as a consequence of hyperoxia, 
volutrauma, chorionamnionitis, and postnatal infections are clearly related to the 
risk of BPD [ 21 ]. Moreover, several single nucleotide polymorphisms of genes 
involved in the infl ammatory response, oxidative stress, and antioxidant enzymes 
show a defi nite relation with the risk of BPD [ 22 – 24 ], thus reinforcing the impor-
tance of FRs and their clearance in determining such complications of prematurity.  

   Antioxidant Effects of Surfactant 

 Endotracheal surfactant administration prevents oxidative alveolar injury fi rstly by 
the replacement of preexisting surfactant partially damaged by ROS [ 11 ]. However, 
the main antioxidant effects of surfactant probably relay on different mechanisms, 
since surfactant itself shows a consistent antioxidant activity attributable both to 
enzymatic and nonenzymatic scavenger molecules naturally contained in the mix-
ture. Consequently, exogenous surfactant would be able to abate the local ROS con-
centration in the alveolar areas, thus directly preventing both local damage and ROS 
diffusion to the surrounding tissues and vessels [ 11 ,  12 ,  25 ,  26 ]. 

 It is well known that antioxidant enzymes and other antioxidant molecules are 
commonly found in the epithelial lining fl uid of the normal human lower airways [ 27 ]. 
Basing on the observation that bronchoalveolar lavage of preterm neonates treated 
with surfactant presented lower levels of pro-oxidant markers than untreated neonates 
[ 28 ], it was demonstrated in the animal model that natural calf lung surfactant contains 
a measurable amount of SOD and CAT, which have been also demonstrated to exert 
consistent scavenging activity when incubated with a defi nite amount of H 2 O 2  [ 11 ]. 
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Moreover, endotracheal administration of surfactant also induced a signifi cant increase 
of SOD content of alveolar type II cells, demonstrating the occurrence of enzyme 
uptake via liposome during the surfactant recycle process [ 11 ]. Therefore, the positive 
effects of surfactant administration in preterm neonates may be related not only to 
direct improvement of lung mechanics but also to local antioxidant activity of surfac-
tant and to increased antioxidant potential of alveolar cells. Interestingly, the compari-
son between natural lung surfactant and a lung surfactant extract containing only 1 % 
of proteins showed that the latter contains no signifi cant amount of antioxidant 
enzymes and does not exert any scavenging activity against H 2 O 2  [ 11 ]. These data 
reinforce the concept that surfactant mixtures not containing proper amount of protein 
compounds, as synthetic surfactants, are inadequate for clinical purpose at present, 
probably not only because of suboptimal tensoactive properties but also for the lack of 
enzymes naturally present in lung surfactant. 

 A recent study confi rmed that natural porcine and bovine surfactants contain 
defi nite amounts of SOD and CAT, which have been measured in four different 
natural surfactants, namely, Poractant (Curosurf), Beractant (Survanata), Calfactant 
(infasurf), and Bovactant (Alveofact) [ 12 ]. Comparing these mixtures, Beractant 
roughly showed the highest content of SOD per mg of phosholipids, while Calfactant 
showed the highest content of CAT, but when enzymatic activities were expressed 
per mL of surfactant, Poractant provided the highest content of SOD while Calfactant 
was confi rmed to contain the highest amount of CAT. Moreover, considering the 
recommended doses for clinical use, Poractant was shown to provide the major 
amount of SOD, while Calfactant was proved to contain the major amount of CAT 
(Table  12.1 ). After incubation with different amounts of H 2 O 2 , Curosurf showed the 

    Table 12.1    Antioxidants content in natural surfactants   

 Poractant  Beractant  Bovactant  Calfactant 

  Doses  
 mg of PLs/Kg  200  100  100  100 
 mL of surfactant/Kg  2.5  4  2.2  2.86 
  SOD  
 U/mg of PLs  0.396*  0.474  0.027#  0.383§ 
 U/mL of surfactant  31.7  11.9  1.21  13.4 
 U/dose per Kg  73.3  47.6  2.6  38.3 
  CAT  
 nmol/min/mL of PLs  0.81°  2.60  1.58  3.23 
 nmol/min/mL of surfactant  64.80  65.00  71.10  113.10 
 U/dose per Kg  149.80  260.00  157.80  323.50 
  Plasmalogens  
 mol % of total PLs  3.8 ± 0.1  1.5 ± 0.2  0.9 ± 0.3  n.a. 
  PUPLs  
 mol % of total PLs  26 ± 1  6 ± 1  11 ± 1  n.a. 

  Modifi ed from Refs. [ 12 ,  25 ] 
  PLs  phospholipids,  PUPLs  polyunsaturated phospholipids,  n.a.  not available 
 * p  = 0.019 vs. Survanta; # p  < 0.0001 vs. Survanta; § p  = 0.003 vs. Survanta; ° p  < 0.0001 vs. Infasurf  
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highest scavenger activity, except that at the lowest studied concentrations of H 2 O 2  
when Beractant exerted the highest scavenger activity. For any concentration of 
H 2 O 2 , Calfactant and Bovactant showed signifi cantly lower scavenger activity vs. 
Poractant and Beractant (Table  12.2 ) [ 12 ].

    However, not only SOD and CAT but also different antioxidant enzymes, as 
glutathione peroxidase and reductase, may be involved in determining the net anti-
oxidant effect of surfactant, but unfortunately their activity in natural surfactants 
have not been detailed yet. 

 Moreover, the complex mixture of natural surfactants also contains nonenzymatic 
antioxidant molecules which might further contribute to the overall antioxidant activ-
ity of the mixture. Even if these aspects have been poorly investigated as far as now, 
plasmalogens and polyunsaturated phospholipids (PUPLs) are putatively the main 
responsible molecules for nonenzymatic antioxidant activity of natural surfactants. 

 Plasmalogens, a subgroup of phospholipids normally contained in cellular mem-
branes, present defi nite scavenger activity against FRs due to the presence of a spe-
cifi c reductant group and are also minor components of natural surfactants [ 25 ]. 
Plasmalogens were recently considered of great importance to the proper biophysi-
cal function of the surfactant. According to the “surface-associated reservoir” 
model, large areas of surfactant layer are folded during the expiration phase, but 
remain adherent to the monolayer present at the air-liquid interface and extend dur-
ing inspiration. Plasmalogens, together with cholesterol, were proved to work syn-
ergistically with the hydrophobic SP-B and SP-C for the proper formation of the 
reservoir and the spreading of DPPC and, in the experimental model, plasmalogens 
addition to surfactant achieved further reduction of surface tension and viscosity in 
comparison to surfactant alone [ 8 ,  25 ,  29 ]. Besides surface-active properties, plas-
malogens were recently demonstrated to confer consistent antioxidant protection 
against ultraviolet light-induced lipid peroxidation within cell membranes [ 30 ] and 
also to exert antioxidant functions in low density lipoproteins [ 31 ]. The content of 
plasmalogens has been detailed for Poractant, Beractant, and Bovactant, but not for 
Calfactant [ 8 ,  25 ], and resulted consistently higher for Poractant than Beractant and 
Bovactant (Table  12.1 ). These results could partially explain the different scavenger 
performances against H 2 O 2  observed for the natural surfactants, together with the 
differences in the content of antioxidant enzymes [ 12 ]. 

   Table 12.2    Scavenger activity of natural surfactants   

 Poractant  Beractant  Bovactant  Calfactant 

 25 μM  29 ± 8*  17 ± 4  47 ± 6 * # §  36 ± 5 * # 
 50 μM  30 ± 6  32 ± 4  75 ± 8 * # §  56 ± 9 * # 
 100 μM  66 ± 8  64 ± 9  113 ± 11 * #  117 ± 10 * # 
 250 μM  201 ± 15  214 ± 20  278 ± 23 * #  332 ± 18 * # 

  H 2 O 2  concentration a  after incubation with 25, 50,100 and 250 μM of H 2 O 2  (mean ± SD) (Modifi ed 
from Dani et al. [ 12 ]) 
 * p  < 0.05 vs. Survanta; # p  < 0.05 vs. Curosurf;  p  < 0.05 vs. Infasurf 
  a Data report the difference between H 2 O 2  concentration at time 0 and at the end of the experiment  
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 Moreover, along with plasmalogens, PUFAs are considered one of the main 
 substrates for lipid peroxidation in lung surfactant and they were also recently demon-
strated to exert consistent scavenger activity against ROS in cellular models [ 32 ]. 
Peroxidation of PUPLs induced by ROS at the air-liquid interface would then initiate 
a chain reaction, increasing in turn the availability of ROS in the alveolar spaces [ 25 ]. 
Interestingly, Poractant presents the highest concentration of PUPLs among natural 
surfactants [ 25 ], and, because of the highest concentration in the recommended 
dose, Poractant putatively has also the highest scavenger activity due to PULPs per 
treatment dose [ 12 ]. 

 Plasmalogens and PUFAs content were detailed in tracheal aspirates collected at 
birth in a cohort of preterm neonates. Plasmalogens and PUFAs content resulted 
signifi cantly higher in patients who developed BPD in comparison to controls of the 
same gestational age who did not develop BPD, suggesting a general protective role 
toward lung parenchyma, probably due to an overall antioxidant effects and not only 
to the surface tension-lowering properties [ 26 ]. 

 Therefore, the importance of some protein and lipid components of surfactant, 
which are usually believed to be minor elements, should be properly considered in 
the setting of new synthetic surfactant preparations as benefi cial effects of  surfactant 
probably relay not only on its biophysical properties at the air-liquid interface but 
also on its complex antioxidant effects in the alveolar environment, which is bur-
dened with high load of ROS in case of preterm birth.  

   Antioxidants Addition to Surfactant 

 SOD, CAT, and other antioxidants are physiologically present in measurable con-
centrations in natural surfactants and lung epithelial lining fl uid and take part in the 
regulation of postnatal lung vascular development [ 33 ] and in the protection of 
microvasculature from ROS-induced injury [ 34 ]. 

 Since exogenous surfactant is rapidly taken up by type II alveolar cells, it appears 
reasonable to supplement surfactant with antioxidant molecules in order to enhance 
its antioxidant potential, as both surfactant and lung antioxidant enzymes are defi -
cient until the fi nal 10–15 % of gestation [ 35 ]. 

 Beractant was fi rstly studied as a vehicle for antioxidant enzymes to be delivered 
to the alveolar epithelium [ 36 ]. Incubation of lung epithelial cells with an emulsion 
of Beractant plus SOD and CAT resulted in signifi cantly higher SOD and CAT 
activity in comparison with incubation with CAT and SOD alone or surfactant 
alone. These results were confi rmed in lung homogenates obtained by animal mod-
els after endotracheal administration of Beractant plus SOD and CAT, suggesting 
that surfactant supplementation with antioxidant enzymes is an effi cacious way to 
increase antioxidant defenses in the alveolar environment. Moreover, since intracel-
lular localization of antioxidant enzymes may be a crucial point for their functional-
ity, liposome encapsulation of SOD and CAT was studied, in order to enhance 
cellular delivery of the enzymes. Such method was proved effective in increasing 
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the antioxidant enzymes activity in the alveolar cells in the animal model of 
hyperoxia- induced lung injury of prematurity [ 37 ]. 

 The addition of SOD and CAT to four different natural surfactants was recently 
studied in vitro [ 12 ]. As expected, the addition of SOD to Poractant, Beractant, and 
Bovactant resulted in increased scavenger activities in comparison to the surfactants 
alone, while the addition of SOD to Calfactant resulted in a paradoxical reduction 
of its scavenger activity, which was putatively attributed to other mechanisms 
induced by SOD overexpression, as increased H 2 O 2  production and hydroxyl radi-
cal formation. CAT addition to the four surfactants resulted in increased scavenger 
activity of the surfactants even if it did not reach signifi cance in the case of Beractant. 
The addition of both SOD and CAT induced a further increase in comparison with 
SOD or CAT addition alone, suggesting a synergic activity of the two enzymes. 

 On the other hand, previous studies by Davies et al. demonstrated the safety of 
intratracheal administration of rhSOD in preterm infants [ 38 ] and its effectiveness 
in decreasing the need of asthma medications and emergency department visits in 
preterm infants during the fi rst year of life [ 39 ]. 

 Basing on the available data, the addition of antioxidant enzymes to surfactant 
appears as a possible future strategy in order to improve the lung antioxidant 
defenses during the phase of RDS treatment. However, clinical studies are manda-
tory in order to confi rm these preliminary experimental results.  

   Anti-infl ammatory and Antibacterial Effects of Surfactant 

 Infl ammation and oxidative stress are strictly related processes, since infectious and 
infl ammatory stimuli are the main triggers of pro-oxidant pathways in biological 
systems. In addition to specifi c antioxidant properties, surfactant has been shown to 
posses anti-infl ammatory and immune-modulating activities, which indirectly con-
tribute to the antioxidant effects, because of the interactions between infl ammatory 
and oxidative stress. 

 The modulation of infl ammatory processes by surfactant is mainly ruled by pro-
tein compounds, specifi cally SP-A and SP-D [ 10 ,  40 ]. SP-A and SP-D are two 
hydrophilic proteins which belong to the family of collectins and were shown to 
affect several steps of the immune response to several pathogens both in vivo and 
in vitro [ 41 ,  42 ]. These proteins have to property to bind and aggregate to virus, 
bacteria, fungi, and endotoxins present in the alveolar spaces, favoring their phago-
cytosis and killing by cells of the innate immune response, namely, the alveolar 
macrophages and neutrophil granulocytes. [ 10 ,  40 ]. As a consequence, the trans-
genic mice model not expressing SP-A and SP-D presents increased susceptibility 
to lung infections and to the development of severe lung lesions from several patho-
gens [ 41 ,  42 ]. Moreover, it was recently demonstrated that SP-A downregulate 
infl ammation in presence of LPS suppressing the proinfl ammatory pathways medi-
ated by NF-kB [ 43 ]. On the other hand, SP-A and SP-D downregulate the specifi c 
immune response to pathogens, through the inhibition of proinfl ammatory cytokines 
secretion, as TNF-alpha, and the modulation of lymphocytes proliferation [ 40 ]. 
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 The combined effects of enhanced pathogens clearance from the alveolar spaces 
and reduced specifi c immune response activation, together with the maintenance of 
a proper surfactant layer, result in an overall reduction of oxidative stress in the 
alveoli and the surrounding tissues. 

 It is noteworthy that oxidative modifi cations of SP-A by reactive oxygen/nitro-
gen intermediates interfere with their ability to enhance killing of pathogens [ 44 ]. 
Furthermore, nitration of SP-A that has been described in vivo in the lungs of 
patients with ARDS [ 45 ] decreased its ability to act synergistically with SP-B and 
SP-C to lower surface tension [ 46 ]. 

 However, SP-A and SP-D probably play a more complex role in lung immune- 
modulation. In fact, these proteins present different behavior in the presence of 
different stimuli, exerting proinfl ammatory or anti-infl ammatory activity according 
to different conditions. Particularly, SP-A was proved to suppress NO production by 
LPS-activated macrophages [ 47 ], but increases NO production in the presence of 
other pathogens such as Mycoplasma [ 48 ], thus suggesting differential activities in 
response to different triggers.     
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           Introduction 

 Oxidative stress is the resultant of an imbalance between oxidants and antioxidants. 
An oxidant is a substance that removes electrons from another substance in a redox 
reaction, thereby reducing itself and oxidizing the other substance. Reactive oxygen 
species (ROS) are oxidants produced during, among others, normal oxygen metabo-
lism and include the superoxide anion (O 2  − ), the hydrogen peroxide (H 2 O 2 ), and the 
hydroxyl radical (OH − ). ROS are highly reactive molecules which are able to cause 
oxidative damage to proteins, lipids, and DNA resulting in altered enzyme activi-
ties, damage of cellular and mitochondrial membrane, altered signal transduction, 
and even apoptosis. Besides being toxic, ROS also have crucial benefi cial actions, 
e.g., regulating vascular tone, as part of physiological response to kill pathogens, 
inter- and intracellular signaling, activating protein cascades, and control gene 
expression. Thus, ROS are essential on the one hand but are dangerous if in excess. 

 To counteract the detrimental actions of ROS, the body has numerous antioxidant 
defense mechanisms (antioxidants), in the form of enzymes, vitamins, and other 
agents (Table  13.1 ). An antioxidant is defi ned as “any substance that delays, pre-
vents, or removes oxidative damage,” thereby counteracting the deleterious effects 
of oxidants. Glutathione (GSH), a tripeptide, is the most important intracellular anti-
oxidant and its role in early postnatal life will be discussed in this chapter.
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       Oxidative Stress in Newborns 

 Fetal development takes place in a relative hypoxic environment, with the partial 
pressure of oxygen (pO 2 ) in the fetus rarely above 4 kPa [ 1 ]. As soon as infants start 
breathing, the pO 2  rises sharply. This sharp increase in oxygen pressure is believed 
to generate a burst of ROS [ 2 ,  3 ] and thus results in physiologic oxidative stress 
immediately after birth in newborn infants [ 4 ]. This sudden increase in pO 2  at birth 
is essential for cardiopulmonary adaptation at birth, which includes a decrease of 
pulmonary vascular resistance and vascular remodeling, like the closure of the duc-
tus arteriosus [ 5 ,  6 ]. Besides this hyperoxic challenge, the increase in metabolic rate 
after birth adds to this physiological oxidative stress [ 7 ]. 

 In term infants, antioxidant defenses are present at birth to counteract the hyperoxic 
challenge at birth. Animal studies demonstrated that the antioxidant enzymes super-
oxide dismutase (SOD) and glutathione peroxidase (GPx) mature during the last 
trimester of pregnancy [ 8 ,  9 ]. Furthermore, the lungs of term rabbits have the 
capability to increase the normal antioxidant enzymes in reaction to the sudden O 2  
exposure at birth as compared to preterm rabbits [ 10 ]. 

  Table 13.1    Antioxidants   Class  Antioxidant 

 Enzymes  Superoxide dismutase (SOD) 
 Catalase 
 Glutathione peroxidase (GPx) 
 Glutathione reductase (GR) 

 Vitamins  Vitamin E 
 Vitamin A 
 Vitamin C 
 Coenzyme Q 
 β-carotene 

 Reducing agents  Glutathione (GSH) 
 Cysteine 
 Thioredoxin 

 Binding agents  Albumin 
 Ceruloplasmin 
 Lactoferrin 
 Transferrin 

 Constituent of 
enzymes 

 Coper, zinc, selenium 

 Others  Uric acid 
 Bilirubin 
 Erythropoietin 

D. Rook and J.B. van Goudoever



257

    Oxidative Stress in Preterm Infants 

 Preterm infants are highly susceptible to oxidative stress, because they have both 
increased ROS formation and compromised antioxidant defenses. Besides the phys-
iological oxidative challenge at birth, premature infants often require additional 
oxygen during resuscitation in order to achieve an appropriate rise in SpO 2  levels. 
Oxygen supplementation during resuscitation after birth is associated with increased 
oxidative stress [ 11 – 13 ], and this seems to be a dose-dependent association as dem-
onstrated in animal studies [ 14 ]. Furthermore, preterm birth is often associated with 
fetal or maternal morbidities, such as preeclampsia or chorioamnionitis, which are 
linked to increased oxidative stress [ 15 ,  16 ]. Also in the neonatal period, preterm 
infants are at risk for increased ROS formation. Oxygen dependency due to imma-
ture lungs, infections, intravenous lipids, and increased free iron due to multiple 
blood transfusions are thought to contribute to increased oxygen radical formation 
[ 17 – 20 ]. In the fi rst days and weeks after birth, levels of oxidative stress are 
increased in preterm infants [ 21 ,  22 ]. 

 While ROS formation is increased, the antioxidant defenses are not fully matured 
or present after preterm birth, and the increased antioxidant consumption during the 
neonatal period further reduces antioxidant capacity of preterm infants [ 21 ,  23 ,  24 ]. 
The nutritional state of the newborn modulates the antioxidant defenses [ 25 ,  26 ]. 
Breast milk is a great source of antioxidant [ 27 ,  28 ]. However, preterm infants do 
not receive high amounts of breast milk in the fi rst days of life [ 29 ]. Furthermore, 
breast milk of mothers after term delivery has higher antioxidant power than that of 
mothers after preterm delivery [ 28 ].   

    Glutathione 

 Glutathione (GSH) is one of the most abundant intracellular nonenzymatic antioxidants. 
With cellular concentrations in the millimolar range, GSH probably subserves the 
greatest intracellular antioxidant properties. 

    Glutathione Synthesis 

 Dietary GSH is only minimally released in the bloodstream and the body is thus 
dependent on de novo synthesis of GSH [ 30 ]. Although synthesized in all tissues, 
GSH is mainly synthesized in liver and erythrocytes. GSH is a small tripeptide syn-
thesized from the amino acids glutamate, cysteine, and glycine (Fig.  13.1 ). Synthesis 
of GSH consists of two steps. The fi rst, rate-limiting, step is the formation of 
γ-glutamylcysteine, catalyzed by glutamate-cysteine ligase, which is feedback 
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inhibited by GSH. Availability of cysteine has been considered to be the rate- limiting 
factor in synthesis of GSH [ 31 ]. In the second step, catalyzed by glutathione synthase, 
a glycine residue is added to complete the formation.

       Antioxidant Properties of Glutathione 

 The main function of GSH is maintaining the redox balance [ 23 ,  31 – 34 ]. This is 
achieved directly by oxidation of GSH to its dimeric form (GSSG) by GSH peroxi-
dases (GPx). For this, the cysteine residue with its reducing sulfydryl group (electron 
donating group) is responsible. GPx reduces hydrogen peroxide by transferring the 
energy of the reactive peroxides to the sulfur-containing GSH. GSSG can be recon-
verted to GSH by the enzyme glutathione reductase (GR), using NADPH as source 
of electrons. The NADPH required in this reaction as a reducing equivalent is mainly 
provided by the oxidative pentose phosphate pathway. 

 Besides owning intrinsic antioxidant properties, GSH is also an essential 
cofactor for enzymes such as GSH S-transferases (GST). Glutathione S-transferase 
(GST) catalyzes binding with lipid oxidation products and thereby protects 
against these potentially cytotoxic compounds. Furthermore, by binding of toxic 
metals to its sulfhydryl group, GSH prevents the formation of ROS through the 
Fenton chemistry.  

  Fig. 13.1    Synthesis of glutathione.  GR  glutathione reductase,  GPx  glutathione peroxidase,  GSH  
reduced glutathione,  GSSG  oxidized glutathione       
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    Other Functions of Glutathione 

 Other than its antioxidant properties, GSH exerts many other functions. By affect-
ing cellular redox status, GSH infl uences the regulation of signal transduction path-
ways and gene transcription. The redox status is also important for modulation of 
several enzymes. GSH maintains the reduced state of the sulfhydryl groups of many 
proteins, which is required for their normal function. Furthermore, GSH functions 
as storage and transport of cysteine. In this manner, GSH prevents auto-oxidation 
of circulating cysteine (thereby forming the highly reactive hydroxyl radical [ 35 ]), 
serves as a cysteine reserve during food deprivation, and is source of cysteine for 
lymphocytes. GSH also plays an important role in the response of the immune 
system to infections, such as in the synthesis of leukotrienes and in lymphocyte 
proliferation.  

    Glutathione as Marker of Oxidative Stress 

 Since GSH is one of the most important antioxidants, its dynamics are an excellent 
marker of oxidative stress. In human studies, GSH can be measured in erythrocytes 
as marker of oxidative stress. Besides being readily accessible as opposed to other 
tissues, erythrocytes are also suggested to function as antioxidant defense by being 
a physiological source of GSH and by taking up ROS [ 23 ,  36 ]. Giustarini et al. [ 36 ] 
provided strong evidence for a role of erythrocytes as GSH donor for other tissues 
[ 36 ]. In this manner, erythrocytes can provide protection against oxidative injury to 
other tissues, such as the lungs, by supplying them with intracellular antioxidant 
[ 23 ,  34 ,  37 – 39 ]. Furthermore, membranes of erythrocytes are permeable to super-
oxide and hydrogen peroxide. By taking up these ROS, erythrocytes are also able to 
protect other tissues against oxidative damage [ 40 ,  41 ]. Taken together, erythrocytes 
seem to be a good representative of systemic oxidative stress.  

    Glutathione Synthesis Rates 

 Quantifi cation of the utilization and synthesis rates provides a dynamic insight into 
its metabolism under pathological conditions, such as oxidative stress, or in response 
to interventions. By using stable isotopes, fractional synthesis rates (FSR) and abso-
lute synthesis rates (ASR) can be measured in erythrocytes. FSR determination of 
GSH in erythrocytes requires suitable methods to measure both low level of isotopic 
enrichment in GSH and in its precursor. Moreover, determination in neonates is 
complicated because only small amounts of blood can be sampled. Recently, a new 
method was developed for simultaneous measurement of  13 C-glutathione as its 
dimeric form (GSSG) and its precursor [1- 13 C] glycine in erythrocytes using liquid 
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chromatography/isotope ratio mass spectrometry (LC-IRMS) [ 42 ]. Glutathione has 
a rapid turnover. The fractional synthesis rate (FSR) reported in healthy adult 
volunteers varied from 63 to 83 %/day in the various studies [ 43 – 44 ]. In neonates, 
it was found to be much lower, from 35 to 55 %/day [ 45 ]. Nevertheless, in all cases, 
the total pool is renewed within 3 days.  

    GSH – GSSG Redox Ratio 

 As mentioned previously, GSH can be oxidized to its dimeric form GSSG; thereby, 
GPx reduces transferring the energy of the reactive peroxides to the sulfur contain-
ing GSH. GSH is mostly kept in reduced form by GR (99 %) [ 46 ], with concentra-
tions of GSSG being 1/1,000 of total glutathione. Plasma is lacking reductases and 
NADPH, so all GSSG is reduced intracellular [ 36 ]. 

 The ratio between GSH and its oxidized form, i.e., the GSH – GSSG ratio, is 
widely used as a marker for oxidative stress in (preterm) infants [ 12 ,  47 ,  48 ]. 
A higher recycling of GSSG (dimeric oxidized form of GSH) into GSH in erythro-
cytes of preterm infants was observed compared to adults [ 49 ]. This more effi cient 
recycling could decrease the need for de novo GSH synthesis, since there is rela-
tively more effective GSH. It can, therefore, be questioned whether GSH synthesis 
rate alone is a suitable marker to study oxidative stress in preterm infants. 
Simultaneous measurement of all players of the GSH antioxidant defense system, 
namely, GSH synthesis, the ratio of GSH and its oxidized GSSG, and the enzymes 
involved in GSH synthesis and recycling, should provide a better inside into GSH in 
preterm infants.   

    Glutathione Synthesis in Early Postnatal Life 

 Apart from an initial high GSH concentration found in erythrocytes and plasma of 
preterm infants immediately after birth, concentrations drop rapidly after birth [ 50 ], 
and these concentrations were signifi cantly lower than in term neonates [ 23 ,  51 ,  52 ]. 
The decreased concentrations of glutathione in preterm infants are most likely 
caused by increased usage due to increased oxidative stress. It has also been sug-
gested that GSH synthesis might be hampered by immaturity of the enzymatic 
apparatus or by lack of substrate. 

 Glutamate-cysteine ligase – the rate-limiting enzyme in GSH synthesis – is pres-
ent and active in preterm infants [ 53 ]. However, literature about cystathionase, 
which converts homocysteine to L-cysteine, is confl icting [ 4 ,  54 – 56 ]. It has been 
suggested that cystathionase is not fully matured in preterm infants, making cysteine 
a conditionally essential AA in preterm infants. On the other hand, stable isotope 
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studies have shown that conversion of homocysteine to cysteine is not hampered in 
preterm infants [ 57 ,  58 ]. Moreover, biosynthesis of glutathione has proven to be 
active in leukocytes from preterm infants [ 59 ], and GSH synthesis is not dependent 
on gestational age (Rook et al. submitted).  

    Nutritional Modulation of Glutathione Kinetics 

 The nutritional state of the newborn modulates the antioxidant defenses [ 60 ]. 
Protein synthesis, like the synthesis of GSH, is dependent on adequate substrate, 
i.e., amino acids (AA). In addition, a positive energy balance is important for pro-
tein synthesis, since protein synthesis is an energy demanding process. Nonprotein 
energy defi cits are, however, still common in premature infants during the fi rst week 
of life [ 61 ]. Optimizing early nutrition by increasing AA intake and early adminis-
tration of lipids might improve antioxidant defenses by increased GHS synthesis. 

    Amino Acids 

 Early administration of 2.4 g/(kg · d) amino acids (AA) to preterm infants resulted 
in increased concentration of glutathione on the second day of life, without a con-
comitant rise in the fractional synthesis rate of GSH (FSR GSH ) [ 45 ]. In follow-up of 
this study, signifi cantly lower GSH concentrations within a few hours after birth 
were demonstrated when compared to the second day of life in infants receiving 
2.4 g/(kg · d) AAs [ 50 ]. Also in this study, FSR GSH  was not increased. These data 
suggest that the increased GSH concentration after initial low concentrations after 
birth could be the result of decreased GSH consumption upon AA administration. 
Extracellular amino acid substrate availability suppresses the cellular glutathione 
loss through oxidation, thereby facilitating the preservation of cellular glutathione 
content [ 26 ]. Consequently, increased AA availability limits GSH recycling and the 
need for de novo synthesis. Other possible explanations for this might be that AAs, 
including methionine and cysteine, can serve as antioxidants themselves [ 62 ] or that 
increased availability of AAs upregulates synthesis of other antioxidants like albu-
min synthesis [ 63 ]. Besides antioxidant properties, GSH also functions as a cysteine 
reservoir [ 64 ,  65 ], and it might be possible that increased availability of cysteine 
reduces breakdown of GSH to generate free cysteine. 

 To further improve the GSH availability of preterm infants, we studied the 
effect of increasing AA administration to 3.6 g/(kg · d) and demonstrate that a fur-
ther increase of AA administration does not result in either an increased GSH 
availability or synthesis rate suggesting a limit to this sparing effect of AAs on GSH 
(Rook et al. submitted).  
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    Lipids 

 Besides AA, lipids are an essential component of the parenteral nutrition of preterm 
infants. In addition to supply of essential fatty acids, lipids are a source of high 
energy density. Since lipids become the main source of energy within hours after 
administration [ 66 ], early lipid administration may result in protein sparing. 
However, we demonstrated that increasing energy balance via lipid administration 
with a starting dose of 2 g/(kg · d) directly after birth and 3 g/(kg · d) on the following 
days did not result in increased GSH synthesis (Rook    et al. submitted). 

 On the other hand, lipids are vulnerable for lipid peroxidation and could con-
tribute to increased oxidative stress in preterm infants. Total isofurans and neuro-
furans were increased on postnatal day 2 upon early lipid administration. However, 
these differences disappeared in the consecutive days when all groups received 
lipids and other oxidative stress markers were not different between groups. 
Furthermore, early initiation of lipids did not result in differences in short-term 
clinical outcome [ 67 ]. Therefore, it seems that lipid administration from birth 
onward does not increase oxidative stress compared to initiation of lipids later, but 
long-term follow-up will determine whether the transient increase of isofurans and 
neurofurans upon early initiation of lipids is indeed clinically irrelevant. 

 Besides the timing of parenteral lipid administration, we also studied the effect 
of the type of lipid emulsion administered. Traditional lipid emulsions are mainly 
manufactured from soybean oil and are very rich in ω-6 polyunsaturated fatty 
acids (PUFAs), which are highly susceptible for lipid peroxidation resulting in 
increased oxidative stress [ 20 ,  68 ,  69 ]. A multicomponent lipid emulsion, contain-
ing soya bean oil, medium-chain triglycerides, olive oil, and fi sh oil with increased 
added α-tocopherol, might positively infl uence oxidative stress due a more bal-
anced ω-3:ω-6 fatty acid ratio and the added α-tocopherol. Also, the content is 
increased. However, literature comparing the effect of a multicomponent lipid 
emulsion with a pure soybean oil emulsion on oxidative stress is confl icting [ 70 –
 74 ]. Also, parenteral lipids were supplied either with low doses form birth onward 
or lipids were not started directly from birth onward in most of these studies. 
Therefore, we performed a double-blind randomized study comparing a multi-
component lipid with a pure soybean oil emulsion (Rook et al. submitted). GSH 
concentration and synthesis rate were not altered following administration of dif-
ferent lipids emulsions from birth onward in preterm infants. Besides a decrease 
in isofurans (indicative of a reduced arachidonic acid peroxidation), all other 
markers of oxidative stress were not reduced in infants receiving a multicompo-
nent lipid emulsion. Although the association of a reduction in isofurans seems to 
suggest an interplay between lipid peroxidation and oxygen rather than an effect 
of sole lipid peroxidation, the other markers were not affected and type of lipid 
does not affect neonatal morbidities [ 75 ], and the implication of differences in 
isofurans is unknown. Taken together, there does not seem to be a clear reduction 
of oxidative stress upon administration of the multicomponent lipid emulsion 
compared to a pure soybean oil emulsion.  

D. Rook and J.B. van Goudoever



263

    Conclusion 

 Initiation of AAs from birth onward resulted in increased GSH concentration, 
probably caused by decreased GSH consumption. Extracellular amino acid substrate 
availability suppresses the cellular glutathione loss through oxidation, thereby facil-
itating the preservation of cellular glutathione content [ 26 ]. Consequently, increased 
AA availability limits GSH recycling and the need for de novo synthesis. However, 
there appears to be a limit to this effect on GSH, since high-dose AA administration 
did not have an additive effect. 

 Increasing energy intake via intravenous lipids also did not result in increased 
GSH synthesis. However and fortunately, timing and type of lipid emulsion sup-
plied as part of parenteral nutrition to preterm infants do not seem to infl uence oxi-
dative stress signifi cantly. Probably, oxidative stress is already so highly increased 
in preterm infants that parenteral lipids do not have a detectable effect. However, 
long-term follow-up will reveal whether the differences in isofurans and  neurofurans 
are of clinical relevance. 

 In conclusion, nutritional modulation of GSH synthesis in preterm infants seems 
to warrant only minimal effects. Increased AAs and/or lipids do not increase GSH 
synthesis rate. Maximum synthetic capacity caused by immaturity of the enzymatic 
apparatus in preterm infants is not the (sole) explanation for this, since preterm 
infants seem to be capable of synthesizing GSH (discussed elsewhere in this chap-
ter). Shortage of substrate should have been intercepted by increased AA adminis-
tration, but the composition of the AA might have been suboptimal. Protein synthesis 
is dependent on availability of all precursor AAs and the rate of protein synthesis is 
thus determined by the fi rst limiting AA.   

    Other Modulators of GSH Synthesis in Preterm Infants 

    Neonatal Sepsis on Oxidative Stress 

 Many preterm infants will develop nosocomial sepsis during the fi rst weeks of life, 
with reported incidences of 21–36 % [ 29 ,  76 – 78 ]. Despite major improvements in 
neonatal care, sepsis remains an important cause of morbidity and mortality in pre-
term infants. Among others, sepsis in preterm infants is associated with severe 
adverse neurodevelopmental outcome at 2 years of age [ 79 ,  80 ]. The relation between 
neonatal sepsis and the adverse outcome is likely to be multifactorial, but oxidative 
stress is thought to be one of the major contributors [ 79 ,  81 ]. During sepsis, ROS 
formation is increased as part of the defensive response against pathogens through 
the stimulation of proinfl ammatory cytokine release, the formation of chemotactic 
factors, and neutrophil recruitment [ 33 ,  82 – 84 ]. In both adults and children, over-
stimulation of ROS production or an insuffi cient antioxidant capacity is associated 
with increased morbidity and mortality [ 85 – 87 ]. A compromised antioxidant defense 
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makes preterm infants more susceptible to oxidative stress [ 23 ,  88 ], and the increased 
ROS formation during sepsis might be an etiological factor to the detrimental long-
term outcome in preterm infants after neonatal sepsis. However, we demonstrated that 
nosocomial sepsis in premature infants did not result in increased oxidative stress and 
therefore there was no upregulation of GSH synthesis (Rook et al. submitted). 

 Our study design might have been suboptimal. We designed the study to detect 
differences in GSH kinetics, and the study was therefore not powered to detect dif-
ferences in oxidative stress markers. Nowadays, less invasive methods to measure 
oxidative stress markers, in, for example, urine, are available. This allows future 
studies to include more preterm infants and also to include “healthy” preterm infants 
as controls. Our data do not explain the association between nosocomial neonatal 
sepsis in preterm infants and adverse long-term outcome. It would be of great inter-
est to further explore other mechanisms, such as the production of proinfl ammatory 
cytokines which are known to be neurotoxic and altered cerebral blood fl ow through 
circulatory insuffi ciency.  

    Determinants of GSH Synthesis 

 Shorter gestation, lower birth weight (BW), and male gender are associated with 
poorer outcome. This effect might be partly mediated by differences in antioxidant 
capacity. Since oxidative stress is associated with both morbidity and mortality in 
preterm infants, we hypothesized that gender, GA, and BW would affect GSH kinet-
ics. However, differences in outcome related to GA, BW, and gender seem to be 
unexplained by differences in GSH synthesis rates (Rook et al. submitted). 

 A possible explanation for differences in GSH synthesis, and also GSH recycling, 
might be found in genetic differences in the GSH synthesis apparatus. Research in this 
fi eld is still in its infancy and has been mainly focused on the risk of adult cancer. 
Polymorphisms in the glutathione S-transferase (GST) and SOD gene have been asso-
ciated with the risk of developing infant respiratory distress syndrome, BPD, IVH, 
and ROP in preterm infants [ 89 – 91 ]. Polymorphisms in microsomal epoxide hydro-
lase (EPHX), involved in the detoxifi cation of epoxides which may be extremely toxic 
by the induction of oxidative stress, have also been associated with perinatal mortality 
[ 92 ]. Polymorphisms in antioxidant enzymes have indeed been found to alter enzyme 
activity in response to oxidative stress and might therefore be associated with differ-
ences in the ability to counteract oxidative stress [ 93 ,  94 ]. It would be interesting to 
investigate whether polymorphisms in enzymes involved in GSH synthesis might 
alter GSH synthesis and its response to oxidative stress.   

    Conclusions 

 Increased oxidative stress can have detrimental consequences, especially in preterm 
infants who are experiencing equivalent intrauterine development stage in an 
oxygen- rich environment postnatally. However, it is important to remember that 
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oxidative stress also has a physiological function as in cardiopulmonary adaptation 
at birth, the defense against microorganisms, and in inter- and intracellular sig-
naling. So, there seems to be a delicate balance between pathologic and physiologic 
oxidative stress. 

 Although we could not demonstrate differences in GSH synthesis upon nutritional 
intervention, it is evident that oxidative stress plays an important role in neonatal mor-
bidity and mortality. Clearly, the mechanisms of oxidative stress and antioxidant 
defense are complex and warrant further research. We suggest that future research on 
oxidative stress in preterm infants should focus on fi nding more sensitive biomarkers 
of oxidative stress, genetic polymorphisms, and the adaptive mechanisms.     
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           Introduction 

 Major advances in obstetrics and neonatal intensive care have substantially improved 
survival of very preterm infants and critically ill term newborns. Perinatal mortality 
has decreased by 25 % over the last decade and has expanded the surviving popula-
tion [ 1 ,  2 ]. 

 However, despite all efforts, perinatal brain injury is still a leading cause of death 
and disability in children. Both asphyxia and premature birth represent major insults 
affecting brain development at an early age with lifelong individual, familial and 
socioeconomic consequences. 

 Birth asphyxia is mainly prevalent in the term infant population. In resource-rich 
countries 1–6 per 1,000 live-born infants experience a hypoxic–ischaemic (HI) 
insult during the perinatal period. In underdeveloped countries, the rate of affected 
children is signifi cantly higher. 

 Injury can occur during the acute episode of hypoxia–ischaemia and involves 
many brain structures such as the basal ganglia and brain stem but also the subcorti-
cal white matter. In many cases, injury evolves for hours after resuscitation, during 
the recovery period triggered by infl ammation, excitotoxicity and oxidative stress. 
Development of hypoxic–ischaemic encephalopathy is associated with cerebral 
palsy, epilepsy and visual impairment, as well as cognitive and motor defi cits in 
later life [ 3 ,  4 ]. 
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 The percentage of prematurely born infants has increased in industrialised coun-
tries during the last decades and accounts for 12–15 % of all live births [ 5 ]. This 
number is likely to rise further due to the increasing rate of infertility treatments, 
multiple pregnancies and older mothers [ 6 ]. Intact long-term survival for premature 
infants has become an almost expected outcome over the past two decades. 
Improvements in neonatal respiratory care have expanded the very low-birthweight 
population accounting for approximately 2.5 % of total annual births. With the 
improvement in survival rate, the focus of clinical efforts has shifted to the immedi-
ate and later consequences of prematurity. Unfortunately, still a substantial propor-
tion of survivors have neurological defi cits, which affect motor and cognitive 
function [ 7 – 9 ]. Approximately 10 % of survivors of very preterm birth later exhibit 
motor defi cits characterising cerebral palsy (CP). Even in the absence of obvious 
intracranial pathology such as intraventricular haemorrhage, preterm infants are at 
high risk (~40 %) for neurodevelopmental impairment. Cognitive impairment, 
attention defi cit disorder, behavioural problems, autism and development of psychi-
atric disease in later life are common fi ndings in neurodevelopmental follow-up in 
children born preterm [ 10 ]. 

 Perinatal brain injury largely affects the periventricular cerebral white matter and 
is the most common type of brain injury in the preterm population born between 23 
and 32 weeks’ gestation. It remains the leading cause of later neurological impair-
ment. The spectrum of periventricular white matter injury is wide and includes focal 
cystic necrotic lesions, the so-called periventricular leukomalacia (PVL), and a dif-
fuse form. Diffuse white matter injury is related to a large susceptibility of imma-
ture premyelinating oligodendrocytes to injury and leads to a global myelination 
delay in these patients and also to deep grey matter damage. 

 Preterm birth is associated with brain tissue volume alterations that become more 
pronounced in the presence of perinatal risk factors and white matter injury. For 
decades, white matter damage was the predominant type of injury in the preterm 
infant, and only recently, the neuronal loss that accompanies white matter damage 
has become into the focus of investigations. It has been shown that excitotoxic and 
infl ammatory processes leading to white matter damage are also able to damage 
developing neurons migrating through these areas [ 11 ]. 

 Thus, the aetiology and pathophysiology of perinatal brain injury is complex 
and involves grey and white matter structures to varying degrees, depending on 
gestational age and developmental stage. Reduction of grey and white matter 
volume, cortical folding and delayed maturation associated with adverse neuro-
logical development are common fi ndings in ex-premature infants on magnetic 
resonance imaging at term. Neuroimaging at term further revealed a shift from 
cystic PVL to diffuse white matter injury and brain volume reduction possibly 
due to advances in neonatal care [ 12 ]. Several perinatal factors such as hypoxia–
ischaemia, growth factor defi ciency, maternal infection yielding excess infl am-
mation, drug exposure, maternal stress, malnutrition and also genetic factors have 
been in part extensively studied and are likely to be important players in the 
pathophysiology of brain lesions associated with adverse neurological outcome 
(for review, [ 13 ,  14 ]). 
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 It has been known for a long time that treatment of premature infants with high 
oxygen levels results in retinopathy of prematurity which can lead to severe visual 
impairment and blindness [ 15 ,  16 ]. However, a decade later, the induction of 
mechanical ventilation with high concentrations of oxygen improved survival of 
critically ill neonates with respiratory distress. Meanwhile, oxygen has been identi-
fi ed as one of the principal factors in the pathogenesis of chronic lung disease of 
prematurity (BPD) due to its detrimental effects on lung development. These fi nd-
ings have led to major changes in clinical recommendations towards the careful use 
of oxygen in infants. For perinatal brain injury, hypoxia–ischaemia and infl amma-
tion have been attributed as underlying cause of periventricular leukomalacia (PVL) 
and diffuse white matter injury disease (WMD). However, mounting evidence from 
various clinical and experimental observations suggests hyperoxia is, among other 
sources of oxidative stress, an important trigger of brain injury [ 17 ]. Although clini-
cal practice regarding the use of supplementary oxygen has changed in recent years, 
chronic exposure to supraphysiological oxygen concentrations may also lead to 
malformation of neuronal circuits during development with dramatic deterioration 
of brain function in later life.  

    Pathogenesis of Neonatal Brain Injury 

 Development of the mammalian brain is a dynamic process involving structural and 
functional maturation processes. Structural brain evolution is characterised by neu-
ronal cell development and proliferation, migration, glial cell proliferation, axonal 
and dendritic outgrowth, synaptogenesis and myelination of axons. At the border of 
viability of extremely preterm infants, neuronal migration processes are completed, 
but glial cell maturation, outgrowth and formation of connectivity are still in prog-
ress. Formation of neural electric activity strongly depends on mitochondrial devel-
opment, cerebral vascular density and blood fl ow, maturation of glucose utilisation 
systems and cytochrome oxidase activity. Synaptic function is closely associated 
with total mitochondrial density, mitochondrial structure of cristae and volume, 
which is still in progress during this critical phase of brain development [ 18 ]. 

 During normal brain development, initially formed supernumerary and uncon-
nected neurons are deleted by physiological programmed cell death or apoptosis. 

 During a perinatal insult such as birth asphyxia or infl ammation, accidental acti-
vation of the well-refi ned apoptotic cell death machinery may occur. Apoptotic cell 
death is executed via two different signalling routes. The extrinsic pathway involves 
extracellular signalling via cell death surface receptors (i.e. Fas, TNFα), and the 
intrinsic pathway is activated by cellular stress or DNA damage. Both pathways 
converge downstream at the mitochondrial level. Upon a strong injurious trigger, 
the mitochondrial inner membrane potential decreases and induces permeability 
with release of proapoptotic factors (i.e. apoptosis-inducing factor AIF, cytochrome 
c) in the cytosol, which in turn activates downstream death mechanisms including 
formation of the active apoptosome with Apaf-1. These mechanisms are modulated 
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by several intrinsic factors such as members of the BcL-2 family. Depending on the 
type of insult, caspase-dependent and caspase-independent apoptosis signalling is 
induced [ 19 ,  20 ]. The majority of factors of the apoptotic machinery including cas-
pases are highly expressed in the developing brain, resulting in increased 
 susceptibility of the immature organism to injurious activation. Moreover, caspases 
seem to have important non-apoptotic functions in multiple cellular processes, such 
as synaptic plasticity, dendritic development, learning and memory [ 21 ]. 

 Recently autophagy has also been described as a prominent feature of cell death 
during embryonic development. It displays a specifi c type of programmed cell 
death, suggesting that autophagic death may be distinct from apoptotic cell death. 
Additionally, crosstalking between autophagy and apoptosis has been described. In 
the early stages of programmed cell death, it is protective, but it can also promote 
apoptosis under particular circumstances such as hypoxia–ischaemia. Proteins well 
described in this process are Beclin-1 and microtubule-associated protein 1 light 
chain 3 (LC3). For the developing brain, data regarding autophagic pathways are 
sparse [ 22 ,  23 ]. 

 Hypoxia–ischaemia, infection, infl ammation, intrauterine growth restriction and 
excitotoxicity are important factors in evolution and also in modulation of brain 
injury. Furthermore, maturational age, sex, genetic background and developmental 
stage of the brain infl uence susceptibility to injurious stimuli. The aetiology of 
injury to the preterm brain is complex and multifactorial with sometimes several 
insults called the “multiple hit scenario”, which makes it diffi cult to develop dose 
and timing of neuroprotective strategies [ 24 ]. 

 The major proposed mechanisms are infl ammation and hypoxia–ischaemia 
which itself can trigger long-lasting infl ammatory processes [ 25 ]. Mounting evi-
dence suggests that neuronal injury related to infl ammation is crucial for the patho-
genesis of developmental brain injury. However, infl ammatory processes such as 
persistent expression of proinfl ammatory cytokines and the anti-infl ammatory 
reparative formation of M2 microglia may also trigger repair [ 26 ,  27 ]. 

 Brain injury evolves over time, and various mechanisms are crucial during the 
different phases of injury. Following a primary strong injurious insult such as 
hypoxia–ischaemia, a depletion of high-energy phosphates occurs. The second 
phase of injury is characterised by restoration of glucose utilisation, ATP and phos-
phocreatine and a delayed loss of high-energy phosphates implicating mitochon-
drial failure. In combination with calcium infl ux and accumulation of excessive 
formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), 
mostly during reperfusion, mitochondrial permeability leads to activation of the 
apoptotic machinery. Furthermore, ROS are essential for autophagy activation as an 
active response to degrade and recycle damaged cellular material [ 28 ]. 

 Tertiary brain injury is defi ned as all events occurring following the acute phase 
of cell death in the second phase such as sensitisation to infl ammation, susceptibil-
ity to seizures, impaired oligodendrocyte maturation and myelination, persistent 
infl ammatory processes and astrogliosis. However, during this phase, intrinsic 
mechanisms facilitating repair and plasticity come in place.  
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    Reactive Oxygen Species and Endogenous Free 
 Radical- Scavenging Systems 

 Reactive oxygen species (ROS) include oxygen ions, free radicals and peroxides 
and are generated during normal mitochondrial respiration. They are generally very 
small molecules and are highly reactive due to the presence of unpaired valence 
shell electrons. ROS are formed as a natural by-product of the physiological metab-
olism of oxygen and have important roles in neuronal cell growth, function and 
signalling such as induction of host defence genes and mobilisation of ion transport 
systems. Oxidative stress on nervous tissue can produce damage by several interact-
ing mechanisms, including increase in intracellular free Ca 2+  and, possibly, release 
of excitatory amino acids [ 29 ]. 

 Oxidative stress in the developing brain is characterised by an imbalance between 
ROS and RNS and the insuffi cient production of antioxidant defence mechanisms. 
Peroxidation of proteins, lipids and polysaccharides and RNA/DNA damage occur 
in this context. The immature brain is particularly vulnerable to these changes 
because of its high oxygen consumption and the high content of polyunsaturated 
fatty acids. 

 Rodent experiments revealed excessive amounts of ROS generation upon stimu-
lation in comparison to the adult brain [ 30 ]. 

 Because of their high numbers of mitochondria, synapses are highly susceptible 
to oxidative stress, which may either lead to synapse loss as a result of impaired 
mitochondrial function or synaptic overgrowth [ 31 ,  32 ]. 

 The mammalian organism has evolved inducible responses to ROS that are gen-
erated as a consequence of physiological metabolism. ROS may also play a role in 
synaptic signalling during cognitive processes such as learning and memory. 
However, excessive generation of ROS results in activation of the same physiologi-
cal transcription factors (i.e. JNK, autophagy) as mediators for learning and func-
tion. There is a great communality between pathways involved in synapse function 
and development and those who are involved in oxidative stress [ 33 ]. 

 The most studied antioxidant enzymes in the developing brain are manganese- 
containing superoxide-dismutase (Mn-SOD), copper- and zinc-containing SOD 
(CuZn-SOD), glutathione peroxidase (GPx), glutathione, vitamins A, C and E and 
catalase. Mitochondria can also produce SOD, GPx and glutathione reductase. 

 The immature mammalian brain physiologically needs these protective antioxi-
dant enzymes against oxidative stress that occurs at birth due to the relative hyper-
oxia compared to intrauterine conditions. Expression of SOD, catalase and GPx 
increase by 150 % in the third trimester of pregnancy. Furthermore, development of 
antioxidant capacities during the foetal period is associated with redox signalling 
for the maintenance of pregnancy. 

 Local nitric oxide (NO) generation as a relatively weak oxygen free radical in the 
placenta is important for vascular development. Mn-SOD seems crucial for the pro-
tection of immature oligodendrocytes, and production of CuZn-SOD increases sig-
nifi cantly during myelination in postnatal rat brains [ 34 ,  35 ]. 
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 The infl uence of oxidative stress is also well investigated in the developing white 
matter: Baud and co-workers demonstrated that nitric oxide is more toxic to devel-
oping OLs than to mature OLs. A maturation-dependent vulnerability of pre-OLs to 
oxidative stress has been confi rmed in several paradigms. Thus, oxidative stress 
produced by glutathione depletion results in marked cell death in pre-OLs, while 
mature OLs are resistant. This vulnerability appears to be related to accumulation of 
free radicals in pre-OLs but not in mature cells, suggesting a defect in the ability of 
immature OLs to remove ROS. This inability to remove ROS is related to relative 
defi ciencies of antioxidant enzymes [ 36 ,  37 ].  

    Oxygen Vulnerability and Developmental Brain Injury 

 Fluctuating environmental oxygen conditions play a substantial role in cellular and 
organismal respiration and evolution. The increasing dependency of many organ-
isms on a constant supply of oxygen in order to function is associated with the 
development of molecular hypoxia-dependent pathways (i.e. hypoxia-inducible fac-
tor HIF-1). Physiological hypoxia plays an important role in cellular development, 
differentiation and angiogenesis. 

 Foetal development occurs under relative hypoxic conditions in utero (PaO 2  
about 25 mmHg) compared to extrauterine conditions (PaO 2  70 mmHg). The switch 
from placenta-mediated to lung-mediated oxygen supply during birth is associated 
with a sudden rise of tissue oxygen tension that amounts to relative hyperoxia in 
preterm infants (Fig.  14.1 ). Hyperoxia, during development in rats, results in 
hypoxic chemosensitivity ablation, carotid body hypoplasia, and reduced chemoaf-
ferents. Normoxia after hypoxia (8 % O 2 ) increased ROS levels by 19.2 % with a 
further increase of 54.8 % by hyperoxia (95 % O 2 ) compared to normoxia. Electron 
microscopy demonstrated that hyperoxia damages the ultrastructure within petrosal 
ganglion neurons [ 38 ].

   A large number of studies have confi rmed the role of hyperoxia in the pathogen-
esis of prematurity-related diseases such as ROP and BPD. In recent years, there is 
mounting evidence that hyperoxia might also have deleterious effects on the imma-
ture brain. In term infants, there is an increasing body of experimental and clinical 
evidence on oxygen toxicity following reoxygenation after birth asphyxia, whereas 
for the preterm brain, data indicate that oxygen may also be toxic by itself. 

 In term infants suffering from birth asphyxia, resuscitation with high oxygen 
concentrations signifi cantly increases mortality and morbidity [ 39 ]. In a newborn 
piglet model of global hypoxia/reoxygenation levels of the neurotrophic factor, 
BDNF was reduced when animals received 100 % oxygen for resuscitation. In the 
same model, supplementary oxygen increased lipid peroxidation in cortical neurons 
[ 40 ,  41 ]. In a neonatal rat model of hypoxic–ischaemic brain injury, resuscitation 
with 100 % oxygen counteracted the therapeutic effect of hypothermia [ 42 ]. 

 In preterm infants, chronic or fl uctuating exposure to supraphysiological oxygen 
levels compared to intrauterine conditions may cause encephalopathy of prematurity 
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with cystic or diffuse periventricular leukomalacia [ 43 ,  44 ]. New insights may help 
refi ne the traditional view of how premature exposure to large amounts of oxygen 
in the neonatal period may disrupt brain maturation. Several animal models of peri-
natal brain damage have been used to unravel the underlying molecular and cellular 
mechanisms of oxygen-induced neurotoxicity. 

 In 2004, a preterm animal model of hyperoxia-induced developmental brain 
injury was established. Six-day-old rodents (P6) were used as a preterm experimen-
tal model since their maturational state of the brain corresponds well to the human 
infant in the last trimester of pregnancy. In rodents, physiological apoptosis is still 
ongoing at this age and myelination starts around P11 [ 45 ]. Experimental animals 
were subjected to increased oxygen levels of 85 % O 2  over a period of 6–24 h. This 
caused a widespread pattern of increased neuronal apoptosis when compared to 
physiological apoptosis typically seen at this developmental stage. Affected areas 
are the cortex, basal ganglia, hypothalamus, hippocampus and white matter tracts. 
Interestingly, oxygen sensitivity is maturation-dependent as 14-day-old rats are 
resistant to the effects of rapidly increasing oxygen supply; only analysis of the 
dentate gyrus of the hippocampus revealed areas of increased apoptotic cell death 
(Fig.  14.2 ).

   Furthermore, autophagy as a self-degradation process that involves turnover and 
recycling of cytoplasmic components in healthy and diseased tissue seems to be 

  Fig. 14.1    Effect of the perinatal increase of oxygen on the developing infant       
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involved in hyperoxia-induced developmental brain injury. Autophagy may be pro-
tective at the early stages of programmed cell death, but it can also promote  apoptosis 
under certain conditions. An oxygen-exposure-dependent regulation of autophagy-
related gene (Atg) proteins Atg3, Atg5 and Atg12, Beclin-1 and microtubule- 
associated protein 1 light chain 3 (LC3), LC3A-II and LC3B-II was observed in this 
experimental model [ 46 ]. 

 In line with increased cell death observed in this model, treatment of immature 
rats with high doses of oxygen from birth during the fi rst week of life results in 
a signifi cant reduction of brain weight. Analysis of apoptotic pathways revealed 
receptor-mediated apoptosis as hyperoxia resulted in induction of Fas and its 
downstream signalling events, such as Fas-associated death-domain (FADD), the 
long and short form of FADD-like-IL-1β-converting enzyme (FLICE)-inhibitory 
protein (FLIP-L, FLIP-S) and cleavage of caspase-8 and caspase-3. Mice defi -
cient in Fas (B6.MRL- Tnfrsf6   lpr  ) were protected against oxygen-mediated injury. 
Hyperoxia initiates intrinsic apoptotic pathways with upregulation of key proteins, 
namely, cytochrome c, apoptosis protease-activating factor-1 (Apaf-1) and the 

  Fig. 14.2     Panel A  Schematic illustration of the distribution pattern of hyperoxia-induced brain 
damage in infant rats.  Panel B  Numerical densities of degenerating cells in 11 brain regions in 
normoxic ( white columns ) rats and rats subjected to 12 h ( black columns ) or 48 h ( shaded columns ) 
of hyperoxia are shown.  Panel C  2 h of exposure to 80 % O 2  triggered signifi cant brain damage 
compared to normoxic littermates. The most severe damage was detected in the brains of rats sub-
jected for 12 or 24 h to hyperoxia. No further increase could be detected by this method after lon-
ger exposure times, most likely because apoptotic cells had already been eliminated.  Panel D  
shows the developmental vulnerability profi le to hyperoxia. Vulnerability to hyperoxia subsided by 
P14 in the rat       
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caspase- independent  protein apoptosis-inducing factor (AIF), whereas members 
of the anti- apoptotic Bcl-2 family are downregulated. Cell death is also associated 
with decreased expression of neurotrophins and neurotrophin-regulated signalling 
pathways [ 47 – 50 ]. 

 Even short exposures to non-physiological oxygen levels also change the bal-
ance of the ROS-dependent thioredoxin/peroxiredoxin system in the animal model 
described above. Oxygen toxicity signifi cantly induced upregulation of peroxire-
doxins 1 and 2, peroxiredoxin sulphonic form, thioredoxin 1 and sulfi redoxin 1 in 
the brains of immature rats. Hyperoxia reduced the level of DJ-1, a hydroperoxide- 
responsive protein in the developing rat brain [ 51 ]. 

 Furthermore, hyperoxia exposure leads to nitrative stress, ensuing microvascular 
degeneration, diminished brain mass and neurophysiological function in immature 
rat pups. These effects are preceded by an upregulation of endothelial nitric oxide 
synthase (eNOS) in cerebral capillaries and a downregulation of Cu/Zn superoxide 
dismutase (SOD). A role for reactive nitrogen species in hyperoxic death is sug-
gested by the observation that hyperoxia causes iNOS mRNA and protein upregula-
tion in microglial cells and formation of nitrotyrosine in neurons of the immature rat 
brain [ 52 ]. 

 In newborn piglets ventilated with 100 % oxygen for 4 h, levels of the neu-
rotransmitters dopamine and 3,4-dihydroxyphenylacetic acid and serotonin were 
signifi cantly lower after the end of hyperoxia in cortical areas. Several studies have 
shown that a small decrease in oxygen tension in the brain can cause a signifi cant 
increase in extracellular dopamine concentrations, which may result from an 
increase in the releasable dopamine pool or from inhibition of reuptake. It has also 
been reported that hyperbaric oxygen therapy can dramatically inhibit cerebral 
monoamine oxidase B, which is responsible for the breakdown of dopamine [ 53 ]. 
Whether the observed alterations in the neurotransmitter production following a 
short time of oxygen exposure have long-term consequences remains unclear. 

    Since in the preterm brain diffuse periventricular leukomalacia (PVL) affecting 
the white matter is beside grey matter volume reduction the predominant type of 
injury, it can be hypothesised that oxygen exposure is also harmful to developing 
oligodendrocytes (OLs). Primary premyelinating oligodendrocytes (pre-OLs) are 
susceptible to hyperoxia-induced cell death via caspase-dependent pathways, 
whereas mature OLs are resistant. 

 Accumulation of superoxide and generation of reactive oxygen species (ROS) 
are detected as early as 2 h after oxygen exposure. Degeneration of pre-OLs is also 
seen in neonatal rats. P3 and P6 rat pups show bilateral reduction in MBP expres-
sion, whereas MBP expression in brains of P10 rats is similar in comparison to 
room-air-treated littermates [ 54 ,  55 ].

   Despite apparent recovery in the glial population and in MBP levels 1 week after 
the hyperoxic insult, the disruption in oligodendroglia development and WM matu-
ration during a critical period of vulnerability leads to long-term defi ciencies in 
WM organisation and integrity as shown by a marked reduction in WM diffusivity 
on magnetic resonance imaging (MRI) in the adult mouse brain on P30 and P53. 
Decreased fractional anisotropy and increased radial diffusion coeffi cient are 
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observed in the corpus callosum mice after neonatal hyperoxia on P6 compared to 
control mice. Furthermore, hippocampal and cerebellar volumes are reduced on 
MRI volumetry [ 56 – 58 ]. 

 Hyperoxia does not affect survival or proliferation of astrocytes in vivo but modi-
fi es glial fi brillary acidic protein (GFAP) and glutamate–aspartate transporter 
(GLAST) expression indicating altered glutamate homeostasis. Furthermore, cul-
tured astrocytes exposed to hyperoxia show a reduced capacity to protect oligoden-
drocyte progenitor cells (OPCs) against the toxic effects of exogenous glutamate. 
Neonatal hyperoxia also causes ultrastructural changes, including reduced myelin 
thickness, abnormal extramyelin loops and axonopathy. This disruption of axon–
oligodendrocyte integrity results in the lasting impairment of conduction properties 
and might be responsible for neurodevelopmental disorders in prematurely born 
infants. 

 In a rodent model of intrauterine hypoxia, postnatal exposure to hyperoxia sig-
nifi cantly potentiated the myelination delay and oligodendroglial dysmaturation 
induced by antenatal hypoxia. In a rat model (P7) of postnatal hypoxia–ischaemia 
followed by a 2 h exposure to 100 % hyperoxia magnetic resonance imaging showed 
deleterious effects for the developing grey and white matter. MRI including apparent 
diffusion coeffi cient (ADC) – maps, diffusion tensor imaging (DTI) and manganese 
enhancement indicating infl ammation – showed lower fractional anisotropy (FA) 
values and increased diffusivity. These fi ndings persisted from P21 until P42. On 
day 7 of life, increased manganese enhancement along with microglial activation 
was noted in the ipsilateral basal ganglia, thalamus and cortex, more pronounced 
in the hyperoxia group. These studies indicate that hyperoxia at birth should be 
avoided in preterm infants at risk of WMD [ 59 – 61 ]. 

 Hyperoxia also generates infl ammatory responses in the developing brain as 
demonstrated by a marked increase of mRNA and protein levels of caspase-1 and its 
downstream effectors Interleukin (IL)-1β, IL-18 and IL-18 receptor-α (IL-18Rα) in 
6-day-old rodents. Intraperitoneal injection of recombinant human IL-18-binding 
protein (IL-18BP), a specifi c inhibitor of IL-18, attenuated hyperoxic brain injury. 
Mice defi cient in IL-1 receptor-associated kinase-4 (IRAK-4), which is pivotal for 
both IL-1β and IL-18 signal transduction, are protected against oxygen-mediated 
neurotoxicity. These fi ndings causally link infl ammation through IL-1β and IL-18 
to hyperoxia-induced cell death in the immature brain [ 62 ]. 

 Recently, the hyperoxia model has been modifi ed by addition of an infl ammatory 
stimulus, which represents a clinically relevant problem in preterm brain injury. 
Intrauterine infection and infl ammation are major reasons for preterm birth. Both 
infection/infl ammation and hyperoxia have been shown to be involved in brain 
injury of preterm infants. 

 To explore the additive or synergistic effects of combined treatment with oxygen 
and infl ammation, the infl uence of a systemic lipopolysaccharide (LPS) application 
on hyperoxia-induced white matter damage (WMD) in newborn rats was studied. 
Injection with lipopolysaccharide (LPS) as an infl ammatory stimulus aggravates 
hyperoxia-induced damage due to microglial activation. Both noxious stimuli, 
hyperoxia and LPS caused hypomyelination and altered WM microstructure on 
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 diffusion tensor magnetic resonance imaging (DT-MRI). While hyperoxia induces 
cell death, LPS induces oligodendrocyte maturation arrest. Reduced expression of 
transcription factors controlling oligodendrocyte development and maturation fur-
ther indicates oligodendrocyte maturation arrest [ 56 ,  63 ]. 

 Analysis of molecular changes for disruption of myelination revealed altered 
CEACAM1 expression in the model of hyperoxia- and infl ammation-induced 
encephalopathy of prematurity. Furthermore, primary oligodendrocytes stimulated 
with CEACAM1 show increased myelination. CEACAM1 is the founder molecule 
of the family of ‘carcinoembryonic antigen-related cell adhesion molecules’ and 
part of the immunoglobulin superfamily and is ontogenetically expressed in myelin-
ating oligodendrocytes. Due to its role as a co-receptor to a variety of other recep-
tors (e.g. Toll-like receptor 2, Toll-like receptor 4, T-cell receptor, B-cell receptor, 
epidermal growth factor receptor and vascular endothelial growth factor receptor) 
and its different isoforms, CEACAM1 is a multifunctional protein with an impact 
on proliferation and differentiation. Its function on other cell types in the context of 
hyperoxic brain injury remains to be investigated [ 64 ]. 

 To identify further pathways engaged in a pathological modulation of maturation 
processes, analysis of acute (P7) and long-term (P14, P35) changes of the brain 
proteome in mice subjected to high oxygen levels for 12 h at postnatal day 6 revealed 
acute brain protein alterations. These indicate that vesicle traffi cking (e.g. synapsin, 
pacsin), cell growth and differentiation (e.g. hnRNP, EF1), neuronal migration and 
axonal arborisation (e.g. TUC-2/4, GAP43, doublecortin) are affected. Late protein 
changes at P35 suggest long-term/chronic disruption of cytoskeletal organisation, 
intracellular transport, synaptic function and energy metabolism [ 65 ]. 

 Clinical data confi rm that higher oxygen levels in preterm infants may infl uence 
long-term neurological outcome. However, the aetiology for neurodevelopmental 
impairment in these patients has not yet been determined. Whether behavioural and 
cognitive defi cits observed in ex-preterm infants at school age are related to hyper-
oxia remains unclear. 

 However, very few experimental studies have addressed this question: 
Behavioural testing in mice exposed to 48 h of hyperoxia revealed impaired motor 
activity in running wheels starting at adolescent age on postnatal day 30 (P30). 
Subsequently, from P44 to P53, adolescent mice had signifi cantly higher values for 
maximum and mean velocity in regular wheels than controls. In complex running 
wheels, however, maximum velocity was decreased in animals after hyperoxia, as 
compared to controls. Hyperoxia causes hyperactivity and motor coordination defi -
cits in adolescent and young adult mice. Testing of experimental animals exposed to 
24 h of 85 % oxygen with the open fi eld revealed increased anxiety and stress in 
hyperoxia-exposed animals. 

 Long-term exposure of newborn C57BL/6 mice to 85 % O 2  from postnatal days 
1–14 revealed that hyperoxia-exposed mice performed poorly on the water maze and 
novel object recognition tests compared to air-exposed mice [ 57 ,  58 ], (Bendix I. pers. 
communication). 

 In conclusion, neonatal hyperoxia exposure in rodents leads to activation of vari-
ous cell death cascades and impairment of maturation processes affecting all brain 
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cell types. Abnormal neurobehaviour, primary defi cits in spatial and recognition 
memory are also associated with smaller hippocampal sizes, similar to fi ndings in 
ex-preterm infants at school age (Fig.  14.3 ).  

    Therapeutic Approaches 

 In the adult brain, ischaemic tolerance can be induced by hyperoxia and can protect 
against brain injury and neurodegenerative diseases. However, on the developing 
brain, oxygen has probably detrimental effects due to the immaturity of antioxidant 
capacities. Prevention and optimisation of the application of supplemental oxygen 
and the development of adjunctive therapies are highly warranted. 

 Despite its dangers and effects on the developing organisms, the use of supple-
mental oxygen cannot always be avoided in the care of preterm infants, sick neo-
nates and young children. Thus, there is an urgent need to optimise oxygen therapy 
and to search for strategies that counteract oxygen toxicity. 

 In 2010, the new International Liaison Committee on Resuscitation and American 
Academy of Pediatrics guidelines for newborn resuscitation recommended starting 
a term or near-term newborn resuscitation on air rather than 100 % oxygen [ 66 ]. 
However, sparse clinical data exist regarding post-ischaemic oxygen supplementa-
tion and its effect on the developing central nervous system. Klinger et al. reported 
in 2005 an increased risk of poor outcome in asphyxiated babies with hyperoxaemia 
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  Fig. 14.3    Representative molecular pathways and cell types that may be affected by exposure to 
hyperoxia, as described in the book chapter       
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(PaO 2  > 200 mmHg) in the fi rst 2 h of life [ 67 ]. However, the pathophysiology of 
asphyxia in combination with different levels of oxygenation may also be modu-
lated by hypothermia, which is now recommended as the only proven neuroprotec-
tive therapy. In a clinical retrospective study, hyperoxaemia on admission was 
associated with a fourfold increased risk of moderate to severe HIE, and the inci-
dence of HIE was directly related to the degree of hyperoxaemia. MRI abnormali-
ties indicating HIE were present in 79 % of hyperoxaemic newborns and in 33 % of 
normoxic newborns, indicating that benefi ts of randomised studies may even under-
estimate the effect of cooling in normoxic infants [ 68 ,  69 ]. 

 Furthermore, experimental fi ndings support these clinical observations. In a neo-
natal rat model of hypoxic–ischaemic injury, reoxygenation with 100 % oxygen 
counteracted the neuroprotective effect of hypothermia. However, an early protec-
tive effect of hypothermia after hyperoxic, but not after normoxic reoxygenation, 
has been observed in a newborn piglet model of perinatal asphyxia [ 42 ,  70 ]. 

 In search for adjuvant therapies in cases where oxygen cannot be avoided, it has 
to be taken into account that neonatal brain injury leads to damage which progresses 
of over a long period of time. For the term brain suffering from neonatal asphyxia, 
neuroprotective studies aiming at improving the effect the hypothermia are highly 
warranted. In an experimental study using a hypoxia–ischaemia piglet model, the 
intravenous application of 5 mg/kg/h melatonin, which has antioxidative properties, 
10 min after the end of transient hypoxia–ischaemia over 6 h and repeated at 24 h 
augments hypothermic neuroprotection. 

 Findings were based on restoration of proton spectroscopy  1 H MRS (ratios deep 
grey matter lactate/N-acetyl aspartate and lactate/creatine) and also on phosphorus 
spectroscopy  31 P MRS biomarkers (whole ATP  31 P MRS NTP/exchangeable phos-
phate pool), known to change after hypoxia–ischaemia in the piglet. 

 Correlating with an improved cerebral energy metabolism, apoptotic TUNEL- 
positive nuclei were reduced in the melatonin-augmented hypothermia group in the 
thalamus, white matter, internal capsule, putamen and caudate. However, the 
effects of resuscitation with different oxygen levels were not investigated in this 
setting [ 71 ]. 

 For preterm infants, new evidence is emerging to address the continued uncer-
tainty regarding the optimal range of oxygen saturation levels. Between 2005 and 
2007, fi ve randomised trials were conducted in order to identify the optimum 
saturation targets for extremely preterm infants. All trials examined the effi cacy 
and safety of supplemental oxygen to target arterial oxygen saturations of 
85–89 % compared with 91–95 %. In the US Surfactant Positive Airway Pressure 
and Pulse Oximetry Trial (SUPPORT), severe retinopathy was reduced but mor-
tality increased in the lower saturation target group. In the SUPPORT and also in 
the Canadian Oxygen Trial (COT), there was no difference between the two 
groups in the combined outcome of death or neurodevelopmental impairment at 
18 months [ 72 – 74 ]. 

 However, neurodevelopmental testing at the corrected age of 18 months may not 
be predictive for cognitive, behavioural and neuropsychiatric development fre-
quently observed in later life of extremely preterm infants. These impairments are 
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likely to be attributed to disturbance of maturational processes such as formation of 
synapses and myelination rather than large amounts of cell death. 

 Besides oxygen toxicity, there is a variety of consecutive insults affecting brain 
development at different time points responsible for injury and adverse neurodevel-
opmental outcome in preterm infants. Classically, therapies have targeted individual 
pathways during early phases of injury, but regenerative therapies such as growth 
factors may also enhance cell proliferation, differentiation and migration over time. 
Possibly, combined treatment following both strategies may reduce cell death and 
enhance repair mechanisms and/or formation of new cells. 

 For the preterm brain, there are no clinical data for neuroprotective strategies in 
the context of supplemental oxygen treatment available. The oxygen saturation tar-
get trials have not revealed any positive effects on neurodevelopmental outcome at 
the corrected age of 18 months for the low oxygen saturation group. However, data 
on the long-term consequences of restrictive oxygen supplementation until school 
age are still missing. 

 There is a small number of ongoing studies in preterm infants using compounds 
that may also be useful in the treatment of hyperoxia-induced brain injury such as 
recombinant erythropoietin (rEpo) and melatonin. 

 In the following, the current experimental evidence for therapeutic approaches in 
hyperoxia-induced brain injury will be reviewed. The major interest in recent years 
concentrated on the evaluation of neuroprotective strategies potentially applicable 
in young infants. 

 Studies from adult and also developmental brain injury models suggest similar 
molecular mechanisms involved in hyperoxia-induced injury to the immature brain, 
which potentially can be targeted by rEpo. This compound has a long track record 
of use in preterm infants to prevent anaemia of prematurity and has been approved 
by the US Food and Drug Administration for this clinical use in its recombinant 
form. Erythropoiesis was considered originally to be the sole physiological action 
of rEpo. This premise was changed through the knowledge that rEpo and its recep-
tor are expressed in several organs including the central nervous system and the 
subsequent discovery of its neuroprotective properties in ischaemic stroke, trau-
matic brain injury, spinal cord injury and perinatal asphyxia. Recent research on the 
immature brain has identifi ed numerous pathways infl uenced by this hormone, 
many of which are of signifi cance for neuroprotective effects on developing brain 
tissue. However, larger doses of rEpo are required to obtain the desired neuroprotec-
tive effect [ 75 ]. 

 In the rodent model of hyperoxia-induced brain damage at P6, a single treatment 
with 20,000    IE rEpo induced a signifi cant reduction of the extent of apoptotic cell 
death and proapoptotic factors in the cortex, basal ganglia and white matter. In par-
allel, rEpo inhibited most brain proteome changes observed when hyperoxia was 
applied exclusively as demonstrated by two-dimensional electrophoresis and mass 
spectrometry. Analysis of its molecular mode of action suggests that rEpo generates 
its protective effect against oxygen toxicity through a reduction of oxidative stress, 
decreased expression of proinfl ammatory mediators (i.e. IL-1β and IL-18) and 
matrix metalloproteinases and also by limiting the stressor-inducible changes in 
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both hemeoxygenase-1 and cholinergic functions. rEpo treatment results in a resto-
ration of hyperoxia-induced increased levels of caspases and decreased levels of 
neurotrophins. However, proteome alterations detected following a single treatment 
also raise the question whether rEpo is merely benefi cial to the immature brain [ 65 ]. 

 The female hormone oestrogen (E2) has also neuroprotective properties in 
 models of in vitro and in vivo neurodegeneration in the adult and also in the devel-
oping brain. These properties result from activation of oestrogen receptors and 
crosstalking with intracellular signalling pathways that are also activated by neuro-
trophins, i.e. the ERK1/2- and PI3-AKT-pathways. In addition, antioxidant proper-
ties and modulation of nitric oxide synthase have been assigned to the 17β-estradiol 
molecule. E2 also has anti-infl ammatory properties by reducing microglial activa-
tion and the iNOS-mediated immune response as well as the production of several 
proinfl ammatory mediators including metalloproteinase, prostaglandin E2 (PGE2) 
and cyclooxygenase 2 (COX-2). Furthermore, profound effects on the function and 
plasticity of the brain and proliferation, differentiation and migration of neurons are 
controlled by E2 [ 76 ,  77 ]. 

 During the last trimester of pregnancy, E2 plasma levels increase up to 15,000 pg/
mL in the placenta. Both the mother and foetus are exposed to the same increasing 
levels. At birth, the levels of E2 decrease by a factor of 100 within 24 h in the 
mother (150 pg/mL) and by a factor of 1,000 in the neonate (15 pg/mL). Premature 
infants experience this hormone deprivation and simultaneous increase of the oxy-
gen tissue tension much earlier than infants born at term [ 78 ]. 

 In primary oligodendrocytes, the rat hyperoxia model, a single intraperitoneal 
injection of E2 provided signifi cant dose-dependent protection against oxygen- 
induced apoptotic cell death. Treatment with E2 prevented hyperoxia-induced 
proapoptotic Fas upregulation and caspase-3 activation. Finally, E2 antagonises 
hyperoxia-induced inactivation of ERK1/2 and Akt, essential kinases of the MAPK 
and PI3-kinase pathways promoting cell survival, respectively. 

 E2 replacement therapy in extremely low-birthweight infants has been intro-
duced in some centres with the goal to improve bone mineralisation, and no adverse 
side effects have been observed so far. Therefore, maintaining placental E2 plasma 
levels may be effective to protect neonates from brain injury [ 79 ,  80 ]. 

 However, there was no effect on the prevention of death or development of bron-
chopulmonary dysplasia [ 81 ,  82 ]. More data are urgently needed concerning the 
safety and feasibility of oestrogen supplementation in the neonatal period. 

 Experimentally, inhibition of key players of the apoptotic cascade such as cas-
pases appears a promising strategy for neuroprotection. Beside the receptor- 
mediated extrinsic apoptotic pathway, hyperoxia-mediated neurodegeneration in 
the developing brain is supported by intrinsic apoptosis, suggesting that the devel-
opment of highly selective caspase inhibitors will represent a potential useful thera-
peutic strategy in prematurely born infants. 

 Injection of the selective caspase-8 inhibitor (TRP801), a downstream effector 
caspase in the receptor-mediated apoptotic pathway, at the beginning of hyperoxia, 
blocked subsequent caspase-3 cleavage and conferred neuroprotection in the hyper-
oxia model. 

14 Oxygen Vulnerability in the Immature Brain



286

 Elevated oxygen levels also trigger a marked increase in active caspase-2 expres-
sion, resulting in an initiation of the intrinsic apoptotic pathway involving the mito-
chondrial route with upregulation of key proteins, namely, cytochrome c, Apaf-1 
and AIF. Single treatment with TRP601 at the beginning of hyperoxia reversed 
the detrimental effects in this model. Hyperoxia-mediated neurodegeneration is 
 supported by intrinsic apoptosis, suggesting that the development of highly selec-
tive caspase inhibitors will represent a potential useful therapeutic strategy in pre-
maturely born infants [ 47 ,  83 ].  

    Conclusions 

 Hyperoxia causes oxidative stress and contributes to the pathogenesis of injury in 
the preterm as well as in the term brain. During the critical time period of develop-
ment, the immature central nervous system is particularly vulnerable to this type of 
stress. From current experimental evidence, it may be hypothesised that oxygen 
causes cell death and profoundly alters maturational processes. Multiple cell types 
such as neurons, oligodendrocytes, astrocytes, microglia and also the immature vas-
culature are affected. Behavioural studies in animals revealed changes such as 
motor hyperactivity but also cognitive impairment similar to those observed in ex- 
preterm infants at school age. 

 Furthermore, characteristic MRI fi ndings in hyperoxia-exposed rodents such as 
reduced hippocampal size and white matter abnormalities resemble MR images of 
prematurely born infants at term. 

 Therapeutic efforts aiming at defi ning the optimum oxygen saturation and the 
development of adequate monitoring systems are highly warranted. Furthermore, in 
situations where oxygen supplementation cannot be avoided, the development of 
adjunctive therapies is a major challenge for current experimental research.     
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This chapter focuses on the role of bilirubin as an antioxidant in the setting of 
n eonatal hyperbilirubinemia. Originally, Dr. Antony F. McDonagh agreed to be the 
author. Unfortunately, however, Tony’s unexpected early passing necessitated a 
change in authorship. More importantly, it also has left the bilirubin research com-
munity with a tremendous personal loss and an irreplaceable gap in wisdom about 
the “yellow pigment.” I am humbled to have been asked to step in for a truly 
 outstanding leader of the field, who introduced me to the world of bilirubin in the 
context of learning more about its antioxidant properties. In accepting this chal-
lenge, it is appropriate to dedicate this chapter to Tony McDonagh, as I try to encap-
sulate some of his views on the complexities and properties of bilirubin.

Formation and Metabolism of Bilirubin

Bilirubin exists in multiple structures, all of which are derived from the catabolism 
of heme catalyzed by the enzyme heme oxygenase (HO) [1]. Heme itself is derived 
predominantly from hemoglobin released by aged or damaged red blood cells 
(RBCs) that are removed by macrophages in the spleen, liver, and bone marrow.  
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HO cleaves the α-meso carbon of heme in three successive oxidation reactions 
during which stoichiometric amounts of carbon monoxide, ferrous iron, and bili-
verdin IXα are released sequentially [2]. The biliverdin formed is commonly con-
sidered a transient intermediate that does not accumulate to appreciable amounts 
due to its efficient reduction to 4Z,15Z-bilirubin IXα by cytosolic biliverdin 
reductase (see, however, Ref. [3]). The bilirubin formed is then released into the 
circulation where it exists as a reversible complex with albumin. While some 
uncertainties remain about the precise nature of the binding site of 4Z,15Z-
bilirubin IXα on albumin [4–6], it is clear that most bilirubin in circulation is 
bound to albumin, with only a small fraction remaining unbound [7]. It is the 
concentration of this “free” bilirubin that is generally believed to be responsible 
for the neurotoxic effects of bilirubin in jaundiced neonates [8]. “Free” bilirubin 
is also a likely source of the pigment for cells exposed to circulating albumin, i.e., 
RBCs, white blood cells, and endothelial cells. Circulating bilirubin is transported 
to the liver where it becomes a substrate of uridine diphosphoglucuronosyl trans-
ferase 1A1 (UGT1A1). The resulting mono- and diglucuronides of bilirubin are 
then transported into bile by the apical ATP- dependent transporter ABCC2, also 
known as multidrug-resistant protein 2 [9].

In situations of deficient or decreased glucuronidation, as in neonates or in 
those with Gilbert or Crigler–Najjar syndrome, unconjugated bilirubin accumu-
lates in the circulation and extravascular space. In conditions of impaired biliary 
excretion of bilirubin mono- and diglucuronides, conjugated forms of bilirubin 
accumulate in the circulation where they undergo a number of modifications. 
These chemical modifications include hydrolysis to unconjugated bilirubin and 
covalent binding to albumin, with the latter giving rise to the so-called δ-bilirubin 
[10]. Similarly, circulating unconjugated bilirubin undergoes a complex set of 
light-induced conversions when babies (and adults) are exposed to sunlight, ambi-
ent white room light, or phototherapy [11]. Photoisomers, including 4Z,15E-
bilirubin IXα, are the major products resulting from such light-induced 
“rearrangements.” These bilirubin photoisomers also form reversible complexes 
with albumin, but they no longer require glucuronidation for excretion due to their 
increased polarity and hence solubility in aqueous fluids. Considering their physi-
cochemical properties, photoisomers of bilirubin likely have a decreased ability to 
cross the blood–brain barrier than the predominant 4Z,15Z-bilirubin IXα may be 
less toxic, although this requires unambiguous verification [12].

Neonatal Hyperbilirubinemia

In their first week of life, most infants develop jaundice or hyperbilirubinemia. In 
healthy term infants, this “physiological jaundice” usually peaks at around 
100 μmol/L (5.85 mg/dL) total serum bilirubin between the third and fifth days of 
life [13, 14] and then declines to normal values of around 13 μmol/L (0.8 mg/dL). 
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Physiological jaundice in neonates arises from a combination of increased RBC 
turnover due to the decreased life span of infant compared with adult erythrocytes 
[15] and the low activity of UGT1A1 [16]. As a result, bilirubin is effectively the 
only species of bile pigment present in the blood of neonates. Depending on the 
light source and extent of light exposure to the neonate, up to 20–30 % of this 
 bilirubin can be present as 4Z,15E-bilirubin IXα [17].

Protective Properties of Bilirubin

It has been puzzling why humans reduce the comparatively nontoxic biliverdin to 
the potentially neurotoxic bilirubin, which also requires glucuronidation for its 
elimination (see above). However, some 26 years ago, bilirubin was reported to 
have potent antioxidant activities. Specifically, at physiologically relevant low oxy-
gen concentrations, the pigment was shown to protect membrane lipids from per-
oxyl radical-mediated oxidation more effectively than equimolar concentrations of 
α-tocopherol (α-TOH) [18]. α-Tocopherol is the most active form of vitamin E and 
generally considered to be the most important fat-soluble antioxidant in human 
blood plasma and RBCs [19]. Following this landmark publication, work from dif-
ferent laboratories has confirmed and supported the antioxidant activity of bilirubin 
(Table 15.1). In addition, potential beneficial roles other than antioxidant activities 
also have been reported for bilirubin (Table 15.1), although the mechanisms by 
which the pigment exerts such putative benefits remain largely unclear.

Table 15.1 Protective properties reported for bilirubin

Reported protective activities Supporting references

Antioxidant activity

Reaction with different reactive oxygen and nitrogen species Reviewed in Ref. [20]
Inhibition of lipid oxidation [18, 21–26]
Inhibition of lipoprotein oxidation [27–33]
Inhibition of protein oxidation [34–36]
Inhibition of NADPH oxidase [37–39]
Protection of cells against oxidant-induced damage [40–42]
Other protective activities

Anti-inflammatory activities [43]
Modulation of T-regulatory-cell differentiation [44]
Protection against experimental endotoxemia [45]
Protection against ischemia/reperfusion injury [46, 47]
Inhibition of complement activation [48]
Inhibition of inflammation and tissue damage in experimental 
pulmonary fibrosis

[49]
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Antioxidants

Different reactive oxygen and nitrogen species (ROS and RNS, respectively) are 
required for normal cellular homeostasis and biological processes, including 
antimicrobial defenses by the immune system, vascular homeostasis, normal 
cell growth, DNA replication, and cell signaling [50]. However, when these 
reactive species are present in excess or are lacking, homeostasis is disturbed 
and physiological functions become impaired [50]. The steady-state concentra-
tion of different ROS and RNS is governed by both their rates of formation and 
removal. Antioxidants, commonly defined as a substance that, when present at a 
low concentration compared with that of an oxidizable substrate, inhibits oxida-
tion of the substrate [51], are the primary cause for the removal of oxidants. A 
broader definition of antioxidants also includes enzymes that repair or facilitate 
the removal of oxidized macromolecules, to reestablish or maintain normal 
redox balance.

Humans possess a complex array of antioxidant defenses that may be divided 
into different categories of proteinaceous and non-proteinaceous compounds 
[51]. Proteinaceous compounds include: (1) enzymes that scavenge, degrade, or 
metabolize reactive species; (2) enzymes that repair oxidized macromolecules; 
and (3) proteins that prevent transition metals or species containing a redox-
active metal from participating in inadvertent oxidation reactions. Non-
proteinaceous antioxidants include low-molecular-weight compounds either 
derived from the diet (e.g., vitamins C and E) or formed during normal metabo-
lism (e.g., glutathione, coenzyme Q, and bilirubin). It is increasingly recognized 
that antioxidant defenses are complex, vary in composition, and often act in a 
temporal and spatially restricted manner [52]. For example, cellular signaling by 
hydrogen peroxide (H2O2) induced by growth factors relies on a temporal inacti-
vation of the H2O2-degrading enzyme peroxiredoxin- 1 at the plasma membrane, 
allowing for a transient accumulation of H2O2 to participate in appropriate cell 
signaling [53]. The variation in composition can be exemplified by the differ-
ences in antioxidant defenses within and outside cells. Thus, while cellular 
defenses rely primarily on enzymatic antioxidants and glutathione, the defenses 
in human blood plasma rely more heavily on nonenzymatic proteinaceous anti-
oxidants related to the sequestration of pro-oxidant transition metals as well as 
non-proteinaceous antioxidants (Table 15.2).

Circulating blood cells (and perhaps also endothelial cells) directly and indi-
rectly contribute to the antioxidant defense of human plasma. For example, white 
blood cells effectively take up oxidized vitamin C and reduce it to the antioxidant 
active form, ascorbate [54], some of which may then be secreted back into the extra-
cellular space. Also, erythrocytes can scavenge superoxide anion radical (O2

−•), and 
they effectively detoxify plasma H2O2 via catalase [55] and peroxiredoxin-2 [56, 
57]. In addition, hemoglobin within intact RBCs binds and oxidizes nitric oxide 
(•NO), and it can convert nitrite (NO2

−) to •NO [58].
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Oxidants

It follows from the above that the antioxidant defenses in neonates are multifaceted 
and that the contribution and potential relevance of an individual component, such 
as bilirubin, to the overall endogenous defense requires consideration of multiple 
factors. These factors also include the tissue, cell type or body fluid of interest, the 
nature and concentrations of different antioxidants, as well as the target macromol-
ecule or biological process concerned. Just as importantly, the efficacy of a particu-
lar antioxidant is also dependent on the chemical nature of the reactive species 
involved. This is because the reactivity of different ROS and RNS varies greatly, so 
that most antioxidants only provide effective defense against some but not other 
oxidants. For example, in the case of non-proteinaceous antioxidants, vitamin E 
rapidly scavenges certain 1-electron (or radical) oxidants such as peroxyl radicals 
(ROO•), whereas it is generally ineffective against 2-electron (or non-radical) oxi-
dants such as H2O2.

Unfortunately, information on the above factors in neonates is scarce, limiting 
our ability to directly assess the importance of bilirubin as an antioxidant. What is 
known, however, is that the partial pressure of oxygen (pO2) in blood increases 
sharply during early neonatal age, from 25 to 40 mmHg pre-birth to 50 to 70 mmHg 
5 min after birth, and 70–95 mmHg at days 1–7. Such an increase in oxygen pres-
sure is likely associated with a buildup of reactive oxygen species, because oxygen 
toxicity intensifies with rising oxygen pressure, and reactive oxygen species are 

Table 15.2 Classification of major antioxidants defenses

Human plasma  
(extracellular) Cellular

Enzymes Extracellular superoxide 
dismutase (SOD3)

Superoxide dismutases (SOD1, SOD2); 
peroxiredoxins; catalase; glutathione 
peroxidases, reductase, and transferases; 
thioredoxin and thioredoxin reductase; 
glutaredoxin and glutaredoxin reductase; 
methionine sulfoxide reductases; protein 
disulfide isomerase; heme oxygenases; 
phospholipase A2

Proteins Albumin; transferrin; 
lactoferrin; ceruloplasmin; 
haptoglobin; hemopexin

Ferritins; metallothioneins

Non-proteinaceous 
compounds

Endogenous: albumin- 
 bound bilirubin; 
ubiquinol-10; urate;  
α-keto acids

Endogenous: reduced glutathione (GSH); 
ubiquinol-10; bilirubin

Dietary: ascorbate  
(vitamin C); α- and 
γ-tocopherols (vitamin E)

Dietary: ascorbate (vitamin C);  
α- tocopherol (vitamin E)

15 Hyperbilirubinemia and Antioxidant Defenses in the Neonate



296

principally responsible for oxygen toxicity [59]. The resulting increase in oxidative 
stress will be enhanced further if redox-active transition metals were also present. 
Indeed, using the bleomycin assay to assess the availability of non-transferrin iron, 
Evans and co-workers reported “redox-active” iron to be present in plasma of some 
full-term neonates but not adults [60]. Therefore, from the information currently 
available, it is reasonable to assume that neonates experience increased exposure to 
reactive oxygen species early in their life, although detailed information on the 
chemical nature of the oxidants involved remains largely unknown.

Bilirubin as an Antioxidant in Neonatal Hyperbilirubinemia

Given the limitations described above, the following will focus on our current 
knowledge of the potential antioxidant contribution of bilirubin in the setting of 
hyperbilirubinemia. Other chapters in this volume address the roles of protein-
aceous and non-proteinaceous antioxidants other than bilirubin in neonatal 
hyperbilirubinemia.

Antioxidant Activity of Bilirubin in Neonatal Plasma

Currently available literature essentially limits an assessment of bilirubin as a biologi-
cally relevant antioxidant in neonates to blood and, more specifically, to blood plasma. 
Early studies have concluded that bilirubin significantly contributes to the antioxidant 
activity in neonatal plasma [13, 61] and that for 5-day-old term babies “the total 
plasma antioxidant activity and the bilirubin concentration show a direct, highly sig-
nificant correlation” [13]. Importantly, the concentrations of non- proteinaceous anti-
oxidants other than bilirubin, i.e., albumin, uric acid, ascorbate, α-TOH, and 
ubiquinol-10 (the reduced form of coenzyme Q10), are comparable in plasma of neo-
nates on the 5th day of life and adults [13, 62]. This suggests that the elevated concen-
trations of bilirubin in neonates provide “additional” rather than “compensatory” 
antioxidant defense in response to a deficiency of other antioxidants.

To assess the potential biological meaning of these early studies, it is important 
to understand the methodologies and tests employed. Typically, “total antioxidant 
activity” is measured in a “closed” system, such as a chamber of an oxygen elec-
trode into which aerated plasma is placed together with a readily oxidizable lipid 
(typically linoleic acid) and an “initiator.” The initiator is a thermolabile chemical 
that, upon heating to 37 °C, decomposes and generates ROO• at a constant rate. As 
long as effective antioxidants remain present, the lipid is protected from oxidation. 
At the time point when all of the effective antioxidants are consumed, lipid oxida-
tion begins, and this is associated with a substantial increase in oxygen  consumption. 
Total antioxidant activity is determined by the length of time prior to this onset of 
rapid oxygen consumption. As such, the method gives quantitative information 
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about the “total antioxidant activity” contained in a biological sample such as 
plasma. In addition, the method can provide quantitative information on the relative 
contributions of individual antioxidants to the total antioxidant activity from the 
following additional parameters: (1) the concentration of individual antioxidants in 
the sample, (2) the rate at which ROO• are formed, and (3) the number of ROO• 
molecules each molecule of individual antioxidant can scavenge (commonly 
referred to as the  “stoichiometric factor”). The stoichiometric factor of bilirubin is 
approximately 2. Based on this, bilirubin has been reported to contribute between 3 
(at birth) and 23 % (at day 5) of the total antioxidant activity [13, 61].

However, this methodology has some limitations. Firstly, the information 
obtained is limited to the particular radical oxidant used, e.g., ROO•. In addition, the 
information sought and gained is based on the requirement for all antioxidants to be 
consumed completely, a scenario unlikely to ever occur in vivo. This is because 
biological systems are “open” rather than “closed,” i.e., compounds like bilirubin 
are formed continuously and hence replenished as they are consumed as a result of 
oxidant scavenging. Therefore, qualitative information about the respective contri-
bution of individual antioxidants arguably is biologically more relevant. To obtain 
such information, plasma samples may be exposed to ROO• radicals or other any 
other oxidant, followed by the time-dependent determination of loss of individual 
antioxidants versus the accumulation of oxidized lipids, the latter being a measure 
of oxidative damage [63]. Although such experiments have not been reported for 
neonatal plasma samples, important information can nevertheless be gained from 
corresponding experiments performed with adult blood plasma samples. This is 
because it is the composition rather than the concentration of individual antioxi-
dants in a particular biological sample that determines the relative importance of 
each antioxidant toward a particular oxidant species, and the antioxidant composi-
tion of neonatal and adult plasma are likely comparable.

The results of such oxidation experiments are summarized in Table 15.3. They 
show that plasma bilirubin provides a “second line” of antioxidant defense: ROO• 
causes disappearance of the pigment only after the “first-line” aqueous and lipid 

Table 15.3 Qualitative contribution of bilirubin as an antioxidant in adult human plasma

Reactive species Contribution by bilirubin References

Aqueous ROO• “Second-line,” behind ascorbatea [21, 32, 63]
Lipophilic ROO• “Second-line,” behind ubiquinol-10  

and ascorbate
[27]

O2
–• + •NO (peroxynitrite)b “Second-line,” behind ascorbate  

(prior to ubiquinol-10)
[28]

Activated neutrophils Ineffective [63]

Antioxidant efficacy was assessed by the extent of inhibition of oxidation of endogenous 
lipoprotein- associated lipids
aPotential contribution of ubiquinol-10 not assessed
bGenerated by 3-morpholinosydnonimine-1 (SIN-1) which generates superoxide anion radical 
(O2

−•) and •NO in sequential reactions [64] and hence likely produces peroxynitrite at constant rates
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phase antioxidant defenses, i.e., ascorbate and ubiquinol-10, respectively, are con-
sumed [27, 63]. Similar results are obtained with 3-morpholinosydnonimine-1 (SIN-
1) [28], a compound that decomposes at a constant rate and in doing so generates 
superoxide anion radical (O2

−•) and •NO in sequential reactions [64]. Superoxide and 
•NO readily combine to the strong oxidant peroxynitrite [65, 66]. In contrast to the 
situation with ROO• and SIN-1, plasma bilirubin is not an efficient antioxidant against 
activated neutrophils [63] that generate O2

−• and hypochlorite as major oxidants [67].

Antioxidant Activities of Albumin-Bound Bilirubin

It is particularly relevant to consider the antioxidant properties of albumin-bound 
bilirubin as it is the predominant form of the pigment present in blood of neonates 
(see above). Studies from several laboratories have established that bilirubin bound 
to human serum albumin (HSA–bilirubin) effectively protects the protein as well as 
bound fatty acids from oxidation induced by photooxidation, ROO•, hydroxyl radi-
cals, and peroxynitrite [21, 34, 68, 69]. Although initially thought to directly react 
with ROO• [27], recent studies indicate that consumption of albumin-bound biliru-
bin by aqueous peroxyl radicals is likely indirect via protein-derived radicals [70].

Interestingly, HSA–bilirubin also protects lipids carried in lipoprotein particles 
from oxidation [27]. This antioxidant activity of the pigment requires lipoproteins 
to contain α-TOH [27] and is due to bilirubin-mediated recycling of α-TOH via 
reduction of α-tocopheroxyl radical (α-TO•) (Fig. 15.1). Indeed, HSA–bilirubin 
effectively reduces α-TO• in lipoproteins to α-TOH [27, 72–74] and thereby pre-
vents α-TO• from causing lipoprotein lipid peroxidation [72]. As a consequence of 
this reduction of α-TO•, ~30 % of HSA–bilirubin is oxidized to albumin-bound bili-
verdin (HSA–biliverdin) (Eq. 15.1): [27]

 
HSA-bilirubin -TO HSA-biliverdin -TOHlipoproteins Lipo+ +¾ ®¾a a•

pprotein  
(15.1)

It follows from the above that the antioxidant activity of HSA–bilirubin in blood 
plasma is at least in part indirect, i.e., via interaction with α-TOH. A feature charac-
teristic of such “co-antioxidant activity” [72] is that the pigment is consumed before 
α-TOH when plasma undergoes oxidation (see above). Unlike the situation with 
α-TOH, however, the co-antioxidant activity of HSA–bilirubin is independent of 
ascorbate and ubiquinol-10 [27]. Although plausible, it remains to be tested whether 
HSA–bilirubin similarly reduces α-TO• in plasma membranes (Fig. 15.1). If so, it 
could explain how the pigment protects blood and endothelial cells from oxidative 
damage without the need for its physical incorporation into membranes, itself a 
process known to cause toxicity.

While in circulation, the vast majority of bilirubin is bound to albumin, a small 
fraction of the pigment will remain unbound. This raises the question of whether the 
co-antioxidant activity of HSA–bilirubin could in fact be ascribed to unbound pig-
ment, according to Eqs. 15.2 and 15.3:
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HSA bilirubin HSA Bilirubin- ¾ ®¾¬¾¾ +

 (15.2)

 
Bilirubin TO Bilirubin TOHlipoproteins ox lipoprotein+ +¾ ®¾a a- -"

ss  
(15.3)

Indeed, compared with the albumin-bound pigment, unbound bilirubin is a superior 
co-antioxidant, and it protects lipoprotein lipids more effectively from oxidation 
than HSA–bilirubin [27]. However, inhibition of lipoprotein oxidation by HSA–
bilirubin and “free” bilirubin differs in two distinct ways. Firstly, biliverdin is 
formed as an oxidation product only in the case of HSA–bilirubin. Secondly, inclu-
sion of the enzyme bilirubin oxidase inhibits the antioxidant activity of the unbound 
pigment, but not that of HSA–bilirubin [27]. Therefore, current evidence suggests 
that it is albumin-bound rather than unbound bilirubin that provides co-antioxidant 
activity in the circulation. The importance of this to the overall antioxidant defense 
is expected to be higher in neonatal hyperbilirubinemia than in adults. This is 
because the concentrations of bilirubin are about 6 times higher in neonates than 
adults, whereas the concentrations of the “first-line” antioxidants ascorbate [13] and 
ubiquinol-10 [62] are comparable in neonates and adults.

I

II

III

HSA : BR

Lipoprotein

Membrane

•O O
R

•O O
R

Fig. 15.1 Proposed model for co-antioxidant activity of albumin-bound bilirubin. 4Z,15Z-
Bilirubin IXα, bound as the P-conformer to domain IIA of human serum albumin [6], protects 
lipoprotein lipids from oxidation by reducing α-tocopheroxyl radical within the lipoprotein parti-
cle (arrow, top right) [27]. By analogy, it is proposed that albumin-bound bilirubin may also be 
able to reduce α-tocopheroxyl radical within cell membranes (broken arrow, bottom right), thereby 
inhibiting membrane lipid peroxidation. It is assumed that the phenoxyl moiety of α-tocopheroxyl 
radical in lipoproteins and cell membranes undergoing oxidation is located at the lipid–water inter-
face [71] and that bilirubin is sufficiently “accessible” to chemically reduce α-tocopheroxyl radi-
cal to α-tocopherol. R = C15H31
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Mechanism of Antioxidant Activity of Albumin-Bound Bilirubin

It was proposed originally that bilirubin acts as an antioxidant by hydrogen atom 
transfer from the methylene at C-10 [18]. However, more recent studies have shown 
strong media effects on the antioxidant activity of bilirubin [22, 23], suggesting 
that the antioxidant active moiety of the pigment participates in hydrogen bonding. 
Therefore, hydrogen atom transfer from a pyrrole N-H group has been proposed as 
an alternative to account for the antioxidant activity of bilirubin [23]. Such mecha-
nism is also favored because of intramolecular hydrogen bonding within the inter-
mediate pyrrole radical that stabilizes the radical and thereby promotes hydrogen 
atom transfer [23]. As bilirubin retains intramolecular hydrogen bonding when 
bound to human HSA [6] (Fig. 15.1), a hydrogen atom transfer involving a pyrrole 
N-H group also appears a likely mechanism for the antioxidant activity of HSA–
bilirubin [24].

Cellular Antioxidant Activity of Bilirubin

In comparison with macrophages engaged in RBC removal, most other cells form 
only small amounts of bilirubin as a result of cellular heme turnover. Cells exposed 
to blood may also “acquire” additional small amounts of bilirubin after its dissocia-
tion from circulating albumin, a path enhanced in neonatal hyperbilirubinemia. 
Despite this, however, in most tissues and cells, the intracellular concentrations of 
bilirubin are likely orders of magnitudes lower than the micromolar concentrations 
present in blood plasma, raising the question of physiological relevance of cellular 
antioxidant protection by bilirubin.

Remarkably, Snyder and colleagues reported that even nanomolar concentrations 
of bilirubin can protect cells against the toxic effects of H2O2 [40, 75]. Specifically, 
it was suggested that 10 nM bilirubin is sufficient to protect cells against a 10,000- 
fold excess of H2O2 and that this is achieved by bilirubin being converted to biliver-
din and then “recycled” by biliverdin reductase back to bilirubin. For such recycling 
to be efficient, bilirubin oxidation to biliverdin would have to be quantitative, a 
notion inconsistent with a large body of older as well as more recent literature [70, 
76, 77]. Also, increasing or decreasing biliverdin reductase activity by gene overex-
pression or silencing, respectively, has subsequently been reported to have no effect 
on H2O2-mediated death of HeLa cells, irrespective of whether bilirubin or biliver-
din was added to the cells as substrate for the putative redox cycle [76]. However, 
silencing biliverdin reductase (or HO-1) attenuates the protective effect of inducers 
of HO-1 on markers of oxidative stress in human endothelial cells [77]. The overall 
simplest interpretation of these results is that the bilirubin–biliverdin recycling the-
ory of cellular protection [40, 75] should be considered highly improbable. In situ-
ations where HO-1 is induced, biliverdin reductase can contribute to the cellular 
antioxidant defense. However, this is due to formation of the antioxidant bilirubin 
from biliverdin derived from heme rather than bilirubin oxidation.
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Bilirubin as an Antioxidant In Vivo

Although bilirubin is an effective reducing agent and possesses antioxidant activity in 
a number of different in vitro systems and against various reactive oxygen and nitro-
gen species [20], there is only indirect evidence in support of bilirubin as an in vivo 
antioxidant. For example, cells deficient in HO-1 have an increased susceptibility to 
H2O2 [78]. Conversely, HO-1 is induced by oxidants and conditions that exert an 
oxidative stress [79]. However, changes in HO activity also alter cellular heme and 
iron status [80], so that it is not possible from these types of experiments to assign any 
beneficial effect solely to bilirubin. A somewhat more direct approach to the in vivo 
antioxidant activity of bilirubin comes from studies by Dennery and co-workers. 
They reported markers of lipid oxidation to be decreased in hyperbilirubinemic Gunn 
rats after exposure to ≥95 % oxygen for 3 days compared with non-jaundiced litter-
mates [81]. Unfortunately, the lipid oxidation markers used in that study were non-
specific, so that it will be interesting to examine Gunn rats without and with oxidant 
exposure for more specific markers of oxidative damage in plasma.

Bilirubin as a Pro-oxidant

When bilirubin accumulates beyond a certain threshold, the pigment undoubtedly 
becomes toxic. It is therefore prudent to also consider the possibility that bilirubin 
may act as a pro-oxidant and that such activity may contribute to its toxicity. Indeed, 
bilirubin has long been known to act as in vitro sensitizer through generation of 
singlet oxygen [82], including the photooxidation of RBC membranes [83] and 
cross-linking of proteins [84]. Also, in vitro albumin–bilirubin complexes with a 
molar pigment-to-albumin ratio of ≥3 have been reported to lose their antioxidant 
activity, assessed by pretreating erythrocytes with bilirubin followed by exposure to 
H2O2 plus Cu2+ [85]. However, the in vivo relevance of the conditions associated 
with a pro-oxidant activity of bilirubin is likely low. Also, bilirubin overall is a weak 
photosensitizer, and light-induced photooxidation reactions represent a minor path-
way, with photoisomerization being more important. In addition, as far as tested, 
photoisomerization does not appear to decrease the antioxidant activity of bilirubin 
[18]. Therefore, a pro-oxidant activity of the pigment in vivo appears unprobable.

Summary

A biologically relevant antioxidant activity of bilirubin in hyperbilirubinemia is 
most likely for the HSA–bilirubin complex. In addition to direct antioxidant activi-
ties by scavenging reactive oxygen and nitrogen species, the pigment also has indi-
rect, or co-antioxidant activities. These have been best studied in the case of 
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interaction with α-tocopherol in circulating lipoproteins but could conceivably 
extend to α-tocopherol in plasma membranes of cells exposed to blood. Compared 
with blood plasma, the bilirubin concentrations in most cells exposed to blood are 
substantially smaller, and it remains to be verified whether the unbound pigment 
possesses relevant cellular antioxidant activity. A previously described bilirubin–
biliverdin redox cycle is unlikely to provide major cellular antioxidant protection. 
Future work should focus on evaluating whether oxidative damage to macromole-
cules is attenuated in conditions of neonatal hyperbilirubinemia, using state-of-the- 
art technology and more specific methods than employed previously.
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           Pain and Brain Damage in Newborns 

 Neonates undergo many painful procedures daily, which can have long-term negative 
effects [ 1 ,  2 ]. Neonatal pain treatment is still far from being satisfactory, as reported 
by many recent reviews [ 3 – 5 ]. The concept that neonates feel pain, at least in most of 
North America and Europe, is now well accepted and pain has been associated with 
worse neurodevelopmental outcomes in preterm neonates [ 6 ,  7 ]. Newborns feel pain 
and even common routine procedures such as a heel prick or the suction of an intra-
tracheal tube are painful [ 8 ]. Painful procedures may be a risk for brain damage [ 9 ,  10 ] 
through an increase in arterial and intracranial pressure and oxygen desaturation [ 11 , 
 12 ] but also through the use of sedatives [ 13 ] or of oral sucrose [ 14 ]. The analgesic use 
of sucrose, given orally before heel lance, increases adenosine triphosphate produc-
tion and oxidative stress (OS) in preterm neonates. OS has widely been described both 
in animals and in newborn infants [ 15 ,  16 ]. Reactions involving free radical (FR) 
toxicity in neonates have a high potential for damaging the fast growing tissues, lead-
ing to conditions such as chronic lung disease, retinopathy of prematurity, necrotizing 
enterocolitis, and periventricular leukomalacia [ 17 – 20 ]. The developing brain is par-
ticularly susceptible to FR toxicity, due to the high cellular growth rate, the peculiar 
lipid composition, the presence of low antioxidant defenses, and the high prenatal rate 
of FR generation. All these factors induce an increased lipid peroxidation [ 21 – 26 ].  
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    Pain Is Mediated by OS 

 The correlation between FR production and pain has been elucidated in animal 
models and in adult human patients in the last few years. The main studies deal with 
the effectiveness of FR in mediating pain as shown by the action of FR chemical 
scavengers that blunt this mediation. Several studies show this phenomenon, since 
FR involvement in infl ammation, fi brosis control, and pain nociception has been 
proven [ 27 ]. 

 Painful stimulation increases lipoperoxidation; this has been shown to persist for 
up to 15 days after the painful stimulus has been discontinued [ 28 ]. A simultaneous 
injection of antioxidants decreases the levels of thiobarbituric acid reactive sub-
stances – TBARS – formed as a byproduct of lipid peroxidation and superoxide 
dismutase; however, antioxidants applied 1 week prior to the painful stimulation 
were ineffective [ 24 ]. Phenyl N-tert-butylnitrone, a free radical scavenger, reduces 
mechanical allodynia in chemotherapy-induced neuropathic pain in rats [ 29 ]. Free 
radical production is involved in the hyperalgesia induced by immobilization in rats 
and is reversed by injection of free radical scavengers: intraperitoneal injection of 
the free radical scavengers 4-hydroxy-2,2,6,6-tetramethylpiperydine-1-oxy1 or 
N-acetylcysteine clearly inhibited mechanical hyperalgesia in bilateral calves and 
hindpaws in rats [ 30 ]. These results suggest that cast immobilization induces 
 ischemia/reperfusion injury in the hindlimb and consequent production of oxygen 
free radicals, which may be involved in the mechanism of widespread hyperalgesia 
in rats [ 30 ]. Epigallocatechin-3-gallate (EGCG), the major catechin in green tea, is 
known to have antioxidant activity against nitric oxide (NO) by scavenging free 
radicals, chelating metal ions, and inducing endogenous antioxidant enzymes. 
Intrathecal EGCG attenuated mechanical allodynia in spinal nerve-ligated rats, 
compared to sham-operated rats [ 31 ]. 

 Evidence has accumulated in recent years indicating structural, physiologic, and 
biochemical alterations in the brain of patients with chronic migraine (CM). Altered 
pharmacologic responses to opioids and other analgesics have also been reported 
[ 32 ]. Structural or morphologic changes include reduced cortical gray matter of the 
pain processing areas of the brain and iron accumulation in the periaqueductal gray 
matter (PAG), red nucleus, and basal ganglia structures. These changes correlate 
with the duration of migraine disorder. 

 The biochemical markers of lipid, protein and saccharide metabolisms, and free 
radicals as well as singlet oxygen can serve as very good indicators of the intensity 
of pain and nociception [ 33 ]. FR were measured in samples of the sensorimotor 
brain cortex and in the rat blood after noxious stimuli. Their concentration was 
measured under physiological conditions, after the nociceptive stimulation, and 
after the application of melatonin (a free radical scavenger), both in normal and 
stimulated animals. In the brain cortex only the singleton oxygen decreased after the 
nociceptive stimulation, whereas the nitroxide radicals and six lines spectra 
increased. The free hydroxyl radicals did not change signifi cantly. In the blood 
serum, while the six lines spectra and concentration of nitroxide radical increased, 
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the concentration of the free hydroxyl radicals did not change. Melatonin increased 
both the hydroxyl and nitroxide radicals. There was a nonsignifi cant decrease in the 
six lines spectra. Therefore, estimation of FR can be used as a tool for detecting 
metabolic changes and the consequences of different environmental infl uences, in 
our case the infl uence of nociception [ 34 ]. 

 Lastly, after the application of contention stress, mimicking pain, GSH level 
increased insignifi cantly, while MDA level increased signifi cantly compared with 
the normal animals, and nociceptive stress actioned the mechanisms of membrane 
lipid peroxidation [ 35 ]. The activity of the antioxidant enzymes GSH, GPX, and 
SOD decreased in the stressed animals compared with the normal group; this exper-
iment has revealed that in nociception stress, many FR are generated, which reduced 
the enzymatic defense mechanisms and activated lipid peroxidation mechanisms 
[ 35 ]. Visceral pain increases oxidative stress in animals, which could be prevented 
by prior administration of antioxidants; however, antioxidants did not attenuate 
signs of visceral pain caused by CRD [ 36 ]  

    Free Radicals Produced After Pain Are a Risk for Brain Damage 

 Pain can have ominous effects on the brain, and a possible reason is the FR production 
due to hypoxia. In fact (Fig.  16.1 ), acute pain produces hypoxia, tachycardia, and 
vasoconstriction due to several mechanisms among which is the release of nor-
adrenaline [ 37 ]. Blood hypoxia (Fig.  16.2 ) increases adenosine trisphosphate (ATP) 
utilization in the face of decreased ATP synthesis and enhance the degradation of 
ATP to adenosine diphosphate (ADP) and adenosine monophosphate (AMP). AMP 
degradation leads to dramatic increase in adenosine hypoxanthine, xanthine, and 
uric acid generating FR when reperfusion occurs [ 38 ]. The enzyme xanthine  oxidase 
is activated catalyzing the conversion of hypoxanthine to xanthine and xanthine to 

  Fig. 16.1    Possible mechanisms leading to pain damage after pain. Features highlighted with * are 
an outstanding risk for brain damage       
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uric acid, while generating reactive oxygen species [ 39 ,  40 ]. Several studies have 
shown that non-treated acute pain can induce brain damage [ 41 ]; this can be due to 
several mechanisms including FR production causing microglia damage and neuron 
death [ 42 ]. Common procedural painful stimuli are not so long lasting to induce a 
signifi cant hypoxemia to release FR enough to be a risk for the baby, but several pro-
cedures when repeated and prolonged induce threat to the baby. Two primary mecha-
nisms lead to enhanced neuronal cell death in the immature brain: (a) NMDA-mediated 
excitotoxicity and (b) enhanced naturally occurring neuronal apoptosis due to mul-
tiple metabolic stresses or lack of social stimulation [ 43 ]. The pattern and magni-
tude of abnormalities will depend on genetic variability as well as the timing, 
intensity, and duration of adverse environmental experiences. It is not easy to 
correlate procedural pain with brain damage in newborns; nevertheless, since babies 
undergo multiple painful events per day during their stay in neonatal intensive 
wards [ 44 ], an abnormal production of FR can occur inducing the FR-related 
disease of the newborn [ 45 – 47 ].

   To our knowledge, little data exist on possible FR generation after a short painful 
procedure in the newborn. Slater et al. found signifi cant positive correlations in 
preterm neonates between pain scores and MDA, suggesting a signifi cant relationship 
between procedural pain and oxidative stress [ 48 ].

   Pain provoked by a routine heel prick can generate an increase in potentially 
harmful FR in neonatal blood [ 45 ]. We measured two markers of FR production – 

  Fig. 16.2    Molecular mechanisms of cell damage after relevant hypoxia. Xanthine dehydrogenase, 
which needs nicotinamide adenine dinucleotide (NAD _ ) as an electron acceptor, is converted to 
xanthine oxygenase when ischemia occurs in the endothelia. This conversion changes the normal 
degradation of hypoxanthine to uric acid into a source of oxygen radicals (From Ref [ 49 ] modif.)       
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advanced oxidation protein products (AOPP) and total hydroperoxides (TH) – at the 
beginning and at the end of a heel prick procedure, to assess a possible increase after 
this painful stimulus. Sixty-four newborns underwent heel prick blood sampling for 
routine tests. The test was divided into three phases: (a) heel prick with immediate 
collection of 100 μl of blood in a microprovette (sample A), (b) collection of 100 μl 
of blood for the diagnostic necessity by glass micro-capillary, and (c) collection of 
100 μl of blood in a microtube (sample B). Samples A and B were stored and ana-
lyzed to determine blood levels of AOPP and TH. During the blood collection, pain 
was scored using the ABC pain scale. Considering the population as whole, no 
increase in AOPP or in TH was observed between samples A and B, as well as when 
we considered only babies with little or no pain (ABC < 4). But when babies’ pain 
was high (ABC score ≥4), mean AOPP and TH blood levels increased signifi -
cantly. Linear regression analysis performed between the increase in AOPP blood 
levels from A to B sample and pain score showed a signifi cant correlation between 
the entity of OS and pain level. This study shows that without analgesia, even a 
simple heel prick can induce OS, and since newborns undergo many heel pricks 
and many painful maneuvers, all these FR-producing events can be a further risk 
for the integrity of the baby.  

    Conclusion 

 Pain can induce several alteration in the physiologic behavior of a baby, some of 
which can threat the integrity of the brain. We do not yet know whether a single 
painful experience can be a pure risk for the brain, but since every day most prema-
ture babies in any NICU undergo many painful procedures – some long lasting – we 
should set a precaution principle and protect babies from this possible risk using 
drugs but also non-pharmacologic strategies [ 50 ,  51 ]. OS is one of the ways this risk 
can act, and since FR are produced during pain, this is to be considered. Thus, pain 
is ominous for the baby not only from a moral or psychological point of view and 
cannot be underestimated anymore, with the thought that rapid procedural pain has 
no impact on babies’ health.     
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           Ontogeny of Antioxidant Systems 

       Planetary Ontogeny of Oxidative/Nitrosative 
Evolutionary Pressures 

 Mammalian ontogeny of antioxidant defenses has evolved under the selective 
pressure of the chemistry of highly reactive molecular species comprised of oxygen 
and nitrogen atoms in what became the biosphere: reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) [ 1 ]. There is scarcely an aspect of biology that 
is not dependent on the interactions of ROS/RNS and the defense systems which 
regulate them [ 2 – 4 ]. 

 Fixation of atmospheric nitrogen through the likely intermediate of nitric oxide 
formation in the CO 2 -rich atmosphere led to the eventual evolution of life forms 
able to generate their own NO without relying on atmospheric NO which became 
decreasingly available with the fall in atmospheric CO 2 . Formation of excess NO 
levels may have been ameliorated by the development of globins (globin, fl avohe-
moglobin, hemoglobin) in bacteria, yeast, protozoa, and fungi which bind NO more 
avidly than they bind O 2  [ 4 – 6 ]. The emergence of prokaryotic hemoglobins before the 
evolution of the ability to transport O 2  supports this view. The ability of hemoglo-
bins to scavenge O 2  would be advantageous to organisms contending with rising O 2  
concentrations produced by photosynthetic bacteria, although this role for globins 
across taxa is not a settled question. 
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 In the Precambrian Era, cyanobacteria developed the capacity to fi x CO 2  and 
release O 2  into the atmosphere, attaining O 2  concentrations of ~1 % of the present 
conditions [ 1 ]. Over the succeeding 1.5 billion years, this process continued, 
coincident with the development of aquatic metazoans and ultimately land plants 
and animals which had developed the ability to exchange respiratory gases available 
by diffusion.  

    Evolutionary Ontogeny of Antioxidant Enzyme (AOE) 
Systems (and Antinitrosant) Systems 

 The increasingly recognized important roles of RNS and ROS in the natural history of 
the evolution of the biosphere is partially recapitulated during mammalian develop-
ment, which begins at zygote implantation in a low oxygen environment [ 7 ]. Cellular 
processes, from zygote implantation to fetal development, encounter and respond to 
temporospatially restricted oxidative and nitrosative milieux and stressors. In general, 
for several organ systems, expression of antioxidant enzymes that include superoxide 
dismutases (SOD1-3), catalase (CAT), and glutathione peroxidases (GPX) tends to 
rise during gestation [ 8 ], along with vasculogenesis, angiogenesis, and the burden of 
oxidative stress that accompanies rising metabolic demands. 

 The ontogeny of the antioxidant systems must be considered in the context of NO 
signaling as well. The rapid, diffusion limited inactivation of NO by superoxide to 
form peroxynitrite terminates both NO signaling and potentially ROS-mediated 
signaling. This chemistry suggests a requirement for tightly restricted temporospatial 
conditions under which these species coexist in biological systems and may serve as 
reciprocal signaling pathways [ 9 ,  10 ]. The restricted expression of NOS and SOD 
isoforms in various organ systems, as suggested below, conforms to this idea. 

 In addition to activation of soluble guanylyl cyclase, its canonical target, NO 
affects many biological regulatory pathways through the oxygen-dependent 
 S -nitrosylation of critical thiol residues to form S-nitrosothiol (SNO). This post-
translational modifi cation can affect protein structure and function, affecting a wide 
variety of pathways ranging from apoptosis to cell differentiation (see Ref. [ 11 ] for 
review). Physiologic modulation of endogenous SNO signaling would therefore 
logically include a mechanism to regulate this modifi cation. SNO denitrosylation 
[ 12 ,  13 ] can be achieved by the action of thioredoxin-1 (Trx-1) [ 14 ], shown to be 
inducible in the newborn rat brain by oxidative stress [ 15 ]. Trx-1 functional effects 
on  S -nitrosothiol modifi cations are strictly dependent on primary sequence and ter-
tiary structure of proteins that determine the access of Trx-1 to the putative catalytic 
thiol. Structural selectivity for Trx-1 “access” may have arisen early in evolution, 
since bacterial Trx uses both single-electron and S N 2 nucleophilic mechanisms [ 16 ]. 
The same “rules” for Trx-1 expression (and thioredoxin reductase [ 17 ]) as for AOE 
expression should therefore apply: tight control requires tightly regulated temporo-
spatial expression. However, at present, we lack cell-specifi c and developmental 
stage-specifi c data on Trx-1/Trx reductase expression. 
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 Similar caveats apply to  S -nitrosoglutathione reductase (also known as alcohol 
dehydrogenase-3, ADH3), which also metabolizes SNO: it is likely to be critical to 
the overall functional contribution of endogenously produced or pharmacologically 
induced SNO accumulation and pharmacologic effects, but very little is known 
about its temporospatial pattern of expression in mammalian systems. The interrela-
tionships of these systems are depicted in Fig.  17.1 . Not depicted is the wider net-
work of the so-called phase 2 or indirect systems that include detoxifying enzymes 
through the biosynthesis or recycling of thiols (e.g., glutathione  S -transferase, 
NAD(P)H:quinone oxidoreductase (NQO1), γ-glutamyl cysteine ligase, peroxire-
doxins) or the mechanisms that augment clearance of potentially ROS-enhancing 
metabolites (e.g., quinones, aldehydes, peroxides). These systems are addressed at 
the end of this chapter, in consideration of antioxidant and antinitrosant develop-
ment in the pulmonary system.

   This chapter will therefore focus on what is known about the temporospatial 
ontogeny of the classical antioxidant (and antinitrosant) systems in three organ 
 systems for which we have some information: placenta, brain, lung, as well as on 
some of the disorders that challenge these systems.  

    Antioxidant Enzyme (AOE) System Ontogeny in Placenta 

 The contribution of the systems governing ROS/RNS bioavailability and signaling 
during human gestation is necessarily inferential. The relevance to human biology 
of information gained with widely used animal model systems may be even more 

  Fig. 17.1    Interrelationships among classical AOE systems, endogenous ROS production, and 
endogenous NO production.  ARG1  arginase-1,  NCF1  neutrophil cytosolic factor-1 (p47  phox  ), 
 sGC  soluble guanylyl cyclase,  NOX1-5  NAD(P)H oxidases 1–5,  SOD1-3  superoxide dismutases 
1–3,  CAT  catalase,  TXN  thioredoxin,  TXNR  thioredoxin reductase,  ADH3  alcohol dehydroge-
nase 3 ( S -nitrosoglutathione reductase),  NOS 1–3  nitric oxide synthases 1–3       
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limited in the case of the placenta since mammalian reproduction has signifi cant 
diversity of placental systems [ 18 ]. Despite morphologic distinctions, the functional 
similarities among mammalian placental systems afford some rational basis for 
systems biological approaches to better understand conserved biochemical and 
genetic networks [ 19 ]. 

 In humans as in most animal models, the cellular and tissue sites of rising oxi-
dative stress appear to be balanced by accompanying increases in antioxidant 
enzyme expression, as recently reviewed [ 20 ]. With advancing gestational age, 
superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase 
activities rise in placental homogenates obtained from abortuses [ 21 ]. Cellular and 
subcellular expression of superoxide dismutase 3 (SOD3) increases in villous tro-
phoblast in the second and third trimester, which is accompanied by an extracel-
lular shift of SOD3 immunoreactivity to extracellular matrix and fetal vessels [ 22 ]. 
The spatial expression of AOE in placenta is depicted in Fig.  17.2 .

   In experimental model systems, murine  Sod3  mRNA expression in extraembry-
onic tissues also gradually rose from E8.5 to E18.5, with roughly parallel changes 
in protein expression determined by immunoblotting. In situ RNA hybridization 
showed highest expression in spongiotrophoblast at E16 and labyrinthine trophoblast 

  Fig. 17.2    Temporospatial expression of antioxidants in the placenta. Superoxide dismutases 
(SOD 1, 2, 3) are expressed in the cytotrophoblast, along with thioredoxin. At term, SOD1 is abun-
dant in myometrium, as well as syncytiotrophoblast and decidua. SOD2 expression is similar 
except higher labeling is observed in fetal villous endothelium. Expression is not affected by labor. 
Intracellular SOD3 expression is abundant in villous trophoblast in the fi rst trimester but appears 
to be relocated to extracellular matrix within villi after 17 weeks. Since SOD expression supports 
NO survival and angiogenic signaling, it may be that intracellular SOD3 expression is important 
for early placental vascular development. Thioredoxin (TXN) expression in trophoblast is increased 
in women with preeclampsia. Catalase (CAT), which metabolizes superoxide to hydrogen perox-
ide, is found in trophoblast with increasing immunolabel intensity as pregnancy progresses 
(Reprinted from Davis and Auten [ 20 ] with permission from Elsevier)       
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by E18 [ 23 ]. In contrast, the similar trend toward rising SOD1 activity throughout 
gestation in ovine placenta is accompanied by a decline in SOD2 and catalase activity 
[ 24 ]. Species differences in the structure and function of the placenta [ 18 ], and 
the metabolic demands of altricial versus precocial species [ 25 ] may account for 
some of these disparities in AOE temporospatial expression/activity patterns. 

 The effects of ROS on placental function depend not only on AOE expression 
but necessarily on the contribution of endogenous ROS production. Myatt and col-
leagues have found that NAD(P)H oxidase (NOX) isoform expression is region- and 
cell-specifi c in the placenta (see Ref. [ 26 ] for review), but the contribution of these 
isoforms to normal placental development and disease is largely inferential. Isolated 
explant studies implicate NOX-derived ROS contributions to human decidual cell 
differentiation [ 27 ], but studies linking NOX-derived ROS to placental development 
are restricted to animal studies, particularly mice [ 28 ]. 

 Despite the long-standing observation that a number of common conditions in 
pregnancy are accompanied by placental oxidative stress—pregnancy-induced 
hypertension, caloric restriction [ 29 ], and ethanol use—among others, experimental 
studies aimed at supplementing antioxidant defenses have yielded decidedly mixed 
results, which will be discussed in more detail elsewhere in this volume. 

    Placental Defenses Against Maladaptive Reactive Nitrogen Species 

 Placentation is dependent on adaptive NO signaling, which governs trophoblast 
invasion [ 30 ], placental vascular development [ 31 ], and vascular tone. Surprisingly 
little is known about the precise role of abnormal amounts of NO species in this 
process or the contribution of NOS isoform functions in the placenta under physi-
ologic or pathologic conditions [ 32 ]. 

 Indirect evidence has implicated peroxynitrite formation in connection with 
conditions typically affl icted by placental insuffi ciency, such as preeclampsia and 
maternal diabetes [ 33 ] as well as other abnormal conditions [ 34 ], with vascular 
explants from placentae of affected pregnancies demonstrating impaired vasore-
activity. Pathway analysis of proteomic studies of placentae from preeclamptic 
pregnancies has shown  S -nitrosothiol modifi cations in systems governing cell 
metabolism, replication, and signaling [ 35 ]. 

 Because of the profound effect that posttranslational RNS-derived modifi cations 
can have on enzyme function, it would be expected that the placenta would have deni-
trosation mechanisms—e.g., thioredoxin (TXN)/thioredoxin reducatse (TXNR) and 
 S -nitrosoglutathione reductase (ADH3)—to regulate  S -nitrosation. Although TXN is 
known to be expressed in placenta, there is little known about temporospatial relation-
ships, so inference of potential functional roles in disease is necessarily limited. TXN 
is upregulated in placentae of preterm deliveries, along with markers of infl ammation 
and oxidative stress [ 36 ], and its overexpression in mice promotes fetal growth [ 37 ]. 
Consistent with this observation, mouse models of assisted reproduction (intracyto-
plasmic sperm injection) yielded placentae with diminished activities of SOD and 
TXNR (which would tend to abrogate NO-based signaling/ S -nitrosation) [ 38 ].   
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    Antioxidant/Nitrosant System Ontogeny in the Perinatal 
Central Nervous System 

 Because of the ubiquitous involvement of ROS and RNS with normal cellular 
processes and development, it follows that aberrations in defenses against ROS/
RNS could contribute to abnormal CNS development. For example, cerebral palsy 
is most commonly unaccompanied by identifi able risk factors during pregnancy, 
yet it has been linked to elevations of proinfl ammatory cytokines and coagulation 
factors measured at birth [ 39 ]. Since many effects of neuroinfl ammation are medi-
ated through endogenous ROS/RNS production, developmentally distinct patterns 
of AOE expression and function in the CNS will likely dictate the regions and cell 
types that are vulnerable to oxidative stress. 

 Normal organogenesis takes place in a “Goldilocks zone” of redox-dependent 
processes such as cellular proliferation, differentiation, and apoptosis [ 40 ]. Hypoxia, 
somewhat nebulously used in this context, refers to bioavailable oxygen that is 
too low, to support adaptive metabolic processes, and may develop as a result of 
abnormalities of placentation. Furthermore, hypoxia promotes formation of ROS in 
mitochondria and NO by activation of guanylyl cyclase. The fetal brain has specifi c 
features that may increase vulnerability to oxidative stress. High metabolic demands 
present during organogenesis, along with particular vulnerability of oligodendro-
cytes to oxidative stress [ 41 ,  42 ]. The developmental susceptibility of the develop-
ing fetal brain to this particular mechanism declines with maturation toward term 
because of the cellular locations of oligodendrocytes in the more peripheral, mature 
brain, rather than in the germinal matrix. 

    Development of the CNS Antioxidant Repertoire 

 The anatomic vulnerabilities during fetal brain development are accompanied by 
potential biochemical vulnerabilities. Analysis of AOE expression in homogenates 
of human pre-myelinated, telencephalic white matter obtained at 20–35 weeks’ ges-
tation from autopsy materials (non-neurologic diagnoses) suggests a steady rise in 
SOD2 and catalase in direct proportion to gestation/postnatal development between 
20 weeks’ gestation and ~2–3 months postnatal, but a fall in SOD1 until ~32 weeks’ 
gestation followed by a sharp rise continuing for several postnatal months. 
Expression of AOEs in developing brain was found to be spatially restricted, with 
SOD2 expression prominent in vessels at 20–27 weeks, and then including glial 
cells by 35 weeks. In contrast, CAT and GPX expressions were observed in both 
compartments beginning at 20 weeks. This apparent mismatch between peroxide 
generating and peroxide degrading systems has been suggested as a mechanism 
underlying mid-gestation vulnerability of fetal oligodendrocytes in particular [ 43 ], 
an idea supported by the observed protection of neonatal rat oligodendrocytes by 
overexpression of SOD2 [ 44 ]. In contrast, the expression of SOD1,2, CAT, and 
GPX in murine brain was observed to rise from E18 to P21, although the activity 
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levels fell, illustrating the diffi culty of interpreting likely biological effects in whole 
organ analyses [ 45 ], since differing regions of the brain experience different redox 
milieux and have disparate, cell-specifi c vulnerabilities to ROS/RNS [ 46 ].  

    Development of CNS Nitrosative Stress Defenses 

 Since ROS and RNS interact to terminate endogenous NO signaling, it follows that 
temporospatial expression of tissue-specifi c NOS and SOD isoforms in the develop-
ing brain could be coordinate [ 47 ]. In human autopsy material ranging from 
13 weeks’ gestation to 2 years of age, immunohistochemical studies of the expres-
sion of SOD1, SOD2, NOS1, and NOS2 suggest that SOD isoform expression pre-
cedes NOS isoform expression throughout gestation in neuroblasts and mature 
neurons in cerebrum, with NOS1 staining in neurons only evident in brainstem after 
15 weeks of gestation and in cerebrum after 28 weeks of gestation. Since NO is 
believed to affect neuronal differentiation, widespread expression of functional 
SOD1 would serve to restrict the degradation of NO signaling (and formation of 
peroxynitrite) by superoxide production. 

 On the other hand, NO biological signaling, including regulation of brainstem 
ventilatory hypoxia responses [ 48 ], suppression of NF-κB activation [ 49 ], augmenta-
tion of cerebral blood fl ow [ 50 ], and calcium channel function [ 51 ], as well as apop-
tosis [ 52 ] and many others [ 53 ], are substantially mediated by formation of 
 S -nitrosothiols (SNO), which are formed by the oxygen-dependent interaction of NO 
with susceptible regulatory protein thiol residues (see Ref. [ 54 ] for review). During 
experimental stroke, loss of NO signaling that accompanies increased peroxynitrite 
formation and oxidative stroke can be ameliorated by supplementation with 
 S -nitrosoglutathione without increasing nitrosative stress [ 55 ], probably through 
effects on endothelial function. 

  S -nitrosoglutathione reductase (ADH3) also serves to terminate SNO-based sig-
naling [ 11 ] and may participate in the downregulation of brainstem ventilatory 
responses to hypoxia-induced increases in circulating SNO [ 56 ], inferred by effects 
observed in  Adh 3  −/−   mice. ADH3 has been shown by in situ RNA hybridization to 
be expressed in embryonic rat brain beginning at embryonic day ~12.5 and in mouse 
at embryonic day 19.5 [ 57 ]. At present, there is no published information about its 
expression in developing human brain.  

    Prenatal Challenges to AOE Defenses in the CNS 

 Experimental umbilical cord occlusion in fetal sheep, which admittedly does not 
directly mimic the abnormalities in gas exchange that would be expected in clinical 
conditions affected by abnormal placentation, nevertheless induces increases in 
ROS in white and gray matter [ 58 ,  59 ]. Likewise, postnatal acute hypoxia in 
newborn piglets activates cortical apoptosis in a manner dependent on induction of 
neuronal-NOS [ 60 ]. 
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 Oxidative stress during gestation may suppress otherwise potentially adaptive 
induction of antioxidant systems. A mouse model of fetal alcohol syndrome showed 
that daily ethanol administration to pregnant dams from E7-E11 suppressed the 
mRNA expression of fetal brain superoxide dismutase ( Sod1 ), catalase, and gluta-
thione peroxidase measured at E18 [ 61 ]. In a similar rat model of ethanol in  drinking 
water, some of the adverse effects of fetal exposure on brain glutathione in offspring 
were ameliorated by postnatal treatment with ω-3 fatty acids, but it must be empha-
sized that this model system has selective effects on glutathione metabolism, with 
no effect on SOD or catalase expression [ 62 ]. These fi ndings raise the question of 
whether impaired AOE induction could be remedied by supplementation, which is 
addressed in detail elsewhere in this volume.   

    Antioxidant, Antinitrosant System Development in the Lung 

 Several animal model systems demonstrate that, in general, pulmonary AOE expres-
sion is developmentally regulated, with rises in expression and activity [ 63 – 68 ]. 
SOD3 expression rises after birth in preterm and term rabbit [ 69 ], and its expression 
appears to be induced by oxidative stress, although there may be a lack of concor-
dance with activity [ 70 ]. In general, animal studies of oxidative stress in neonatal 
lung injury models show that oxidative stress impairs lung development and that 
antioxidant treatments ameliorate this effect (see Ref. [ 71 ] for review). 

 AOE expression and function in the fetal and neonatal lung are under hormonal 
control of both glucocorticoids and thyroid hormones [ 72 ]. Interestingly, combined 
treatment with thyrotropin releasing hormone (TRH) and glucocorticoids during 
late gestation suppresses fetal rat lung AOE expression and activity, but pups born 
to rat dams after such dual hormone treatment paradoxically exhibit a greater post-
natal induction of AOE activity and expression (at the whole lung level) and slightly 
enhanced survival when exposed to hyperoxia [ 72 ]. These fi ndings suggest addi-
tional mechanisms besides glucocorticoids and TRH that control the AOE system. 

 Nuclear factor (erythroid-derived 2)-like 2, also known as Nrf2, encoded by the 
 NFE2L2  gene, is one candidate for this additional control mechanism, although both 
AP-1 and NF-κB are redox sensitive. Nrf2 is a transcription factor that controls 
expression of several antioxidant genes by binding the antioxidant response element 
and is redox sensitive owing to the thiol of its repressor, Keap1 [ 73 ] (see Ref. [ 74 ] for 
review). Deletion of  Nfe2l2  in adult [ 75 ] and neonatal [ 76 ] mice increases susceptibil-
ity to oxidative stress induced by hyperoxia with commensurate depression of AOE 
expression. Unpublished fi ndings suggest that lung expression of Nrf2 peaks during 
late fetal and early neonatal life in rats [ 77 ]. Surprisingly, there is nothing yet pub-
lished on the cell-specifi c regulation of Nrf2 in fetal and neonatal development. 

 Premature delivery subjects    the immature lung to elevated redox stress at a time 
when endogenous antioxidant systems are being poorly developed [ 64 ]. Indirect 
measurements of redox stress suggested that premature newborns have impaired 
antioxidant capacity [ 78 ,  79 ]. SOD1 and SOD2 expression in fetal lung has been 
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shown to rise in peripheral developing airways in mid-gestation [ 80 ], as does CAT 
[ 81 ]. Although autopsy studies show comparable levels of inducible AOE expres-
sion in lungs from babies that died with BPD compared with those without lung 
disease [ 82 ], we lack information about the level of expression at the initiation of 
the injury process. 

 A number of environmental exposures may also contribute to altered regulation 
of AOE defenses through epigenetic effects. SOD2 regulation by microRNA has 
been reported in the context of intestinal neoplasia [ 83 ], and SOD2 histone methyla-
tion in the retina has been implicated in the development of diabetic retinopathy 
[ 84 ]. NRF2 regulates AOE transcription and has itself been shown to be regulated 
by microRNAs and DNA methylation, chiefl y in the context of neoplasia but also in 
association with xenobiotic exposure (see Ref.  85  for review). Although these 
mechanisms have not been studied directly in the context of the ontogeny of antioxi-
dant systems, circumstantial evidence demonstrates vulnerability of circulating glu-
tathione and cysteine levels in autism in association with redox-relevant epigenetic 
alterations [ 86 ]. 

    Antinitrosant System: Lung 

 Somewhat more is known about the control of NO-driven biological responses in 
developing lung than in placenta or brain. As depicted in Fig.  17.3 , the AOE 
 function is spatially restricted depending on the cellular, subcellular, and tissue 

  Fig. 17.3    Intracellular and extracellular distribution of various antioxidant enzymes and their 
interrelationship.  Trx  thioredoxin,  Prx  peroxiredoxins,  Grx  glutathione reductases,  GPx  glutathi-
one peroxidase,  GSH/GSSG  oxidized, reduced glutathione (Reprinted from Rahman et al. [ 87 ] 
with permission from Elsevier)       
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compartment: this effectively controls, to some extent, the antinitrosant regulation of 
NO-driven processes. For example, TRX, which regulates  S -nitrosothiol abundance, 
is in turn regulated by peroxiredoxins (PRDX) 1 and 2. The whole lung expression 
of PRDX1 peaks near the time of birth in the rat, with a later rise in whole lung 
mRNA. PRDX1 (but not PRDX2) appears to be induced by hyperoxia in neonatal rat 
lung [ 88 ] as it is in newborn baboons [ 89 ]. Consistent with the state of knowledge 
in placenta and brain, surprisingly little is known about developmental TRX expres-
sion in lung. Indirect evidence suggests that exogenously administered TRX could 
serve to augment antioxidant defenses in isolated fetal alveolar epithelium [ 90 ], but 
it is unknown whether it plays such a role as a physiologic response.

   Although ADH3 is a potent reductase of  S -nitrosothiol in the lung, capable of 
terminating  S -nitrosothiol-based signaling [ 91 ], almost nothing is known about its 
pulmonary cell-specifi c expression. It appears to be expressed throughout the gas-
trointestinal tract in adult rat, but with cell-specifi c differences in the magnitude of 
expression, with higher levels in epithelium [ 92 ]. One would expect similar cell 
specifi city in ADH3 expression in the lung, but at present, there are no published 
studies addressing this question.    

    Summary 

 The development of the classical antioxidant enzyme response systems in perinatal 
development takes place in tightly orchestrated, temporospatially specifi ed patterns, 
similar to those patterns typical of embryonic morphogens, and parallels in part the 
expected spatially restricted increases in redox stress observed at the interfaces with 
the circulatory and respiratory systems. Emerging evidence suggests similarly tight 
regulation of systems that produce ROS and RNS as well as those that degrade 
them, in keeping with their nearly ubiquitous role in the control of gene expression 
as well as posttranslational effects on biological responses.     
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           Introduction 

 Under normal conditions, a delicate balance exists between the production of reac-
tive oxygen species (ROS) and the antioxidant defenses that protect cells in vivo. 
The balance may be disturbed by increased ROS production or an inability to quench 
production because of inadequate antioxidant defenses. Increased generation of 
ROS can occur as a result of many conditions affecting newborn infants, including 
hyperoxia, reperfusion, and/or infl ammation (Fig.  18.1 ). There is increasing evi-
dence that links early exposure to oxidative stress with potentially lifelong conse-
quences [ 1 ,  2 ]. The premature infant is especially susceptible to ROS-induced 
damage for two major reasons. First, adequate concentrations of antioxidants may 
be absent at birth (Fig.  18.2 ). Increases in antioxidant capacity are known to occur in 
the latter part of gestation in preparation for the transition to the higher oxygen envi-
ronment that is encountered in extrauterine life [ 3 ]. Second, the ability to increase 
synthesis of antioxidants in response to hyperoxia or other oxidant challenges is 
relatively impaired [ 4 ,  5 ]. This can lead to an increased risk for the development of 
ROS-induced diseases of the newborn, such as bronchopulmonary dysplasia (BPD), 
retinopathy of prematurity (ROP), necrotizing enterocolitis (NEC), and periventricu-
lar leukomalacia (PVL) [ 6 ]. The focus of this chapter will be on current therapeutic 
interventions using antioxidants to reduce ROS-mediated damage known to 
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  Fig. 18.1    Generation of ROS in various cellular compartments and the antioxidant defenses that 
protect cells in vivo. ( a ) Infl ammation, radiation, oxygen toxicity, chemicals, and reperfusion 
injury incite the generation of reactive oxygen species. ( b ) The resulting free radicals can cause 
cellular injury by various mechanisms. ( c ) With SOD, glutathione peroxidase, peroxisomes, vita-
mins, and trace elements, free radicals are neutralized and no cell injury occurs       

  Fig. 18.2    Developmental changes in antioxidant levels and activity during gestation in rabbits. 
The increases in superoxide dismutase ( SOD ), catalase ( CAT ), and glutathione peroxidase ( GP ) 
late in gestation are similar to those seen for pulmonary surfactant ( dark ,  thick line ) [ 3 ]       
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contribute to common neonatal disorders. Since many ROS act as important cell 
signaling molecules, attempts to mitigate ROS production and injury must be 
 balanced against any interference with normal cell homeostatic mechanisms.

        Antioxidants 

    Enzymes 

    Superoxide Dismutase (SOD) 

 Superoxide dismutases (SODs) are enzymes that have signifi cant antioxidant prop-
erties. Three forms of SOD have been identifi ed in mammals: CuZnSOD (SOD1) is 
located primarily in the cytoplasm, MnSOD (SOD2) in the mitochondria, and extra-
cellular (EC)-SOD (SOD3) which is a CuZn-containing protein in extracellular 
spaces. The only known function of SOD is to convert extremely toxic and reactive 
superoxide (O 2  − ) radicals to hydrogen peroxide (H 2 O 2 ) and water. Infants who are 
born prematurely have been found to be relatively defi cient in these enzymes, mak-
ing them much more susceptible to oxidant injury [ 3 ]. The preterm lung is particu-
larly at risk for acute and chronic injury due to direct exposure to supraphysiologic 
oxygen levels after birth and the excess production of ROS [ 7 ]. In 1984, Rosenfeld 
and colleagues randomized infants to receive bovine CuZnSOD or saline subcuta-
neously to determine if SOD could infl uence the development of BPD. Of the sur-
vivors, both radiographic signs and clinical symptoms of BPD were improved in 
those who received SOD, suggesting that this enzyme might play a role in decreas-
ing the severity of BPD [ 8 ]. 

 The effects of recombinant human CuZn superoxide dismutase (rhSOD) were 
fi rst studied in neonatal piglets developing acute lung injury from exposure to hyper-
oxia and mechanical ventilation for 48 h. Those piglets who received a single intra-
tracheal (IT) dose of rhSOD (5 mg/kg suspended in 2 ml/kg of saline) at baseline had 
signifi cantly less infl ammatory changes in tracheal aspirates and bronchoalveolar 
lavage as well as improved histology when the lung was examined by light and elec-
tron microscopy. Labeling studies indicated that the rhSOD was taken up by virtu-
ally every cell type in the lung within 30 min of administration, was present in the 
serum within 4–6 h, and excreted in the urine by 12 h [ 9 ]. This was then followed by 
pilot studies evaluating intratracheal (IT) rhSOD administration in preterm infants. 
The investigators found that both single and multiple doses of rhSOD were well 
tolerated and resulted in signifi cant increases in antioxidant activity in serum, tra-
cheal aspirates, and urine as well as a decrease in infl ammatory markers in the lung 
[ 10 ,  11 ]. The rhSOD excreted in the urine was largely intact (by western blot) and 
still active (by activity gel) for a signifi cant amount of time after IT administration. 

 Davis and colleagues then administered IT rhSOD (5 mg/kg) or placebo every 
48 h (as long as intubation was required) for up to 1 month of age to 302 premature 
infants [ 12 ]. Although there were no differences in the incidence of death or BPD, 
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there was approximately a 50 % reduction in the incidence of severe intraventricular 
hemorrhage (IVH) and periventricular leukomalacia (PVL) which did not quite reach 
statistical signifi cance since the study was not powered to evaluate this. When fol-
lowed to 1 year corrected gestational age (CGA), 37 % of placebo-treated infants had 
repeated episodes of wheezing or other respiratory illness severe enough to require 
treatment with asthma medications compared with 24 % of rhSOD-treated infants 
( p  < 0.05). In infants <27 weeks’ gestation, 42 % receiving placebo had received 
asthma medications compared with 19 % of rhSOD-treated infants ( p  < 0.05). This 
subgroup of rhSOD-treated infants also had a 55 % decrease in emergency room 
visits ( p  < 0.01) and a 44 % decrease in subsequent hospitalizations ( p  < 0.05), 
(Fig.  18.3 ) [ 12 ]. Economic analyses examining the cost-effectiveness of rhSOD 

  Fig. 18.3    ( a ) The use of asthma medications to treat signifi cant respiratory illness in infants 
 followed out to 1 year corrected gestational age in infants receiving recombinant human CuZn 
superoxide dismutase (r-hCuZnSOD). The entire group is presented as well as a subset of higher-
risk infants born at <27 weeks’ gestation (* p  = 0.05, ** p  < 0.05). ( b ) The number of emergency 
room visits and hospital readmissions (all causes) in infants <27 weeks’ gestation at    birth receiving 
r-hCuZnSOD or placebo (* p  = 0.05, ** p  = 0.01) [ 12 ]       
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treatment also found favorable results [ 13 ]. These data indicate that treatment at birth 
with rhSOD may reduce ROS-induced lung, brain, and retinal injury, resulting in 
improved outcome and signifi cantly reduced costs when measured at 1 year CGA.

       Glutathione Peroxidase (GPX) 

 Glutathione peroxidase (GPX) is an antioxidant enzyme contained in erythrocytes 
that detoxifi es peroxides generated from metabolism of the superoxide anion. GPX 
activity has been found to be signifi cantly lower in preterm infants developing BPD 
compared to preterm infants without BPD [ 14 ]. Since reduced GPX activity has also 
been associated with the development of ROP [ 15 ], GPX lends itself as a potential 
treatment option. In laboratory studies measuring oxidative stress in the neonatal rat 
intestine, those rats that were supplemented with oral glutamine or the combination 
of glutamine and arginine had signifi cantly higher levels of GPX than those that 
were not provided glutamine. This suggests that glutamine and arginine supplemen-
tation may help decrease oxidative stress by increasing levels of GPX [ 16 ].   

    Nonenzymatic Proteins 

     Transferrin and Ceruloplasmin 

 Transferrin and ceruloplasmin participate in the metabolism of iron. Since iron is a 
potent oxidizing agent, diminished function or bioavailability would be expected to 
increase susceptibility to oxidative stress [ 17 ]. Lindeman and associates studied post-
natal changes in plasma transferrin, ferroxidase, and ceruloplasmin iron-binding anti-
oxidant activity in ten healthy preterm infants [ 18 ]. Ceruloplasmin levels and 
ferroxidase activity were low at birth and did not increase until 3–6 weeks of life. 
Transferrin levels were also initially low and did not increase at all when measured at 
6 weeks of age. Reductions in the concentrations of these nonenzymatic antioxidants 
may further predispose the preterm infant to increased production of ROS.  

    Recombinant Erythropoietin (rEPO) 

 Erythropoietin (EPO) is a glycoprotein hormone that stimulates red blood cell pro-
duction. It has been postulated that by stimulating erythropoiesis, EPO mobilizes 
iron, decreasing its availability to promote oxidant injury and thus serves as an 
antioxidant. Administration of rEPO to rabbits exposed to hyperoxia resulted in 
inhibition of lipid peroxidation and decreased nonsedimentable protein in bron-
choalveolar lavage. rEPO treatment also decreased alveolar thickening and protein-
aceous exudate in animals in the prolonged hyperoxia group [ 19 ]. Systemic 
treatment of neonatal rodents with rEPO has also been shown to provide 
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neuroprotection against hyperoxia-induced apoptosis [ 20 ]. There have been no 
reports of a reduction in lung injury in preterm infants receiving rEPO for preven-
tion/treatment of anemia of prematurity.   

    Trace Elements 

 Zinc (Zn), copper (Cu), iron (Fe), and selenium (Se) are trace elements which serve 
as important cofactors in many antioxidant enzymatic reactions [ 21 ]. Supplementation 
with these nutrients could potentially optimize total antioxidant capacity and 
improve outcome in preterm infants [ 22 ]. In a recent study, concentrations of these 
trace elements or their associated antioxidant enzymes did not infl uence ROS- 
induced disease processes of the preterm infant [ 21 ]. A Cochrane review analyzed 
three trials administering Se to preterm infants. While infants receiving supplemen-
tal Se had lower rates of sepsis, there were no differences in survival or the inci-
dence of BPD or ROP, suggesting that supplementation with trace elements alone 
did not signifi cantly improve outcome [ 23 ].  

    Oxidizable Molecules 

    Glutathione 

 Glutathione depletion or inadequate synthesis is believed to contribute to the devel-
opmental susceptibility of the preterm newborn to oxidative stress. Low levels in 
tracheal aspirate samples have been associated with the later development of BPD 
in premature infants [ 24 ]. Pharmacologic supplementation was tested in preterm 
infants who received supplemental cysteine in an attempt to stimulate glutathione 
synthesis, since glutathione acts as an antioxidant and is an important co-factor for 
GPX activity [ 25 ]. Despite signifi cant increases in cysteine, glutathione concentra-
tions and synthesis rates did not increase, and ROS-induced injury was not affected.  

    N-Acetylcysteine (NAC) 

 NAC is a precursor of the antioxidant glutathione and is readily taken up into 
 multiple cell types within numerous organs. A large multicenter trial showed no 
reduction in survival, incidence of BPD, or improved pulmonary function at 
term following NAC administration [ 26 ]. NAC has been shown to decrease lipid 
hydroperoxide formation in a rat model but was not found to signifi cantly 
reduce avascularity or neovascularization which are important markers of ROP [ 27 ]. 
NAC pretreatment attenuates lipopolysaccharide (LPS)-induced cerebral white 
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matter injury by replenishment of reduced glutathione, scavenging of ROS, and 
maintenance of peroxisomal proliferation/function via a peroxisome proliferators 
activated receptor-α (PPAR-α)-dependent mechanisms [ 28 ]. LPS-activated microg-
lia induce cell death and greatly impair oligodendrocyte development through ROS-
dependent mechanisms, which may cause selective white matter damage and 
hypomyelination in PVL [ 29 ].   

    Vitamins 

   Vitamin E and BPD 

 Vitamin E has long been known to be a potent antioxidant, and several studies have 
shown that preterm infants are vitamin E defi cient at birth [ 30 ]. Supplementation 
with vitamin E has been studied in multiple trials as a treatment for disorders associ-
ated with oxidative stress in newborns (e.g., BPD). Ehrenkranz and associates 
treated 20 preterm infants with intramuscular vitamin E and 20 infants served as 
controls. No infant required prolonged supplemental oxygen, died, or developed 
radiographic changes consistent with BPD in the treatment group compared to four 
deaths and six with abnormal radiographic changes in the control group [ 31 ]. This 
study supported the notion that vitamin E may decrease oxygen-induced lung dam-
age and paved the way for subsequent clinical trials in preterm newborns. A ran-
domized, double-blind trial then treated infants within the fi rst 24 h of life with 
vitamin E (20 mg/kg) or placebo with repeat dosing while the infant was receiving 
supplemental oxygen. There were no differences in the duration of oxygen or ven-
tilatory support, radiographic fi ndings, or the development of BPD with vitamin E 
treatment [ 32 ]. Subsequent studies of vitamin E supplementation have also failed to 
show a reduction in the incidence of BPD [ 33 – 35 ]. It is important to note the signifi -
cant side effects in infants treated with high doses of vitamin E when serum tocoph-
erol levels were >3.5 mg/dl, such as an increased incidence of sepsis, NEC, and 
unexpected death [ 36 ]. 

 High-dose antenatal vitamins E and C have also been studied in maternal pre- 
eclampsia, with the hope that higher levels of antioxidants at birth may reduce asso-
ciated respiratory morbidity in the newborns. Although respiratory outcomes at 
2 years of age were not signifi cantly different, treated infants had more healthcare 
visits (all causes) compared to those who did not receive high-dose vitamin E and C 
prenatally [ 37 ].  

   Vitamin E and ROP 

 Given that the development of ROP is also infl uenced by excessive oxygen exposure 
and toxicity, vitamin E has also been studied in preventing the development and pro-
gression of ROP. Multiple studies have failed to demonstrate signifi cant reductions in 
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the incidence of ROP between vitamin E-treated infants and placebo controls [ 38 ]. 
In a clinical trial examining prophylactic vitamin E in preventing ROP, an increased 
incidence of sepsis and NEC was also found, indicating the need for extreme caution 
when using pharmacologic doses of these antioxidants in preterm infants [ 39 ].  

   Vitamin E and IVH 

 Since the development of IVH is also thought to be associated with ROS-induced 
injury, studies have been performed to examine prevention by antioxidant supple-
mentation. In one study, the incidence of IVH was compared between neonates 
receiving additional vitamin E via intramuscular injection. The incidence and sever-
ity of IVH were signifi cantly reduced in the vitamin E group compared to placebo 
controls [ 40 ]. A Cochrane review also examined the effects of vitamin E supple-
mentation in preterm infants and concluded that although vitamin E reduced the risk 
of intracranial hemorrhage, there was a signifi cantly increased risk of sepsis which 
precluded the routine use of this treatment [ 34 ].  

   Vitamin A and BPD 

 The role of vitamin A likely is mediated through its action on retinol-binding pro-
tein and the retinoic acid receptor, rather than direct antioxidant effects. Normal 
lung growth is dependent upon vitamin A and the protection it offers against 
repeated oxidative damage. However, many preterm infants are vitamin A defi cient 
at birth which may contribute to a reduction in antioxidant defenses and promote the 
development of BPD in preterm infants [ 41 ,  42 ]. Given this, multiple trials have 
been performed to determine if supplementation with vitamin A can prevent or 
reduce the severity of BPD. A small clinical trial found similar concentrations of 
vitamin A in the placebo and vitamin A treatment groups at 4 weeks of age, also 
noting no change in the incidence of BPD with the treatment [ 43 ]. 

 A Cochrane review in 2011 aimed “to evaluate vitamin A supplementation on the 
incidence of death and/or neonatal chronic lung disease and long-term neurodevel-
opmental disability in very low birth weight (VLBW) infants; and to consider the 
effect of the supplementation, route, dose, and timing [ 44 ].” Nine trials met inclu-
sion criteria, and compared to controls, vitamin A appeared to be benefi cial in reduc-
ing death or BPD at 36 weeks’ postmenstrual age (RR 0.87, 95 %CI 0.77–0.98). At 
1 year corrected age, there were no benefi ts of vitamin A on clinical respiratory 
status. Neurodevelopmental assessment of 88 % of surviving infants in the largest 
trial showed no differences between the groups at 18–22 months corrected gesta-
tional age, with different dosages of vitamin A showing similar results. The authors 
concluded that whether clinicians decide to utilize repeat intramuscular doses of 
vitamin A to prevent BPD may depend upon the local incidence of this outcome and 
the value attached to achieving a modest reduction in this outcome, balanced against 
the lack of other proven benefi ts and the acceptability of treatment. Information on 
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long-term neurodevelopmental status and pulmonary outcome suggests no evidence 
of either benefi t or harm from the intervention, indicating that short-term outcomes 
may not necessarily correlate effectively with longer-term measures of clinical neu-
rologic or pulmonary status.  

   Vitamin C 

 Vitamin C, also known as ascorbic acid, is an antioxidant supplied to neonates pri-
marily through multivitamins and parenteral nutrition. Despite its antioxidant prop-
erties, it has also been shown to have pro-oxidant activity as well depending on the 
dose. High concentrations of ascorbic acid in premature infants at birth have been 
associated with adverse outcomes, likely by inhibition of ferroxidase activity and 
decreased antioxidant activity in these premature infants. The inhibition is depen-
dent on the ratio of ascorbic acid to ceruloplasmin (see section “ Transferrin and 
Ceruloplasmin ”) [ 45 ]. A large randomized controlled trial was performed to deter-
mine if maintaining a lower plasma ascorbic acid level (supplementation with 
10 mg/kg/day) during the fi rst week of life and then higher levels (supplementation 
with 30 mg/kg/day) in weeks 3–4 would be accompanied by decreased morbidity in 
premature infants. Although there were no signifi cant differences in the incidence of 
BPD or ROP between the groups, a trend was noted toward less BPD in infants with 
higher ascorbic acid levels [ 46 ].   

    Others 

   Melatonin 

 Melatonin is a pineal hormone that exhibits antioxidant effects by supporting SOD 
and GPX activities while mitigating lipid peroxidation and ROS-induced cell injury. 
It is an endogenously produced indoleamine and is a highly effective antioxidant 
and free radical scavenger. Melatonin has been studied as an antioxidant in hypoxic 
brain injury, postsurgical procedures, and sepsis. Administration of melatonin in 
neonates undergoing surgery was found to reduce cytokine production and nitrite/
nitrate concentrations as markers of oxidative stress [ 47 ]. Reduced levels of pro- 
infl ammatory cytokines were also seen in infants treated with melatonin who had 
respiratory distress syndrome and required treatment with mechanical ventilation 
[ 48 ]. Melatonin has also been studied as a neuroprotective factor in mouse models 
of PVL. In a recent report, agomelatine and melatonin did not prevent the initial 
appearance of white matter lesions but did promote secondary lesion repair. The 
effects of melatonin were only observed when given within the fi rst 2 h following 
the insult [ 49 ]. In a neonatal rat model, melatonin reduced ROS production, 
increased antioxidant levels, and decreased lung damage in animals exposed to 
 prolonged hyperoxia, indicating a potential protective effect in BPD [ 50 ].  
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   Antenatal Glucocorticoids 

 Antenatal corticosteroids are administered routinely to expectant mothers at risk for 
delivering a premature infant <34 weeks’ gestation. These medications help to 
reduce the severity of respiratory distress syndrome. In addition to stimulating sur-
factant production, antenatal steroids also have been found to reduce oxidative 
stress by enhancing the expression of endogenous antioxidant enzymes. Vento and 
colleagues conducted a prospective study of extremely low gestational age new-
borns whose mothers either received or did not receive a complete course of antena-
tal steroids [ 51 ]. Infants who were exposed to antenatal steroids had less severe lung 
disease and less oxidative stress (reduced-to-oxidized glutathione ratio) at birth and 
on day 1 of life. Expression of SOD and catalase (CAT) was signifi cantly increased 
in those infants whose mother’s received steroids, with greater activity noted in 
females as compared to males. Antenatal steroids have also been shown to signifi -
cantly reduce the incidence of PVL in extremely preterm infants presumably 
through a similar inhibition of infl ammatory changes and production of ROS [ 52 ].  

   Allopurinol 

 Allopurinol is an inhibitor of xanthine oxidase (XO) which is an enzyme that pro-
duces superoxide radicals following hypoxic-ischemic insults, contributing to cell 
death, especially within the brain. Therefore, research has been directed to reducing 
the extent of this injury with allopurinol. A study of 400 preterm infants randomized 
to receive allopurinol or placebo failed to show protection against the primary out-
come of development of PVL [ 53 ]. A recent Cochrane meta-analysis analyzed 
available research involving the impact of allopurinol treatment in reducing adverse 
cellular effects of hypoxic neuronal injury [ 54 ]. Three trials which included 114 
infants were studied, but the results remained insuffi cient to conclude whether treat-
ment with allopurinol in the setting of hypoxic-ischemic encephalopathy has clini-
cally signifi cant benefi ts for these infants.  

   Breast Milk 

 Lutein and the isomer zeaxanthin are carotenoids located in the neuronal retina that 
protect against oxidative and light damage. Human milk is the only dietary source in 
neonates. Studies have shown that lutein is well absorbed in premature neonates after 
oral administration [ 55 ]. However, studies of oral lutein and zeaxanthin administra-
tion failed to show a signifi cant benefi t in the incidence or severity of ROP, NEC, or 
BPD [ 56 ]. Although further studies with larger sample sizes are needed, formula 
companies are routinely adding this compound to preterm formula in an attempt to 
more closely simulate breast milk and improve ROS-induced disease processes. 

 Since upregulation of antioxidants does not seem to occur in preterm infants, 
some groups have studied whether increased ROS could be scavenged by feeding 
human milk [ 57 ]. Stable preterm infants were fed exclusively human milk or preterm 

J.W. Lee and J.M. Davis



339

formula and compared with healthy term controls. As expected, preterm infants 
eliminated greater amounts of urinary oxidative metabolites which correlated with 
birth weight and gestational age compared to term infants. However, formula-fed 
preterm infants excreted signifi cantly higher concentrations of 8-oxodG and o-tyro-
sine (indirect markers of ROS production) than did infants fed human milk. These 
data confi rm the notion that preterm infants are exposed to greater oxidant stress 
than term controls. Enteral feeds of human milk are partially protective, which rein-
forces the benefi cial effects of this mode of feeding.    

    Summary and Conclusions 

 A delicate balance exists between the production of ROS and the antioxidant defenses 
that protect cells in vivo. The balance may be disturbed by increased ROS production 
or an inability to quench production because of inadequate antioxidant defenses. 
Increased generation of ROS can occur as a result of many conditions affecting new-
born infants, including hyperoxia, reperfusion, and/or infl ammation. The premature 
infant is especially susceptible to ROS-induced damage due to inadequate concen-
trations of antioxidants at birth and an impaired ability to increase synthesis of anti-
oxidants in response to hyperoxia or other oxidant challenges. This can lead to an 
increased risk for the development of ROS-induced diseases of the newborn, such as 
BPD, ROP, NEC, and PVL. Therapies aimed at preventing this damage have been 
developed and are actively being studied in this population. Antioxidant enzymes, 
proteins, vitamins, trace elements, and even human breast milk are among the most 
commonly utilized to minimize the effects of these ROS. Many of these agents have 
been studied independently, and it is unlikely that any one agent will be completely 
effective in improving outcomes. Administration of adequate amounts of various 
antioxidants to premature infants to achieve physiologic suffi ciency for many of 
these substances may be diffi cult. There is also the possibility of achieving supra-
physiological concentrations, which may promote pro-oxidant activity and actually 
cause tissue injury. It may be necessary for several approaches to be used to have a 
signifi cant impact on survival and outcome in this vulnerable and high-risk popula-
tion. A better understanding of these relationships will be necessary for the develop-
ment of rational treatments aimed at improving pregnancy outcomes and reducing 
the burden of oxidative stress in premature infants.     
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 The Newborn Infant

Premature infants are vulnerable to the effects of early childbirth, which includes 
immature defenses against the early novel adaptation to oxygen. Developmental 
progress initiated early in the life cycle pushes the normal programming sequence 
in ways we only partially understand. In addition to antioxidant capabilities that are 
pushed possibly too soon, the exposure to excess oxygen is almost routine for the 
smaller younger infant. What role nutrition plays in the mosaic of prematurity is not 
certain, but we do know that what the infant is fed is clinically important perhaps 
more so than at any other time in the life cycle. Every attempt is made to introduce 
human milk as early as possible, the only food made by humans for humans. It is 
clear human milk can be tailored for the premature and perhaps for each and every 
infant. When the premature is too young for suckling, parenteral nutrition is needed 
which unexpectedly may increase the oxidative load of the premature infant. 
Technology while extending the life of many premature infants brings its own prob-
lems in need of resolution. The unfortunate creation of free radicals in solution 
while unintended and in fact only recently recognized creates iatrogenic issues. 
We describe nutritional advances in feeding the premature infant and the important 
role of nutrition as medicine has on outcome.

Childbirth is accompanied by an increase in oxidative stress, as birth is a hyper-
oxic challenge. The fetus is born from an intrauterine hypoxic environment (pO2 of 
20–25 mmHg) to an extrauterine normoxic yet relatively hyperoxic environment 
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with a pO2 of 100 mmHg [86]. Increased exposure to oxygen at high concentrations 
compared with the womb can be accommodated by neonatal animals of many 
 species because of the newborn lungs’ ability to increase its normal battery of pro-
tective antioxidant enzymes during O2 exposure [31]. The evolutionary adaptation 
to extrauterine aerobic existence necessitated the development of efficient cellular 
electron transport systems to produce energy. Along with this challenge of energy- 
producing oxidative metabolism, biochemical defenses including antioxidant 
enzymes evolved to protect against oxidation of cellular constituents by oxygen 
radicals [32].

Antioxidant enzymes mature during late gestation [95] accompanied by an 
increased transfer of antioxidants across the placenta, including vitamins E and C, 
betacarotenes, and ubiquinone during the latter stage of gestation [38, 39, 94]. 
While disease in newborns have been extensively studied, particularly in the prema-
ture infant [2] little is known about neonatal adaptation to physiologic stress of 
delivery and early postnatal life in normal full-term healthy infants.

Not all free radicals are “bad.” ROS play a major and important role in signal 
transduction and are required for development. How the newborn infant can cope 
with possible excess exposure to ROS is not yet clear. Developing antioxidant 
defense mechanisms may be overcome by the generation of excessive ROS during 
the neonatal period. We and others have shown that human milk provides antioxi-
dant protection in early life with the ability to scavenge free radicals, a function not 
seen in artificial infant feeds [13, 38, 39]. Indeed, van Zoeren-Grobben reported that 
infants fed human milk had higher resistance to oxidative stress, than did control 
infants who were formula fed [114]. This may be due to the presence of antioxidant 
enzymes glutathione peroxidase (GPx), catalase (Cat), and superoxide dismutase 
(SOD) in human milk, but not in formula [63]. Further, in addition to their antioxi-
dant effect in the gut, these enzymes may pass intact through the porous neonatal 
intestine early in infancy [38, 39].

We hypothesize that early infancy would be a time of oxidative stress due to the 
major shift in oxygen exposure and the difficulty of adapting to ambient oxygen. 
Therefore, we assessed lipid peroxidation, the activity of antioxidant enzymes, and 
the ability to resist oxidative stress in full-term healthy breast-fed infants during the 
1st year of life. As a measure of lipid peroxidation we measured F2-isoprostanes, 
which are prostaglandin F2-like compounds produced by free radical-catalyzed per-
oxidation of arachidonic acid [85].

We found markedly elevated levels of F2-isoprostanes in plasma in early infancy 
and a decreasing ability to resist oxidative stress [36]. The rapid decline in F2- 
isoprostanes between 1 and 3 and 3 and 6 months to normal adult levels [85] suggests 
that these infants adjusted to oxidative stress due to birth itself over time. In support 
of these findings, both SOD and CAT in red blood cells increased between 1 and 3 
months and then declined, suggesting a response to oxidative stress that appears to 
normalize with age. Another interpretation might be that metabolites of arachidonic 
acid or F2-isoprostanes themselves are required for cell signaling or other processes 
in the rapidly growing child. Growth rate is the greatest at that time of life.
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The most likely candidates for early stress are the transition from a hypoxic envi-
ronment in the womb to a relatively hyperoxic extrauterine environment and a high 
metabolic rate requiring a high level of mitochondrial respiration and subsequent 
increased mitochondrial superoxide formation [81]. High levels of inspired oxygen 
are required to maintain arterial oxygen tension necessary for postnatal life and are 
substantially higher than those normally present during fetal existence. Therefore, 
newborns are exposed to more reactive oxygen species (ROS) than they would be 
had they remained in utero. The transition from fetus to newborn can be stressful as 
seen from supportive evidence concerning the mortality rate in the first 28 days of 
life compared with the remainder of infancy [79]. In North America, 67 % of all 
deaths during the 1st year occur in the 1st month of life. This data suggests that the 
transition from the womb to the extrauterine environment may be an oxidative chal-
lenge that may overwhelm the antioxidant capacity of the organism and be one 
possible reason that not all infants can survive this event. That this challenge 
involves an oxidative stress in coping with ambient oxygen pressure has been shown 
in several studies [12, 15, 96, 117].

There are numerous reports in the literature of oxidative stress associated with 
birth. Higher lipid peroxidation reflected by increased malondialdehyde levels 
(MDA) in cord blood compared to the neonatal period suggests oxidative stress dur-
ing the birth process [96, 117]. Other studies report increased lipid peroxidation in 
newborn infants; however, these results are difficult to interpret as the methods are 
not universally accepted.

Collectively these data suggest that newborn infants are experiencing oxidative 
stress that resolves only with age. Possible mechanisms may include the degrada-
tion of fetal erythrocytes that are present in early infancy. In vitro, fetal erythrocytes 
produce more superoxide and hydrogen peroxide than do adult red blood cells [53]. 
It is known that during the fetal–neonatal transition period, dramatic changes are 
occurring in the pO2 in the lung and blood cells with a more gradual change in liver 
and brain. These changes may result in increased oxidative stress to cells.

 Role of Nutrition

Gonzalez et al. [44] suggested that changes in antioxidant defenses could be affected 
by beginning food intake after birth, which entails higher hepatic metabolism rate 
as well as increased oxygen consumption. We reported no differences in any of our 
measurements of full-term infants according to type of feed, whether by bottle or by 
breast-feeding [36]. Others [47] reported that bottle-fed infants from 2–4 months of 
age had lower MDA than did breast-fed infants and attributed these findings to 
higher levels of long-chain fatty acids, present in human milk (HM) but not formu-
las (F). Infant formulas have been fortified with DHA (all-cis-docosa- 
4,7,10,13,16,19-hexaenoic acid) and EPA (all-cis-5,8,11,14,17-icosapentanenoic 
acid) long-chain fatty acids (Mead Johnson, Evansville, IN). The effect on oxidative 
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stress seen in early infancy by formula-fed infants with these new fatty acid supple-
ments remains to be determined. An alternative explanation could be the presumed 
higher energy cost of sucking on the breast compared to the bottle.

HM is the ideal first food during infancy. In addition to being the best source of 
nutrients, it also supplies a number of beyond nutrition defense factors for the grow-
ing infant. Protection by HM resides in a complex system of host defense factors 
that are distinct from other mammalian milks [43]. Buescher and McIlheran [13] 
reported that human colostrum manifests antioxidant properties, being capable of 
spontaneous reduction of cytochrome c, depletion of polymorphonuclear leukocyte- 
produced H2O2, and protection of epithelial cells from polymorphonuclear 
leukocyte- mediated detachment. We do not know the complete array of active anti-
oxidant components in HM. It is known, however, that scavengers of free radicals, 
which include (alpha)-tocopherol, cysteine, and ascorbate, are considerably higher 
in HM than in cow’s milk [62]. In addition, GPx (EC 1.161.9), SOD (EC 1.15.1.1) 
[90], and CAT (EC 1.11.1.6) are also present in HM [62, 63] to assist in the destruc-
tion of H2O2.

Cow’s milk is not routinely fed to human infants but is modified into humanized 
formulas that are more comparable to HM. These formulas routinely have excess 
chain-breaking antioxidants compared with HM [42]. Goldman et al. [42] state that 
many factors, including antioxidants, are either absent or poorly represented in 
cow’s milk or other artificial feedings. Van Zoeren-Grobben et al. [114] reported 
that premature infants who were fed HM had higher plasma peroxyl radical- trapping 
ability in vitro than did control infants who were formula fed. Milk from mothers of 
PT infants is also known to vary in composition from milk from mothers of FT 
infants [78].

The role of nonenzymatic, bioactive antioxidants in HM is important because 
endogenous infant enzyme maturation appears not before 28 weeks of gestation, 
and the transfer of vitamin E from mother to fetus occurs primarily during the last 
trimester [39]. An undeveloped antioxidant defense system in both premature and 
full-term newborns leaves them susceptible to oxidative stress [92]. We postulate 
that HM with bioactive agents is crucial to newborns and will assist in reducing 
oxidative stress, while physiologic defenses are underdeveloped. The identification 
of these naturally occurring bioactives in HM is underway in our and other 
laboratories.

As an example, we reported that tryptophan (Trp) appears to be a powerful free 
radical scavenger naturally present in HM [110]. HM contains a higher content of 
Trp than do both soy- and milk-based infant formulas [100]. Trp content of HM 
protein is about 2.2–2.4 % compared with 1.3 % in cow milk protein and approxi-
mately 1.7 % in whey protein-supplemented infant formulas. Trp is a precursor in 
the synthesis of the neurotransmitter serotonin, which is involved in the regulation 
of appetite, circadian rhythm, and affective reaction control. Steinberg et al. [108] 
fed healthy term infant formulas supplemented with 294, 588, and 882 μM/L of free 
Trp and reported shorter sleep latency in the Trp- fortified formula groups. Trp may 
be a potent antioxidant for consideration of addition to infant formulas to relive 
oxidative stress.
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 Introduction to Solid Food

With the recent recommendation from Health Canada [46] to extend exclusive 
breast-feeding to 6 months of age, there has arisen concern about what is the best 
solid food to introduce at that time. This is because traditionally solids were intro-
duced in Canada at 4–6 months [37], and usually iron-fortified rice cereal was the 
first food of choice. By extending exclusive breast-feeding to 6 months, this has 
pushed ahead the time of introduction of solid food from 4 to 6 months. In addition 
to meeting iron needs, we are concerned about the possible generation of reactive 
oxygen species (ROS) in the gut of the infant fed traditional iron-fortified cereals. 
Infant cereals are fortified at 25–30 mg iron per 100 g dry-weight [37]. Absorption 
of the nonheme electrolytic iron ranges from 5 to 10 % [30], so that most of the 
residual iron enters the colon. Normally excess iron is sequestered by a variety of 
mechanisms in the body, but there is no such system for the sequestering of iron in 
the gut lumen. Iron supplements in adults where the majority of the iron is unab-
sorbed and passes through the digestive tract can lead to the generation of ROS in 
the colon [90]. These effects are seen in adults receiving 1 mg/kg/day supplemental 
iron. By 5–6 months of age, infants consuming iron- fortified cereals will receive the 
same dose and are likely producing ROS in their digestive tract [90]. This may 
cause inflammation and make infants more susceptible to disease. We are conduct-
ing a study to examine this hypothesis where we provide meats and infant cereals 
with phenolic antioxidants available from fruits that may reduce the generation of 
ROS in vivo.

 The Premature Infant

 Introduction

Premature infants (<37 weeks’ gestation) are a very vulnerable group in the popula-
tion. While they account for 5–7 % of all live births, they are responsible for 40 % 
of all infant deaths. Those that survive are at a high risk for handicap and medical 
complications that are extremely costly to the health care system as well as compro-
mising the quality of their lives. VLBW infants suffer from a multitude of diseases—
including: chronic lung disease (CLD) or bronchopulmonary dysplasia (BPD) and 
respiratory distress syndrome (RDS); necrotizing enterocolitis (NEC), an inflamma-
tion of the small intestine; intraventricular–periventricular hemorrhage (IVH–PVH) 
a brain injury often leading to developmental abnormalities; and retinopathy of pre-
maturity (ROP), damage to blood vessels in the retina—and the risk of abnormal 
development due to high inspired oxygen concentrations, among other factors.

Due to immature lung development, immediately after birth, premature infants 
do not get enough oxygen (hypoxia) and therefore require supplemental oxygen, 
often as high as 100 %. Because of the high levels of inspired oxygen required to 
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maintain arterial oxygen tension necessary for postnatal life, which are substantially 
higher than those that would normally be present during fetal existence, these 
infants are far more exposed to reactive oxygen species (ROS) than they would be 
had they remained in utero. Saugstad [101] suggests that all the factors, conditions, 
and problems affecting premature infants are the outcome of one unifying disease, 
“oxygen radical disease.” He suggests that there is higher production and lower 
protection against free radicals, and both molecular and genetic rationales have 
been reported [102]. Clearly there is a need to reduce oxidative stress and/or boost 
antioxidant defenses in these vulnerable infants. Data from our group [38, 39] and 
others [13, 114] suggests that HM has antioxidant properties that will assist the 
premature in coping with increased oxidative stress.

 Feeding Practices

Very low birthweight premature infants (VLBW) are defined as those infants 
<1,500 g birthweight. Almost all infants <1,000 g birthweight require mechanical 
ventilation and supplemental oxygen. Because oxygen must be delivered in excess 
of room air, often by mechanical means, this may play a role in their sequellae of 
diseases.

Feeding practices for the VLBW infant during the first week of life vary from 
unit to unit [82, 89]. VLBW infants usually receive electrolytes and dextrose soon 
after birth. They routinely start parenteral nutrition (PN) consisting of amino acids, 
lipids, and micronutrients including vitamins and trace elements, within 2–3 days of 
birth. Fluid intake starts at 65–80 mL/kg bodyweight/day increasing to 150–180 mL/
kg/day by 5–7 days of life. The aim is full oral feeds with partial feeds started 
slowly to prime the gut [89].

Ideally premature infants should be fed their own mother’s milk [89]. VLBW 
infants often are not able to suckle due to neurodevelopmental immaturity or due to 
their medical condition requiring orogastric feeding of expressed breastmilk. 
Difficulty in expressing breastmilk (manually or by lactation pumps) also contributes 
to the full or partial formula feeding in this population compared to full-term infants.

 Reactive Oxygen Species and the Premature Infant

ROS are extremely reactive species that are essential in many biological processes. 
However, they also have the potential to cause damage when generated in excessive 
amounts or when acting on inadequately protected tissues. ROS play a role in injury 
caused by hypoxia and ischemia (reperfusion injury) and are involved in the inflam-
matory process. Oxidative injury has been proposed to be an essential condition 
explaining some of the major sequellae of premature birth, such as BPD, ROP, 
NEC, and IVH [49].
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The superoxide anion is formed when molecular oxygen acquires an additional 
electron: O2 + e− → O2

−.

Normally, the superoxide anion is short lived and is converted to hydrogen 
 peroxide by the enzyme superoxide dismutase. Superoxide can then go on to form 
hydrogen peroxide, H2O2:

 2 22 2 2 2O H H O O- ++ ® +.

 

Hydrogen peroxide can react with Fe2+, resulting in the formation of hydroxyl 
radical (HO−):

 O Fe O Fe2
3 22- + ++ ® +.

 

 
Fe H O Fe HO HO Fenton2

2 2
3+ + -+ ® + + ( ).

 

Global reaction (Haber-Weiss):

 O H O O HO HO2 2 2 2
- -+ ® + +. .

 

The hydroxyl free radical is a very energetic, short-lived toxic oxygen species [1]. 
An excess of oxidant generation may overwhelm body defenses resulting in tissue 
injury so that some investigators recommend direct antioxidant therapy [14].

 Increased Postnatal Oxidative Stress in Premature Infants

Premature infants are routinely exposed to supplemental oxygen (>21 % room air) 
due to the immaturity of their lungs. Intercurrent problems of lung disease, sepsis 
and poor respiratory control, generate situations where infants are transiently 
exposed to high inspired oxygen concentrations (FiO2) during resuscitation [10]. 
This results in alternating periods of hypoxia and hyperoxia. These may be associ-
ated with depressed cardiac output, vasoconstriction of critical vascular beds, and 
low blood pressure, resulting in ischemia as well as hypoxia of tissues. Ischemia–
reperfusion injury is well characterized in heart disease leading to cellular damage 
and dysfunction. Free radical generation has been shown to occur in ischemia–
reperfusion injury and is likely responsible for ensuing tissue damage [103]. Within 
and adjacent to cells throughout the body, oxygen can react with pro-oxidants to 
produce ROS that can produce inflammation as well as cell death. The most impor-
tant sequellae of prematurity appear to be due to inadequate protection against oxi-
dant stress [101, 102]. Post-hypoxic reoxygenating injury caused by ROS may be a 
key factor. Ischemia–reperfusion injury is now recognized as a probable contribut-
ing factor to much of the morbidity of premature infants as described below.

VLBW infants have an increased susceptibility to brain damage as 5–15 % 
develop cerebral palsy and an additional 25–50 % have less severe neurological 
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deficits [116]. Due to higher pO2 and the developmental immaturity of their free 
radical defenses, the brain appears to be susceptible to oxidative stress. Premature 
infants who showed more oxidative stress at birth were more likely to develop brain 
damage as periventricular leukomalacia [55]. Lung injury and eye damage due to 
hyperoxia and free radical-mediated damage are strongly implicated [4, 49].

Respiratory distress due to RDS occurs in the majority of cases because of a 
surfactant deficiency at the gas–liquid interface. About 14 % of all infants <2,500 g 
at birth and 60 % of infants born at 29 weeks or less will suffer from RDS. Because 
of this condition, oxygen requirements may increase from 21 % (room air) and may 
reach 100 % after 48 h. BPD or CLD is often related to mechanical ventilation that 
is often required with supplemental oxygen. BPD is defined as either an oxygen 
requirement at 28 days of life plus confirmation by radiography or supplemental 
oxygen at 36 weeks [101]. Inhaled nitric oxide, a major player in the physiology of 
ROS, given to infants at risk for BPD does not alter biomarkers of oxidative stress 
and appears to be safe [10].

Necrotizing enterocolitis (NEC) is an inflammation of the small intestine and 
bowel surface, with infiltration of epithelial cells by bacteria. While its etiology is 
unclear, it may be precipitated by ischemia–reperfusion injury [101]. Nutrition may 
be both a causative and preventative factor.

Intraventricular–periventricular hemorrhage (IVH–PVH) is a brain injury,  usually 
occurring within 24–48 h after birth (95 % occur by 3 days) or may occur later. It is 
believed to be an ischemic injury followed by reperfusion injury. IVH–PVH in its 
severest form carries a high risk of poor neurodevelopmental outcome (≥50 %).

ROP is oxygen-induced damage to blood vessels in the retina that are undergoing 
neovascularization. Oxygen therapy in the early 1940s led to an epidemic of ROP 
[49], ending with a more judicious use of oxygen. Increased oxygen can be admin-
istered at controlled levels without inducing ROP, but high levels of oxygen before 
32 weeks are still a serious concern for the genesis of ROP.

Saugstad [101] has proposed that the above diseases are expressions of an inabil-
ity to cope with an overexposure to ROS. Hypoxia at birth leads to a breakdown of 
ATP to hypoxanthine and a conversion of xanthine dehydrogenase to xanthine oxi-
dase (XOD), which circulates systematically after release from the liver. XOD is 
also highly concentrated in the lung and in the gut of the newborn. Once reperfusion 
occurs, oxygen is available to form the superoxide radical. From here, tissue dam-
age is inevitable.

 Evidence for the Role of Damage Done by ROS in Prematurity

There is increasing experimental and clinical data that ROS are formed too rapidly 
to be detoxified by the immature defenses of premature infants. Tissue damage is 
increased in premature infants exposed to supplemental oxygen. Plasma F2 isopros-
tanes were more than threefold higher in the cord blood of premature infants than in 
adults [24] and higher than those of term infants. Berger et al. [12] found increased 
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oxidative stress in premature infants due to unbound iron in the blood suggesting 
that premature infants are at risk of ROS damage. Vitamin C and E levels are low in 
preterm infants [114]. Berger et al. [12] proposed that low vitamin C might increase 
the risk of oxidant injury, manifested as BPD and IVH-PH. Increased urinary 
o-tyrosine at 1 week of life was associated with increased inspired oxygen [23]. 
Buonocore et al. found increased oxidation in the cord blood of hypoxic newborn 
infants and in premature infants at birth and 7 days of life [16]. However, an increase 
in biomarkers of oxidative stress does not confirm or imply causality. Indeed several 
clinical trials with antioxidants have not produced positive results [51].

 Defense Against ROS Attack

Normally we defend against ROS with antioxidants and several essential nutrients 
act as antioxidants. Enzymatic defenses include superoxide dismutase (SOD), glu-
tathione peroxidase (GHSPx), and catalase (CAT). PUFA can protect against oxy-
gen toxicity [109], and/or the premature can cope with potential oxidative stress 
form lipid nutrition [52]. The maturity of the antioxidant enzymes may peak in late 
gestation in different species. It may be that preterm babies have prompter involve-
ment of antioxidant defenses than term babies. As well, this group reported that 
GSH concentration in VLBW infants increases significantly after birth. A concomi-
tant increased synthesis rate was not found, suggesting that GSH consumption 
decreases upon amino acid administration [98].

 The Role of Nutrition in Prematurity

Given the growing role of oxidative stress in newborn preterm morbidity, one of the 
goals of modern neonatology is to minimize free radical production and promote 
the development of adequate antioxidant systems through an adequate nutritional 
strategy. Appropriate administration of total parenteral solutions and lipid emul-
sions with light protection can minimize the risk of peroxidation. Providing the 
baby with amino acid substrates for cellular glutathione synthesis immediately after 
birth promotes antioxidant defenses at the early stages of life. Minimal enteral nutri-
tion has been shown to improve the adaptation of the immature intestine to oral 
feeds [99]. Breast milk has been found to have many advantages over formula, 
including the potential to provide antioxidant protection to infants. It is conceivable 
that these antioxidants in breast milk help to eliminate free radicals in infants. 
The role of vitamin administration in preterm nutrition has not yet been established. 
Clinical trials carried out to test the efficacy of antioxidant drugs or vitamins were 
inconclusive. At present, there are no evidence-based recommendations with the 
use of nutritional strategies or antioxidant drugs to minimize oxidative stress in the 
management of preterm infants [92, 101]. Of further concern, Laborie et al. [64] 
reported that liquid vitamin preparations for enteral administration are 
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contaminated with high level of peroxides. The administration of these oral vitamin 
solutions to premature infants (33 ± 1 weeks) who are in transition between paren-
teral and enteral nutrition (at 9 ± 1 days of life) was associated with a higher concen-
tration of peroxides in their urine.

 Antioxidant Properties of Human Milk to Defend Against ROS

Human milk is the ideal first food during infancy. In fact human milk may provide 
some of the defenses needed for the premature infant that are not available due to 
the immature development of antioxidant systems [13]. In addition to GPx in moth-
er’s milk [63], there is another peroxidase in human milk that may protect the mam-
mary gland [6]. Breast milk also seems to contain substances that reduce hydroxyl 
radical formation [3, 77].

Early feeding of human milk compared to cow’s milk-based infant formulas 
reduces the incidence of NEC in the premature infant [105] and appears to protect 
against sepsis [40]. Premature infants who were human milk fed had higher 
plasma peroxyl radical-trapping ability in vitro than did control formula-fed 
infants [114]. Premature infants may absorb intact apolactoferrin from human 
milk into their plasma sufficient to boost plasma antioxidant capacity by seques-
tering iron, as digestion of proteins in human milk is not fully developed in the 
newborn. It needs to be considered that positive results from in vitro testing may 
not be reflected in vivo.

We hypothesize that CAT, SOD, and GPx which exist in human milk may exert 
their influence directly in the gut or even be absorbed whole in the “leaky” gut of the 
infant to provide systemic protection [38, 39]. Several groups [7, 60, 112] have cor-
roborated these findings and confirm that mother’s milk can assist in preventing 
oxidative stress.

Developing enterocytes are subjected to oxidative stress as part of their normal 
metabolism. It may be that human milk of the premature infant compensates for 
underdevelopment as it does for other nutrients [5]. There is clinical evidence that 
mother’s milk may be protective against mucosal injury in developing intestine 
[25]. As described below, we have found that HM is better able to scavenge free 
radicals than are artificial humanized formulas [6]. The exact mechanism how this 
is done has not been elucidated. This data has important consequences for the 
developing premature.

 Human Milk Fortification

Normal standard of care for the premature infant is to add human milk fortifier 
(HMF) to expressed breast milk [25, 35]. However, little work with HMF beyond 
tolerance and growth of premature infants has been carried out. In order to assess 
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the effect of HMF on oxidant/antioxidant status, we studied 65 PT infants (birth 
weight, 1,146 ± 261 g; GA, 29 ± 2.5 weeks; mean ± SD) biweekly, once oral feeds 
were introduced [35]. Feeding groups—F (>75 % total feeds) and HM (>75 % total 
feeds)—were further subdivided according to human milk fortifier (HMF) content 
of 0–19, 20–49, and ≥50 %. Oxidative stress was quantified by F2-isoprostanes 
(F2-IsoPs) in urine, protein carbonyls, and oxygen radical absorbance capacity 
(ORAC) in plasma. Highest isoprostane values occurred in infants with >50 % of 
their mother’s milk fortified. This was unexpected as isoprostanes were higher in 
formula-fed infants than those fed HM only. Isoprostanes are the breakdown prod-
uct of lipid peroxidation and are seen as a sign of oxidative stress [85]. Chen et al. 
[17] have identified a novel physiological role for isoprostanes during postnatal 
vascular transition and provide evidence that oxidative stress may act on membrane 
lipids to produce vasoactive mediators that stimulate physiological DA closure at 
birth or induce pathological patency of the preterm DA. The possible mechanisms 
for the generation of lipid peroxidation in the HMF-fed infant are unknown.

 Iron

Iron supplementation may be associated with oxidative stress particularly in prema-
ture infants. In a previous study, our purpose was to examine (1) early supplemental 
iron during treatment with erythropoietin (EPO) and oxidative stress and (2) 
enhanced iron absorption during EPO in those infants receiving human milk. 
Therefore, we determined the effect of erythropoietin plus supplemental iron intakes 
(4 mg/kg/day) on antioxidant status and iron incorporation. Data suggest that during 
erythropoietin therapy, antioxidant defense in VLBW infants are capable of dealing 
with early supplemental iron during treatment with EPO [34].

 Parenteral Nutrition

 Introduction

Because the smallest premature neonates (<31 weeks of gestation) require intrave-
nous nutrition to compensate for their gastrointestinal immaturity, parenteral nutri-
tion may be a safe way to enhance their weak antioxidant capacity. While parenteral 
nutrition provides antioxidant vitamins such as vitamins C and E, it is contaminated 
by high concentrations of oxidant molecules such as peroxides [11, 65, 66, 68, 75]. 
As a consequence, parenteral nutrition is associated with oxidative stress and with 
several pathological complications, as demonstrated in newborn animal studies and 
in premature infants themselves.

In the following sections, we will present evidence documenting the impact of 
parenteral nutrition, and its specific components on the oxidant status of neonates, how 
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these nutrients generate oxidant molecules, and how they might enhance antioxidant 
defenses of the newborn. Figure 19.1 summarizes some of the nutrient–oxidant inter-
actions presented in the present section of this chapter. The impacts of these reactions 
on biological or clinical phenotypes will be addressed in newborn animal models as 
well as in premature newborn infants. Finally, potential solutions will be discussed.

 TPN as Source of Oxidant Molecules

 Multivitamin Preparation

Generation of H2O2

Total parenteral nutrition (TPN) contains the following elements that are required to 
sustain basal metabolism and growth: glucose, amino acids, lipids, vitamins, and 
trace elements. Several of these nutrients have the potential to influence the genera-
tion of oxidant molecules in solution. The presence in the same solution of strong 
electron donors such as polyunsaturated fatty acids (PUFA) from the lipid emulsion 
and vitamin C from multivitamin preparation (MVP), combined with a strong 
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electron acceptor such as dissolved oxygen, will lead to oxidation of PUFA and 
vitamin C and reduction of oxygen. These interactions result in (1) a production of 
lipid peroxides [88, 104], (2) oxidation of ascorbate in dehydroascorbate that is 
rapidly degraded leading to the lost of this antioxidant vitamin [9, 27, 67], and (3) 
production of hydrogen peroxide (H2O2) from the reduction of oxygen [65, 66]. In 
fact, close to 80 % of peroxides generated in TPN are in the form of H2O2 [66]. 
Because ascorbate is the strongest reducer present in TPN, it is the primary con-
tributor to the generation of peroxides [65]. Furthermore, riboflavin, a component of 
MVP, is a light-sensitive molecule that uses energy from ambient light to accelerate 
the reaction between vitamin C and O2 leading to the generation of H2O2 [65]. 
Adequate photo-protection of TPN reduces by half the concentration of peroxides 
[11, 66, 75]. Figure 19.2 portrays the components taking part in the interactions 
between riboflavin, ascorbate, and light on the generation of peroxides. Thus, 
 parenteral multivitamin preparations and ambient light are considered the main 
 contributors to the generation of peroxides in TPN [11, 66].

Impact of H2O2 Infused with TPN

In isolated cells, the levels of peroxides as measured in TPN or MVP solution 
exposed to ambient light are toxic. These concentrations of peroxides are sufficient 
to induce cell death within 3–4 h incubation in endothelial cells from human umbili-
cal vein in primary culture. The toxic effect is even significantly more pronounced 
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Fig. 19.2 Peroxide generation in function of time in different multivitamin preparations. Panel (a) 
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if cells are derived from male infants [67]. Incubation of cultured human skin fibro-
blasts with a solution containing MVP induces damages to the DNA (single- and 
double-strand breaks) leading to cell death if the MVP solution was previously 
exposed to ambient light [118]. These observations were reproduced with H2O2 
[118]. However, this toxicity may well be very different if the oxidant solutions are 
administrated into the blood stream where red blood cells have a strong catalase 
activity. Hence, the importance of documenting if infants can detoxify the oxidants 
generated and infused in TPN. Two days after the introduction of MVP in intrave-
nous nutrition of premature infants, their urinary concentration of peroxides rises 
[11], independently of the presence of lipid emulsion or amino acids [18]. Full 
photo-protection of TPN against ambient light prevents the increase of peroxides in 
urine of these neonates [11, 18, 70]. This data suggests that neonates are unable to 
quench infused peroxides, at least if TPN is not adequately photo-protected.

Infusion of solutions containing MVP or hydrogen peroxide to newborn guinea 
pigs is associated in the lungs with a reduced level of glutathione [69] and a lower 
catabolism of PGE2 and PGF2 [69], which is known to be sensitive to oxidation [8]. 
In the liver of these animals, H2O2 induces (1) a lower level of glutathione; (2) a 
lower ratio of prostacyclin/thromboxane, an index of radical injury [18, 19, 48]; and 
(3) a higher level of F2α isoprostanes. In contrast to the lung, these effects of H2O2 
are not reproduced in the liver by infusion of a solution containing MVP [18, 19]. 
Antioxidant vitamins from MVP seem to quench free radicals derived from H2O2 in 
the liver, but not in the lungs. Could this be related to the fact that unlike vitamin C, 
vitamin E may accumulate in the liver [71]?

Effect of Light

To reproduce in premature infants studies similar to those performed in animals is 
challenging because of the absence of a control group, namely, premature infants 
who are not exposed to intravenous peroxides. Indeed, parenteral nutrition free of 
peroxide does not yet exist. As well, finding those extremely premature infants who 
are not receiving some form of TPN in the early days of life is very rare. Thus, in 
neonates it is only the impact of differential level of peroxides that may be investi-
gated by applying photo-protection to TPN. Infants receiving the complete formula-
tion of parenteral nutrition are infused with some 350–400 μM peroxides, whereas 
those infused with photo-protected TPN receive around 175–200 μM peroxides 
[75]. Even if this appears as a limited reduction of peroxide content, photo- protection 
of TPN does influence the metabolism of these infants. Indeed, the usual increase in 
plasma triacylglycerol observed during the first week of life of premature infants on 
TPN does not occur if the parenteral solution is shielded from light [56]. Similar 
results have been observed in newborn guinea pigs infused with a solution contain-
ing dextrose with MVP or with TPN, as the absence of photo-protection led to a 
higher level of plasma triacylglycerol and hepatic steatosis [22]. These effects were 
not reproduced by infusion of H2O2 [22]. The apparent free radical protection 
against MVP in the liver [18, 19], as mentioned in section “Impact of H2O2 infused 
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with TPN”), and the absence of an effect of H2O2 suggest that another compound 
generated during light exposure of MVP may be responsible for the observed disor-
der in lipid metabolism. A different line of investigation has suggested that an ascor-
bylperoxide [57, 70, 72], deriving from the interaction between H2O2 and 
dehydroascorbate generated in TPN [57], might well be the active agent leading to 
a higher triacylglycerol synthesis [80].

Further evidence that shielding TPN against ambient light has a beneficial impact 
in premature infants is provided by the observed reduction in the incidence of 
chronic lung disease [11] or bronchopulmonary dysplasia [21]. Incidences are lower 
in preterm newborn infants receiving photo-protected TPN. A similar protective 
effect was observed in lungs of newborn guinea pigs. The number of alveoli was 
lower in animals infused with TPN or MVP lacking adequate photo-protection [70, 
72, 75]. Reduced alveolar development is a characteristic feature of bronchopulmo-
nary dysplasia [50]. The lungs having a lower number of alveoli presented a higher 
number of apoptotic events [70, 72]. Thus, the simple fact of shielding TPN from 
ambient light seems to be sufficient to prevent or reduce the impact of oxidative 
stress in premature infants. In contrast, a recent study failed to demonstrate a benefi-
cial impact of light protection of TPN on oxidative stress when the multivitamin 
preparation was added to the lipid emulsion [23]. In this study, TPN was adminis-
tered as a binary solution (see section “Lipid emulsion”), in which the lipid emul-
sion is administered separately from the other components (dextrose, amino acids, 
trace elements), and only the lipid moiety of TPN was subjected to light protection. 
Adding multivitamins to the amino acids part (unprotected against light) or to the 
lipid moiety of TPN led to no difference at 1 week of age in three markers of oxida-
tive stress: urinary F2α-isoprostanes, urinary di-tyrosine, and blood redox potential 
of glutathione [23]. The fact that the concentration of these three markers was higher 
than those reported in adults suggests that beyond the photo-protection, oxidative 
stress remains a distinguishing feature in this population of very immature infants.

The positive relationship found in this same study [23] between the redox poten-
tial of glutathione and the severity of BPD (the more oxidized the redox, the more 
severe was BPD) points to the importance of glutathione as a central antioxidant, an 
anti-peroxide (via glutathione peroxidase), or a key player in cellular redox signal-
ing. The low glutathione levels reported in premature neonates [67] may explain this 
oxidized redox potential [23]. Furthermore, as presented in section “Impact of H2O2 
infused with TPN,” the infusion of MVP or H2O2 does induce also a lower level of 
glutathione in the lungs [69].

 Lipid Emulsion

TPN is administered as a binary solution or as all in one. The binary mode consists 
in separating the lipid emulsion from the other components of TPN (dextrose, amino 
acids, trace elements); the lipid emulsion is mixed with the other components close 
to the site of infusion. The multivitamin preparation is generally added to the dex-
trose–amino acids moiety of TPN or separately. Water-soluble vitamins are mixed 
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with the dextrose–amino acid preparation, while the liposoluble vitamins are mixed 
with the lipid emulsion. The all-in-one modality consists in a mix of all components 
of TPN, together, in a same solution. Thus, the modality of TPN administration as 
well as the photo-protection of the different parts of the TPN solution may lead to 
variation in oxidant molecules generated in these solutions.

Lipids in TPN are subject to auto-oxidation [88, 104], which is more pronounced 
if the emulsion is exposed to light [83, 88, 104]. The main products of oxidation are 
lipid peroxides and aldehydes. The latter are derived from fragmentation of lipid 
peroxides. These molecules are biologically active and have potential deleterious 
effects [61, 113]. Adding the multivitamin preparation, at least the liposoluble anti-
oxidant vitamins, with the lipid emulsion rather than with the amino acids moiety of 
TPN, is an alternative protocol that may limit oxidation of lipids [88, 104]. It has 
been shown [104] that the addition of liposoluble vitamins to the lipid emulsion 
prevented the generation of lipid peroxides, whereas [83] reported that the addition 
of the complete multivitamin preparation in the lipid emulsion rather than to the 
dextrose–amino acids part of TPN led to the generation of a greater amount of alde-
hydes and total peroxides. This last study made no discrimination between organic 
(lipid peroxides) and inorganic peroxides (H2O2) after reconstitution of TPN (lipid 
emulsion + dextrose–amino acids).

Impact of Co-administration of Multivitamin Preparation with Lipid Emulsion

In vivo, co-administration of the multivitamin solution with lipid emulsion rather 
than with the dextrose–amino acids moiety of TPN has induced a more oxidized 
redox potential in the blood of newborn guinea pigs [75]. In the lungs, however, in 
spite of the detrimental impact of light exposure of TPN, the alveolarization index 
was better in animals infused with TPN in which multivitamins were co- administered 
with lipid emulsion in the absence of photo-protection [73, 75]. In premature infants 
receiving TPN in which multivitamins were mixed with the dextrose–amino acid 
fraction, those requiring oxygen supplementation (FiO2 ≥ 0.25) exhibited greater 
oxidation of the redox potential [23] and an elevation of IL-6 and IL-8 in the blood 
compared to those not requiring oxygen supplementation [76]. The impact of ele-
vated oxygen was not observed in infants receiving TPN in which the multivitamin 
preparation was co-administered with the lipid emulsion.

Lipid Emulsion Rich in Omega-3, Omega-6, or Omega-9 Fatty Acids

Different lipid emulsions are available for parenteral nutrition. The major differ-
ences between them are linked to the saturation of their polyunsaturated fatty acids 
(PUFAs) (Table 19.1). The susceptibility of these fatty acids to oxidation is depen-
dent on the position of the first unsaturated bond. PUFAs from the omega-3 series 
are more prone to oxidation than the omega 6 series [83]. Thus, the level of perox-
ides and aldehydes in TPN may differ according to the type of lipid emulsion used. 
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On the other hand, omega-3 series are reported to have antioxidant properties [106]. 
This group reported that after 14 days on TPN prepared with SMOFlipid (high 
omega-3) rather than with Intralipid (high omega-6), preterm infants had a higher 
“total antioxidant potential” (TAP, reported as uric acid equivalent). In newborn 
guinea pigs, the redox potential of glutathione in the liver was more reduced (less 
oxidized) in animals infused 4 days with TPN made with Omegaven rather than 
with Intralipid [83, 84]. Lipid emulsion rich in omega-9 fatty acids (ClinOleic) does 
not seem to bear an advantage in terms of antioxidant/oxidant status over Intralipid. 
Indeed, indices of antioxidant status such as total radical-trapping antioxidant 
potential (TRAP) [97] or total antioxidant capacity (TAC) [58] as well as urinary 
level of F2α isoprostanes [97] or MDA [41] did not differ between newborn infants 
who have received ClinOleic or Intralipid for 1 week.

As shown in Table 19.1, differences in vitamin E content cannot explain these 
results. Moreover, considering the quantity of vitamin E from the multivitamin 
preparation (1 % Multi-12 (Sandoz) provides 14 mg of tocopherol per liter of TPN), 
the fraction of vitamin E in TPN deriving from the lipid emulsions (Intralipid, 
ClinOleic, or Omegaven) is low and varies between 10 and 30 % of total tocopherol 
content. In contrast, SMOFlipid provides 60–75 % of all tocopherol in TPN. Thus, 
the beneficial effect of lipid emulsions containing high levels of omega-3 (Omegaven 
vs. Intralipid) on TPN-related cholestasis [59] excludes the participation of tocoph-
erol in the development of this liver disease [45]. However, the proportion of 

Table 19.1 Proportion (in % of total fatty acids) of principal fatty acids in parenteral lipid emulsions

Intralipid 
(Fresenius Kabi)

ClinOleic 
(Baxter)

Omegaven 
(Fresenius Kabi)

SMOFlipid  
(Fresenius Kabi)

Soybean oil Soybean 
oil: olive 
oil (1:4)

Fish oil Soybean oil: medium 
chain: triglycerides: 
olive oil: fish oil 
(2:2:1.67:1)

% Total fatty acids

Oleic acid (18:1n9) 22 58 14 31
Linoleic acid (18:2n6) 50 18 3.5 20
Linolenic acid (18:3n3) 7 2.1 1.3 2.2
Eicosapentaenoic acid 
EPA (20:5n3)

0 19 2.9

Docosahexaenoic  
acid DHA (22:6n3)

0.1 25 20

Tocopherola (mg/L)
 dl alpha 15–30 200
 Alpha ~15 ~30
Gamma ~120 ~20
 Delta ~ 60 ~15

aIntralipid and ClinOleic are not supplemented with tocopherol; the reported concentration is 
derived from the one found in natural oils. Omegaven and SMOFlipid are supplemented with dl- 
alpha tocopherol [41, 58, 87, 107]

19 Postnatal Oxidative Stress and the Role of Enteral and Parenteral Nutrition



360

vitamin E from the lipid emulsion that is infused in an active form is unknown. 
Tocopherol present in the multivitamin preparation is in an acetate form. This form 
of vitamin E will become active only after hydrolysis of the acetate in vivo; how-
ever, it is unclear if this actually does take place in premature infants.

 Amino Acids and Trace Elements

Some amino acids such as tryptophan, tyrosine, or cysteine have free radical scav-
enging capacity. At the concentration usually used in neonatal TPN (~2 %, w/v), the 
amino acid preparations have a marginal impact [66]. On the other hand, cysteine 
and methionine, which are essential for glutathione synthesis, may play an impor-
tant role in the building of an antioxidant defense based on glutathione as discussed 
in section “Glutathione.”

Despite containing free iron and copper, the trace element preparation does not 
interfere with peroxide concentration in TPN [11].

 TPN and Antioxidant Defenses

 Glutathione

Oxygen supplementation and TPN are important sources of oxidants in premature 
infants. Oxygen is a double free radical (· O − O ·) that reacts with electron donors such 
as vitamin C, PUFA, or NADPH to generate superoxide anion (· O − O · · or (· O − O–) 
(Fig. 19.1) in the presence of enzymatic catalysts (e.g., NADPH oxidase) or photosen-
sitive molecules (e.g., riboflavin). This reactive oxygen species will be dismutated 
into H2O2 and O2 spontaneously or catalyzed by superoxide dismutase (SOD). H2O2 
is reduced in water by Peroxiredoxins, catalase, or glutathione peroxidase (GPx). 
Peroxiredoxins detoxify H2O2 by oxidation of their own thiol residues that will be 
reduced back by the action of thioredoxin–thioredoxin reductase using NADPH as 
electron donor [93]. Catalase, except in erythrocytes, is found in peroxisomes and 
mitochondria [91]. It is specialized in reducing large concentrations of H2O2 present 
in peroxisomes [54, 91]. GPx is a cytosolic enzyme with high affinity (low km) for 
H2O2 as well as for organic peroxides. The activity of GPx can be overwhelmed in the 
presence of large concentration of H2O2. In this case, catalase helps in the detoxifica-
tion of the peroxide [91]. The roles of SOD and GPx fundamental in the regulation of 
the intracellular concentration of H2O2 [32, 33] have shown in several animal models 
(mice, rats, hamsters, and guinea pigs) that pulmonary activity of catalase, superoxide 
dismutase, and glutathione peroxidase increases significantly in the last fifth of gesta-
tion. By extrapolation we can assume that the same phenomenon occurs in humans, 
i.e., before 32 weeks’ gestation. The activity of these antioxidant enzymes is very low, 
between 10 and 15 % of the activity measured in the lung of term newborn infants 
[33]. Anion superoxide is slowly transformed to H2O2, and peroxides from TPN are 
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not well detoxified. In addition, the level of glutathione (γ-Glu–Cys–Gly), which is 
the essential cofactor for GPx activity, is dependent on gestational age and the sex of 
the infants [67]. At <32 weeks’ gestation, the glutathione level in isolated leukocytes 
from endotracheal secretions is approximately 15 % of the level measured in leuko-
cytes from the cord blood of term infants and is even lower for the subgroup of males. 
We reported that in such cells, the level of glutathione remained low until at least 3 
weeks of life [67]. These low glutathione levels appeared to be explained by a lack of 
substrate for glutathione synthesis rather than an impaired capacity to produce it. 
Indeed, the activity of synthesis is well developed in leukocytes from preterm infants 
[68], whereas the capacity of these cells for cysteine uptake is immature, limiting the 
increase in cellular glutathione concentration [74].

The importance of glutathione in neonates has been emphasized by, among other 
things, the increased survival of newborn guinea pig exposed to >95 % O2. Animals 
infused with TPN had a higher level of glutathione in the lung and liver as well as a 
better rate of survival than those infused with a solution devoid of amino acids or 
those fed enterally [20]. The fact that the hepatic rate of glutathione synthesis was 
greater in animals infused with TPN compared to those fed enterally [20] suggested 
that the level of glutathione in newborn guinea pig was dependant on intravenous 
supplementation of amino acid substrates. Because the amino acid blend infused in 
this study [20] did not contain cysteine, an essential amino acid for glutathione 
synthesis, it would highlight the essential role of hepatic transformation of methio-
nine to cysteine.

However, in premature infants, the transmethylation pathway (Fig. 19.3) leading 
to the formation of cysteine from methionine is weak because cystathionase activity 
is immature [115, 119]. In addition, a recent publication reports that, in newborn 
guinea pigs, infusion of H2O2 or TPN inhibited the activity of methionine adenosyl-
transferase, the first enzyme of the cascade leading to the conversion of methionine 
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Fig. 19.3 Impact of nutrients (methionine, cysteine) and peroxide infused with TPN on glutathione. 
In italics: enzymes. Dashed line: immaturity in premature newborns. H2O2 from TPN inhibits the 
activity of methionine adenosyltransferase leading to a lower level of glutathione
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into cysteine [29]. This inhibition led to a lower glutathione level in the blood and 
liver and to a more oxidized redox potential of glutathione in whole blood [29]. 
Thus, in comparison to oxygen that has a positive effect on the activity of glutathi-
one synthesis as shown in newborn animals [20] as well as in preterm neonates [65], 
peroxides infused with TPN have a different and negative impact on glutathione 
levels by lowering the substrate availability.

 Vitamin C and Vitamin E

The main antioxidant vitamins in TPN are ascorbate and tocopherol. As discussed 
in section “Generation of H2O2,” vitamin C is unstable in TPN. During its reaction 
with dissolved oxygen in generating H2O2, ascorbate is transformed to dehydro-
ascorbate, which is rapidly hydrolyzed to diketogulonate which is the first step in 
degradation of vitamin C. In TPN, the concentration of ascorbate decreases rapidly 
without equivalent increase in dehydroascorbate [9, 27]. The half-life of this vita-
min in TPN is reported to be 3 h at 21 °C [27]. Its stability can be improved for up 
to several days if TPN is stocked in a multi-plastic layer bag with low oxygen per-
meability [9, 27, 28].

Vitamin E in TPN is derived from the lipid emulsion and mainly from the multi-
vitamin preparation (section “Lipid emulsion rich in omega-3, omega-6, or omega-9 
fatty acids”). Within the multivitamin preparation vitamin E is stable because it is in 
acetate form. Studies conducted by Drott et al. [26] demonstrated that the level of 
vitamin E in TPN infused over 5–7 days does not influence its plasma concentration 
in neonates born term or preterm. The level was increased, in both studies, after 
introduction of enteral alimentation. These two studies suggest that the acetate form 
of tocopherol for intravenous administration is not adequate for newborn infants.

 Prevention of the Generation of Oxidant Molecules in TPN

In premature neonates, who have immature antioxidant defenses, several severe 
pathological complications may be associated with the presence of an oxidative 
stress. Although antioxidant capacity is dependent on nutrition, as discussed above, 
parenteral nutrition contributes more to the oxidant load than to antioxidant defenses. 
It is important to find ways to administer safer TPN solutions, free of undesirable 
oxidant molecules. In this section, four alternatives are discussed: (a) photo- 
protection of TPN, (b) the use of bags made with a plastic material that limits oxy-
gen diffusion, (c) lipid emulsions rich in omega-3 PUFAs, and (d) the addition of 
antioxidant hexapeptides derived from human milk.

While waiting for the manufacture of a new intravenous nutritional formulation 
free of light-induced oxidants, photo-protection remains an efficient approach. It is 
very important to adequately protect the solution by minimizing exposure to ambient 
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light all the way from the compounding process through its delivery and administra-
tion at the bedside. The light-induced generation of peroxide takes place quickly as 
shown in Fig. 19.4. In less than 10 min exposure to a light solution of 1 % multivi-
tamin preparation in water generates >160 μM peroxides. The fact that the peroxide 
level decreases in the solution following exposure to darkness (Fig. 19.4) suggests 
that these peroxides are transformed by auto-degradation or when reacting with 
other components of the multivitamin preparation. The peroxide concentration 
measured in the solution benefiting from full protection against the light (about 
100 μM) may be explained, at least in part, by the high level of hydroperoxides 
measured in newly reconstituted vial of multivitamin preparation: 3,280 ± 110 μM 
(mean ± SEM n = 6) in MVI Pediatric from Rhône Poulenc Rorer [66]. However, in 
the clinical setting, achieving full photo-protection of TPN, from the time of com-
pounding to its delivery to the newborn in the neonatal unit, is impractical. Even if 
this goal was achievable, some 150 μM peroxide would remain in solution. These 
peroxides stem from the multivitamin preparation and the lipid emulsion in which 
we reported 134 ± 16 μM (mean ± SEM n = 6) in newly open bottles of Intralipid 
[66]. In absence of a pertinent clinical study in which a control group of neonates 
would receive TPN free of peroxides, we speculate that the infusion with TPN of 
peroxide concentrations as low as 150 μM are not desirable for premature  newborns. 
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Fig. 19.4 Concentration of peroxides in function of time. Solution of 1 % (v,v) multivitamin prep-
aration (Multi-12, Sandoz, Boucherville, Qc, Canada) in water, protected (close symbol, dashed 
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light. Mean ± SEM (n = 3); symbols are greater than SEM
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Even complete photo-protection might be insufficient to avoid some degree of oxi-
dant load in premature infants requiring TPN.

Since oxygen dissolved in TPN solution is an important component for the oxi-
dative process involving nutrients, the use of multi-plastic layer bag having low 
oxygen permeability may be helpful (see section “Vitamin C and vitamin E”). 
However, because of exposure of the solution in the tubing to oxygen present in 
room air, the long transit time in the tubing between the bag and the site of infusion 
(3–4 h, because the low infusion rate) may impair the beneficial impact of the mul-
tilayer bag on the generation of oxidant molecules.

Therefore, ideally, a modification in the formulation and composition of TPN 
should be considered. As mentioned in section “Lipid emulsion rich in omega-3, 
omega-6, or omega-9 fatty acids,” using a lipid emulsion rich in omega-3 fatty acids 
should contribute to improve in vivo antioxidant capacity [83, 84, 106]. Recently, a 
potential new strategy has emerged from studies investigating why human milk 
exerts antioxidant properties in the newborn. Tsopmo et al. [110] have discovered 
that two hexapeptides, produced following digestion of human milk, exhibit strong 
free radical scavenging properties. These peptides, which reduced in vitro levels of 
peroxides, were added to TPN and infused into animals. They were subsequently 
associated with increased hepatic glutathione levels and a reduction in two markers 
of inflammation in liver, TNFα and IL-1 mRNA [83, 84]. Much remains to be done 
before these peptides become a clinically applicable solution for children. However, 
hope remains as the scientific community and clinicians are well aware of the oxi-
dant risks associated with TPN and are investigating new ways to administer safer 
products to this frail population.
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     List of Abbreviation 

   8-dG    8-2′-deoxyguanosine   
  8-oxo-dG (8-OH-dG)    8-hydroxy-2′-deoxyguanosine   
  AEDs    antiepileptic drugs   
  ATP    adenosine triphosphate   
  BBB    blood-brain barrier   
  CBZ    carbamazepine   
  CoQ10    ubiquinone or coenzymeQ10   
  CSF    cerebral spinal fl uid   
  Cu/ZnSOD    copper-zinc SOD   
  DNA    deoxyribonucleic acid   
  F2-Iso-Ps    F2-isoprostanes   
  FBM    felbamate   
  GABA    γ-aminobutyric acid   
  GPx    glutathione peroxidase   
  GPx-GR    glutathione peroxidase-glutathione reductase   
  GSH    glutathione tripeptide   
  H 2 O 2     hydrogen peroxide   
  LEV    levetiracetam   
  LMT    lamotrigine   
  MLT    melatonin   
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  MnSOD    manganese SOD   
  mtDNA    mitochondrial DNA   
  NAC    N-acetylcysteine   
  NADH    nicotinamide adenine dinucleotide (reduced status)   
  NMDA receptor    N-methyl-D-aspartate receptor   
  NO    nitric oxide   
  PHT    phenytoin   
  POLG1    mitochondrial DNA polymerase γ   
  ROS    reactive oxygen species   
  SOD    superoxide dismutase   
  TPM    topiramate   
  tRNAPhe    phenylalanine transfer RNA   
  TRPM2    transient receptor potential M2 channel   
  TSPO    translocation protein   
  VPA    valproic acid   

          Introduction 

    An epileptic seizure is a paroxysmal disorder characterized by an abnormal, excessive 
hypersynchronous discharge of neurons which results in an alteration of function of 
the patient. Epilepsy is a condition characterized by repeated, unprovoked seizures. 
It was probably fi rst described in ancient Egyptian writings around 2000 BC and 
was a popular topic of the Greek and Roman scholars. Epilepsy was closely identi-
fi ed with supernatural forces and was considered a manifestation of the gods and 
spirits. The understanding of the underlying pathophysiology of epilepsy has greatly 
expanded since the introduction of electroencephalography. 

 Epidemiological investigations suggest that epilepsy is one of the most common 
neurological disorders in the world, affecting at least 50 million people worldwide. 
That fi gure doubles when people with one epileptic seizure during their lifetime are 
considered. The median prevalence of lifetime epilepsy for developed countries is 
5.8 per 1,000 and 10.3 per 1,000 for developing countries [ 1 ]. Epilepsy may pro-
voke serious physical, psychological, socioeconomic consequences and can be clas-
sifi ed as idiopathic, provoked, or symptomatic. Idiopathic epilepsy has presumably 
genetic causes, and there are no signifi cant neuroanatomical or neuropathological 
anomalies [ 1 ,  2 ]. Progress in the fi eld of genetics allowed the identifi cation of 
several genes and genetic conditions including epilepsy in their phenotypes [ 3 ]. 
Provoked seizures are predominantly caused by specifi c environmental or systemic 
factors, and there are no signifi cant neuroanatomical or neuropathological anoma-
lies. Symptomatic epilepsies may recognize several etiologies including trauma, 
infections, and brain malformations. In this context neuroimaging evaluation plays 
a central role in the identifi cation of structural or anatomic anomalies associated 
with epilepsy, such as tumors, hydrocephalus, congenital lesions, vascular accidents, 
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and hippocampal sclerosis. Neuropharmacological studies provided insight into the 
role of neurotransmitters (mainly GABA and glutamate), alterations in membrane 
functions, receptors, ionic changes, and alteration of neural networks in the epilep-
togenic process [ 4 ]. 

 From a pathophysiological point of view, the initiation and propagation of a sei-
zure depends on an imbalance between depolarizing and hyperpolarizing processes 
in a large interconnected network of neurons. Epileptogenicity depends on changes 
in intrinsic neuronal properties with enhanced connectivity, enhanced excitatory 
transmission, and failure of inhibitory functions [ 5 ]. The prolonged excitation of 
neurons occurring during seizures determines, at the cellular level, a cascade of 
events such as activations of glutamate receptors and cytokines, changes in the com-
position of glutamate and gamma-aminobutyric acid receptors, and modifi cations in 
neuronal plasticity [ 6 – 8 ]. A number of studies also provide strong evidence that the 
prolonged seizure-related neuronal excitation results in increased reactive oxygen 
species (ROS) production [ 9 ] which contributes to seizure-induced brain damage. 
ROS formation occurs when unpaired electrons escape the electron transport chain 
and react with molecular oxygen, thus generating superoxide. Superoxide can react 
with DNA, proteins, and lipids resulting in functional cellular disruption, cellular 
damage, and subsequent cell death [ 8 ]. In particular, lipid peroxidation causes 
membrane structure alterations that affect membrane fl uidity and permeability and 
membrane protein activity [ 10 ]. 

 The brain is particularly susceptible to oxidative stress being the most aerobi-
cally active organ in the body due to its high metabolic demands. The brain con-
sumes 20 % of total oxygen even though it accounts for the only 2 % of the total 
body mass. Brain also contains high concentrations of polyunsaturated fatty 
acids that are prone to lipid peroxidation and is rich in iron which can catalyze 
hydroxyl radical formation. The maintenance of low ROS levels is therefore crit-
ical to normal neuronal cell function. However, the brain has only 10 % of the 
hepatic catalase activity [ 11 – 13 ], and the abnormally prolonged increases in 
ROS occurring during seizures carry an inherent risk of increasing neurodegen-
eration [ 8 ,  13 ]. 

 Improved understanding has resulted in the development of a large number of 
effective and well-tolerated drugs for various seizure types. Effective AEDs are 
needed to prevent seizure recurrence-related brain damage. In this perspective, the 
use of AEDs as possible neuroprotective compounds has been receiving increased 
attention. In fact, most AEDs currently in use have been tested for a possible neuro-
protective effect both in human and animal models of epilepsy [ 8 ]. However, despite 
the increasing number and variety of antiepileptic drugs, more than 30 % of patients 
with epilepsy still remain drug resistant [ 14 ]. 

 The present review outlines studies which address the relationship between 
oxidative stress and epilepsy. Evidence of damage to lipids, DNA, and proteins as 
the consequence of seizure-related oxidative stress, occurring in various animal 
models of epilepsy, is reviewed. In addition, the infl uence of AEDs in the regulation 
of oxidative stress is also discussed.  
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    Oxidative Stress and Epilepsy in Experimental Models 

 Oxidative stress markers have been found to be increased in different experimental 
models of epilepsy [ 15 ]. Although experimental seizure models have been designed 
to defi ne the role of various endogenous antioxidants and markers of oxidative 
stress, the site(s) of the generation of seizures has not been uniform in various 
models [ 15 ]. 

 Increased lipid peroxidation has been found in diverse brain areas of rats after 
picrotoxin- and pentylenetetrazole-induced seizures as well as in the kainic acid- 
induced seizure model [ 16 ,  17 ]. In the electrically induced convulsion model, lipid 
peroxidation content was found to be increased in the whole brain [ 18 ] but reduced in 
the hippocampus after both acute and chronic electroshock [ 19 ]. In particular, in kai-
nic acid and pilocarpine models, lipid peroxidation was reported to increase during 
the fi rst 12 h of treatment followed by a “return” to the pretreatment period during 
chronic time measurements, which may suggest hypometabolism, neuronal loss, 
and/or compensatory mechanisms related to ROS catabolism [ 20 – 22 ]. 

 Regarding DNA oxidation, experimental studies detected signifi cant 
 seizure- related increase in the levels of 8-hydroxy-2′-deoxyguanosine (8-oxo-dG) 
in both acute and chronic models of epilepsy [ 23 ,  24 ]. High levels of H 2 O 2  and O 2  
may trigger the Haber-Weiss reaction with production of highly reactive species 
hydroxyl radical. The latter molecule has a very great affi nity toward guanine in 
DNA and in the nucleotide pool, increasing the formation of 8-oxo-dG [ 25 ]. These 
fi ndings strongly suggest that mitochondrial oxidative stress and genomic instabil-
ity may play a key role in the epileptogenesis [ 26 ]. In fact, in the kainate animal 
model of temporal lobe epilepsy, acute seizure activity caused a time-dependent 
increase in mitochondrial 8-OHdG levels and a greater frequency of mtDNA lesions 
associated with increased mitochondrial H 2 O 2  production and transient decrease in 
mtDNA repair capacity. A gradual recovery in the mtDNA repair capacity was 
noted in the following period. By contrast, progressive accumulation of mtDNA 
damage, increased mitochondrial H 2 O 2  levels, and impairment in the mtDNA repair 
capacity were detected during recurrent seizures in the context of the chronic phase 
of epilepsy [ 26 ]. 

 Studies on transgenic animals further corroborate the importance of free radical 
in epileptogenesis. Transgenic mice overexpressing mitochondrial SOD (the 
enzyme that dismutates O 2   −.  ) are resistant to seizure-induced neurodegeneration, 
whereas mice with partial SOD defi ciency (SOD−/+) demonstrated intensifi cation 
of these fi ndings resulting in an increased seizure susceptibility. On that basis, it can 
be stated that O 2 - may play a key role in seizure-induced brain changes [ 23 ,  24 ,  27 ]. 
However, experimental studies produced contradictory results about how SOD lev-
els change both in acute and chronic experimental seizure models. An increase in 
SOD levels was reported in the majority of studies [ 20 ,  28 – 30 ]. However, when 
compared to normal controls, other studies reported no signifi cant changes [ 31 ] or 
even an SOD level reduction [ 32 ,  33 ]. Similar contradictory results were observed in 
chronic experimental epilepsy models with either increased [ 34 ] or decreased [ 37 ] 

S. Grosso and U. Geronzi



375

SOD levels. Of interest, although the widely held opinion is that oxidative stress 
during seizures is age dependent and does not occur in immature brain [ 28 ,  36 ,  37 ], 
recent fi ndings indicated that seizures induced in immature rats by dl- homocysteic 
acid are associated with the presence of several indirect markers of oxidative stress, 
such as the decreased activities of aconitase and respiratory chain complex I [ 38 ]. 
In the same epilepsy model, it was recently observed that the activity of total SOD, 
SOD1, and particularly SOD2 was signifi cantly increased at 20 h and 6 days of 
survival. Importantly, upregulation of SOD2 was also confi rmed in mitochondria at 
the protein level by immunoblotting. The latter fi nding suggests enhanced ROS 
levels in the mitochondrial matrix [ 39 ]. 

 Although catalase levels are physiologically lower in brain tissue than in other 
organs, it is able to metabolize great amounts of H 2 O 2  very rapidly. A signifi cant 
increase in catalase levels have been found in acute [ 15 ,  30 ,  31 ,  40 – 42 ] and chronic 
[ 34 ] models of epilepsy. According to Barros et al. [ 42 ], the increased catalase 
activity may be the consequence of an enzymatic antioxidant response to increased 
basal-free radical production, which may potentially lead to a damage of neural tis-
sue. It can by hypothesized that free radical scavenging may take part in controlling 
seizure-induced damage [ 42 ]. However, it has been recently observed that in the 
immature rat’s brain with seizures induced by dl-homocysteic, catalase activity was 
decreased when compared to the control groups, suggesting limited antioxidant 
defense [ 39 ]. 

 The system GPx-GR is highly effi cient in metabolizing small amounts of H 2 O 2 . 
Experimental studies about GPx showed confl icting results. In fact GPx levels have 
been found to be increased [ 20 ,  29 ,  30 ,  35 ,  43 ,  44 ], decreased [ 43 ,  45 ,  46 ], or 
unchanged [ 28 – 30 ] when compared to normal controls. By contrast, several studies 
agreed in showing decreased GR levels in laboratory animals [ 22 ,  44 ].  

    Oxidative Stress and Epilepsy in Clinical Studies 

 When globally considered clinical studies suggest that recurrent seizures may pro-
duce brain degeneration and contribute to progressive functional and cognitive 
declines despite adequate AED treatment [ 47 ,  48 ]. The emerging perspective is that 
prolonged epileptic seizures or status epilepticus in both humans [ 49 ,  50 ] and ani-
mal models [ 51 ,  52 ] may determine cerebral damage represented by characteristic 
patterns of neuronal cell loss preferentially in the hippocampus. This, in turn, 
increases the risk of subsequent seizures. This perspective provides a rationale for 
development of neuroprotective treatments to prevent adverse long-term effects of 
recurrent seizures [ 53 ]. Oxidative stress and mitochondrial dysfunction may play a 
key role in the pathophysiological mechanisms of seizure-induced neuronal cell 
death and subsequent epileptogenesis [ 54 ]. In particular, these processes may be 
interconnected being linked, either directly or indirectly, to respiratory chain impair-
ments, depolarization of the inner mitochondrial membrane, ATP depletion, and the 
opening of the mitochondrial permeability transition pore. 
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 However, as in the experimental studies, controversies still exist in clinical 
investigations on the relationship between oxidative stress and epilepsy. In fact, 
redox status in children with newly diagnosed epilepsy has been reported to be 
either altered [ 55 ] or normal [ 56 ,  57 ]. A possible limiting factor, in the majority of 
these investigations, is the nonhomogeneous series of patients included in the study 
in terms of epilepsy duration, seizure frequency, seizure types, epilepsy syndromes, 
and therapeutic strategy. It has been reported that both febrile and afebrile seizures 
were able to induce oxidative stress with respect to healthy subjects [ 58 ]. Oxidant 
and antioxidant states of blood and cerebrospinal fl uid were evaluated by determin-
ing erythrocyte arginase and erythrocyte catalase, plasma and cerebrospinal fl uid 
malondialdehyde, and plasma and cerebrospinal fl uid nitric oxide levels. The greater 
levels of oxidative stress markers observed in patients with afebrile seizures might 
affect prognosis adversely [ 58 ]. Patients with symptomatic West syndrome showed 
higher cerebrospinal fl uid nitrate and nitrite levels than those with cryptogenic West 
syndrome. CSF nitrate and nitrite levels rise during the fi rst 40 days of symptoms. 
Although they cannot be used as a marker to estimate symptoms duration or to 
predict the prognosis of mental development, they may help in differentiating symp-
tomatic from cryptogenic etiologies of West syndrome [ 59 ]. Patients affected by 
epileptic encephalopathy, but not those affected by idiopathic epilepsy syndromes, 
showed higher plasma levels of F2-isoprostanes (F2-IsoPs) and advanced oxidation 
protein products. By contrast, there were no differences in the levels of nonprotein 
binding iron, suggesting that free-iron is not involved in generating oxidative stress 
in these patients [ 60 ]. 

 There is strong evidence that mitochondrial dysfunctions may affect neuronal 
excitability and synaptic transmission. Decreased intracellular ATP levels and neu-
ronal calcium homeostasis changes represent valid contributing factors to epilepsy- 
susceptibility associated with mitochondrial impairment [ 24 ]. The experimentally 
proven involvement of mitochondrial dysfunctions in epileptogenesis is further cor-
roborated by several clinical observations including epileptic encephalopathic dis-
orders related to mitochondrial DNA (mtDNA) mutations. Myoclonic epilepsy with 
ragged red fi bers, which is a syndrome characterized by myoclonus, myopathy, 
cerebellar ataxia, and dementia, may be considered a prototype of epilepsy pheno-
type related to mtDNA mutations [ 49 ]. In particular, an A to G transition mutation 
of nucleotide pair 8344 in mtDNA affects the biosynthesis of mitochondrial oxida-
tive phosphorylation proteins [ 50 ] with ineffi cient ATP production, increased ROS 
levels, and unbalanced genetic expression of antioxidant enzymes [ 50 ]. Epileptic 
phenotypes have also been associated with other mtDNA mutations affecting the 
respiratory chain function or mitochondrial ATP synthesis [ 61 ] as well as with 
genes mutations compromising the activity of mitochondrial DNA polymerase  γ  
(POLG1) [ 51 ] and mitochondrial tRNAPhe [ 52 ]. In children affected by mitochondrial 
encephalopathies, the determination of NADH and cytochrome components of the 
respiratory chain in mitochondria from a vastus lateralis muscle biopsy showed that 
those affected by epilepsy had higher incidence of complex I defects than children 
without epilepsy, further indicating the relationship between mitochondrial oxidative 
stress dysfunctions and epileptogenic mechanisms [ 62 ]. 
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 Other epilepsy-related genes involved in oxidative stress processes include 
EFHC1 gene, whose mutation causes juvenile myoclonic epilepsy. EFHC1 protein 
product, which is co-expressed with transient receptor potential M2 channel 
(TRPM2) in hippocampal neurons and ventricle cells, enhances TRPM2-conferred 
susceptibility to H(2)O(2)-induced cell death. This suggests that TRPM2 plays a role 
in the phenotypic expression of juvenile myoclonic epilepsy by mediating disruptive 
effects of EFHC1 mutations through oxidative stress-mediated cell dysfunction up to 
cell death [ 63 ]. 

 Epilepsy is also a major clinical fi nding of Menkes disease, an X-linked recessive 
neurodegenerative disorder, related to mutations in the ATP7A gene encoding for 
the copper-transporting ATPase. Mutations of the latter gene lead to defi ciencies of 
key copper-containing enzymes as cytochrome c oxidase resulting in widespread 
changes in oxidative metabolism, as proved by the presence of signifi cant lactic aci-
dosis in brain and cerebrospinal fl uid of Menkes patients [ 64 ]. Changes in the redox 
status have also been demonstrated in autopsy cases of dentatorubral- pallidoluysian 
atrophy, a disorder belonging to the group of progressive myoclonus epilepsies. 
Oxidative products to nucleosides such as 8-oxo-dG and 8-dG were accumulated in 
the lenticulate nucleus. Cytoplasmic immunoreactivity for  Cu/ZnSOD was reduced 
in the external segment of globus pallidus, dentate nucleus, and cerebellar cortex 
while mitochondrial immunoreactivity for MnSOD was reduced in the lenticulate 
nucleus and cerebellum [ 65 ].  

    Antioxidant Strategies in Patients with Epilepsy 

 Several compounds have been proved to have antioxidant properties in animal 
models. In Table  20.1  are listed all molecules with potential or proved antioxidant 
effects. The combination of AEDs with  neuroprotective  compounds may provide 
benefi cial    effects [ 39 ,  53 ], leading to new therapeutic strategies in patients affected 
by epilepsy. Compounds used in clinical trials are briefl y discussed.

   It has been found that chronic supplementation with N-acetylcysteine (NAC) 
may lead to a gradual increase in serum glutathione levels [ 66 ,  67 ]. NAC therapy 
resulted effective in improving and stabilizing the chronic neurological deterioration 
in patients affected by Unverricht-Lundborg disease. In these patients myoclonus 
was markedly improved and the frequency of generalized seizure signifi cantly 
reduced [ 68 ]. The effectiveness of NAC remains to be proved in other types of 
epilepsy [ 68 ]. However, the long-term use of NAC in the clinical practice is not free 
of possible side effects, as sensorineural deafness and epigastric pain may develop 
[ 67 ]. Massive overdose of intravenous NAC are reported to cause seizures, cerebral 
dysfunction, and life-threatening effects [ 69 ]. Controlled clinical trials are therefore 
required to defi ne NAC doses in the clinical practice and to confi rm the effective-
ness and tolerability of NAC in humans. 

 Preliminary clinical trials provide evidences that ubiquinone (or CoQ10) may 
have a therapeutic role in many brain disorders such as Parkinson’s and Alzheimer’s 
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diseases, with tolerated doses ranging across 300–2.400 mg/day. However, clinical 
trials assessing the effi cacy of ubiquinone as a clinical neuroprotectant in patients 
with epilepsy are still lacking. 

 Regarding melatonin (MLT), it has been found that children with epilepsy preserve 
MLT circadian rhythms when evaluated by diurnal patterns of salivary MLT and 
urinary metabolite 6-sulphatoxymelatonin. There are no associations between MLT 
secretion/excretion parameters and seizure fi ndings such as time, type of seizures, 
and antiepileptic medications [ 70 ]. Immediate-release MLT in children with neuro-
developmental delay may be effective in improving total duration of night- time 
sleep and in reducing sleep-onset latency in children with neurodevelopmental 
delay [ 71 ]. The effect of MLT on seizures, sleep quality, and behavior was also 
evaluated in a pilot study in a series of patients with intractable epilepsy. Compared 
to placebo group, patients under MLT showed a signifi cant decrease of diurnal sei-
zures while the maximal number of seizures and seizure duration remained 
unchanged. No major adverse events were registered, suggesting that MLT may be 
effective and safe for decreasing daytime seizure frequency in patients with intrac-
table epilepsy [ 72 ]. Children with epilepsy often experience sleep problems, 
 including insomnia, and MLT has been considered in the treatment of that disorder. 
In this context, the effect of MLT therapy on the pattern of sleep and characteristics 
of seizure disorder has been evaluated in a group of children with intractable epi-
lepsy. A 3-month trial of MLT was associated with improvement of both many 
sleep- related phenomena and severity of seizures [ 73 ]. MLT treatment was shown 
to exert defi nite effects on human brain activity including a slowing down of the 
EEG rhythm, an increase of REM, and a rise of the convulsive threshold [ 74 ]. 

 Ardura et al. [ 75 ] showed that children with generalized idiopathic epilepsy and 
simple fever convulsions showed lower peak MLT values than healthy controls at 
04:00 h. They also demonstrated the presence of diurnal rhythm in blood melatonin 
concentrations in this population [ 75 ]. 

 Finally, a Cochrane review has been recently published on the effi cacy and toler-
ability of melatonin as add-on treatment for epilepsy. Only four publications, 
including a total of 102 patients, were eligible to be analyzed. According to the 
authors [ 76 ], it was not possible to perform any meta-analysis. Of the four    random-
ized controlled trials, it was only in one study that the exact number of seizures 
during the trial compared to the baseline was evaluated. None of the patients with 
seizures during the trial showed modifi cations in seizure frequency when compared 
to the baseline. No adverse events were reported, neither was signifi cant improve-
ment in quality of life in patients assuming the melatonin. The authors concluded 
that it is not possible to draw any conclusion about the role of melatonin in reducing 
seizure frequency or improving quality of life in patients with epilepsy [ 76 ]. By 
contrast, high doses of melatonin have proven to be useful as adjunctive therapy in 
seizure control in a girl with severe infantile myoclonic epilepsy [ 77 ]. 

 The lipid-soluble vitamin E, alpha-tocopherol, is able to penetrate the blood- 
brain barrier (BBB) and accumulate at high concentration in the brain [ 78 ]. The 
concentration of vitamin E in erythrocyte or plasma was lower in children with 
epilepsy than in healthy controls. Among epileptic children, those under polyther-
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apy had lower levels than children under monotherapy [ 79 ,  80 ]. Sudha et al. [ 81 ] 
confi rmed that patients with epilepsy have signifi cantly lower serum levels of alpha- 
tocopherol than controls, suggesting possible pharmacological effects of 
a- tocopherol supplementation in controlling seizures and in preventing neuronal 
damage. Clinical trials on the therapeutic use of a-tocopherol, as an adjunctive anti-
epileptic agent, have yielded confl icting results. However, trials had diverse study 
designs and were nonhomogeneous in terms of age at the therapy onset and duration 
of treatment. According to Ogunmekan and Hwang [ 82 ], children with drug- 
resistant epilepsy placed under 400 IU/day d-alpha-tocopheryl acetate showed a 
signifi cant reduction in seizure frequency compared to those under placebo. 
Treatment with a-tocopherol had no effect on plasma levels of anticonvulsant medi-
cations. Alpha-tocopherol (250 IU(day)    was also administered to 18 patients 
affected by epilepsy for a period of 3 months, while a remaining group of seven 
received placebo. Anticonvulsants were continued as previously. Globally, seizure 
frequency was reduced in ten out of 18 patients under alpha-tocopherol. No changes 
were observed in patients under placebo [ 83 ]. Forty-three adolescents    and adults 
affected by drug-resistant epilepsy were randomly placed under vitamin E or pla-
cebo for a 3-month period; then, after a 1-week washout period, each patient 
received the alternate treatment for an additional 3 months. AEDs remained 
unchanged during the study period. No signifi cant change in seizure frequency was 
observed with vitamin E as compared with placebo [ 84 ]. All the previous data seem 
to suggest further trials are necessary to defi ne the effectiveness of a-tocopherol as 
add-on therapy in patients with epilepsy. 

 When globally considered, clinical trials on the therapeutic use of antioxidant 
compounds in patients with epilepsy remain disappointing. That may be because 
animal models do not adequately epitomize time-dependent epileptogenic process 
occurring in humans. In animal models supplementation is usually given in the 
early stages of the epileptic disorder, whereas in patients the supplementation 
often occurs later in the course of the disease. Moreover, pharmacokinetics and 
pharmacodynamics of the antioxidants used in animals may differ from those in 
humans. Finally, doses of antioxidant compounds should also be adequately 
defi ned both in animals and in humans. In fact, it should be taken into account that 
low concentrations of ROS are essential for a number of neurophysiological pro-
cesses and that excessive antioxidant levels may paradoxically produce pathological 
effects [ 85 ,  86 ].  

    Antiepileptic Drugs and Oxidative Stress in Experimental 
and Clinical Studies 

 Despite the plethora of antiepileptic drugs (AEDs) currently available, 30 % of 
patients continue having seizures. This group of patients requires a more aggressive 
treatment, since monotherapy, the fi rst choice scheme, fails to control seizures. 
Nevertheless, polytherapy often results in a number of unwanted effects including 
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neurologic disturbances, psychiatric and behavioral symptoms, and metabolic alter-
ation. The need for better tolerated AEDs is even more urgent in this group of 
patients [ 76 ]. 

 Several AEDs may interfere with the mitochondrial oxidative process. In periph-
eral white blood cells from children under therapy, it has been noted that several 
AEDs were able to impair the oxidative phosphorylation process when evaluated by 
enzymatic activity of respiratory chain complexes (II-IV) and mitochondrial ATP 
production [ 87 ]. 

    Barbiturates 

 Barbiturates may have neuroprotective effects exerted by mechanisms which 
remain to be elucidated. It is thought that the compounds’ ability to inhibit lipid 
peroxidation may play a central role in the antioxidant effect. Experimental stud-
ies demonstrated that phenobarbital may decrease cerebral metabolic rate to a 
more profound extent than the associated reductions in cerebral blood fl ow [ 88 ]. 
The effect of high- dose phenobarbital on lipid peroxidation and antioxidant 
enzymes has also recently been evaluated in full-term inborn neonates with severe 
birth asphyxia. In a group of them, receiving 40 mg/kg of phenobarbital intrave-
nously within the fi rst 2 h of life, cerebrospinal fl uid examination showed 
decreased CSF levels of lipid peroxides and antioxidant enzymes compared to the 
control group [ 89 ].   

    Benzodiazepines 

 Diazepam was reported to prevent seizure-induced increase in nitric oxide (NO) and 
lipid peroxidation [ 43 ]. In models of selective neuronal death in CA1 sector of hip-
pocampus, both in vivo and in vitro, the drug showed signifi cant neuroprotective 
property by reducing over 50 % the number of cell death, even in the presence of 
GABA(A) receptor antagonist bicuculline. In addition, diazepam may also reduce 
the effl ux of cytochrome C out of mitochondria. The latter fi nding indicates that the 
neuroprotective action of diazepam is exerted not only through its known hypother-
mic effect but also through the GABA(A) receptor complex and, possibly, through 
its peripheral receptor, the translocator protein TSPO located in the outer mitochon-
drial membrane [ 90 ]. Zolpidem also acts at the GABA(A) receptor site accounting 
for its sedative and anticonvulsant activities. Experimental studies confi rm that as 
other benzodiazepines, zolpidem does not trigger production of ROS and oxidative 
stress, which is in line with its minor side effects [ 91 ]. Tanguy et al. [ 92 ] recently 
compared the effects of midazolam to propofol on cerebral biomarkers at the acute 
phase of severe traumatic brain injury patients. A cerebral microdialysis catheter 
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was used to measure the lactate/pyruvate ratio, glutamate, glycerol, and glucose for 
72 h. No difference between groups was observed, confi rming the neuroprotective 
properties of both drugs [ 92 ]. Alprazolam has been found to reduce the level of 
intracellular ROS in lymphocytes, granulocytes, and monocytes in the peripheral 
blood of mice under provoked stress, suggesting that therapeutic effi cacy of alpra-
zolam may be mediated, at least partially, by the reversal of oxidative damage [ 93 ]. 
Acute model of immobilization (restraint) stress in rats produces enhanced striatal 
levels of lipid peroxidation, decreased SOD activity, reduced levels of mitochon-
drial functions, and increased corticosterone serum levels. Pretreatment of stressed 
rats with diazepam decreases the striatal lipid peroxidation levels and improves 
mitochondrial function, providing evidence that drugs exhibiting anxiolytic and 
antioxidant properties might be useful for the design of therapies against early acute 
phases of physical stress [ 94 ].  

    Carbamazepine 

 Carbamazepine (CBZ), an iminostilbene derivative commonly used for treatment of 
epilepsy, neuralgic pain, and bipolar affective disorders, showed some ability to 
control free radical-related seizures and the level of trance elements when compared 
to valproic acid (VPA) and phenytoin (PHT) [ 95 ]. In CBZ-treated red blood cells, 
lipid peroxidation, SOD, and free radical-scavenging activities were unmodifi ed. In 
contrast, that drug demonstrated benefi cial effects by increasing release of ATP and 
NO-derived metabolites from erythrocytes to lumen, leading to an increased NO 
pool in the vasculature [ 96 ].  

    Felbamate 

 Felbamate (FBM) is an antiepileptic drug that had been associated with minimal 
toxicity in preclinical species but showed an unacceptable incidence of serious 
idiosyncratic reactions in man. However, the drug showed neuroprotective proper-
ties in rat hippocampal slice preparations [ 97 ]. FBM acts on NMDA receptor reduc-
ing excitatory neurotransmission and decreasing glutamate release, accounting for 
the ability of the drug to reduce sustained repetitive fi ring in mouse spinal cord 
neurons [ 98 ] and the neuroprotective action [ 99 ]. Leone et al. [ 100 ] compared FBM 
to several other antiepileptic drugs, including VPA, CBZ, phenobarbital, and PHT, 
to evaluate oxidative stress/reactive metabolite potential. FBM produced robust 
effects on an established oxidative stress/reactive metabolite gene expression. 
Pronounced effects were also observed after CBZ, phenobarbital, and PHT admin-
istration. By contrast, VPA had only minor effects on the oxidative stress/reactive 
metabolite indicator genes [ 100 ].  
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    Lamotrigine 

 Lamotrigine (LMT) is approved as monotherapy or adjunctive therapy in patients 
older than 12 years affected by partial onset seizures, generalized tonic-clonic sei-
zures, or Lennox-Gastaut syndrome. It is also approved as monotherapy in children 
older than 2 years affected by absences. LMT has the ability to decrease sodium and 
calcium channel activity. The drug may have neuroprotective property as corrobo-
rated by Kumar et al. [ 101 ], who showed that LMT signifi cantly restores oxidative 
defense levels and mitochondrial complex enzyme dysfunctions induced by 
3-Nitropropionic acid, a neurotoxic compound. These effects are mediated by 
GABAergic mechanisms and signifi cantly potentiated by the coadministration of 
gabapentin, another antiepileptic drug [ 101 ]. The effects of LMT and CBZ on cog-
nitive function and oxidative stress were evaluated in an animal epilepsy model. 
In contrast to CBZ, LMT did not produce cognitive dysfunctions and decreased 
oxidative stress in the pentylenetetrazole-kindled group as compared to the 
pentylenetetrazole- kindled CBZ-treated group [ 102 ]. Agarwal et al. [ 103 ] con-
fi rmed that LMT, as well as oxcarbazepine, do not impair cognitive functions and 
do not determine signifi cant alteration in oxidative stress parameters when com-
pared to topiramate (TPM) [ 103 ].  

    Levetiracetam 

 Levetiracetam (LEV) is commonly used in the treatment of partial seizures in adults, 
children, and infants older than one month [ 104 ,  105 ]. Mechanisms of actions of 
LEV differ from that of conventional antiepileptic drugs including the ability to act 
as a histone deacetylase inhibitor, which explains the LEV anti-infl ammatory and 
antioxidative properties [ 105 ]. 

 LEV neuroprotective effects have been substantiated in the rat middle cerebral 
artery model of stroke [ 88 ]. Hippocampus of adult mice brain pretreated with LEV 
60 min before pilocarpine-induced seizures showed no changes in the levels of lipid 
peroxidation, nitrite-nitrate, and catalase activity. Moreover, LEV administration 
prevented the pilocarpine-induced loss of GSH in this cerebral area [ 106 ]. Gibbs 
et al. [ 107 ] evaluated the effects of the drug on the known pattern of mitochondrial 
dysfunctions occurring after status epilepticus, showing that LEV determined sig-
nifi cant reduction of glutathione, alpha-ketoglutarate dehydrogenase, aconitase, 
citrate synthase, and complex I activities. These features may well explain both 
LEV antiepileptic activity and neuroprotective effects [ 107 ]. However, urinary 
15F-2-isoprostane levels, evaluated before and after 3 months of LEV therapy, 
resulted to be increased suggesting that LEV may actually induce oxidative stress in 
epileptic patients [ 108 ].  
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    Phenytoin 

 Phenytoin (PHT) is an antiepileptic drug able to stabilize neuronal membranes and 
known to be potentially teratogenic. It may have antioxidant properties by slowing 
the release of K+ from ischemic neurons and reducing free fatty acid accumulation 
during complete global ischemia [ 88 ]. PHT may exert effects on neuroprotection- 
related genes, such as survival-promoting and antioxidant genes, as demonstrated 
by using DNA microarrays on rat brain genes after prolonged PHT administration 
[ 109 ]. In a murine embryo culture model used to investigate PHT-initiated embry-
onic DNA oxidation and dysmorphogenesis, PHT-treated embryos had signifi cantly 
higher 8-OH-2′-dG formation than that of controls. Interestingly, the PHT-initiated 
dysmorphological anomalies may be prevented by SOD and catalase which virtu-
ally eliminate PHT-initiated 8-OH-2′-dG formation. This fi nding provides evidence 
that free radical-mediated oxidative stress plays a key role in PHT teratogenesis 
[ 110 ]. Bioactivation of PHT and CBZ metabolites (4-OH-PHN and 3-OH-CBZ, 
respectively) generates ROS by peroxidases and may play a role in the ability of 
these drugs to cause idiosyncratic drug reactions [ 111 ]. Clinical studies reported 
that patients affected by epilepsy and placed under PHT therapy had signifi cantly 
higher lipid hydroperoxide concentrations compared to controls. Moreover, the total 
antioxidant capacity of sera of epileptic patients was lower than the antioxidant 
capacity of control sera [ 112 ]. Female with epilepsy and under PHT monotherapy 
had serum malondialdehyde concentration and copper/zinc-SOD activity signifi -
cantly increased, but GSH level signifi cantly decreased. The enhanced oxidative 
stress is therefore involved in the PHT-mediated toxicity. Supplement of GSH and 
modifi cation of copper/zinc-SOD enzyme activity might prevent the incidence of 
fetal hydantoin syndrome during pregnancy [ 113 ].  

    Topiramate 

 Topiramate is approved for the treatment of partial onset seizures as adjunctive ther-
apy in patients older than 4 years and as monotherapy in those older than 16 years 
[ 114 ]. TPM has diverse mechanisms of actions including the ability to increase 
brain GABA levels and block kainate/AMPA subtype of the glutamate receptor 
[ 88 ]. Neuroprotective properties of TPM are related to inhibition of fast Na+ and 
HVA Ca2+ conductances as demonstrated in studies on in vitro model of cerebral 
ischemia [ 115 ]. However, few studies have been reported on the effects of TPM on 
the oxidative status. Kubera et al. [ 116 ] showed that 80 mg/kg of TPM was able to 
signifi cantly reduce levels of lipid peroxidation in piriform cortex and frontal cortex 
of rats, following kainate-induced status epilepticus. TPM is able to reduce levels of 
lipid peroxidation in animal models [ 117 ,  118 ] and to increase the erythrocyte 
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glutathione peroxidase activity and GSH levels [ 118 ]. In particular, the association 
of TPM and vitamin E determined an increase of kidney SOD and catalase enzyme 
activities [ 119 ]. Pro-oxidant effects, by contrast, have been observed in astrocytes 
[ 120 ] and in kindled and non-kindled animals [ 103 ]. When compared to reference 
molecules, TPM demonstrates signifi cant scavenging capacity accounting for 
the neuroprotective effects attributed to this compound and suggesting its use as a 
possible chemopreventive agent [ 121 ].  

    Valproic Acid 

 Valproic acid (VPA), a branched-chain fatty acid, is the most widely used AED 
for the treatment of epilepsy, bipolar psychiatric disorders, and migraine [ 60 ]. 
A large number of studies evaluated the infl uence of VPA on oxidative balance 
with contrasting results. In patients affected by idiopathic epilepsy, VPA treat-
ment may determine changes in the erythrocyte lipid peroxidation and antioxi-
dant enzyme levels when compared to those of the pretreatment period suggesting 
a clear VPA pro-oxidant effect [ 55 ]. These fi ndings have been further corrobo-
rated by the observation of increased neutrophils’ oxidative metabolism and oxi-
dant status in children with idiopathic epilepsy treated with VPA [ 122 ]. Oxidative 
stress indexes, evaluated in the cerebral and cerebellar cortices of young rats 
placed under VPA load, have been found signifi cantly abnormal as the conse-
quence of a VPA-related impairment of the antioxidant status of the neuronal 
tissue [ 123 ]. On the contrary, VPA showed a neuroprotective effect against isch-
emia/reperfusion injury in the rat retina by enhancing antioxidative effects and 
inhibiting apoptosis of retinal cells [ 124 ]. Controversies of the VPA effects still 
exist also in clinical studies. It was recently observed that patients affected by 
epilepsy present signifi cantly increased levels of oxidative markers when com-
pared to control group. However, several AEDs, including valproate, do not 
infl uence oxidative marker changes which, therefore, are mainly seizure related 
[ 125 ]. These fi ndings are in line with our data detected in children affected by 
epileptic encephalopathy in whom increased oxidative marker levels were related 
to seizures rather than to AEDs [ 60 ]. Moreover, it has been reported that after 
1-year VPA treatment, in patients with epilepsy, increased oxidative markers could 
be noted only in those who developed obesity but not in the remaining group of 
nonobese patients. It was clear therefore that increased levels of oxidative markers 
were related to weight gain rather than VPA therapy [ 56 ]. In addition, the well-
known VPA teratogenicity may be exerted by VPA-induced ROS formation and 
apoptosis [ 126 ]. The drug has also been implicated in favoring oxidative stress and 
sperm DNA damage in the testes of mice [ 127 ] and in increasing oxidation of 
low-density lipoprotein [ 128 ].  
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    Conclusion 

 This review provides an overview of the pathophysiological mechanisms associated 
with oxidative stress in epileptic seizures in both experimental and clinical studies. 
When globally considered, they seem to show that lipid peroxidation, DNA oxida-
tion, mitochondrial dysfunctions, redox-active metals, and an impaired antioxidant 
system may be crucial factors for epileptogenesis. 

 Therapeutic intervention with free radical scavengers may represent a key strategy 
to counteract the epilepsy-related neurodegenerative process. However, in spite of 
the incredible development of new drugs for epilepsy treatment, defi nite evidence 
about the neuroprotective ability of the existing compounds is still lacking. 

 Therefore, further studies are required to understand molecular mechanisms 
underlying oxidative stress. New molecules potentially active in the treatment of 
epilepsy wait to be discovered and delineated.     
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 Introduction

OS occurs when the production of FRs exceeds the capacity of antioxidant defenses
[16]. It is due to an imbalance between the production of reactive species and the
biological system’s ability to readily detoxify the reactive intermediates or to repair
the resulting damage. Each cell is characterized by a fixed number of electrons stored
in many different organelles, and the cellular redox state with its delicate balance
allows cellular functioning [20]. Disturbances in the normal redox state of tissues can
cause toxic effects through the production of peroxides and FRs that damage all
components of the cell, including proteins, lipids, and DNA. Some reactive oxidative
species can even act as second messengers: at low levels, they are signaling mole-
cules, and at high levels, they can damage organelles, particularly the mitochondria.
Oxidative damage and the associated mitochondrial dysfunction may result in energy
depletion, accumulation of cytotoxic mediators, and cell death. Understanding the
interface between stress adaptation and cell death is important to clarify redox
biology and disease pathogenesis [57].
OS is an unavoidable consequence of life in an O2-rich atmosphere. It occurs at birth

in all newborns as a consequence of the hyperoxic challenge due to the transition from
the hypoxic intrauterine environment to extrauterine life. FR sources such as hyperoxia,
hypoxia, ischemia, hypoxia–reperfusion, inflammation, and high levels of NPBI
increase OS during the perinatal period. In addition, preterm babies have reduced anti-
oxidant defenses; thus, they are not able to counteract the harmful effects of FRs that
lead to cellular, tissue, and organ damages (kidney, retina, lung, and bowel injury) [82].
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 Oxidative Stress

The increased generation of FRs in cells directly relates to the fact that each
oxygen atom has one unpaired electron in its outer valence shell; thus, molecular
oxygen (O2) has two unpaired electrons. If the oxygen atom does not find a twin
atom, it can accept hydrogen to form water (H2O), but there may be one electron
less or more, resulting in no stability. This complex represents an FR. FRs are
capable of giving rise to chain reactions, i.e., reactions that involve a number of
steps, each of which forms an FR that triggers the next step. Three different phases
(initiation, propagation, and termination) and different FR species (oxygen-cen-
tered radicals (ROS), nitrogen-centered radicals (RNS), carbon-centered radicals,
and sulfur-centered radicals) can be recognized [82]. Superoxide anion (O2

− ⋅) is
considered the primary ROS and it can generate secondary ROS. It is generated
primarily within the mitochondrial respiratory chain that is fundamental for the
ATP production in mammalian cells. During the respiratory process, O2 is utilized
as an electron acceptor and completely reduced to water through the acquisition of
four electrons:

 O e H H O2 24 4 2+ + ®- +

 

When this process is realized through subsequent steps, radical formation is then
possible:

 

O e H HO H O

HO e H H O

H O e H H O H

2 2 2

2 2 2

2 2 3 2

1

1

1

+ + « ×« +
×+ + «
+ + « [ ]«

- + + -×

- +

- +
22

21

O OH

OH e H H O

+ ×
× + + «- +

 

Three intermediate products are generated from O2 reduction: O2
− ⋅, hydrogen

peroxide (H2O2), and hydroxyl radical (.OH). The second one is the most stable and
it can be accumulated in large quantities.
Besides mitochondrial respiratory chain, there are many other sources of FR

generation, both endogenous and exogenous.
In cells, one-electron abstraction from molecules yields sulfur-, oxygen-, car-

bon-, and nitrogen-centered FRs. For example, the removal of one electron (and a
proton, H+) from a –SH group of a protein by a radical species (R.) yields a sulfur-
centered FR. If R. had just one unpaired electron, the reaction would have con-
verted it to a non-radical. Another example is the one-electron removal from
bis-allylic C–H bonds of polyunsaturated fatty acids (PUFAs) that yields a
carbon-centered FR.
Nitric oxide (NO) can also be an FR source because it contains an unpaired elec-

tron in the outer orbital. NO interacts with the heme prosthetic group of the soluble
guanylate cyclase, prompting cyclic guanosine-monophosphate (cGMP) formation
and activating cGMP-dependent ion channels and kinases. Nitric oxide synthase
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(NOS) catalyzes the formation of NO. It reacts relatively slowly with O2, producing
the orange–brown gas nitrogen dioxide (.NO2), a highly reactive FR [3].
Other potential endogenous sources include inflammatory cell activation

(through nicotinamide adenine dinucleotide phosphate (NADPH)-reduced oxi-
dase of phagocytes and some endothelial cells), monooxygenase system, nitric
oxide synthase, and several other enzymes involved in the inflammatory process [5]. 
The burden of ROS can be further amplified by the presence of “free” metals, such
as iron, copper, and manganese, that are released by metalloprotein complexes
[63] (Fig. 21.1). Iron can damage tissues by catalyzing the conversion of superoxide
and hydrogen peroxide to FR species through the Haber–Weiss and Fenton reactions
when it is unbound to plasma proteins [43].
Additional endogenous sources of cellular FRs are activated neutrophils, eosino-

phils, and macrophages [29]. FRs can also be produced through many exogenous
processes such as environmental agents and xenobiotics (metal ions, radiations, bar-
biturates) [8]. Stress factors, such as tumor necrosis factor alpha (TNF-α), can
induce an increase in FR production with a redox cascade leading to the activation
of both pro-survival and pro-cell-death factors [82]. Whatever the source of FRs,
they are really dangerous because of their toxic effects able to damage all cells’
components, including proteins, lipids, and DNA.
OS also causes a very wide spectrum of genetic, metabolic, and cellular responses.

Many oxidative conditions are able to modulate gene expression, stimulate cell
growth, or cause a protective temporary growth arrest [31]. Necrosis is the most
extreme outcome and involves direct cell destruction.

Fig. 21.1 Free radical generation and the tissue damage from infection
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 Oxidative Stress in Intrauterine Life

Many studies confirmed the important role of ROS in the etiology of fetal diseases.
The relative immaturity of the antioxidant system facilitates the exposure of
embryos and fetuses to the damaging effects of OS. Prenatal hypoxic/ischemic
injury and inflammatory/infective insults are specific triggers for an acute increase
in FRs, generating an adverse intrauterine environment with impaired fetal devel-
opment [18, 19]. OS has been demonstrated in pregnancies with fetal growth
restriction [62]. Fetal growth restriction is often complicated by intrauterine
hypoxia and impaired blood flow to the fetus. Intrauterine hypoxia may induce FR
generation and fetal OS. It has been demonstrated that increased isoprostane con-
centrations, reliable markers of lipid peroxidation, in amniotic fluid indicate fetal
growth restriction and also induce damage to amniotic epithelium and chorioamni-
otic collagen.This aspect is clarifiedby recentdatademonstrating thatF2-isoprostane
concentrations are significantly higher in pregnancies with premature rupture of
membranes than in normal ones [62]. FRs may disrupt amino acid binding in pro-
teins and polyunsaturated fatty acids of the membrane lipid bilayers, causing cell
dysfunction, modification of chorioamniotic biology, and predisposition to prema-
ture rupture of membranes (Fig. 21.2).
By favoring intracellular release of NPBI into plasma, asphyxia and acidosis

supply redox-cycling iron, predisposing to OS [17, 21, 26, 28]. NPBI leads to the
catalysis of O2

−., H2O2, and the generation of the damaging .OH. In the presence of
free iron, huge increases in FR generation are possible, with the potential to cause

Fig. 21.2 Oxidative stress and premature rupture of membranes (MMPS matrix metalloprotein-
ases, TIMPS tissue inhibitor of metalloproteinases)
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tissue damage. Plasma NPBI may leak into the brain through a damaged barrier and
is particularly damaging, being taken up directly by cells. When NPBI gains access
to the extracellular space, its uptake by cells is enhanced by intracellular calcium
and paradoxically also by increased levels of intracellular iron. Differentiating
oligodendrocytes are particularly vulnerable to FR damage, being rich in iron which
is required for differentiation [74].
A recent in vivo and ex vivo rat model of intrauterine growth restriction (IUGR)

evidences the delays in oligodendrocyte differentiation and myelination probably
due to bone morphogenetic protein 4 (BMP4) upregulation induced by OS. When
BMP4 expression in oligodendrocyte increases, impaired differentiation occurs.
A normal myelination has been observed abrogating BMP signaling [89].
Down syndrome comes from one chromosome 21 in excess in cellular karyo-

type. Superoxide dismutase (SOD) gene is localized on chromosome 21. This
enzyme has the capacity to detoxify cells from superoxide anion in vivo with the
participation of catalase and glutathione peroxidase. Consequently, an increased
SOD production leads to high H2O2 generation, which can itself be toxic and also
interfere with SOD activity [15]. An increased level of 8-iso-PGF2a isoprostane was
found in the amniotic fluid of pregnancies with a Down syndrome fetus [81]. The
immature oligodendroglial cells are glutathione peroxidase and catalase deficient so
overexpression of SOD can be dangerous, instead of being protective. The early
occurrence of OS in pregnancies with trisomy 21 and their subsequent oxidative
damage as a major contributing factor in brain aging and cognitive function decline
are likely due to the overexpression of SOD, coming from the supernumerary chro-
mosome. SOD is also overexpressed in the immature brain, especially under stress-
ful conditions (such as hypoxia) [72].
Furthermore, there are many data indicating that maternal diabetes during preg-

nancy may also induce OS in the newborn probably through the biochemical distur-
bance of the fetus [32, 68, 91]. In gestational diabetes mellitus (GDM) pregnancies,
an FR overproduction was demonstrated; in addition, placental oxidation reactions
are accelerated, and the radical scavenger function mechanisms are impaired due to
the relative immaturity of the antioxidant system that facilitates the exposure of
embryos and fetuses to the damaging effects of OS [56]. Interestingly, alterations in
embryonic and fetoplacental development in experimental models of diabetes have
been associated with FR increase in intrauterine tissues [56]. Evidence of increased
FRs has been found in embryos, fetuses, and placentas in diabetes experimental
models [34, 49, 73]. There is also evidence that several teratogens affect the devel-
oping embryo by increasing its OS and FR levels. There is a large number of path-
ways contributing to OS injury in diabetic pregnancies; hyperglycemia induces OS
and causes cell and tissue damage through the polyol pathway, the formation of
advanced glycation end products (AGE), the activation of protein kinase C (PKC),
and the hexosamine pathway that leads to the formation of glucosamine 6-phosphate
which competes with glucose-6 phosphate dehydrogenase limiting the synthesis of
the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH),
necessary for reduced glutathione rebuilding. The enhanced FR production is also
due to an incorrectly coupled electron transport in the mitochondrial respiratory
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chain by oxidative phosphorylation [56]. Finally, gestational diabetes pregnancies
experience chronic hypoxia as reflected by increased erythropoietin concentrations
in amniotic fluid near term. Moreover, erythropoietin levels significantly correlated
with the concentration of oxidative and nitrosative stress biomarkers in amniotic
fluid [35]. This pro-oxidant status may predispose newborns to poor postnatal adap-
tation and early neonatal complications. All these data clearly demonstrate the rel-
evance of FRs as teratogenic agents in diabetic pregnancies, leading to oxidative
and nitrosative stress in many fetal organs and to an impairment of antioxidant
enzymes [56].
Finally, many studies demonstrated a delay of development or developmental

arrest in mammalian preimplantation embryos cultured in vitro when compared to
embryos that had developed in vivo [98]. The difference in O2 concentration can be
the cause of this phenomenon. In vivo, O2 concentration in oviductal and uterine
environment is lower (2–8 %) than those used for the culture of embryos in vitro,
that is, atmospheric O2 (approx. 20 %) [98].
FRs produced through different mechanisms highly affect embryo and fetus

development, causing several different diseases with a common pathophysiology
based on the antioxidant impairment and FR overproduction.

 Oxidative Stress and Free Radical-Related  
Diseases in the Newborn

Newborns are particularly susceptible to OS; this is in part due to the rapid environ-
ment change from a poor (womb) to a relatively rich O2 habitat. There are also other
predisposing conditions such as the relative antioxidant systems’ deficiency, the
increased release of NPBI, and the exposure to hyperoxia, to hypoxic–ischemic
conditions, and to inflammation events. The term “free radical disease” (FRD) was
used to pull together all neonatal pathologies with a probable oxidative etiology.

 Intraventricular Hemorrhage and Ischemic–Hypoxic  
Brain Injury

Intraventricular hemorrhage (IVH) in very preterm infants is a common disease
associated with long-term consequences [107]. In Italy 20–25 % of all very low birth
weight (VLBW) infants suffer from IVH. Importantly, 10–15 % of neonates of
<1,500 g birth weight will experience the more severe grades of hemorrhage, and over
three-quarters of these will develop mental retardation and/or cerebral palsy [65].
IVH has been attributed to changes in cerebral blood flow due to the immature

germinal matrix microvasculature and secondary periventricular venous infarction
[65]. Recently, more detailed analyses have demonstrated the role of OS in this
context [82].
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Important modulators of cerebral blood flow in the developing brain include the
cyclooxygenase 2 (COX-2) system and prostaglandins (PGs). COX-2 expression is
induced by hypoxia; hypotension; growth factors such as epidermal growth factor
receptor and transforming growth factor β (TGFβ); and inflammatory modulators
including IL-6, IL-1β, TNF-α, and NFkappaB [2]. The resultant prostanoids
promote the production and release of vascular endothelial growth factor (VEGF),
a potent angiogenic factor [55].
Those same triggers, which initiate hemorrhage into the germinal matrix, promote

a cascade of processes leading to the disruption of tight junctions, increased blood–
brain barrier permeability, and microglial activation within the developing periven-
tricular white matter (Fig. 21.3). These events are mediated by cytokines (IL-1β and
TNF-α), VEGF, and NO. Furthermore, hypoxia alone has been shown to alter the
blood–brain barrier proteins. Finally, reactive microglia release FRs, which not only
contribute to endothelial damage but also alter hemostasis and increase anaerobic
metabolism [102].
The preterm brain is more susceptible to FRs than adult brain because of the

immaturity of detoxifying enzyme systems but also for its high lipid content with an
increasing amount of polyunsaturated fatty acids, high O2 consumption, and conse-
quently high capacity to generate FRs [7, 71]. In addition, FRs are released by
activated microglia and are also generated following the activation of the COX-2
system. Because of their multifaceted effects on the developing vasculature, FRs are
believed to play a significant role in periventricular parenchymal infarction [38].

Fig. 21.3 Complex mechanisms involved in perinatal brain injury (ET endothelin, NO nitric oxide)
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The nature of the cells involved in OS-associated brain injury is currently unclear.
In postmortem examination of premature infants, the cerebral oxidative damage
particularly targeted the oligodendrocyte lineage, suggesting that these cells are the
most vulnerable toOS injury [10]. The extremevulnerability of pre-oligodendrocytes
to FR attack is based on human brain and experimental models. A delay in produc-
tion of SOD and catalase was found in human brains by Folkerth et al. [38], and a
deficit in glutathione peroxidase and catalase was demonstrated in cultured pre-
oligodendrocytes by Rosenberg et al. ([14], Volpe et al. 2011). The deficit in antioxi-
dant systems leads to an increase in hydrogen peroxide that is converted to the
dangerous hydroxyl radical in the presence of ferrous ion through the Fenton
reaction in the white matter [74]. NPBI was also found to be increased in cerebral
white matter after hypoxia–ischemia ([96], Volpe et al. 2011). Furthermore, the
occurrence of IVH leads to the accumulation of a large amount of NPBI in cere-
bral spinal fluid [95]. All these data indicates that there is higher vulnerability of
pre-oligodendrocytes to OS primarily due to the deficit in antioxidant systems but
also to the increase in NPBI as a consequence of IVH and hypoxic–ischemic
injury (Volpe et al. 2011).
Other vulnerable cell populations include the subplate neurons. Oxidative tissue

damage was documented in the periventricular white matter of premature neonates, as
well as the cerebral cortex of term infants succumbing from severe hypoxic–ischemic
insults [10]. The cerebrospinal fluid 15-F2t-IsoP levels were significantly increased in
one-third of infants with white matter injury [47].
In our previous study, we found increased plasma levels of total hydroperoxides

(THs), advanced oxidation protein products (AOPPs), and particularly NPBI in
newborns who developed IVH, suggesting that OS markers are direct indexes of
increased production of FRs in the central nervous system as a response to oxidative
neuronal damage [82]. Perinatal hypoxia alters mechanisms that regulate cerebral
blood flow and triggers a cascade of biochemical events that begins with a shift from
oxidative to anaerobic metabolism leading to oxidative brain damage [80]. 
Polyunsaturated fatty acids are constituents of lipidic membrane in white matter,
and they are highly susceptible to FR attack. The lipid peroxidation that occurs fol-
lowing acute hypoxia in the fetal brain [23, 46] may be due to the generation of
peroxynitrite (OONO), following the nonenzymatic combination of NO and super-
oxide [99]. Lipid peroxidation affects immature oligodendrocytes in particular in
the preterm fetal brain [9] and may be a major factor in the white matter damage that
can arise from hypoxic insult to the developing brain [7, 9, 14].
The propensity to brain oxidative injury in immature babies is related to deficient

antioxidant defenses as already stated before but also to several pro-oxidant charac-
teristics. Basically, the developing tissues have a high metabolic rate supported
almost exclusively by oxidative metabolism, an excellent source for FRs, and a rela-
tively high concentration of NPBI [66]. The fetus accumulates iron from maternal
stores during pregnancy [40], suggesting a role of iron as a trophic factor at an early
developmental stage, when growth is especially active. Despite the brain’s highly
regulated system for iron utilization and metabolism, iron overload is associated
with saturation in protein involved in iron transport and storage, causing an increase
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in free ferrous iron [39]. In this case, iron is capable of causing degeneration of
endothelial cells [108]. Endothelial cell injury and dysfunction may additionally
contribute to the inflammatory response and alteration in coagulation, through loss
of normal endothelial nitric oxide production [109]. Other potential implications
of iron overload are acute impairment of endothelium-dependent flow-mediated
vasodilation [104], loss of tight junction proteins and degeneration of endothelial
cells, and opening of the blood–brain barrier [108]. The separation of endothelial
tight junctions, the loss of endothelial attachment to the basement membrane, the
endothelial blebbing, and endothelial necrosis have been described in the cerebral
vasculature following ischemic injury [86]. The progression of endothelial dysregu-
lation can contribute to the ongoing pathogenesis of IVH.

 Retinopathy of Prematurity

Retinopathy of prematurity (ROP) is the major cause of visual impairment and blind-
ness in premature neonates [90]. The overall incidence rate of the condition is about
68% among infants born with birth weight less than 1,200 g and 98% among children
born with birth weight less than 750 g. The pathogenesis is multifactorial [97].
Normally the vascularization of the human retina is largely complete by the 4th

month of gestation, but peripheral retinal vascularization is still immature until the
fetus is near term. ROP occurs in two phases. The first phase starts when premature
infants are exposed to a high O2 concentration inside the incubator after birth. This
condition of relative hyperoxia leads to the downregulation of VEGF expression
and to a subsequent regression of developed retinal vessels. After the cessation of
O2 therapy, infants are returned to normal O2 tension. In addition, the metabolic
demand of the relatively vascular depleted retina is now higher. The increased
requirements of O2 pose the newborn’s retina in a state of hypoxic injury that hesi-
tates in the abnormal proliferation of vessels and leads to neovascularization; this is
the second phase of ROP progression [90].
During the two phases of ROP, the retina is subjected to the overproduction of

FRs, which activates NADPH oxidase and contributes to intravitreal neovascular-
ization by the activation of signaling pathways such as JAK/STAT [45, 90]. NADPH
oxidase is a major enzyme responsible for the release of superoxide radicals from
macrophages to fight invading microorganisms [37]. This enzyme is activated by a
number of stimuli relevant to ROP, including hypoxia [103], hyperoxia [75], and
FRs [70, 77, 79, 103], and its activation can trigger disparate signaling pathways
from endothelial apoptosis [50] to endothelial proliferation and angiogenesis [103]. 
Therefore, OS plays a crucial role in the pathogenesis of ROP [59]. Nitro-oxidation
is also involved in the pathogenesis of ROP. A higher level of NOS, which contrib-
utes to the increase of NO production, is observed in neonatal retina exposed to
hypoxia [77].
Nowadays, hyperoxia is considered a fundamental factor, with a direct relationship

between high oxygen saturation and ROP [94]. Penn et al. have shown how the
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exposure to alternating hypoxia and hyperoxia causes severe proliferative retinopathy
in the newborn rat [78]. Many other clinical studies describe how fluctuations in O2 
and increased inspired O2 of infants are associated with a higher risk for severe ROP
[25, 30, 64, 92, 100].
Our previous studies showed how O2 administration in the delivery room was

significantly associated with the development of ROP [84]. We also demonstrated
elevated levels of TH, AOPP, and NPBI in cord blood of babies at risk for FRD and
consequently of ROP [82].
Furthermore, it has been shown that the retinal antioxidant and antioxyenzyme

contents are low in ROP cases [24]. Some protective effects have been shown by
giving the potent antioxidant D-penicillamine and vitamin E [88]. In a later clinical
study, vitamin E was proven to be effective in the prophylaxis of ROP development,
and vitamin E supplementation is related to lower incidence of ROP [61]. Recently,
interventions such as increasing retinal EPO and vitamin E supplements have been
suggested [87].
Although we and others have found that the VEGF signaling pathway is not the

only mechanism involved in the development of intravitreous neovascularization
[33, 51, 54], it can be considered the dominant pathway in conditions in which
hypoxia occurs. VEGF is produced by astrocytes in response to hypoxia [85], giving
rise to retinal neovascularization at the junction between vascularized and nonvas-
cularized retina [94]. VEGF levels are suppressed by hyperoxia with a stop of the
normal retinal vascularization and loss of some developing vessels. In addition,
fetal insulin-like growth factor-1 (IGF-1) precipitously falls after premature birth
[60]. The action of VEGF depends on IGF-1. Subsequently, with the retinal devel-
opment, the O2 need increases, and the result is a hypoxic environment with a
consequent VEGF production. This fact, assisted by IGF-1, leads to the neovascu-
larization process.

 Bronchopulmonary Dysplasia

Bronchopulmonary dysplasia (BPD) of the newborn is one of the most important
diseases influencing perinatal mortality and morbidity. BPD occurs almost exclu-
sively in preterm infants. O2 toxicity, FRs, prematurity, surfactant deficit, and
inflammation are major factors contributing to its pathogenesis [52]. Inadequate
nutrition and how the baby is ventilated contribute to the increase of OS which may
trigger oxidative changes leading to permanent lung damage [93].
Phagocytic cells in the lung mediate their antimicrobial functions through the

release of lysozymes, peroxidases, and proteases, in addition to ROS and NOS.
Activated neutrophils and pulmonary type II cells are also important inducers

of the Fenton reaction and of the increase of adhesiveness to the endothelium.
The release of inflammatory mediators can stimulate the endothelium to promote
transendothelial migration, facilitating the passage of cytokines [36]. The increase
in phagocyte number and interleukin concentrations in bronchoalveolar lavage fluid
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of infants with BPD indicates that O2 toxicity and inflammation are involved in the
development of lung injury [42].
BPD is characterized by a tissue remodeling process, which has been divided

into different phases, ending up in the chronic phase with an increased number of
fibroblasts and fibrotic areas. Matrix metalloproteins (MMPs) are important in regu-
lating fibrotic processes; they degrade extracellular matrix proteins and fibrillar col-
lagen. In human cells, the balance between MMPs and their inhibitors is of great
importance in the development and regulation of fibrosis. The expression of MMPs
is regulated by cytokines, growth factors, and extracellular matrix components. OS
increases both MMPs and their inhibitors, so it may lead to lung damage by increas-
ing collagenase activity, causing disruption of the extracellular matrix [93]. OS is
also able to inactivate surfactant, as demonstrated in rats treated with the combina-
tion of hyperoxia and hypoxanthine infusion; as a result of inflammation and edema,
transudated plasma proteins and inflammatory cells impair extracellular surfactant.
Hyperoxia results in an increase of the surfactant proteins (SP) SP-A, SP-B, and
SP-C85 while oxidized SP-A loses its surfactant and immune defense functions.
Hyperoxia also reduces surfactant phospholipid production [44]. It seems that glycerol-
3 phosphate acyltransferase, which catalyzes the first reaction in phosphoglyceride
synthesis, is a rate-limiting enzyme, extremely sensitive to oxidative damage [93].
An increased concentration of products of lipid peroxidation, pentane and ethane,

in exhaled gas was demonstrated a few days after birth in infants who subsequently
developed BPD [105]. A positive correlation was found between the duration of O2 
ventilatory therapy and lipid peroxidation by Inder et al. [48].
Protein oxidation was also demonstrated by Gladstone and Levine with higher

carbonyl content in lung lavage samples from preterm infants with an O2 require-
ment of over 40 % or who were ventilated for longer than 72 h compared with those
requiring less O2 or less time on mechanical ventilation [41]. In tracheal aspirates
from premature infants requiring O2 therapy, Varsila et al. showed that those who
subsequently developed BPD had a significantly higher carbonyl concentration
during the first 6 days of life than those who did not [106].

 Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is a gastrointestinal surgical emergency in preterm
neonates [12]. The overall incidence is 1–5 per 1,000 live births, dramatically
increasing to 100 per 1,000 in very low birth weight and to 200 per 1,000 in extremely
low birth weight infants [76]. NEC has a multifactorial etiology: ischemia, infec-
tions, cytokines, enteral feeding, and FRs may contribute to the disruption of the
protective gut barrier.
In particular, FRs are generated as a result of various injury to the gut, in prema-

ture infants. Ischemia, hypoxia–reperfusion, infection, and inflammation are mecha-
nisms capable of producing high levels of FRs, perturbing the normal redox balance
and shifting cells into a state of OS [6].
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Some authors recently proposed that the underlying initial condition is the
reduced ability of the neonatal gut epithelial cells to reduce OS and that when epi-
thelial gut cells are exposed to enteral feeding, the increased metabolic OS tips the
population toward apoptosis, inflammation, bacterial activation, and eventual necro-
sis [53]. Recent findings suggested that the mitochondria are the major sources of
intestinal apoptotic signaling during OS and that by modulating mitochondrial
apoptosis, it is possible to prevent NEC damaging effects [13].
Recently, we found a strong association between NEC and cord blood concentra-

tion of AOPP, NPBI, and TH, showing a clear correlation between intrauterine OS
events and the risk of developing NEC [83].
The immaturity of the gastrointestinal tract in preterm infants may also contrib-

ute to NEC development [58]. The decreased intestinal peristalsis exposes the intes-
tinal epithelium to noxious substances, for example, Toll-like receptor-4 expression
is downregulated in the mature intestinal epithelium under stimulation by gram-
negative lipopolysaccharides but is increased in the immature intestinal epithelium,
leading to an exaggerated proinflammatory response through the upregulation of the
NF-kB pathway [27]. Moreover, prolonged antibiotic exposure is associated with an
increased risk of NEC [58], and this association persisted in multivariate analyses
excluding confounding factors (gestational age, birth weight, and sepsis) [4]. 
In addition, preterm infants frequently suffer from ischemic events, such as hypo-
tension, hypothermia, anemia, and patent ductus arteriosus, during the intensive
care stay. Severe anemia results in insufficient O2 supply for the increased require-
ments of the mesenteric vessels after enteral feeding. Ischemia leads to endothelial cell
dysfunction and alters the endothelin-1/nitric oxide balance in favor of vasoconstric-
tion, causing expansion of ischemic intestinal lesions [69]. Other risk factors are sensi-
tization to cow milk proteins [1] and polymorphisms, such as mutations in carbamoyl
phosphate synthetase [67], vascular endothelial growth factor [11], and interleukins
10 and 12 [101].
Further studies providing a rational basis for the formulation of interventions to

interrupt those dangerous mechanisms and elucidating the role of perinatal oxidative
insults in injured intestinal epithelial cells are needed.

 Conclusion

The existence of a redox homeostasis is essential for normal health and survival of
the cell. OS occurs when there is an imbalance between pro-oxidant and antioxidant
factors; this process leads to cellular and tissue damage. The newborn, especially if
preterm, is highly prone to OS and to the toxic effect of FRs. The challenge for the
future is to develop new effective antioxidant therapies and to demonstrate their
benefits for patients’ treatment. Many efforts have been already done in elucidating
the differential responses to initial insults in the fetus and newborns. Nevertheless,
a lot of work still has to be done to identify the exact target population for the new
antioxidant strategies (moderate or severe HIE, premature infants, mother during
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pregnancy, etc.) as well as for the proper timing and dosing. However, longitudinal
studies evaluating the panel of OS biomarkers and elucidating the molecular mecha-
nisms that engender OS in the perinatal period are needed before antioxidant thera-
pies can be accepted in clinical practice.
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 Introduction

Oxidative stress (OS) in vivo is a degenerative process due to overproduction of free
radicals (FR) and propagation of their reactions. OS exists and tissue damage is pos-
sible when there are low levels of antioxidants or increased FR activity [1].
Newborns and particularly preterm infants are at high risk for OS and damage

due to their organs’ structural and functional immaturity, the overloading of aerobic
metabolism with rapidly growing energy demand, and the presence of conditions
leading to increased free iron levels with excessive FR production (i.e., hypoxia,
inflammation, need of blood transfusions) (Fig. 22.1). Neonatal plasma has pro-
foundly disturbed antioxidant profiles with low levels of glutathione peroxidase
activity, superoxide dismutase, β-carotene, riboflavin, α-proteinase, vit. E, selenium,
copper, zinc, ceruloplasmin, transferrin, and other antioxidant plasma factors [2].
In the developing fetus, hypoxia results in an increased anaerobic metabolism,

leading to a rapid rise in levels of lactic acid and reduced forms of electron transport
chain components in the mitochondria, with subsequent production of oxygen FR
[3]. Other mechanisms contributing to reactive oxygen FR formation and membrane
lipid peroxidation include phagocyte activation, metabolism of arachidonic acid
through the cyclooxygenase and lipoxygenase pathways, and reactions catalyzed by
increased free intracellular Fe++ and increased xanthine oxidase activity as a result of
increased degradation of ATP [4]. Excess free iron and deficient iron-binding metab-
olizing capacity are additional features favoring OS in the premature infants [5].
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The properties and complex role of reactive oxygen species in the development
of diseases make antioxidant therapy very difficult to be realized. Virtually, every
cellular and extracellular molecular component is potentially sensitive to damage
caused by OS. A critical aspect of protection is the prevention of the hypoxic-
ischemic insult, and because most infants appear to experience the primary insult in
utero, prevention of intrauterine asphyxia is of great importance.
Insights into the biochemical and cellular mechanisms of cellular injury with

perinatal hypoxic-ischemic-reperfusion insults provide a rational basis for the
formulation of interventions to interrupt those mechanisms and thereby prevent
or ameliorate the injury. The principal mechanisms of cell death following a
hypoxic-ischemic event involve the accumulation of cytosolic calcium and acti-
vation of a variety of calcium-mediated deleterious events, especially including
the generation of FR.
Antioxidant substances may act by decompartmentalizing metal complexes, lim-

iting FR production, modifying antiradical defenses, enhancing intracellular or
extracellular antioxidant levels, incorporating lipophilic antioxidants into mem-
branes, or scavenging superoxide [6] (Fig. 22.2). Some drugs inhibit phagocyte acti-
vation or xanthine oxidase and arachidonic acid metabolism or directly scavenge
FR or repair FR-induced membrane injury, like calcium antagonists and beta block-
ers. Elimination of transition metals and especially non-protein bound iron (NPBI)

Fig. 22.1 Neonatal susceptibility to oxidative stress and damage
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is crucial for interrupting the formation of FR. It can be achieved by iron chelators,
e.g., deferoxamine, which have been successfully used in neonatal animals to limit
oxidative damage [7, 8].
Although many antioxidant agents have been shown to be protective in animal

models of hypoxia-ischemia, only few substances have been used in pilot studies for
newborns. At the moment, therapeutic options are only a few more than what seems
obvious for oxidative protection: maintain adequate oxygenation, ventilation, and
perfusion pressure. Emerging therapeutic approaches for perinatal ischemia provide
an encouraging outlook on new antioxidant protective opportunities.

 Vitamins A, C, and E

Vitamins A, C, and E are essential nutrients and are considered the most important
antioxidants obtained through the diet. Vitamin A acts as an antioxidant by neutral-
izing the reactive molecules without modifying and interrupting oxidant chain reac-
tions [9].
The antioxidant actions of vitamin E (the α, β, γ tocopherols) lie in its ability to

be incorporated into biological membranes to stabilize and protect against lipid per-
oxidation [10], while the antioxidant properties of vitamin C (ascorbic acid) arise

Fig. 22.2 Mechanism of action of some antioxidant substances
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from the ability to act as an electron donor, thereby preventing other agents from
becoming oxidized and quenching an overproduction of FR. The literature regard-
ing the protective benefits of vitamins A, C, and E in the perinatal period is limited,
but in vitro evidence suggests that, in adult and fetal rat brain cultures, vitamin E
decreases lipid peroxidation and increases survival and neuritic extension of neu-
rons [11, 12]. In vivo, prophylactic administration of vitamin E before hypoxia-
ischemia is able to decrease the incidence of IVH [13]. Protective effects on
retinopathy of prematurity (ROP) have also been reported with a reduction of ROP
III+ from 5.3 to 2.8 % [14]. In a mouse model of Down syndrome, α -tocopherol
suppresses lipid peroxidation in the hippocampus and ameliorates behavioral and
cognitive impairments [15]. α-Tocopherol has also been shown to have anti-
inflammatory properties. Administration of α-tocopherol, particularly in large
doses, has been shown to decrease the release of pro-inflammatory cytokines from
cell lines exposed to lipopolysaccharide [16].
The use of vitamin A supplementation is effective for the reduction of broncho-

pulmonary dysplasia incidence in very low birth weight infants in modern NICU’s
[17]. In contrast, a meta-analysis of five trials in developing countries, in a popula-
tion of newborns, showed no survival benefit of neonatal vitamin A supplementa-
tion, but confidence intervals were wide and did not exclude the possibility of an
important benefit (relative risk 0 ·92, 95 % CI 0 ·75—1·12) [18]. A large cluster
randomized controlled trial, in rural Bangladesh, reports that the use of weekly
vitamin A or beta carotene in pregnant women, compared with placebo, did not
reduce all-cause of maternal, fetal, or infant mortality [19].
Ascorbate deficiency in the postnatal mouse brain (in the presence of normal GSH

levels) leads to diminished motor functions, yet an exaggerated response to a dopa-
minergic agonist [20]. Ascorbate antioxidant effects are enhanced in conjunction
with vit E. When vitamin E is oxidized, it forms α -tocopherol radical which is harm-
ful, but vitaminC is able tomediate the return of α-tocopherol radical to α-tocopherol,
thus regenerating α-tocopherol concentrations in plasma [21]. In support to these
findings, a study of transient intrauterine ischemia in pregnant rats showed that either
vitamin E or vitamin C treatment alone, started before the ischemic insult, was able
to decrease oxidative mitochondrial impairment in the fetal brain, but the improve-
ment was greater when vitamins were administered together [22].
On a cautionary note vitamin C has both pro-oxidant or antioxidant effects

in vitro; it is able to inhibit protein synthesis and induce late neuronal death [23–25]. 
Similarly, vitamin E may induce apoptosis in the absence of OS [26], potentially
limiting its protective effects only to situations when OS is established. It is hypoth-
esized that protecting the fetus through the pretreatment of the mother could in itself
be beneficial and without any additional risk burden on either the mother or her baby,
although the possibility of toxicity of these agents in the absence of OS was also
postulated. Prenatal antioxidant treatment with vitamin C protects against placental
OS in rats’ hypoxic pregnancies [27]. It may provide a useful intervention to improve
placental function and protect fetal growth in pregnancy complicated by fetal
hypoxia [27]. Markers of OS and placental dysfunction are significantly reduced
in the maternal circulation following supplementation of vitamins C and E [28]. 
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A large trial also showed that administration of vitamins C and E in the second half
of pregnancy, to women at risk for preeclampsia, significantly decreases biochemical
markers of preeclampsia and decreases the proportion of women who develop the
disease when compared to placebo [29]. However, a recent systematic review and
meta-analysis demonstrates that there is no difference in the rates of preeclampsia in
women receiving antioxidant vitamin supplements, nor were there any differences in
the maternal, fetal, or neonatal complications [30]. No trial has yet reported adverse
effects on long-term neurodevelopmental outcome of these babies.

 Erythropoietin

Erythropoietin (Epo) is directly involved in the prevention of OS with generation of
antioxidant enzymes, inhibition of nitric oxide production, and decrease of lipid
peroxidation [31]. Moreover, Epo can decrease the production of pro-inflammatory
cytokines and of the associated apoptotic injury, as it happens in adult stroke and
neonatal models of hypoxia-ischemia treated with rEPO [32, 33]. Higher circulating
Epo concentrations might produce more benefits than lower concentrations [34]. In
various experimental models, Epo demonstrates a neuroprotective effect particu-
larly after neuronal damage related to ischemia-reperfusion events [35]. Early treat-
ment after HI with a high dose of Epo (5,000 U/kg) reduces tissue loss, preserving
brain volume [36], and enhances neurogenesis, probably through a shift from astro-
cytic to neuronal cell fate [37]. A therapeutic strategy with lower multiple Epo
doses, such as 1,000 U/kg, did not result in significant neuroprotection from early
neuronal damage, even when combined with deferoxamine, an iron chelator which
has been shown to decrease OS [38].
A recent randomized prospective study reported that repeated, low doses (300 or

500 U/kg every day) of Epo were safe and resulted in improved neurological out-
come for patients with moderate neonatal HIE at 18 months of age [39]. A high
survival rate with no or minor cerebral sequelae was observed in adult patients treated
with hypothermia and early high doses of Epo therapy (40 000 IU) for the first 48 h,
soon after resuscitation from cardiac arrest, in a small pilot study [40]. However,
safety concerns appeared from some adult Epo trials reporting adverse effects related
to vascular thrombosis, intracerebral hemorrhage, and brain edema [41].

 Inhibitors of NOS

Nitric oxide (NO) is a free radical that is formed in high concentrations during and
after hypoxia-ischemia. Three enzymes can catalyze the formation of NO: neuronal
NOS (nNOS), inducible NOS (iNOS), and the endothelial NOS (eNOS) [42]. NO 
can react with superoxide to form peroxynitrite, which can cause nitration of pro-
teins, predominantly on tyrosine residues [43].
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Iminobiotin inhibits both the neuronal and inducible isoforms of nitric oxide
synthase [44]. Otherwise, in vivo, it provides neuroprotection probably hindering
apoptotic pathways. Nijboer et al demonstrated that treatment with 2-iminobiotin
provided gender-specific long- and short-term neuroprotection in female newborn
rats with hypoxia-ischemia via inhibition of the cytochrome c-caspase 3 neuronal
death pathway [45].

 Allopurinol

Allopurinol and its metabolite oxypurinol are inhibitors of xanthine oxidase, the
enzyme involved in superoxide production especially during reperfusion damage
(Fig. 22.3). Allopurinol has also additional effects, directly scavenging the toxic
hydroxyl free radical and mainly chelating the non-bound protein iron (NBPI), par-
ticularly at high doses [46]. Allopurinol is converted into oxypurinol, which crosses
the blood-brain barrier more easily. In asphyxiated infants who received allopurinol,
NO serum level decreased significantly from 24 h to 72–96 h after birth [47]. The
treated newborns had also better neurodevelopmental outcomes. Long-term neuro-
protective effects of allopurinol administered after moderate perinatal asphyxia were
also demonstrated in a secondary analysis of two randomized controlled trials [48]. 
Allopurinol may also be promising when administrated immediately before delivery
in suspected fetal asphyxia. In a recent pilot study, Torrence et al. administrated to 53

Fig. 22.3 Antioxidant effects of allopurinol
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pregnant women in labor (54 fetuses with a gestational age >36 weeks and signs of
fetal hypoxia) 500 mg of allopurinol or placebo intravenously. They found a reduc-
ing effect on biomarkers of neuronal damage and NPBI [49]. It is possible that allo-
purinol has no positive effect when administered late and at low doses [50]. Much
larger trials are needed, to assess allopurinol as an adjunct to therapeutic hypother-
mia in infants with moderate and severe encephalopathy and to exclude important
effects on mortality and adverse long-term neurodevelopmental outcomes [51].

 Albumin

Albumin is the main protein of plasma, representing about 60 % of all plasma pro-
teins. Marzocchi et al. demonstrated albumin carbonylation in newborns with higher
NBPI levels and poor neurodevelopmental outcome [52]. Since NBPI may produce
hydroxyl radicals through the Fenton reaction, the major target of OS induced by
NBPI is its carrier, albumin. As albumin is a major extracellular antioxidant, its
susceptibility to oxidation can be expected to decrease plasma antioxidant defenses
and increase the likelihood of tissue damage due to OS in the newborn. Nitrated
albumin was found significantly increased in patients who developed moderate or
severe encephalopathy compared to those who had a normal neurological evolution
or developed mild encephalopathy [53]. There is evidence that albumin significantly
enhances neurological function and may decrease brain edema and infarction if
administered 4 h after ischemia occurrence in adult rats [54]. In clinical trials, it is
observed that administration of albumin may cause side effects on the lungs [55]. To
reduce this side effect, albumin in low doses may be administered in association
with docosanoids. Docosanoids are derivates of docosahexaenoic acid (DHA),
which is a major product of the oxidative lipid degradation of the membrane after
cerebral ischemia; its bioproducts can inhibit the infiltration of leukocytes and
reduce expression of NF-κB. DHA treatment before the insult confers neuroprotec-
tion in a rat model of cerebral hypoxia-ischemia [56]. DHA improves function with-
out affecting the brain volume loss in a rat model of hypoxia-ischemia and
inflammation-induced perinatal brain injury [57].

 Deferoxamine

Deferoxamine is a chelating agent and its target is the formation of hydroxyl radi-
cals from free iron during reperfusion. Deferoxamine can cross the blood-brain bar-
rier and chelate NBPI, thus reducing the severity of brain injury and improving
cerebral metabolism in animal models of hypoxia-ischemia [58]. Deferoxamine
treatment in lambs limited the hypoxia-ischemia induced NBPI increase in plasma
and in cortical tissue [7, 8]. Negative effects on hemodynamics when administrated
at high doses in preterm baboons have been observed [59].
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 Magnesium Sulfate

Magnesium is essential for key cellular processes, like glycolysis, oxidative phos-
phorylation, protein synthesis, and DNA and RNA aggregation [60]. Moreover,
magnesium can influence mechanisms implicated in cell death due to the produc-
tion of pro-inflammatory cytokines during the inflammatory response ([61]), and
through the noncompetitive voltage-dependent inhibition of the NMDA-type gluta-
mate receptor, it can reduce calcium entry in the cells leading to the prevention of
the excitotoxic calcium-induced injury [62]. It also has anticonvulsant properties
and hemodynamic effects by increasing cerebral blood flow [63]. Recent evidences
demonstrate that fetal exposure to magnesium sulfate in women at risk for preterm
delivery significantly reduces the risk of cerebral palsy without increasing the risk
of death [64–66].
In adult rats with cerebral ischemia, magnesium sulfate was demonstrated to be

more effective, increasing neuronal survival rate, than either treatment used alone
[67, 68]. Magnesium has important side effects: it can provoke hemodynamic insta-
bility, hypotension, bradycardia, and delayed intraventricular conduction, including
complete atrioventricular block [60]. It appears that magnesium sulfate is ineffec-
tive in delaying birth or preventing preterm birth when used as a tocolytic [69]. 
Furthermore, high cumulative doses of magnesium sulfate may be associated with
increased infant mortality [70]. The evidence to date confirms the efficacy of mag-
nesium sulfate therapy for women with eclampsia and preeclampsia and for reduc-
tion of cerebral palsy in the setting of threatened preterm delivery. However,
magnesium sulfate should not be used as a tocolytic for preterm labor.

 N-Acetylcysteine

N-Acetylcysteine (NAC) is a scavenger of oxygen radicals and restores intracellu-
lar glutathione levels, attenuating reperfusion injury and decreasing inflammation
and nitric oxide (NO) production in adult models of stroke [71]. It has low toxicity
and it is able to cross the placenta and the blood-brain barrier. In an animal model
of hypoxia-ischemia, NAC treatment combined with systemic hypothermia pre-
vented brain tissue loss, with increased myelin expression and improved the short-
term functional outcomes of labyrinthine and cerebellar integration [72]. 
Consistently with this, Cakir et al. reported that after spinal cord ischemia, NAC
and hypothermia alone were associated with limited protective effects, whereas the
combination of NAC and hypothermia resulted in the highly significant recovery of
the spinal cord function [73]. NAC may also have anti-inflammatory effects, by
reducing intracerebral levels of tumor necrosis factor-α, interleukin-1β, and induc-
ible NO synthase, when administered in pregnant female rats 2 h before the admin-
istration of endotoxin lipopolysaccharide [74]. In a randomized clinical trial on
preterm newborns, therapy with NAC by continuous infusion during the first 6 days
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after birth, resulted in no changes in bronchopulmonary dysplasia incidence (the
primary outcome), nor in incidence of periventricular leukomalacia or intraven-
tricular hemorrhage, in the treated babies ([75]).

 Melatonin

Melatonin is the main product of the pineal gland, with high antioxidant and anti-
inflammatory properties [76, 77], and is synthesized starting from tryptophan [78]. 
When synthesized, it is quickly released in all biological fluids such as bile, cerebro-
spinal fluid [79], blood, saliva [80], semen [81], and amniotic fluid [82], and it func-
tions as time-giver in the regulation of the circadian rhythm [83]. This rhythm in
mammals is generated by an endogenous circadian master clock located in the
suprachiasmatic nucleus (SCN) of the hypothalamus. It participates in several neu-
roendocrine and physiological processes and is considered also a tissue factor, a
paracoid, an autocoid, an antioxidant, and sometimes a hormone depending on its
physiological actions. Among melatonin effects in humans, it plays a role in sleep
regulation, in the sexual maturation, and in thermoregulation [84]. Indeed, melato-
nin has a broad antioxidant spectrum, a direct or indirect effect, and an anti-
inflammatory property [85, 86]. It is particularly interesting for its ability to cross
all physiological barriers [87] and to be widely distributed in tissues, cells, and
subcellular compartments. Working as a direct antioxidant, it is able to scavenge
dangerous FR, such as OH•, O2−, H2O2 and ONOO−, and as an indirect one, it
induces the production of antioxidant enzymes, including glutathione peroxidase,
glutathione reductase, glucose-6-phosphate dehydrogenase, and superoxide dis-
mutase and increases the efficiency of mitochondrial electron transport [20, 88, 89].
Particularly its ability to scavenge the dangerous “·OH” is much higher than

other antioxidants including mannitol, glutathione, and vitamin E [90, 91]. 
Moreover, melatonin has no pro-oxidant effects unlike many other antioxidants
and does not interfere with the thrombolytic and neuroprotective actions of other
drugs [92, 93]. In addition, melatonin can inhibit the expression of adhesion mol-
ecules therefore curbing PMN infiltration and tricking the cascade of inflammation
[76]. Moreover, melatonin may inhibit the NF-κB expression, which is a nuclear
transcription factor involved in inflammation development by interacting with its
receptor MT1. Blocking NF-κB melatonin acts as an anti-inflammatory molecule
through the inhibition of the biochemical events following NF-κB activation, such
as the NO and prostaglandins production by iNOS and COX-2 [94]. Although
many studies for supplementation of melatonin in pregnancy are from animals,
recent evidences (e.g., that melatonin crosses the placenta) have suggested that
supplements with melatonin might be a good way of prevention of preeclampsia in
humans [95]. Furthermore, there is evidence that fetal growth restriction is associ-
ated with significant OS often resulting in small-for-gestational-age neonates [96, 
97]. Melatonin is able to increase glutathione peroxidase activity in human chorion
[98] and is able to improve placental efficiency, restore birth weight, and increase

22 New Antioxidant Drugs



422

the expression of placental manganese superoxide dismutase and catalase in under-
nourished pregnancy in rats [99].
Melatonin could be a useful drug in preterm delivery, a condition highly suscep-

tible to OS injury due to the need of oxygen use for neonatal resuscitation and to the
immaturity of the antioxidant systems. Unfortunately, despite its anti-inflammatory
and antioxidant functions, melatonin is not currently available for neonatal thera-
peutic trials, but when it was used as a compassionate drug in neonatal sepsis, bron-
chopulmonary dysplasia, and neonatal asphyxia, preliminary findings supported the
possibility for its wider evaluation in perinatal medicine [100–102]. Other studies
found also that melatonin administration after HI in immature rats has an excellent
and long-lasting benefit on ischemic outcomes and could represent a potentially
safe approach to perinatal brain damage in humans [103]. We demonstrated melato-
nin neuroprotective effects when administrated before the neonatal hypoxic-
ischemic insult in an animal model with a reduction of oxidative damage [104] and
a long-term neuroprotective effect. In addition, postischemia intraperitoneal admin-
istration of melatonin significantly protected the brain from injury and reduced
infarct volume, mainly in the hippocampus and cerebral cortex [103]. Melatonin
treatment also improved functional recovery into adulthood [103].
Based on all these data, melatonin is a well-documented multifunctional mole-

cule that may be a useful therapeutic agent for the treatment of neonatal hypoxic-
ischemic encephalopathy. Melatonin is safe, nontoxic, and available in pure form
for human use. These results of animal experimental models and human case reports
provide fundamental information on the need and potential usefulness of clinical
trials to evaluate melatonin as a neuroprotective drug.

 Lutein

Lutein belongs to the family of carotenoids. Studies conducted both in vitro and
in vivo have identified several properties of lutein, showing a defensive action that
occurs through the neutralization of FR and singlet oxygen. Studies report that
lutein is able to reduce the risk of developing some ocular diseases or slow down
their progression [105]. Lutein may play a role in tissue defense through functional
mechanisms using the phenomenon of deactivation (quenching) of singlet oxygen
and of reactive oxygen species [106]. This action gives the molecule different activi-
ties: antioxidant, anti-inflammatory, and anti-apoptotic properties [107]. Lutein and
its isomer zeaxanthin in the macular pigment may play an important role in protect-
ing the eyes of the newborn from the damage of light, thanks to their ability to
absorb blue light and their antioxidant action [108]. Our group demonstrated that
lutein administration in newborns increased the levels of biological antioxidant
potential (BAP), decreasing OS marker levels in healthy term newborns, suggesting
potential for its testing in clinical trials to protect newborns from perinatal OS [109]. 
There was also a difference between breastfed and formula-fed infants. Breastfed
infants had higher mean serum lutein concentrations than infants who consumed
formula unfortified with lutein. These data suggested that approximately four times
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more lutein is needed in infant formula than in human milk to achieve similar serum
lutein concentrations among breastfed and formula-fed infants [110]. Manzoni et al.
found no treatment-related adverse effect in 229 preterm infants supplemented with
lutein. They found no significant differences in the threshold of ROP between
treated versus not treated infants [111]. The same occurred for NEC and
BPD. Interestingly, they found that the progression rate from early ROP stages to
threshold ROP was decreased by 50 % [111], showing how lutein/zeaxanthin sup-
plementation in preterm infants is well tolerated and can interfere with ROP pro-
gression.Rubin et al. assessed lutein safety, and they demonstrated that supplemented
infants had lower plasma C-reactive protein and that plasma lutein levels correlated
with the full field electroretinogram-saturated response amplitude in rod photore-
ceptors in a cohort of 203 preterm newborns. Finally, the supplemented group also
showed greater rod photoreceptor sensitivity [112]. All these data suggest that lutein
may be a promising drug against oxidative injury.

 Conclusion

The relationship between FR production and perinatal FR diseases is complex.
Clearly, FR damage results from many pathogenic influences. Hypoxia, ischemia-
reperfusion, neutrophil and macrophage activation, Fenton reaction, endothelial cell
xanthine oxidase, phospholipid metabolism, nitric oxide, mitochondrial oxidative
metabolism impairment, and proteolytic pathways are all implicated. FR production
by such mechanisms contributes to the pathogenesis of perinatal diseases, but each
is only one of many factors responsible for disease occurrence. Each step in the
oxidative injury cascade has become a potential target for therapeutic intervention.
To date, studies have not adequately addressed the consequences of altering the
oxidative or immune balance when OS is suspected. The administration of antioxi-
dants for suspected OS is still not accepted for clinical use because treatments
would be usually started after resuscitation of an asphyxiated newborn. The chal-
lenge for the future is the early identification of high-risk babies to target an antioxi-
dant therapy preventing OS injury. Furthermore, it would be important to better
clarify the drug intervention strategy (with antioxidants, anti-inflammatory, and
anti-apoptotic properties) and to verify its impact on infants’ health.
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