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A B S T R A C T

Intermittent hypoxemia events (IH) are common in extremely preterm infants and are associated with many poor
outcomes including retinopathy or prematurity, wheezing, bronchopulmonary dysplasia, cognitive or language
delays and motor impairment. More recent data in animal and rodent models have suggested that specific
patterns of IH may increase the risk for morbidity. The pathway by which these high risk patterns of IH initiate a
pathological cascade is unknown but animal models suggest that oxidative stress may play a role. This review
describes early postnatal patterns of IH in preterm infants, their relationship with morbidity, oxidative stress
biomarkers relevant to the newborn infant and the relationship between IH and reactive oxygen species.

1. Introduction

Although advances in therapeutic interventions related to pre-
mature birth have improved survival, medical costs associated with
both short and long term morbidity in these high risk neonates continue
to rise. The increased risks of sequelae are multifactorial attributed to
both immaturity and environmental causes. Many of the poor outcomes
in preterm infants are induced by respiratory instability manifesting as
apnea with associated bradycardia and intermittent hypoxemia (IH). In
extremely preterm infants, IH are prolific (Di Fiore et al., 2010) and
have been associated with multiple morbidities including retinopathy
of prematurity (Di Fiore et al., 2010; Poets et al., 2015), wheezing (Di
Fiore et al., 2018), bronchopulmonary dysplasia (Fairchild et al., 2018;
McEvoy et al., 1993; Raffay et al., 2018), neurodevelopmental im-
pairment(Poets et al., 2015), and mortality (Di Fiore et al., 2017).
Current therapies attempting to stabilize respiration and oxygenation
include both invasive and non-invasive respiratory support (ie con-
tinuous positive airway pressure, nasal cannula, or mechanical venti-
lation), supplemental oxygen, and caffeine. Some of these therapeutic
modalities themselves have been associated with morbidity. Therefore,
it is important to be able to distinguish the damaging contributions of
clinical interventions, particularly supplemental oxygen, from IH. There
are multiple pathways in which IH and corresponding therapies can
cause poor outcomes including initiation of a pathological in-
flammatory or oxidative stress induced cascade.

Under normal physiologic circumstances, only a small percentage of
oxygen undergoes incomplete reduction to form reactive oxygen species

(ROS), and most ROS are neutralized by enzymatic antioxidants and
non-enzymatic scavengers. Nonetheless, under stressful metabolic si-
tuations such as infections, hypoxia-reoxygenation, hyperoxia, radia-
tion, and/or parenteral nutrition containing oxidizable components, a
burst of free radicals that overcomes the antioxidant defense system
may be generated. This can lead to oxidative/nitrosative stress which
will not only cause direct functional and structural damage to tissue but
also trigger the activation of pro-inflammatory transcription factors
such as NF-kB and pro-apoptotic pathways that contribute to en-
hancement of the initial damage(Millan et al., 2018).

Among the pathological circumstances that lead to the generation of
oxygen free radicals is intermittent hypoxia. During hypoxia, there is an
exhaustion of ATP especially in the highly oxygen-dependent tissues
such as brain and myocardium that leads to the formation and accu-
mulation of purine derivatives such as hypoxanthine. Upon reox-
ygenation, there is an activation of oxidases, especially the NADPH
oxidase family (Block and Gorin, 2012) and xanthine oxidases
(Saugstad et al., 2018), that metabolize purine derivatives and generate
a burst of superoxide anion causing intense oxidative stress and tissue
damage. (Fig. 1)

This chapter focuses on the occurrence of IH events during early
postnatal life in preterm infants and the relationship between IH and
oxidative stress during this critical developmental window.

2. Intermittent hypoxemia
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manifesting as apnea with associated bradycardia and intermittent
hypoxemia. In preterm infants, immature respiratory control plays a
role in the initiation of apnea but the occurrence of accompanying IH
may be enhanced by increased metabolic oxygen consumption and poor
respiratory function (ie. decreased oxygen uptake by the alveoli,

pulmonary oxygen stores, and total blood oxygen carrying capacity
(Sands et al., 2010) (Fig. 2). As a result IH may present in response to
very short respiratory pauses.

Fig. 1. During reoxygenation following a hy-
poxemic event, stepwise reduction of oxygen
generates superoxide anion (monovalent re-
duction) which either dismutates by the action
of Superoxide Dismutases (Cu Zn SOD, Mn
SOD, Ec SOD) to Hydrogen Peroxide, or reacts
with nitric oxide to form peroxynitrite leading
to DNA, protein and/or lipid damage.
Hydrogen peroxide can be reduced to water by
the action of Catalase (CAT), Glutathione
Peroxidase (GPx) or Peroxiredoxin (PRx).
Hydrogen peroxide acts as a potent cell sig-
naling molecule regulating essential pathways
related to cell physiology. However, in the
presence of transition metals (ie. iron, copper,
manganese, zinc) Fenton chemistry ensues
converting hydrogen peroxide to hydroxyl ra-
dical, a highly reactive free radical capable of
causing oxidative damage to cell components.
Reduced glutathione (GSH) is the most potent
cytosolic non-enzymatic antioxidant. The
combination of two disulfide bonds (2GSH) in
a disulfur bond leads to the formation of oxi-
dized glutathione (GSSG) and the liberation of
2 electrons which are employed by GPx and
CAT to neutralize hydrogen peroxide. Similar
changes are experiences by reduced
Thioredoxin and Cysteine when transformed

into oxidized Thioredoxin (TRx) and Cystine (Cys). The switch from sulfur to disulfide bonds is an essential antioxidant mechanism. Moreover, the SH/S═ S ratio in
these three couples is essential for the maintenance of the redox status of the different cellular and extracellular compartments. An adequate redox status determines
normal cell signaling such as cell division, growth, and differentiation, or in excess, activation of DNA, Protein and/or Lipid damage such as autophagy, apoptosis or
necrosis. Note: open circles represent empty orbital loci without electrons; black circles represent orbital loci occupied by electrons.

Fig. 2. In preterm infants, the occurrence of IH in response to a respiratory pause may be enhanced by increased metabolic oxygen consumption and poor respiratory
function (ie. decreased oxygen uptake by the alveoli, pulmonary oxygen stores, and total blood oxygen carrying capacity).
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2.1. Methodology

Arterial blood gas sampling is the gold standard for measuring
oxygen levels in the NICU setting but sporadic estimates of PaO2 are
inadequate in identifying the rapid fluctuations in oxygen levels that
often occur in extremely preterm infants. Transcutaneous and pulse
oximetry monitoring provide continuous documentation of oxygen le-
vels in the NICU setting. Although transcutaneous monitoring provides
a more stable waveform, pulse oximetry has a rapid response time, and
does not require calibration or heat at the probe site. As a result pulse
oximetry has been incorporated into standard cardiorespiratory mon-
itoring practice at the bedside.

Oxygen saturation values can vary among oximeter manufacturers
due to the type of hemoglobin measured (functional vs fractional),
motion detection algorithms and calibration curves. It should also be
noted that pulse oximetry accuracy decreases at lower levels of SpO2

(Rosychuk et al., 2012) with data in lambs revealing a mean difference
as high as 13–17% between SpO2 and SaO2 at SaO2 levels< 70%
(Dawson et al., 2014). Due to the plateau of the oxygen dissociation
curve, pulse oximetry also has limited value in identifying periods of
hyperoxemia with the use of supplemental oxygen and, although cor-
related with PaO2, oxygen saturation has a wide error range when
compared on a point by point basis (Quine and Stenson, 2009).

Preterm infants exhibit wide fluctuations in oxygen saturation but
there is no standard definition of an IH event. Common IH thresholds
include<80,< 85 or< 90% and are often based on the oxygen sa-
turation target that can vary among NICUs. It should also be noted that
pulse oximeter settings, notably the averaging time, can play an im-
portant role in detection of IH. For example, a short averaging time (ie
2 s) will produce the most accurate oxygen saturation waveform
(Vagedes et al., 2013) while a longer averaging time (ie 16 s) often used
to reduce nuisance alarms can distort the oxygen saturation waveform
by creating falsely prolonged IH when multiple short self-resolving IH
occur in close proximity. This is concerning as longer IH are more likely
to receive additional and possibly unnecessary supplemental oxygen.

While transcutaneous and/or pulse oximetry provide measures of
blood oxygen levels, near-infrared spectroscopy (NIRS) monitoring can
provide continuous monitoring of regional tissue oxygenation in the
brain and other organs. Used in conjunction with SpO2, NIRS has pro-
mise in identifying infants at risk for organ dysfunction but is limited by
the lack of normative data and absolute threshold values for predicting
poor outcomes (Sood et al., 2015).

Lastly, accurate documentation of events in the EMR is problematic
with nursing documentation being widely known to grossly under-
estimate the true number of cardiorespiratory events. In fact, data have
shown that less than half of even clinically significant events requiring
intervention are noted in the medical record (Brockmann et al., 2013).
Future NICU platforms are moving towards downloading waveforms to
central servers which should improve accuracy of event detection.

2.2. IH events and morbidity

In extremely preterm infants the natural progression of IH begins
with relatively few events during the first week of life followed by a
rapid increase in the 2nd and 3rd wks of life (Di Fiore et al., 2010)
(Fig. 3). This postnatal pattern decreases with increasing gestational
age (Di Fiore et al., 2010; Fairchild et al., 2016). During the first month
of life the duration of IH shorten but increase in severity (Di Fiore et al.,
2012). In addition, the majority of IH take place in clusters< 20min
apart with approximately half of all events occurring< 1min apart.
There are many factors that may play a role in these transient IH pat-
terns during early postnatal life including transition from fetal to adult
hemoglobin, decreasing levels of serotonin (Schumacher et al., 1987)
and myo-inositol(Hallman et al., 1992) and the switch of GABA from an
excitatory to inhibitory state (Ben-Ari et al., 2007).

Therapeutic modalities used to reduce apnea and/or IH in the

clinical setting include respiratory support (ie continuous positive dis-
tending pressure (CPAP), nasal cannula or mechanical ventilation), and
supplemental oxygen. Nasal CPAP provides continuous distending
pressure to the airways improving stabilization of lung volume, and
reducing apnea. Additional positive pressure cycles can be super-
imposed on the background pressure (nasal intermittent positive pres-
sure or N-IPPV) to provide further support with each breath and avoid
intubation (Bancalari and Claure, 2013). Continued respiratory in-
stability may require mechanical ventilation and supplemental oxygen.
Interestingly, most preterm infants still exhibit IH while on mechanical
respiratory support due to abdominal muscular contraction during ex-
halation leading to a decrease in lung volume. (Bancalari and Claure,
2018). Supplemental oxygen is often used with both invasive and non-
invasive ventilation but may not always be successful in maintaining
stable oxygenation, especially in the presence of anemia. Although
studies have reported conflicting findings, red blood cell transfusions
may lessen IH by enhancing the oxygen carrying capacity to the brain
thereby improving respiratory control and/or increasing oxygen re-
serves resulting in greater stability during apnea (Abu Jawdeh et al.,
2014).

There is strong evidence suggesting that IH may be associated with
morbidity in both animal and human neonatal models. The largest body
of literature focuses on retinopathy of prematurity. Multiple neonatal
rodent studies have characterized a wide range of intermittent hypoxia
exposures causing retinopathy (Coleman et al., 2008; Hartnett, 2010;
Penn et al., 1995; Werdich et al., 2004) signifying that alterations in
magnitude, duration and timing of hypoxia cycles determine the se-
verity of the neovascular response. Initial studies in preterm infants
with low resolution data found that increased variability of blood gas or
intermittent transcutaneous monitoring (every 6 h) were predictive of
severe ROP. (Cunningham et al., 1995; York et al., 2004). More recent
studies have focused on further comprehensive analysis of continuous
oxygen saturation waveforms to capture the highly dynamic rapid
fluctuations in oxygenation. Using continuous pulse oximetry mon-
itoring during the first few months of life in a single center cohort,
severe ROP has been associated with more defined IH paradigms in-
cluding a higher number of IH after 5wks of age (Di Fiore et al., 2010)
(Fig. 3), of longer duration, a higher nadir and a time interval between
IH events of 1–20min (Di Fiore et al., 2012). Larger studies in cohorts
of 500–1000 VLBW infants have found an association between in-
creased frequency and/or percent time with hypoxemia and severe ROP
after 3 and/or 5wks of age (Fairchild et al., 2018; Poets et al., 2015)
that were limited to IH>1min in duration (Poets et al., 2015).

Fluctuations in oxygenation may also play a critical role in early
brain development. In neonatal rodents, repetitive hypoxia exposure
evokes disruption in sleep architecture (Gozal et al., 2001a), and al-
terations in executive function manifesting as impaired working
memory (Decker et al., 2003; Gozal et al., 2001b; Ratner et al., 2007),
and hyperactive behavior (Decker et al., 2005). These examples of brain
dysfunction were accompanied by a reduction in extracellular levels of
dopamine (Decker et al., 2003, 2005), increased cerebral expression of
caspase-3 (Ratner et al., 2007) and a marked increase in apoptosis in
the CA1 hippocampal region and cortex (Gozal et al., 2001a). These
results correspond with the disproportionately high occurrence of sleep-
disordered breathing (SDB) in preterm infants and strong association
with SDB and behavioral comorbidities in this vulnerable population
(Emancipator et al., 2006). Additional studies in preterm infants have
shown a relationship between apnea, as a marker of IH, during early
hospitalization and neurodevelopmental impairment at multiple ages
including early infancy (Hunt et al., 2004; Pillekamp et al., 2007), 3
years of age (Janvier et al., 2004) and early school age (Taylor et al.,
1998). Lastly, a retrospective analysis of infants enrolled in the Cana-
dian Oxygen Trial found a relationship between increased early post-
natal time with hypoxemia and increased risk of motor impairment and
cognitive or language delay at 18 months corrected age (Poets et al.,
2015) (Fig. 3).
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Intermittent hypoxemia events during early postnatal life may be a
risk factor for both short and long term respiratory morbidity. Because
of their immature lungs and high incidence of IH during early postnatal
life, premature newborns often require supplemental oxygen and po-
sitive pressure support. These interventions may themselves increase
risk for future respiratory disorders thereby making it challenging to
distinguish the relative contributions of IH from therapeutic interven-
tions. Translational animal models indicate that neonatal IH alone is
unlikely to cause parenchymal and mechanical BPD lung changes,
(Dylag et al., 2017; Ratner et al., 2009) but IH in the setting of sup-
plemental oxygen creates an equal or more severe BPD phenotype.
(Dylag et al., 2017; Mankouski et al., 2017; Ratner et al., 2009).
However, two recent studies have shown a relationship between the
frequency and duration of IH and BPD in very low birthweight infants
(Fairchild et al., 2018; Raffay et al., 2018) during the first month of life
with the most consistent relationships occurring after 21 days of life
(Fig. 3). Wheezing disorders and asthma like symptoms are among the
most common childhood sequelae with one in three preterm infants
exhibiting childhood wheezing (Jaakkola et al., 2006). In contrast to
BPD, early exposure to IH events during the first 3 and 7 days of life
have been associated with reported asthma medication use at 2 years of
age (Di Fiore et al., 2018). These data suggest that there may be dif-
ferent developmental windows related to the progression of BPD versus
asthma/wheezing. For example, the increase in IH events during the 1st

week of life may induce airway remodeling while the progressively
higher frequency of IH after the 2nd week of life may alter alveolar
development. Further studies in these developmental windows are
needed.

Animal models have shown that IH alone can evoke vascular, be-
havioral and neurochemical alterations leading to disorders such as
ROP and NDI but IH may also act in conjunction with additional risk
factors to induce a pathological cascade. For example,> 15 IH per day
during the 1st three days of life is associated with increased mortality
but only in preterm infants born small for gestational age (SGA) (Di
Fiore et al., 2017). Growth restriction has been shown to alter devel-
opment of respiratory chemoreceptors (Harding et al., 2000), and in-
crease the risk of pulmonary hypertension in the setting of BPD (Check

et al., 2013). In addition, hypoxia induced pulmonary vasoconstriction
is markedly exaggerated in lambs with pulmonary hypertension
(Lakshminrusimha et al., 2009). Therefore, IH during early postnatal
life may exacerbate pulmonary hypertension in SGA infants putting
them at increased risk for death. Central sleep apnea, as a surrogate for
IH, is also associated with increased mortality in hospitalized infants
with congenital heart disease (Combs et al., 2018). Taken together
these studies suggest a complex interplay between specific patterns of
IH, and endogenous (ie pulmonary hypertension, growth restriction)
and exogenous factors (ie respiratory support, supplemental oxygen)
putting the infant at greater risk for poor outcomes.

Interestingly, there are data that suggest that not all IH may be
pathologic. For example, “mild” intermittent hypoxia is currently being
investigated as a therapeutic intervention for spinal cord injury
(Navarrete-Opazo et al., 2017) based on the idea that “mild” fluctua-
tions of low oxygen induce growth factors without the accompanying
potential detrimental side effects such as inflammation and oxidative
stress. The definition of “mild” has yet to be determined and suggests
that identifying at risk from benign patterns of IH is imperative for
clinical care, especially since the use of supplemental oxygen to treat
these events is, in and of itself, a risk factor for morbidity in preterm
infants.

3. Oxidative stress biomarkers relevant to newborn medicine

Aerobic metabolism is indispensable for the survival of multicellular
organisms. Combustion of energy containing basic nutritional elements
in the presence of oxygen is substantially more efficient from an en-
ergetic perspective. Hence, while anaerobic metabolism leads to the
production of 2–4mol of ATP per mol of glucose, aerobic metabolism
will render 18–20 times more efficient. Oxyregulator tissues such as
myocardium and the Central Nervous System are highly dependent on
oxygen for their biologic activities, growth, development and survival
(Saugstad et al., 2018).

Oxygen is present in nature as dioxygen. Complete reduction of
oxygen requires 4 electrons to complete its outer shell. This is mostly
accomplished in the mitochondrial Electron Transport Chain coupled to

Fig. 3. The association between postnatal pro-
gression of intermittent hypoxemia events (IH)
and poor outcomes in very low birthweight
preterm infants. The average incidence of IH
(solid line) during the first week of life is re-
latively low (Phase I), followed by a pro-
gressive increase during the second week of life
(Phase II), peaking at approximately 4 weeks
and decreasing thereafter (Phase III). A higher
incidence of IH (dashed line) has been asso-
ciated with multiple morbidities but current
studies suggest that the timing of the increase
in IH may be outcome dependent. For example,
a higher incidence of IH during the first 3 days
of life has been associated with an increased
risk of asthma at 2yrs of age, while a higher
frequency of IH after 3 to 5wks of age has been
associated with retinopathy of prematurity
(ROP). Transitional phases denoted by grey
arrows. Significant associations between IH
and individual morbidities are represented by
grey boxes. Fading edges signify general post-
natal windows as opposed to a fixed specific

time.
a use of asthma medications at 2 year follow up
b 90- day survival
c BPD- bronchopulmonary dysplasia defined as supplemental oxygen at 36 weeks corrected age
d IVH- intraventricular hemorrhage during hospitalization
e at a corrected age of 18–21 months
f ROP- severe retinopathy of prematurity requiring intervention during hospitalization
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the Krebs’s cycle. However, 2–3% of oxygen is only partially reduced
under physiologic circumstances with just one electron leading to the
formation of superoxide anion [%O−

2 ], a highly reactive oxygen species
and free radical. Superoxide is immediately dismutated by the action of
the family of Superoxide Dismutases (SOD) to form hydrogen peroxide
[H2O2], a reactive oxygen species non-free radical (Fig. 1). Hydrogen
peroxide acts fundamentally as an extremely relevant biological cell
signaling molecule. However, in the presence of transition metals such
as copper, manganese, selenium and especially iron, Fenton chemistry
ensues and hydrogen peroxide combined with ferrous iron leads to the
formation of hydroxyl radical [HO%] a highly reactive powerful non-
selective free radical capable of causing damage to cell components
such as proteins, lipids, carbohydrates, or nucleic acids. Hydrogen
peroxide, however, is reduced to water in the presence of glutathione
peroxidases (GPx) and Catalases (CAT) thus avoiding its conversion into
hydroxyl radical. In this reaction 2mol of reduced glutathione [GSH]
confer their electrons and get transformed into one mol of oxidized
glutathione [GSSG]. In the presence of NADH and Glutathione Re-
ductase, GSSG is reverted back to 2mol GSH. Finally, superoxide anion
can also combine with nitric oxide [NO%] to form highly reactive per-
oxynitrite [ONOO―]. Peroxynitrite is an oxidant and nitrating agent
and can also damage a wide array of molecules in cells including lipids,
DNA and proteins (Sies et al., 2017).

Reactive oxygen species have an extremely short half-life; hence,
superoxide anion reacts with nearby molecules at rates near the diffu-
sion limit (meaning rates near those at which molecules encounter each
other) of 1010 mol−1 1s−1 rendering its determination by analytical
methods in the clinical setting unattainable (Kehrer and Klotz, 2015). In
the experimental setting, the measurement of oxygen-centered free
radical generation in biological systems is preferably performed using
electron paramagnetic resonance (EPR) spectroscopy techniques. EPR,
also known as electron spin resonance, is capable of detecting mole-
cules with unpaired electrons. When combined with an appropriate spin
trap, it is a powerful and reliable technique to unequivocally measure
superoxide anion, hydroxyl radicals and nitric oxide derived free ra-
dicals (Griendling et al., 2016). Nevertheless, this invasive and complex
technique is not applicable to clinical research or practice. Alter-
natively, indirect measurement of oxidative stress has been im-
plemented. Hence, activity of antioxidant enzymes, level of non-enzy-
matic antioxidants, or oxidative damage caused to biomolecules such as
proteins, lipids, or nucleic acids have been successfully employed to
assess free radical aggression to tissue in a great variety of acute and
chronic conditions (Kehrer and Klotz, 2015) and recently in the neo-
natal period (Millan et al., 2018).

3.1. Biomarkers employed in the neonatal period

3.1.1. Ratio of reduced to oxidized glutathione (GSH/GSSG)
The GSH/GSSG ratio is probably the only comprehensive biomarker

employed in newborn medicine. Glutathione is the most abundant non-
enzymatic antioxidant present in the cytoplasm and the reduced to
oxidized glutathione ratio regulates the cytoplasmic redox status
equilibrium which is essential for cell reproduction, growth, differ-
entiation and death (Schafer and Buettner, 2001). Recently, a method
of high-performance liquid chromatography (HPLC) coupled to mass
spectrometry (MS/MS) has been validated in whole blood of newborn
infants. The peculiarity of GSH/GSSG determination resides in the fact
that it has to be determined in whole blood because GSH is mostly
within the erythrocytes and GSSG is free in plasma; moreover, blood
has to be acidified and auto-oxidation blocked by the addition of N-
ethylmaleimide (Escobar et al., 2016). Based on surface enhanced
Raman spectroscopy (SERS) a new method has been developed to ac-
curately measure GSH. GSH is measured adding a silver colloid to the
blood sample to enhance the GSH spectrometric signal and thus
needing only very small volumes (20 μL) of blood (Sanchez-Illana et al.,
2018a).

3.1.2. Protein oxidation
A series of amino acidic residues of proteins can undergo structural

and functional modifications through the action of free radicals. The
most employed biomarker in the neonatal period relies on the oxidation
of Phenylalanine (Phe) residues in proteins. The reaction of Phe re-
sidues with hydroxyl radicals converts Phe into ortho-tyrosine (o-Tyr)
or meta-tyrosine (m-Tyr); both residues are not physiologically pro-
duced in nature since Phe metabolization leads physiologically to the
production of para-tyrosine (p-Tyr). Of note, p-Tyr is nitratrated by the
action of peroxynitrite to form 3-nitro-tyrosine (3NO2-Tyr) which is a
specific biomarker of protein nitration (Tsikas, 2012). Neutrophils and
macrophages produce considerable amounts of hypochlorous acid in
the presence of myeloperoxidase to attack bacteria. The reaction of
hypochlorous acid with p-Tyr leads to the formation of 3-chlorotyrosine
(3Cl-tyr) a useful marker of inflammation (Torres-Cuevas et al.,
2016b)). Results of Phe oxidation are expressed as ratios such as o-Tyr/
Phe, m-Tyr/Phe, 3NO2-Tyr/p-Tyr, and 3Cl-Tyr/P-Tyr. These bio-
markers have been widely employed in neonatology and HPLC-MS/MS
methods for their determination in a variety of matrices such as am-
niotic fluid, urine, plasma, cerebrospinal fluid, or human milk (Solberg
et al., 2007; Vento et al., 2009;(Sanchez-Illana et al., 2018b; Torres-
Cuevas et al., 2014).

3.1.3. DNA oxidation
Under normal conditions, ongoing oxidative stress generated by cell

metabolism causes damage especially to guanine but also pyrimidine
bases of DNA in the form of nucleotide oxidation, strand breakage, loss
of bases and adduct formation. However, specific DNA enzymatic me-
chanisms actively and continuously repair damaged DNA reverting the
situation and avoiding the perpetuation of mutations (Strauss, 2018;
Wood et al., 2005). The most widely employed biomarkers of DNA in
clinical medicine are the byproducts of guanine oxidation and specifi-
cally 7,8-hydroxy-2′ deoxyguanosine (8-oxodG or 8-OHdG). Validated
HPLC-MS/MS have been developed to measure these metabolites in
amniotic fluid, urine, plasma, CSF, etc. of newborn babies (Escobar
et al., 2013; Ledo et al., 2009; Sanchez-Illana et al., 2018b; Solberg
et al., 2007).

3.1.4. Lipids
Under physiologic circumstances, polyunsaturated fatty acids

(PUFA) are peroxidized by specific enzymes such as lipoxygenase and
cyclooxygenase leading to the synthesis of prostaglandins, prostacyclin,
thromboxane, leukotrienes and lipoxins. However, in a pro-oxidant si-
tuation PUFA can be directly oxidized by free radicals, especially hy-
droxyl radicals, and form specific byproducts such as isoprostanes
(IsoPs), isofurans (IsoFs), dihomo-isoprostanes (Dihomo-IsoPs), neuro-
prostanes (NeuroPs) and neurofurans (NeurFs) (Kuligowski et al.,
2014).

These byproducts of lipid peroxidation are to date considered the
most reliable biomarkers of lipid peroxidation. Moreover, Dihomo-
IsoPs, NeuroPs, and NeuroFs are highly specific reflecting brain damage
(Milne et al., 2015;Solberg et al., 2012). HPLC-MS/MS and gas chro-
matography coupled to mass spectrometry (GS-MS/MS) methods have
been validated in the lab and in clinical studies in the neonatal period
(Chafer-Pericas et al., 2016; Galano et al., 2017).

3.2. Normal ranges for lipid peroxidation biomarkers in preterm

Despite an abundant literature in the field of oxidative metabolism
in the neonatal period information on normal ranges of the most em-
ployed oxidative and nitrosative biomarkers is lacking (Buonocore
et al., 2017; Millan et al., 2018; Torres-Cuevas et al., 2017). The diffi-
culties reside in the fact that normal controls are not generally available
and comparisons are made between preterm infants submitted to dif-
ferent interventions. Kuligowski et al (Kuligowski et al., 2015), have
published a reference range for urinary lipid peroxidation biomarkers
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in healthy preterm infants during the newborn period using high-
throughput ultra-performance liquid chromatography–tandem mass
spectrometry (UPLC-MS/MS) method. Biomarkers included IsoPs, IsoFs,
NeuroPs and NeuroPs plotted in a centile graph that comprised the first
4 weeks after birth. (Fig. 4)

3.3. Environmental factors and conditions leading to pro-oxidant status in
neonates

3.3.1. Hypoxia/ischemia and reperfusion injury
During fetal to neonatal transition intermittent periods of hypoxia-

ischemia occur. However, under certain circumstances such as birth
asphyxia, intense and prolonged hypoxia and/or ischemia reduce
oxygen and glucose supply to neuronal cells and subsequently may lead
to the exhaustion of ATP. As a consequence, there is an inactivation of
ATP-dependent ion pumps causing intracellular accumulation of Na+

(cell swelling), ionized Ca++ (increased free radical formation) and
excitotoxicity (inhibition of reuptake of neurotransmitters at the sy-
naptic cleft). If this pathologic situation persists long enough it will lead
to cell death (Douglas-Escobar and Weiss, 2015).

Reperfusion injury occurs in oxygen deprived tissues following re-
storation of blood flow and oxygen supply. The burst of free radicals
occurring upon reoxygenation is greatly related to the conversion of
xanthine dehydrogenase (XD) into xanthine oxidase (XO). XD is unable
to transfer electrons to molecular oxygen, although it uses NADPH as
electron acceptor. The conversion of XD to XO involves either the
oxidation of the thiol groups, especially GSH to GSSG, L-cysteine to
cysteine, or proteolysis by activated proteases as an adaptive me-
chanism for Ca2+ transport in energy-deficient cells. Upon re-oxyge-
nation XO converts hypoxanthine to uric acid and molecular oxygen to
superoxide and hydrogen peroxide. In addition, transition metals (e.g.,
iron) precipitate the generation of hydroxyl radical via Fenton chem-
istry thus increasing oxidative damage exponentially (Granger and
Kvietys, 2015).

Other sources of free radicals upon reoxygenation are NADPH

oxidase activation upon supplementation with oxygen and activation of
nitric oxide synthase with production of nitric oxide and subsequent
increased generation of peroxynitrite and nitrosative stress (Torres-
Cuevas et al., 2017). Finally, upon reoxygenation, in an experimental
model increased succinate accumulated during hypoxia in the mi-
tochondrial electron transport chain (ETC) triggers a reverse electron
flow from Complex-II to Complex-I generating a many-fold increased
production of ROS compared to the conventional forward electron
transport from Complex-I to Complex-II (Sahni et al., 2018). In patients
with severe asphyxia, Sanchez-Illana et al., showed that during re-
perfusion there is a transient shift from complex I-dependent oxidation
of NADH towards complex II-linked oxidation of succinate in the brain
mitochondria. As a consequence, electron transport in the ETC is re-
versed, causing a substantial increase of ROS production (Sanchez-
Illana et al., 2017)).

3.3.2. Oxygen supplementation
Lung matures late in gestation. Therefore, very preterm infants

frequently need ventilatory support and oxygen supplementation in the
first days after birth or even longer (Torres-Cuevas et al., 2016a). Ex-
perimental studies have documented that antioxidant enzymes are not
expressed until late in gestation following a similar pattern to surfactant
synthesis in the type II pneumocytes (Frank and Groseclose, 1984;
Frank and Sosenko, 1987). Similarly, studies performed in very preterm
human neonates have reported an immature antioxidant response when
confronted with pro-oxidant circumstances, especially oxygen supple-
mentation in the delivery room (Bhandari, 2010; Vento, 2014). Under
these circumstances a pro-oxidant status can result in damage to lung
(ie BPD (Kuligowski et al., 2015)), brain and retina and constitute the
“free radical disease of prematurity” (Saugstad et al., 2012).

3.3.3. Parenteral nutrition
Extremely preterm infants require full parenteral nutrition in the

first days after birth due to the immaturity of the gastrointestinal
system to satisfy metabolic, growth and developmental needs (Tyson

Fig. 4. Reference range of urinary lipid per-
oxidation byproducts in preterm infants ≤28
weeks gestation with a clinical course free of
oxidative stress-associated complications.
Analytical determinations were performed
using ultra-high performance liquid chroma-
tography coupled to mass spectrometry.
Straight line - mean values, dotted lines-
Standard Deviations. Copyright, used with
permission, Kuligowski J, et al. Antioxid Redox
Signal. 2015.
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and Kennedy, 2005). However, parenteral solutions are an important
source of oxidants. The effect of phototoxicity upon specific compo-
nents such as amino acids, ascorbic acid, multivitamin solutions and
lipids leads to the formation of reactive chemical species such as hy-
drogen peroxide, organic lipo-peroxides, and ascorbyl-peroxide
(Chessex et al., 2017). These oxidation by-products have deleterious
effects upon preterm infants especially damaging the lung and liver.
Interestingly, a recent meta-analysis revealed that shielding parenteral
nutrition from light significantly diminishes the negative effects (ie.
mortality) of these pro-oxidant byproducts (OR:0.53; [CI 0.32, 0.87])
(Chessex et al., 2017).

3.3.4. Sepsis
Despite improvement in newborn care in the modern NICUs, early

and late onset sepsis in extremely preterm infants is still frequent and
constitutes globally one of the most relevant causes of mortality and
short-and-long term morbidities (Liu et al., 2016). The inflammatory
cascade triggered by infection in the neonatal period leads to changes in
the gene expression with activation of pro-inflammatory cytokines,
especially IL-6 and IL-8. Pro-inflammatory cytokines in turn cause ac-
tivation of nuclear factor kappa B (NFkB) that translocates to the nu-
cleus and activates oxidative stress-related pathways leading to the
generation of a burst of reactive oxygen and nitrogen species and
subsequent tissue damage and mitochondrial impairment (Poggi and
Dani, 2018)(Fig. 5). Cernada et al., showed that sepsis in preterm in-
fants prompts the induction of genes related to proinflammatory and
prooxidant pathways in desquamated intestinal cells. Oxidative stress
and inflammation induced a shift in the intestinal microbiome towards
the predominance of Enterobacteria and reduction of Bacteroides and
Bifidobacteria. These changes in the microbiome may predispose to
further complications such as necrotizing enterocolitis (Cernada et al.,
2016)

4. Intermittent Hypoxia/Hypoxemia and reactive oxygen species

Although the mechanism by which IH induces a pathological cas-
cade is unknown, potential causal pathways include alterations in in-
flammation (Del Rio et al., 2011) and/or reactive oxygen species (Yang
et al., 2016). For example, in rodents, IH induces HIF-1α accumulation
due to generation of reactive oxygen species by NADPH oxidase (Yuan

et al., 2008). IH also downregulates HIF-2α in carotid bodies and
adrenal medullae leading to inhibition of SOD2 transcription (Nanduri
et al., 2009) (Fig. 5). Thus, IH initiates reactive oxygen species super-
imposed on decreased anti-oxidant signaling resulting in an overall
increase in oxidative stress.

Chronic intermittent hypoxemia exposure in subjects with sleep
apnea is also known to produce oxidative stress (Jelic et al., 2008) and
results in an array of significant oxidative injuries in sleep-wake regions
of the brain (Veasey, 2009). Similarly, neonatal rodents exposed to
chronic intermittent hypoxia exhibit an enhanced hypoxic ventilatory
response (HVR) in conjunction with a robust increase in carotid body
nitro-tyrosine production (Morgan et al., 2016). The enhanced venti-
latory response returned to baseline levels with administration of
apocynin (NADPH oxidase inhibitor). There are currently no direct data
linking IH with ROS in preterm infants but preterm infants with a
greater frequency of apnea also exhibit a significantly higher ventila-
tory response to acute HVR, thus IH may play a role in peripheral
chemoreceptor sensitivity (Nock et al., 2004) through a similar
pathway.

Increased formation of reactive oxygen species occurs during the
reoxygenation phase (Fabian et al., 2004) signifying that timing and
intensity of IH may be an important contributor for a pathological
cascade. For example, rats exposed to hypoxia exhibited an increase in
cortical surface superoxide anion levels during the recovery period that
returns back to baseline after 20min (Fabian et al., 2004). Interestingly,
the relationship between IH and both BPD and ROP in preterm infants
was restricted to IH events occurring 1–20min apart (Di Fiore et al.,
2012; Raffay et al., 2018). These tightly clustered IH events may be
initiating excessive reactive oxygen species induced angiogenesis
leading to neovascularization (Kim and Byzova, 2014) and may be one
explanation why brief clustered (10min apart) versus dispersed (2 h)
hypoxic exposures results in more severe oxygen induced retinopathy
(Coleman et al., 2008).

Not all IH induced alterations in reactive oxygen species may be
detrimental. For example, in mice, neonatal exposure to “modest” in-
termittent hypoxia has been associated with enhanced spatial learning
and memory, increased DNS concentrations, neurogenesis and expres-
sion of proteins involved with synaptic plasticity (Navarrete-Opazo and
Mitchell, 2014). This may be one explanation why the relationship
between IH and neurodevelopmental impairment in preterm infants
was limited to IH events that were>1min in duration (Poets et al.,
2015) and IH and ROP was restricted to IH occurring 1–20min apart
(Di Fiore et al., 2012). We are only beginning to appreciate that the
beneficial versus detrimental effects of various patterns of IH may
follow a continuous spectrum. Future studies in preterm infants are
needed to address the specific patterns of IH that distinguish patholo-
gical from benign or even beneficial cascades.
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