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Oxidative stress is a frequent condition in critically ill patients, especially if exposed to
extracorporeal circulation, and it is associated with worse outcomes and increased
mortality. The inflammation triggered by the contact of blood with a non-endogenous
surface, the use of high volumes of packed red blood cells and platelets transfusion, the
risk of hyperoxia and the impairment of antioxidation systems contribute to the increase
of reactive oxygen species and the imbalance of the redox system. This is responsible
for the increased production of superoxide anion, hydrogen peroxide, hydroxyl radicals,
and peroxynitrite resulting in increased lipid peroxidation, protein oxidation, and DNA
damage. The understanding of the pathophysiologic mechanisms leading to redox
imbalance would pave the way for the future development of preventive approaches.
This review provides an overview of the clinical impact of the oxidative stress during
neonatal extracorporeal support and concludes with a brief perspective on the current
antioxidant strategies, with the aim to focus on the potential oxidative stress-mediated
cell damage that has been implicated in both short and long-term outcomes.
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Abbreviations: AKI, acute kidney injury; ARDS, acute respiratory distress syndrome; ATP, adenosine triphosphate; CAT,
catalase; CPB, cardiopulmonary bypass; CRRT, Continuous Renal Replacement Therapies; Cys–S−, cysteine thiolate anion;
Cys-SO2H, cysteine sulfinic acid; Cys-SO3H, cysteine sulfonic acid; Cys–SOH, cysteine sulfenic acid; d-ROMs, reactive
oxygen metabolism and derivatives; ECC, extracorporeal circulation; ECMO, extracorporeal membrane oxygenation;
ELSO, extracorporeal life support organization; Fe2+, ferrous ions; Fe3+, ferric ions; FO, fluid overload; GPx, glutathione
peroxidases; Grx, glutaredoxin; GSH, glutathione; H2O2, hydrogen peroxide; hMSCs, hypoxia-preconditioned mesenchymal
stem cells; IFNβ, interferon β; IL, interleukin; MAS, meconium aspiration syndrome; MDA, malondialdehyde; MOF, multi-
organ failure; NAC, N-acetylcysteine; NADP+, nicotinamide adenine dinucleotide phosphate oxidated form; NADPH,
nicotinamide adenine dinucleotide phosphate reduced form; NEC, necrotizing enterocolitis; NO, Nitric oxide; NOS, nitric
oxide synthase; NOX, NADPH oxidase; O2, oxygen; O2

−, superoxide anion; OH, hydroxyl radicals; ONO2
−, peroxynitrite;

PCs, platelet concentrates; PFHb, plasma free hemoglobin; PPH, persistent pulmonary hypertension; PRBC, packed red blood
cells; PRx, peroxiredoxins; PUFA, polyunsaturated fatty acid; pVWF, plasmatic Von Willebrand factor; RBCs, red blood
cells; RDS, respiratory distress syndrome; RNS, reactive nitrogen species; ROS, reactive oxygen species; Se, selenium; SIRS,
systemic inflammatory response syndrome; SOD, superoxide dismutases; TAC, total antioxidant capacity; TF, tissue factor;
TNFα, tumor necrosis factor α; TR, thioredoxin reductase; Trx, thioredoxin; VA-ECMO, venous-arterial ECMO; VV-ECMO,
venous-venous ECMO.
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INTRODUCTION

Extracorporeal membrane oxygenation is life support for
reversible heart and/or lung failure refractory to standard
treatment, and it is used as bridge-to-recovery, bridge-to-
bridge, bridge-to-transplant, or bridge-to-decision (Brogan et al.,
2017). This technique was developed by the CPB technology,
and it is based on a partial/full bypass of the native cardiac
and/or pulmonary function. Neonatal respiratory ECMO was
introduced by Robert Bartlett during the 1970s for severe
hypoxemic respiratory failure secondary to MAS, PPH and RDS
(Bartlett et al., 1976). Despite the progress in neonatal care
following the introduction of new therapies and ventilatory
strategies, ECMO remains life-saving support for about 600–
800 neonates each year worldwide (Thiagarajan et al., 2017).
Across the world, from 1989 to 2017, about 27.238 newborns
needed an ECMO procedure for respiratory failure, 7.592 for
cardiac problems, 1.694 for extracorporeal cardiopulmonary
resuscitation; the overall survival rate is 83, 64, and 66%,
respectively (ELSO). Although the overall survival is high,
there are consistent differences in the incidence rates between
the diseases. Since 1979 the survival of ECMO patients with
congenital diaphragmatic hernia and sepsis is stable at around
51 and 48%, respectively. In contrast, PPH, RDS, and MAS
have a significantly higher survival of 73, 76, and 92%, each.
Furthermore, cardiomyopathy and myocarditis have better
survival (65 and 50%, respectively), compared to congenital
heart disease and cardiogenic shock (44 and 47%, respectively)
(ELSO). Nevertheless, the mortality of infants and children with
congenital heart disease has reduced in recent decades as a result
of the improvement of CPB techniques and myocardial protective
strategies (Gilboa et al., 2010; Cheng et al., 2014; Erikssen et al.,
2015). Nowadays, although the clinical management of ECMO
patients has remarkably progressed over the years, the rate of
complications (hemostatic disorders, brain damage, AKI, sepsis)
still have a high impact on patients’ outcome (ELSO).

Oxidative stress plays a critical role in the genesis of
tissue damage during an ECMO procedure, and newborns are
particularly prone to the toxic effects of free radicals, due to
the immaturity of their antioxidant systems resulting in lowered
detoxification capacity (Comporti et al., 2004; Castellheim et al.,
2005; Saugstad, 2005; Mishra et al., 2008; Signorini et al., 2008;
Afolayan et al., 2012, 2015; Annagür et al., 2015; Asci et al., 2015;
Mokra et al., 2015; Aras-López et al., 2016; Mikolka et al., 2016;
Mátyás and Zaharie, 2018; Moore et al., 2018; Perrone et al.,
2018). The inflammatory response following the introduction
of ECC generates a high amount of ROS contemporarily
reducing endogenous antioxidants (Descamps-Latscha, 2001;
Goodyear-Bruch and Pierce, 2002; Karu et al., 2010). Various
studies associated the exposure to extracorporeal circuits (CPB,
ECMO, and CRRT) with the increased oxidative stress that may
negatively impact on morbidity and mortality (McDonald et al.,
2014a). Redox imbalance is mainly induced in the early stage of
ECMO, especially after the CPB, while with prolonged exposure
(beyond 24 h) the TAC gradually restores (Wan et al., 1997;
Babior, 2000; Desborough, 2000; Clermont et al., 2002; Levy and
Tanaka, 2003; Kouchoukos et al., 2012; Chen Q. et al., 2014;

Zakkar et al., 2015a,b; Fudulu and Angelini, 2016; Petersen et al.,
2018). The modulation of oxidative stress would seem to be
of great clinical importance. Indeed, its manipulation through
the use of exogenous antioxidants, cardioplegia during CPB,
blood priming strategies, or miniaturization of the extracorporeal
circuit could mitigate the ROS production (Fudulu and Angelini,
2016). However, data are scant, especially for neonatal ECMO,
and are mainly related to pre-clinical evidence. This review
focuses on the mechanisms of oxidative stress during neonatal
ECMO, involved in the pathophysiology of both short and
long-term disorders as MOF, hemostatic derangements up to
neurodegenerative, cardiovascular and cancer disease in adults.
Lastly, a brief overview of currently available antioxidant
strategies is provided (Halliwell and Gutteridge, 2015).

REDOX BIOLOGY AND OXIDATIVE
STRESS

Energy is produced by mitochondrial metabolism through
glucose, amino acids and lipids combustion in the presence of
O2 (Semenza, 2009; Vento, 2014). Approximately 98% of O2 is
reduced to H2O by the conventional combustion process, while
only 2% of remaining O2 loses its electrons with the rear O2

−

and ROS production (Maltepe and Saugstad, 2009; Vento, 2014).
The “old definition” of oxidative stress was referred to

conditions in which the balance between ROS production and
endogenous antioxidants break down resulting in tissue and
cellular injury through lipid peroxidation, protein oxidation, and
DNA damage (Schieber and Chandel, 2014). Currently, the “new
definition” is much more complex, referring to an imbalance
between oxidants and antioxidants in favor of the oxidants, that
cause an arrest of redox signaling and/or molecular damage
(Sies, 2018). More recently the term “reductive stress” has been
introduced, but its exact definition is still unclear (Gutteridge and
Halliwell, 2018). It would seem to be due to high levels of reduced
GSH and NADPH, unbalancing the redox system to the opposite
oxidative extreme, which has shown to play an essential role in
the pathogenesis of dilated cardiomyopathy in cases of lamin-
associated muscular dystrophy (Margaritelis et al., 2014; Dialynas
et al., 2015; Stevens et al., 2017; Bellezza et al., 2018).

The O2
−, H2O2, OH•, and ONO2

− are the most common
ROS, produced by aerobic metabolism (Schieber and Chandel,
2014). The intracellular O2

− arises from the one-electron
reduction of molecular O2 that is primarily produced by the
oxidation of NADPH by NOX enzymes or by electron loss
from aerobic respiration in mitochondria (Lambeth, 2004; Brand,
2010; Sahoo et al., 2016). Superoxide anion is rapidly converted
by SOD into H2O2, and its storage is prevented by SODs, which
are mainly located in the cytosol and mitochondria. Conversely,
the increase in H2O2 triggers autophagy and cell death (Figure 1;
Fridovich, 1997; Chen Y. et al., 2009).

Cysteine residues within proteins are oxidized by H2O2 to
sulfenic form (Cys–SOH) and reduced to its basic thiolate
anion (Cys–S−) form by the disulfide reductases Trx and Grx
(Winterbourn and Hampton, 2008). The excess of H2O2 further
oxidizes thiolate anions to sulfinic (Cys-SO2H) or sulfonic
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FIGURE 1 | Redox Biology and Oxidative stress. The production of O-
2 mainly occurs with the oxidation of NADPH into NADP+ in the presence of O2 and NOX, and

partly from an electron’s loss during the combustion of carbohydrates, amino acids, and lipids for the production of energy in mitochondria. Superoxide dismutases
(SOD) immediately transforms O−2 into H2O2 which is converted in OH• in the presence of iron, if not degraded by antioxidant enzymes in H2O. Furthermore, the
excess of O−2 reacting with NO produces ONO−2 , which in turn participates in oxidative damage with OH•. Contrarily, the standard production of O2

− contributes to
the homeostasis of the redox signal. CAT, catalase; Cys–S−, cysteine thiolate anion; Cys-SO2H, cysteine sulfinic acid; Cys-SO3H, cysteine sulfonic acid; Cys–SOH,
cysteine sulfenic acid; Fe2+, ferrous ions; Fe3+, ferric ions; GPx, glutathione peroxidases; Grx, glutaredoxin; H2O2, hydrogen peroxide; NADP+, nicotinamide
adenine dinucleotide phosphate oxidated form; NADPH, nicotinamide adenine dinucleotide phosphate reduced form; NO, Nitric oxide; NOS, nitric oxide synthase;
NOX, NADPH oxidase; O2, oxygen; O2

−, superoxide anion; OH, hydroxyl radicals; ONO2
−, peroxynitrite; PRx, peroxiredoxins; SOD, superoxide dismutases; Trx,

thioredoxin.

(Cys-SO3H) classes. The sulfinic and sulfonic oxidation is
irreversible and could lead to permanent protein damage that is
prevented by PRx, GPx and CAT (Figures 1, 2; Winterbourn and
Hampton, 2008; Finkel, 2012). In contrast, the OH produced by
Fenton reaction in the presence of Fe2+ has a detrimental effect
on lipids, proteins, and DNA (Figure 1; Dizdaroglu and Jaruga,
2012).

Nitric oxide is one of the most important and ubiquitous
intracellular messengers that mediates several basic physiological
processes including neurotransmission, vasodilatation,
angiogenesis and host cell defense (MacMicking et al., 1997;
Egginton, 2009; Bogdan, 2015; Philippu, 2016; Kraehling and
Sessa, 2017). NO is synthesized from L-arginine by several forms
of NOS, and its reaction with O2

− produces ONO2
− which alters

mitochondrial function and causes apoptosis (Figure 1; Stuehr,
1999; Pacher et al., 2007; Radi, 2013).

Lipid Peroxidation
Lipid peroxidation, caused by increased ROS and RNS, is
linked to many acute and chronic diseases of adulthood
such as MOF, hemorrhagic and septic shock, ARDS, acute
lung injury, cardiovascular pathology requiring surgery, aging,
atherosclerosis, Parkinson, Alzheimer, diabetes mellitus, cataracts
and rheumatoid arthritis, and several diseases of the neonatal

period (Takeda et al., 1984; Hammond and Hess, 1985; Bertrand
et al., 1989; Richard et al., 1990; Quinlan et al., 1996; Carpenter
et al., 1998; Lamb et al., 1999; Motoyama et al., 2003;
Comporti et al., 2004; Quinlan et al., 2004; Fläring et al., 2005;
Laplace et al., 2005; Niki et al., 2005; Saugstad, 2005; Huet
et al., 2007; Signorini et al., 2008; Giustarini et al., 2009;
Briones and Touyz, 2010; Giacco and Brownlee, 2010; Khaper
et al., 2010; Romano et al., 2010; Barrera et al., 2018; Maiorino
et al., 2018; Mátyás and Zaharie, 2018; Moore et al., 2018;
Orban and Singer, 2018; Perrone et al., 2018; Romano et al.,
2018).

Lipid peroxidation is the oxidative decay of Puffs, which
involves the abstraction of hydrogen from a carbon molecule
with O2 insertion and consequent production of lipid peroxyl
radicals and hydroperoxides (Tappel, 1970; Yin et al., 2011; Al-
Dalaen and Al-Qtaitat, 2014). Hydroperoxides are very unstable
and easily decompose into MDAs and 4-hydroxy-2-nonenal,
while peroxidation of arachidonic acid produces isoprostanes
(Montuschi et al., 2004; Lakshminrusimha et al., 2006; Al-Dalaen
and Al-Qtaitat, 2014). The response of the cell membrane to lipid
peroxidation depends on the degree of peroxidation achieved.
If lipid peroxidation rate is low, the damage is repaired by
anti-oxidant defense systems. On the other hand, if the lipid
peroxidation rate is high, the tissue self-repairing capacity is lost,
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FIGURE 2 | Thioredoxin and Peroxiredoxin system. Reduced Trx-SH catalyzes the reduction of disulfide (s–s) bridges within oxidized cell proteins. This process
causes the oxidation of Trx-SH to Trx-disulfide which is subsequently reduced by TR at the expense of NADPH. The TR in its catalytic Trx reduction process uses Se
as a cofactor. Reduced PRx-SH promotes the separation of two H2O molecules from H2O2 through a “two-step mechanism.” The peroxidic cysteine sulfhydryl
group of a Prx subunit is oxidized to sulfenic acid (–SOH). Subsequently, sulfenic acid condenses with the reduced cysteine group present in the other subunit to
form a disulfide bond between the units. This two-step process releases two H2O molecules from H2O2 with the oxidation of PRx-SH to PRx-SOH to PRx-disulfide.
The oxidized PRx is in turn reduced by the Trx-SH. H2O2, hydrogen peroxide; NADP+, nicotinamide adenine dinucleotide phosphate oxidated form; NADPH,
nicotinamide adenine dinucleotide phosphate reduced form; PRx, peroxiredoxin; TR, thioredoxin reductase; Trx, thioredoxin.

and apoptosis or programmed cell death is induced (Chaudhary
et al., 2010; Ayala et al., 2014).

Oxidative Protein Damage
Protein oxidation damage does affect not only the cell membranes
but also the enzyme system because it is exclusively constituted
by proteins (Goodyear-Bruch and Pierce, 2002). The amino acid
fragmentation, the following generation of cross-links between
proteins and the oxidation of the body of the protein molecule

with loss of specific (contractile, enzymatic, and transport)
function is caused by ROS and RNS (Dalle-Donne et al., 2003a,b;
Giustarini et al., 2009). Protein Carbonyl groups (aldehydes
and ketones) are produced generally by the direct oxidation
of proline, arginine, lysine, and threonine residues, or by
oxidative cleavage of the protein backbone, and indirectly by lipid
peroxidation or reaction of reducing sugars or their oxidation
products (Dalle-Donne et al., 2003a, 2006). The damaged
proteins, in turn, contribute to many disorders and diseases
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(Dalle-Donne et al., 2003a). Oxidized or aldehyde-modified
proteins would be perceived as “foreign proteins” by the immune
system, with the production of self-antibodies in rheumatoid
arthritis, lupus, and scleroderma in adults (Mantle et al., 1999;
Dimon-Gadal et al., 2000; Renke et al., 2000; Dalle-Donne et al.,
2003a; Halliwell and Gutteridge, 2015). Moreover, always in
adults, the increase of oxidized proteins has been associated with
multiple diseases, like cancer, heart failure, pre-eclampsia, ARDS,
Parkinson, Alzheimer, and sepsis (Floor and Wetzel, 1998; Lenz
et al., 1999; Winterbourn et al., 2000; Butterfield et al., 2001;
Zusterzeel et al., 2001; Abu-Zidan et al., 2002; Castegna et al.,
2002). In the neonatal period, the oxidation of proteins plays a
key role in some diseases such as intraventricular hemorrhage,
retinopathy of prematurity, bronchopulmonary dysplasia, NEC
(Gladstone and Levine, 1994; Ramsay et al., 2001; Perrone et al.,
2009, 2010, 2014, 2018; Couroucli, 2017).

Oxidative DNA Damage
Oxidative DNA damage is generated by high OH• concentrations
(Cooke et al., 2003). ROS can damage both purines and
pyrimidines in DNA and in the free cell nucleotide pool and
generates 8-hydroxy-2′-deoxyguanosine that can be used as
a biomarker of the injury (Suliman et al., 2003; Bayr, 2005;
Li et al., 2014). Despite the damage, the cell continues the
replication process, replicating the damage and inducing the
new cells to apoptosis (Roos and Kaina, 2006). Furthermore,
oxidative DNA damage would be associated with other diseases
such as sepsis, carcinogenesis, neurodegenerative diseases,
cardiovascular diseases, and aging (Cooke et al., 2003; Niki et al.,
2005; Giustarini et al., 2009; Halliwell and Gutteridge, 2015;
Bahar et al., 2018; Gutteridge and Halliwell, 2018; Klaunig and
Je, 2018).

OXIDATIVE STRESS AND ECMO

To date, evidence of oxidative stress during ECMO are limited
and are mainly related to pre-clinical studies (Möller et al., 1993;
Trittenwein et al., 1999). Möller et al. (1993) observed a reduction
of the antioxidant capacity of SOD and GPx on a lamb ECMO
model, while increased lipid peroxidation was demonstrated on a
rabbit model of ECMO (Trittenwein et al., 1999). One study on
pediatric patients described two different oxidative stress patterns
during ECC; in non-survivors, lipid peroxidation augmented
during the first 96 h of ECMO whereas it reached a plateau after
24 h in the survivor’s group (Hirthler et al., 1992).

No data are currently available on critically ill neonates
undergoing respiratory ECMO. Despite this gap of knowledge,
previous evidence, mainly derived from studies on CPB and
critically ill patients, suggested that oxidative stress is a relevant
contributor to morbidity and mortality (Möller et al., 1993;
Trittenwein et al., 1999; Brix-Christensen et al., 2001, 2002;
Goodyear-Bruch and Pierce, 2002; Levy and Tanaka, 2003).
ECMO shares with both CPB and critical illness common
potential triggers for increased ROS generation and redox
unbalance: exposure to the extracorporeal circuit and related
SIRS, transfusion burden, hyperoxia, CRRT, hemolysis, and

sequestration of antioxidants into the ECMO circuit (McDonald
et al., 2014a). We describe hereafter the possible role of these
triggers in the pathogenesis of oxidative stress-related morbidity
during ECC.

ECMO and Inflammation
A SIRS-like syndrome is typically observed from the first hours
after starting an ECMO procedure, as a consequence of the blood
exposure to the exogenous surface of the extracorporeal device
(Davies and Hagen, 1997). Despite the use of biocompatible
equipment, the interaction between biological fluids and the
circuit activates both the coagulation cascade and the host
inflammatory response (Tayama et al., 2000; Palatianos et al.,
2003; Wiesenack et al., 2004; Thiara et al., 2010). The humoral
and cell-mediated immune response triggers the release of
pro-inflammatory cytokines (IL-1β, TNFα, and IFNβ), leading
to endothelial damage, disrupted microcirculation and multi-
organ dysfunction, in case of suboptimal compensatory anti-
inflammatory response (Hocker et al., 1991; Hirthler et al.,
1992; Depuydt et al., 1993; Plötz et al., 1993; Fortenberry et al.,
1996; Adrian et al., 1998; Graulich et al., 2002; Golej et al.,
2003; Mildner et al., 2005; Adib-Conquy and Cavaillon, 2009;
Mcilwain et al., 2010; He et al., 2014; Shi et al., 2014; Rungatscher
et al., 2015; Wang et al., 2015). The redox biology regulates
the homeostasis of innate and adaptive immune response
through ROS production. Many concurrent factors (hyperoxia,
blood products, sepsis, mechanical ventilation) contribute to the
increased ROS generation, thus promoting an overwhelming
release of pro-inflammatory cytokines (IL-1β, TNFα, and IFNβ)
and eventually the SIRS-like (Wiesenack et al., 2004; Cruz et al.,
2007; Chen and Nuñez, 2010; Iwasaki and Medzhitov, 2010;
Bulua et al., 2011; West et al., 2011; Mittal et al., 2014).

Furthermore, the intrinsic and extrinsic coagulation cascade
could be directly activated by the contact of blood with the
circuit surface or lesion of endothelium, or indirectly by ROS
mediation (Davie et al., 1991; Görlach, 2004, 2005; Herkert et al.,
2004; Mackman et al., 2007; Oliver, 2009; Fall et al., 2015).
The intrinsic coagulative pathway would be activated exclusively
during the respiratory ECMO with low thrombin generation;
while the release of high amount of TF and air-blood interface
would stimulate both the intrinsic and extrinsic way with high
thrombin generation during the CPB (Levy and Tanaka, 2003;
Oliver, 2009; Kraft et al., 2015). Indeed, TF binds to Factor
VII, converting it into Factor VIIa and activating the common
coagulation cascade (Davie et al., 1991; Levy and Tanaka, 2003;
Mackman et al., 2007; Oliver, 2009). The intrinsic pathway
is activated through the conversion of Factor XII into Factor
XIIa within 10 min from the beginning of the extracorporeal
procedure and is associated with an increase in Bradykinin,
Kallikrein, and activation of Factor IX (Wendel et al., 1999;
Millar et al., 2016). Bradykinin stimulates NO, TNFα, and IL-10
production, while Kallikrein directly activates neutrophils (Rodell
et al., 1995; Wachtfogel et al., 1995). Factor IXa induces the
activation of Factor X which in turn causes the conversion of
prothrombin into thrombin and fibrinogen in fibrin resulting in
thrombus formation (Millar et al., 2016). Thrombin stimulates
the endothelial production of P-selectin, E-selectin, and platelet
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activating factor, thus increasing the adherence and activation
of neutrophils and the expression of proinflammatory cytokines
(Prescott et al., 1984; Zimmerman et al., 1985; Kaplanski et al.,
1997; Levy and Tanaka, 2003). Additionally, thrombin stimulates
the production of ROS in endothelial and smooth muscle cells,
by stimulating NOX and by up-regulating the expression of NOX
sub-unit p22phox in a kinase-dependent manner (Görlach et al.,
2002; Djordjevic et al., 2005).

Oxidative stress induces platelets activation and aggregation
which, in turn, increases ROS production. Neutrophils
participate in the amplification of the immune response;
although multifocal, the activation of neutrophils occurs mainly
in the oxygenator; their margination in the artificial lung,
observed both in animal models and in newborns, contribute
to the deterioration of the artificial membrane during ECMO
(Plötz et al., 1993; Fortenberry et al., 1996; Kotani et al., 2000;
Brix-Christensen et al., 2002; Mcilwain et al., 2010; Rungatscher
et al., 2015).

In conclusion, the mechanism of ECMO-induced oxidative
stress is a multifactorial process, in which the interaction between
the immune response, the coagulation cascade, and endothelial
cells amplifies ROS generation (Figure 3).

ECMO and Blood Transfusion
Blood products have been associated with increased morbidity
and mortality in critically ill patients (Koch et al., 2008;
Wang et al., 2012; Ghirardello et al., 2017). Transfusion-related

oxidative stress increases with the volume, and the number of
PRBC transfused (Shohat et al., 1983; Silvers et al., 1998; Dani
et al., 2001; Collard et al., 2004). Rosa et al. (2011) observed that
blood transfusions were associated with a significant increase in
oxidative stress and a reduction of IL-6 concentration in critically
ill adults. The transfusion of aged PRBC was associated with
an increase of oxidative stress, as a consequence of the reduced
Se content in older PRBC. Se is an essential trace element,
which is incorporated into selenoproteins, some of which have
antioxidants function (i.e., GPx) (McDonald et al., 2014b). In
premature newborns, RBC transfusions were associated with
an increase of MDA, a lipid peroxidation product, both in
the bronchoalveolar lavage fluid and in urine (Wardle et al.,
2002). This data suggested that RBC transfusion could increase
pulmonary oxidative damage and worse prognosis (Collard et al.,
2005).

Extracorporeal membrane oxygenation, as well as CPB or
exchange transfusion, are procedures that expose patients to
a significant increase in PRBC transfusions and therefore to
oxidative stress (McCoy-Pardington et al., 1990; Luban, 1995;
Butch et al., 1996; Ang et al., 2009). Newborns receive an average
of 60 ml/kg/day of PRBC during an ECMO procedure (Stiller
et al., 2004). This high blood requirement depends on (1) priming
of the ECMO circuit with blood, to avoid acute hemodilution,
(2) frequent blood samples for coagulation tests, (3) hemolysis-
related anemia due to centrifugal pumps and, occasionally,
(4) spontaneous bleeding from cannulation sites and surgical

FIGURE 3 | Main determinants of ECMO-induced oxidative stress. Graphical representation of the interaction between the coagulation cascade, the immune
response, and the endothelium in the multifactorial amplification process of the ECMO-related redox unbalance. ICAM, intercellular adhesion molecule. VCAM,
vascular cell adhesion molecule.
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wounds. According to the ELSO registry, these latter events
represents about 19% of all hemorrhagic complications during
neonatal respiratory ECMO, impacting on survival (ELSO).
Overall, the mortality rate is increased among neonates exposed
to large volumes of PRBC transfusions (Smith et al., 2013; Fiser
et al., 2014; Ghirardello et al., 2017). Dos Santos et al. observed
a 27.8% mortality in critically ill infants exposed to transfusions
during the hospital stay, with an increased relative risk of death
of 1.49 in those infants who received at least one transfusion
compared to controls (Dos Santos et al., 2011). In a cohort of
extremely low birth weight infants, the incidence of mortality
was 24% in patients transfused compared to 8.5% in the control
group (Ghirardello et al., 2017). Similarly, Smith and co-authors
observed a 24% increase in the odds of hospital death associated
with every 10 ml/kg/day of PRBC transfusion in patients during
respiratory ECMO (Smith et al., 2013).

In addition to PRBC, newborns on ECMO require
approximately 25 ml/kg/day of PCs (Stiller et al., 2004).
Platelet count is reduced by 40–50% during ECMO, partly due to
the activation of the coagulation cascade (Nawab and Williams,
2017). Moreover, PCs are a source of ROS, especially O−2 , which
modulate platelet activation and aggregation (Krötz et al., 2002;
Begonja et al., 2005). The increase in ROS, whose impact on the
patient’s oxidation state is still unknown, is mainly related to the
storage process (Sonego et al., 2017).

ECMO and Hemolysis
ECMO-related hemolysis is a common phenomenon among
pediatric patients and represents an independent predictor of
mortality (Omar et al., 2015; Dalton et al., 2018). It consists
of the RBCs lysis with following release of hemoglobin into
the plasma (Rother et al., 2005). The shear stress is the
main causative mechanism for hemolysis during mechanical
support, and some risk factors have been identified, such as
the negative inlet pressure, pump speed, pump and oxygenator
type, cavitation and priming solution (Steinhorn et al., 1989; Lou
et al., 2014; Rother et al., 2005). In addition, oxidative stress
is a determinant of hemolysis (Boyle et al., 1997; Walski et al.,
2018). Lipid peroxidation and protein damage of cell membranes
from ROS cause enzymatic inactivation, depolarization of the
cell membrane and a change in its permeability, resulting in
cell lysis (Matés et al., 1999; Kirkham and Rahman, 2006).
The mechanical and oxidative stress during ECMO leads to
the release of the PFHb, which is cleared by hemoglobin
scavengers (Dalton et al., 2018). However, in case of severe
hemolysis, the hemoglobin-scavenging mechanisms become
saturated, resulting in hemoglobinemia and hemoglobinuria
(Rother et al., 2005). The PFHb may exert either a direct toxic
effect (i.e., renal damage) or may cause endothelial dysfunction,
by binding NO. The NO consumption leads to increased systemic
and pulmonary resistance, platelet activation and aggregation,
endothelial adhesion, fibrin deposition and thrombin formation
(Rother et al., 2005).

Moreover, the shear stress induces procoagulant
conformational changes of the pVWF, which interacts with
circulating platelets enhancing their adhesion and aggregation
properties (Cruz et al., 2018).

Furthermore, high levels of PFHb inhibit the cleavage of
pVWF by ADAMTS-13, contributing to increased clotting
within the mechanical devices (Da et al., 2015). Eventually,
hyperbilirubinemia and iron release constitute additional drivers
of the hemolysis-induced morbidity and mortality (Davis
et al., 1999; Kaplan et al., 2014). Besides hemolysis, the
mechanical stress may hesitate into sublethal RBCs damage,
leading to increased fragility and decreased deformability of
RBCs (Kameneva et al., 1999). Their consequent failure to
enter small capillaries causes end-organ dysfunction, through
the impairment of tissue oxygenation and microcirculation
(Watanabe et al., 2007). Based on the concepts mentioned
above, ECMO providers should monitor the hemolysis, as it
is strictly associated with increased mortality and morbidity
(kidney injury, vascular impairment, need for PRBC and PCs
transfusion, thrombosis).

Moreover, efforts should focus on the technological progress,
because of specific components of the circuit act as main
drivers of the ECMO-induced hemolysis, such as the oxygenator
(Williams et al., 2015). The use of smaller pediatric oxygenators
was associated with greater shear stress and, hence, increased
hemolysis, when compared to larger adult oxygenators (Williams
et al., 2015). Although the relative contribution of each
circuit component on the hemolysis and related oxidative
stress is unknown, the use of a centrifugal pump and small
size connectors should be considered as potential sites of
increased hemolysis (Lou et al., 2014; Williams et al., 2015).
Furthermore, the use of red-to-infrared radiation (R/NIR) to
stabilize erythrocyte membranes with increased resistance to
oxidative stress seems promising (Itoh et al., 2000; Komorowska
et al., 2001; Chludzińska et al., 2005; Walski et al., 2015, 2018).

Technology advances should target the development of new,
more bio-compatible, circuit-blood interfaces in order to reduce
hemolysis and oxidative stress.

ECMO and Hyperoxia
The antioxidant capacity of tissues is overtaken with O2

−

production during hyperoxia. Oxygen toxicity in the perinatal
period is well established, and many efforts have been made to
define safety targets during neonatal resuscitation and care (Tin
and Gupta, 2007; Auten and Davis, 2009; Finer and Leone, 2009;
Askie et al., 2011; Saugstad et al., 2012; Vento et al., 2012; Schmidt
et al., 2013; Saugstad and Aune, 2014; Manja et al., 2015).

Nevertheless, hyperoxia remains a significant driver for radical
O2 species generation, especially during ECC (Cashen et al.,
2018). Hyperoxia is frequent during cardiac surgery in CPB and
seems to play a key role in the development of oxidative stress
as a consequence of post-ischemic reperfusion (Cavarocchi et al.,
1986; Börgermann et al., 2007). The clamp of the aorta induces
heart and lung ischemia while declamping generates reperfusion,
and either action produces an inflammatory response. On-pump
cardiac surgery is associated with increased oxidative stress if
compared to off-pump surgery (Matata et al., 2000; Cavalca et al.,
2006). The post-ischemic reperfusion, rather than hyperoxia per
se, seems to play a role; there is evidence from pediatric cardiac
surgery that isolated hyperoxia does not increase oxidative stress
and inflammation if compared with normoxia (Hövels-Gürich
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et al., 2002; Caputo et al., 2005, 2009). Although ECMO does not
directly cause ischemia/reperfusion, patients requiring ECMO
experience prolonged periods of pre-ECMO hypoxia causing
an increase in oxidative stress (Crimi et al., 2006; Hayes et al.,
2013; Chen Q. et al., 2014). ROS generation following hyperoxia
is significantly exaggerated when hyperoxia is subsequent a
period of hypoxia, due to the dysfunction of the post-ischemic
mitochondrial electron transport chain (Neumar, 2011). Sznycer-
Taub et al. (2016) identified hyperoxia within 48 h of ECMO
following cardiac surgery as an independent risk factor for
mortality at 30 days post-operatively, while Trittenwein et al.
(1999) observed how VV-ECMO more than VA-ECMO would
increase pulmonary lipid peroxidation following endotoxemia-
induced hypoxia. Lipid peroxidation of the lung is a known
consequence of sepsis and inflammation, but it has also been
described as a consequence of tissue reperfusion (Demling et al.,
1991; Horton and Walker, 1993; Christie et al., 1994; Chow
et al., 2003). In the study by Trittenwein et al. (1999) hyperoxic
reperfusion of the hypoxic lung following VV-ECMO, caused
a significant increase of plasma MDA as an index of lipid
peroxidation, higher than that observed in VA-ECMO where the
hyperoxic blood supply to the lung is less.

More recently, similar results have been observed by Cashen
et al. (2018) that showed higher in-hospital mortality among
hyperoxic patients submitted to ECMO compared to normoxics,
ascribing the high mortality to the effects of ROS on poor cardiac
output rather than the SIRS-like syndrome, hemostatic activation
and MOF.

ECMO and Continuous Renal
Replacement Therapies
Oxidative stress is a common condition in kidney diseases
(Witko-Sarsat et al., 1996; Hasselwander and Young, 1998); it
is induced by renal pathology itself, reduced antioxidant intake
associated with malnutrition, CRRT with the loss of antioxidant
molecules during filtration and the contact of blood with CRRT
circuit (Wolf et al., 1951; Hasselwander and Young, 1998;
Cano, 2001; Sosa et al., 2006; Varan et al., 2010; Libetta et al.,
2011; Coombes and Fassett, 2012; Ozbek, 2012). The SIRS-like
syndrome, which typically occurs in the early hours of ECMO,
is associated with hypotension, oligo-anuria, decreased lung
compliance, pulmonary edema, increased plasma concentrations
of pro-inflammatory cytokines and neutrophils’ activation
(Hocker et al., 1991; Davies and Hagen, 1997). AKI and FO
complicate neonatal ECMO runs in more than half of cases, with
a negative impact on survival rates (Heiss et al., 1987; Weber
et al., 1990; Swaniker et al., 2000; Gadepalli et al., 2011; Zwiers
et al., 2013). Therefore, hemofiltration and hemodialysis have
become a standard of care in the management of AKI during
ECMO (Heiss et al., 1987; Meyer et al., 2001; Paden et al., 2011;
Chen H. et al., 2014). During CRRT, inflammation is activated
by an increase of ROS and inflammatory cytokines (TNFα, IL-1,
and IL-6) (Tarakçıoğlu et al., 2003; Borazan et al., 2004) and
a reduction of antioxidant proteins as hydrosoluble vitamin
C and uric acids (Hegbrant and Hultkvist, 1999; Yang et al.,
2006; Libetta et al., 2011). The use of biocompatible filtration

systems by using vitamin E-coated filters reduces the oxidative
stress linked to the contact of blood with exogenous materials
(Yang et al., 2014). Selewski et al. (2012) suggested an early
filtration treatment to anticipate FO, and reduce mortality rate.
As reported by ELSO registry, about 33% of neonatal respiratory
ECMO and 38% of cardiac ECMO require renal replacement
therapy (ELSO). As a result of the combination of two ECC
systems, the hemolysis-related oxidative stress would increase
(Chen H. et al., 2014). The in-line use of CRRT would limit the
ECMO-related inflammation by reducing the concentrations of
TNFα, IL-1β, IL-6, and IL-8 (Jialiang et al., 2014).

ECMO Post-cardiopulmonary Bypass
Adult patients with cardiovascular diseases and neonatal patients
with congenital cyanotic heart diseases have an increased level
of oxidative stress, even before heart surgery, if compared to the
healthy population (Ercan et al., 2009; Giustarini et al., 2009; Karu
et al., 2010; Small et al., 2012).

Moreover, cardiac surgery is always associated with both
systemic inflammation and a variable degree of oxidative stress,
which might contribute to post-operative complications, failure
of single and multiple organs and mortality (Kim et al., 2008;
Billings et al., 2011; Antoniades et al., 2012; Plicner et al., 2014;
Wu et al., 2015). Plicner et al. (2014) observed that the increase
of asymmetric dimethylarginine and 8-iso-prostaglandin F2α was
associated with an unfavorable outcome of patients undergoing
coronary artery bypass grafting. Similarly, Antoniades et al.
(2012) has shown how the increase of O2

− and ONO2
−

concentration was closely related to atrial fibrillation, need for
inotropic drugs and lengthening of hospital stay during post-
cardiac surgery.

The main cause of oxidative stress during cardiac surgery is
the exposure to the foreign surface of the extracorporeal circuit,
hypothermia, and circulatory arrest associated with systemic
inflammation, ischemia-reperfusion injury, altered hemostatic
status (Prasad et al., 1992; Edmunds, 1998; Clermont et al., 2002;
Levy and Tanaka, 2003; Ulus et al., 2003; Gessler et al., 2004;
Karu et al., 2010). Approximately 3–5% of patients undergoing
congenital cardiac surgery require post-CPB extracorporeal
support, due to the weaning failure following myocardial
dysfunction, low cardiac output state, cardiac or respiratory
arrest, pulmonary hypertension, or shunt occlusion (Aharon
et al., 2001; Salvin et al., 2008; Mascio et al., 2014). The long
duration of ECMO post-CPB might impair the organ function,
thus predisposing to an increased risk of complications (i.e.,
sepsis) and mortality (Duncan et al., 1999; Chaturvedi et al., 2004;
Salvin et al., 2008; Kumar et al., 2010; Rood et al., 2011; ELSO,
2018).

CLINICAL RELEVANCE OF OXIDATIVE
STRESS DURING NEONATAL ECMO

The role of continuing oxidative stress has been established in
the long term, in a variety of chronic diseases, such as diabetes
mellitus, atherosclerosis and neurodegenerative illness (Haidara
et al., 2006). Currently, the interest is moving toward the effects
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of the redox unbalance in the acute illness (Bar-Or et al., 2015).
Here, we summarize the available evidence in relation to the role
of the oxidative stress in critical conditions, which often occur
during ECMO (Figure 4).

Sepsis and Multi-Organ Failure
A wealth of studies has shown that the normal redox balance is
altered in septic shock and multiple organ failure, due to both
an increase in O−2 derived free radicals and a decrease in the
plasma antioxidant potential (Ogilvie et al., 1991; Goode et al.,
1995). Adult septic patients have higher plasma CAT and SOD if
compared to healthy controls (Warner et al., 1995). Moreover,
non-survivors of sepsis have shown higher levels of SOD and
a reduced plasmatic antioxidant status, which was associated
with unfavorable outcomes (Cowley et al., 1996; Guerreiro et al.,
2010). The sepsis-related MOF, which remains the major cause
of death in intensive care units, is associated with oxidative
stress and mitochondrial dysfunction (Brealey et al., 2002; Galley,
2011). Two antioxidants targeting the protection of mitochondria
(MitoQ and MitoVitE) through the reduction of oxidative stress
have been beneficial in a rat model of acute sepsis (Lowes et al.,
2013). Other potential oxidative-induced mechanisms for MOF
development have been proposed, as a result of the anti-oxidant
impairment secondary to GSH and Se depletion, suggesting
a positive effect of Se supplementation (Brealey et al., 2002;
Manzanares et al., 2012; Broman et al., 2018).

Hemostatic Derangement and
Anticoagulation Management
Maintaining the hemostatic homeostasis during ECMO is
extremely challenging and, despite technical advances, bleeding
and thrombosis remain serious complications (Murphy
et al., 2015). The hemostatic perturbation during ECMO is a
multifactorial process, and the redox imbalance is one of the
main contributing factors. Besides the dilutional coagulopathy,
which depends on priming compositions and affects both

clotting factors and platelets, the shear stress has a key role as
it induces platelet dysfunction, fibrinolysis activation, acquired
von Willebrand syndrome and intravascular hemolysis (Görlach
et al., 2002; Görlach, 2004, 2005; Fall et al., 2015). As previously
mentioned, the oxidative stress is strictly associated with the
shear stress, resulting in endothelial activation (see section
“ECMO and Inflammation”) and enhanced hemolysis (see
section “ECMO and Hemolysis”) (Görlach et al., 2002; Görlach,
2004, 2005; Herkert et al., 2004; Djordjevic et al., 2005; Millar
et al., 2016).

Moreover, the exposure to the exogenous circuits triggers a
SIRS-like syndrome, which is associated with the ROS generation,
the release of pro-inflammatory cytokines, the activation of
the intrinsic coagulation pathway with a potential procoagulant
effect (Millar et al., 2016). The clot formation triggers the
consumption of coagulation factors and platelets, thus increasing
the risk of disseminated intravascular coagulopathy and bleeding
(Millar et al., 2016). The anticoagulation management should
be modulated, by taking into account the drivers of hemostatic
unbalance mentioned above.

Biomarkers of the Redox State
Based on the relevant clinical implication of the redox unbalance
during ECMO, the identification of diagnostic markers would
help in the detection, monitoring, and follow-up of the redox
potential in ECMO neonates. However, the profile of biomarkers
of both oxidative stress and antioxidant defenses during neonatal
ECMO has not been characterized yet. Evidence can be derived
from previous pre-clinical and clinical studies, which evaluate
the pro-oxidative potential during and after the exposure to
an extracorporeal circuit (i.e., CRRT, CPB) (Takouli et al.,
2010; McDonald et al., 2012). As most of the research has
been performed on the adult population, the evaluation of the
redox status in neonatal systemic diseases (i.e., septic shock)
may provide further insights into the age-related antioxidant
deficiency (Batra et al., 2000). Among potential pro-oxidant

FIGURE 4 | Clinical relevance of ECMO-induced oxidative stress. AF, atrial fibrillation; ARDS, acute respiratory distress syndrome; ECC, extracorporeal circuit; IBD,
intestinal bowel disease; MOF, multi-organ failure; SIRS, systemic inflammatory response syndrome.
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biomarkers, the d-ROMs have been evaluated in a dialyzer, while
the MDA has been applied in a porcine ECMO model (Takouli
et al., 2010; Chen Q. et al., 2014).

Additionally, as nitro-oxidative stress is involved in a large
variety of pathological mechanisms, the biomarkers validated for
the detection of nitrosation and nitration would be of interest
(Cipak Gasparovic et al., 2017). However, their application in
the extra-corporeal setting is still lacking. The anti-oxidant
response may be evaluated through the detection of the TAC,
SOD, and GSx activity (Takouli et al., 2010; McDonald et al.,
2012). Moreover, the reduction of key trace elements, such
as Se, copper, and zinc might suggest a reduced anti-oxidant
activity (McDonald et al., 2012). In clinical practice, the oxidative
stress may be indirectly presumed through the monitoring of
inflammatory markers, such as the increased levels of IL-6 and
IL-8 or by evaluating the hemolysis with the PFHb levels (Rother
et al., 2005; Takouli et al., 2010; Cruz et al., 2018).

STRATEGIES TO REDUCE OXIDATIVE
STRESS: UPDATE ON ANTIOXIDANTS

The ROS production is regulated by intra and extracellular
antioxidant systems, which are impaired during the perinatal
period and critical illness (Manzanares et al., 2012; McDonald
et al., 2012). ECMO further complicates the issue, by adding
specific sources for redox state unbalance (Manzanares et al.,
2012; McDonald et al., 2012, 2014a; Jialiang et al., 2014; Millar
et al., 2016; Bocca et al., 2017). The antioxidant system of the
newborns is immature with both a reduction of antioxidant
enzymes (SOD, CAT, and GPx) and non-enzymatic antioxidants
(vitamin E, β-carotene, melatonin, ceruloplasmin, transferrin,
coenzyme Q) while ascorbic acid and bilirubin are present only
for a short period after birth (Gopinathan et al., 1994; Gitto
et al., 2009; Bocca et al., 2017). Free iron levels are significantly
higher than in adults, causing an increased Fenton reaction,
which in turn stimulates the production of OH• (Saugstad,
2005). Furthermore both the SIRS-like and the sequestration
into the ECMO/hemofilter circuit reduce the level of trace
elements (copper, manganese, zinc, iron, Se as cofactors for
SOD, GPx, and CAT function) and non-enzymatic antioxidants
(albumin, uric acid, vitamins C and E) (Cano, 2001; Yamamoto
et al., 2003; Yamawaki and Berk, 2006; Berndt et al., 2007;
Tonelli et al., 2009; Hoffmann et al., 2011; Visser et al., 2011;
Manzanares et al., 2012; Wołonciej et al., 2016; Ciapetti et al.,
2018).

Based on the paucity of data regarding patients in ECMO
both neonatal and adult, we will illustrate previous data regarding
the use of anti-oxidants in critically ill adult patients undergoing
surgery, CRRT or CPB. Moreover, taking into account the
peculiarity of the perinatal period, we will mention some data
on anti-oxidant strategies studied in neonatal conditions where
oxidative stress is one of the pathogenic mechanisms, such as
sepsis or NEC (Ozdemir et al., 2012; Poggi and Dani, 2018)
(Supplementary Table S1). Among others, vitamin A, vitamin
E, vitamin C, SOD, and NAC have been studied to reduce tissue
damage mediated by oxidative stress with contrasting results

(Tyson et al., 1999; Suresh et al., 2001; Wardle et al., 2001; Brion
et al., 2003; Darlow et al., 2016).

Antioxidants have two main mechanisms of action: the
prevention, inactivating the free radical present in the systems
and the scavenging of the active radical, suppressing the chain
initiation or breaking the chain propagation. They may exert their
effect by many actions including electron donation, hydrogen
donor, metal ion chelation, co-antioxidants, radical scavenger,
peroxide decomposer, singlet oxygen quencher, enzyme inhibitor
or by gene expression regulation (Lobo et al., 2010).

Selenoproteins contribute to the function of many enzymes
among which GSx, TRs, and methionine sulfoxide reductase and
seem to protect the cardiovascular system against oxidative stress
(Rotruck et al., 1973; Kim and Gladyshev, 2004; Hoffmann and
Berry, 2005; Berndt et al., 2007; Hoffmann et al., 2011). Based on
the reduction of Se levels in critically ill patients or after cardiac
surgery, Se supplementation has been investigated in this contexts
with contradictory results (Manzanares et al., 2012; Stoppe et al.,
2013; Broman et al., 2018). To date, there are no data to support
its extended use (Allingstrup and Afshari, 2015; Manzanares et al.,
2016). Although not conclusive, neonatal supplementation with
oral or parenteral Se in the first weeks of life to preterm infants
led to a reduction in the proportion of infants having one or more
episodes of sepsis (Darlow and Austin, 2003). The administration
of pre and post-operative vitamin C in cardiac surgical adults
has led to a reduction of post-operative atrial fibrillation, which
seems to be associated with increased atrial oxidative stress and
ONO2

− formation (Carnes et al., 2001).
Moreover, supplementation with ascorbic acid caused a

reduction of plasma levels of oxidative stress during hemodialysis
and restoration of endothelial function in critically ill patients
(Eiselt et al., 2001; Wilson, 2009).

Similarly, vitamin E-coated dialysis membranes used in adult
patients on hemodialysis led to a decrease in reactive oxygen
metabolites and derivatives, an increase of TAC and superoxide
dismutase (Takouli et al., 2010). In addition, a decrease in
post-operative atrial fibrillation has been documented after the
supplementation of pre and post-operative NAC in surgical adult
patients (Ozaydin et al., 2008). Ozdemir et al. (2012) have shown
a beneficial effect of NAC in a murine NEC model in terms
of reduced levels of oxidative stress (MDA) and inflammation
(TNFα), with increased antioxidant activity of the SOD. Also
concerning the supplementation of glutamine, data are not
conclusive. Indeed, previous studies showed that infusion of
glutamine during and for 3 days after cardio-surgery in adult
patients led to an increase of glutamine blood levels and GSH
activity without clinical improvement (Engel et al., 2009). Enteral
glutamine either alone or in combination with arginine has been
tested in healthy newborn rats showing a reduction of oxidative
stress. These results may suggest a potential benefit of glutamine
and arginine supplementation in the prevention of NEC in
premature neonates with insufficient oxidative resistance (Kul
et al., 2009). The evidence is building on the neonatal use of the
ROS scavenger melatonin. Its supplementation in newborns with
sepsis within the first 12 h after diagnosis has led to a reduction of
lipid peroxidation products (MDA) and improvement of clinical
outcomes (Gitto et al., 2001). The post-operative administration
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of melatonin reduced the proinflammatory cytokines and NO
levels in newborns undergoing surgery (Gitto et al., 2004).

Moreover, a reduction of late-onset sepsis risk ratio has been
shown in newborn supplemented with lactoferrin and a reduction
of the risk of antibiotic treatment failure in septic newborns
exposed to zinc (Bhatnagar et al., 2012; Pammi and Suresh,
2017). Additional promising agents are the apocynin, an NOX
inhibitor applied in the animal model of stroke and brain injury
induced by ischemia-riperfusion, and the α-lipoic acid, a GSH-
mediated antioxidant used in adults undergoing surgery during
ECC (Packer et al., 1997; Kahles et al., 2007; Lambeth et al.,
2008; Aly et al., 2009; Chen H. et al., 2009; Choi et al., 2010;
Xia et al., 2010; Simonyi et al., 2012; Uyar et al., 2013). Novel
antioxidant molecules, such as the ROS scavenger edaravone,
showed promising results. In a pre-clinical model of neonatal
sepsis the administration of edaravone 30 min after the injury has
led to both a biochemical and clinical improvement (Kato et al.,
2009). Other agents like hyperbaric oxygen and medical ozone
have been suggested to reduce oxidative stress by enhancing the
antioxidant system. The technique based on the use of O2/ozone
mix was previously applied in CRRT with promising results,
even if its mechanism of action remains still unveiled (Bocci
et al., 1999, 2001; Bocci and Paolo, 2004; Di Paolo et al., 2005).
Data on the use of ozone in ECMO are lacking and might
be a future area of interest. Lastly, it is worth mentioning the
potential role of hMSCs in ischemia/reperfusion-induced lung
injury, by acting through anti-oxidant, anti-inflammatory, and
anti-apoptotic defense pathways (Ortiz et al., 2003; Gupta et al.,
2007; Xu et al., 2007; Lee et al., 2009; Gotts and Matthay, 2011;
Liu et al., 2017).

CONCLUSIONS AND FUTURE
PERSPECTIVES

The imbalance of the redox system induced by the ECC is a field
of active research, but many aspects of neonatal ECMO and its
potential harm remain unsolved. Key points for both caregivers
and researchers of the perinatal area addressing the burden of
ECMO should include the following:

• Improve our knowledge of the mechanisms of oxidative
stress during neonatal ECMO, both in pre-clinical and
clinical settings, with a focus on the biochemical and
cellular mechanism that could contribute to multi-organ
damage.
• Define biomarkers for oxidative stress that could be a

potential target for pharmacological approaches.
• Support technological research to improve ECMO circuit

miniaturization and biocompatibility.
• Prevent the redox state unbalance during ECMO, through

the promotion of rational use of blood products, the
maintenance of well-defined O2 targets, the prevention
of hemolysis and AKI, the timely resort to in-line renal
replacement therapy, the simplification of ECMO circuit
lines.
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Bahar, I., Elay, G., Başkol, G., Sungur, M., and Donmez-Altuntas, H. (2018).
Increased DNA damage and increased apoptosis and necrosis in patients with
severe sepsis and septic shock. J. Crit. Care 43, 271–275. doi: 10.1016/j.jcrc.2017.
09.035

Bar-Or, D., Bar-Or, R., Rael, L. T., and Brody, E. N. (2015). Oxidative stress
in severe acute illness. Redox Biol. 4, 340–345. doi: 10.1016/j.redox.2015.
01.006

Barrera, G., Pizzimenti, S., Daga, M., Dianzani, C., Arcaro, A., Cetrangolo, G.,
et al. (2018). Lipid peroxidation-derived aldehydes, 4-hydroxynonenal and
malondialdehyde in aging-related disorders. Antioxidants 7:E102. doi: 10.3390/
antiox7080102

Bartlett, R. H., Gazzaniga, A. B., Jefferies, M. R., Huxtable, R. F., Haiduc, N.,
and Fong, S. (1976). Extracorporeal membrane oxygenation (ECMO)
cardiopulmonary support in infancy. ASAIO J. 22, 80–92.

Batra, S., Kumar, R., Seema, Kapoor, A. K., and Ray, G. (2000). Alterations in
antioxidant status during neonatal sepsis. Ann. Trop. Paediatr. 20, 27–33. doi:
10.1080/02724930092039

Bayr, H. (2005). Reactive oxygen species. Crit. Care Med. 33, S498–S501. doi:
10.1097/01.CCM.0000186787.64500.12

Begonja, A. J., Gambaryan, S., Geiger, J., Aktas, B., Pozgajova, M., Nieswandt, B.,
et al. (2005). Platelet NAD (P) H-oxidase–generated ROS production regulates
αIIbβ3-integrin activation independent of the NO/cGMP pathway. Blood 106,
2757–2760. doi: 10.1182/blood-2005-03-1047

Bellezza, I., Giambanco, I., Minelli, A., and Donato, R. (2018). Nrf2-Keap1
signaling in oxidative and reductive stress. Biochim. Biophys. Acta Mol. Cell Res.
1865, 721–733. doi: 10.1016/j.bbamcr.2018.02.010

Berndt, C., Lillig, C. H., and Holmgren, A. (2007). Thiol-based mechanisms of
the thioredoxin and glutaredoxin systems: implications for diseases in the
cardiovascular system. Am. J. Physiol. Heart Circ. Physiol. 292, H1227–H1236.
doi: 10.1152/ajpheart.01162.2006

Bertrand, Y., Pincemail, J., Hanique, G., Denis, B., Leenaerts, L.,
Vankeerberghen, L., et al. (1989). Differences in tocopherol-lipid ratios
in ARDS and non-ARDS patients. Intensive Care Med. 15, 87–93.
doi: 10.1007/BF00295983

Bhatnagar, S., Wadhwa, N., Aneja, S., Lodha, R., Kabra, S. K., Natchu, U. C. M.,
et al. (2012). Zinc as adjunct treatment in infants aged between 7 and 120 days

with probable serious bacterial infection: a randomised, double-blind, placebo-
controlled trial. Lancet 379, 2072–2078. doi: 10.1016/S0140-6736(12)60477-
2

Billings, F. T., Ball, S. K., Roberts, Ii, L. J., and Pretorius, M. (2011). Postoperative
acute kidney injury is associated with hemoglobinemia and an enhanced
oxidative stress response. Free Radic. Biol. Med. 50, 1480–1487. doi: 10.1016/
j.freeradbiomed.2011.02.011

Bocca, B., Ciccarelli, S., Agostino, R., and Alimonti, A. (2017). Trace elements,
oxidative status and antioxidant capacity as biomarkers in very low birth weight
infants. Environ. Res. 156, 705–713. doi: 10.1016/j.envres.2017.04.027

Bocci, V., Di, N. P., Borrelli, E., Larini, A., and Cappelletti, F. (2001). Ozonation
of blood during extracorporeal circulation. II. Comparative analysis of several
oxygenator-ozonators and selection of one type. Int. J. Artif. Organs 24, 890–
897. doi: 10.1177/039139880102401202

Bocci, V., Di, N. P., Garosi, G., Aldinucci, C., Borrelli, E., Valacchi, G., et al.
(1999). Ozonation of blood during extracorporeal circulation. I. Rationale,
methodology and preliminary studies. Int. J. Artif. Organs 22, 645–651. doi:
10.1177/039139889902200910

Bocci, V., and Paolo, N. D. (2004). Oxygenation-ozonization of blood during
extracorporeal circulation (EBOO). Part III: a new medical approach. Ozone
Sci. Eng. 26, 195–205. doi: 10.1080/01919510490439564

Bogdan, C. (2015). Nitric oxide synthase in innate and adaptive immunity: an
update. Trends Immunol. 36, 161–178. doi: 10.1016/j.it.2015.01.003

Borazan, A., Aydemir, S., Sert, M., and Yilmaz, A. (2004). The effects
of hemodialysis and peritoneal dialysis on serum homocysteine and
C-reactive protein levels. Mediators Inflamm. 13, 361–364. doi: 10.1080/
09629350400008786

Börgermann, J., Scheubel, R., Simm, A., Silber, R., and Friedrich, I. (2007).
Inflammatory response in on-versus off-pump myocardial revascularization: is
ECC really the culprit? Thorac. Cardiovasc. Surg. 55, 473–480. doi: 10.1055/s-
2007-965631

Boyle, E. M., Pohlman, T. H., Johnson, M. C., and Verrier, E. D. (1997). Endothelial
cell injury in cardiovascular surgery: the systemic inflammatory response1.
Ann. Thorac. Surg. 63, 277–284.

Brand, M. D. (2010). The sites and topology of mitochondrial superoxide
production. Exp. Gerontol. 45, 466–472. doi: 10.1016/j.exger.2010.01.003

Brealey, D., Brand, M., Hargreaves, I., Heales, S., Land, J., Smolenski, R., et al.
(2002). Association between mitochondrial dysfunction and severity and
outcome of septic shock. Lancet 360, 219–223. doi: 10.1016/S0140-6736(02)
09459-X

Brion, L. P., Bell, E. F., and Raghuveer, T. S. (2003). Vitamin E supplementation for
prevention of morbidity and mortality in preterm infants. Cochrane Database
Syst. Rev. 4:CD003665. doi: 10.1002/14651858.CD003665

Briones, A. M., and Touyz, R. M. (2010). Oxidative stress and hypertension: current
concepts. Curr. Hypertens. Rep. 12, 135–142. doi: 10.1007/s11906-010-0100-z

Brix-Christensen, V., Petersen, T., Ravn, H. B., Hjortdal, V. E., Andersen,
N. T., and Tønnesen, E. (2001). Cardiopulmonary bypass elicits a pro-and
anti-inflammatory cytokine response and impaired neutrophil chemotaxis in
neonatal pigs. Acta Anaesthesiol. Scand. 45, 407–413. doi: 10.1034/j.1399-6576.
2001.045004407.x

Brix-Christensen, V., Tønnesen, E., Hjortdal, V. E., Chew, M., Flø, C.,
Marqversen, J., et al. (2002). Neutrophils and platelets accumulate in the heart,
lungs, and kidneys after cardiopulmonary bypass in neonatal pigs. Crit. Care
Med. 30, 670–676. doi: 10.1097/00003246-200203000-00029

Brogan, T., Laurance Lequier, M. D., Lorusso, R., Maclaren, G., and Peek, G. (eds).
(2017). Extracorporeal Life Support: the ELSO Red Book, 5 th Edn. Ann Arbor,
MI: ELSO.

Broman, M., Lindfors, M., Norberg, Å., Hebert, C., Rooyackers, O., Wernerman, J.,
et al. (2018). Low serum selenium is associated with the severity of organ failure
in critically ill children. Clin. Nutr. 37, 1399–1405. doi: 10.1016/j.clnu.2017.06.
014

Bulua, A. C., Simon, A., Maddipati, R., Pelletier, M., Park, H., Kim, K.-Y.,
et al. (2011). Mitochondrial reactive oxygen species promote production of
proinflammatory cytokines and are elevated in TNFR1-associated periodic
syndrome (TRAPS). J. Exp. Med. 208, 519–533. doi: 10.1084/jem.20102049

Butch, S., Knafl, P., Oberman, H., and Bartlett, R. (1996). Blood utilization
in adult patients undergoing extracorporeal membrane oxygenated therapy.
Transfusion 36, 61–63. doi: 10.1046/j.1537-2995.1996.36196190517.x

Frontiers in Physiology | www.frontiersin.org 12 December 2018 | Volume 9 | Article 1739

https://doi.org/10.1111/j.1423-0410.2008.01110.x
https://doi.org/10.1111/j.1423-0410.2008.01110.x
https://doi.org/10.1111/ped.12557
https://doi.org/10.1016/j.jacc.2011.08.062
https://doi.org/10.1016/j.jacc.2011.08.062
https://doi.org/10.1007/s00383-015-3826-5
https://doi.org/10.1111/ped.12698
https://doi.org/10.1111/ped.12698
https://doi.org/10.1186/1471-2431-11-6
https://doi.org/10.1186/1471-2431-11-6
https://doi.org/10.1203/PDR.0b013e3181a9eafb
https://doi.org/10.1203/PDR.0b013e3181a9eafb
https://doi.org/10.1155/2014/360438
https://doi.org/10.1016/S0002-9343(00)00481-2
https://doi.org/10.1016/j.jcrc.2017.09.035
https://doi.org/10.1016/j.jcrc.2017.09.035
https://doi.org/10.1016/j.redox.2015.01.006
https://doi.org/10.1016/j.redox.2015.01.006
https://doi.org/10.3390/antiox7080102
https://doi.org/10.3390/antiox7080102
https://doi.org/10.1080/02724930092039
https://doi.org/10.1080/02724930092039
https://doi.org/10.1097/01.CCM.0000186787.64500.12
https://doi.org/10.1097/01.CCM.0000186787.64500.12
https://doi.org/10.1182/blood-2005-03-1047
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1152/ajpheart.01162.2006
https://doi.org/10.1007/BF00295983
https://doi.org/10.1016/S0140-6736(12)60477-2
https://doi.org/10.1016/S0140-6736(12)60477-2
https://doi.org/10.1016/j.freeradbiomed.2011.02.011
https://doi.org/10.1016/j.freeradbiomed.2011.02.011
https://doi.org/10.1016/j.envres.2017.04.027
https://doi.org/10.1177/039139880102401202
https://doi.org/10.1177/039139889902200910
https://doi.org/10.1177/039139889902200910
https://doi.org/10.1080/01919510490439564
https://doi.org/10.1016/j.it.2015.01.003
https://doi.org/10.1080/09629350400008786
https://doi.org/10.1080/09629350400008786
https://doi.org/10.1055/s-2007-965631
https://doi.org/10.1055/s-2007-965631
https://doi.org/10.1016/j.exger.2010.01.003
https://doi.org/10.1016/S0140-6736(02)09459-X
https://doi.org/10.1016/S0140-6736(02)09459-X
https://doi.org/10.1002/14651858.CD003665
https://doi.org/10.1007/s11906-010-0100-z
https://doi.org/10.1034/j.1399-6576.2001.045004407.x
https://doi.org/10.1034/j.1399-6576.2001.045004407.x
https://doi.org/10.1097/00003246-200203000-00029
https://doi.org/10.1016/j.clnu.2017.06.014
https://doi.org/10.1016/j.clnu.2017.06.014
https://doi.org/10.1084/jem.20102049
https://doi.org/10.1046/j.1537-2995.1996.36196190517.x
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01739 November 30, 2018 Time: 17:55 # 13

Raffaeli et al. Neonatal ECMO and Oxidative Stress

Butterfield, D. A., Drake, J., Pocernich, C., and Castegna, A. (2001). Evidence
of oxidative damage in Alzheimer’s disease brain: central role for amyloid
β-peptide. Trends Mol. Med. 7, 548–554. doi: 10.1016/S1471-4914(01)02173-6

Cano, N. (2001). Hemodialysis, inflammation and malnutrition. Nefrologia 21,
437–442.

Caputo, M., Bays, S., Rogers, C., Pawade, A., Parry, A., and Suleiman, M. (2005).
The effects of normothermic and hypothermic cardiopulmonary bypass on
myocardial injury, oxidative stress, and inflammatory response in paediatric
open-heart surgery: a prospective randomized study. Ann. Thorac. Surg. 80,
982–988. doi: 10.1016/j.athoracsur.2005.03.062

Caputo, M., Mokhtari, A., Rogers, C. A., Panayiotou, N., Chen, Q., Ghorbel, M. T.,
et al. (2009). The effects of normoxic versus hyperoxic cardiopulmonary bypass
on oxidative stress and inflammatory response in cyanotic pediatric patients
undergoing open cardiac surgery: a randomized controlled trial. J. Thorac.
Cardiovasc. Surg. 138, 206–214. doi: 10.1016/j.jtcvs.2008.12.028

Carnes, C. A., Chung, M. K., Nakayama, T., Nakayama, H., Baliga, R. S.,
Piao, S., et al. (2001). Ascorbate attenuates atrial pacing-induced
peroxynitrite formation and electrical remodeling and decreases the
incidence of postoperative atrial fibrillation. Circ. Res. 89, e32–e38.
doi: 10.1161/hh1801.097644

Carpenter, C. T., Price, P. V., and Christman, B. W. (1998). Exhaled breath
condensate isoprostanes are elevated in patients with acute lung injury or
ARDS. Chest 114, 1653–1659. doi: 10.1378/chest.114.6.1653

Cashen, K., Reeder, R., Dalton, H. J., Berg, R. A., Shanley, T. P., Newth, C. J., et al.
(2018). Hyperoxia and hypocapnia during pediatric extracorporeal membrane
oxygenation: associations with complications, mortality, and functional status
among survivors. Pediatr. Crit. Care Med. 19, 245–253. doi: 10.1097/PCC.
0000000000001439

Castegna, A., Aksenov, M., Thongboonkerd, V., Klein, J. B., Pierce, W. M.,
Booze, R., et al. (2002). Proteomic identification of oxidatively modified
proteins in Alzheimer’s disease brain. Part II: dihydropyrimidinase-related
protein 2, α-enolase and heat shock cognate 71. J. Neurochem. 82, 1524–1532.
doi: 10.1046/j.1471-4159.2002.01103.x

Castellheim, A., Pharo, A., Fung, M., Saugstad, O. D., and Mollnes, T. E.
(2005). Complement C5a is a key mediator of meconium-induced neutrophil
activation. Pediatr. Res. 57, 242–247. doi: 10.1203/01.PDR.0000150725.78971.
30

Cavalca, V., Sisillo, E., Veglia, F., Tremoli, E., Cighetti, G., Salvi, L., et al. (2006).
Isoprostanes and oxidative stress in off-pump and on-pump coronary bypass
surgery. Ann. Thorac. Surg. 81, 562–567. doi: 10.1016/j.athoracsur.2005.08.019

Cavarocchi, N. C., England, M. D., Schaff, H. V., Russo, P., Orszulak, T. A., Schnell,
W. Jr., et al. (1986). Oxygen free radical generation during cardiopulmonary
bypass: correlation with complement activation. Circulation 74, III130–III133.

Chaturvedi, R., Macrae, D., Brown, K., Schindler, M., Smith, E., Davis, K., et al.
(2004). Cardiac ECMO for biventricular hearts after paediatric open heart
surgery. Heart 90, 545–551. doi: 10.1136/hrt.2002.003509

Chaudhary, P., Sharma, R., Sharma, A., Vatsyayan, R., Yadav, S., Singhal, S. S., et al.
(2010). Mechanisms of 4-hydroxy-2-nonenal induced pro-and anti-apoptotic
signaling. Biochemistry 49, 6263–6275. doi: 10.1021/bi100517x

Chen, G. Y., and Nuñez, G. (2010). Sterile inflammation: sensing and reacting to
damage. Nat. Rev. Immunol. 10, 826–837. doi: 10.1038/nri2873

Chen, H., Song, Y. S., and Chan, P. H. (2009). Inhibition of NADPH oxidase is
neuroprotective after ischemia—reperfusion. J. Cereb. Blood Flow Metab. 29,
1262–1272. doi: 10.1038/jcbfm.2009.47

Chen, Y., Azad, M., and Gibson, S. (2009). Superoxide is the major reactive oxygen
species regulating autophagy. Cell Death Differ. 16, 1040–1052. doi: 10.1038/
cdd.2009.49

Chen, H., Yu, R.-G., Yin, N.-N., and Zhou, J.-X. (2014). Combination of
extracorporeal membrane oxygenation and continuous renal replacement
therapy in critically ill patients: a systematic review. Crit. Care 18:675. doi:
10.1186/s13054-014-0675-x

Chen, Q., Yu, W., Shi, J., Shen, J., Hu, Y., Gong, J., et al. (2014). The effect of
extracorporeal membrane oxygenation therapy on systemic oxidative stress
injury in a porcine model. Artif. Organs 38, 426–431. doi: 10.1111/aor.12198

Cheng, H. H., Wypij, D., Laussen, P. C., Bellinger, D. C., Stopp, C. D., Soul, J. S.,
et al. (2014). Cerebral blood flow velocity and neurodevelopmental outcome in
infants undergoing surgery for congenital heart disease. Ann. Thorac. Surg. 98,
125–132. doi: 10.1016/j.athoracsur.2014.03.035
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Acute effect of hemodialysis on serum levels of the proinflammatory cytokines.
Mediators Inflamm. 12, 15–19. doi: 10.1080/0962935031000096935

Tayama, E., Hayashida, N., Akasu, K., Kosuga, T., Fukunaga, S., Akashi, H., et al.
(2000). Biocompatibility of heparin-coated extracorporeal bypass circuits: new
heparin bonded bioline system. Artif. Organs 24, 618–623. doi: 10.1046/j.1525-
1594.2000.06615.x

Thiagarajan, R. R., Barbaro, R. P., Rycus, P. T., Mcmullan, D. M., Conrad,
S. A., Fortenberry, J. D., et al. (2017). Extracorporeal life support organization
registry international report 2016. ASAIO J. 63, 60–67. doi: 10.1097/MAT.
0000000000000475

Thiara, A., Andersen, V., Videm, V., Mollnes, T., Svennevig, K., Hoel, T.,
et al. (2010). Comparable biocompatibility of Phisio-and Bioline-coated
cardiopulmonary bypass circuits indicated by the inflammatory response.
Perfusion 25, 9–16. doi: 10.1177/0267659110362822

Tin, W., and Gupta, S. (2007). Optimum oxygen therapy in preterm babies. Arch.
Dis. Child. Fetal Neonatal Ed. 92, F143–F147. doi: 10.1136/adc.2005.092726

Tonelli, M., Wiebe, N., Hemmelgarn, B., Klarenbach, S., Field, C., Manns, B.,
et al. (2009). Trace elements in hemodialysis patients: a systematic review and
meta-analysis. BMC Med. 7:25. doi: 10.1186/1741-7015-7-25

Trittenwein, G., Rotta, A. T., Gunnarsson, B., and Steinhorn, D. M. (1999).
Lipid peroxidation during initiation of extracorporeal membrane oxygenation
after hypoxia in endotoxemic rabbits. Perfusion 14, 49–57. doi: 10.1177/
026765919901400108

Tyson, J. E., Wright, L. L., Oh, W., Kennedy, K. A., Mele, L., Ehrenkranz, R. A., et al.
(1999). Vitamin A supplementation for extremely-low-birth-weight infants.
N. Engl. J. Med. 340, 1962–1968. doi: 10.1056/NEJM199906243402505

Ulus, A., Aksoyek, A., Ozkan, M., Katircioglu, S., and Basu, S. (2003).
Cardiopulmonary bypass as a cause of free radical-induced oxidative stress
and enhanced blood-borne isoprostanes in humans. Free Radic. Biol. Med. 34,
911–917. doi: 10.1016/S0891-5849(03)00030-3

Uyar, I. S., Akpinar, M. B., Sahin, V., Uguz, A. C., Onal, S., Gonen, I., et al. (2013).
Alpha lipoic acid attenuates inflammatory response during extracorporeal
circulation. Cardiovasc. J. Afr. 24, 322–326. doi: 10.5830/CVJA-2013-067

Varan, H. I., Dursun, B., Dursun, E., Ozben, T., and Suleymanlar, G. (2010).
Acute effects of hemodialysis on oxidative stress parameters in chronic uremic
patients: comparison of two dialysis membranes. Int. J. Nephrol. Renovasc. Dis.
3, 39–45.

Vento, M. (2014). Oxygen supplementation in the neonatal period: changing the
paradigm. Neonatology 105, 323–331. doi: 10.1159/000360646

Vento, M., Escobar, J., Cernada, M., Escrig, R., and Aguar, M. (2012). The use
and misuse of oxygen during the neonatal period. Clin. Perinatol. 39, 165–176.
doi: 10.1016/j.clp.2011.12.014

Visser, J., Labadarios, D., and Blaauw, R. (2011). Micronutrient supplementation
for critically ill adults: a systematic review and meta-analysis. Nutrition 27,
745–758. doi: 10.1016/j.nut.2010.12.009

Wachtfogel, Y. T., Hack, C. E., Nuijens, J., Kettner, C., Reilly, T. M., Knabb, R. M.,
et al. (1995). Selective kallikrein inhibitors alter human neutrophil elastase
release during extracorporeal circulation. Am. J. Physiol. Heart Circ. Physiol.
268, H1352–H1357. doi: 10.1152/ajpheart.1995.268.3.H1352

Walski, T., Drohomirecka, A., Bujok, J., Czerski, A., Wąż, G., Trochanowska, N.,
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