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Editorial

Metabolomics, Oxidative, and Nitrosative Stress in the
Perinatal Period

Julia Kuligowski 1,* and Máximo Vento 1,2

1 Neonatal Research Group, Health Research Institute La Fe (IISLaFe), 46026 Valencia, Spain;
maximo.vento@uv.es

2 Division of Neonatology, University and Polytechnic Hospital La Fe (HULAFE), 46026 Valencia, Spain
* Correspondence: julia.kuligowski@uv.es; Tel.: +34-961-246-661

The perinatal period is extremely sensitive to external stimuli, and events that may
disturb the equilibrium within the mother–infant dyad might have a substantial short- and
long-term impact on the infant’s health and development. Lacking oxygen in the perinatal
period can result in bioenergetic failure and cell death, with consequences for infant health
and survival. While the administration of supplemental concentrations of oxygen can be
lifesaving, it can also disrupt growth and development, impair bioenergetic function, and
induce inflammation. Oxidative stress is of key importance in the pathophysiology of
several diseases, affecting term as well as preterm infants. Professor OD Saugstad referred
to these effects as the “Oxygen radical diseases of Neonatology” [1]. This important topic is
addressed in this Special Issue in a review article which describes the historical perspective
and current trends in the use of supplemental oxygen in newborns, covering unique
features of newborn redox physiology and antioxidant defenses, the history of therapeutic
oxygen use in this population and its role in disease, clinical trends in the use of therapeutic
oxygen and mitigation of neonatal oxidative injury [2].

Sex differences in the susceptibility to oxidative-stress-related complications of pre-
maturity are a widely accepted concept. The foundation of this theory is elucidated in a
systematic review and meta-analysis of cohort studies exploring the association between sex
and complications of prematurity, showing that male preterm male infants have higher clin-
ical instability and greater need for invasive interventions than female preterm infants [3].
This leads to a male disadvantage in mortality and explains differences in short-term
complications of prematurity.

Human milk is a globally recognized gold standard for infant nutrition, and is espe-
cially important for the healthy growth and development of preterm infants. Furthermore,
the antioxidant properties of human milk mitigate the consequences of excessive oxida-
tive damage. When the mother’s own milk is unavailable, pasteurized donor milk is the
best alternative. Although pasteurization is necessary for safety reasons, it may affect
the concentration and activity of biological factors, including antioxidants. This Special
Issue includes a review article describing the effect of different pasteurization methods on
antioxidant properties of human milk that aims to provide evidence to guide donor milk
banks in choosing the best pasteurization method from an antioxidant perspective [4].

In recent years, and with the advent of powerful high resolution and high-throughput
analytical methods, researchers have begun to successfully develop and implement novel
metabolomics approaches for diagnostics in perinatal asphyxia. It is important to design
non-invasive tools tailored to the characteristics of newborns, and saliva analysis has unex-
plored potential. This Special Issue includes a literature review providing an overview of
metabolomics studies of oxidative stress in perinatal asphyxia, particularly seeking studies
analyzing non-invasively collected biofluids such as saliva [5]. While changes in oxidative
stress-related salivary metabolites have been reported in adults, the utility of this approach
in perinatal asphyxia has yet to be explored. Experimental and clinical studies indicate that,
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in addition to antioxidant enzymes, succinate and hypoxanthine, acylcarnitines may also
have discriminatory diagnostic and prognostic properties in perinatal asphyxia. Accumu-
lating evidence of discriminatory metabolic patterns in perinatal asphyxia may be useful to
develop point-of-care methods for measuring salivary oxidative stress metabolites relevant
in perinatal asphyxia.

The versatility of metabolomics and the use of this methodology for a sensitive de-
tection of transient changes in longitudinal studies has been demonstrated in a study
involving newborns with transposition of the great arteries (TGA), a common cyanotic
congenital heart disease [6]. Parallel circulations that result in impaired cerebral oxygen
delivery in utero may lead to brain damage and long-term neurodevelopmental delay. To
mix deoxygenated and oxygenated blood at the atrial level, balloon atrial septostomy (BAS)
is frequently employed, causing a sudden increase in arterial blood oxygenation and oxida-
tive stress. Changes in oxygen saturation as well as metabolic profiles of plasma samples
from nine newborn infants suffering from TGA before and until 48 h after undergoing
BAS were recorded. The plasma metabolome changed clearly over time, and alterations
of four metabolic pathways, including the pentose phosphate pathway, were linked to
changes in the cerebral tissue oxygen extraction. On the contrary, no changes in levels
of lipid peroxidation biomarkers were observed. These findings suggest that metabolic
adaptations buffer the free radical burst triggered by re-oxygenation, thereby avoiding
structural damage at the macromolecular level.

Neonatal encephalopathy is one of the main causes of morbidity and mortality in term
infants, and there is evidence that oxidative damage plays an important role in the patho-
physiology of hypoxic–ischemic brain injury. Recently, several studies have been conducted
with the aim of providing adjacent neuroprotective and antioxidant therapeutic options
complementary to hypothermia treatment, animal [7–9] and clinical [10] studies with
different compounds. Kynurenic acid significantly reduced reactive oxygen species and
antioxidant enzyme activity and enhanced GSH levels and hypoxic–ischemic conditions in
a rat model [7]. Only the highest concentration of kynurenic acid showed neuroprotection
when applied 6 h after hypoxia–ischemia, and results indicated the induction of neuropro-
tection at the reactive oxygen species formation stage. In a different study, the capability of
postnatal allopurinol administration in combination with hypothermia treatment to reduce
oxidative stress biomarkers was assessed in a rat model of hypoxic–ischemic encephalopa-
thy, showing that the administration of allopurinol, hypothermia, and the combination
treatment protects the brain against oxidative damage [8]. Furthermore, in neonatal hypoxia
ischemia complicated by perinatal infection, therapeutic hypothermia does not improve
outcomes due to pre-existing oxidative stress and neuroinflammation, which shorten
the therapeutic window. Hence, the definition and targeting of central nervous system
metabolomic changes immediately after endotoxin-sensitized hypoxia–ischemia (LPS-HI)
has been studied in a rat model with the aim of discovering neuroprotection strategies
that are effective post-injury [9]. Despite hypothermia treatment, LPS-HI acutely depleted
reduced glutathione, indicating overwhelming oxidative stress. However, the combination
of the administration of N-acetylcysteine and vitamin D (NVD) with hypothermia rapidly
improved cellular redox status after LPS-HI, potentially through the inhibition of important
secondary injury cascades, allowing more time for hypothermic neuroprotection. The
promising results obtained in this experimental study were further validated in a clinical
trial that aimed to translate these FDA-approved drugs to HIE neonates [10]. NVD was
well tolerated and 24 treated HIE infants had no evidence of cerebral palsy, autism, or
cognitive delay at 24–48 months, confirming that low, safe doses of NVD in HIE neonates
decrease oxidative stress, improve central nervous system energetics, and are associated
with favorable long-term developmental outcomes.

In summary, this Special Issue demonstrates the potential of the use of metabolomics
and the assessment of oxidative stress for gaining insight in a variety of relevant aspects
related to the health and disease of newborns, as well as new therapeutic approximations.
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Abstract: Oxygen is the final electron acceptor in aerobic respiration, and a lack of oxygen can result
in bioenergetic failure and cell death. Thus, administration of supplemental concentrations of oxygen
to overcome barriers to tissue oxygen delivery (e.g., heart failure, lung disease, ischemia), can rescue
dying cells where cellular oxygen content is low. However, the balance of oxygen delivery and oxygen
consumption relies on tightly controlled oxygen gradients and compartmentalized redox potential.
While therapeutic oxygen delivery can be life-saving, it can disrupt growth and development, impair
bioenergetic function, and induce inflammation. Newborns, and premature newborns especially,
have features that confer particular susceptibility to hyperoxic injury due to oxidative stress. In this
review, we will describe the unique features of newborn redox physiology and antioxidant defenses,
the history of therapeutic oxygen use in this population and its role in disease, and clinical trends in
the use of therapeutic oxygen and mitigation of neonatal oxidative injury.

Keywords: hyperoxia; prematurity; bronchopulmonary dysplasia; retinopathy of prematurity

1. Introduction

1.1. Hyperoxia Is Damaging to Developing Organ Systems

Mammals gestate at lower oxygen tension than their postnatal environment, and birth
(even in the absence of supplemental oxygen) constitutes an increase in oxygen exposure [1].
In addition, rapid post-natal growth and development requires significant oxygen delivery
and consumption per gram of tissue in newborns, and energy sources are more rapidly
depleted than in adults [2,3]. Alterations in mitochondrial oxygen concentration can
induce apoptotic cell signaling pathways through mitochondrial proton leak [4], while
non-mitochondrial derived reactive oxygen and nitrogen intermediates (ROI) play an
important role in intra- and inter-cellular growth factor signaling (see [5] for review). Lastly,
enzymatic and non-enzymatic antioxidant systems in newborns have decreased capacity
to sequester ROI [6]. Premature exposure to ambient air (fraction of inspired oxygen or
FiO2 = 21%) and oxygen exposure above ambient air (FiO2 > 21%) disrupts these processes.

The preterm and term newborn occupies a unique position as an organism with high
tissue oxygen demand, growing and developing organ systems, and susceptibility to ox-
idative injury. Excess oxygen is the substrate for free radical formation by several enzymes,
such as the xanthine oxidase and NADPH-oxidase families [7]. Free radicals induce mem-
brane disruption and activation of inflammatory pathways through lipid peroxidation,
affecting multiple organ systems. Elevated lipid peroxidation products have been found
in plasma samples of infants with bronchopulmonary dysplasia (BPD) compared to those
without [8]. In the lungs, hyperoxia exposure induces alveolar simplification and vascular
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remodeling, which is associated with disruption in the electron transport chain [9,10].
Hyperoxia exposure is also associated with injury and altered physiology in the developing
intestines and retinopathy of prematurity (ROP), a developmental eye disease involving
aberrant growth of the retinal vasculature that can result in blindness [11–13]. Lastly,
neonatal hyperoxia alters cerebral blood flow, and neuronal apoptosis and inflammation
have been shown after neonatal hyperoxia exposure [14–16].

1.2. Full Term and Preterm Newborns Have Decreased Antioxidant Capacity

Many important vitamin and mineral stores are delivered to the fetus during the third
trimester of pregnancy; as a result, preterm infants have decreased levels of these important
cofactors relative to term infants [17]. Plasma vitamin C levels are lower in preterm infants
relative to term infants [18]. In a prospective study of vitamin D supplementation in
100 preterm infants, two-thirds had biochemical vitamin D deficiency [19]. In addition,
pulmonary levels of glutathione peroxidase 1, cytosolic superoxide dismutase (SOD),
mitochondrial SOD, and extracellular SOD are significantly lower in newborn mice than
those at 3 and 7 weeks of age in mice. Along with decreased antioxidant expression,
newborn mice exhibit increased mitochondrial oxidative stress compared to adults during
hyperoxia exposure [6]. In a cohort of preterm infants with and without BPD, plasma
vitamin E levels were below term infant levels, and were lower in infants with BPD than
those without [20].

Given the decreased levels of antioxidant enzymes and vitamins in preterm infants,
several clinical trials have been conducted to evaluate whether supplementation with either
intact antioxidant enzyme or vitamin cofactors might decrease morbidity and mortality
in this population. Trials of administration of exogenous SOD in the clinical setting were
initially promising [21–23]; however, meta-analyses and long term follow-ups have shown
no benefit over placebo [24]. Similarly, supplementation with the antioxidant cofactor vita-
mins A, C, and E have been studied, along with the glutathione precursor N-acetylcysteine
(NAC). Vitamin A has been the subject of extensive research with mixed results, includ-
ing the largest randomized controlled trial to date entitled NeoVitaA, which has not yet
published its results [25–27]. A Cochrane meta-analysis in 2016 found marginal benefit of
intramuscular administration of vitamin A to prevent death or BPD (RR 0.93 [0.88, 0.99]);
however, intramuscular formulation is not readily available and repeat intramuscular
injections pose a practical challenge in very low birth weight (<1500 g) infants [28]. Vitamin
C, E, and NAC have also not shown clear benefit, and supplementation beyond nutritional
needs is not recommended [29–34].

1.3. ROI Are Essential Components of Cell Signaling Pathways in Development

Despite the association of neonatal disease with ROI byproducts (e.g., lipid peroxides),
the growth and development of organs and tissues relies on the production of ROI. Nu-
merous growth factor receptors are tyrosine kinases (RTKs), whose function depends on
local hydrogen peroxide derived from ROI. Peroxide oxidizes protein phosphatases (PTPs)
by altering the 3-D structure and allowing RTK autophosphorylation and signal trans-
duction [35,36]. Suppression of hydrogen peroxide with exogenous catalase will reduce
tyrosine kinase phosphorylation and decrease growth factor signaling, which has been
shown to reduce vascular endothelial cell migration [37,38]. In addition, increases in antiox-
idant capacity can impair growth and development. Inhibition of nuclear factor erythroid
2-related factor 2 (NRF2), an important transcription factor in the production of antioxidants
in response to oxidative stress, increased fetal growth in a mouse model of pregnancy-
associated hypertension, suggesting an important role for ROI in fetal growth [39]. A
clearer picture of the complex interplay between postnatal oxygen exposure, antioxidant
expression and function, and development and growth signaling is needed.
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2. Supplemental Oxygen in the Initial Resuscitation of Newborns

2.1. Historical Aspects

While the first documented use of oxygen in infants was in 1780, just few years after its
discovery, it was not until 1928 that a description of using oxygen in newborn resuscitation
was published [40]. Oxygen therapy was subsequently introduced into routine newborn
care in the 1930s and early 1940s. This was followed in relatively short order by the first
published description of retrolental fibroplasia (RLF), a mysterious eye disease found in
a small group of infants born prematurely, now known as ROP [41]. The progressive
nature of this disorder was confirmed in 1948 by a husband-and-wife opthalmologist team
working at Johns Hopkins University, who described development of RLF changes in a
cohort of premature infants [42]. It was not until the 1950s that oxygen was identified as
the culprit behind RLF, the leading cause of blindness in children of preschool age at that
time [43–45]. This discovery was followed by decades of avoidance of oxygen that likely
led to decreased survival of the most premature and sickest infants [46]. With the advent
of oxygen saturation monitoring in the 1980s, however, oxygen therapy could be better
targeted, resulting in improved survival and an associated increase in ROP once again [47].

2.2. Supplemental Oxygen in Term Infants

By the 1960s, the use of 100% oxygen in the delivery room was viewed as the stan-
dard of care and the most sensible approach to resuscitation of asphyxiated infants [48].
The International Liaison Committee on Resuscitation (ILCOR), first formed in 1992 to
provide a forum for major resuscitation organizations in the industrialized world, recom-
mended the use of 100% oxygen in its first set of newborn guidelines [49]. There were
published opinions against such an approach as early as 1980, based on emerging clinical
and animal data that implicated delivery room hyperoxia in subsequent oxidative stress
generation [7,50]. This included evidence of increased hypoxanthine concentrations in the
cerebral cortex of hypoxemic piglets randomized to resuscitation with 100% FiO2 compared
to 21% FiO2, suggesting the presence of more severe energy metabolism deficits in the
hyperoxia-exposed group. Animal models also increasingly supported the use of 21%
FiO2 during resuscitation and demonstrated that it is as effective as 100% FiO2 in the
resuscitation of hypoxemic piglets, with similar improvements in vital signs, base deficit,
and plasma hypoxanthine [51,52]. Furthermore, studies in human neonates demonstrated
that term newborns can be adequately resuscitated with 21% FiO2, with lower mortality
in infants exposed to 21% vs. 100% FiO2 [53], with follow-up studies showing similar
long-term neurodevelopmental outcomes [54]. Additional studies demonstrated that resus-
citation with 100% FiO2 can be harmful [55,56]. In term neonates with perinatal asphyxia,
resuscitation with 21% FiO2 resulted in more rapid improvements in Agpar scores and
faster onset of spontaneous respiration, while infants treated with high FiO2 demonstrated
evidence of increased oxidative stress at one month of age, with lower reduced-to-oxidized
glutathione ratios and higher erythrocyte antioxidant enzyme activity [55]. Finally, a meta-
analysis also contributed to the growing consensus; in term and late-preterm neonates in
need of resuscitation at birth, 21% FiO2 restores heart rate and spontaneous respiration as
effectively as 100% FiO2, while also being associated with significant reductions in neonatal
mortality [57]. This accumulating evidence resulted in revisions to neonatal resuscitation
guidelines that now recommend starting with 21% FiO2 and caution against 100% FiO2 in
near-term and in-term infants [58,59].

2.3. Supplemental Oxygen in Preterm Infants

Evidence for the optimal oxygen concentration in the resuscitation of preterm infants
is less conclusive. The available data suggest that many preterm infants need an FiO2
somewhere between 21% and 100% during resuscitation. A recently published meta-
analysis found conflicting data on the impact of initiating resuscitation with lower (<40%)
vs. higher (≥40%) FiO2 in preterm infants, with 9 out of 10 studies finding no differences
in mortality [60]. Other publications, however, found an association between initiation of
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resuscitation with lower FiO2 and increased risk of death in immature preterm infants in
an international cohort [61] and a Canadian cohort [62]. However, a follow-up study of the
Canadian cohort at 18 to 21 months corrected age (gestational age at birth plus absolute age)
found no differences in the composite outcome of death or neurodevelopmental impairment
and an increased risk of severe neurodevelopmental impairment in infants who received
100% FiO2 versus those receiving 21% FiO2 [63]. However, preterm infants not reaching
an oxygen saturation (SpO2) of 80% within the first 5 min of life have been shown to have
higher mortality and risk of severe IVH [64,65]. In addition, the combination of bradycardia
and hypoxemia in the first minutes of life wasn’t increases mortality. Although the optimal
initial FiO2 is not fully known in these infants, it is still recommended to target a SpO2 of
80–85% within the first 5 min of life, as well as to avoid bradycardia (heart rate < 100 bpm).

3. Supplemental Oxygen in the Neonatal ICU

3.1. Historical Perspective

Beyond the delivery room, exposure to hyperoxia and oxidative stress has been
associated with a multitude of adverse outcomes in infants, including ROP, BPD, and
brain injury (including intraventricular hemorrhage and periventricular leukomalacia).
These concerns have led to improvements in methods for measuring oxygenation in
neonates, enabling a more precise titration of oxygen delivery. However, the optimal
oxygen saturation target in extremely premature infants remains uncertain given the
varying results in both randomized and observational studies [66]. Trials conducted in
the 1950s demonstrated that administration of high FiO2 to preterm infants significantly
increased their risk of severe ROP and blindness and led to the practice of restricting FiO2
in the 1960s to no more than 50% [45,67–70]. This change was estimated to result in an
excess of 16 deaths per case of blindness prevented [46]. The introduction of transcutaneous
PO2 electrodes allowed for more precise and tighter control of oxygen delivery to preterm
infants, and a reduction in ROP was seen in all but the lowest gestational ages. In the
1980s and 1990s, pulse oximetry became the preferred method for monitoring oxygenation,
while in the early 2000s, the American Academy of Pediatrics (AAP) suggested a target
SpO2 range of 85–95%, which corresponds to PaO2 range of 29–67mm Hg (3.8–8.9 kPa), in
oxygen-dependent preterm babies in the first 2 weeks of life [71].

3.2. Targeted Use of Supplemental Oxygen

In 2003, the Neonatal Oxygenation Prospective Meta-Analysis (NeOProM) collab-
orative study was formed to address the question of ideal oxygen targets in extremely
preterm infants. The goal was to examine the effects of low versus high functional oxy-
gen saturation targets in the postnatal period in premature infants <28 weeks gestation.
Investigators in separate randomized clinical trials prospectively planned to undertake
individual trials using similar study designs, participants, interventions, comparators,
and outcomes. They agreed to provide individual participant data at trial completion for
inclusion in a meta-analysis [69]. Prior to this collaborative effort, there existed only a few
small randomized trials in the 1950s [44,72–74] and in the early 2000s [75] investigating
oxygen targets in preterm infants. NeOProM ultimately included five multicenter studies
under five study groups: Surfactant, Positive Pressure, and Pulse Oximetry Randomized
Trial (SUPPORT) in the United States [76]; Benefits of Oxygen Saturation Targeting (BOOST
II) trials conducted separately in the United Kingdom, Australia, and New Zealand [77–79];
and the Canadian Oxygen Trial (COT) [80]. In these 5 trials, a total of 4965 premature
infants (<28 weeks gestation) were randomized to either a low (85–89%) or high (91–95%)
SpO2 within the first 24 h after birth. Subsequent meta-analyses including follow-up data
from the NEOPROM studies have since been published [69,81–83].

The primary outcome for each of the trials was a composite of death or disability by
18–24 months corrected age. No differences in the primary outcome were found between
infants assigned to the low (85–89%) or high (91–95%) SpO2 range. Sub-group analysis also
showed no differences for the primary outcome (death or major disability) for gestational
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age, inborn vs. outborn status, antenatal corticosteroid use, sex, small for gestational age
(SGA) vs. appropriate for gestational age (AGA), singleton vs. multiple birth, type of
delivery, age at the start of the intervention, or oximeter software type [84].

Despite finding no difference in primary outcome, secondary outcomes from the
NeOProM trial raised concerns regarding the importance of oxygen exposure. A higher
rate of mortality before the corrected age of 36 weeks, before hospital discharge, and prior
to reaching a corrected age of 18 to 24 months was found in infants assigned to the low
SpO2 (85–89%) target range [69,85]. A higher incidence of necrotizing enterocolitis (NEC)
was also associated with the low SpO2 (85–89%) target range. In contrast, there was a
lower incidence of ROP requiring treatment associated with the low SpO2 (85–89%) target
range [69,81–84]. Of note, this finding showed substantial heterogeneity because SUPPORT
was the only trial within NeOProM to find significant reductions in the need for ROP
treatment [85]. Additionally, the increased incidence of ROP in the higher oxygen group
(91–95%) did not translate to increased severe visual impairment (defined as bilateral legal
blindness) at 18 to 24 months [83]. Additional secondary outcomes including physiologic
BPD, intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), and neu-
rodevelopmental outcomes as assessed by using the Gross Motor Function Classification
System or Bayley Scales of Infant Development (BSID) did not differ between the low- and
high-oxygen groups [81,82,86].

One main limitation of the NeoProM trial was that significant overlap was found
in the actual exposed oxygen saturation between the two groups, despite the design
of the trials specifying separation between the target ranges. Although the protocols
specified a distinct separation of the SpO2 target in the two groups there was significant
overlap in the SpO2 achieved, resulting in poor separation between the intervention and
comparison groups [82]. Poststudy analysis showed that subjects randomized to 91–95%
spent 13.9–22.4% of the time with SpO2 >95% and subjects randomized to 85–89% spent
20.2–27.4% of the time <85% while on supplemental oxygen [83]. An additional limitation
to the NeOProM trial was that two trials (BOOST II trials in the United Kingdom and
Australia) were stopped early, which may have resulted in some overestimation of the
effect on mortality in these trials [84].

Following the NeOProM publications, some experts in the field suggested that func-
tional SpO2 should be targeted at 90–95% in infants with gestational age <28 weeks until
36 weeks corrected age and alarm limits 89–95% [71,81]. In 2016, the AAP released new
guidelines stating that “the ideal physiologic target range for oxygen saturation for infants
of extremely low birth weight is likely patient-specific, dynamic, and dependent on various
factors, including gestational age, chronological age, underlying disease, and transfusion
status” [86]. Additionally, these guidelines conclude that a target oxygen saturation “range
of 90% to 95% may be safer than 85% to 89%, at least for some infants.” The 2019 European
guidelines recommend “in preterm babies receiving oxygen, the saturation target should
be between 90 and 94%” and that “alarm limits should be set to 89 and 95%” [87].

Both the SUPPORT and BOOST trials used fixed, binary SpO2 targets for the duration
of study enrollment (birth to 36 weeks corrected age). It is possible that optimal oxygen
saturation varies during the course of NICU hospitalization. The pathophysiology of ROP is
thought to involve initial hyperoxic arrest of vascular growth followed by hypoxia-induced
hyperproliferation of the retinal vasculature [13,88,89]. In the STOP-ROP trial, infants
were enrolled at the time of diagnosis of ROP (mean 10 weeks of absolute age or 35 weeks
corrected age) to receive oxygen to target SpO2 to 89–94% or 96–99%. While the higher
oxygen saturation target was associated with adverse pulmonary events and prolonged
hospital stay, it was not associated with progression of ROP [75]. In a retrospective study
comparing a static SpO2 goal to a biphasic goal that increased the target to >95% at 34 weeks
corrected, infants in the biphasic group had a lower incidence and severity of ROP without
an impact on mortality [90].
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3.3. Persistent Pulmonary Hypertension of the Newborn

One notable exception to the targeting of specific SpO2 in the newborn is for infants
with persistent pulmonary hypertension of the newborn (PPHN). Prenatally, most of the
fetal blood flow bypasses the lungs through elevated pulmonary blood pressure and right-
to-left shunts at the level of the atria through the foramen ovale and the great arteries
through the ductus arteriosus. During normal birth, crying and initiation of the first
breaths results in a rapid decrease in pulmonary blood pressure, allowing blood to circulate
through the lungs and participate in gas exchange to oxygenate the infant. When infants do
not undergo this physiologic decrease in pulmonary blood pressure, they develop PPHN.

The severity of PPHN can range from mild, requiring only brief oxygen supplementa-
tion, to severe, requiring intubation, mechanical ventilation, and even cardiopulmonary
bypass with extracorporeal membranous oxygenation (ECMO) [91]. Oxygen is a potent
pulmonary vasodilator within the context of hypoxia [92]; as such, up to 100% FiO2 is
commonly used in the treatment of PPHN, regardless of infant SpO2 [93]. However, there
is no clear benefit and potential harm in using such high FiO2 in the treatment of PPHN. In
a lamb model of meconium-aspiration-induced PPHN, pulmonary blood flow and brain
oxygen delivery were maximized when targeting a SpO2 of 95–99% during a 6 h exposure
when compared to a fixed FiO2 of 100% or targeting SpO2 of 85–89% or 90–94%. Notably,
the 95–99% target group showed a mean FiO2 of 50% and significantly higher pulmonary
blood flow than the 100% FiO2 group [94]. In addition, it is likely that the vasodilatory
effect of hyperoxia is short-lived. In fetal lambs exposed to 100% FiO2, hyperoxic pul-
monary vasodilation peaked at approximately 50 min and decreased therafter [95]. Lastly,
alveolar hyperoxia may increase pulmonary vascular contractility and impair responsive-
ness to pulmonary vasodilators, most notably inhaled nitric oxide, worsening outcomes
in PPHN [96,97]. The optimal SpO2 in infants with PPHN remains unclear and requires
further study.

4. Future Directions

4.1. Limits of Pulse Oximetry

All of the above studies rely on peripheral pulse oximetry measurements to guide
supplemental oxygen administration. Refinements to oximeters and their software have
improved portability and reliability; however, they continue to provide only a single data
point (arterial oxygen saturation) to drive clinical decision making. The above studies
were designed to optimize tissue oxygen delivery without exposing infants to excess
oxygen; however, optimal oxgyen delivery depends on other factors, including hemoglobin
concentration, tissue oxygen consumption, and hemodynamic status, among a multitude
of others [98,99].

In addition, preterm infants have predominantly fetal hemoglobin (HbF), which binds
more avidly to oxygen than the predominant adult form of hemoglobin (HbA) [100]. The
difference in relative oxygen affinity affects oxyhemoglobin dissociation and delivery to
the tissues; thus, an infant with 95% oxyhemoglobin and predominantly HbF may deliver
less oxygen to the tissues than an infant with 90% oxyhemoglobin and predominantly HbA.
While the ratio of HbF-to-HbA is highly associated with gestational age, interventions to
improve oxygen delivery, such as blood transfusions (which are by necessity adult blood),
can have a large impact on the amounts of each [101].

4.2. Near-Infrared Spetroscopy

One technology that provides data for other aspects of tissue oxygen delivery is
near-infrared spectroscopy (NIRS). As with pulse oximetry, NIRS calculates the ratio of
oxyhemoglobin to deoxyhemoglobin, but it does not identify the pulse waveform; therefore,
it includes non-arterial sources of transmitted light from the monitored region [102,103].
Because they are measurements of regional oxygen saturation, NIRS measurements are
affected by both oxygen consumption and oxygen delivery. The relative contributions
of arterial (oxygen delivery) and venous (oxygen consumption) oxygen saturations are
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30% and 70%, respectively [104,105]. Cerebral regional oxygen saturation (CrSO2) values
have been found to be closely correlated with central venous oxygen saturation, a measure
commonly used to calculate global oxygen consumption [106]. There are no established
standards for use in neonates; however, multiple prior and ongoing research projects have
investigated its use in monitoring regional oxygen saturation, most commonly in the brain
and kidneys, and have proposed possible uses for these data [106–110].

A pilot study of very preterm (<32 week) infants using the combination of peripheral
pulse oximetry and CrSO2 found significant differences in combined values between infants
who developed IVH between 12 and 72 h of life and those who did not [111]. Another
study looking specifically at the newborn transition period (first 15 min of life) in very
preterm infants found significantly lower CrSO2 in infants who went on to develop IVH
in the first 14 days of life [112]. A European unblinded, randomized, controlled trial
using CrSO2 to guide therapy, entitled Safeguarding the Brain of Our Smallest Children
(SafeBoosC), set a target range for CrSO2 of 55% to 85% and provided 8 treatment options
when CrSO2 went below 55%. Notably, only one option involved increasing FiO2 [113].
The trial found a decrease in cerebral hypoxia (CrSO2 < 55%) but no differences in rates of
brain injury or neurodevelopmental outcomes at 2 years of age [114]. A systematic review
of CrSO2-guided therapy trials found only one trial that met the quality parameters set
by reviewers and did not show a reduction in brain injury with the use of cerebral NIRS
monitoring [115].

Renal regional oxygen saturation (RrSO2) may also provide enhanced data to guide
therapy. It is possible that RrSO2 changes more rapidly than CrSO2 in response to dis-
crepant oxygen delivery and oxygen consumption, as cerebral autoregulation protects the
brain against rapid changes in perfusion in response to changes in hemodynamics [116].
Interestingly, higher RrSO2 in neonates with hypoxic ischemic encephalopathy was shown
to be associated with acute kidney injury [117]. In contrast, in infants undergoing heart
surgery, low RrSO2 was associated with the development of acute kidney injury [118].

Specific guidelines for the use and interpretation of NIRS may provide a framework
to apply this technology to specific clinical scenarios to optimize oxygen delivery in the
NICU [119]. The simplicity of pulse oximetry makes it an ideal monitor to guide clinical
therapy, and the refinement of oxygen therapy guidelines using pulse oximetry has clearly
shown benefit. The question remains whether the precision afforded by the addition of
NIRS monitoring has enough benefit to overcome the burden of additional monitors on
fragile infants in the NICU with limited body surface area.

4.3. Novel Therapies

In addition to limitations in monitoring, there are no available therapies to mitigate the
effects of oxidative injury in the NICU. In a review of antioxidant therapies with particular
focus on BPD, Ofman and Tipple outlined major barriers to effective therapies, including
lack of compartment and target specificity, limited bioavailability, timing of therapy, and ge-
netic variability [120]. Endogenous antioxidant enzymes are highly localized and perform
specific functions in redox biochemistry. Systemic or even organ-specific administration
of antioxidants may not reach the cells or organelles where hyperoxia induces injury. In
addition, individual organs have variable oxygen consumption rates and respond differ-
ently to hypoxia and hyperoxia. This is evident in the NeOProM trials, where lower SpO2
targets were associated with NEC and mortality, while higher SpO2 targets were associated
with ROP. Future therapies could target oxygen delivery specifically to the organs most
in need. For example, a bio-engineered heme-containing protein, OMX-CV, has a 10-fold
higher affinity for oxygen than hemoglobin does and has been shown to selectively deliver
oxygen to hypoxic tissues but not to tissues at physiologic oxygen tension rates in juvenile
lambs [121].

Investigations of the redox signaling pathways involved in oxidative stress have
revealed other potential future targets for clinical study. Thioredoxin is an antioxidant
enzyme that catalyzes the reduction of oxidized cysteine residues, playing an important
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role in reducing protein disulfide bonds. Alterations in thioredoxin and its partner en-
zyme, thioredoxin reductase, have been shown to affect susceptibility to hyperoxic lung
injury [122]. Interestingly, the drugs auranofin and aurothioglucose inhibit thioredoxin
reductase and have been shown to protect mice from hyperoxic lung injury through the in-
duction of nuclear factor erythroid 2-related factor (NRF2)-induced genes [123,124]. NRF2
is an oxidant-activated transcription factor that stimulates the transcription of a variety
of endogenous antioxidant systems [125]. Similarly, melatonin is a neurohormone that
induces a variety of endogenous antioxidant enzymes and has been shown to mitigate
hyperoxic lung injury in rats, as well as hypoxic ischemic encephalopathy in pigs [126–128].
In contrast to trials involving the direct application of antioxidant enzymes or cofactors,
these medications provide an alternative approach through the induction of endogenous
antioxidant systems.

Lastly, patient responses to hypoxia and hyperoxia may vary based on genetic dif-
ferences between antioxidant systems. In a population of very low birth weight infants,
sequencing of a variety of antioxidant genes revealed single-nucleotide polymorphisms in
the NQO1 gene (coding for NADPH quinone reductase) and the NFE2L2 gene (coding for
NRF2), which were associated significant differences in the risk of BPD [129]. As exome
and genome sequencing become cheaper and more ubiquitous in the NICU, identifica-
tion of genetic differences in endogenous antioxidant genes may allow for individualized
approaches to mitigating oxidative injury.

5. Conclusions

Preterm and term newborns are unique populations with decreased antioxidant
capacity and dependence on redox signaling for rapid growth and development. Despite
advances in neonatal care, supplemental oxygen remains the most commonly used drug in
the NICU. While oxygen can be life-saving, it is toxic in excess. Its application to neonatal
medicine has seen a dramatic pendulum swing, from ubiquitous use both in the delivery
room and beyond to intense restriction due to concern for retinal disease. The introduction
of the pulse oximeter to initial newborn resuscitation and the NICU allowed for targeted
oxygen therapy, while broad international collaboration has resulted in ample data to
support current guidelines. Nonetheless, pulse oximetry provides limited information
with which to make therapeutic decisions, and supplemental oxygen remains a blunt
and untargeted therapy. Future strategies to optimize oxygen delivery while mitigating
oxidative damage may involve NIRS monitoring or organ-, cell-, and patient-specific
therapies that harness endogenous antioxidant systems.
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Abstract: A widely accepted concept is that boys are more susceptible than girls to oxidative stress-
related complications of prematurity, including bronchopulmonary dysplasia (BPD), retinopathy
of prematurity (ROP), necrotizing enterocolitis (NEC), intraventricular hemorrhage (IVH), and
periventricular leukomalacia (PVL). We aimed to quantify the effect size of this male disadvantage
by performing a systematic review and meta-analysis of cohort studies exploring the association
between sex and complications of prematurity. Risk ratios (RRs) and 95% CIs were calculated
by a random-effects model. Of 1365 potentially relevant studies, 41 met the inclusion criteria
(625,680 infants). Male sex was associated with decreased risk of hypertensive disorders of pregnancy,
fetal distress, and C-section, but increased risk of low Apgar score, intubation at birth, respiratory
distress, surfactant use, pneumothorax, postnatal steroids, late onset sepsis, any NEC, NEC > stage 1
(RR 1.12, CI 1.06–1.18), any IVH, severe IVH (RR 1.28, CI 1.22–1.34), severe IVH or PVL, any BPD,
moderate/severe BPD (RR 1.23, CI 1.18–1.27), severe ROP (RR 1.14, CI 1.07–1.22), and mortality
(RR 1.23, CI 1.16–1.30). In conclusion, preterm boys have higher clinical instability and greater need
for invasive interventions than preterm girls. This leads to a male disadvantage in mortality and
short-term complications of prematurity.

Keywords: preterm birth; oxidative stress; sex differences; male disadvantage; female advantage;
bronchopulmonary dysplasia; retinopathy of prematurity; necrotizing enterocolitis; intraventricular
hemorrhage; periventricular leukomalacia; mortality

1. Introduction

Preterm birth is defined as birth before 37 completed weeks of gestational age (GA)
and is further subdivided in extremely (GA < 28 weeks), very (GA 28 to <32 weeks),
moderate (GA 32 to <34 weeks), and late (GA 34 to <37 weeks) preterm birth. Prematurity,
particularly in the in the lowest ranges of GA, is a leading cause of infant mortality, as well
as long-term morbidity [1].

Two widely accepted concepts in neonatal medicine are the so-called “male disadvan-
tage” and “oxygen radical disease in neonatology”. The first concept is supported by a large
body of evidence showing that boys are more susceptible than girls to adverse outcomes of
prematurity, including bronchopulmonary dysplasia (BPD), retinopathy of prematurity
(ROP), necrotizing enterocolitis (NEC), intraventricular hemorrhage (IVH), periventric-
ular leukomalacia (PVL), chronic neurodevelopmental and cognitive impairment, and
death [2–7].

The term “oxygen radical disease in neonatology” was coined by Saugstad in the 1980s
when he hypothesized that complications of prematurity, such as BPD, ROP, NEC, IVH, or
PVL, are different facets of one disease sharing a basic pathogenetic mechanism: increased
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oxidative stress and reduced endogenous antioxidant defenses [8,9]. Interestingly, preterm
girls have higher antioxidant enzyme activity than preterm boys and it has been suggested
that these differences may play a key role in the male disadvantage of prematurity [10–12].

Although the notion of male disadvantage of prematurity is more than five decades
old, only sex-associated differences in mortality have been systematically reviewed [13].
Our current aim is to conduct a systematic review and meta-analysis on male-female
differences in risk of developing oxidative stress-associated complications of prematurity.
In addition to outcomes such as BPD, ROP, NEC, IVH, or PVL, we also analyzed potential
male–female differences in obstetrical characteristics and clinical conditions in the first
weeks of postnatal life. Finally, since it has been suggested that the male disadvantage of
prematurity has undergone changes in the last few years [14], we investigated by meta-
regression the influence of time and other variables on the association between infant sex
and complications of prematurity.

2. Materials and Methods

The study was performed and reported according to the preferred reporting items
for systematic reviews and meta-analyses (PRISMA) and meta-analysis of observational
studies in epidemiology (MOOSE) guidelines [15]. Review protocol was registered in
the PROSPERO international register of systematic reviews (ID = CRD42018095509). The
research question was “Do preterm boys have a higher risk of developing short-term
complications of prematurity than preterm girls?”

2.1. Sources and Search Strategy

A comprehensive literature search was undertaken using the PubMed and EMBASE
databases. The search strategy is detailed in Table S1. No language limit was applied.
The literature search was updated up to February 2021. Narrative reviews, systematic
reviews, case reports, letters, editorials, and commentaries were excluded, but read to
identify potential additional studies. Additional strategies to identify studies included
manual review of reference lists from key articles that fulfilled our eligibility criteria, use of
“related articles” feature in PubMed, and use of the “cited by” tool in Web of Science and
Google scholar.

2.2. Study Selection

Studies were included if they had a prospective or retrospective cohort design, exam-
ined preterm (GA < 37 weeks) infants, and reported primary data that could be used to
measure the association between infant sex and short-term complications of prematurity.
We only selected studies in which infant sex was the independent variable and the perina-
tal characteristics and outcomes were the dependent variables. Studies that exclusively
included late preterm infants (GA ≥ 34 weeks), or combined preterm and term infants
were excluded. To identify relevant studies, two reviewers (E.V., E.V.-M.) independently
screened the results of the searches and applied inclusion criteria using a structured form.
Discrepancies were resolved through discussion or consultation with a third reviewer
(M.J.H.).

2.3. Data Extraction and Quality Assessment

Two reviewers (E.V., E.V.-M.) extracted data from relevant studies using a predeter-
mined data extraction form, and two reviewers (E.W.-K., M.J.H.) checked data extraction
for accuracy and completeness. Discrepancies were resolved by consulting the primary
report. Data extracted from each study included citation information, language of publica-
tion, study design, location and frame time, patient characteristics, and results (including
raw numbers or summary statistics when raw numbers were not available). Data were
extracted for all obstetric and perinatal variables as well as clinical conditions and outcomes
reported in each study.
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Methodological quality was assessed using the Newcastle-Ottawa Scale (NOS) for
cohort studies [15]. This scale assigns a maximum of 9 points (4 for selection, 2 for
comparability, and 3 for outcome). NOS scores ≥ 7 were considered high-quality studies
(low risk of bias), and scores of 5 to 6 denoted moderate quality (moderate risk of bias) [15].

2.4. Statistical Analysis

Meta-analysis was performed when at least three studies were identified that reported
on the same variable or outcome measure. Studies were combined and analyzed using
comprehensive meta-analysis V3.0 software (Biostat Inc., Englewood, NJ, USA). Due
to anticipated heterogeneity, summary statistics were calculated with a random-effects
model. This model accounts for variability between studies as well as within studies.
For dichotomous outcomes, the risk ratio (RR) with 95% confidence interval (CI) was
calculated. For continuous outcomes (example: GA), the mean difference (MD) with 95%
CI was calculated. Statistical heterogeneity was assessed by Cochran’s Q statistic and
by the I2 statistic. Potential sources of heterogeneity were assessed through subgroup
analysis and/or random effects (method of moments) univariate meta-regression analysis
as previously described [16,17]. For both categorical and continuous covariates, the R2

analog, defined as the total between-study variance explained by the moderator, was
calculated based on the meta-regression matrix. Predefined sources of heterogeneity
included the following characteristics of cohorts: mean or median GA, median year of
birth, and geographical location (continent). We used the Egger’s regression test and funnel
plots to assess publication bias. Subgroup analyses, meta-regression, and publication bias
assessment were performed only for the main outcomes (BPD, IVH, PVL, ROP, NEC, and
mortality) and when there were at least ten studies in the meta-analysis. A probability
value of less than 0.05 (0.10 for heterogeneity) was considered statistically significant.

3. Results

3.1. Description of Studies and Quality Assessment

The flow diagram of the search process is shown in Figure S1. Of 1365 potentially
relevant studies, 41 (including 625,680 infants, 319,470 males) were included [2–5,14,18–53].
Their characteristics are summarized in Table S2. The percentage of males in the cohorts
ranged from 41.2% [32] to 66.2% [20] with a pooled percentage of 52.2% (95% CI 51.4
to 53.0). Four studies included exclusively twin infants [24,35,44,51] and two studies
included exclusively singleton infants [43,49]. The quality score of each study according
to the Newcastle-Ottawa Scale is depicted in Table S2. All studies received at least seven
points, indicating a low risk of bias.

3.1.1. Meta-Analysis

The following variables were reported in more than two studies and were therefore
included in the meta-analysis: chorioamnionitis, hypertensive disorders of pregnancy,
maternal diabetes, prenatal care, premature rupture of membranes, prolonged rupture of
membranes, antepartum hemorrhage, antenatal corticosteroids, fetal distress, cesarean-
section, birth in a non-tertiary hospital (outborn), 5′ Apgar score < 3, 5′ Apgar score < 7,
intubation at birth, resuscitation at birth, birth weight (BW) below the 10th percentile,
BW below the 3rd percentile or -2SD, early onset (<72 h) sepsis, late onset (>72 h) sepsis,
undefined onset sepsis, hypotension, patent ductus arteriosus (PDA), respiratory distress
syndrome (RDS), administration of surfactant, mechanical ventilation, pneumothorax,
postnatal steroids, any BPD (defined as oxygen requirement on postnatal day 28), mod-
erate/severe BPD (defined as oxygen requirement at the postmenstrual age of 36 weeks),
any IVH (grade 1–4), severe IVH (grade 3–4), PVL, severe IVH or PVL, any ROP, severe
ROP (stage ≥ 3 or requiring treatment), any NEC, NEC ≥ Stage II, and mortality before
discharge.

The meta-analyses on obstetric and perinatal characteristics are summarized in Figure 1
and Table 1. The meta-analyses on clinical characteristics and outcomes are summa-
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rized in Figure 2 and Table 2. The individual meta-analyses for each outcome (BPD,
IVH, PVL, ROP, NEC, and mortality) are shown in Figures S2–S12. Male sex was asso-
ciated with a decreased risk of hypertensive disorders of pregnancy, fetal distress, and
cesarean-section, but an increased risk of birth in a non-tertiary hospital, 5′ Apgar score
< 3, intubation at birth, respiratory distress syndrome, surfactant use, pneumothorax,
postnatal steroids, late onset sepsis, any BPD (Figures 2 and S2), moderate/severe BPD
(Figures 2 and S3), any IVH (Figures 2 and S4), severe IVH (Figures 2 and S5), severe IVH
or PVL (Figures 2 and S7), severe ROP (Figures 2 and S9), any NEC (Figures 2 and S10),
NEC ≥ stage II (Figures 2 and S11), and mortality (Figures 2 and S12). With regard to
the continuous variables, BW was significantly higher in boys than in girls (Table 1). In
contrast, no differences were found by infant sex in either GA or maternal age (Table 1).
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Figure 1. Summary of meta-analyses on the association between obstetric and perinatal characteristics
of preterm infants and male sex. CI: confidence interval; K: number of studies; P3: 3rd percentile;
P10: 10th percentile; SD: standard deviation.
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Table 1. Meta-analyses on the association between obstetric and perinatal characteristics of preterm infants and male sex.

Meta-Analysis K RR
95% CI

p
Heterogeneity

Lower Limit Upper Limit I2 (%) p

Chorioamnionitis 6 1.001 0.953 1.052 0.969 67.3 0.009

Hypertensive disorders of
pregnancy 15 0.829 0.803 0.856 <0.001 22.9 0.200

Maternal diabetes 7 0.991 0.808 1.214 0.927 65.9 0.007

Smoking during pregnancy 3 0.987 0.800 1.218 0.901 3.9 <0.001

Prenatal care 5 1.017 0.982 1.053 0.352 96.2 0.353

Premature rupture of
membranes 6 1.006 0.947 1.068 0.852 62.8 0.020

Prolonged rupture of
membranes 5 0.968 0.914 1.026 0.275 0.0 0.972

Antepartum hemorrhage 3 0.986 0.708 1.374 0.936 96.9 <0.001

Antenatal corticosteroids 21 0.992 0.982 1.003 0.143 44.9 0.012

Fetal distress 3 0.784 0.678 0.907 0.001 0.0 0.741

Cesarean-section 21 0.980 0.966 0.995 0.008 51.5 0.003

Outborn 9 1.077 1.027 1.128 0.002 0.0 0.682

Apgar 5′ <3 3 1.269 1.132 1.422 <0.001 0.0 0.726

Apgar 5′ <7 3 1.010 0.946 1.077 0.772 85.2 0.001

Intubation at birth 5 1.038 1.006 1.071 0.019 66.4 0.018

Resuscitation at birth 3 0.990 0.609 1.609 0.968 93.2 <0.001

Birth weight <P10 18 0.892 0.785 1.014 0.080 80.9 <0.001

Birth weight <P3 3 1.123 0.877 1.438 0.358 51.5 0.127

Continuous variables MD

Gestational age (weeks) 24 −0.10 −0.21 0.01 0.076 87.0 <0.001

Birth weight (g) 24 47.8 34.1 61.5 <0.001 91.5 <0.001

Maternal age (years) 10 0.0 −0.5 0.5 0.999 92.5 <0.001

Random effects analysis. Risk ratio (RR) > 1 indicates association of male sex with increased risk of the variable and RR < 1 indicates
association of male sex with decreased risk of the variable. K: number of studies, MD: difference of means.

Neither visual inspection of funnel plots (Figure S13) nor Egger’s test suggested
publication or selection bias for any of the eligible meta-analyses (i.e., with at least ten
studies).

3.1.2. Subgroup Analysis and Meta-Regression

Subgroup analysis based on the geographic location (continent) of the studies showed
no significant differences for any of the outcomes analyzed, with only the exception of PVL
(Table S2). The effect size of the association between male sex and PVL was significantly
lower (meta-regression p = 0.048, R2-analog = 0.5) in the cohorts from America when
compared with Asian and European cohorts (Table S3).

Meta-regression showed that the effect size of the association between male sex and
mortality significantly decreased as the median year of the cohort increased (Figure 3A). In
contrast, the association between male sex and the other outcomes did not correlate with
the median year of birth of the cohort (Table S4). Meta-regression also showed that the
effect size of the association between male sex and mortality significantly increased as the
mean/median gestational age of the cohort increased (Figure 3B). The association between
sex and the other outcomes did not correlate with the mean/median gestational age of the
cohort (Table S4).

23



Antioxidants 2021, 10, 1490                   
 

 
        ‐                 ‐
                        ‐

                       
                   

    ‐                              

‐      
   

 
 

 
 

 
 

     

                   
                   

                   
               

               
               

               
                 

               
                 

Figure 2. Summary of meta-analyses on the association between clinical characteristics and outcomes
of preterm infants and male sex. BPD: bronchopulmonary dysplasia; CI: confidence interval; IVH:
intraventricular hemorrhage; K: number of studies; NEC: necrotizing enterocolitis; PDA: patent
ductus arteriosus; PVL: periventricular leukomalacia; ROP: retinopathy of prematurity.

Table 2. Meta-analyses on the association between clinical characteristics and outcomes of preterm infants and male sex.

Meta-Analysis K RR

95% CI

p

Heterogeneity

Lower
Limit

Upper
Limit

I2 (%) p

Early onset sepsis 5 0.975 0.924 1.030 0.371 0.0 0.459

Late onset sepsis 8 1.051 1.026 1.077 <0.001 17.0 0.296

Undefined onset sepsis 8 1.083 0.962 1.218 0.186 20.6 0.266

Hypotension 3 1.270 0.514 3.140 0.605 72.7 0.026

PDA 18 0.985 0.958 1.012 0.262 52.5 0.004

RDS 12 1.090 1.042 1.140 <0.001 96.1 <0.001

Surfactant 13 1.031 1.026 1.036 <0.001 41.4 0.059

Mechanical ventilation 5 1.054 1.003 1.108 0.038 54.7 0.066
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Table 2. Cont.

Pneumothorax 9 1.240 1.104 1.393 <0.001 42.2 0.086

Postnatal steroids 6 1.234 1.169 1.302 <0.001 37.6 0.433

Any BPD 7 1.200 1.091 1.319 <0.001 66.0 0.004

Moderate/severe BPD 26 1.219 1.176 1.264 <0.001 71.4 <0.001

Any IVH 12 1.166 1.139 1.193 <0.001 0.0 0.680

Severe IVH 19 1.271 1.207 1.338 <0.001 40.5 0.035

PVL 13 1.110 0.971 1.269 0.128 77.3 <0.001

Severe IVH/PVL 3 1.158 1.023 1.310 0.020 80.8 0.005

Any ROP 4 1.025 0.870 1.207 0.767 66.3 0.031

Severe ROP 20 1.143 1.065 1.226 <0.001 79.2 <0.001

Any NEC 11 1.145 1.036 1.266 0.008 60.1 0.003

NEC stage ≥ II 9 1.122 1.039 1.211 0.003 32.9 0.155

Mortality 20 1.227 1.163 1.294 <0.001 83.7 <0.001

Random effects analysis. Risk ratio (RR) > 1 indicates association of male sex with increased risk of the outcome and RR < 1 indicates
association of male sex with decreased risk of the outcome. K: number of studies.
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Figure 3. Meta-regression. (A) Plot showing the correlation between the association of male sex with
mortality in preterm infants and the median year of birth of each cohort. A total of 24 studies were
included (coefficient, −0.009; standard error, 0.004; p = 0.019; R2-analog, 0.37). (B) Plot showing the
correlation between the association of male sex with mortality in preterm infants and mean/median
gestational age of each cohort. A total of 18 studies were included (coefficient, 0.051; standard error,
0.014; p < 0.001; R2-analog, 0.75).
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4. Discussion

To the best of our knowledge, this is the first systematic review and meta-analysis
focused on male–female differences in short-term outcomes of prematurity. Our results
confirm the presence of male disadvantage in mortality as well as relevant morbidities,
including IVH, BPD, ROP, and NEC. Although the observed increases in risk are modest,
they hold important implications for understanding preterm birth complications. Besides
the short-term complications, we investigated whether other prognostic factors such as GA,
birth weight, obstetric history, or clinical condition in the first days of life were different
between boys and girls. We found no male–female differences in GA but the well-known
difference is birth weight. In addition, meta-analysis showed that male sex was associated
with decreased risk of being exposed to hypertension during pregnancy, developing fetal
distress, and being born by cesarean section but increased risk of birth in a non-tertiary
hospital, low Apgar score, intubation at birth, developing respiratory distress, being
treated with surfactant and mechanical ventilation, developing pneumothorax, receiving
postnatal steroids, and developing late onset sepsis. These differences in clinical course
may have a major influence on the development of the pulmonary, neurological, ocular, and
gastrointestinal complications of prematurity. On the other hand, our meta-analysis could
not demonstrate that the rates of hypotension, PDA, or early onset sepsis were significantly
different between boys and girls.

Male–female differences in human health and disease have been recognized for many
years [54–57]. In reproductive and perinatal medicine, there are numerous studies dealing
with sex differences, extending from fertilization and embryo implantation to the neonatal
period [58–66]. The male to female ratio at birth is generally estimated to be around
1.05–1.06 [63–65,67]. This excess of males at birth is known for centuries and has been
extensively studied by demographers, statisticians, epidemiologists, and biologists [63].
Focusing exclusively on preterm birth, the excess of males is even higher with male
to female ratios around 1.2 [63–65,68,69]. However, the underlying mechanisms for this
difference remain unclear, with suggestions including sexual dimorphism in embryonic and
fetal homeostasis, as well as in the pathophysiological pathways that trigger preterm birth.

Preterm birth is always the result of a pathologic process, which may not only con-
tribute to early delivery but may also adversely affect neonatal outcomes [16,70–73].
The pathophysiological pathways, or endotypes, leading to very and extreme preterm
birth are divided into two main groups: (1) intrauterine infection/inflammation, and
(2) dysfunctional placentation [16,70–73]. The first group is related to chorioamnionitis
and placental microbial invasion and is associated with preterm labor, pre-labor pre-
mature rupture of membranes, placental abruption, and cervical insufficiency. The sec-
ond group is associated with hypertensive disorders of pregnancy (including preeclamp-
sia, eclampsia, and pregnancy-induced hypertension), and the entity identified as fetal
indication/IUGR [16,70–73]. The association between fetal sex and prematurity endotype
has been particularly examined in the case of the dysfunctional placentation endotype. A
number of meta-analysis showed that preterm preeclampsia is associated with carrying a
female fetus, while pregnancies with a male fetus are associated with developing term and
post-term preeclampsia [61,62]. Accordingly, we observed an increased risk of hypertensive
disorders of pregnancy and fetal distress associated with female sex. In contrast, there was
no evidence of sexual dimorphism for conditions related to the infectious-inflammatory
endotype, such as chorioamnionitis or rupture of membranes. Nevertheless, it should
be taken into account that the low number of studies reporting on these prenatal condi-
tions limits the power of the meta-analysis to detect possible differences. In fact, it has
been suggested that pregnancy with a male fetus may favor a more pro-inflammatory
intra-uterine environment, leading to a higher incidence of infection/inflammation-driven
preterm birth [59,69,74]. Our group is currently conducting a meta-analysis exclusively
focused on the association between fetal sex and endotype of prematurity.

Regardless of the imbalanced sex ratio at birth, the underlying mechanisms specifically
responsible for the observed increase in neonatal morbidity in preterm boys are likely
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multifactorial and not yet fully elucidated. Possible explanations include male–female
differences in mother–fetus interaction, rate of fetal development, molecular differences
between sex chromosomes, epimutations that preferentially affect one sex, variations
in antioxidant capacity, and hormonal differences [7,11,58–60,64–66]. Since the dawn of
neonatology, the degree of pulmonary maturity at birth has been recognized as the critical
factor in determining the survival and prognosis of preterm infants [75]. It was also noted
early on that preterm boys had a higher rate and severity of respiratory distress syndrome
than preterm girls [76]. This has been linked to the influence of sex hormones on lung
development and maturation and to anatomic differences in lung development during fetal
life [57,77,78]. As reviewed by Seaborn et al., the lung of male fetuses is exposed to higher
levels of testosterone in the period preceding the surge of surfactant production [77,78].
Thereafter, both sexes are exposed to increasing levels of estradiol but the fetal lung has
the capability to synthesize and inactivate sex hormones, and hence to modulate their
action in a sex-dependent way [78]. The present meta-analysis confirms that the respiratory
clinical course is less favorable in preterm boys than in preterm girls. As mentioned above,
these differences in the first days of life may be critical for the later development of other
complications of prematurity.

As mentioned in the introduction, oxidative stress plays a central pathogenic role in
the development of most of the complications of prematurity [9,79,80]. Thus, sex differences
in the development of antioxidant defenses are frequently pointed out as the key factor for
male disadvantage among preterm infants [10–12]. From this perspective, the glutathione
pathway is the most extensively studied [10–12]. Glutathione is the major endogenous
soluble antioxidant in mammalian cells and its metabolism controls the intracellular levels
of peroxides (via glutathione peroxidase), aldehydes (via glutathione S-transferase), and
even radicals (via regeneration of oxidized vitamins C and E) [12]. As reviewed by Lavoie
and Tremblay, numerous factors related to glutathione metabolism, including glutathione
levels, activity of enzymes (glutathione peroxidase, glutathione reductase, glutathione
S-transferase), and cellular uptake of cysteine have been found as sex-dependent in the
placenta, umbilical cord, and blood cells of preterm infants [12]. Therefore, it has been
suggested that antioxidant strategies in preterm infants should mainly target glutathione
metabolism and be personalized considering, among others, the sex specificity [12].

The study cohorts included in our meta-analysis spanned a 30-year period (1986–2016)
and some of the factors affecting outcome in the early 1990s may not be so relevant to
current preterm populations. Moreover, it has been suggested that the advances in perinatal
medicine, which have led to a decline in mortality and improved short-term outcomes for
the most vulnerable preterm infants, have had a greater impact on boys than on girls [14].
Therefore, the male disadvantage of prematurity might be decreasing over the years [14].
We have tested this hypothesis by meta-regression and found that the male disadvantage
in mortality among preterm infants tends to decrease as the cohorts include infants born in
recent years. However, the increased risk of developing BPD, ROP, or NEC in males did
not show this decreasing trend over the years. We also used meta-regression to analyze
whether male disadvantage correlated with the gestational age of the cohort. Again, this
meta-regression was only significant for mortality (Figure 3B). The association between
male sex and risk of mortality decreased as the cohort had a lower mean gestational
age. This effect of gestational age was not observed for any of the other complications of
prematurity.

The major strength of our meta-analysis is the comprehensive database search to iden-
tify all the potential studies. Thus, the 41 included studies encompassed a total population
of 625,680 infants from 16 different countries, providing a significant international repre-
sentation. When we performed subgroup analyses based on continent, the only outcome
where we found a significant geographic difference in sex ratio was PVL. It should be noted
that, in contrast to the other outcomes analyzed, PVL was the only main complication of
prematurity for which the meta-analysis did not show an increased risk associated with
male sex. Subgroup analysis showed that the absence of male disadvantage for PVL was
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due to the marked differences between the American and the Asian and European cohorts
(Table S2). Nevertheless, this finding may be an artifact due to the limited number of
studies and therefore needs to be investigated in meta-analyses specifically focused on
PVL. For all other outcomes, including IVH, BPD, ROP, NEC, and mortality, sub-group
analysis did not show geographic differences, suggesting that the male disadvantage of
prematurity is a ubiquitous phenomenon.

The main limitation of our systematic review is that studies were included only if
sex was the independent variable and the association between sex and outcome was
reported for more than one complication of prematurity. Although this design allowed
for comparing the impact of male disadvantage on the different outcomes, we excluded
a large number of studies in which an individual outcome was the independent variable
and sex, among other potential risk factors, was the dependent variable. Our group is now
analyzing these studies separately. The results of these meta-analyses, which for outcomes
such as ROP or BPD include more than 250 studies, will confirm the present findings and
analyze more comprehensively the influence of factors such as changes in trends over the
years or geographic location on male disadvantage.

5. Conclusions

The present data suggest that the clinical course of preterm males is more complicated
than that of females from the earliest moments of life. This higher clinical instability in
males seems particularly to affect the respiratory system and leads to higher mortality
and short-term morbidity. Complications such as BPD, ROP, NEC, IVH, or PVL will
have a serious impact on post-discharge growth and neurodevelopment, extending the
male disadvantage to the years of childhood and adolescence. In numerous studies on
health conditions and neurocognitive outcomes of former preterm infants, adult females
frequently perform better than adult males [1,7,81–83]. An improved understanding of
sex-specific requirements of preterm infants may lead to optimized strategies to avoid the
sequelae of early life oxidative stress and inflammation [7].
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Abstract: High rates of oxidative stress are common in preterm born infants and have short- and
long-term consequences. The antioxidant properties of human milk limits the consequences of
excessive oxidative damage. However, as the mother’s own milk it is not always available, donor
milk may be provided as the best alternative. Donor milk needs to be pasteurized before use to
ensure safety. Although pasteurization is necessary for safety reasons, it may affect the activity and
concentration of several biological factors, including antioxidants. This literature review describes
the effect of different pasteurization methods on antioxidant properties of human milk and aims
to provide evidence to guide donor milk banks in choosing the best pasteurization method from
an antioxidant perspective. The current literature suggests that Holder pasteurization reduces the
antioxidant properties of human milk. Alternative pasteurization methods seem promising as less
reduction is observed in several studies.

Keywords: donor milk; treatment; Holder pasteurization; oxidative stress; breastmilk; preterm;
antioxidant capacity

1. Introduction

Excessive oxidative stress, the release of ample reactive oxygen species (ROS) in re-
action to a broad range of stressors, is common in preterm born infants. They are often
exposed to stressors including infections, oxygen supplementation, phototherapy, and
parenteral nutrition. ROS are essential at a certain level as they contribute considerably to
biological homeostasis and play a role in cell signaling in psychological and pathophysi-
ological processes but can also cause damage to molecules or even cells when present in
excess [1]. Disproportionate ROS levels lead to irreversible cell damage, necrosis and apop-
tosis as a consequence of lipid peroxidation, protein alterations, and DNA oxidation [1].
Accumulation of ROS damage has short- and long-term consequences. As adequate con-
centrations of antioxidants are absent in preterm born infants, they are highly susceptible
to damage from oxidative stress. Moreover, they have an impaired ability to increase the
synthesis of antioxidants [2]. Subsequently, preterm infants have an increased risk of devel-
oping oxidative stress-related diseases, such as bronchopulmonary dysplasia, necrotizing
enterocolitis, periventricular leukomalacia, and retinopathy of prematurity [3–5].

Human milk is the gold standard for early life nutrition, especially for preterm born
infants. It is not only important for its nutritive value, but also contains numerous different

33



Antioxidants 2021, 10, 1737

classes of bioactive components, including antioxidant molecules. The antioxidant capacity
of human milk refers to the total activity performed by all of the antioxidant molecules
present in the milk. Indeed, fresh human milk has a better antioxidant profile than for-
mula [6–9]. These antioxidant molecules can counteract the detrimental effects of oxidative
stress [10]. Mothers who give birth to preterm infants often have a delayed initiation of
lactation. Caesarean section, a very common delivery mode for preterm infants, is also
associated with a reduction in breastfeeding rates. Consequently, human milk is often not
sufficiently available despite the extreme importance of human milk during this stressful
period early in life. When the mother’s own milk is not available, donor milk is considered
the best alternative [11].

As several viruses, such as human immunodeficiency virus, hepatitis B, cytomegalovirus
and bacterial pathogens such as Escherichia coli, group B hemolytic streptococci, and other
pathogens, could be transmitted via human milk, it is necessary to process donor milk
before use to ensure it is safe for consumption by the recipient infant [12,13]. Pasteurization
is an effective method to ensure the microbiological quality of the milk in human milk
banks [14]. Several methods of pasteurization have been developed including Holder
pasteurization (30 min at 62.5 ◦C), high-temperature short-time pasteurization (15 s at
72 ◦C), high-pressure treatment (usually 300–800 Megapascal (MPa), <5–10 min) [15]), and
ultraviolet-C treatment (200–280 nm [15]). To date, Holder pasteurization is by far the most
commonly used method in human milk banks [16]. Although pasteurization is necessary,
it may change the composition of human milk. It is known that Holder pasteurization
reduces important nutrients in human milk, for example amino acids and vitamins [17].
Moreover, it has been demonstrated that growth of preterm infants receiving pasteurized
milk is lower compared to preterm infants receiving unpasteurized milk [18]. It can be
hypothesized that pasteurization also changes the activity and concentration of several
biological factors, including antioxidants. Currently a clear understanding on the effect of
the various pasteurization methods influence human milk antioxidant properties is lacking.
Therefore we set out to review the literature describing the effect of different pasteurization
or treatment methods on the antioxidant properties of human milk and to provide evidence
to guide donor milk banks in choosing the best pasteurization method.

2. Materials and Methods

2.1. Search Strategy

A systematic search was performed in the databases PubMed, Embase.com, Clari-
vate Analytics/Web of Science Core Collection, Cumulative Index to Nursing and Allied
Health Literature (CINAHL), and the Wiley/Cochrane Library. The timeframe within the
databases was from inception to 27 May 2021. The search included keywords and free text
terms for (synonyms of) ‘antioxidant’ or ‘oxidative stress’ combined with (synonyms of)
‘human milk’ combined with (synonyms of) ‘pasteurization’. A full overview of the search
terms per database can be found in the Appendix A (see Tables A1–A5). No limitations on
language were applied in the search. Abstracts and conference reports were not excluded.

2.2. Data Collection

As shown in Figure 1, 467 records were identified through database searching. After
removal of duplicates, 307 titles and abstracts were screened. Twenty-six of these articles
were eligible for full text screening, out of which 13 articles were included. Seven additional
articles were identified through cross referencing. In total, 20 articles were included in the
current literature review. Few articles reported on the same samples. Provided that extra
information was presented, all articles were included in the review.
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Figure 1. This flowchart presents the different phases of the review, according to the PRISMA-statement.

Antioxidant capacity was classified as follows (1) total antioxidant capacity, (2) en-
zymatic antioxidants, and (3) non-enzymatic antioxidants. All of the articles were sorted
according to the categories above and were subsequently divided into the different pasteur-
ization methods. Data were extracted from the articles and systematically summarized. If an
article belonged to more than one category, the data were included in all applicable categories.

3. Results

3.1. Pasteurization Methods

The studies included in this review used several pasteurization methods. Thermal
processing is the most commonly used pasteurization method, with Holder pasteurization
as the gold standard described most frequently [6,13,14,19–32]. During Holder pasteuriza-
tion, human milk is heated in a water bath to 62.5 ◦C for 30 min, and subsequently cooled
to approximately 4 ◦C [33]. Some studies used alternative thermal heating at different tem-
peratures for different durations, for example, high-temperature, short-time pasteurization
(72–75 ◦C for at least 10 s), which was used in three articles [33].

Another pasteurization method is high-pressure treatment, which involves applying
hydrostatic high pressure (300–800 MPa) to human milk for 5–10 min [20]. This method
was used in four studies [19,20,28,29]. In three of the included articles, thermal and high
pressure processing were combined [34].

Other alternative pasteurization methods were reported. (1) Ultraviolet-C treatment
is a non-thermal pasteurization method using ultraviolet-c irradiation with a wavelength
between 200–280 nm that is generally used in the food industry [21]. (2) During microwave
processing, milk samples are treated at 2450 MHz, 800 W until a certain temperature is
reached. Subsequently, the human milk samples are cooled [22]. (3) Thermosonication
combines heat and ultrasound treatments. Samples are treated in an ultrasound bath
at the frequency of 40 KHz and a power of 100 W [14]. The human milk samples are
thermosonicated when the water temperature stabilizes (60 ◦C for 4 min). Subsequently,
the samples are cooled to 5 ◦C [14]. No studies reported the effect of gamma-irradiation on
the antioxidant capacity of human milk.
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3.2. Effects of Pasteurization on the Antioxidant Properties of Human Milk

3.2.1. Total Antioxidant Capacity

Table 1 summarizes the results of the included studies that determined the effect of
different pasteurization or treatment methods on the total antioxidant capacity. Total an-
tioxidant capacity (TAC) is a general measure to indicate the level of free radicals scavenged
by a test solution that is commonly used to assess the antioxidant status of human milk
samples [35]. Different methods to determine the TAC are described in the literature such
as: Trolox equivalent antioxidant capacity (TEAC), ferric reducing ability of plasma (FRAP),
and cupric reducing antioxidant capacity (CUPRAC) [35]. In the included studies, the
most frequently described method was the TEAC assay, which measures the TAC by scav-
enging 2,2-azinob-bis 3 ethylbenzthiazoline-6-sulfonic acid radicals (ABTS) [14,21,23–25].
Moreover, two studies used the DPPH assay, which measures the TAC by scavenging
1,1-diphenyl-2-picrylhydrazyl (DPPH) free radicals [14,23]. Furthermore, some studies
used the FRAP method, which measures the extent of the reduction of ferric-tripyridyl
triazine (Fe3+-TPTZ) to ferrous tripyridyl triazine (Fe2+-TPTZ) caused by the antioxidant in
question [24].

Studies on the effect of pasteurization on the total antioxidant capacity of human milk
show conflicting results. Some studies showed a reduction in total antioxidant capacity
after Holder pasteurization [13,14,23] compared with untreated milk, while others showed
no influence of Holder pasteurization [6,21,23–25].

Other pasteurization techniques, including high-pressure treatment, alternative ther-
mal pasteurization, and ultraviolet-C treatment, did not influence the TAC [14,21,25,26].
However, Ramírez et al. investigated the combination of high-pressure treatment and
thermal processing and found an increase in the total antioxidant capacity under the condi-
tions of 400 MPa at −15 ◦C and at 800 MPa at 30 ◦C [26]. An increase in total antioxidant
capacity was also reported for thermosonication pasteurization (40 kHz, 100 W, and 60 ◦C
for 4 min).

3.2.2. Enzymatic Antioxidants

Table 2 summarizes the results of the included studies that determined the effect of
different pasteurization or treatment methods on the enzymatic antioxidants.

Superoxide dismutase: superoxide dismutase is essential for the elimination of super-
oxide radicals in cells. It catalyzes the reaction of superoxide into hydrogen peroxide
and dioxygen [36]. The produced hydrogen peroxide will subsequently be converted into
water through other antioxidant enzymes such as catalase and glutathione peroxidase [36].
Marinković et al. showed that Holder pasteurization caused a decrease in superoxide
dismutase activity [6]. Others showed a reduction following heating from 70 ◦C upwards
only [22]. High-pressure treatment increased the activity of superoxide dismutase by
57% at 193 MPa [25]. Microwave heating also led to a significant increase in superoxide
dismutase activity (10%, 21%, and 34% at 62.5, 66, and 70 ◦C for 1 min, respectively) [22].

Catalase: catalase is a dismutase enzyme as well and counters the detrimental action of
free radicals in the cell. It plays an essential role in the degradation of hydrogen peroxide
into water and oxygen [36]. Catalase activity was reduced by approximately 60% after
Holder pasteurization [21,22]. Following alternative heat treatment (70 ◦C for 30 min), a
66% decrease in activity was observed [22]. Microwave heating at 62.5, 66, and 70 ◦C for
1 min also reduced catalase activity in human milk by 34%, 42%, and 38%, respectively [22].
Ultraviolet-C treatment did not affect catalase activity [21].

Glutathione peroxidase: glutathione peroxidase plays an important role in catalyzing the
decomposition of hydrogen peroxide in cells. Furthermore, glutathione peroxidase protects
the cell against oxidative stress through the decomposition of lipid hydroperoxides [36].
Several studies have investigated the effect of pasteurization on glutathione peroxidase
activity. Holder pasteurization showed a reduction in glutathione peroxidase in human
milk, ranging from 23% to 70% [6,13,22,27]. Alternative heating methods showed a reduc-
tion from 41% to 56% [22]. After high-pressure treatment, glutathione peroxidase activity
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in human milk decreased by 62% [13]. Microwave heating for 1 min at temperatures of
62.5, 66, and 70 ◦C led to a 38%, 38%, and 53% decrease in glutathione peroxidase activity,
respectively [22].

3.2.3. Non-Enzymatic Antioxidants

The antioxidant properties of human milk are also affected by non-enzymatic antioxi-
dants, including glutathione, vitamin C, E, A, and other agents. Table 3 summarizes the
results of the included studies that determined the effect of different pasteurization or
treatment methods on the non-enzymatic antioxidants.

Glutathione: Glutathione is an important antioxidant in human milk, as it plays a
role in the deactivation of oxygen-derived free radicals and the elimination of toxins,
carcinogens, and malonic dialdehyde [37]. Silvestre, et al. investigated the effects of Holder
pasteurization and high-temperature, short-time pasteurization, and found that Holder, but
not HTST pasteurization reduced glutathione concentrations in human milk with 46% [13].

Vitamin C: Vitamin C and its isolate ascorbic acid are natural antioxidant components
present in human milk. They have efficacious antioxidant function due to its ability to
donate electrons and thus protecting important biomolecules [38]. Six studies showed that
Holder pasteurization decreased vitamin C between 12% to 40% and ascorbic acid between
16% to 26% [6,21,28–31]. Alternative thermal pasteurization (100 ◦C, 5 min) reduced
vitamin C and ascorbic acid more severely compared to Holder pasteurization, with a
decrease of 29% for vitamin C and 41% for ascorbic acid [30]. Studies on the effect of high-
pressure treatment on vitamin C and ascorbic acid report conflicting results. One study
found that high-pressure treatment (193 MPa, −20 ◦C) led to a decrease of approximately
11% in ascorbic acid [28], while another study (400–600 MPa, 5 min, 12 ◦C) found that it did
not alter ascorbic acid concentration in human milk [29]. In addition, vitamin C levels were
not influenced by high-pressure treatment [28,29]. With respect to ultraviolet-C treatment,
one study found that pasteurization with a radiation dose of 173–740 J/L reduced vitamin
C levels by 15% to 35% [21].

Vitamin E: Vitamin E can be divided into four different tocopherols (α-, β-, γ-, and δ-
tocopherol) and four different tocotrienols. Vitamin E has an important antioxidant function
as it protects polyunsaturated fatty acids and other substances from peroxidation [20]. The
most abundant tocopherol in human milk is α-tocopherol, which is the most biologically
active form of vitamin E [36]. Several studies investigated the effect of pasteurization on
tocopherols in human milk. Four studies investigated the effect of Holder pasteurization on
α-tocopherol: two showed a reduction [20,30], while the other two showed no effect [29,31].
One study showed that heating at 100 ◦C for 5 min also reduced the α-tocopherol activity
in human milk [30]. High-pressure treatment reduced α-tocopherol between 21–27% at
600 MPa for 3–6 min [20], while another study showed no effect of high-pressure treatment
at 400, 500, and 600 MPa. A combination of thermal treatment at 65 and 80 ◦C at any
pressure showed a reduction in α-tocopherol [34].

The studies investigating the effect of pasteurization on γ- and δ-tocopherol also
showed conflicting results. Three studies investigated the effect of Holder pasteurization on
γ-tocopherol, of which two showed a reduction between 13–47% [20,30] and one showed no
effect [29]. Two studies investigated the effect of Holder pasteurization on δ-tocopherol [20],
with one showing a reduction of 33% and the other no effect [29]. After alternative thermal
pasteurization (100 ◦C for 5 min) a reduction was found in γ-tocopherol [30]. Two studies
investigated the effect of high pressure on γ- and δ-tocopherol, of which one study showed
a reduction only at a specific pressure and the other showed no effect [20,29]. A combination
of thermal and high pressure treatment also reduced both γ- and δ-tocopherol in human
milk [34].

Vitamin A: Vitamin A consists of provitamin A (carotenoids: α-carotene and β-
carotene) and non-provitamin A (lutein, zeaxanthin, and lycopene). Provitamin A is
the most important for vitamin A activity, however, non-provitamin A also has antioxidant
properties [39]. Several studies investigated the effect of pasteurization on provitamin A.
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No effect of Holder pasteurization on vitamin A or β-carotene specifically was found [14,31].
High-pressure treatment did not influence β-carotene activity, and microwave heating
(35–40 ◦C, 15–30 s) did not influence α- or β-carotene [19,40]. Moreover, no differences in
vitamin A stability were found after the thermosonication pasteurization of human milk
samples [14].

Several studies investigated the effect of pasteurization on non-provitamin A. Holder
pasteurization reduced lutein and zeaxanthin by 16%, while it increased lycopene by
9% [19]. High-pressure treatment (100–600 MPa) reduced the concentrations of lutein
and zeaxanthin by 40% to 60%, while it increased the concentration of lycopene by 6% to
14% [19]. After microwave heating, no effects on the concentrations of lycopene and lutein
were observed.

Other antioxidants: Some trace elements contribute to the antioxidant function of
human milk. For example, zinc and copper are cofactors in the superoxide dismutase reac-
tion [32]. Selenium also contributes to antioxidant properties as it is part of the antioxidant
selenoprotein enzyme that protects the cell against free radicals [32]. Moreover, selenium
is a component of glutathione peroxidase [32]. Holder pasteurization did not affect zinc,
copper, or selenium levels in human milk [32].

Table 1. Results of different pasteurization methods on antioxidant properties in human milk: total antioxidant capacity.

Antioxidant
Components

Pasteurized
Milk Samples

Holder
Pasteurization

Alternative Thermal
Pasteurization

Ultraviolet-C
Treatment

Thermosonication References

ABTS N = 8 ↓ (30.5%) - - - [23]

N = 21 * = - - - [24]

N = 20 = -
55, 173, 355, 544 and

740 J/L): =
(N = 18)

- [21]

N = 10 ↓ (% n.r.) - - ↑ (% n.r.) [14]

N = 7 = 20 ◦C, 193 MPa: = - - [25]

DPPH N = 8 = - - - [23]

N = 10 ↓ (% n.r.) - - ↑ (% n.r.) [14]

FRAP N = 21 * = - - - [24]

ORAC N = 10 = - - - [6]

ORP N = 10 = - - - [6]

Unknown N = 31 ↓ (67%) 75 ◦C, 15 s: = - - [13]

N = 3 -

−15, 0, 10, 30 and 50 ◦C
combined with 200, 400, 600

and 800 MPa for 1 s: =
−15 ◦C, 400 MPa and −30 ◦C,

800 MPa: ↑

- - [26]

Abbreviations: MPa = Megapascal; J/L = Joule per liter; ABTS = 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonzuur); DPPH = 2,2-difenyl-
1-picrylhydrazyl; FRAP = ferric reducing ability of plasma; ORAC = oxygen radical absorbance capacity; ORP = oxidation-reduction
potential; n.r. = not reported. The N indicates the number of pasteurized human milk samples. The effect of pasteurization is displayed
compared with untreated human milk samples. * In this study, pasteurized human milk samples were compared with human milk samples
from a control group instead of within-person comparisons. The symbols in this table should be read as: ↑ increase, = no effect, ↓ decrease.

Table 2. Results of different pasteurization methods on antioxidant properties in human milk: enzymatic antioxidants.

Antioxidant
Component

Pasteurized
Milk Samples

Holder
Pasteurization

Alternative Thermal
Pasteurization

Microwave Heating
Ultraviolet-C

Treatment
References

Superoxide
dismutase N = 10 ↓ (% n.r.) - - - [6]

N = 10 =
66 ◦C, 0–30 min: =
70 ◦C, 0–20 min: =

70 ◦C, 30 min: ↓ (35%)
70 ◦C 1 min: ↑ (34%) - [22]

N = 7 - <0 ◦C, 193 MPa: ↑ (57%) - - [25]

38



Antioxidants 2021, 10, 1737

Table 2. Cont.

Antioxidant
Component

Pasteurized
Milk Samples

Holder
Pasteurization

Alternative Thermal
Pasteurization

Microwave Heating
Ultraviolet-C

Treatment
References

Catalase N = 10 ↓ (57%)

66 ◦C, 0–30 min: ↓
(59.7–81.9%)

70 ◦C, 0–30 min: ↓
(58.4–86.9%)

62.5 ◦C 1–10 min: ↓
(33–39%)

66 ◦C 1–10 min: ↓
(39–48%)

70 ◦C 1–10 min: ↓
(38–52%)

- [22]

N = 8 ↓ (60%) - - 85–740 J/L: = [21]

Glutathione
Peroxidase N = 17 ↓ (63%) 75 ◦C, 15s: ↓ (62%) - - [13]

N = 10 ↓ (% n.r.) - - - [6]

N = 21 ↓ (23–70%) - - - [27]

N = 10 ↓ (42%)

66 ◦C, 0–30 min: ↓
(41.1–45.8%)

70 ◦C, 0–30 min: ↓
(44.4–56.1%)

62.5 ◦C 1–10 min: ↓
(11–44%)

66 ◦C 1–10 min: ↓
(28–42%)

70 ◦C 1–10 min: ↓
(31–53%)

- [22]

Abbreviations: MPa = Megapascal; J/L = Joule per liter; n.r. = not reported. The N indicates the number of pasteurized human milk
samples. The effect of pasteurization is displayed compared with untreated human milk samples. The symbols in this table should be read
as: ↑ increase, = no effect, ↓ decrease.

Table 3. Results of different pasteurization methods on antioxidant properties in human milk: non-enzymatic antioxidants.

Antioxidant
Components

Pasteurized
Milk Samples

Holder
Pasteurization

Alternative Thermal
Pasteurization

High Pressure Treatment
Microwave

Heating
Ultraviolet-C Treatment Thermosonication References

Glutathione N = 31 ↓ (46%) 75 ◦C, 15 s: = - - - - [13]

Vitamin C N = 7 ↓ (35%) - −20 ◦C, 193 MPA: = - - - [28]

N = 10 ↓ (19.9%) - 400, 500 and 600 MPa: = - - - [29]

N = 5 ↓ (36%) - - - - - [31]

N = 11 ↓ (38.4%) - - - 85 J/L: =
173–740 J/L: ↓ (15–35%) - [21]

N = 10 ↓ (12%) 100 ◦C, 5 min: ↓ (29%) - - - - [30]

Ascorbic acid N = 7 ↓ (24%) - −20 ◦C, 193 MPA: ↓ - - - [28]

N = 10 ↓ (16.2%) - 400, 500 and 600 MPa: = - - - [29]

N = 10 ↓ (% n.r.) - - - - - [6]

N = 10 ↓ (26%) 100 ◦C, 5 min: ↓ (41%) - [30]

Vitamin E:
α-Tocopherol N = 3 ↓ (25%) - 400 MPa, 3/6 min: =

600 MPa, 3/6 min: ↓ (21%, 27%) - - - [20]

N = 9 = - - - - - [31]

N = 10 = - 400, 500 and 600 MPa: = - - - [29]

N = 10 ↓ (13–17%) 100 ◦C, 5 min: ↓ (32–34%) - - - - [30]

N = 6 -
50 ◦C, 300 MPa, 600 MPa,

900 MPa: =
65/80 ◦C, any pressure: ↓

- - - - [34]

Vitamin E:
γ- Tocopherol N = 3 ↓ (47%) - 400, 600 MPa, 3/6 min: ↓

(26–47%) - - [20]

N = 10 = - 400, 500 and 600 MPa: = - - - [29]

N = 10 ↓ (13–17%) 100 ◦C, 5 min: ↓ (32–34%) - - - - [30]

N = 6
50, 65 and 80 ◦C, 300/600 MPa: ↓

50 ◦C, 900 MPa: =
65 and 85 ◦C, 900 MPa: ↓

- - - - [34]

Vitamin E:
δ- Tocopherol N = 3 ↓ (33%) - 400 MPa, 3–6 min: =

600 MPa, 3–6 min: ↓ (25, 33%) - - - [20]

N = 10 = - at 400, 500 and 600 MPa: = - - - [29]

N = 6 -
50, 65 and 80 ◦C, 300/600 MPa: ↓

50 ◦C, 900 MPa: =
65 and 85 ◦C, 900 MPa: ↓

- - - - [34]

Vitamine A: N = 9 = - - - - - [31]

N = 10 = - - - - = [14]

Vitamine A:
β-carotene N = 18–24 = - = - - - [19]

N = 30 - - - 35–40 ◦C,
15–30s: = - - [40]

Vitamine A:
α-Carotene N = 30 - - - 35–40 ◦C,

15–30 s: = - - [40]
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Table 3. Cont.

Antioxidant
Components

Pasteurized
Milk Samples

Holder
Pasteurization

Alternative Thermal
Pasteurization

High Pressure Treatment
Microwave

Heating
Ultraviolet-C Treatment Thermosonication References

Vitamine A:
Lutein +

Zeaxanthin
N = 18–24 ↓ (15.8%) -

600 MPa: ↓ (60.2%)
200 + 400 MPa: ↓ (47.1%)
200 + 600 MPa: ↓ (57.5%)
100 + 600 MPa: ↓ (40%)

450 MPa: ↓ (57.6%)

- - - [19]

Vitamine A:
Lycopene: N = 30 - - - 35–40 ◦C,

15–30 s: = - - [40]

Vitamine A:
Luteine N = 30 - - - 35–40 ◦C:

15–30 s: = - - [40]

Trace
elements N = 16

Zinc: =
Copper: =

Selenium: =
- - - - - [32]

Abbreviations: MPa = megapascal; J/L = joule per liter; n.r. = not reported. The N indicates the number of pasteurized human milk
samples. The effect of pasteurization is displayed compared with untreated human milk samples. The symbols in this table should be read
as: = no effect, ↓ decrease.

4. Discussion

This literature review summarized the current evidence on the influence of pasteur-
ization on the antioxidant properties of human milk and compared different pasteurization
methods. Overall, several studies have been conducted on investigating different human
milk components and these studies suggest that Holder pasteurization reduces the antioxi-
dant properties of human milk. Alternative pasteurization methods seem promising as
less reduction is observed in several studies.

Currently, the most common pasteurization method is Holder pasteurization, in which
milk is exposed to a temperature of approximately 62.5 ◦C for at least 30 min [41]. Most
studies investigating the effect of Holder pasteurization on the total antioxidant capacity
of human milk showed no effect, whereas others, including the study with the largest
sample size (13), did show a reduction of up to 67% of the total antioxidant capacity. The
differences between studies could partly be due to the different methods used to measure
the total antioxidant capacity. When evaluating the separate antioxidant components that
contribute to the total antioxidant capacity of human milk, in most studies, a reduction
was observed after Holder pasteurization. In particular, catalase, glutathione peroxidase,
glutathione, vitamin C, and ascorbic acid decreased after Holder pasteurization in all of
those studies. Studies on the effect of Holder pasteurization on the other antioxidant
components of human milk were controversial in their results.

An explanation for the reduction of antioxidant activity in Holder-pasteurized donor
milk might be the denaturation of proteins during the heating process [42]. Holder pas-
teurization is recommended by all international human milk bank guidelines. However, as
this process seems to reduce some of the beneficial effects of human milk, safe alternatives
should be considered. To date, studies on the effects of other pasteurization techniques
on human milk components and, specifically, antioxidant function, are scarce. The lim-
ited results demonstrate that alternative pasteurization methods including high-pressure
treatment, microwave heating, and ultraviolet-C treatment seem promising and cause less
of a reduction in the antioxidant components, especially enzymatic agents. These results
are in line with the fact that enzymes denature during the heating process. Moreover,
non-enzymatic agents such as vitamins were also less affected by alternative pasteurization
methods, which might be due to the size of the molecules, as small molecules are less af-
fected by, for example, high pressure [29]. Remarkably, some studies even show an increase
in the antioxidant components of human milk after alternative pasteurization methods. For
example, after high-pressure treatment and microwave heating an increase in superoxide
dismutase was found. A possible explanation might be that neutrophils in human milk
are destroyed under high pressure, causing a release of superoxide dismutase from these
cells [34]. During microwave heating, the energy transfer between the electromagnetic field
and protein domains might change the enzymatic properties and subsequently increase the
reactivity of enzymes, for example, superoxide dismutase [43]. Altogether, this confirms
the main concerns about the Holder pasteurization of donor milk and the need for future
strategies for which the above-described pasteurization methods seem promising.
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As preterm infants are especially susceptible to damage from oxidative stress, the
antioxidant properties of human milk are extremely important for this specific group. These
infants receive donor milk relatively frequently in the first days of life, when the amount
of oxidative stress is at its highest. Therefore, knowledge on the effect of pasteurization
methods on the antioxidant activity is important. Moreover, it has been demonstrated that
preterm infants receiving pasteurized human milk have poorer growth and developmental
outcomes compared to infants receiving unpasteurized human milk [18,44]. This is most
likely due to the effect of pasteurization on multiple aspects of human milk and not only on
the effect on antioxidants. Thus, it is important to investigate the effect of pasteurization on
other human milk components as well, for instance the effect of pasteurization on nutrients,
immunological components and the human milk microbiome.

To draw conclusions and enable unbiased, quantitative comparisons of the effect of
pasteurization methods on the antioxidant properties of human milk to guide and advise
human donor milk banks, future studies should take the following aspects into account.
First, study protocols and procedures should be standardized (e.g., sample origin, storage
conditions, methods for measuring the TAC). Second, studies should compare different
pasteurization techniques within the same human milk samples as antioxidant capacity of
human milk is influenced by several other factors, for example, maternal diet [45]. Third,
it appears that some antioxidants were investigated more extensively than others. For
instance, some short chain fatty acids and amino acids are, next to their nutritional value,
also known for their antioxidant properties and were not described in this review [46,47].
Fourth, investigating the functionality of antioxidant components in human milk should
be preferred over measuring the concentration. Moreover, studies investigating oxidative
stress-related outcomes between preterm infants receiving unpasteurized milk and donor
milk treated with different pasteurization methods are currently lacking. Randomized
controlled trials should be setup to investigate the effect of pasteurization on these outcomes
to draw conclusions on the clinical relevance and to optimize current human milk bank
pasteurization guidelines.

5. Conclusions

As many human milk components remain relatively unaffected by pasteurization and
cow’s milk-based formula does not contain many bioactive components, donor milk is still
considered the best alternative for a mother’s milk. Research on the effects of pasteurization
method on the antioxidant properties of human milk is scarce. In general, Holder pasteur-
ization seems to reduce the antioxidant properties of human milk, specifically, the activity
of certain antioxidant molecules. Whether this reduction is clinically relevant remains to be
determined. Alternative pasteurization methods seem promising as less reduction in the
TAC was observed in several studies. More research is necessary to improve knowledge on
the effect of different pasteurization methods on human milk antioxidants to guide human
milk banks in their pasteurization processes to optimize early-life nutrition and, thereby
also, the health outcomes of preterm infants.
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Appendix A

Table A1. Search strategy in PubMed.

Search Query Results

#4 #1 AND #2 AND #3 146

#3
“Pasteurization” [Mesh] OR “pasteuriz*” [tiab] OR “pasteuris*” [tiab] OR “Ultrapasteuriz*” [tiab] OR

“heat treat*” [tiab] OR “high pressure” [tiab] OR “radiation treat*” [tiab] OR “thermal treat*” [tiab] OR
“proces*” [tiab]

2,435,342

#2

“Milk, Human” [Mesh] OR “Breast Feeding” [Mesh] OR “Bottle Feeding” [Mesh] OR “Colostrum” [Mesh]
OR “breast milk*” [tiab] OR “human milk*” [tiab] OR “breastmilk*” [tiab] OR “Breastfeeding*” [tiab] OR

“Breast feeding*” [tiab] OR “Breast Fed” [tiab] OR “milk shar*” [tiab] OR “Wet Nursing” [tiab] OR
“Bottlefeeding*” [tiab] OR “Bottlefed” [tiab] OR “donor milk” [tiab] OR “mothers own milk” [tiab] OR

“colostrum” [tiab]

85,903

#1
“Antioxidants” [Mesh] OR “Antioxidants” [Pharmacological Action] OR “Oxidation-Reduction” [Mesh]

OR “Oxidative Stress” [Mesh] OR “antioxida*” [tiab] OR “anti oxida*” [tiab] OR “Redox” [tiab] OR
“reduction oxida*” [tiab] OR “oxidative stress” [tiab]

974,155

Table A2. Search strategy in Embase.com (accessed on 27 May 2021).

Search Query Results

#5 #4 NOT (‘conference abstract’/it OR ‘conference paper’/it) 134

#4 #1 AND #2 AND #3 172

#3
‘pasteurization’/exp OR (‘pasteuriz*’ OR ‘pasteuris*’ OR ‘Ultrapasteuriz*’ OR ‘heat treat*’ OR ‘high

pressure’ OR ‘radiation treat*’ OR ‘thermal treat*’ OR proces*’):ti,ab,kw 1453

#2

‘breast milk’/exp OR ‘breast feeding’/exp OR ‘bottle feeding’/exp OR ‘colostrum’/exp OR (‘breast milk*’
OR ‘human milk*’ OR ‘breastmilk*’ OR ‘Breastfeeding*’ OR ‘Breast feeding*’ OR ‘Breast Fed’ OR ‘milk

shar*’ OR ‘Wet Nursing’ OR ‘Bottlefeeding*’ OR ‘Bottlefed’ OR ‘donor milk’ OR ‘mothers own milk’ OR
‘colostrum’):ti,ab,kw

107,230

#1
‘antioxidant’/exp OR ‘oxidation reduction reaction’/exp OR ‘oxidative stress’/exp OR (‘antioxida*’ OR

‘anti oxida*’ OR ‘Redox’ OR ‘reduction oxida*’ OR ‘oxidative stress’):ti,ab,kw 805,784

Table A3. Search strategy in Cumulative Index to Nursing and Allied Health Literature (CINAHL).

Search Query Results

#4 #1 AND #2 AND #3 17

#3

(MH “Pasteurization”) OR TI(“pasteuriz*” OR “pasteuris*” OR “Ultrapasteuriz*” OR “heat treat*” OR
“high pressure” OR “radiation treat*” OR “thermal treat*” OR “proces*”) OR AB(“pasteuriz*” OR

“pasteuris*” OR “Ultrapasteuriz*” OR “heat treat*” OR “high pressure” OR “radiation treat*” OR “thermal
treat*” OR “proces*”) OR KW(“pasteuriz*” OR “pasteuris*” OR “Ultrapasteuriz*” OR “heat treat*” OR

“high pressure” OR “radiation treat*” OR “thermal treat*” OR “proces*”)

339,674

#2

(MH “Milk, Human+”) OR (MH “Breast Feeding+”) OR (MH “Bottle Feeding”) OR (MH “Colostrum”) OR
TI(“breast milk*” OR “human milk*” OR “breastmilk*” OR “Breastfeeding*” OR “Breast feeding*” OR

“Breast Fed” OR “milk shar*” OR “Wet Nursing” OR “Bottlefeeding*” OR “Bottlefed” OR “donor milk”
OR “mothers own milk” OR “colostrum”) OR AB(“breast milk*” OR “human milk*” OR “breastmilk*” OR

“Breastfeeding*” OR “Breast feeding*” OR “Breast Fed” OR “milk shar*” OR “Wet Nursing” OR
“Bottlefeeding*” OR “Bottlefed” OR “donor milk” OR “mothers own milk” OR “colostrum”) OR

KW(“breast milk*” OR “human milk*” OR “breastmilk*” OR “Breastfeeding*” OR “Breast feeding*” OR
“Breast Fed” OR “milk shar*” OR “Wet Nursing” OR “Bottlefeeding*” OR “Bottlefed” OR “donor milk”

OR “mothers own milk” OR “colostrum”)

36,872

#1

(MH “Antioxidants+”) OR (MH “Oxidation-Reduction+”) OR (MH “Oxidative Stress”) OR TI(“antioxida*”
OR “anti oxida*” OR “Redox” OR “reduction oxida*” OR “oxidative stress”) OR AB(“antioxida*” OR “anti
oxida*” OR “Redox” OR “reduction oxida*” OR “oxidative stress”) OR KW(“antioxida*” OR “anti oxida*”

OR “Redox” OR “reduction oxida*” OR “oxidative stress”)

56,682
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Table A4. Search strategy in Clarivate Analytics/Web of Science Core Collection.

Search Query Results

#4 #1 AND #2 AND #3 166

#3
TS = (“pasteuriz*” OR “pasteuris*” OR “Ultrapasteuriz*” OR “heat treat*” OR “high pressure” OR

“radiation treat*” OR “thermal treat*” OR “proces*”) 5,760,107

#2
TS = (“breast milk*” OR “human milk*” OR “breastmilk*” OR “Breastfeeding*” OR “Breast feeding*” OR
“Breast Fed” OR “milk shar*” OR “Wet Nursing” OR “Bottlefeeding*” OR “Bottlefed” OR “donor milk”

OR “mothers own milk” OR “colostrum”)
71,705

#1 TS = (“antioxida*” OR “anti oxida*” OR “Redox” OR “reduction oxida*” OR “oxidative stress”) 838,494

Table A5. Search strategy in Wiley/Cochrane Library.

Search Query Results

#3 #1 AND #2 4

#2
(“breast NEXT milk*” OR “human NEXT milk*” OR “breastmilk*” OR “Breastfeeding*” OR “Breast NEXT
feeding*” OR “Breast NEXT Fed” OR “milk NEXT shar*” OR “Wet NEXT Nursing” OR “Bottlefeeding*”
OR “Bottlefed” OR “donor NEXT milk” OR “mothers NEXT own NEXT milk” OR “colostrum”):ti,ab,kw

6481

#1
(“antioxida*” OR “anti NEXT oxida*” OR “Redox” OR “reduction NEXT oxida*” OR “oxidative NEXT

stress”):ti,ab,kw 759
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28. Martysiak-Żurowska, D. Effect of high pressure and sub-zero temperature on total antioxidant capacity and the content of vitamin
c, fatty acids and secondary products of lipid oxidation in human milk. Pol. J. Food Nutr. Sci. 2017, 67, 117–122. [CrossRef]

29. Moltó-Puigmartí, C.; Permanyer, M.; Castellote, A.I.; López-Sabater, M.C. Effects of pasteurisation and high-pressure processing
on vitamin C, tocopherols and fatty acids in mature human milk. Food Chem. 2011, 124, 697–702. [CrossRef]

30. Romeu-Nadal, M.; Castellote, A.; Gayá, A.; López-Sabater, M. Effect of pasteurisation on ascorbic acid, dehydroascorbic acid,
tocopherols and fatty acids in pooled mature human milk. Food Chem. 2008, 107, 434–438. [CrossRef]

31. Van Zoeren-Grobben, D.; Schrijver, J.; Van den Berg, H.; Berger, H.M. Human milk vitamin content after pasteurisation, storage,
or tube feeding. Arch. Dis. Child. 1987, 62, 161–165. [CrossRef]

32. Mohd-Taufek, N.; Cartwright, D.; Davies, M.; Hewavitharana, A.K.; Koorts, P.; McConachy, H.; Shaw, P.N.; Sumner, R.;
Whitfield, K. The effect of pasteurization on trace elements in donor breast milk. J. Perinatol. 2016, 36, 897–900. [CrossRef]

33. Wesolowska, A.; Sinkiewicz-Darol, E.; Barbarska, O.; Bernatowicz-Lojko, U.; Borszewska-Kornacka, M.K.; van Goudoever, J.B.
Innovative techniques of processing human milk to preserve key components. Nutrients 2019, 11, 1169. [CrossRef] [PubMed]

34. Delgado, F.J.; Contador, R.; Álvarez-Barrientos, A.; Cava, R.; Delgado-Adámez, J.; Ramírez, R. Effect of high pressure thermal
processing on some essential nutrients and immunological components present in breast milk. Innov. Food Sci. Emerg. Technol.

2013, 19, 50–56. [CrossRef]
35. Rubio, C.P.; Hernández-Ruiz, J.; Martinez-Subiela, S.; Tvarijonaviciute, A.; Ceron, J.J. Spectrophotometric assays for total

antioxidant capacity (TAC) in dog serum: An update. BMC Vet. Res. 2016, 12, 166. [CrossRef] [PubMed]
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Abstract: There is a need for feasible and non-invasive diagnostics in perinatal asphyxia. Metabolomics
is the study of small molecular weight products of cellular metabolism that may, directly and
indirectly, reflect the level of oxidative stress. Saliva analysis is a novel approach that has a yet
unexplored potential in metabolomics in perinatal asphyxia. The aim of this review was to give an
overview of metabolomics studies of oxidative stress in perinatal asphyxia, particularly searching
for studies analyzing non-invasively collected biofluids including saliva. We searched the databases
PubMed/Medline and included 11 original human and 4 animal studies. In perinatal asphyxia,
whole blood, plasma, and urine are the most frequently used biofluids used for metabolomics
analyses. Although changes in oxidative stress-related salivary metabolites have been reported
in adults, the utility of this approach in perinatal asphyxia has not yet been explored. Human
and animal studies indicate that, in addition to antioxidant enzymes, succinate and hypoxanthine,
as well acylcarnitines may have discriminatory diagnostic and prognostic properties in perinatal
asphyxia. Researchers may utilize the accumulating evidence of discriminatory metabolic patterns in
perinatal asphyxia to develop bedside methods to measure oxidative stress metabolites in perinatal
asphyxia. Although only supported by indirect evidence, saliva might be a candidate biofluid for
such point-of-care diagnostics.

Keywords: asphyxia neonatorum; non-invasive diagnostics; metabolomics; oxidative stress; saliva

1. Introduction

Failed placental gas exchange or deficient gas exchange in the lungs after birth may
cause perinatal asphyxia with hypoxia and hypercapnia resulting in mixed metabolic
and respiratory acidosis. Asphyxiated infants can present with severe cardiorespiratory
compromise at birth and a need for cardiopulmonary resuscitation with supplementary
oxygen. However, mild symptoms of asphyxia may also result in later morbidity and
mortality in affected infants [1,2].

In perinatal asphyxia, balancing the harmful effects of iatrogenic hyperoxia (‘oxidative
stress’) vs. anaerobic metabolism (continuing/prolonged hypoxia) is a complex task.
Although humans have physiological and biochemical defense mechanisms to prevent
hypoxia [3], defense mechanisms against hyperoxia are less developed in newborn infants,
with the resulting oxidative stress potentially causing organ injury.

During asphyxia and resuscitation, disrupted cellular homeostasis causes significant
metabolic changes [4], and studies of the metabolome may provide a pathophysiological
‘snapshot’ of the condition. Metabolomics is the study of small molecular weight (<1500 Da)
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endogenous metabolites present in tissues or biofluids typically at concentrations above
1 uM, and may be used to directly and indirectly measure oxidative stress [5]. Measuring
oxidative stress in the neonate could aid decisions to initiate time-critical interventions
including therapeutic hypothermia but poses challenges due to difficult sampling as well
as a need for quick and repeated analyses [6].

Saliva as a Promising Simple and Non-Invasively Collected Biofluid

In the search for therapeutic target molecules, saliva has been used as a matrix in
genomics [7], proteomics [8], and metabolomics [9]. Non-invasive and safe real-time
sampling, and ease of collection, handling, storage, and post-storage contribute to its
attractiveness and relatively low costs. However, different collection methods might yield
different analysis results. Thus, it is important to standardize the collection, e.g., either by
passive drainage or by specific collection devices [8]. In newborn infants, saliva may have
particular advantages over invasively collected biofluids including blood. Compared to
blood sampling, saliva sampling is not painful and does not deplete patients with blood
cells and nutrients.

The aim of this review paper is to provide an overview of metabolomics studies of
oxidative stress in perinatal asphyxia, with particular emphasis on analysis methods and
biofluids used. Measuring the level of oxidative stress might aid in diagnosing infants with
significant perinatal asphyxia but a mild initial clinical presentation. We were particularly
interested in evidence about feasible and non-invasive diagnostics, with saliva being a
novel biofluid with yet unknown potential in perinatal asphyxia.

2. Materials and Methods

Search Strategy and Selection Criteria

We did a non-systematic search in PubMed/Medline with no limits on publication
date. The search was finished in September 2021 and included the terms “metabolomics”
AND “oxidative stress” AND “neonatal asphyxia” OR “perinatal asphyxia” OR “HIE” OR
“hypoxic ischemic encephalopathy”. Reference lists of relevant articles were hand searched
for additional publications of interest. Only English-language, peer-reviewed studies were
included. We excluded studies that analyzed oxidative stress in tissues, metabolomics
studies with a lack of focus on oxidative stress, as well as review articles, case reports, and
conference abstracts. We included studies in term and preterm infants, as well as animal
studies. The search identified 11 original human studies and 4 original animal studies.

3. Results

3.1. Methods for Metabolomics Analyses

Metabolomics analyses can be targeted and untargeted [10], the latter investigating
both known and unknown metabolites. Analytical methods for determination of small
molecular weight metabolites in biofluids include (i) immunological methods including ra-
dioimmunoassay and enzyme-linked immunosorbent assay (targeted), (ii) high-resolution
1H (proton) and 13C nuclear magnetic resonance (NMR) spectroscopy [11] (targeted and
untargeted), (iii) gas chromatography (GC) coupled to mass spectrometry (MS) (targeted
and untargeted), (iv) (ultra-performance) liquid chromatography coupled to MS (LC-MS)
(targeted and untargeted), (v) infrared and Raman spectroscopy [12,13], and (vi) capillary
electrophoresis–time-of-flight mass spectrometry (CE–TOFMS) (semi-targeted).

MS-based assays are considered more accurate than immunological methods (Table 1),
with LC-MS having advantages over GC-MS as it does not require as long derivatiza-
tion processes that may cause measurement error. Moreover, ultra-high performance
(UP) liquid chromatography tandem mass spectrometry (UPLC-MS/MS) enables rapid
chromatographic separations. UPLC-MS/MS is characterized by good selectivity and sen-
sitivity, and a high sample throughput [6]. The metabolomics MS-workflow for biofluids
including saliva is presented in Figure 1.
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Table 1. Advantages and disadvantages of mass spectrometry-based assays and immunoassays [14].

Method Advantages Disadvantages

Mass spectrometry High selectivity Limited to some laboratories

High sensitivity Limited sample throughput

High throughput Limited user friendliness, requires specialized personnel

Requires low sample volumes High equipment costs

Multiplexing possible Sample complexity issues

Relatively low running costs

Not restricted to biomolecules

High intra- and inter-assay reproducibility

Immunoassay Low training requirements Limited selectivity

Kits available from commercial vendors Limited analyte detection abilities

Validated and approved Requires relatively high sample volumes

Relatively low-cost equipment Relatively expensive reagents

Relatively high throughput Relatively high intra- and interassay and laboratory
variability

Relatively high sensitivity Relatively long assay time

Figure 1. The metabolomics mass spectrometry workflow for biofluids including saliva.
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3.2. Different Biofluids

3.2.1. Blood

Blood is the biological material for most diagnostic tests in clinical routine. Blood
reflects the dynamic, real-time metabolic response to asphyxia and reoxygenation, and
allows for quick analysis. However, blood sampling in neonates may be technically
challenging, is invasive, and painful. Blood sampling may contribute to anemia in more
premature infants as their blood volume is lower. Indeed, Sachse et al. [11] were able to
perform 1H NMR metabolomics analysis with only 250 µL of piglet plasma, and Sanchez-
Illana et al. [6] used 100 µL plasma for UPLC-MS/MS analysis. Dekker et al. [15] used
300 µL full blood from premature infants.

An alternative blood sample option is umbilical cord blood, which is non-invasive
and painless and may allow the collection of larger volumes to perform several analyses.
However, umbilical cord blood only provides information until the time of birth. Thus,
combined measurements of metabolites in umbilical cord blood and subsequently in the
infant’s blood are needed.

There is increasing evidence that preanalytical factors may heavily influence the results
in metabolomics, both in the individual investigated and handling of the sample before
metabolomic analyses. Currently, the need for access to advanced sample preparation
is needed when conducting metabolomic studies [16]. Dried blood spot samples have
been suggested for metabolomics analysis as they do not require preanalytical prepara-
tion, special storage, or freezing [17]. Several studies indicate the utility of blood spots
for metabolomics analysis, with dried blood spots being largely equivalent to protein-
precipitated plasma [18,19].

3.2.2. Urine

Although urine collection might be an easy alternative, the urine output in the first
days after birth is typically low, and infants with perinatal asphyxia often have impaired
renal function with oliguria or anuria. Urine for metabolomics analysis must be collected
under sterile conditions because bacterial metabolism influences the urine metabolome,
and samples must be frozen at −80 ◦C immediately after collection [20]. Urine is suitable
for repeat analysis and assessment of markers of lipid peroxidation up to days or weeks
after an insult or intervention, with the associated disadvantage of limited time resolution.
Thus, urine analysis might not be the preferred option when the purpose is to institute
time-critical interventions.

Sachse et al. [11] used 550 µL of piglet urine for 1H NMR metabolomics analysis. They
demonstrated a different time profile of plasma versus urine metabolites and concluded
that renal handling of different metabolites may vary and needs to be considered if urine is
used instead of plasma in metabolomic analyses.

3.2.3. Cerebrospinal Fluid

Cerebrospinal fluid (CSF) is used in the diagnosis and management of neurological
diseases. CSF is produced by plasma ultrafiltration and membrane secretion, is nearly
free from cells, and protein levels are usually very low. However, CSF must be collected
through a lumbar puncture, which is invasive and may be technically difficult in neonates.
The quantity of fluid obtained may be limited and hemorrhage caused by the puncture
may preclude interpretation. Thus, CSF metabolomics analyses have been performed in
the experimental [21], but only rarely in the clinical setting of perinatal asphyxia [22].

3.2.4. Saliva

Although saliva can be collected non-invasively, the quantity may be limited. However,
technological advances enable the analysis of small sample volumes (Table 2). Yen et al. [23]
state that suctioning of the mouth typically yields 10–50 µL neonatal saliva, whereas
sponges and wick applicators may yield slightly higher volumes, directly correlated to col-
lection time. Oxidative stress markers glutathione [24], malondialdehyde [24–27] catalase,
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protein carbonyls, glutathione peroxidase, and 8-hydroxy-2′-deoxyguanosine [27], as well
as isoprotanes, isofuranes, neuroprostanes, and neurofuranes [28] have all been measured
in saliva from adults. However, although sporadically mentioned as an alternative [5,29],
the evidence of metabolomics analysis of saliva in asphyxiated neonates is sparse, if not
non-existing.

A selection of metabolites related to oxidative stress is presented in Table 2.

Table 2. Metabolites related to oxidative stress [29–32]. Reproduced with permission from Dr. Wishart, University of
Alberta, Edmonton, Canada.

Metabolite Description

Urea The principal end product of protein catabolism.

Creatinine A breakdown product of creatine phosphate in muscle.

Malonic acid
Malonic acid, also known as malonate or H2MALO, belongs to the class of organic compounds
known as dicarboxylic acids and derivatives. In humans, malonic acid is involved in fatty acid
biosynthesis

Methylguanidine
A guanidine compound deriving from protein catabolism. Synthesized from creatinine concomitant
with the synthesis of hydrogen peroxide from endogenous substrates in peroxisomes. A nitric oxide
synthase inhibitor.

L-Alanine

Alanine (Ala), also known as L-alanine, is an alpha-amino acid. Glutamate can transfer its amino
group to pyruvate, a product of muscle glycolysis, through the action of alanine aminotransferase,
forming alanine and alpha-ketoglutarate. Plasma alanine is often decreased when branched chain
amino acids (BCAA) are deficient.

Succinate Succinic acid (succinate) is a dicarboxylic acid.

Fumaric acid Fumaric acid is a dicarboxylic acid.

Alpha-ketoglutarate Oxoglutaric acid, also known as alpha-ketoglutarate, alpha-ketoglutaric acid, AKG, or 2-oxoglutaric
acid. AKG is a nitrogen scavenger.

Hydroxycholesterol 27-Hydroxycholesterol (27-HC), also known as (25R)-cholest-5-ene-3β,26-diol or by its conventional
name 26-hydroxycholesterol.

S-Adenosylmethionine S-Adenosylmethionine, also known as SAM or acylcarnitine, belongs to the class of organic
compounds known as 5’-deoxy-5’-thionucleosides. Possesses anti-inflammatory activity.

Glycine An alpha-amino acid. Glycine is involved in the body’s production of DNA, hemoglobin, and
collagen, and in the release of energy.

Hypoxanthine Hypoxanthine, also known as purine-6-ol or Hyp, belongs to the class of organic compounds known
as purines. Under normal circumstances hypoxanthine is readily converted to uric acid.

Valine Valine (Val) or L-valine is an alpha-amino acid. L-valine is a BCAA. The BCAAs consist of leucine,
valine, and isoleucine (and occasionally threonine).

Choline Important as a precursor of acetylcholine, as a methyl donor in various metabolic processes, and in
lipid metabolism.

Glutathione Like cysteine, glutathione contains the crucial thiol (-SH) group that makes it an effective antioxidant.

Ethylmalonate Ethylmalonic acid, also known as alpha-carboxybutyric acid or ethylmalonate, is a branched fatty
acid. Ethylmalonic acid can be synthesized from malonic acid.

3-Hydroxymethylglutaric
acid 3-Hydroxymethylglutaric acid is an “off-product” intermediate in the leucine degradation process.

Glutaric acid Is produced during the metabolism of some amino acids, including lysine and tryptophan.

Methylmalonic acid Methylmalonic acid is a malonic acid derivative, which is a vital intermediate in the metabolism of
fat and protein.
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Table 2. Cont.

Metabolite Description

Threonine

Threonine (Thr) or L-threonine is an alpha-amino acid. Threonine is sometimes considered a BCAA.
Threonine is metabolized in at least two ways. In many animals it is converted to pyruvate via
threonine dehydrogenase. An intermediate in this pathway can undergo thiolysis with CoA to
produce acetyl-CoA and glycine.

3-Hydroxyisovaleric acid A byproduct of the leucine degradation pathway.

Dimethylglycine
Dimethylglycine (DMG) is an amino acid derivative. The human body produces DMG when
metabolizing choline into glycine. Homocysteine and betaine are converted to methionine and
N,N-dimethylglycine by betaine-homocysteine methyltransferase.

Dimethylamine An organic secondary amine.

Creatine

A naturally occurring non-protein compound classified as ‘alpha amino acids and derivatives’. Its
primary metabolic role is to combine with a phosphoryl group, via the enzyme creatine kinase, to
generate phosphocreatine, which is used to regenerate ATP. It is naturally produced in the human
body from the amino acids glycine and arginine, with an additional requirement for methionine to
catalyze the transformation of guanidinoacetate to creatine.

Formic acid
The simplest carboxylic acid. Inhibition of cytochrome oxidase by formate may cause cell death by
increased production of cytotoxic reactive oxygen species secondary to the blockade of the electron
transport chain).

3.3. Animal Studies

In animal models of perinatal asphyxia, 100% oxygen was associated with metabolic
markers of delayed cellular recovery and increased oxidative stress [30–32]:

In a piglet model of perinatal asphyxia, baseline urine metabolome, analyzed with
1H NMR spectroscopy, distinguished between piglets that later became asystolic or not.
The post-resuscitation-, seen in relation to the baseline metabolome, differentiated between
piglets reoxygenated with different oxygen concentrations, primarily due to variations in
metabolites with free radical scavenging properties: urea, creatinine, and malonate, as well
as methylguanidine and hydroxyisobutyric acid [31]. A few years later, the same group
investigated the same oxygen concentrations and confirmed distinct urine metabolomic
patterns in piglets reoxygenated with 18, 21, 40, and 100% oxygen, respectively. Alanine
and succinate were elevated, but glycine was unchanged in asphyxiated piglets resuscitated
with 21% oxygen [32].

Moreover, in asphyxiated piglets and using flow injection analysis, MS/MS and
LC-MS/MS, Solberg et al. [30] measured reduced blood succinate, fumarate, and alpha
keto-glutarate indicating an earlier mitochondrial recovery when 21% oxygen was used
for reoxygenation compared to 100% oxygen. Furthermore, oxysterols and acylcarnitine
showed a differential response to 21% versus 100% oxygen reoxygenation. The ratios of
alanine to branched chained amino acids, and of glycine to branched chained amino acids
correlated with the duration of hypoxia.

Sachse et al. [11] reported a strong and consistent increase in alanine, succinate,
hypoxanthine, and branched-chain amino acids in 125 asphyxiated piglets. There was a
decrease of 1H NMR signals associated with lipids. Baseline plasma hypoxanthine and
lipoprotein concentrations were inversely correlated to the duration of hypoxia sustained
before asystole occurred, but there was no evidence for a differential metabolic response to
different resuscitation protocols including the use of supplementary oxygen, or in terms of
survival [11]. In urine, branched-chain amino acids, especially valine, but also alanine and
choline concentrations were higher after asphyxia and resuscitation compared to baseline.

3.4. Clinical Studies

Studies have comprehensively examined the metabolome in hypoxic-ischemic en-
cephalopathy (HIE), but with a minor focus on oxygenation and oxidative stress [33,34]. A
study of initial ventilation with 30% vs. 90% oxygen provided insights into oxidative stress
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markers in blood and urine of preterm infants ≤28 weeks of gestation, but not related to
perinatal asphyxia [35].

3.4.1. Response to Hyperoxia

Vento et al. [36–39], showed that the blood reduced (GSH)-to-oxidized glutathione
(GSSG) ratio was lower in asphyxiated infants that received 100% oxygen compared to 21%
oxygen, lasting up to four weeks after birth [37]. Hundred percent oxygen ventilation was
associated with increased activity of antioxidant enzymes including superoxide dismutase
and glutathione redox cycle enzymes [38,39]. Urine N-acetyl-glucosaminidase correlated
with GSSG and was significantly higher in infants that received 100% oxygen [36].

Dekker et al. [15] recently investigated initial ventilation with 30% versus 100% oxygen
in preterm infants <30 weeks’ gestation and found no difference in the lipid peroxidation
product 8-iso-prostaglandin in umbilical cord blood, or infant blood at 1 and 24 h of age
between 0% versus 100% oxygen.

3.4.2. Prognostic Utility

Negro et al. [40] measured blood advanced oxidation protein products (AOPP), non-
protein bound iron (NPBI), and F2-isoprostanes (F2-IsoPs) in 84 infants with severe versus
mild/moderate HIE at three different time points: P1 (4–6 h), P2 (24–72 h), and P3 (5 days).
Mean (standard deviation) values of AOPP, NPBI, but not F2-IsoPs were significantly
higher in infants with severe HIE with AOPP 34.1(39.2) vs. 15.7(15.5), p = 0.033 and NPBI
3.9 (4.4) versus 1.1(2.5), p = 0.013 at P1. However, there was no difference between groups
at P2 and P3. A regression model showed that AOPP levels and male sex were both risk
factors for higher brain damage scores; AOPP: OR 3.6, 95% confidence interval (1.1–12.2)
and sex: OR 5.6, 95% confidence interval (1.2–25.7), respectively.

Vasiljevic et al. [22] performed routine lumbar puncture in 90 infants with HIE and
reported a good relationship of glutathione peroxidase activity with the clinical stage
of HIE (p < 0.0001) and gestational age (p < 0.0001). Glutathione peroxidase activity in
CSF corresponded to later neurodevelopment outcome (p < 0.001) and showed a strong
correlation with CSF levels of neuron-specific enolase (p < 0.001), a biomarker of the extent
of brain injury.

Umbilical cord blood from term infants with confirmed HIE (n = 31) was compared to
asphyxiated infants without encephalopathy (n = 40), and matched controls (n = 71) [41].
Targeted metabolomics revealed a significant increase in 29 metabolites from 3 distinct
classes (amino acids, acylcarnitines, and glycerophospholipids) in infants with HIE or
asphyxia compared to controls. Moreover, eight amino acids significantly increased in
infants with HIE, but not asphyxia or matched controls. Thirteen acylcarnitines were
significantly increased in infants with HIE and asphyxia without HIE, but the changes were
more pronounced in the HIE population. A logistic regression model using five metabolites
clearly delineated the severity of asphyxia and classified HIE infants with AUC = 0.92.
These data suggest significant disruption to the energy pathways as well as nitrogen and
lipid metabolism in both asphyxia and HIE.

Chu et al. [42] analyzed urine metabolite profiles from 256 asphyxiated infants and
reported a positive relationship between suppressed biochemical networks involved in
the macromolecular synthesis and perinatal asphyxia associated with significant oxidative
stress and morbidity. In particular, elevated organic acids related to oxidative stress were
significantly associated with neurodevelopmental outcomes: Ethylmalonate, 3-hydroxy-
3-methylglutarate, 2-hydroxy-glutarate and 2-oxo-glutarate were associated with a good
outcome; whereas glutarate, methylmalonate, 3-hydroxy-butyrate, and orotate were as-
sociated with a poor outcome. In preterm asphyxiated infants, urine threonine and 3-
hydroxyisovalerate were increased; and dimethylglycine, dimethylamine, creatine, suc-
cinate, formate, urea, and aconitate were decreased [43]. These data demonstrated the
potential application of bioinformatics methods in this metabolomics study and its potential
clinical relevance.
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Reinke et al. [44] proposed a metabolomic index ((succinate x glycerol) / (β-hydroxy-
butyrate × O-phosphocholine)) to identify asphyxiated infants at risk of developing HIE,
as elevated β-hydroxybutyrate, glycerol, O-phosphocholine, and succinate were most
strongly associated with HIE severity. Ahearne et al. [45] later showed that if this index
was <0.13, the outcome was likely to be normal (sensitivity 65% and specificity of 91%),
whereas an index >2.4 was associated with a “severe outcome” (sensitivity of 80% and
specificity of 100%). The authors concluded that this metabolomic index might be used in
identifying neonates at risk of developing severe HIE.

4. Discussion

With a focus on oxidative stress, human and animal studies indicate that Krebs cycle
intermediates including succinate, and hypoxanthine, in addition to acylcarnitines, play a
role in perinatal asphyxia and may have prognostic and discriminatory properties.

The neonatal brain is highly oxygen dependent with low antioxidant capacity. This,
combined with a high content of unsaturated fatty acids, makes the neonatal brain par-
ticularly vulnerable to oxidative stress [46]. Hypoxanthine is a purine metabolite, and
levels are elevated during hypoxia. Hypoxanthine is oxidized in the presence of xanthine
oxidase to uric acid during reoxygenation [47]. This generates an oxygen-free radical
burst that, although uric acid has antioxidant properties, overwhelms endogenous antiox-
idant defense systems. Excessive production of reactive oxygen species [48] including
hydrogen peroxide, hydroxyl free radical, superoxide anion radical, and reactive nitrogen
species [49], proteases and caspases [50] in turn cause mitochondrial dysfunction and cell
death. Free radical-induced lipid (arachidonic acid) peroxidation results in the generation
of prostaglandin-like (prostanoids) isoprostanes [51,52]. Isoprostanes are often considered
the gold standard for in vivo measurement of lipid peroxidation [53–55]. However, biofluid
isoprostanes have demonstrated limited discriminatory properties in asphyxiated infants.

In asphyxia, incomplete fatty acid oxidation may result in an increase of fatty acid
coenzyme A esters which bind to carnitine, resulting in the production of acylcarnitines [56].
High carnitine suppresses lipid peroxidation and the production of hydroxyl free radi-
cals [57]. Carnitine thus has potent antioxidant activity [58], whereas acylcarnitines in peri-
natal asphyxia may indirectly reflect oxidative stress. Superoxide dismutase, glutathione,
catalase, and glutathione peroxidase are cellular antioxidants [49]. Debuf et al. [29] per-
formed a review of biomarkers of perinatal asphyxia and highlighted acylcarnitines as the
most promising.

Several reviews, including one very recent [29], have addressed metabolomics biomar-
ker analysis in perinatal asphyxia and HIE. However, they did not focus on oxidative
stress the way our present review does. Perinatal asphyxia is associated with increased
metabolites derived from lipid peroxidation. However, lipid peroxidation products seem
to have limited utility in identifying infants at risk of developing HIE. Therefore, it has
been proposed that the most reliable way to use metabolomics in perinatal asphyxia risk
stratification and prognostication, is the establishment of a metabolic index composed of
multiple metabolites that together have better prognostic value.

Biomarkers used for screening should be easy to collect, have a fast laboratory
turnaround time, be reliable, and relatively inexpensive. Modern methods, e.g., LC-
MS/MS have a turnaround time ranging from minutes to hours, opening for the possibility
of integration into care. As stated by Debuf et al. [29], despite a current lack of point-
of-care methods to measure these metabolites, considering the increasing advances in
metabolomics, a “bench to the bedside” approach may be realistic within a reasonable time
frame. Mussap et al. [5] suggested the translation of research results into the development
of a low-cost device, e.g., a dipstick.

UPLC-MS/MS has been used to measure oxidative stress markers in saliva from adult
patients and, although not supported by the available literature, saliva might be a suitable
biofluid for point-of-care diagnostics. Saliva is, in theory, easy to collect and collection is
non-invasive. However, saliva collection in newborns could be challenging, partially due
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to the limited amounts acquired. Standardized approaches to saliva collection, processing,
and analyses are required for proper interpretation.

Strengths of this review include the innovative way of using existing knowledge to
provide directions for research to develop non-invasive rapid tests of oxidative stress in
perinatal asphyxia. Limitations include that we identified and report markers of oxidative
stress in a wider sense and that we use indirect evidence, i.e., animal and adult data, to
support our conclusions. However, we believe that the transparency of the reporting of
results also leaves room for the readers to conclude from the limited knowledge base
themselves.

In conclusion, in perinatal asphyxia, evidence about discriminatory metabolites related
to oxidative stress, single or in combination, could be used to develop methods for rapid
diagnostic and risk assessment purposes. Saliva might be a candidate biofluid for such
point-of-care methods, however, more research is needed.
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Abstract: Transposition of the great arteries (TGA) is one of the most common cyanotic congenital
heart diseases requiring neonatal surgical intervention. Parallel circulations that result in impaired
cerebral oxygen delivery already in utero may lead to brain damage and long-term neurodevelopmen-
tal delay. Balloon atrial septostomy (BAS) is often employed to mix deoxygenated and oxygenated
blood at the atrial level. However, BAS causes a sudden increase in arterial blood oxygenation and
oxidative stress. We studied changes in oxygen saturation as well as metabolic profiles of plasma
samples from nine newborn infants suffering from TGA before and until 48 h after undergoing
BAS. The plasma metabolome clearly changed over time and alterations of four metabolic pathways,
including the pentose phosphate pathway, were linked to changes in the cerebral tissue oxygen
extraction. In contrast, no changes in levels of lipid peroxidation biomarkers over time were ob-
served. These observations suggest that metabolic adaptations buffer the free radical burst triggered
by re-oxygenation, thereby avoiding structural damage at the macromolecular level. This study
enhances our understanding of the complex response of infants with TGA to changes in oxygenation
induced by BAS.

Keywords: transposition of the great arteries; balloon atrial septostomy; hypoxemia; metabolomics;
oxidative stress; newborn; liquid chromatography-mass spectrometry (LC-MS)

1. Introduction

Transposition of the great arteries (TGA) is one of the most common cyanotic con-
genital heart diseases with an incidence of 0.3 per 1000 live births that requires surgical

59



Antioxidants 2021, 10, 1502

intervention in the neonatal period [1]. In hearts with TGA, systemic and pulmonary circu-
lations run in parallel rather than in serial. This results in significant hypoxemia clinically
reflected as central cyanosis. Survival after birth is only possible if there is an adequate
blood mixing between the two circulations. Most hypoxemic neonates with TGA benefit
from early institution of prostaglandin E1 (PGE) for ductal patency. If hypoxemia persists
despite prostaglandin E1 (PGE1) infusion, balloon atrial septostomy (BAS) is needed to
increase systemic oxygenation by improving the mixing of deoxygenated and oxygenated
blood at the atrial level. After stabilization, arterial switch operation (ASO) is performed
in the neonatal period. Mortality of ASO is low in the current era, however, morbidity is
high and neonates with TGA are at risk of impaired neurodevelopmental outcome. Thus,
long-term follow-up demonstrates that 30–50% of school-aged children with TGA show
some form of developmental delay [2].

The underlying mechanism of developmental delay is thought to be multifactorial
and include prenatal and postnatal factors. Hence, fetal hypoxia due to decreased oxygen
delivery has been implicated in the abnormal brain development seen in newborns with
TGA [3]. Moreover, reduced fetal cerebral oxygen consumption in TGA neonates has
been associated with smaller head circumference and brain volume than those of normal
neonates [4]. In addition, postnatal factors such as postnatal chronic hypoxemia, open-
heart surgery with deep hypothermic circulatory arrest, and balloon atrial septostomy
(BAS) have also been considered responsible for brain injury [5]. BAS improves mixing of
systemic and pulmonary circulation and leads to an immediate increase in arterial oxygen
content. However, BAS does not allow for full normalization of systemic oxygenation
preoperatively. Very little is known about the direct effect of BAS on the neonatal brain,
on cerebral oxygenation and oxygen metabolism [6], and whether the rapid increase of
oxygen delivery results in brain reperfusion injury in neonates with TGA [7,8].

In mammals, aerobic metabolism with the concourse of oxygen is the most efficient
biological means to supply energy required to sustain life. Under anaerobic conditions,
pyruvate is converted into L-lactate. Anaerobic metabolism is by far less energy efficient
than aerobic metabolism. Hence, in the absence of oxygen, the energy consumed by neurons
rapidly leads to an exhaustion of the ATP reserves [9]. Due to the high metabolic rate of
the brain, survival is almost exclusively dependent on the energy generated by aerobic
glycolysis. The lack of oxygen stores and the reduced glycolytic capacity compel brain
tissue to rely entirely on a continuous supply of oxygen and glucose provided by cerebral
perfusion. Under these circumstances, acutely or chronically reduced oxygen availability
due to environmental or pathophysiological causes inevitably leads to alterations of the
brain structure and function [10].

Incomplete reduction of oxygen leads to the formation of reactive oxygen species
(ROS), some of which are free radicals (e.g., anion superoxide and hydroxyl radicals). These
extremely short half-life metabolites are capable of damaging nearby cellular components
such as proteins, lipids, carbohydrates or DNA [11]. Both, acute and chronic hypoxia,
enhance the formation of ROS through mitochondrial uncoupling provoking oxidative
stress (OS) [12]. In addition, during reoxygenation, the increased availability of oxygen
causes the activation of oxidases such as nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase or xanthine oxidase, further increasing the formation of anion superoxide
and nitric oxide [11]. Neurons are highly vulnerable to the deleterious effects of ROS
generated during acute hypoxia and/or hyperoxia. ROS trigger specific pathways that
lead to apoptosis, necrosis, and inflammation of vulnerable areas of the brain causing long
term neurodevelopmental, motor, and cognitive impairment [10].

Blood lactate has been largely employed as a surrogate for tissue hypoxia and/or
ischemia. However, exclusive monitoring of serum lactate has neither provided sufficient
insight into the magnitude of brain hypoxia nor conferred reliable prognostic information
regarding long-term neurodevelopmental impairment [13,14]. More recently, comprehen-
sive metabolic fingerprinting characterized by the simultaneous measurement of hundreds
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of metabolites from biological matrices has been increasingly employed for identifying
predictive biomarkers or patient stratification [15].

In the present study we focused on the metabolic switch in infants with TGA after
BAS. We performed serial analysis of lipid peroxidation byproducts as well as the plasma
metabolome before and after BAS. This allowed us to study the impact of the rapid change
in arterial blood oxygen content switching from a chronic hypoxic environment to an
almost normoxic one, thus giving an insight into the dynamic hypoxia-related changes on
the phenotypic level.

2. Materials and Methods

2.1. Study Population

We performed a prospective single center study to evaluate changes in cerebral oxy-
genation and metabolism before and for a period of 96 h following BAS in neonates with
TGA. All patients with TGA admitted to Children’s Hospital, Helsinki University Hospital,
between 1 January 2015, and 1 June 2017, were considered for inclusion in the present
study. Inclusion criteria included term gestational age and simple TGA without any signifi-
cant associated heart defects (i.e., patients with ventricular septal defect were excluded).
Reasons for failure to enroll included unavailability of parents for the consent process or
parental refusal.

The study protocol was approved by the Ethics Committee of Helsinki University
Hospital. All procedures were performed in accordance with relevant guidelines and regu-
lations and written permission by signing an informed consent form or phone permission
in urgent cases was obtained from legal representatives.

Data collected included peripheral oxygen saturation (SpO2), mixed venous saturation,
regional cerebral tissue oxygen saturation (rcSO2) measured by near infrared spectroscopy
(NIRS), heart rate, blood pressure, blood lactate levels, pH, base excess, and hemoglobin
prior to and following BAS. Blood samples for metabolic analysis were collected from
arterial cannula 5 min prior to and 5 min, 6 h, 24 h, 48 h, 72 h, and 96 h following BAS.
At each timepoint, 1 mL of blood was collected into lithium heparin tubes, centrifuged,
aliquoted, and stored at −70 ◦C. Differences during rcSO2, preductal peripheral oxygen sat-
uration, fractional tissue oxygen extraction (FTOE), and cerebral oxygen extraction (CEO2)
were analyzed prior to and following BAS. Cerebral oxygen extraction was estimated from
the difference of SaO2 and ScO2 as ScO2 is close to venous SO2. FTOE was calculated as
CEO2/SaO2. Information regarding medications used prior to and following BAS was
collected from electronic patient records.

2.2. Analytical Procedures

2.2.1. Lipid Peroxidation Biomarkers

Biomarkers of lipid peroxidation were analyzed in 63 plasma samples following
previously published procedures [16,17]. Deuterated internal standards (IS) (PGF2α-d4
and 15-F2t-Isoprostane-d4) were purchased from Cayman Chemical Company (Ann Arbor,
MI, USA). For sample processing, 100 µL of plasma were thawed on ice and 100 µL of KOH
solution at 15% (w/v) were added. The mixture was incubated at 40 ◦C for 30 min. A volume
of 3 µL of aqueous IS solution (20 µM) was added to hydrolyzed samples and diluted to
900 µL with H2O:MeOH (85:15, 2.8% v/v HCOOH) solution. Then, the samples were mixed
for 30 s at maximum speed and centrifuged at 16,000× g and 4 ◦C for 10 min. For clean-up
and pre-concentration of the samples, an SPE procedure employing Discovery® DSC-18
SPE 96-well plates from Sigma Aldrich Química S.A (Madrid, Spain) was carried out. First,
the stationary phase was equilibrated with 1 mL of MeOH and 1 mL of water. Then, the
supernatant of the centrifuged and diluted sample was loaded followed by washing with
1 mL of H2O (0.1% v/v HCOOH, pH 3) and 500 mL heptane. Finally, cartridges were dried
with room air and the compounds of interest were eluted with 4 × 100 µL ethyl acetate.
The eluate was evaporated using a miVac centrifugal vacuum concentrator (Genevac LTD,
Ipswich, UK) and dissolved in 60 µL H2O (0.1% v/v HCOOH, pH 3):CH3OH (85:15 v/v).
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An Acquity-Xevo TQS system from Waters (Milford, MA, USA) operating in negative
electrospray ionization (ESI−) mode was employed for UPLC-MS/MS analysis. A Waters
BEH C18 column (2.1 mm × 100 mm, 1.7 µm, Waters, Wexford, Ireland) was used. Flow
rate, column temperature, and injection volume were set at 450 µL min−1, 45 ◦C, and 9 µL,
respectively. A binary mobile phase H2O (0.1% v/v HCOOH):CH3CN (0.1% v/v HCOOH)
gradient with a total runtime of 7.0 min was run as follows: from 0.0 to 0.1 min 15% v/v
CH3CN (0.1% v/v HCOOH) (mobile phase channel B); from 0.1 to 5.0 min % B increased up
to 40%; from 5.0 to 6.0 min % B increased up to 75%; between 6.0 and 6.15 conditions were
held constant at 75% B followed by the return to initial conditions (i.e., 15% B) between
6.15 and 6.25 min; conditions were maintained for 0.75 min for system re-equilibration. ESI
interface conditions were selected as follows: capillary voltage was set to 2.9 kW; source
and desolvation temperatures were 150 ◦C and 395 ◦C, respectively; and nitrogen cone
and desolvation gas flows were 150 and 800 L h −1, respectively. Parameters selected for
determination of lipid peroxidation biomarkers are shown in Table 1.

Table 1. Mass spectrometric parameters and chromatographic windows employed for the lipid peroxidation biomarkers.

Analyte [p.d.u.] RT [min] Parent Ion (m/z)
Daughter Ion

(m/z)
CE (eV) Cone Voltage (V)

IsoPs 4.3–6.6 353.20 115.00 30 35
Di-homo-IsoPs 5.0–6.8 381.00 143.00 20 20
Di-homo-IsoFs 3.5–6.5 397.00 155.00 24 35

NeuroFs 2.70–6.50 393.00 193.00 20 35
IsoFs 2.1–6.60 369.20 115.00 20 45

NeuroPs 2.30–6.50 377.00 101.00 20 35

Note: IsoPs = isoprostanes. IsoFs = isofurans. NeuroFs = neurofurans. NeuroPs = neuroprostanes. RT stands of Retention times. CE stands
of collision energy.

2.2.2. Untargeted Ultra-Performance Liquid Chromatography Coupled to Time-of-Flight
Mass Spectrometry (UPLC-TOFMS) Metabolomic Analysis

Plasma samples were thawed on ice and homogenized on a Vortex mixer. 75 µL of
cold acetonitrile were added to 25 µL of plasma, homogenized and kept on ice during
15 min followed by centrifugation at 16,000× g during 15 min at 4 ◦C. 80 µL of super-
natant were collected and transferred to a 96 well plate, evaporated to dryness on a
miVac centrifugal vacuum concentrator (Genevac LTD, Ipswich, UK) at room tempera-
ture and dissolved in 60 µL of an internal standard (IS) solution containing betaine-D11,
methionine-D3, hypoxanthine-D3, cystine-D4, tyrosine-D2, prostaglandinF2α-D4, uridine-
C13N15, reserpine, phenylalanine-D5, leucine enkephalin, caffeine-D9, and tryptophane-D5
with purities ≥ 99% at a concentration of 1.5 µM in H2O:CH3CN (0.1% HCOOH) (95:5 v/v).

A QC sample was prepared by mixing 5 µL of each plasma sample and a total of three
aliquots were processed alongside with the plasma samples applying the same procedures.
A blank extract was prepared by using a heparinized syringe and 0.5 mL of ultrapure H2O
and processed as described for plasma samples.

For chromatographic separations, an Agilent Technologies (Santa Clara, CA, USA)
1290 Infinity UPLC chromatograph equipped with a UPLC ACQUITY BEH C18 column
(2.1 mm × 100 mm, 1.7 µm, Waters, Wexford, Ireland) was employed. Autosampler and
column temperatures were set to 4 and 40 ◦C, respectively. A flow rate of 400 µL min−1

and an injection volume of 4 µL were used. Separations were carried out keeping 98% of
mobile phase A (H2O, 0.1% v/v HCOOH) for 0.5 min, followed by a linear gradient from 2
to 20% of mobile phase B (CH3CN, 0.1% v/v HCOOH) in 3.5 min and from 20 to 95% B in
4 min. Conditions of 95% B were maintained for 1 min and a 0.25 min gradient was used to
return to the initial conditions, which were held until reaching 8.5 min.

Full-scan MS data were acquired between 100 and 1700 m/z with a scan frequency of
6 Hz (1274 transients/spectrum) on an iFunnel quadrupole time-of-flight (QTOF) Agilent
6550 spectrometer operating in the TOF MS mode. The following electrospray ionization
settings were used: gas T, 200 ◦C; drying gas, 14 L min−1; nebulizer, 37 psig; sheath gas
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T, 350 ◦C; sheath gas flow, 11 L min−1. A mass reference standard used for automatic
MS spectra re-calibration during analysis was introduced into the source via a reference
sprayer valve using the 149.02332 (background contaminant), 121.050873 (purine), and
922.009798 (HP-0921) m/z. MassHunter workstation from Agilent was employed for data
acquisition and manual integration of ISs.

Before launching the analytical sequence, system suitability was checked employing a
standard mixture containing ISs. The analytical system was conditioned by eight repeated
injections of the QC at the beginning of the batch. Data acquired during system conditioning
were discarded from data analysis. A total of 63 plasma sample extracts were analyzed in
randomized order in a single analytical batch using the positive electrospray (ESI+) mode.
QC samples were analyzed every 6th sample and at the beginning and end of the batch for
assessment and correction of instrumental performance [18]. The blank extract was injected
a total of two times (once during system conditioning and once at the end of the batch) and
used for data clean-up with the aim of identifying signals from other than biological origin.
Subsequently, sample analysis was carried out in ESI− mode repeating the same protocol
described for the ESI+ mode.

2.2.3. Data Processing and Statistical Analysis

ProteoWizard [19] (http://proteowizard.sourceforge.net (accessed on 20 September
2021)) software was used for conversion of raw UPLC-TOFMS data into centroid mzXML
format. A peak table was extracted using XCMS (version 3.4.2) [20–22] (https://bioconductor.
org/packages/release/bioc/html/xcms.html (accessed on 20 September 2021)) running in
R (version 3.5). For peak detection, the centWave method was used as follows: ppm = 20,
peakwidth = (4 and 25), snthresh = 10. For the resolution of overlapping peaks, a minimum
m/z difference of 7.5 mDa was selected. For each extracted feature, the ‘wMean’ function was
used for calculating intensity-weighted m/z values and peak limits used for integration were
found through descent on the Mexican hat filtered data. For peak grouping the “nearest”
method with mzVsRT = 1 and retention time (RT) and m/z tolerances of 6 s and 10 mDa,
respectively, was used. Missing peak data was filled applying the fillPeaks method with
the default parameters. A total of 18,582 and 13,479 features were initially detected after
peak detection, integration, chromatographic deconvolution, and alignment in ESI+ and ESI−

modes, respectively. The CAMERA [23] package was used for identifying peak groups and
annotation of isotopes and adducts using the following settings: sigma = 6, perfwhm = 0.5,
ppm = 20.

Peak integration accuracy was checked by comparing the generated peak table with
areas obtained from manual integration of ISs. Peak intensities of ISs and QC samples were
used for assessing the instrumental response during data acquisition throughout the batch
as described elsewhere [24,25]. The Quality Control-Support Vector Regression (QC-SVR)
algorithm [26] and the LIBSVM library [27] were used for correcting intra-batch variation
using an ε–range of 2.5 to 7.5 and a γ-range of 1 to 105. C was defined for each feature as
the median value in QCs. Then, features detected in blanks (<5× signal of the blank) and
those with an RSD% in QC samples ≥20% were excluded. The final peak tables contained
3886 and 5600 features for ESI+ and ESI−, respectively, and were searched for molecular
ion peaks of drugs and known drug metabolites that have been administered to infants,
their isotope as well as Na and K adducts (m/z tolerance: 10 mDa). Metabolic features that
were identified as drugs or their metabolites, isotopes and adducts were excluded from
further data analysis.

MATLAB 2019b inbuilt functions as well as in-house written scripts (available from
the authors upon reasonable request) and the PLS Toolbox 8.0 from Eigenvector Research
Inc. (Wenatchee, WA, USA) were used for Principal Component Analysis (PCA) and the
computation of Pearson correlations. For PCA, data sets generated in ESI+ and ESI− were
concatenated. MetaboAnalyst (version 4.0) [28] was used for hierarchical clustering and
the generation of heatmaps employing Euclidean distance and Ward’s method (statistical
analysis tool). Pathway analysis was carried out using MetaboAnalyst with the MS peaks
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to pathways tool (mass accuracy = 10 ppm, mummichog algorithm with top 10% peaks
p-value cut-off) in the 4-column format (m/z, RT, ionization mode, p-value of Pearson
correlation between metabolic features and FTOE) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway library (Homo sapiens). Metabolomics data are available on
Zenodo (https://zenodo.org/record/4495124#.YBpwoC1DkWp (2 February 2021)).

The non-parametric Wilcoxon rank-sum test was used for assessing changes in levels
of biomarkers of lipid peroxidation over time. p-values from Spearman correlations were
used for clinical data, where appropriate.

3. Results

3.1. Clinical Results

A total of 12 newborn infants fulfilled the study requirements. Out of these, one patient
died, and two patients did not require BAS. The remaining 9 patients who underwent
BAS, completed all analysis. Demographics and perinatal characteristics are detailed in
Table 2. Six patients (50%) had prenatal diagnosis and nine patients (75%) underwent BAS
due to low preductal saturation at the age 4.6 (± 2.7) hours. There was one early death
prior to BAS. The patient was transferred from another central hospital with prostaglandin
infusion but had extremely low preductal saturations (<30%), severe lactate acidosis,
and was in pulseless electrical activity at the time of admission and care was withdrawn.
Figure 1 describes evolving SpO2, rcSO2, FTOE, and CEO2 before and after BAS. In the nine
patients included in the study, the lowest preductal peripheral oxygen saturation (SpO2)
at admission had a median of 64.5% (range 39.0–92.0). Preductal SpO2 increased from a
median of 85.6% (range 62.0–90.6) before BAS to 89.1% (range 81.8–93.5) 6 h following
BAS and 90.0% (range 85.2–93.6) 24 h following BAS. rcSO2 at the same time points were
50.0% (range 35.0–70.0), 52.8% (range 36.4–72.5), 63.0% (range 48.2–74.1), and 69.2 (range
58.8–80.8), respectively. rcSO2 correlated strongly with simultaneously measured SpO2
(Spearman’s r = 0.89, p-value < 0.001). CEO2 increased after BAS (27.2–28.1) but both, CEO2
and FTOE, decreased 24 h following BAS (see Figure 1). Complete recovery of cerebral
oxygen saturation did not occur until 24 h after BAS.

Table 2. Patients’ demographics and timing of postnatal clinical and analytical interventions.

Patients’ Demographics All Patients BAS Patients

Patients recruited, N (%) 12 (100) 9 (100)
Gender, N (%)
- Male 10 (83) 8 (89)
- Female 2 (17) 1 (11)
Balloon atrial septostomy, N (%) 9 (75) 9 (100)
Expired, N (%) 1 (8.3) 0 (0)
Prenatal diagnosis, N (%) 6 (50) 4 (44)
Gestational age, weeks (median, range) 39.5 (37.0–41.3) 39.9 (38.4–41.3)
Birth weight, kg (median, range) 3.4 (2.0–4.0) 3.5 (3.1–4.0)
Postnatal age, hours (median, range)
- At the time of the first measured peripheral
saturation 1.7 (0.5–13.2) 2.3 (0.5–6.7)

- At time of BAS 3.2 (2.0–9.1)
Saturation, % (median, range)
- First peripheral saturation (SpO2) 79 (51–91) 77 (56–88)
- Lowest peripheral saturation (SpO2) 65 (39–86) 65 (39–86)
- First regional cerebral oxygen saturation
(rcSO2) 58 (37–79) 53 (37–79)

- 5-min post septostomy peripheral saturation
(SpO2) 86 (62–91) 86 (62–91)

Blood lactate, mmol/L (median, range)
- Before BAS 3.2 (1.3–4.9) 3.6 (1.3–4.9)
- 5-min after BAS 2.7 (1.4–5.0) 3.3 (1.4–5.0)
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Figure 1. Evolution of SpO2, rcSO2 (left), FTOE, and CEO2 levels (right) before and after BAS. Black and blue lines and
error bars are median and 25th and 75th percentile, respectively.

3.2. Lipid Peroxidation Biomarkers

Total di-homo-isoprostanes, di-homo-isofurans, and isoprostanes were excluded as
these parameters were found <LOQ in all study samples. Figure 2 depicts relative responses
of total neurofurans, isofurans, and neuroprostanes obtained over time. No significative
changes over time were detectable (Wilcoxon rank sum test, p-values > 0.05). Furthermore,
no strong (Pearson correlation coefficients > |0.5|) and significant correlations were found
between isoprostanoid levels and FTOE.

Figure 2. Isoprostanoid levels over time. Note: Bold blue lines correspond to median values, blue areas correspond to the
interquartile range (1st and 3rd quartile), thin blue lines correspond to minimum and maximum values, and + correspond
to outliers. Note: NeuroFs = neurofurans; IsoFs = isofurans; NeuroPs = neuroprostanes.

3.3. Effect of Time on the Plasma Metabolome

Figure 3 shows a PCA scores plot of the plasma metabolic fingerprint of infants before
BAS and at different time points after BAS. The scores plot from PC1 vs. PC2 illustrates
the impact of the sampling time point on the plasma metabolome. For most patients, a
time-dependent shift towards lower scores on PC1 with increasing time after septostomy
was observed. Even though the applied data analysis workflow included the removal of
drug metabolites, this effect might, at least partially, be related to the employed medication
and the procedure itself. Also, a high inter-individual variation can be noted.
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Figure 3. PCA results of samples collected before and at different time points after BAS. Note: Sep stands for septostomy.

3.4. Correlation of Metabolic Features with FTOE

FTOE reflects the balance between oxygen supply and consumption in tissue and
can, therefore, be used as an indicator of inadequate tissue perfusion and oxygenation.
We specifically focused on modelling the effects of metabolic changes in the plasma
metabolome associated with FTOE. Pearson correlations for each metabolic feature with
FTOE before and at different time points post-septostomy were calculated as shown in
Figure 4. A panel of features with a significant association with FTOE (i.e., p-values from
Pearson correlation < 0.05) was identified including both, positively (red dots, correla-
tion coefficient > 0.5) and negatively (blue dots, correlation coefficient < −0.5) correlated
features. Figure 5 shows a heatmap of the relative intensities of significantly correlated
features. Two distinct clusters can be observed, with plasma fingerprints from samples
collected before and 5 min as well as 6 h after BAS belonging to one cluster, and samples
collected 24–96 h after BAS belonging to a second cluster. Most metabolic features in
Figure 5 showed a decreasing trend in relative intensities when comparing cluster one to
cluster two. Pathway analysis detected four significantly altered pathways associated with
changing FTOE in infants with TGA undergoing BAS (see Table 3).

Table 3. Pathway alterations associated with changing FTOE in infants with TGA undergoing atrial septostomy.

Pathway Name Compound Code (KEGG) Pathway ID # Hits # Sig Hits p-Value

Pentose phosphate
pathway

C01801; C00672; C00121; C00121; C00257;
C00257; C00258 map00030 7 7 0.00002

Pentose and
glucuronate

interconversions

C01068; C00181; C00259; C00310; C00312;
C00379; C00532; C00379; C00532; C00379;
C00379; C00532; C00257; C00257; C00029;

C00052; C00191; C00618; C02266

map00040 11 7 0.003

Ascorbate and
aldarate

metabolism
C00137; C00029; C02670; C00191; C00800 map00053 8 5 0.013

Inositol phosphate
metabolism C00137; C00222; C00191 map00562 4 3 0.03

Note: Mummichog input: 10 ppm; p-value cut-off: 10%; KEGG database. #: stands for number (Number of hits, number of significant hits).

66



Antioxidants 2021, 10, 1502

Figure 4. Pearson correlation coefficients between metabolic features and FTOE. Blue: features with p-values < 0.05 and
correlation coefficients < −0.5; red: features with p-values < 0.05 and correlation coefficients > 0.5; black: all remaining
features.
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Figure 5. Relative intensities of metabolic features that correlate (i.e., p-value < 0.05 and |correlation coefficients| > 0.5)
with FTOE. Note: color represents autoscaled relative intensities; blue—metabolite levels lower than average, and red—
metabolite levels higher than average. p-values from Pearson correlation were computed and significantly correlating
metabolites are shown; heatmap calculated using Euclidean distance and Ward algorithm.

4. Discussion

TGA is a severe congenital cardiac malformation that causes hypoxemia during fetal
life and in the newborn period [1]. TGA has deleterious consequences on growth and
development due to a deficient tissue oxygenation that especially affects the Central
Nervous System [2,4]. We report the first metabolomic study involving neonates with TGA
who underwent BAS. We performed a study on oxidative stress biomarkers as well as a
comprehensive qualitative characterization of plasma metabolites before and after BAS.
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BAS in TGA patients caused a rapid switch from hypoxia to normoxia. Preductal
peripheral pulse oximetry saturation and rcSCO2 increased rapidly after BAS while simul-
taneously FTOE decreased. As a result, brain oxygenation substantially improved (See
Figure 1). Thereafter, changes in oxygenation plateaued. Complete recovery of cerebral
oxygen saturation occurred only 24 h after BAS. A gradual change was observed in the
metabolome, accordingly (See Figure 3). The provision of energy to satisfy metabolic
demands of the brain is exclusively dependent on aerobic metabolism and oxygen depri-
vation caused by hypoxia and/or ischemia for just a few minutes may cause severe brain
damage. Mitochondrial ROS production is regulated through tissue succinate levels and
the activity of oxidases (NADPH oxidase, xanthine oxidase) [29]. During hypoxia and
ulterior reoxygenation both, succinate levels and oxidase activation, generate a burst of
ROS that directly damage tissue structure and function [29]. Moreover, the pro-oxidant
imbalance provokes the activation of the caspase pathway and of transcription factor NFkB.
Subsequently, programmed cell death and inflammation are triggered for hours, days, or
even weeks. Consequently, there is an amplification of the initial area of brain injury that
contributes to aggravate long-term neurological prognosis [30–32].

Isoprostanes and isofurans, but especially neuroprostanes and neurofurans are highly
sensitive to oxidative stress related brain damage [33]. However, we did not observe
changes in those compounds after BAS (See Figure 2). The attenuation of the expected pro-
oxidant status after BAS suggests a pattern of metabolomic changes with a reducing profile.
In this regard, post-BAS untargeted metabolomics evidenced a significant enhancement
in the activity of the pentose phosphate pathway (PPP). The central role of the PPP has
attracted more attention in recent years. Emerging evidence suggests that the PPP is
tightly and meticulously controlled in cells and that its abnormal regulation leads to
uncontrolled redox homeostasis [34]. The PPP has shown great versatility for de novo
nucleotide biosynthesis via ribose-5-phosphate and adopts a simultaneous organization
with glycolysis to produce NADPH. Nucleotide biosynthesis possibly participates in DNA
damage repair. Our pathway analysis data revealed changes in the relative concentrations
of 2-deoxy-D-ribose 1-phosphate (C00672), a precursor of ribose-5-phospate, and substrate
of phosphoribosyl pyrophosphate (PRPP). This substrate is an essential compound of
purine, pyridine, and histidine synthesis. NAPDH is a cofactor of glutathione reductase, an
essential enzyme in the glutathione redox cycle that contributes to the reconversion of GSSG
into GSH thus contributing to the normalization of the GSH/GSSG pair and the removal
of ROS [35,36]. In this context, the pathway analysis data suggest an alteration of gluconic
acid (C00257). The phosphorylation of this compound generates 6-phosphogluconate, an
essential substrate in the oxidative branch of the PPP. Furthermore, alterations of other
compounds such as ribitol-5-phosphate (C01068) and 2-deoxy-D-ribose (C00672) contribute
as substrates for key PPP compounds. Indeed, the activity of the PPP is rapidly re-routed
when cells are exposed to an oxidative burst. This response is exquisitely adjusted by
cooperating of metabolic and gene regulatory mechanisms. Metabolic changes imply the
inactivation of glycolytic enzymes which occurs immediately after the oxidant aggression
thus blocking glycolysis [37]. Thereafter, the transcriptional response takes over and
maintains higher PPP activity through up-regulation of enzymes and post-translational
modifications including those which increase the activity of G6PDH [38]. Furthermore, to
counteract mitochondrial ROS production under normal metabolic circumstances, but also
during hypoxia or hypoxia-reoxygenation, steady NADPH production becomes essential as
it represents the main electron donor for the generation of GSH that will provide electrons
for the reduction of detrimental peroxides by glutathione peroxidase [34].

In addition, our results reveal the alteration of the pentose and glucuronate intercon-
version pathway, another key pathway in the homeostasis of metabolic pathways. The
glucuronate pathway is an alternative pathway for the oxidative degradation of glucose
without the production of ATP. Substrate compounds such as xylose (C00181), arabinose
(C00259), arabitol (C00532), xylulose (C00312), UDP-glucose (C00029), glucuronic acid
(C00191), dehydrogulonate (C00618), xylonolactone (C02266), and ribitol-5-phosphate
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(C01068) were altered according to the reported pathway analysis data. Interestingly, in hu-
mans the synthesis of ascorbic acid is not feasible, therefore a substantial proportion of uri-
dine diphosphate glucoronate (UDP-glucoronate) is converted into xylulose-5-phosphate
which is further metabolized through the PPP to fuel NADPH production and promote the
preservation of a reduced environment [39].

Finally, pathway analysis also showed an alteration of ascorbate and aldarate and
inositol phosphate metabolism. The ability of ascorbate to donate electrons enables it
to act as a free radical scavenger and to reduce higher oxidation states of iron to Fe2+.
Ascorbic acid is an important antioxidant in plasma, where it consumes oxygen free
radicals. Erythrocytes have a high capacity to regenerate ascorbate from its two electron-
oxidized form, dehydroascorbic acid. Intracellular dehydroascorbic acid is rapidly reduced
to ascorbate by GSH in a direct chemical reaction, or indirectly with the concurrent action
of glutaredoxin and thioredoxin reductases. Intracellular ascorbate can spare, and possibly
recycle, alpha distocopherol in the erythrocyte membrane. In turn, alpha tocopherol
protects the cell membrane from lipid peroxidation. The ability of erythrocytes to recycle
ascorbate, coupled with the ability of ascorbate to protect alpha tocopherol in the cell
membrane and in lipoproteins, provides a potentially important mechanism for preventing
lipid peroxidative damage secondary to hypoxia or hypoxia-reoxygenation events [40].

We acknowledge limitations of our study. First, the number of subjects included is
limited and some of the blood samples during BAS were not collected. We would like
to stress the stringent inclusion criteria applied during patient recruitment and the low
incidence of the condition. The present data provides evidence to justify large multi-center
efforts for validating the current findings. Finally, we lack a control group of healthy infants
for obvious ethical reasons.

5. Conclusions

In summary, this is a comprehensive metabolomic assessment of neonates with TGA.
The results obtained suggest differences in oxygen supply and consumption in cerebral
tissue during hypoxia and near-normoxia. The number of patients is limited, but the com-
bined assessment of lipid peroxidation biomarkers and untargeted metabolomic screening
of a cohort of infants with TGA undergoing BAS provides insightful information to un-
derstand the physiopathology of this complex disease. The metabolic switch after BAS
causes oxidative stress. However, oxidative stress may at least be partially neutralized by
the induction of different metabolic pathways but especially the PPP that supplies with
reductive electrons. From a clinical point of view, although supplemental arterial oxygena-
tion has limited effects on oxygenation in parallel circulation, our results suggest potential
benefits of avoiding hyperoxia in patients undergoing BAS to prevent from attenuating the
antioxidant effect inherent to the metabolic switch after septostomy.
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29. Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijević, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.; Ord, E.N.J.;

Smith, A.C.; et al. Ischaemic Accumulation of Succinate Controls Reperfusion Injury through Mitochondrial ROS. Nature 2014,
515, 431–435. [CrossRef]

30. Johnston, M.V.; Trescher, W.H.; Ishida, A.; Nakajima, W. Neurobiology of Hypoxic-Ischemic Injury in the Developing Brain.
Pediatr. Res. 2001, 49, 735–741. [CrossRef]

31. Fatemi, A.; Wilson, M.A.; Johnston, M.V. Hypoxic-Ischemic Encephalopathy in the Term Infant. Clin. Perinatol. 2009, 36, 835–858.
[CrossRef]

32. Teshima, Y.; Akao, M.; Li, R.A.; Chong, T.H.; Baumgartner, W.A.; Johnston, M.V.; Marbán, E. Mitochondrial ATP-Sensitive
Potassium Channel Activation Protects Cerebellar Granule Neurons from Apoptosis Induced by Oxidative Stress. Stroke 2003, 34,
1796–1802. [CrossRef]

33. Millán, I.; Piñero-Ramos, J.D.; Lara, I.; Parra-Llorca, A.; Torres-Cuevas, I.; Vento, M. Oxidative Stress in the Newborn Period:
Useful Biomarkers in the Clinical Setting. Antioxidants 2018, 7, 193. [CrossRef]

34. Stincone, A.; Prigione, A.; Cramer, T.; Wamelink, M.M.C.; Campbell, K.; Cheung, E.; Olin-Sandoval, V.; Grüning, N.-M.; Krüger, A.;
Tauqeer Alam, M.; et al. The Return of Metabolism: Biochemistry and Physiology of the Pentose Phosphate Pathway. Biol. Rev.

Camb Philos Soc. 2015, 90, 927–963. [CrossRef]
35. Brekke, E.M.; Morken, T.S.; Widerøe, M.; Håberg, A.K.; Brubakk, A.-M.; Sonnewald, U. The Pentose Phosphate Pathway and

Pyruvate Carboxylation after Neonatal Hypoxic-Ischemic Brain Injury. Biol. Rev. 2014, 34, 724–734. [CrossRef]
36. Kuehne, A.; Emmert, H.; Soehle, J.; Winnefeld, M.; Fischer, F.; Wenck, H.; Gallinat, S.; Terstegen, L.; Lucius, R.; Hildebrand, J.;

et al. Acute Activation of Oxidative Pentose Phosphate Pathway as First-Line Response to Oxidative Stress in Human Skin Cells.
Mol. Cell 2015, 59, 359–371. [CrossRef]

37. Ralser, M.; Wamelink, M.M.; Kowald, A.; Gerisch, B.; Heeren, G.; Struys, E.A.; Klipp, E.; Jakobs, C.; Breitenbach, M.; Lehrach, H.;
et al. Dynamic Rerouting of the Carbohydrate Flux Is Key to Counteracting Oxidative Stress. J. Biol. 2007, 6, 10. [CrossRef]
[PubMed]

38. Wang, Y.-P.; Zhou, L.-S.; Zhao, Y.-Z.; Wang, S.-W.; Chen, L.-L.; Liu, L.-X.; Ling, Z.-Q.; Hu, F.-J.; Sun, Y.-P.; Zhang, J.-Y.; et al.
Regulation of G6PD Acetylation by SIRT2 and KAT9 Modulates NADPH Homeostasis and Cell Survival during Oxidative Stress.
EMBO J. 2014, 33, 1304–1320. [CrossRef]

39. Akram, M.; Shah, S.M.A.; Munir, N.; Daniyal, M.; Tahir, I.M.; Mahmood, Z.; Irshad, M.; Akhlaq, M.; Sultana, S.; Zainab, R. Hexose
Monophosphate Shunt, the Role of Its Metabolites and Associated Disorders: A Review. J. Cell. Physiol. 2019, 234, 14473–14482.
[CrossRef] [PubMed]

40. Vissers, M.C.M.; Das, A.B. Potential Mechanisms of Action for Vitamin C in Cancer: Reviewing the Evidence. Front. Physiol. 2018,
9, 809. [CrossRef] [PubMed]

72



antioxidants

Article

The Mechanism of the Neuroprotective Effect of Kynurenic
Acid in the Experimental Model of Neonatal Hypoxia–Ischemia:
The Link to Oxidative Stress

Ewelina Bratek-Gerej 1,* , Apolonia Ziembowicz 1, Jakub Godlewski 2 and Elzbieta Salinska 1

Citation: Bratek-Gerej, E.;

Ziembowicz, A.; Godlewski, J.;

Salinska, E. The Mechanism of the

Neuroprotective Effect of Kynurenic

Acid in the Experimental Model of

Neonatal Hypoxia–Ischemia: The

Link to Oxidative Stress. Antioxidants

2021, 10, 1775. https://doi.org/

10.3390/antiox10111775

Academic Editors: Julia Kuligowski

and Máximo Vento

Received: 23 September 2021

Accepted: 2 November 2021

Published: 5 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Neurochemistry, Mossakowski Medical Research Institute, Polish Academy of Sciences,
02-106 Warsaw, Poland; aziembowicz@imdik.pan.pl (A.Z.); elasalin@gmail.com (E.S.)

2 Tumor Microenvironment Laboratory, Mossakowski Medical Research Institute, Polish Academy of Sciences,
02-106 Warsaw, Poland; jgodlewski@imdik.pan.pl

* Correspondence: ebratek@imdik.pan.pl

Abstract: The over-activation of NMDA receptors and oxidative stress are important components
of neonatal hypoxia–ischemia (HI). Kynurenic acid (KYNA) acts as an NMDA receptor antagonist
and is known as a reactive oxygen species (ROS) scavenger, which makes it a potential therapeutic
compound. This study aimed to establish the neuroprotective and antioxidant potential of KYNA in
an experimental model of HI. HI on seven-day-old rats was used as an experimental model. The
animals were injected i.p. with different doses of KYNA 1 h or 6 h after HI. The neuroprotective
effect of KYNA was determined by the measurement of brain damage and elements of oxidative
stress (ROS and glutathione (GSH) level, SOD, GPx, and catalase activity). KYNA applied 1 h
after HI significantly reduced weight loss of the ischemic hemisphere, and prevented neuronal loss
in the hippocampus and cortex. KYNA significantly reduced HI-increased ROS, GSH level, and
antioxidant enzyme activity. Only the highest used concentration of KYNA showed neuroprotection
when applied 6 h after HI. The presented results indicate induction of neuroprotection at the ROS
formation stage. However, based on the presented data, it is not possible to pinpoint whether NMDA
receptor inhibition or the scavenging abilities are the dominant KYNA-mediated neuroprotective
mechanisms.

Keywords: neonatal hypoxia–ischemia; kynurenic acid (KYNA); oxidative stress; neuroprotection

1. Introduction

Despite recent advances in neonatology, perinatal asphyxia (hypoxia–ischemia), re-
mains a common problem in clinical practice, occurring in 2–4 per 1000 live births at
term [1]. While acute asphyxia occurs in 1 per 1000 live births, mild hypoxia ensues more
frequently, affecting up to 2% of all childbirths [2,3]. A hypoxic–ischemic (HI) insult is the
result of a transient or permanent interruption of the blood and, thus, the oxygen supply to
the infant’s brain during delivery [4].

Severe asphyxia results in multi-organ failure and may lead to perinatal fatalities [5].
The most significant problem from a healthcare standpoint is children with a medium level
of HI encephalopathy, which often leads to severe developmental disorders, including
cerebral palsy, cognitive impairment, and/or epilepsy [6]. The standard-of-care treatment
for asphyxiated neonates remains unsatisfactory, and, despite applied procedures, traces
of neonatal asphyxia remain in the form of lifelong neurological and intellectual deficits.
While some therapeutic avenues to prevent asphyxia-related complications in full-term
neonates (e.g., hypothermia) exist, pharmacological approaches are still lacking [7]. There-
fore, the development of effective and safe drug regimens that could be used in humans in
various forms of brain ischemia, including birth asphyxia, is a subject of research efforts.

The accumulation of reactive oxygen species (ROS) is one of the most important
factors involved in HI brain injury. An increased concentration of ROS shifts the an-
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tioxidant/oxidant balance towards the latter, thus initiating oxidative stress. Cells are
equipped to combat oxidative stress and to neutralize ROS; superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) supported by glutathione are well-known
antioxidant enzymes [8]. However, in HI conditions, this antioxidant cell defense often
fails.

HI induces the over-activation of many proteins, including hypoxia-induced factor-1α
(HIF-1α). HIF-1α translocation to the nucleus stimulates pro-apoptotic genes, including
the Bcl-2 family and apoptosis-inducing factor (AIF), but also the expression of sentinel
proteins, such as poly (ADP-ribose) polymerase-1 (PARP-1), inducing further injury [9].

The immature brain displays high excitability, mostly due to a developmental increase
in the expression of NMDA and α-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid
(AMPA) receptors, and their different subunit composition when compared to the adult
brain [10]. Moreover, the neonatal brain is vulnerable to oxidative stress damage due
to lower levels of antioxidants. These differences account for differential responses to
anti-ischemic insult treatments. A variety of inhibitors of NMDA receptors have been
shown to have protective effects in adult hypoxic ischemia. However, it was found that the
application of the NMDA receptor antagonist in neonates may cause abnormal neurodegen-
eration because activation of the NMDA receptor is required for the normal development
of the brain [11,12]. Therefore, the safety and long-term effects of applying NMDA receptor
antagonists for HIE treatment require a factor that will block receptors for a limited time.

Kynurenic acid (KYNA), an endogenous molecule produced in the kynurenine path-
way of tryptophan metabolism, is known as an endogenous modulator of glutamatergic
and cholinergic neurotransmission [13–15]. Its involvement in mechanisms initiated by
ischemia was signalized by the information that the level of KYNA in the brain and cere-
brospinal fluid increases significantly, but only for a short time after ischemia, and that its
distribution matches the infarct brain regions [16,17].

KYNA is an endogenous antagonist of NMDA receptors binding to the glycine site [18],
and this KYNA property was implied to exert neuroprotection in various preclinical models
of hypoxic–ischemic brain injury [19–21]. However, the involvement of other KYNA
properties, such as anti-inflammatory and receptor-independent anti-oxidative properties,
in neuroprotection has not been studied [22,23].

KYNA, when administered peripherally, penetrates the blood–brain barrier, thus
being a promising therapeutic agent to decrease excitotoxicity [24]. Another advantage of
KYNA is that it cannot be metabolized to excitotoxic agents, and scavenges oxygen radicals,
decreasing cellular damage [25]. The application of KYNA in high concentrations or for a
prolonged time causes damage to neuronal cells [26,27]; however, KYNA applied in small
doses is quickly removed from the organism and only accumulates in the liver [28].

This study aimed to establish the neuroprotective and antioxidant potential of KYNA
administered in small doses in an experimental model of birth asphyxia.

2. Materials and Methods

2.1. Ethics Approval and Consent for Participation

All described experiments were conducted according to the guidelines of the Declara-
tion of Helsinki, approved by the 4th Local Ethical Committee (263/2017) based in Warsaw,
Poland, and were performed following Polish governmental regulations (Dz.U.97.111.724),
the European Community Council Directive of 24 November 1986 (86/609/EEC) and
Directive 2010/63/EU.

The animals came from breeding run by the Mossakowski Medical Research Institute’s
animal facility. Each experiment was performed on 3 different litters (10–12 rats per litter),
and animals were randomly selected for experimental groups (2–3 animals from each litter).
All surgeries were performed under anesthesia, and all efforts were made to minimize
animal suffering and the number of animals used. The mortality rate did not exceed 5%.
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2.2. Experimental Hypoxia–Ischemia on 7-Day-Old Rats

Hypoxia–ischemia (H-I) was induced according to Rice et al. [29] with small modifi-
cations [30]. Briefly, seven-day-old Wistar rat pups of both sexes were anesthetized with
sevoflurane. The left common carotid artery was exposed and cut between double ligatures
of silk sutures, or was only exposed (sham control). After 60 min of recovery, the pups
were placed for 75 min in a humidified chamber filled with a hypoxic gas mixture (7.3%
oxygen in nitrogen, 35 ◦C). After hypoxic treatment, the pups were returned to their cages
and housed with their mothers.

2.3. Drug Application

KYNA (Tocris Bioscience, Bristol, UK) (300, 150, 50 mg/kg of body weight) was
administered intraperitoneally at 1 h or 6 h after HI. The doses of KYNA were determined
based on our previous experiments and the literature [24]. Sham-operated and HI control
rats were injected with saline.

2.4. Evaluation of Brain Damage

Fourteen days after the insult (at PND21), the rats were anesthetized with a lethal dose
of Morbital and decapitated. The cerebral hemispheres were weighed separately and brain
damage was assessed by the deficit in weight of the ipsilateral (left) hemisphere, expressed
as a percentage of the weight of the contralateral hemisphere (to the nearest 0.1 mg).

Histological assessment of brain damage was performed on brains isolated seven
days after HI. Animals were anesthetized and then perfused transcardially with phosphate-
buffered saline (PBS) followed by fixation solution (4% paraformaldehyde in PBS, pH 7.4).
Brains were removed and postfixed for 3 h at 4 ◦C in the same fixing solution. Then
brains were cryoprotected overnight in 30% sucrose solution, frozen on dry ice, and stored
at −70 ◦C. Brains were cut into 20–30 µm coronal sections on a cryostat. Sections were
stained with 0.5% cresyl violet according to the Nissl staining protocol for histological
assessment of neuronal cell damage. The number of survived cells was counted under
200-fold magnification in the cortex in the visual field (250 µm × 250 µm) and the CA1 area
of the hippocampus (100 µm in length) using AxioVision imaging software (Carl Zeiss,
Aalen, Germany).

2.5. Tissue Preparation for Biochemical Analysis

Brain samples for biochemical analyses were collected 4 h after HI and 3 h after KYNA
injections. The rats were decapitated, and the brain tissue samples containing the cerebral
cortex and hippocampus were taken from both hemispheres for further examination.
Tissues from the ipsilateral and contralateral hemispheres were homogenized separately in
buffers appropriate for each analysis. The protein concentration of the homogenates was
determined by the Bradford method and the homogenates were used for further analyses.

2.6. Determination of Oxidative Stress

2.6.1. Determination of ROS Level

The levels of ROS in brain hemispheres were measured using 2,7-dichlorofluorescein
acetate (DCF-DA, Invitrogen Molecular Probes, Eugene, OR, USA). Brain homogenates
were placed in 40 mM Tris-HCL buffer (pH 7.4) and incubated with 2.5 µM DCF-DA in a
96-well plate for 30 min at 37 ◦C. The DCF fluorescence was then detected with a multi-
functional microplate reader (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany) at
488 nm excitation and 530 nm emission wavelength. The relative fluorescence units (RFUs)
of the homogenates were calculated per 1 mg of protein.
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2.6.2. Determination of Glutathione Concentration

Brain tissue homogenates in 25 mM HEPES buffer (pH 7.4) containing 250 mM sucrose
were centrifuged at 1000× g for 5 min at 4 ◦C. The supernatants were collected to measure
the glutathione concentration using the Fluorimetric Glutathione Assay Kit (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s instructions.

2.6.3. Determination of Antioxidant Enzyme Activity
Superoxide Dismutase

Brain tissue homogenates suspended in 20 mM HEPES buffer (pH 7.2), containing
1 mM EGTA, 210 mM mannitol, and 70 mM sucrose per 1 g of tissue, were centrifuged at
1500× g for 5 min at 4 ◦C.

The supernatant was collected to determine SOD activity using the Superoxide Dis-
mutase Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) according to the instructions
provided by the manufacturer. The activity of the enzyme is expressed as the number of
enzymatic units per milligram of protein (U/mg protein).

Glutathione Peroxidase (GPx)

Brain tissue homogenates suspended in 50 mM Tris-HCl buffer (pH 7.5) containing
5 mM EDTA and 1 mM dithiothreitol (DTT) per 1 g of tissue were centrifuged at 10,000× g
for 15 min at 4 ◦C. The supernatants were collected to determine GPx activity using the
Glutathione Peroxidase Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) according to
the instructions provided by the manufacturer.

Catalase

Homogenates suspended in 50 mM potassium orthophosphate buffer (pH 7.0) contain-
ing 1 mM EDTA were centrifuged at 10,000× g for 15 min at 4 ◦C. The supernatants were col-
lected for enzyme activity determination using the Catalase Assay Kit (Cayman Chemical,
Ann Arbor, MI, USA) according to the instructions provided by the manufacturer.

2.7. Determination of HIF-1α Concentration

Brain tissue homogenates suspended in PBS were centrifuged at 5000× g for 5 min and
assayed using a Rat HIF-1α ELISA Kit (MyBioSource Inc., San Diego, CA, USA) according
to the user manual.

2.8. Statistical Analysis

The results are expressed as the mean ± SEM of each experimental group. Statistical
analysis was performed using a one-way ANOVA test with Dunnett’s post hoc test for sig-
nificant differences between groups (GraphPad Prism 5; GraphPad Software Inc., La Jolla,
CA, USA). The differences were considered statistically significant when the p-value was
less than 0.05.

3. Results

3.1. The Effect of KYNA Application on HI-Induced Brain Damage

Initially, we assessed the protective effect of KYNA on HI-induced brain damage. The
HI-evoked 42% weight deficit of the ipsilateral hemisphere was significantly reduced by
the application of KYNA in a dose-dependent manner 1 h after HI (p < 0.01) (Figure 1). A
similar reduction in the weight deficit was also observed when KYNA was applied 6 h
after HI, although the protective effect was less pronounced. These results highlighted the
neuroprotective potential of KYNA.
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Figure 1. Effect of the application of KYNA on the weight deficit of the ipsilateral hemisphere after
HI. KYNA (at all tested doses) was applied i.p. 1 h or 6 h after HI insult. The weight deficit is
expressed as the percentage of the weight of the contralateral (right) hemisphere. The results are
presented as the mean ± SEM, n = 4–9; * p < 0.05, ** p < 0.01 compared to the HI group.

Histological analysis upon HI treatment showed, expectedly, marked cell loss in the
cortex, and damage and disorganization of neurons in the CA1 region of the hippocampus
in the HI group (Figure 2A–C). The number of surviving neurons observed in the central
part of the CA1 region was reduced by 55% (Figure 2B), and by 75.6% in the cortex
(Figure 2C), compared to the control.
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Figure 2. The effect of KYNA application 1 h or 6 h after HI on cell survival was observed in the CA1 region of the
hippocampus and the cerebral cortex of the ipsilateral hemisphere 7 days after HI. (A) The microphotographs show the
ipsilateral hemisphere. Scale bar represents 50 µm. (B) Localization of analyzed brain regions. (C) Quantification of
surviving neurons in the central part of the CA1 region and (D) cortex. The results are presented as the mean ± SEM,
n = 6; statistically significant differences: * p < 0.05, ** p < 0.01 compared to the HI group; # p < 0.001 compared to the
sham-operated group.
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A detailed histological analysis of KYNA-instigated changes in the brain, which could
shed more light on the KYNA neuroprotective effect, revealed that KYNA applied 1 h after
HI largely prevented changes in the CA1 region of the hippocampus, and significantly
decreased neuronal loss in the cortex. KYNA in a dose of 300 mg/kg, applied 6 h after HI,
increased the number of surviving neurons in the CA1 region and in the cortex to 68% and
40% of the control, respectively. However, KYNA applied in lower doses did not prevent
the loss of neurons in either the CA1 region of the hippocampus or in the cortex.

The application of KYNA to sham-operated animals did not affect the weight of the
brain hemispheres, and HI did not change the weight of the contralateral hemisphere (data
not shown).

The results presented above clearly indicated a strong KYNA-mediated neuroprotec-
tive effect resulting from treatment 1 h after HI, and this effect was still observed when
KYNA was applied 6 h later. These results defined the therapeutic window for KYNA,
showing the limitations of the use of low doses.

Due to the weak neuroprotective effect of lower doses of KYNA applied 6 h after HI,
these doses were not included in further analyses.

3.2. The Effect of KYNA Application on Changes in ROS Level in Rat Brain after HI

We then assessed the extent of KYNA-mediated alterations in the overall ROS levels
to pinpoint the mechanism of KYNA-induced neuroprotection. HI increased the levels of
ROS in the left ischemic hemisphere to more than 250% of the control, while remaining
stable in the right hemisphere (Figure 3). KYNA treatment significantly prevented the rise
in ROS levels in a dose-dependent manner, suggesting, for the first time, the mechanism
beyond KYNA-mediated neuroprotection in hypoxia–ischemia.
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Figure 3. Effects of KYNA application on changes in ROS levels observed in the rat brain after HI.
The results are presented as the means ± SEM, n = 6; statistically significant differences: * p < 0.05,
** p < 0.001 compared to the HI group; # p < 0.001 compared to the sham-operated group.

3.3. The Effect of KYNA Application on HI-Induced Changes in Antioxidant Enzymes Activity

HI increased the SOD activity to 454% of the control in the left (ipsilateral) ischemic
hemisphere (Figure 4). KYNA applied 1 h after HI significantly reduced SOD activity
in a dose-dependent manner. KYNA injection 6 h after HI in a dose of 300 mg/kg body
weight resulted in a significant decrease in SOD activity to 333% of the control. However,
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the application of KYNA in doses of 50 and 150 mg/kg body weight did not result in a
statistically significant decrease in SOD activity (data not shown).
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Figure 4. Effect of KYNA application on HI-induced changes in SOD activity. The results are
presented as the means ± SEM, n = 6; statistically significant differences: * p < 0.001 compared to the
HI group; # p < 0.001 compared to the sham-operated group.

HI, in this experimental model, did not change the activity of SOD in the contralateral
hemisphere compared to the sham-operated group.

HI resulted in a significant increase in GPx activity in the left hemisphere to 440% of
the control level, while the enzyme activity in the right hemisphere remained unchanged
(Figure 5). KYNA in a dose of 300 mg/kg and 150 mg/kg, applied 1 after HI, significantly
decreased the GPx activity in the left hemisphere to 290% and 354% of the control, re-
spectively. KYNA in a dose of 50 mg/kg also reduced the activity of GPx (to 380% of the
control), although this decrease was not statistically significant. KYNA injected 6 h after HI
did not result in a decrease in GPx activity.
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Figure 5. Effect of KYNA application on HI-induced changes in glutathione peroxidase activity. The
results are presented as the means ± SEM, n = 6–7; statistically significant differences: * p < 0.05,
** p < 0.01 compared to the HI group; # p < 0.001 compared to the sham-operated group.
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The GSH concentration determined in brains isolated from control rats ranged between
29.7 and 30.25 nmol/mg of protein in the left and right hemispheres, respectively (Figure 6).
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Figure 6. Effect of KYNA application on changes in the GSH concentration in the brains of rat pups
after HI. The results are presented as the means ± SEM, n = 5–6; statistically significant differences:
* p < 0.01, ** p < 0.001 compared to the HI group, # p < 0.001 compared to the sham-operated group.

HI resulted in a significant decrease in GSH in both hemispheres to 41.3% and 55.5%
of the control in the left and right hemispheres, respectively (Figure 6). KYNA applied in
doses of 300 mg/kg and 150 mg/kg body weight 1 h after HI significantly restored the GSH
concentration, whereas the application of KYNA in a dose of 50 mg/kg body weight did not
result in a significant increase in GSH concentration compared to the HI group, similarly to
300 mg/kg applied 6 h after HI. However, KYNA in each of the investigated doses restored
GSH concentration in the right hemisphere to the control level, independently of the time
of application.

The activity of the catalase increased significantly after HI only in the left hemisphere,
reaching a value of 269% of the control (Figure 7). KYNA applied 1 h after HI resulted in a
significant dose-dependent decrease in catalase activity. KYNA injected 6 h after HI, in a
dose of 300 mg/kg body weight, also resulted in a decrease in catalase activity to 210% of
the control.

3.4. The Effect of KYNA Application on the Changes in HIF-1α Concentration Observed after HI

The HIF-1α concentration measured in the brains of the sham-operated rats ranged
from 11.85 to 10.97 ng/mg protein in the left and right hemispheres, respectively. HI signif-
icantly increased the HIF-1α concentration to 26.6 ng/mg protein in the left hemisphere,
and to 18.65 ng/mg protein in the right hemisphere, which is 225% and 169.5% of the
control, respectively (Figure 8). The application of KYNA in a dose of 300 mg/kg and
150 mg/kg body weight 1 h after HI significantly decreased the HIF-1α concentration to
168% and 177% of the control, respectively.
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Figure 7. Effect of KYNA application on HI-induced changes in catalase activity. The results are
presented as the means ± SEM, n = 6; statistically significant differences: * p < 0.005, ** p < 0.001
compared to the HI group; # p < 0.001 compared to the sham-operated group.
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Figure 8. Effect of KYNA application on HI-induced changes in the HIF-1α concentration. The results
are presented as the means ± SEM, n = 6; statistically significant differences: * p < 0.001, compared to
the HI group; # p < 0.001 compared to the sham-operated group.

However, KYNA in a dose of 50 mg/kg body weight did not result in a statistically
significant decrease in the HIF-1α concentration, and the application of KYNA in a dose
of 300 mg/kg body weight 6 h after HI did not reduce the HIF-1α concentration in the
left, ischemic hemisphere; however, KYNA application at all the used doses significantly
reduced the HI-increased concentration of HIF-1α in the right hemisphere, restoring it to
the control level.
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4. Discussion

The results of the present study demonstrate a protective effect of the early application
of KYNA on the development of neuronal injury in a rat model of perinatal asphyxia.

Our results show that the administration of KYNA in a dose of 300 mg/kg of body
weight results in neuroprotection if it takes place up to 6 h after HI. KYNA in smaller doses
(50 and 150 mg/kg) is only effective when applied immediately after HI. The application
of KYNA 1 h after HI significantly reduced weight loss in the ischemic hemisphere, and
reduced neuronal loss in the CA1 region of the hippocampus and cortex, whereas the
neuroprotective effect of KYNA applied 6 h after HI was negligible.

It was shown that after profound asphyxia, a “latent” phase develops, typically
lasting approximately 6 h, during which the brain can still recover from the insult, only
to die hours to days later after a “secondary” deterioration, characterized by seizures,
cytotoxic edema, and progressive failure of cerebral oxidative metabolism. Therefore,
accepted treatments and experimental therapies of HI should be initiated before the onset
of secondary deterioration [31–33]. Our results indicate a short therapeutic window for
KYNA treatment, which is in line with the generally accepted treatment initiation time.
The observed neuroprotective effects of KYNA, expressed as a reduction in neuronal loss
and brain damage, agree with previous observations [21,34]; however, KYNA application
temporal boundaries have been demonstrated for the first time.

Excessive glutamate release and excitotoxic NMDA receptor activation are impor-
tant mechanisms of neuronal damage during primary energy loss and the reoxygena-
tion/reperfusion phases of HIE development. Studies have shown that pretreatment with
the NMDA receptor antagonist MK-801 provided only a partially effective operation in a
piglet model of HIE [35], and MK-801 had not only protective, but also toxic, effects in rat
pups [36]. Therefore, the use of alternative agents inhibiting the over-excitation of NMDA
receptors is of great interest.

KYNA’s property to inhibit NMDA receptors is mainly associated with its neuropro-
tective action, but its effective antioxidant properties and hydroxyl radical scavenging
capacity may also play a role in neuroprotection [22,37]. HI generates oxidative stress
manifested by the increased generation of ROS. It was shown that key antioxidant enzymes
increase their activity after HI, although the level of GSH decreases, probably as an effect of
intensive consumption in a reaction catalyzed by GPx [31,38]. KYNA was shown to reduce
ROS levels and regulate antioxidant enzyme activity in vivo in an experimental model of
oxidative stress induced by an injection of quinolinic acid into a rat striatum, and in vitro
on rat brain samples and Xenopus laevis oocytes by inducing the Fenton reaction [22,39].

Our results show, for the first time, that the application of KYNA 1 h after HI signif-
icantly decreases ROS levels and antioxidant enzyme activity. We also observed partial
restoration of the GSH concentration. However, the application of KYNA 6 h after HI
had a much weaker effect, again suggesting that there is only a short therapeutic window
for KYNA.

Low oxygen activates hypoxia-inducible factor (HIF) transcription factors that play a
dominant role in coordinating the transcriptional response to hypoxia. HIF-1α regulates a
multitude of genes involved in glycolysis, inflammation, apoptosis, and proteolysis. The
functional HIF-1 complex is formed by regulatory subunit-α (HIF-1α) and a constitutively
expressed β-subunit [40]. Under normoxia, HIF-1α is rapidly degraded; however, in
hypoxic conditions, its accumulation may lead to the activation of genes, such as Nox2,
that encode the pro-oxidant enzyme NADPH oxidase, which is a major source of cellu-
lar ROS [41].

The presented results show that the application of KYNA 1 h after HI reduced the
HIF-1α protein levels that were increased by HI. It is difficult to determine whether this
decrease in HIF-1α is the result of a reduction in ROS production or an inhibition of NMDA
receptors. ROS act as an important signal molecule on MAPK, PI3K/Act/mTOR, and
NF-κB pathways, which regulate the expression of HIF-1α [42]. In hypoxic conditions,
increased ROS activates NF-κB, which plays a key role in the transcription of HIF-1α.
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Moreover, it was shown that reactive nitrogen species (RNS) formed by endogenous ROS
and NO inactivate HIF prolyl 4-hydroxylases (PHDs) that degrade HIF-1α [42]. On the
other hand, the inhibition of NMDA receptors by MK-801 was shown to inhibit HIF-1α
expression, suggesting that this mechanism may also be involved in the operation of
KYNA [43]. The lack of an effect of KYNA applied 6 h after HI on the HIF-1α level again
indicates the short therapeutic window for KYNA.

5. Conclusions

KYNA-mediated neuroprotection observed in the HI model of birth asphyxia is, in
large, connected with the reduction in oxidative stress.

KYNA reduces ROS production, and the presented results indicate that this reduction
is not the result of the antioxidant enzymes’ mobilization. This suggests that the induction
of neuroprotection at the ROS formation stage could be the result of KYNA’s ability to
inhibit NMDA receptors and prevent calcium-induced mechanisms, leading to mitochon-
drial damage. However, it can also be the result of the scavenging abilities of KYNA
and the direct reduction in produced ROS. Unfortunately, based on the presented data, it
is not possible to pinpoint the dominant KYNA-mediated neuroprotective mechanisms,
and further investigations are required. The therapeutic effect of relatively small doses
of KYNA only manifests when the application is performed a short time after HI, and
this therapeutic window for KYNA fits in a commonly accepted time of intervention. The
presented results demonstrate KYNA’s potential as a promising new therapeutic agent.
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Abstract: Hypoxic ischemic encephalopathy (HIE) is one of the main causes of morbidity and mortal-
ity during the neonatal period, despite treatment with hypothermia. There is evidence that oxidative
damage plays an important role in the pathophysiology of hypoxic-ischemic (HI) brain injury. Our
aim was to investigate whether postnatal allopurinol administration in combination with hypother-
mia would reduce oxidative stress (OS) biomarkers in an animal model of HIE. Postnatal 10-day rat
pups underwent unilateral HI of moderate severity. Pups were randomized into: Sham operated,
hypoxic-ischemic (HI), HI + allopurinol (HIA), HI + hypothermia (HIH), and HI + hypothermia
+ allopurinol (HIHA). Biomarkers of OS and antioxidants were evaluated: GSH/GSSG ratio and
carbonyl groups were tested in plasma. Total antioxidant capacity (TAC) was analyzed in plasma and
cerebrospinal fluid, and 8-iso-prostaglandin F2α was measured in brain tissue. Plasma 2,2′–azinobis-
(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) levels were preserved in those groups that received
allopurinol and dual therapy. In cerebrospinal fluid, only the HIA group presented normal ferric
reducing ability of plasma (FRAP) levels. Protein oxidation and lipid peroxidation were significantly
reduced in all groups treated with hypothermia and allopurinol, thus enhancing neuroprotection
in HIE.

Keywords: allopurinol; hypothermia; hypoxic-ischemic encephalopathy; oxidative stress; oxida-
tive damage

1. Introduction

Hypoxic ischemic encephalopathy (HIE) is one of the main causes of mortality and
long-term disability during the neonatal period [1,2]. Therapeutic hypothermia (TH) is now
well established as standard treatment for infants with moderate-to-severe HIE. However,
up to 25% of these infants die, and 20 to 60% survive with neurocognitive sequel [3].

Animal models allow for a better understanding of the pathophysiological mech-
anisms of hypoxic-ischemic brain injury (HI) and play a key role in investigating new
therapeutic strategies [4].

HI triggers an increase in free radical production and subsequently oxidative stress
(OS). Increased reactive oxygen and nitrogen species alter the function and/or structure of
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proteins, nucleic acids, and membrane lipids. The newborn brain is particularly susceptible
to HI and OS damage due to its immaturity as well as its low concentrations of antioxidant
defenses, increased production of superoxide (O2

•−), and a high content of free iron and
polyunsaturated fatty acids [5].

There is evidence that oxidative damage plays an important role in the pathophysiol-
ogy of HI brain injury [6,7]. Martini et al. classified the mechanism of injury in neonatal
encephalopathy in three phases [8]: oxygen deprivation in Phase I (0–6 h), mitochon-
drial dysfunction and increased oxidative stress (lipid, protein, nucleic acid peroxidation)
in Phase II (6–72), and epigenetic changes induced by free radicals, inflammation, and
decreased neurogenesis in Phase III (>72 h).

Several neuroprotective therapies have been employed to neutralize the excess of free
radicals, including therapeutic hypothermia (TH), allopurinol, melatonin, erythropoietin
(EPO), and nitric oxide synthase (NOS) inhibitors [7–9]. Studies of TH suggest that it may
decrease free radical production [10,11]. Similarly, allopurinol, a xanthine oxidase inhibitor
and a free radical scavenger, has shown neuroprotective effects against hypoxia-reperfusion
brain injury [12–14]. To our knowledge, there are no animal studies investigating the
combined use of hypothermia and allopurinol as a neuroprotective strategy.

The aim of this study was to investigate whether postnatal allopurinol administration
in combination with hypothermia would reduce oxidative stress in an animal model of HIE.

2. Materials and Methods

This study was performed following the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved by the Ethics
Committee for Animal Experimentation of the University of Barcelona (permit number
6575), following European (2010/63(UE)) and Spanish (RD 53/2013) regulations for the
care and use of laboratory animals.

All surgeries were performed under inhaled isoflurane (2%), and all efforts were made
to minimize the animals’ suffering and the quantity of animals used. Animals were eutha-
nized prior to the end of the experiments by administration of intra-peritoneal thiopental.

2.1. Experimental Design

On postnatal day 10 (P10), Wistar pup rats (HARLAM, Netherlands) weighing 12–14 g
were used in this study. After birth, animals were kept with their mothers in cages with
12 h light/dark cycles at a constant temperature of 22 ± 1 ◦C with free access to food
and water.

Hypoxia-ischemia (HI) was induced using the Rice–Vannucci model [15]. Seventy-
one P10 rat pups underwent left common carotid artery ligation, following the described
protocol. After <1 h of recovery with their mother, animals were exposed to 90 min
of hypoxia (8% atmospheric oxygen) at 36–36.5 ◦C rectal temperature, which resulted
in HI moderate insult [16,17]. Seven animals died (9.5%) after the procedure prior to
being randomized. A total of 64 P10 rat pups were randomized into five experimental
groups: sham-operated control (C), HI + normothermia (HI), HI + allopurinol (HIA),
HI + hypothermia (HIH), and HI + hypothermia + allopurinol (HIHA).

Sham-operated animals were anesthetized, and a skin incision was performed to
expose the left common carotid artery without artery ligation or hypoxia.

2.1.1. Allopurinol

All treatment groups received a single intraperitoneal injection of either allopurinol
(zylosprim sodium, Burroughs Wellcome, Research Triangle Park, NC, USA) at 135 mg/kg
(volume: 0.01 mL/g; HIA and HIHA groups) or saline (HI and HIH groups) depending on
randomization, 15 min after the hypoxia procedure (before beginning the hypothermia or
normothermia protocol), as described by Rodriguez-Fanjul et al. [18].
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2.1.2. Hypothermia vs. Normothermia

At the end of the HI procedure, pups were also randomized into two groups: (i) those
treated with systemic hypothermia (32.5–33 ◦C) and (ii) those maintained in normothermia
(36–36.5 ◦C). All the pups were maintained in temperature-controlled chambers for 5 h and
separated from each other to avoid rewarming. Temperature was continuously measured
in one pup in each chamber with a rectal temperature probe (IT-21; Physitemp Instru-
ments). After the treatment period, pups were immediately removed from the chamber
and returned to their litter.

A diagram of the experimental design, including the number of animals used, is
presented in Figure 1.

–
–

−

−

−

−

–

Figure 1. Study Diagram: Experimental Protocol, Randomization, and Oxidative stress analysis. P10:
Ten days of life, LCA ligation: Left common carotid ligation. HI: Hypoxia-ischemia, HIA: Hypoxia-
ischemia allopurinol, HIH: Hypoxia-ischemia hypothermia, HIHA: Hypoxia-ischemia hypothermia
allopurinol. SSF: Physiologic serum.

2.2. Samples Obtention and Preparation

Seventy-two hours after the procedure, blood and cerebrospinal fluid (CSF) samples
were obtained, processed, and stored at −80 ◦C until analysis. Pups were sacrificed
immediately after sample collection according to protocol, and the brain was removed and
stored at −80 ◦C.

Blood samples: Blood samples were collected in heparin tubes. Plasma was sepa-
rated by centrifugation (3000× g rpm × 10 min) and stored at −80 ◦C. Hemolyzed blood
plus distilled water was treated with cold chloroform: ethanol (3:5 v/v) and centrifuged
(3000× g rpm × 10 min), and the supernatant was used for analysis.

CSF samples: CSF collection was performed as previously described [19] and stored
at −80 ◦C.

Brain tissue samples: Coronal sections of 3 mm were cut under dry ice, and the
hippocampus and cortico-subcortical area were located and dissected under microscopic
visualization (Nikon SMZ645 (16–100 x)). Hippocampus and cortico-subcortical zones
were extracted from the brain tissue, homogenized (10% w/w) in phosphate-buffered saline
(PBS) with a pH of 7.4, and centrifuged (2500× g rpm × 10 min). The supernatant was then
isolated and stored until analysis.

2.3. Sample Analysis

2.3.1. Plasma Total Antioxidant Capacity (TAC)

Total antioxidant capacity evaluates the overall antioxidant status of plasma and CSF as
an estimation of the plasma capacity to neutralize oxidants. This technique is an overall mea-
sure of cumulative antioxidant status of biological fluids instead of individual antioxidants.
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The total antioxidant capacity was evaluated in plasma and CSF. The ferric reducing
ability power (FRAP) method was used in CSF. Due to the size of the pups, the volume
of plasma was small, and some hemolysis was observed. As a result, the 2,2′-azino-bis-
3-etilbenzothiazol-6-sulfonic acid (ABTS) method, unaffected by hemolysis, was used to
evaluate TAC in plasma.

FRAP assay: This method was used to measure the presence of reducing agents in
CSF [20]. This assay measures wavelength absorbance at 593 nm caused by the formation
of blue-colored tripyridyl-s-triazine complexes (TPTZ) with ferric (II) [TPTZ-Fe (II)] in the
presence of a reducing agent. The results are expressed as molar (mM) equivalents of Fe
(II) (mM Fe (II)E). Fe (II) sulfate heptahydrate (FeSO4 7H2O) was purchased from Probus
S.A. (Badalona, Spain).

ABTS method: This method was used to evaluate the ability of plasma antioxidants
to scavenge the ABTS+ radical, which absorbs wavelengths at 734 nm. 2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt >98 (ABTS) was performed follow-
ing the protocol outlined by Re et al. [21] and modified by Gonzalez et al. [22]. Briefly, the
ABTS·+ radical cation is generated by the reaction of a 7 mM solution of ABTS in water
with 2.45 mM potassium persulphate (K2S2O8) >99% (1:1). The assay consists of 960 µL
of ABTS+, 35 µL of the buffer PBS 7 mM with a pH of 7.4, and 5 µL of the plasma sample.
The inhibition of the absorbance of the ABTS+ cation at 734 nm by the sample is measured
after a 5 min incubation period. The results are expressed as molar equivalents (mM) of
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 97% (TROLOX).

2.3.2. Plasma Glutathione Reduced/Oxidized (GSH/GSSG) Ratio Analysis

Plasma reduced glutathione (GSH) and oxidized glutathione (GSSG) levels were
determined using the reaction between the sulfhydryl group of the GSH and 5,5′-dithio-bis-
2-nitrobenzoic acid (DTNB, Ellman’s reagent) [23]. The GSTNB (mixture between GSH and
TNB) is reduced by glutathione reductase to recycle GSH and produce more TNB. The levels
of TNB produced were directly proportional to the concentration of GSH in the sample.
Briefly, the extract of hemolyzed blood was mixed with DTNB, NADPH, and glutathione
reductase (Sigma-Aldrich, St. Louis, MO, USA). The level of total GSH (reduced and
oxidized) was evaluated by measuring absorbance at 412 nm at 2 min intervals for 20 min.
Glutathione disulfide (GSSG) was measured using the same method after derivatizing the
samples with 2-vinilpiridine, and GSH was estimated by subtracting GSSG from total GSH.
The results are expressed as the GSH/GSSG ratio.

2.3.3. Plasma Protein Carbonyl Groups (CG)

Plasma protein oxidation was assessed with an estimation of carbonil groups formed
using the protocol described by Levine et al. [24] which is based on the reaction of the
carbonyl group with 2,4-dinitrophenylhydrazine (DNFH) under acidic conditions. Plasma
samples were mixed with DNFH and incubated 1 h. After that, they were precipitated with
500 µL of 20% (w/v) of trichloroacetic acid, washed three times with ethanol/ethyl acetate
(1:1 v/v), and centrifuged at 6000× g for 3 min to remove any free 2,4-DNPH. Finally, 1 mL of
6 M guanidine, pH 2.3, was added at the samples and were incubated in a 37 ◦C water bath
for 30 min. Carbonyl groups were calculated by absorption spectrophotometry at 373 nm,
using a molar absorption coefficient of 22,000 M−1 cm−1. The carbonyl groups levels
were normalized by the protein concentration in plasma, and the results are expressed as
nmol/mg protein. Total protein concentration was determined by the Lowry method.

2.3.4. Brain 8-Iso-Prostaglandin F2α (8-iso-PGF2α) Quantification

Levels of 8-iso-PGF2α were measured in the hippocampus and cortico-subcortical
area 72 h after the HI event. They were quantified by ELISA according to kit instructions
(OxiSelect 8-iso-Prostaglandin F2α ELISA Kit). To be prepared for the analysis, samples
were treated with NaOH at 45 ◦C for 2 h. In addition, 100 µL of concentrated (10N) HCl
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per 500 µL of hydrolyzed sample was added. After that, samples were centrifugated for
5 min at 12,000× g rpm.

2.4. Statistical Analysis

Results are expressed in mean and interquartile range. The Kruskal–Wallis test was
used to detect differences between groups. Post hoc analysis was performed to evaluate
inter-group differences. STATA v13 was utilized for statistical analysis.

3. Results

A total of 71 rat pups were used for this experiment. Seven (9.5%) died after the
procedure. None of the animals treated with HIH or HIHA died. All the samples were
obtained 72 h after the procedure. The mean animal weight was 19.2 ± 3.7 g. From each
animal a maximum of 0.5–0.7 mL of total blood was obtained, and this was immediately
processed to one of the experiments, with the goal of having enough representative samples
of each biomarker. Due to the small blood sample, not all of the animals were tested for all
the biomarkers.

3.1. Allopurinol Administration, Alone or in Combination with Hypothermia, Protects Total
Antioxidant Capacity (TAC) after an HI Event

Plasma TAC levels measured by ABTS were lower in the HI group compared to HIA
and HIHA (p < 0.001), but there were no differences found between HI and those animals
treated only with hypothermia (HIH) (p = 0.194). Mean plasma TAC values are presented
in Table S1 (Supplementary Materials). In the post hoc analysis, differences were also seen
between HIHA and HIH groups (p < 0.001) (Figure 2A).

−1 −1
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PGF2α were measured in the hippocampus and cortico
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Figure 2. Antioxidant systems: (A) Box plot plasma ABTS levels; (B) Box plot plasma GSH/GSSG
ratio. C: Control, HI: Hypoxia-ischemia, HIA: Hypoxia-ischemia + allopurinol, HIH: Hypoxia-
ischemia + hypothermia, HIHA: Hypoxia-ischemia + hypothermia + allopurinol. * p < 0.05 in
post-hoc analysis compared to HI.

3.2. GSH/GSSG Ratio Was Decreased after an HI Event, and Only Treated Groups Recovered to
Normal Values

The plasma GSH/GSSG ratio was decreased in HI animals compared to those groups
that received any treatment (HIA, HIH, HIHA) (p < 0.001). Levels in the HIA group were
even higher than those in the C group (p < 0.001), as shown in Table S2 (Supplementary
Materials) (Figure 2B).

3.3. TAC Levels in CSF Are Preserved When Allopurinol Is Administrated after an HI Event, but
Not When Allopurinol Is Administrated in Combination with Hypothermia

HI animals showed the lowest levels of TAC in the CSF, as quantified by the FRAP
method (p = 0.011). The HIA group presented similar levels to the C group (p = 0.834).
No increases in TAC levels were detected in hypothermia-treated groups (HIH, HIHA).
Results are presented in Table S3 (Supplementary Materials) (Figure 3).
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PGF2α levels varied among groups (
PGF2α levels increased in the HI group (

Figure 3. Box plot cerebral spinal fluid FRAP levels. C: Control, HI: Hypoxia-ischemia, HIA:
Hypoxia-ischemia + allopurinol, HIH: Hypoxia-ischemia + hypothermia, HIHA: Hypoxia-ischemia +
hypothermia + allopurinol. * p < 0.05 in post-hoc analysis compared to HI.

3.4. Protein Oxidation Increase after an HI Event, All Treatments Seem to Prevent
Protein Oxidation

Plasma carbonyl group levels were significantly increased in the HI group. In the post
hoc analysis, treated groups (HIA, HIH, HIHA) presented with lower plasma carbonyl group
levels compared to HI (p < 0.01). Results are presented in Table S4 (Supplementary Materials)
(Figure 4).

PGF2α levels varied among groups (
PGF2α levels increased in the HI group (

Figure 4. Box plot plasma carbonyl groups. C: Control, HI: Hypoxia-ischemia, HIA: Hypoxia-
ischemia + allopurinol, HIH: Hypoxia-ischemia + hypothermia, HIHA: Hypoxia-ischemia + hy-
pothermia + allopurinol. * p < 0.05 in post-hoc analysis compared to HI.

3.5. Lipid Peroxidation Increased after an HI Event and Decreased in the Treated Groups

Hippocampal 8-iso-PGF2α levels varied among groups (p = 0.030) (Figure 5a). In
the cortical-subcortical area, 8-iso-PGF2α levels increased in the HI group (p = 0.002) and
significantly decreased in HIH (p < 0.001) and HIHA (p = 0.013) (Figure 5b). Table S5
(Supplementary Materials).
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ical generation [32]. Another important point that supports early administration of allo-
purinol is related to the results observed in CSF TAC levels. Allopurinol is able to cross
the blood brain barrier (BBB) [33]. Of note, while HIE increases BBB permeability [34],
hypothermia causes its stabilization [35]. Analyzing CSF in our population, only the allo-
purinol group (HIA) maintained TAC levels similar to the control group, perhaps attribut-
able to this BBB stabilization. These results support the perception that allopurinol must 
be administered as soon as possible before hypothermia, leading to BBB stabilization and, 
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Figure 5. (a) Box plot of F2-isoprostane levels in hippocampus tissue. (b) Box plot of F2-isoprostane
levels in cortico-subcortical tissue. C: Control, HI: Hypoxia-ischemia, HIA: Hypoxia-ischemia +
allopurinol, HIH: Hypoxia-ischemia + hypothermia, HIHA: Hypoxia-ischemia + hypothermia +
allopurinol. * p < 0.05 in post-hoc analysis compared to HI.
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4. Discussion

There is increasing evidence supporting the role of oxidative stress in the pathogenesis
of brain damage in HIE. Many studies have examined antioxidant therapies for treatment
and have demonstrated their neuroprotective effect [18,25–27] despite their mechanism
of action being unclear. In our previous paper, hypothermia and allopurinol were proven
to provide a neuroprotective effect, improving histological, biochemical, and functional
markers in a neonatal animal model of HIE [18]. In the same line, there is one ongoing
clinical trial that is also studying the effect of allopurinol in addition to hypothermia in
neonates with HI brain injury on neurocognitive outcome [28]. Despite these studies,
nothing has been published about its effects on antioxidant systems and free radical
production when hypothermia and allopurinol are administered together as a combined
neuroprotective strategy.

After an HI event, a decrease in serum TAC levels was observed. These results
are in agreement with the findings of other publications that demonstrate a reduction
in TAC levels in cerebral tissue following HI injury [29,30]. In our study, TAC levels
were preserved after the administration of the neuroprotective therapy with allopurinol,
or the combination therapy of hypothermia and allopurinol. Curiously, Van Bel and
colleagues, in their clinical trial using allopurinol in HIE patients, could not demonstrate
this protective effect of allopurinol in relation to TAC levels. They hypothesized that this
could be the result of the delayed administration of allopurinol (170 min after the insult),
highlighting the importance of early administration of the antioxidant therapies after an
HI insult [14]. Experimental studies have demonstrated that while free radical production
begins with ischemia, it significantly increases during the reperfusion phase [31]. Ono and
colleagues demonstrated that early administration of allopurinol decreased superoxide
radical generation [32]. Another important point that supports early administration of
allopurinol is related to the results observed in CSF TAC levels. Allopurinol is able to cross
the blood brain barrier (BBB) [33]. Of note, while HIE increases BBB permeability [34],
hypothermia causes its stabilization [35]. Analyzing CSF in our population, only the
allopurinol group (HIA) maintained TAC levels similar to the control group, perhaps
attributable to this BBB stabilization. These results support the perception that allopurinol
must be administered as soon as possible before hypothermia, leading to BBB stabilization
and, subsequently, difficult passage of allopurinol into the CNS. In this regard, Kaandorp
JJ et al. presented the ALLO trial, in which allopurinol was administered antenatally when
hypoxia was suspected [36]. In this study, a decrease in a biomarker of brain damage
(S100B protein) was reported in the allopurinol group. Recently, based on the importance of
the early allopurinol administration after an HI event, there is an ongoing multicenter trial
(Phase III) studying the neuroprotection effect of allopurinol in addition to hypothermia
treatment (ALBINO trial) in newborns with hypoxic-ischemic encephalopathy. In this
study, allopurinol was administered intravenously within 30 min after birth to optimize
the timing and inhibition of superoxide formation in asphyxiated infants with evolving
HIE [28].

GSH is a critical non-enzymatic antioxidant protecting cells from OS. In our popula-
tion, the GSH/GSSG ratio was decreased in the HI group. These data are in accordance
with other published results [35], supporting the hypothesis that after an HI event there is
a massive liberation of free radicals that consume reduced glutathione. Of note, groups
undergoing neuroprotective treatments showed similar GSH/GSSG ratios as the control
group. Moreover, it has been demonstrated that allopurinol plays a role in GSH normaliza-
tion levels in experimental models of ischemia/reperfusion, renal failure, and respiratory
distress [37–39]. In our study, GSH/GSSG ratios in the HIA group were remarkably higher,
even higher than those of controls. This result opens a path to explore whether or not allop-
urinol, similar to other antioxidants such as melatonin [25], may have a role in the induction
of antioxidant substances. Regarding hypothermia treatment, we observed a protective
effect on the GSH/GSSG ratio consistent with previously described experimental models
of cardiac circulatory arrest or cerebral hypoxia where hypothermia was induced [40,41].
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In the same line, neuroprotection in terms of histology, biomarkers, and function were also
demonstrated in our previous paper [18], where all the treatment groups presented an
improvement in all of these aspects after treatment administration.

Protein oxidation and lipid peroxidation were also evaluated in our HIE model.
Protein oxidation in HIE, measured by serum carbonyl group levels, has been previously
proven in clinical and experimental essays [42–44], supporting our findings in the HI group.
In our study, administration of any neuroprotective treatment (HIA, HIH, HIHA) seemed
to prevent protein oxidation. Experimental studies have demonstrated that hypothermia
decreases the degree of protein oxidation 3 to 6 h after an HI event [42,45]. It is not well
known how allopurinol protects against protein oxidation, but this effect has also been
described in heart disease studies [46].

Increased lipid peroxidation has also been reported after an HI event. There are many
biomarkers used to evaluate this status. For example, 8-iso-PGF2α, a widely used OS
biomarker [47], was analyzed in the hippocampus and cortico-subcortical zones. The
elevated levels of 8-iso-PGF2α in the HI group are in accordance with other publications,
demonstrating increases in lipid peroxidation products in the cortex and hippocampus
in a neonatal rat model of HIE [48]. Lower levels of 8-iso-PGF2α were observed in all
treated groups. Allopurinol effects on lipid peroxidation are not well established and, to
our knowledge, have not been studied in HI animal models. However, it appeared to have
a protective role in clinical cardiovascular trials, similar to its protection against protein
oxidation [49].

There is also controversy regarding the effects of hypothermia on lipid peroxidation.
Recently, Huun and colleagues demonstrated in a porcine animal model of HIE a decrease
in urinary levels of 8-iso-PGF2α in those animals that were treated with hypothermia, but
none of the other lipid peroxidation compounds evaluated were affected by the hypother-
mia treatment [50]. This group also analyzed lipid peroxidation in the cortex, subcortical
white matter, and hippocampal tissue, finding a decrease in lipid peroxidation products
only in subcortical white matter [51].

In our previous paper, Rodríguez-Fanjul J et al. [18], hypothermia, allopurinol +
hypothermia, and allopurinol therapies were proven to confer neuroprotection after an HI
event. Functional, histologic, and molecular improvement were described in all treated
groups using the same protocol study. Histologically, damaged area and hippocampal
volume were different among treatment groups. The largest tissue lesions were observed
in the HI group, followed by HIA. From a molecular point of view, cleaved caspase
3 expression was increased in both HI and HIA. These results are in accordance with
the decrease in the oxidative stress biomarkers that we observed in the HIHA and HIH
groups. In the present study we also detected some positive effect against oxidative stress
in the HIA group, reflecting the antioxidant effect of allopurinol. In fact, from a functional
point of view, as shown in our previous paper [18], animals undergoing neuroprotection
therapies, including the HIA group, presented an improvement in short-term (negative
geotaxis) and long-term (Water Morris test) functional tests. Moreover, when the learning
process was analyzed, no differences were found between treated groups. Animals from
the HIA group had similar results to the HIH and HIHA groups.

Our paper reinforces the notion that the newborn brain is vulnerable to oxidative
stress after an HI event. When considering all our data, it can be concluded that the
administration of allopurinol, hypothermia, and the combination treatment (hypothermia
+ allopurinol) protects the brain against oxidative damage.

We observed changes in the expression of several oxidative stress biomarkers from
different sources (serum, cerebral tissue, and CSF), and all of them support our previously
histological biochemical and functional published results [18].

Finally, our data may also reinforce the importance of early administration of allopuri-
nol treatment, even before initiating hypothermia, to achieve an optimal concentration in
the CSF and improve and avoid an increased oxidative stress response. We believe that
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this finding may be imperative for future clinical trials of HIE that utilize allopurinol as a
neuroprotective agent.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10101523/s1. Table S1. Plasma TAC levels measured using ABTS, Table S2. Plasma
GSH/GSSG ratio, Table S3. Cerebral Spinal Fluid TAC levels, Table S4. Plasma carbonyl group levels,
Table S5. Lipid peroxidation.
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Abstract: Therapeutic hypothermia does not improve outcomes in neonatal hypoxia ischemia (HI)
complicated by perinatal infection, due to well-described, pre-existing oxidative stress and neuroin-
flammation that shorten the therapeutic window. For effective neuroprotection post-injury, we must
first define and then target CNS metabolomic changes immediately after endotoxin-sensitized HI
(LPS-HI). We hypothesized that LPS-HI would acutely deplete reduced glutathione (GSH), indicating
overwhelming oxidative stress in spite of hypothermia treatment in neonatal rats. Post-natal day 7
rats were randomized to sham ligation, or severe LPS-HI (0.5 mg/kg 4 h before right carotid artery
ligation, 90 min 8% O2), followed by hypothermia alone or with N-acetylcysteine (25 mg/kg) and
vitamin D (1,25(OH)2D3, 0.05 µg/kg) (NVD). We quantified in vivo CNS metabolites by serial 7T
MR Spectroscopy before, immediately after LPS-HI, and after treatment, along with terminal plasma
drug concentrations. GSH was significantly decreased in all LPS-HI rats compared with baseline
and sham controls. Two hours of hypothermia alone did not improve GSH and allowed glutamate +
glutamine (GLX) to increase. Within 1 h of administration, NVD increased GSH close to baseline and
suppressed GLX. The combination of NVD with hypothermia rapidly improved cellular redox status
after LPS-HI, potentially inhibiting important secondary injury cascades and allowing more time for
hypothermic neuroprotection.

Keywords: glutathione; glutamate; oxidative stress; hypoxia ischemia; endotoxin; magnetic reso-
nance spectroscopy; N-acetylcysteine; vitamin D

1. Introduction

Intrauterine inflammation and infection induce fetal inflammation, sensitize the fetal
brain to secondary hypoxic ischemic (HI) injury, and increase the severity of HI brain in-
jury [1–4]. Chorioamnionitis and/or funisitis are present in the placentas of approximately
30% of infants with hypoxic ischemic encephalopathy (HIE) [5]. Hypothermia treatment is
the standard of care in moderate to severe HIE, including neonates exposed to intrauter-
ine inflammation. While therapeutic hypothermia provides effective neuroprotection in
both animals and neonates in uncomplicated HI, there is inconsistent benefit when infec-
tion/inflammation precedes HI [6–9]. As perinatal infection may not be identified prior to
delivery [10], adjuvant postnatal therapies that improve on hypothermia’s neuroprotection
should also address the combined injury of inflammation and HI [5].

Few therapies tested in preclinical HI or lipopolysaccharide-sensitized HI (LPS-HI)
models show synergetic effects with hypothermia [11–16]. While this may be due to the fact
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that therapeutic hypothermia already encompasses multiple mechanisms of neuroprotec-
tion, it may also be the case that pre-existing neuroinflammation requires much more rapid
and targeted treatment of specific vulnerabilities [8], such as reduced glutathione (GSH)
depletion. Fetal neuroinflammation in utero activates toll-like receptors, pro-inflammatory
cytokines and oxidative stress, decreasing cellular reserves prior to HI [17,18] and leaving
the neonate unable to counteract further hypoxic ischemic challenges at birth [19]. If oxida-
tive stress and neuroinflammatory cascades are already activated before HI, the therapeutic
window before secondary ATP depletion and irreversible injury is much shorter than in
uncomplicated HI. In a normothermic neonatal rat, LPS-HI decreases GSH as soon as 2 h
after HI [17]. What is not known is how rapidly CNS metabolomics are affected by LPS-HI
and if hypothermia or other targeted treatments can act quickly enough within this 2 h
time period to change the pro-oxidant CNS milieu in order to mitigate secondary injury.

Neutralizing oxidative stress early after injury is an important step in neuroprotective
strategies. Rescuing GSH is necessary and sufficient for neuroprotection in glutamate toxic-
ity, stroke and other injury models [20–27]. Antioxidant treatment with N-acetylcysteine
(NAC) scavenges oxidative free radicals and provides cysteine, a critical precursor for GSH
synthesis. In an LPS-HI neonatal model, NAC at 200 mg/kg increased GSH when given
before and after HI under normothermic conditions [17]. While prior treatment with NAC
is neuroprotective in normothermic neonatal LPS models, we have not determined whether
NAC can act quickly when administered after LPS-HI to counteract the abnormalities of
pre-existing neuroinflammation and rescue GSH.

We therefore designed these experiments to determine the hyperacute effects of LPS-
HI injury on CNS metabolomics, and if treatment with therapeutic hypothermia alone or
with a combination of antioxidant therapies could mitigate these during a critical early stage
of secondary injury. We used serial magnetic resonance spectroscopy (MRS) measurements
in the same animals before and after injury to analyze responses within individual animals,
and to be able to draw conclusions in spite of the significant heterogeneity inherent in
neonatal HI models, which is also highly relevant to the clinical disease process. We
hypothesized that LPS-HI injury would rapidly decrease GSH in the ipsilateral hemisphere,
and that hypothermia treatment alone would not mitigate this oxidative stress.

We tested the combination of NAC and 1,25(OH)2D (NVD) with hypothermia, as
we have previously shown that they are neuroprotective postnatally in both sexes in a
neonatal model of severe HI [28]. NAC and 1,25(OH)2D may act synergistically to increase
the intracellular antioxidant capacity and decrease inflammation: NAC provides the rate-
limiting glutathione substrate while vitamin D induces GSH synthetic enzymes cysteine-
glutamate ligase and glutathione reductase [29,30]. By augmenting both aspects of GSH
synthesis, we postulated that NVD treatment might be more effective at replenishing CNS
GSH rapidly in the early phase of LPS-HI injury than hypothermia alone. We related these
CNS metabolite changes to plasma concentrations of NAC and 1,25(OH)2D for translational
evidence that NVD crosses the blood–brain barrier quickly with significant therapeutic
effects on CNS metabolomics, facilitating hypothermia’s neuroprotective effects.

2. Materials and Methods

2.1. Validation of GSH by MRS

Prior to animal experimentation, we used VeSPA [31], a spectral simulation program,
to create a custom simulated echo acquisition mode (STEAM) basis set for use at echo
time (TE) 3 ms on 7 Tesla MRI that included GSH and all standard metabolites of total
choline (tCho, choline + phosphocholine), total creatine (tCr, creatin + phosphocreatine),
total N-Acetylaspartate (NAA, N-Acetylaspartate + N-acetylaspartylglutamate), glutamate
(Glu), glutamine (Gln), glutamate + glutamine (GLX), taurine (Tau) and inositol (Ins). The
basis set was calibrated and then imported into the LCModel for automatic spectral fitting
of the data [32]. Phantom solutions (0.5–5 mM GSH, 5 mM dithiothreitol, 10 mM choline,
25 mM creatine, phosphate buffered saline, pH 7.1) were used to validate GSH, creatine
and choline quantification by MRS, using the water peak as a standard. The quantification
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of GSH and tCr by the LCModel processing of MRS spectra with our specialized basis
set showed excellent correlation with known concentrations of these metabolites in the
phantom solution (Figure 1A,B).

–

C D
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LPS Ligation Hypoxia
Hypothermia

4h 1.5h 1.5h 1h 1h
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PND6
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MRS MRS
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Figure 1. (A) Standard curve of LCModel quantification of metabolites (reduced glutathione (GSH), total choline (tCho) and
total creatine (tCr), mM) using our specialized basis set, versus known concentrations in phantom samples in the Bruker 7T
MRI. (B) Expanded view of GSH standard curve using LCModel quantification in phantom samples. (C) Representative rat
brain spectra with major metabolites labeled (7T Bruker MRI). (D) Cysteinyl residue of reduced glutathione gives a single
peak at 2.95 ppm. (E) Voxel box positioning in the right hemisphere, representative image. (F) Study timeline (MRS scan
times noted; TX represents NVD or saline dosing).

101



Antioxidants 2021, 10, 489

2.2. Animals and Reagents

Postnatal day seven (PND 7) Sprague Dawley rats were used for all experiments
(Harlan, Indianapolis, IN, USA). Litters were culled to 6 pups per sex on PND 2. Animals
were housed in the animal care facility of the Medical University of South Carolina (MUSC)
and were kept in a 12/12 h light/dark cycle with standard chow and water ad libitum. All
procedures were in accordance with the approved protocol #1678 by MUSC’s Institutional
Animal Care and Use Committee and the Guide for the Care and Use of Laboratory Animals
adopted by the National Institutes of Health and approved by the MUSC Animal Care and
Use Committee. Animal reagents used for this study included: lipopolysaccharide from E.
coli O55:B5 (LPS #L5418, Sigma, St. Louis, MO, USA); Novaplus™ (Isoflurane, USP, Primal
Healthcare, Andhra Pradesh, India); pharmaceutical grade N-Acetylcysteine (Acetadote,
Cumberland Pharmaceuticals, Nashville, TN, USA) and pharmaceutical-grade calcitriol,
1,25(OH)2D3 (Calcijex®, Abbott Laboratories, North Chicago, IL, USA).

2.3. Endotoxin Sensitized Hypoxic Ischemic Injury Animal Model

For this severe model of LPS-HI injury, LPS 0.5 mg/kg in saline was administered
by intraperitoneal injection 4 h prior [18] to right carotid artery ligation under isoflurane
anesthesia and 21% oxygen, followed by 1.5 h rest, then 1.5 h exposure to 8% O2. This
hypoxia exposure is considerably longer than the 50 min used in other moderate endotoxin-
sensitized HI neonatal models [9,18]. LPS-HI pups were then separated in a temperature-
controlled chamber maintained at 30 ± 0.5 ◦C for 2 h for hypothermia treatment. Animals
received only 21% oxygen for resuscitation, if necessary. Sham-operated animals received
saline injections, underwent anesthesia and right carotid artery isolation, but no ligation,
hypoxia, or hypothermia.

2.4. Experimental Design

Sixty-six PND 6 male and female rats were block randomized within the litter in a
1:4 allocation to sham or LPS-HI prior to baseline MRS scans. Twelve hours after baseline
MRS, on PND 7, the sham group received sham surgery and saline injection, and LPS-
HI animals were subjected to LPS-HI injury. The surviving LPS-HI animals were then
stratified by sex and randomly assigned to receive hypothermia and an equal volume of
saline (VEH) or a single treatment (NVD) of NAC (Acetadote 25 mg/kg) and 1,25(OH)2D3
(calcitriol 0.05 µg/kg). Rat pups were removed for intraperitoneal (i.p.) injection 1 h after
initiation of hypothermia, then quickly replaced in the hypothermia chamber. Stratification
by sex within the litter assured as much as possible that equal numbers of male and female
animals were randomized to each group. To accommodate the repeated 20 min MRS scan,
we staggered start times for each animal’s LPS/saline injection, surgery and hypothermia
treatment. We were able to study only one litter per day due to the 16 h protocol. Pups
were euthanized with isoflurane anesthesia and decapitation according to the Institutional
Animal Care and Use Committee protocol. Sample size power analysis: From reports
that employed biochemical GSH assays [17], we estimated LPS-HI would result in a 30%
decrease in MRS GSH compared with baseline, and NVD would result in an increase in
GSH to 80% of pre-LPS-HI concentrations, yielding a sample size of n = 12/group, with
80% power, a = 0.05.

2.5. Magnetic Resonance Imaging and Spectroscopy

MRI was performed in the supine position in an adapted holder under continuous
anesthesia with 0.5–1.5% isoflurane in 21% oxygen, in a small animal 7 Tesla Bruker Biospec
70/30 scanner (Bruker Biospin, Germany) with a 12 cm gradient and shim coil set (B-GA
12S2). LPS-treated animals required much less isoflurane for anesthesia than sham animals.
Standard T2 scans were performed for anatomical positioning of the voxel (Figure 1E).
After reconstruction and voxel placement, we acquired an MRS water reference scan for
each animal, followed by STEAM sequence (TE = 3 ms, TR 1500 ms, TM = 10 ms, number
of averages = 512/1024, Voxel Size = 3 × 3 × 3 mm3) in the right hemisphere (Figure 1C–E).
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Three MRS scans were obtained on LPS-HI animals: a baseline pre-LPS-HI scan on PND
6 (PRE); a post-LPS-HI scan on PND7 immediately after hypoxia (POST HI); and a post-
HYPO scan immediately after hypothermia (1 h after saline or NVD treatment). Sham
animals underwent 2 MRS scans, on PND 6 and PND 7 after sham surgery. Respiratory
monitoring and temperature servo control (36.5 ◦C) was ensured throughout the procedure.
The study timeline is shown in Figure 1F.

2.6. MRS Data Processing

LCModel fitting of the spectra, evaluation of spectral quality, and quantification of
metabolites were performed by a researcher blinded to the treatment group. To ensure good
quality scans, the inclusion criteria for processed MRS were based on spectral quality as re-
ported by the LCModel (full width at half maximum ≥ 0.1 ppm, signal to noise ratio ≥ 5) [33]
as well as for obvious artifacts due to gross motion and poor water suppression. Using
explicit formulas for LCModel, a single water attenuation coefficient was calculated and
implemented when processing all spectra. No partial volume correction was taken into
account with these immature animals and we assumed brain matter uniformity. The fol-
lowing metabolites were analyzed for absolute concentrations in the right hemisphere:
GSH, GLX, tCr, NAA, tCho, Tau, Ins and LAC. Major peaks for these metabolites are noted
on a representative spectrum (Figure 1C,D). The inclusion of metabolite concentrations
was based on Cramer Rao < 15% for all metabolites, excluding lactate. The range of Cramer
Rao bounds for LAC is given in the results.

2.7. NAC and Vitamin D Assays

Blood samples were drawn immediately after the final scan by cardiac puncture at
time of euthanasia, approximately 1.5 h after dosing saline or NVD, and analyzed for NAC
and Vitamin D plasma levels. If an animal died prior to the completion of hypothermia,
we did not obtain blood for drug concentrations. Blood samples (0.5 mL) were collected in
sodium EDTA tubes, then immediately centrifuged and plasma stored in polypropylene
tubes at −80 ◦C until analysis.

Total NAC plasma concentrations (i.e., oxidized, reduced and protein-bound drug)
were determined using a modified, reverse-phase, high-performance liquid chromatog-
raphy method with penicillamine as the internal standard, as previously described [34].
Plasma samples were initially treated with dithiothreitol to reduce available oxidized NAC
(NAC2) and then derivatized with N-(1-pyrenyl)maleimide (NPM). The NAC–NPM adduct
was then analyzed by fluorescence detection. The limit of sensitivity for the assay was
6.0 µmol/L. The five-point standard curve was linear and reproducible over the range
of 60 to 3000 µmol/L (R2 > 0.99). The coefficients of variation for the within-run and
between-run precision were all less than 10%.

25(OH)D and 1,25(OH)2D levels were measured using a rapid, direct radioimmunoas-
say in Dr. Hollis’ laboratory as previously described, with a lower limit of detection of
2 ng/mL for 25(OH)D and 15 pg/mL for 1,25(OH)2D [35,36].

2.8. Statistical Analysis

We used generalized linear mixed models (GLMMs) in our two primary analyses.
For maximum power to detect differences due to injury, we compared rats for metabolite
changes between sham- and LPS-HI-exposed rats at baseline, within the sham group from
pre-PND 6 to post-sham surgery PND 7 scans, and within the LPS-HI rats from before
(PRE) to after injury (POST HI, before treatment). All animals in the LPS-HI saline and
NVD groups were treated the same through injury and survivors were randomized after
POST-HI scan stratified by sex, and thus were analyzed as a group for LPS-HI-induced
changes in metabolite concentrations over the first two scans (scan and LPS-HI as main
effects, sex as covariate). Secondly, we constructed a model to determine the treatment
effect over time, and any influence of scan time point and sex on metabolite concentrations,
using scan time, scan-within-treatment, sex*treatment and sex* treatment*scan as fixed effects,
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and pup ID as random effects. Including the interaction factor scan-within-treatment to test
for within-group differences, this gave the best model fit by Akaike-corrected information
criteria (AIC). Pairwise analyses were corrected for multiple comparisons by sequential
Bonferroni adjustments. We used chi-squared or fishers exact tests for numbers of animals
that had detectable LAC or responded to treatment. Spearman’s rho was used for non-
parametric analysis of plasma NAC. Pearson’s was used for all other correlations. All
statistical calculations were performed using SPSS® vs. 25 (IBM®, Armonk, NY, USA),
with significance designated as p < 0.05 after Bonferroni adjustments.

3. Results

3.1. LPS-HI Morbidity and Mortality

We randomized 66 rats (Figure 2) from 10 litters, and 17 rats died during or after
the LPS-HI injury, before the third scan (10 males, 7 females). We obtained (1) pre-injury,
baseline scans on PND 6 for 54 LPS-HI rats and 12 sham rats; (2) POST HI scans on 37
LPS-HI rats and 10 sham animals; and (3) POST HYPO scans on 20 NVD and 15 VEH
animals. By sex, 23 females (n = 9 NVD, n = 6 VEH, n = 6 sham) and 21 males (n = 11 NVD,
n = 9 VEH, n = 4 sham) survived to the final time point, with scans of sufficient quality
for analysis. In total we analyzed 146 MRS scans (22 sham, 59 VEH and 65 NVD scans).
The plasma volume was adequate for the determination of 1,25(OH)2D and 25(OH)D
concentrations by radio-immunoassay in 20 animals (n = 12 LPS-HI, 8 sham) and NAC
concentrations by HPLC in 13 animals (n = 10 NVD, 2 VEH, 1 sham).

of animals that had detectable LAC or responded to treatment. Spearman’s rho was used 
parametric analysis of plasma NAC. Pearson’s was used for all other correlatio
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Figure 2. Overview Study Flow Diagram.

3.2. LPS-HI Acutely Decreases GSH, GLX and tCho

Representative spectra from a sham and an LPS-HI animal are presented at baseline
(Figure 3A,D) and after sham surgery or LPS-HI injury (Figure 3B,E). LPS-HI resulted in
a decrease in ipsilateral GSH by estimated mean SE ∆GSH −0.40 ± 0.07 mM from PRE
(n = 52) to immediately after hypoxia (POST HI, n = 37 in all LPS-HI-exposed animals
(F = 17.9, p < 0.0001, Figure 3F, Table 1). Mean glutamate and glutamine (GLX) decreased
significantly after LPS-HI (∆GLX −1.41 ± 0.15 mM, F = 54, p < 0.0001), as did total choline
(∆tCho −0.19 ± 0.05 mM, F = 9, p < 0.0001; Table 1). NAA, Tau, and Ins concentrations
showed no significant difference between scans.
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Figure 3. Representative spectra and change in GSH over time from sham (A–C) and LPS-HI rat pups (D–F). Lactate peaks
are minimal in the sham animals before (A) and after sham surgery (B) and cannot be distinguished from lipid peaks in the
MRS spectra. (C) Sham animals show no significant change in GSH before and after sham surgery (n = 10). (D,E ) Lactate
peak increases significantly after LPS-HI injury and is clearly visible in spectra from a representative rat (E). (F) LPS-HI
animals show a significant decrease in GSH concentrations after LPS-HI injury (p < 0.00017, n = 37). Group means and
standard errors are noted. Table 1. LPS-HI effects on MRS metabolite concentrations (mM, mean, SE) from PRE (PND 6) to
POST-HI (PND 7 sham, or after LPS-HI). p values are noted for pairwise comparisons by scan time within LPS-HI group by
generalized linear mixed model (GLMM) with Bonferroni adjustments, controlling for sex. The number of adequate spectra
for each metabolite varies depending on exclusion due to Cramer Rao bounds >15%.

Table 1. LPS-HI effects on MRS metabolite concentrations (mM, estimated mean, SE) from PRE (PND 6) to POST-HI (PND
7 sham, or after LPS-HI). p values are noted for pairwise comparison (*) by scan time within LPS-HI group by GLMM
with Bonferroni adjustments, controlling for sex. The number of adequate spectra for each metabolite varies depending on
exclusion due to Cramer Rao bounds > 15%. (Sham group: PRE PND 6 n = 12, PND 7 n = 10; LPS-HI group: PRE PND 6
n = 49–52, POST HI n = 36–37).

GSH GLX tCr NAA tCho Ins Tau

SHAM
LPS-
HI

SHAM
LPS-
HI

SHAM
LPS-
HI

SHAM
LPS-
HI

SHAM
LPS-
HI

SHAM
LPS-
HI

SHAM
LPS-
HI

PRE
PND 6

3.06 ±
0.11

3.06 ±
0.19 *

9.08 ±
0.19

9.00 ±
0.39 *

8.64 ±
0.17

8.58 ±
0.22

4.98 ±
0.19

4.75 ±
0.20

3.02 ±
0.07

2.89 ±
0.17

3.20 ±
0.42

3.13 ±
0.98

17.22
± 0.48

16.70
± 1.08

PND
7/

POST
HI

2.89 ±
0.11

2.65 ±
0.19 *

9.57 ±
0.20

7.59 ±
0.40 *

8.44 ±
0.18

8.41 ±
023

4.80 ±
0.09

5.02 ±
0.10

3.01 ±
0.07

2.71 ±
0.18

2.95 ±
0.57

3.15 ±
0.90

16.25
± 0.54

16.18
± 1.6

p value ns <0.0001 ns <0.0001 ns ns ns ns ns <0.001 ns ns ns ns

Sham animals showed no significant change in any metabolite after receiving the same
anesthesia, surgery and scan times as LPS-HI rats. There was no difference at baseline scan
(PRE) between sham and LPS-HI rats for any metabolite (Table 1).
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3.3. NVD Improves GSH after LPS-HI Compared with HYPO Alone

In the VEH group that received HYPO alone, GSH decreased further from POST HI
to POST HYPO and was significantly lower than PRE after hypothermia alone (overall
model VEH n = 15, F = 5.2, p = 0.007, Figure 4A, Table 2). In contrast, GSH improved
significantly after NVD at the POST HYPO scan compared with POST HI and was not
significantly different from PRE GSH (overall model n = 20, F = 17.1, p = 0.001; Figure 4B,
Table 2). The change in GSH from POST HI to POST HYPO was significantly less with
hypothermia alone (∆GSH VEH −0.08 ± 0.11 mM) than with hypothermia and NVD
(∆GSH +0.32 ± 0.1 mM, p = 0.01, Figure 4C). GSH was not significantly different at any
time point by sex.

Δ −
Δ

 

      

      

≤ 0.01

Figure 4. GSH concentrations in individual LPS-HI rats with adequate spectra for all 3 scans by VEH (A) or NVD (B)
treatment over time and compared with NAC plasma concentrations (C). (A,B) Individual changes in GSH over serial scans
at baseline (PRE), after LPS-HI (POST HI), and again immediately after 2 h of hypothermia (POST HYPO) in rats with VEH
(A) or NVD (B) treatment. The markers show group mean and SE for each scan time. (A) The majority of VEH animals
treated with saline do not show significant recovery with hypothermia alone and mean GSH continues to decrease at the
third scan (n = 14). (B) In contrast, NVD treatment results in significant increases in mean GSH with hypothermia (n = 18).
(C) Individual plasma NAC concentrations (n = 13) sampled immediately after last scan (POST HYPO) versus the change in
GSH from immediately before and after NVD/saline. Sham concentration is included for reference.

Table 2. NVD vs. saline effects on MRS metabolite concentrations (mM, mean, standard error over 3 scans PRE, POST HI
and POST HYPO, in the LPS-HI group treated with hypothermia. Significant changes between scan times within treatment
groups are indicated by symbols, along with p values for the comparisons (* or ˆ) by GLMM with sequential Bonferroni
adjustments, controlling for sex. The number of adequate spectra for each metabolite varies depending on exclusion due to
Cramer Rao bounds >15%.

GSH GLX tCr NAA tCho Ins Tau

VEH NVD VEH NVD VEH NVD VEH NVD VEH NVD VEH NVD VEH NVD

PRE
PND

6

2.97 ±

0.22 *ˆ
3.16 ±

0.32 *ˆ
8.94 ±

0.26 *ˆ
9.02 ±

0.74 *ˆ
8.65 ±

0.27
8.52 ±

0.35
4.96 ±

0.12
5.14 ±

0.13
2.82 ±

0.24
2.97 ±

0.25 *ˆ
3.32 ±

0.91
3.16 ±

0.91
16.70
± 1.08

16.18
± 1.60

POST
HI

2.72 ±

0.22 ˆ
2.58 ±

0.32 *
7.41 ±

0.28 *
7.77 ±

0.74 *
8.37±
0.28 *

8.44 ±

0.35
4.74 ±

0.19
4.94 ±

0.16
2.66 ±

0.24
2.75 ±

0.25 *
2.86 ±

0.92
2.85 ±

0.91
15.85
± 1.10

15.74
± 1.62

POST
HYPO

2.65 ±

0.22 *
2.90 ±

0.32 *ˆ
8.16 ±

0.29 *ˆ
7.54 ±

0.74 ˆ
8.96 ±

0.28 *
8.67 ±

0.35
4.94 ±

0.16
5.14 ±

0.13
2.71 ±

0.24
2.72 ±

0.25 ˆ
3.42 ±

0.92
2.83 ±

0.91
16.45
± 1.10

15.59
± 1.62

p
value <0.05 <0.01 <0.005 <0.0001 ≤ 0.01 ns ns ns ns <0.005 ns ns ns ns

3.4. NAC and Active Vitamin D Increase GSH Response Rate in Heterogeneous LPS-HI Injury

VEH animals showed no improvement in mean GSH as a result of saline and hy-
pothermia (p = 0.4, Figure 4A, Table 1). However, several individual VEH rats (3/14, 21%,
Figure 4A) did respond to hypothermia alone with an increase in GSH. At the same time,
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NVD increased GSH in 14/18 (78%) rat pups, which is significantly greater than in the VEH
group (p = 0.004, fisher’s exact test; Figure 4B). The plasma NAC concentrations obtained
1.5 h after i.p. injection of NVD/saline were positively correlated with the change in the
CNS GSH from POST HI to POST HYPO (Spearman’s rho = 0.552, p = 0.05, Figure 4C).

3.5. NAC and Active Vitamin D Suppress Glutamate + Glutamine after LPS-HI Injury

GLX decreased over the three scans in both LPS-HI groups (both F = 27, p < 0.0001).
However, the VEH group exhibited a significant rebound in GLX after hypothermia alone,
primarily due to increased glutamate (∆GLX +0.76 ± 0.24 mM from PRE, F = 27, p = 0.002),
whereas NVD continued to suppress glutamate (∆GLX −0.23 ± 0.21 mM) from the second
scan POST HI to the third scan after NVD and hypothermia (Table 2). In NVD rats, tCho
decreased significantly with LPS-HI and remained lower at the third scan POST HYPO,
while there are no substantive changes in tCho in the VEH group.

We found significant differences by sex in response to hypothermia treatment in GLX
(F = 46.6, p = 0.01) and tCr (F = 4.5, p = 0.013). VEH females showed a rebound in CNS
GLX and tCr concentrations, with significantly higher GLX (∆GLX +0.89 ± 0.34 mM) and
tCr (∆tCr +0.76 ± 0.30 mM) after hypothermia treatment alone than males (Figure 5).
NVD equalized this difference between males and females, and neither GLX nor tCr were
significantly different between sexes at either POST HI or POST HYPO scans.

.004, fisher’s exact test; 

from POST HI to POST HYPO (Spearman’s rh

Δ
Δ −

Δ
Δ
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Figure 5. Changes in GLX (A) and tCr (B) between POST HI and POST HYPO scans by sex within
treatment groups. VEH female animals (n = 6) showed a significant increase in mean GLX ((A),
* p = 0.007), and Cr ((B), * p = 0.044) at 2.5 h after injury compared to VEH males (n = 9). There was
no difference between females (n = 9) and males (n = 11) in the NVD group.

3.6. Lactate Increases after LPS-HI Injury and Persists after HYPO

Lactate was undetectable on PRE scans, but we observed significantly increased lactate
peaks in the spectra from 22 of 37 animals (60%) obtained immediately after LPS-HI injury
(Figure 2E). Lactate was quantifiable in POST HI scans with a mean SE of 4.34 ± 0.26 mM,
and it persisted in 32% of pups in the POST HYPO period with mean SE 3.12 ± 0.26 mM.
There was no difference in the numbers of animals that had detectable lactate in either
NVD or VEH groups by chi-squared analysis. Spectral fitting yielded Cramer Rao standard
deviations of 7–38%, consistent with greater difficulties fitting the lactate peak within
overlapping lipid residues.

3.7. LPS-HI Injury Decreases Plasma 1,25(OH)2D

LPS-HI was associated with a 50% decrease in mean circulating 1,25(OH)2D concen-
trations (42 ± 21 pg/mL) compared with sham animals (84 ± 34 pg/mL, Figure 6A) in
blood collected 2.5 h after hypoxia. Neither hypothermia alone nor NVD in combination
with hypothermia restored plasma concentrations of active hormone 1,25(OH)2D within
this time period (1.5 h after NVD treatment). At the same time, all LPS-HI animals had
slightly higher circulating 25(OH)D3 (18.5 ± 2.6 ng/mL) than sham rats (14.9 ± 1.7 ng/mL,
Figure 6B), indicating the increased utilization or degradation of vitamin D, and attempts
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to mobilize the inactive precursor to maintain active hormone levels. There were no
differences by sex within or between the sham and LPS-HI groups.

 

Figure 6. (A) Endotoxin-sensitized HI (LPS-HI) animals (n = 11), regardless of treatment, show a 50%
lower plasma concentration of 1,25(OH)2D after LPS-HI than sham animals (n = 8, * p = 0.004, t-test),
(B) and marginally higher plasma 25(OH)D (+4 ng/mL, n = 12) than sham (n = 8, * p = 0.002, t-test).

3.8. T2 Evidence of Infarcts

T2 images demonstrated hyperacute infarction in four animals after hypothermia
treatment, two in each of the VEH and NVD groups (Figure 7) within 2 h of hypoxia, which
usually evolves over 24 h [37].

 

–

Figure 7. T2 scan showing progression of infarction for an animal from the VEH group. Of note, the right hemisphere is on
the left side of the magnetic resonance imaging (MRI) images.
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4. Discussion

Using serial in vivo 7T MRS, we show that endotoxin-sensitized HI injury signifi-
cantly and immediately changes CNS redox status in a neonatal model, decreasing the
intracellular antioxidant concentrations of reduced glutathione GSH in the affected hemi-
sphere immediately after hypoxia, compared with pre-injury and with sham controls. The
clinical standard of care for HIE, hypothermia, did not rescue mean GSH within 2 h and
concentrations continued to decrease in the POST HYPO period. However, one dose of
N-acetylcysteine (25 mg/kg) and calcitriol (0.05 mcg/kg), administered after 1 h of hy-
pothermia, restored GSH in the affected hemisphere to near pre-injury levels POST HYPO
in the NVD group. Further, 78% of NVD-treated rat pups showed a significant increase
in GSH, while only 21% of rat pups treated with hypothermia alone had increased GSH.
Plasma NAC positively correlated with CNS GSH, indicating that NAC rapidly crossed
the blood–brain barrier to increase GSH [38].

Previous work in an LPS-HI neonatal rat model using biochemical assays of GSH
agree with our in vivo MRS findings. In one investigation in neonatal rats, LPS prior to HI
increased the depletion of GSH and increased F2-isoprostanes and peroxynitrite derivatives
(nitrosylated proteins) at 2 h after HI compared with controls and LPS alone [17]. NAC
treatment at 200 mg/kg prior to or immediately after LPS-HI provided neuroprotection, but
not 25 mg/kg or when NAC administration was delayed after injury under normothermic
conditions [17]. We tested NVD under hypothermic conditions, as hypothermia is now
the standard of care for hypoxic ischemic injury in human neonates. In our severe HI
and now LPS-HI neonatal rat models, we have shown that low-dose NAC (25 mg/kg)
combined with active vitamin D and hypothermia improves neuroinflammation and
provides neuroprotection (HI) [28], as well as facilitating facilitates increased glutathione
and decreased glutamate (LPS-HI) over hypothermia alone. Taken together, the data
suggest that hypothermia decreases the dose of NAC required to affect redox state and
outcomes [17,28,39].

Reduced glutathione plays a central role in cell survival in acute HI and neuroinflam-
mation and is an important outcome measure [40–44]. GSH is oxidized to the dimer GSSG
by glutathione peroxidase after detoxifying superoxide and peroxynitrite free radicals [45].
The depletion of GSH triggers or potentiates glutamate- and nitric oxide-induced apopto-
sis [26,46,47]. If oxidative stress and GSH depletion continue, secondary ATP depletion
and glutamate-induced cell death follows the initial repletion of ATP [20]. Restoring GSH,
particularly in the mitochondria of astrocytes, is necessary and sufficient for neuroprotec-
tion from neuronal glutamate toxicity [20], and is essential for cell survival after multiple
different insults [21–24,27,45,48,49].

NVD also mitigates the increase in GLX seen in the hypothermia alone LPS-HI rat
pups. While resolving glutamate and glutamine peaks with confidence is controversial
in MR spectroscopy, glutamate accounts for the majority of the GLX peak complex and
GLX concentration. The depletion of GSH been shown to augment glutamate toxicity
after HI, and increased extracellular glutamate inhibits cystine uptake and leads to further
GSH depletion [48]. We found an increase in GLX and GSH depletion after hypothermia
alone, supporting the relationship of lower GSH and increased glutamate toxicity with
neuroinflammation in this severe LPS-HI model, as found by other investigators after HI
alone [48]. Conversely, NVD resulted in an increase in GSH and decrease in glutamate con-
centrations, measured by GLX. Surprisingly, the increase in glutamate was seen primarily
in the female rats in the vehicle group, rather than in males. Few reports have addressed
glutamate toxicity as a sexually dimorphic injury pathway, but one such study showed
that female PND7 rats had greater hippocampal injury than males after administration
of the glutamate receptor agonist kainate [50]. However, males and females may have
different time courses of glutamate, and our time point may have been too early to observe
an increase in males.

The neurohormone 1,25(OH)2D plays an important role in neuroprotection in animal
models [28,51–56], as well as in human stroke and other CNS diseases [35,57–64]. Studies
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also indicate that inflammation results in the degradation of active vitamin D that may
persist for weeks after injury [28,65]. At 11 days after severe HI in neonatal rats, inducible
nitric oxide synthase expression in the CNS correlated strongly with the expression of
the CYP27B1 enzymes responsible for vitamin D catabolism [28]. Here we report that
active vitamin D is dramatically decreased in neonatal rat plasma 2.5 h after LPS-HI, much
more quickly than previously demonstrated. These data add to our and others’ work
showing vitamin D deficiency and increased vitamin D degradation in neuroinflammatory
conditions: in human HIE neonates [35,66], in animal models of HI [28], after antenatal
endotoxin exposure [65], and in other conditions of immune activation [36]. These data
indicate that vitamin D metabolism is disrupted in both HI and intrauterine inflammation.

Perhaps because of increased vitamin D catabolism with inflammation, we did not
demonstrate an increase in plasma 1,25(OH)2D concentration after the administration
of calcitriol in LPS-HI, unlike a previous report in normal adult rats, in which serum
1,25(OH)2D was increased one hour after i.p. administration [67]. This may be due
to its rapid dispersal into tissues and increased utilization, or the metabolism of active
hormones in inflammatory conditions [28,35]. In HIE infants, vitamin D-binding proteins
and albumin that normally function to maintain circulating vitamin D concentrations and
limit distribution into tissues are significantly decreased, even with hypothermia [35].

Active vitamin D is a neurohormone that regulates the transcription of multiple
genes, including the GSH synthetic enzymes that are inhibited by acidosis [29,52,56,68]. In
our work, NAC and active vitamin D acutely and significantly increase GSH in LPS-HI
rats and in the basal ganglia on PND 5 after rewarming from hypothermia treatment,
within 12–30 min after completing the infusion in HIE neonates [38]. Using biochemical
assays, other investigations determined that NAC and active vitamin D increase GSH [29].
Similar to our strategy of using NVD combination therapy to increase intracellular GSH,
other investigators have paired NAC with probencid in the treatment of pediatric trau-
matic brain injury to increase GSH synthesis and inhibit the transport of GSH out of the
cell [24,69]. We did not investigate the effect of NVD synergy on GSH synthesis with
our targeted study design in this proof-of-concept study. Improved intracellular redox
status has been shown to augment 1,25(OH)2D binding to its receptor in animal models,
enhancing multiple vitamin D signaling transduction pathways [70]. It is also possible
that the co-administration of NAC and vitamin D have synergistic effects on important
anti-inflammatory and anti-apoptotic pathways other than GSH synthesis.

The use of MRS for measuring hyperacute changes in CNS metabolic profiles repre-
sents a non-invasive method for assessing the precise evolution of cellular injury [71,72].
The advantages of MRS quantification versus biochemical assays of reduced glutathione
include the fact that oxidative stress may be measured serially, before and after injury
and treatment in the same animals; antioxidant dosing can show definitive CNS target
attainment; and the real-time in vivo measurement is not subject to rapid oxidation during
tissue processing, as it is with biochemical assay. MRS is a non-invasive method of mea-
suring GSH concentrations that has been validated using short echo STEAM sequences
in human adults and neonates [73], and allows preclinical pharmacokinetic and pharma-
codynamic studies to quickly translate effective doses of therapeutics to clinical studies.
Newer software programs use MRS pattern recognition to classify infarct evolution in
adult stroke models, illustrating the ability of serial metabolomics to discriminate between
core and penumbra after HI [73]. In addition, MRS can quantify cellular energetics and
redox simultaneously after CNS injury via measurement of GSH and tCr at the same echo
time. This is an important feature of MRS, as the restoring of both are key therapeutic
targets. While MR diffusion sequences have proven useful for identifying cytotoxic edema
after HI injury [37,74,75], MRS offers significantly more nuanced and complex data on
cellular state after injury and recovery, enabling CNS pharmacodynamic studies [76]. MRS
metabolomics are valuable biomarkers that provide translationally important diagnos-
tic and therapeutic information after stroke, particularly in the hyperacute phase when
therapeutic intervention may improve outcomes.

110



Antioxidants 2021, 10, 489

The limitations of our study include that we did not test whether calcitriol alone
could augment GSH production over NAC alone in this short time frame, and we did
not perform MRS in the contralateral, LPS-hypoxia-only hemisphere, due to time and
funding constraints with repeated MR scans on each rat, and the necessity of processing
one litter in one day. Finally, GSSG is not measurable by MRS. However, GSH is the active
antioxidant. Further, either GSH or GSSG may be consumed by glutathionylation, an
important post-translational regulatory mechanism [48]. Therefore, GSSG concentration
or GSH/GSSG ratios are perhaps less important given the current understanding that the
synthesis of GSH–GSSG is not a closed loop, and the absolute GSH/GSSG ratio has little
additional value for determining cellular ability to handle oxidative stress over GSH alone.

5. Conclusions

In one of the most severe models of CNS insult in neonates, serial acute MRS demon-
strated significantly decreased concentrations of reduced CNS glutathione after LPS-HI,
which were not rescued by hypothermia alone. However, low-dose NAC and active vita-
min D administered one hour after the initiation of hypothermia resulted in rapid increases
in GSH, which correlated with NAC plasma levels. Serial MRS in the hyperacute phase
plays a unique role in translational studies by quantifying redox alterations after CNS
injury via GSH and measuring a pharmacodynamic CNS marker of NAC and vitamin D
effect that is associated with outcome and response to therapy after this severe injury.
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Abbreviations

Cho total choline (choline + phosphocholine)
tCr total creatine (creatine + phosphocreatine)
GLMM generalized linear mixed model
Gln glutamine
Glu glutamate
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GLX glutamate + glutamine
GSH glutathione
GSSG glutathione disulfide
HI hypoxic ischemic
HIE hypoxic ischemic encephalopathy
Ins inositol
LAC lactate
LPS-HI lipopolysaccharide endotoxin-sensitized HI
MRS magnetic resonance spectroscopy
NAA total N-Acetylaspartate (N-Acetylaspartate + N-acetylaspartylglutamate)
NAC N-acetylcysteine
NPM N-(1-pyrenyl)maleimide
NVD NAC and 1,25(OH)2D
PND postnatal day
POST HI immediately after hypoxia
POST HYPO immediately after hypothermia
STEAM simulated echo acquisition mode
Tau taurine
TE echo time
VEH saline
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Abstract: N-acetylcysteine (NAC) and vitamin D provide effective neuroprotection in animal models
of severe or inflammation-sensitized hypoxic ischemic encephalopathy (HIE). To translate these
FDA-approved drugs to HIE neonates, we conducted an early phase, open-label trial of 10 days of
NAC (25, 40 mg/kg q12h) + 1,25(OH)2D (calcitriol 0.05 mg/kg q12h, 0.03 mg/kg q24h), (NVD), for
pharmacokinetic (PK) estimates during therapeutic hypothermia and normothermia. We paired PK
samples with pharmacodynamic (PD) targets of plasma isoprostanoids, CNS glutathione (GSH) and
total creatine (tCr) by serial MRS in basal ganglia (BG) before and after NVD infusion at five days.
Infants had moderate (n = 14) or severe HIE (n = 16), funisitis (32%), and vitamin D deficiency (75%).
NVD resulted in rapid, dose-responsive increases in CNS GSH and tCr that correlated positively with
plasma [NAC], inversely with plasma isofurans, and was greater in infants with lower baseline [GSH]
and [tCr], suggesting increases in these PD markers were titrated by neural demand. Hypothermia
and normothermia altered NAC PK estimates. NVD was well tolerated. Excluding genetic syndromes
(2), prolonged ECMO (2), lost-to-follow-up (1) and SIDS death (1), 24 NVD treated HIE infants have
no evidence of cerebral palsy, autism or cognitive delay at 24–48 months. These data confirm that
low, safe doses of NVD in HIE neonates decreased oxidative stress in plasma and CNS, improved
CNS energetics, and are associated with favorable developmental outcomes at two to four years.

Keywords: N-acetylcysteine; vitamin D; neonatal HIE; oxidative stress; MRS

1. Introduction

Therapeutic hypothermia provides significant neuroprotection for half of neonates
with uncomplicated hypoxic ischemic encephalopathy (HIE), but not in more severe HIE or
HIE complicated by chorioamnionitis [1–6]. Oxidative stress is both an early and persistent
contributor to pathology in HIE [7–11]. Glutathione (GSH) is the major intracellular antioxi-
dant which scavenges reactive oxygen species (ROS) and is essential for cell survival [12,13].
Evidence in animal models and humans indicate that oxidative stress depletes reduced
GSH within two hours, which is not mitigated by hypothermia alone [14–16]. Increased
production of superoxide and lipid peroxides persists for days to weeks after moderate
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to severe HI/stroke, with significant depletion of GSH in the striatum, hippocampus,
cortex, and cerebellum [17–19]. Additionally, the decrease in GSH potentiates glutamate
toxicity and FAS-activated cell death [20–23]. Increasing intracellular antioxidant reserves
in the brain very early after HI may be key to halting progression of neural cell death and
improving neuroprotection for HIE infants who do not respond to hypothermia.

Oxidative stress is a trigger for many inflammatory cascades, and early restoration
of normal intracellular redox potential moderates these same pathways. Increasing the
CNS pool of available GSH in the metabolically active basal ganglia (BG) may improve
neuroprotection after significant neonatal HIE [24]. N-acetylcysteine (NAC) effectively
mitigates oxidative stress in animals and humans [9,25,26]. NAC crosses the blood–brain
barrier, provides the rate-limiting substrate for GSH synthesis, increases intracellular GSH
concentrations and improves cell survival in animal models and humans with multiple
etiologies of oxidative stress [9,27–36]. In preclinical work, we previously demonstrated
that NAC plus hypothermia improved outcomes over hypothermia alone in neonatal
female, but not male, rats subjected to severe HI [37]. When 1,25(OH)2D (calcitriol) was
co-administered with NAC and hypothermia, male neonatal rats also showed decreased
neuroinflammation and improved neuroprotection [16]. Active vitamin D is a neuro-steroid
involved in myelination, neuroplasticity and normal development [38–40]. While anti-
inflammatory effects are well described, 1,25(OH)2D also induces synthesis of glutathione
reductase, the enzyme responsible for regeneration of GSH from oxidized glutathione disul-
fide, and thereby increases GSH [41–45]. We postulated that NAC plus 1,25(OH)2D (NVD)
would synergistically increase GSH, decrease oxidative stress and improve developmental
outcomes in human neonates with severe and complicated HIE [16,46,47].

Therapeutic development of antioxidants in clinical translational neuroscience has
been hampered by a lack of careful measurement of biomarkers in target tissue to ensure
dosing for pharmacodynamic effect (PD). Biomarkers of oxidative stress include reduced
glutathione (GSH) and protein and lipid peroxidation products, which are usually mea-
sured in blood. MR spectroscopy (MRS) can directly measure CNS GSH in vivo after
injury or treatment [14,29,48–51]. Therefore, we designed this translational study to de-
termine (1) the doses of NAC and 1,25(OH)2D that effectively mitigate oxidative stress in
CNS and blood in HIE neonates treated with hypothermia, (2) the duration of NAC and
1,25(OH)2D effect on CNS metabolites and any dose-limiting side effects during hypother-
mia or normothermia, and (3) the association of improved oxidative stress biomarkers with
neurodevelopmental outcomes at >2 years of age.

In a previous rapid communication, we reported our validation of MRS quantification
of GSH in this cohort of convalescing HIE infants, with mean BG [GSH] of 1.6 ± 0.2 mM
on day of life (DOL) 5 after hypothermia treatment, which is markedly lower than
2.5 ± 0.8 mM previously reported in healthy term neonates [52]. We also reported that
NAC with or without calcitriol rapidly and significantly increased [GSH] in the BG to
1.93 ± 0.23 mM (p < 0.0001) on DOL 5–6 [15].

In this manuscript, we report the results of the complete clinical trial of NAC and cal-
citriol (NVD) in neonates with HIE undergoing hypothermia. We quantified plasma lipid
peroxidation products and CNS metabolomics with paired plasma NVD concentrations
before and after NVD and employ novel, serial MRS to show PD dose response and dura-
tion of GSH response in the BG, a major CNS target for neuroprotection in HIE. We show
that NAC and calcitriol were safe and determine the dose tolerability and pharmacoki-
netics (PK) during hypothermia and normothermia. Finally, we report on developmental
outcomes of study participants from two to four years of age.

2. Materials and Methods

2.1. Study Design Overview

We enrolled 30 neonates with moderate to severe HIE receiving hypothermia in this
Institutional Review Board (IRB)-approved open-label, early phase study (NCT 04643821).
We administered intravenous (iv) NAC and calcitriol (NVD) daily for 10 days. We obtained
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blood samples for NVD PK estimates and oxidative stress markers around the first dose
and during 72 h of hypothermia (HT) and around the 10th–11th dose on DOL 5–6 during
subsequent normothermia (NT). We paired plasma PK and oxidative stress samples around
the 10th or 11th doses with MRS before and after NVD infusion on DOL 5–6, to determine
CNS PD dose response in [GSH] and duration of the CNS effect. We were powered to detect
20% [GSH] change of NVD with 20 paired MRS datasets. Our primary safety outcomes
were hypotension (NAC) and hypercalcemia (calcitriol). MRS quantification was blinded
to dose and condition.

2.1.1. Consent and Enrollment

This study was approved by the Medical University of South Carolina Institutional
Review Board. We approached parents within 6 h of birth and obtained written informed
consent according to the Declaration of Helsinki, prior to enrolling 30 consecutive neonates
with HIE in MUSC’s Neonatal Intensive Care Unit from 2014 to 2017. All infants had
moderate to severe HIE by modified Sarnat staging [53,54], and qualified for cooling for
72 h according to standard HIE criteria: Gestational age ≥ 34 weeks, and they had one
factor indicating an acute sentinel event (cord or baby pH ≤ 7.0, base deficit ≥ −13, Apgar
score ≤ 5 at 10 min, continued resuscitation after 5 min due to absence of respiratory effort),
and two signs of stage 2/3 encephalopathy [55].

2.1.2. Standard of Care: HIE Protocol and Hypothermia Treatment

Infants were cooled to 33–33.5 ◦C Tr for 72 h (Criticool™, Belmont Medical Technolo-
gies, Billerica, MA), and rewarmed at 0.2 ◦C/h. Infants received nothing by mouth through
rewarming other than oral care with breast milk. Parenteral nutrition without cysteine,
but with vitamin D3 400 IU/day and lipids (0.5–2 gm/kg/d), was administered during
hypothermia. Feeds were introduced if clinically stable on DOL 4–5. Infants received IV
morphine 0.02 mg/kg every 4 h for comfort during hypothermia that was increased as
clinically required in infants with pulmonary hypertension (PPHN). Standard monitor-
ing during hypothermia included serum lactate, ionized and total calcium, electrolytes,
clotting studies, liver function tests, cardiac and renal panels, and circulating cell counts.
Continuous 20 montage video EEG was monitored from admission until completion of
rewarming. Seizures were defined as electrographic seizure activity. Head ultrasound
with Doppler blood flow of three cerebral arteries was obtained within 12 h of admission
using a Philips Epic 5 scanner (Koninklijke Philips N.V., Amsterdam, The Netherlands)
with a 9–4 MHz curvilinear transducer, and we recorded the average resistive index and
time average maximum velocity. Echocardiograms were obtained in all infants. PPHN
was defined as evidence of right to left intra- or extracardiac shunting through the patent
ductus arteriosus. An MRI and MRS were obtained on day of life 5–6 after rewarming, on
a 3T Siemens Skyra, using standard sequences for T1, T2, ADC, and DKI. For MRS, single
voxels were placed in the left BG and right frontal white matter. MRI scans were read by a
single neuroradiologist (MY).

2.1.3. NAC and Calcitriol Infusion

The study drugs were administered by IV within 4–9 h after birth and continued until
DOL 10 or discharge. NAC was infused over 60 min, and calcitriol by IV push. For the
first 20 participants the NAC dose was held constant at 25 mg/kg/dose every 12 h while
determining the optimal dose and timing of calcitriol. For the next 10 participants, the
NAC dose was increased to 40 mg/kg, keeping the calcitriol dose constant. Treatment
groups were NAC 25 mg/kg/dose + calcitriol 0.05 mcg/kg/dose iv q12h (n = 10), NAC
25 mg/kg/dose q12h + calcitriol 0.03 mcg/kg/dose q24h (n = 10), or NAC 40 mg/kg/dose
q12h + calcitriol 0.03 mcg/kg/dose q24h (n = 10). Both study drugs were held if an infant
had untreated/refractory hypotension at time of dosing (mean BP < 40 mmHg). Calcitriol
was held for ionized calcium (iCa++) > 1.3 mmol/L, and we limited calcium in parenteral
nutrition. An early calcitriol PK analysis estimated serum calcitriol half-life to be 28.2 h dur-
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ing hypothermia and mean peak [1,25(OH)2D] = 263 ± 72 pmol/L (first dose), increasing to
434 ± 146 pmol/L (sixth dose), indicating continued accumulation with 0.05 mcg/kg/dose
q12h. Subsequently the calcitriol dose was decreased to 0.03 mcg/kg/dose q24h (n = 20),
but still within the range of effective doses in our preclinical studies [16].

2.2. Magnetic Resonance Spectroscopy

2.2.1. MRS Protocol

On DOL 5–6 after rewarming, clinically stable HIE neonates had MRS scans with
paired blood samples for NVD and lipid peroxidation products before and after the 10th
or 11th NVD dose, using a single voxel placed in either the BG or frontal white matter,
with stimulated echo acquisition mode (STEAM), echo time (TE) 20 ms, and point resolved
spectroscopy (PRESS) TE 270 ms on a Siemens 3T Skyra, as previously described [15].
Infants received both NAC and calcitriol, or only NAC if the calcitriol dose was held
or not given at that time with 24 h dosing, as scans had to be conducted at night. The
neuroimaging protocol (Figure 1) consisted of: (1) first MRS immediately preceding NVD
dose administration (trough); (2) calcitriol and NAC infusion during the clinical MRI;
(3) second MRS immediately after clinical MRI (12–30 min after NVD infusion, peak);
(4) third delayed MRS (2–6 h after infusion as the clinical schedule allowed, post-peak)
to estimate the duration of NAC effect on [GSH] in the CNS; (5) MRS/diffusion imaging
obtained between 10–40 d (convalescent). Sedation with low dose morphine or lorazepam
was administered for clinical indications during acute scans. Scans required 90 min for the
acute protocol, 12 min for the delayed scan. The PI (neonatologist) and neonatal intensive
care unit nurse were present during all scans.

 

Figure 1. Study flow diagram. Note that the number of infants with developmental follow-up flows
from the original number of infants in each dosing group, not just the infants with complete NVD
infusions or complete MRS data. The number of infants with useable data for each MRS metabolite
may vary slightly from these numbers due to MRS quality controls for spectral fit which are unique
to each metabolite.

2.2.2. LCModel Data Fitting

MRS spectra were fit with LCModel by an investigator blinded to subject and dose,
using a custom basis set that included GSH with a cysteinyl peak at 2.95 ppm, as well as
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standard metabolites: total Choline (tCho: GPC+PCho), total creatine (tCr: Cr+PCr), total
N-acetylaspartate (NAA: NAA+NAAG), myoinositol (mIns), glutamate and glutamine
(GLX)] [15]. Absolute metabolite concentrations were determined with water normalization
from the unsuppressed water scan. Representative 3T MRS of the GSH peak at 2.95 ppm
and validation of quantification has been previously published [15]. We excluded spectra
for low signal/noise < 5, or coefficient of variation > 15% by LCModel fit.

2.3. Pharmacokinetic Studies

2.3.1. Drug Concentrations

Blood samples were collected for HT and NT PK: before and 0.5 h, 1 h, 11.5 h after first
(HT) and tenth (NT) NAC/NVD doses, and for steady-state trough concentration (Cminss)
prior to sixth (HT) and thirteenth doses (NT). Blood was collected in sodium EDTA (NAC)
and plain tubes (vitamin D), and plasma/serum was aliquoted and frozen at −80 ◦C until
assay. CSF obtained at 24 h with the peak NVD blood sample was frozen at −80 ◦C until
assay. Total plasma NAC concentrations were determined using a modified, sensitive and
specific HPLC method with a limit of detection of 0.15 mmol/L [56]. Serum 25(OH)D &
1,25(OH)2D concentrations were measured for 23 infants by RIA with detection limits of
2.5 mol/L for 25(OH)D and 36 pmol/L for 1,25(OH)2D [57]. Frozen aliquots of serum
for 20 infants were shipped on dry ice for analysis of isoprostanoids markers of oxidative
stress by LC-MS, as previously reported [18].

2.3.2. PK Analyses

Non-compartmental modeling methods (PK Solutions 2.0; Summit Research Services,
Montrose, Colorado) generated PK parameters for NAC and 1,25(OH)2D: terminal elimina-
tion half-life (t1/2), volume of distribution (Vd), total body clearance (CL) and area under
the concentration curve (AUC). Statistical comparisons between doses or HT and NT were
conducted using a paired or unpaired 2-sided Student t test, with significant p-value < 0.05.
(Graphpad Software 5.00, San Diego, CA, USA).

2.3.3. Developmental Follow-Up Testing

We performed standard developmental testing in high-risk follow-up or develop-
mental clinics for most participants between 18–36 months of age. This battery of tests
includes the Peabody Developmental Motor Scales, which have a high correlation with
the Bayley III motor scores (r = 0.79–0.88 for fine, and gross/total motor scores, respec-
tively [58]; Cognitive adaptive test (CAT) and Clinical linguistics and auditory milestone
scale (CLAMS), which are both sensitive and specific for cognitive delays defined as the
Bayley cognitive scaled score < 70 [59] and the Modified Checklist for Autism in Toddlers
(MCHAT). Parental reports of development by phone were also obtained at 4 years of age
to discern any intervening issues with language or speech. Two families moved out of the
area and only provided parental reports of development and the use of special services.

2.3.4. Statistical Analysis

For 24 subjects with CNS metabolite concentrations regardless of completion of NVD
infusion (intent-to-treat), two-tailed paired t-tests compared changes in metabolite con-
centrations in HIE neonates pre- and post-infusion with significance p < 0.05 (IBM SPSS®

v.25, Armonk, NY, USA). ANOVAs were used to compare repeated measures of non-linear
MRS metabolite concentrations for three time points within a subset of 10 subjects, with
pairwise comparisons and Bonferroni correction. Partial eta squared values are reported for
attributing the variance in metabolite concentration to time of scan around NVD infusion.
Independent variables of NAC dose and sex were included in analyses. We performed both
intent-to-treat analyses of CNS metabolites and efficacy analysis (infants who received full
dosing) to account for infusion problems and lack of reliable dose delivery during some
MR scans. Pearson’s or Spearman’s correlation coefficients were generated for comparisons

121



Antioxidants 2021, 10, 1344

of plasma NAC and lipid peroxidation products, and CNS metabolite concentrations,
as appropriate.

3. Results

3.1. Clinical Characteristics

We enrolled 30 neonates with moderate to severe HIE receiving hypothermia in this
IRB-approved open-label, early phase study (Figure 1). Study drugs were administered
within 4–9 h after birth and continued through 10 days of life through a central or peripheral
IV line.

Clinical demographic data of the neonatal HIE cohort are presented in Table 1. There
were twice as many males as females. Infants exhibited neurologic signs of moderate
to severe encephalopathy prior to enrollment and were hypothermic at first study drug
administration. Out of the 19 placentas sent to pathology we demonstrated acute chorioam-
nionitis with funisitis in one third of HIE infants. One placenta showed fetal vasculopathy
with thrombosis and many avascular villi. The numbers of infants in the worst quartiles
for pH (6.5–6.8) and base deficit (>−20) are also given.

Table 1. Demographics of HIE infants. Mean (SD) or number of subjects with specific conditions.

N = 30

Gestational age (weeks), mean (SD) 38.2 ± 1.5

Birth weight (grams), mean (SD) 3248 ± 545

Males/Females 20/10

pH of cord or neonatal blood, median (IQR) 6.91 (6.82, 6.99)

Cord pH 6.5–6.8, number of subjects 6

Base deficit of cord or neonatal blood, median (IQR) −18.0 (−20, −13.6)

Base deficit ≥ −20, number of subjects 10

Serum lactate (mM) < 6 h after birth, mean (SD) 8.9 ± 4.6

Apgar score at 1 min, mean (SD) 1.4 ± 1.3

Apgar score at 5 min, mean (SD) 3.2 ± 2.0

Apgar score at 10 min, mean (SD) 5.4 ± 2.1

Chest compressions, number of subjects 10

HIE stage 2/3, number of subjects 14/16

Placental histology: Chorioamnionitis 8/19 (42%)

Funisitis 6/19 (32%)

Clinical Sepsis/Pneumonia 8

Complete abruption or feto-maternal hemorrhage 5

Seizures 7

PPHN 6

ECMO 2

Congenital syndrome 2

MRI abnormalities, total number of patients 13

Minor T1 & T2 signal abnormalities 10

Basal ganglia 1

Periventricular white matter 7

Cortical/subinsular 1/1

Hemorrhages

Periventricular/Cortical/Occipital/Cerebellum 1/1/1/1

Perinatal arterial stroke 1

Gr 1–2 IVH 4
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Six infants had PPHN prior to enrollment and four were treated with inhaled nitric
oxide. Two of these infants required prolonged and complicated courses of extracorporeal
membrane oxygenation (ECMO): one was placed on veno-venous by-pass and deteriorated
over the next 24 h requiring conversion to veno-arterial bypass with overwhelming sepsis
and pneumonia. Study drugs were held for 41 h during these events. The second infant was
placed on ECMO within a few hours of birth and did not receive the first dose of study drug
until blood pressure was stable on bypass. This infant later suffered an emergent circuit
change due to circuit thrombosis with subsequent major pulmonary and CNS hemorrhages
with hypoxia (1). Two genetic disorders were diagnosed after treatment completion (Prader
Willi and congenital myasthenia gravis).

Resistive indices on Doppler ultrasound (n = 28) within 24 h of HIE birth were mean
RI = 0.72 ± 0.11(0.53–0.94) in the anterior cerebral artery, 0.73 ± 0.11 (0.53–0.90) in the
middle cerebral artery, and 0.74 ± 0.10 (0.54–1.0) in the basilar artery. Abnormal RI (<0.65
or >0.8) were noted in 13 infants in the middle cerebral and basilar arteries and 15 infants
in the anterior cerebral artery [60,61].

MRI brain parenchymal signal abnormalities were present in 10 infants, largely demon-
strating small foci of periventricular signal abnormality characterized by subcentimeter
foci of T1 and T2 shortening with associated restricted diffusion (Table 1). Other imaging
abnormalities included one patient with right sided subcentimeter cortical hemorrhages,
one patient with left subinsular white matter injury, one patient with subcentimeter focus
of T2 hyperintensity in the right basal ganglia, one patient with a subcentimeter right
cerebellar hemorrhage, and one patient with left middle cerebral artery and additional
multifocal small bilateral cortical infarctions. Among the 10 infants with minor abnormal
parenchymal findings, four had small volume intraventricular hemorrhage. Among the
patients with no brain parenchymal signal abnormalities, one patient had trace intraventric-
ular hemorrhage. Seventeen infants had no identifiable abnormalities on their conventional
MRIs.

3.2. NVD Safety and Tolerability

NAC 25 and 40 mg/kg/dose q12h were well tolerated without serious adverse events.
We held NAC and calcitriol doses for urgent cannulation for ECMO per IRB-approved
protocol. Patients on ECMO received an NAC loading dose to account for increased Vd of
the ECMO circuit. Calcitriol dose was not altered.

We held 26 calcitriol doses for elevated iCa++ (mean iCa++ = 1.42 ± 0.06 mM), which
were not related to dose or interval. iCa++ was elevated in five out of ten infants receiving
calcitriol 0.05 mcg/kg q12h (1.46 ± 0.02 mM), and 18 out of 20 infants receiving calcitriol
0.03 mcg/kg q24h (iCa++ 1.41 ± 0.07 mM). Many of the infants had calcitriol doses held
while on full feeds, when ionized calcium concentrations generally increased. Therefore,
the mean duration of calcitriol dosing was 5.7 ± 2.1 days. We observed no clinical effects
of mildly elevated ionized calcium, which was managed by withholding calcitriol dosing
and/or decreasing calcium in parenteral nutrition. Elevated iCa++ were not associated
with elevated total serum calcium concentrations (all < 12 mg/dL).

3.3. NAC and Vitamin D Pharmacokinetics

3.3.1. NAC PK

We found significant differences in NAC PK parameters between HT and NT periods,
with lower clearance and longer half-life during hypothermia (Table 2, Supplementary
Table S1, Figure 2A–D). Steady-state NAC trough (Cminss) concentrations were low during
both periods with q12h dosing. NAC PK did not significantly differ between calcitriol
dosing groups or when ECMO patients were excluded from analysis.
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Figure 2. Plasma NAC and serum 1,25(OH)2D concentrations and pharmacokinetics. (A,B) Plasma NAC concentrations
during hypothermia (HT) and (C,D) normothermia (NT), with NAC (A,C) 25 mg/kg/dose and (B,D) 40 mg/kg/dose.
(E,F) 1,25(OH)2D serum concentrations during HT with calcitriol (E) 0.03 mcg/kg/dose, (F) 0.05 mcg/kg/dose.
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3.3.2. 25(OH)D and 1,25(OH)2D Serum Concentrations at Birth and Pharmacokinetics

At birth, 78% of 23 HIE neonates sampled were vitamin D insufficient [25(OH)D
< 75 nmol/L], 61% were vitamin D deficient [<50 nmol/L], and 30% were severely de-
ficient [<25 nmol/L], similar to our previous HIE cohort [57]. There were significant
differences in 25(OH)D serum concentrations at birth by race but not by sex. Black and
Hispanic infants had mean 25(OH)D 25 ± 10 nmol/L vs. white infants 62.5 ± 25 nmol/L
(p = 0.00025). Furthermore, all black/Hispanic infants were 25(OH)D deficient at birth,
range (12.5–45 nmol/L). Among white infants, 31% were deficient, 31% were insufficient,
and 38% were 25(OH)D sufficient. 25(OH)D serum concentrations did not increase with
400IU vitamin D3 added to daily parenteral nutrition or enteral feeds.

Mean 1,25(OH)2D serum concentrations were 48 ± 16 pg/mL shortly after birth and
did not vary by race or sex. Serum [1,25(OH)2D] increased with the first calcitriol dose
by 80.6 ± 25.2 pmol/L (0.03 mcg/kg) and 143.5 ± 62.2 pmol/L (0.05 mcg/kg), but show
considerable variability in PK, particularly with the 0.03 mcg/dose (Figure 2E,F). Many
patients had concentrations at 60 min that were higher than “peak” concentrations at 30 min,
precluding PK estimate calculations. This may have been due to the small dose volume
being administered, continued release from vitamin D binding protein [62], or a prolonged
equilibration phase. Calcitriol was frequently held during normothermia for elevated
iCa++. Therefore, we report calcitriol PK for only six patients receiving 0.05 mcg/kg during
HT (Figure 2F, Table S2), which prevented any meaningful comparisons between doses, or
HT and NT periods.

3.3.3. NAC and Vitamin D concentrations in CSF

We measured NAC concentration in the CSF in five infants (mean 17.2 ± 23.9 mmol/L,
range: 6.1–61.3 mmol/L) within 7–25 min after the second NAC dose (Supplementary
Table S1). Compared with the plasma obtained at the same time as CSF, secretion of NAC
into CSF was between 1–21% of peak plasma [NAC]. 1,25(OH)2D was not detectable in
any CSF sample.

3.4. MRS Metabolite Changes with NVD Infusion

NVD was infused during the routine MRI on DOL 5–6, and MRS scans were performed
at 0 h before infusion, at 0.5 h, and 2–6 h after infusion to study the PD time course of [GSH]
change in CNS. We obtained adequate MRS spectra and metabolite data in 23–24 neonates
at two time points depending on metabolites, and in 10 patients at three time points. For
efficacy analyses we excluded MRS if there were problems with the IV or infusion pump
resulting in incomplete infusion of NVD prior to second scan (n = 5), and significant delay
outside of dosing windows by emergent clinical cases (n = 1). As previously reported, three
infants had no NAC infused prior to the second scan and had no increase in [GSH] [15]. One
infant had left parietal perinatal stroke, and a voxel was placed in the diffusion-restricted
stroke area in addition to the BG.

3.4.1. Dose Responsive Increase in [GSH] with NVD Infusion in Basal Ganglia

For the 10 infants with three scans, [GSH] showed a significant increase acutely and
over time (F = 8.2, p = 0.012, partial eta sq = 0.67). Seven out of 10 infants maintained
improved [GSH] in BG for four to six hours (Figure 3A). We observed a CNS dose response
with a significantly greater increase in BG [GSH] with NAC 40 mg/kg (+32%) versus
25 mg/kg (+18%, p < 0.05, efficacy analysis, Figure 3B). Importantly, peak [GSH] in BG
did not exceed the normal range in healthy term neonates with either NAC dose [52].
We previously reported CNS [GSH] in the BG increased significantly 12–30 min after
NAC/NVD (p < 0.0001, n = 23, all doses, intent-to-treat, paired t-test), which was not
significantly different between NAC alone (n = 9) vs. NVD (n = 14) [15]. Coefficients of
variance were ≤8% for [GSH] with LCModel processing of STEAM sequences at TE20ms
on Siemens 3T MRI.
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Figure 3. CNS GSH changes over time and by NAC dose. (A) [GSH] in BG of the 10 HIE infants with serial MRS on DOL
5–6 immediately before (trough = 0 h), and after NVD (peak = 12–30 min) and delayed (post-peak = 2–6 h), with NAC
alone (n = 5) or NVD infusion (n = 5). (B) [GSH] change with NAC 25 mg/kg/dose or 40 mg/kg/dose from trough to peak
[GSH] or peak to post-peak (2–6 h) after NAC/NVD infusion (* p < 0.05). We included all patients who had the entire dose
reliably delivered prior to second scan (efficacy analysis). (C,D) Trough to peak increase in plasma [NAC] plotted with the
simultaneous increase in basal ganglia metabolites (C) [GSH] and (D) [tCR] for the 17 subjects with adequate MRS and
[NAC] plasma data.

3.4.2. Total Creatine and Choline Change Acutely with NVD Dosing

NVD (all doses) significantly increased tCr, tCho, and mIns within 12–30 min of
infusion by paired t-test (n = 23–24 depending on metabolite, intent to treat, Table 3). Mean
NAA increased from pre- to immediately post-NVD (n = 24, intent to treat, p = 0.051, paired
t-test), which was significant when infants with infusion problems were excluded (n = 18,
p = 0.042). There was a trend to a dose response for [tCr] and [tCho] in the BG, with greater
increase with NAC 40 mg/kg versus 25 mg/kg (both p = 0.07).

Table 3. MRS metabolite concentrations for all subjects, Mean (SD).

Acute MRS (DOL 5) Convalescent MRS

CNS metabolite (mM) Pre-NVD
Trough (n = 24)

Post-NVD
Peak (n = 24)

Post-NVD
Post-Peak (n = 10)

DOL 11–40
(n = 18)

GSH 1.61 ± 0.28 * 1.93 ± 0.31 * 1.77 ± 0.32 2.05 ± 0.37

Total Creatine 6.49 ± 0.7 * 7.06 ± 0.53 *,† 6.98 ± 0.81 † 6.93 ± 0.55

Total Choline 2.43 ± 0.3 ‡ 2.67 ± 0.3 *,‡ 2.46 ± 0.30 * 2.63 ± 0.33

NAA 4.62 ± 0.5 4.84 ± 0.46 4.55 ± 0.71 5.11 ± 0.81

Glutamate + glutamine 6.59 ± 0.94 6.37 ± 0.57 7.04 ± 0.74 7.35 ± 1.08

MyoInositol 7.12 ± 0.95 † 7.65 ± 0.91 † 7.13 ± 0.70 7.83 ± 0.97

Comparing MRS metabolites over 3 scans during the acute HIE phase, before and after NVD infusion on DOL5, intent to treat analysis:
overall ANOVAs are significant for GSH (p = 0.012), tCr (p = 0.005), tCho (p = 0.001); mIns (p = 0.009). Specific groups that were significantly
different by pairwise comparisons are noted by * p < 0.05, † p < 0.005, ‡ p< 0.0005.
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For the 10 subjects with three scans, other metabolite concentrations were significantly
different over the three scans: tCr (F = 10.9, p = 0.005, partial eta sq = 0.73); tCho (F = 20.9,
p = 0.001, partial eta sq = 0.83); mIns (F = 9.1, p = 0.009, partial eta sq = 0.7). There were no
significant differences in [NAA] or [GLX] within these 10 subjects by repeated measures
ANOVA.

3.4.3. Sex Differences in CNS Metabolites

[GSH] in BG before NVD infusion showed a strong tendency to be lower in HIE
males (1.59 ± 0.19 mM, n = 17) than in females (1.74 ± 0.18 mM, n = 6, p = 0.06), but
[GSH] increase with NVD was not different by sex. There were no sex differences in
mean metabolite concentrations for other metabolites, but there were too few females for
meaningful repeated measures comparisons.

3.5. Plasma NAC and Lipid Peroxides Correlate with CNS Markers of Oxidative Stress
and Energetics

NAC plasma concentrations strongly correlated with the simultaneous increase in CNS
[GSH] and [tCr] from trough to peak, before and after the NVD infusion (Figure 3C,D).
The absolute change in [∆GSH] also positively correlated with the absolute change in
[∆tCr] from trough to peak (Figure 4A), demonstrating that CNS energetics improved
in conjunction with antioxidant concentrations. Moreover, the lower the baseline [GSH]
and [tCr] before dosing (trough), the greater the increase with NAC/NVD (Figure 4B,C).
Conversely, the higher the trough [GSH] and [tCr] in BG before NAC/NVD, the less the
absolute increase in [GSH] and [tCr].

−

−

−

 

-1

-0.5

0

0.5

1

1.5

2
2.5

4.3 4.8 5.3 5.8 6.3 6.8 7.3 7.8

∆ 
tC

r (
m

M
) 

Trough tCR (mM)

-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

1.1 1.3 1.5 1.7 1.9 2.1

Δ
GS

H 
(m

M
)

Trough GSH (mM)

R² = 0.59
p = 0.00002

n = 24
R² = 0.21
p = 0.024

n = 24
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Δ
GS

H 
(m

M
)

Δ tCr (mM) 

R² = 0.41
p = 0.0008

n = 24

A B C

rs= -0.76
p = 0.006

n=11

-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5
0.6

-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

∆ 
GS

H 
(m

M
)

∆ IsoFuran 1/IS, pre to 30 min post NVD

1.8
1.9
1.9
2.0
2.0
2.1
2.1
2.2
2.2

0.008 0.011 0.014 0.017 0.020 0.023

GS
H 

(m
M

) p
os

t N
VD

Neurofurans (nM) 60 min post NVD

A

rs = -0.88
p=0.004

n=10

B

Figure 4. Comparison of GSH and tCr in BG (intent to treat analysis). (A) The increase in [GSH] is plotted against the
change in [tCR] trough to peak, across all infants with NAC/NVD infusion, including those with only partial infusions.
(B,C) The increase in (B) [GSH] and (C) [tCr] are strongly dependent upon the trough concentrations in the BG. There was a
significantly greater increase in [GSH] and [tCR] in those with lower CNS GSH and tCr on DOL 5 before dosing (trough).

We also investigated whether plasma concentrations of lipid peroxidation markers,
isoprostanoids, were associated with CNS oxidative stress and acutely changed with
NAC/NVD infusion in paired plasma samples around DOL 5 MRS. The decrease in
Isofuran concentrations from before to immediately after NAC/NVD infusion correlated
with simultaneous increase in CNS [GSH], from trough to 30 min peak (r = −0.76, p = 0.006,
n = 11, Figure 5A). Several plasma oxidative stress markers were inversely correlated with
CNS [GSH] post NVD. Higher CNS [GSH] correlated with lower plasma Neurofurans at
one hour post NVD (rs= −0.88, p = 0.0038, n = 10, Figure 5B); Other correlations were limited
due to small numbers of samples but include 5IPF2a-VI concentrations at 30 min after
NVD dosing (r= −0.78, p = 0.0022, n = 8). Neither 25- or 1,25(OH)2 plasma concentrations
correlated with plasma iso- or neurofurans.
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Figure 5. Plasma oxidative stress markers Isofurans and Neurofurans correlate with CNS [GSH] after
NVD. (A) The increase in [GSH] is strongly correlated with a decrease in Isofurans from pre to post
NVD dosing. (B) [GSH] after NVD infusion is strongly negatively correlated with Neurofurans at
60 min post infusion. (Spearman’s rank correlation).

3.6. Death and Neurodevelopmental Outcomes

The mean days to discharge for 26 HIE infants (excluding prolonged ECMO or genetic
syndromes) was 16 ± 12 d. There were no deaths during initial hospitalization. One infant
suffered a roll-over accidental death at three months during co-bedding. The two infants
with a history of ECMO and one infant with a genetic syndrome were the only participants
to require gastrostomy tubes for feeding. The ECMO and genetic syndrome patients had
abnormal development with spastic diplegic cerebral palsy (1), global developmental delay
(4), and autism (1). One infant was lost to follow-up.

The remaining 24 infants with HIE treated with NVD and hypothermia show normal
gross motor, fine motor, and cognitive development at 24–48 months of age, without
evidence of cerebral palsy or autism. These 24 infants include 10 infants either exposed
to chorioamnionitis or diagnosed with clinical sepsis and pneumonia. Twenty-two had
formal developmental assessments at developmental follow-up clinics: the mean Peabody
gross motor developmental quotient was 102 ± 9.5, the Cognitive adaptive test (CAT) was
95 ± 9.3, the Clinical linguistics and auditory milestone scale (CLAMS) was 98.9 ± 11.1,
and the mean MCHAT was 0.4 ± 0.5, at 33 ± 14 months of age. In the severe HIE group
(n = 13), the Peabody gross motor developmental quotient was 103 ± 8, CAT 101 ± 10,
CLAMs 95 ± 11, MCHAT 0.14 ± 0.4 at 29 ± 12 months of age. Three male infants
were receiving therapy for speech delay, and one made significant improvement after
myringotomy tube placement. Parents of two infants who moved out of the area reported
normal development and no special services.

4. Discussion

In neonates with moderate and severe HIE, oxidative stress continues for days after
completion of therapeutic hypothermia, as reflected in low concentrations of reduced
glutathione in the basal ganglia before NVD dosing on DOL 5–6. NAC crossed the blood–
brain barrier quickly and significantly increased [GSH] in the BG of HIE neonates on DOL
5–6, in a dose responsive manner, with a measurable effect for at least 6 h, while the serum
NAC half-life during the same normothermic period was 4.5 h. Both NAC doses resulted in
GSH increases, but the 40 mg/kg dose resulted in a 32% increase within 30 min of infusion.
The 40 mg/kg dose of NAC appeared safe both systemically and in CNS, as we did not
observe evidence of reductive stress [63], and GSH never exceeded reported normal values
in term infants.

At the same time, NAC/NVD increased total creatine in the BG, which is strongly
correlated with the increase in [GSH]. The simultaneous rapid improvement in tCr indicates
that along with restoring CNS GSH reserves, NAC and or NVD improve mitochondrial
and cellular creatine kinase and synthetic function [64] and increase important energy
substrates in a vulnerable brain region. Further, the increases in GSH and tCr were greater
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in patients with lower total creatine and greater oxidative stress, and not as great in infants
with higher GSH or tCr concentrations. Taken together, these data strongly suggest that
NAC 25–40 mg/kg/dose and calcitriol result in rapid synthesis of GSH and increases in
CNS energetics that are titrated based on level of CNS demand from oxidative stress in
the BG.

This finding is immensely important for the safe clinical translation of these therapeu-
tics. Under normal conditions, the production of intracellular GSH is tightly regulated by
availability of the rate-limiting precursor cysteine and direct feedback inhibition of the ma-
jor synthetic enzyme, glutamate-cysteine ligase [65]. In hypoxic-ischemic and reperfusion
conditions, the feedback inhibition via phosphorylation may be impaired, leading to excess
GSH and reductive stress even with low doses of NAC and vitamin D. Our MRS data on
DOL 5 show that feedback inhibition is intact and there is tight regulation of GSH synthesis
to a normal intracellular concentration. Therefore, infants with the greatest oxidative stress
can benefit from NVD, without exposing less affected infants to harmful side effects.

Plasma isofurans, which are stable and peak more slowly than isoprostanes [66], were
also reduced after NAC/NVD infusion on day five, which strongly correlated with the
simultaneous increase in CNS [GSH]. The combined data on CNS and plasma oxidative
stress markers indicate that infants are still not metabolically stable during the subacute
phase of HIE despite hypothermia treatment, and that NAC rapidly corrects both systemic
and CNS oxidative stress and metabolomics. Even infants with severe HIE by neurologic
exam, cord pH ≤ 6.8, and MRI lesions seemed to benefit, as motor and cognitive outcomes
for this group were within the normal range. The fact that significant structural MRI lesions
were found on DOL 5 in one perinatal arterial stroke patient and yet functional outcomes at
24 months of age were favorable without hemiparesis, suggests that this metabolic recovery
is very important to functional outcome.

NAC and vitamin D pharmacokinetics differ by hypothermic and normothermic
phases of recovery. Similar to findings of other PK trials in neonatal therapeutic hypother-
mia [67,68], we found longer t1/2 and decreased CL of NAC during hypothermia when
compared to normothermia. Based on this data, NAC dose and dosing interval need
to be adjusted to increase NAC trough steady state concentrations during both HT and
NT. NAC 30 mg/kg every eight hours and 40 mg/kg every eight hours during HT and
NT, respectively, will maintain troughs above 61 mm/L (10 mcg/mL) and peaks below
613.5 mm/L (100 mcg/mL). The pairing of blood samples with MRS scans provides a
unique dataset that directly links intravenous administration of NVD to target effects
in a critical CNS region and identify NAC doses and plasma levels that alleviate a key
mechanism of oxidative stress and compromised CNS energetics after HIE birth. These
data provide important dosing information for future clinical trial design.

We were not as successful in identifying a direct CNS target of 1,25(OH)2D effect, as
vitamin D’s effect did not manifest as acute changes by serial MRS. However, we again
demonstrate that the majority of HIE neonates are vitamin D insufficient and the standard
400IU supplemental dose of 25(OH)D is inadequate to correct this insufficiency, as we
described in our previous RCT trial of hypothermia [57]. Our studies and other studies
of vitamin D deficiency in HIE highlight a significant unmet need for these critically ill
infants with neuro- and systemic inflammation [69,70]. Severe vitamin D deficiency is well
described to impart a significant risk for worse outcomes after stroke in adult humans
and animal models [71–73]. Additionally, in neonatal HIE, lower 25(OH)D concentrations
in the first 48 h inversely correlated with MRI evidence of brain injury [70]. Conversely,
stroke results in lower vitamin D levels through inflammation-triggered degradation of
vitamin D [16,74]. Vitamin D has been shown to be neuroprotective when given primarily
before and, in one study, after ischemia reperfusion injury [38,47,75,76]. 1,25(OH)2D may
act by regulating NMDA receptors and protecting against glutamate excitotoxicity [42,76],
reducing inflammatory cytokines, modulating regulatory T cells [16,77], or chronically
upregulating GSH synthetic enzymes and increasing GSH production [42–44]. While
the evidence in general suggests that vitamin D deficiency appears to be detrimental
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for adult brain after stroke, vitamin D deficiency after global stroke in neonates may be
particularly impactful, given vitamin D’s important effects on plasticity, cognition and
memory during brain development [16,38–40,78,79]. Based on our finding and those of
others we suggest that all HIE patients have their vitamin status determined on admission
and treated appropriately to achieve a serum 25(OH)D > 50 nmol/L.

Our study revealed mildly elevated ionized calcium even with q24h calcitriol dosing,
which was managed by decreasing intravenous calcium or holding calcitriol doses. While
we saw no clinical adverse effects from this biochemical finding, we were only able to
complete an average of six out of ten days of calcitriol dosing per our safety protocol.
As 25(OH)D serum concentrations had not reached sufficiency by the end of the study,
increased 25(OH)D supplementation should be considered upon reaching seven days, full
oral feeds, or discharge from the hospital.

We used much lower doses of NAC than employed in acetaminophen toxicity pro-
tocols or in maternal inflammation animal models of neonatal brain injury (200–300
mg/kg) [8,9,25,80,81]. Results from our trial confirm our NAC dose selection based on
our preclinical studies [14,16,37,82], and demonstrate desired effects on CNS and systemic
oxidative stress with NAC 25–40 mg/kg in HIE neonates without significant side effects.
NAC appears to be safe in critically ill HIE neonates, just as we demonstrated in neonates
of all gestational ages exposed to maternal intrauterine inflammation in our trial of NAC
in maternal chorioamnionitis [83,84]. In addition to our clinical study, two other preclinical
studies have demonstrated inhibition of peroxynitrite and reduction of oxidative stress
with NAC 20–40 mg/kg [25,80].

We observed no significant motor, cognitive or behavioral deficits in the 24 HIE in-
fants in pediatric follow-up, particularly impressive considering six infants had cord pH
6.5–6.8, one with no detectable heart rate until 25 min of life. Based on historical and more
recent studies of hypothermia outcomes, we would expect between 8–12 infants in our
cohort to have significant disability at two to four years of age [85,86]. This clinical trial
extends our preclinical studies of the neuroprotective effects of NVD and demonstrates a
likely neuroprotective effect in HIE neonates with severe HIE (53%) and chorioamnionitis
(42%) [14,16]. We have previously shown that oxidative stress is still increasing after two
hours of hypothermia in a lipopolysaccharide-HI animal model, indicating that hypother-
mia acts too slowly to affect this severe injury [14]. In contrast, NAC and 1,25(OH)2D
rapidly corrected glutathione and suppressed glutamate in these hypothermic LPS-HI rat
pups. Taken together, these preclinical and clinical studies indicate that NAC and vitamin D
can mitigate overwhelming oxidative stress, treating gaps in hypothermic neuroprotection
that occur both early during severe HI injury and later in the convalescent phase.

We describe a strong trend to lower [GSH] in males than in females on DOL 5, but
we note that sexes were unbalanced in our cohort, with twice as many males as females,
reducing our ability to accurately evaluate sex differences. However, other investigators
have noted sex differences with greater oxidative stress and neural damage in males or
male neurons after HI than in females, as we observed in our preclinical studies, in which
low dose NAC alone did not neuroprotect males [30,87–89].

This study adds to other work demonstrating that MRS is a quantitative translational
method for measuring neural injury (NAA, tCr) and antioxidant status (GSH) in HIE
neonates and adults with stroke and demonstrates the unique ability to assess direct thera-
peutic response in a highly susceptible area of the CNS in clinical trials [15,86,90]. MRS with
NAA, lactate, choline and creatine metabolite ratios are less reliable as pharmacodynamic
markers, as both numerator and denominator change rapidly after stroke with their own
time courses [19,90,91]. We demonstrate that serial [GSH] by MRS generates a CNS-specific,
quantitative, PD time-course of treatment effect, informs effective dosing of antioxidants
for a target CNS tissue/tract, and increases the likelihood of attaining the primary endpoint
in subsequent clinical trials. As MRS measurements of NAA provide the best prognostic
biomarker for prediction of disability early after HI injury [86,92,93], a simplified MRS
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protocol with a single voxel in the BG at low TE captures both GSH and NAA and would
be feasible for phase II clinical trial endpoints.

This work has several limitations, chiefly the smaller sample size in some groups. We
could not draw normothermia blood samples for 1,25(OH)2D PK when calcitriol doses were
held or were timed differently (q24h) than NAC doses, and did not coincide with the MRI
scans, which had to be conducted at night. This resulted in fewer samples for 1,25(OH)2D
PK. We also had 1,25(OH)2D serum concentrations that fluctuated and prevented PK
estimate calculations and comparisons between dosing groups. We did not have MRS data
immediately after HIE birth, and thus cannot quantify CNS oxidative stress in the earliest
phase of injury. Our MRS scans were not optimized for lactate, but rather for GSH, and
showed large coefficients of variation on LC Model spectral fitting of lactate, indicating
poor confidence in isolation of lactate peaks from overlapping macromolecular and lipid
peaks. We did not have funding for Bayley developmental testing and relied on other
validated tests that are strongly correlated with the Bayley and are routinely performed
in our high-risk clinic, as well as parent responses for two infants who had moved from
the area.

5. Conclusions

In summary, in this prospective trial of NAC and 1,25(OH)2D in hypothermic HIE
neonates, we provide rigorous data demonstrating that CNS oxidative stress and compro-
mised CNS energetics persist during the first week after hypoxia ischemic birth, and that
NAC 25–40 mg/kg/dose and calcitriol result in rapid synthesis of GSH and increases in
CNS energetics that are titrated based on the level of CNS demand from oxidative stress
in the BG. With the favorable neurodevelopmental outcomes in this human trial and our
preclinical animal studies, these data provide important dosing information for future
clinical trial design and a strong basis for a randomized trial of NAC and 1,25(OH)2D in
HIE neonates.
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