Antioxidants and Redox Signaling

Page 10of 44

Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

© Mary Ann Liebert, Inc.

DOI: 10.1089/ars.2020.8093
1

Forum Review Article

Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction:

Facts, Unknowns and Challenges

Marianela Rodriguez w*, Valeria Valez ?, Carolina Cimarra °, Fernanda Blasina 1, and Rafael
Radi®’
SDepartamento de Bioquimica, and Centro de Investigaciones Biomédicas (CEINBIO) and
1]Departamento de Neonatologia, Hospital de Clinicas, Facultad de Medicina, Universidad de la
Republica, Montevideo, Uruguay, CP 10000.
Running title: Hypoxic-Ischemic Encephalopathy and Mitochondria
*Corresponding authors:

Dr. Rafael Radi, rradi@fmed.edu.uy ; Phone: +598 29249561

Word count: 5753

References: 149

Illustrations (grayscale): 1

Illustrations (color): 5

Keywords: hypoxic ischemic encephalopathy, mitochondrial dysfunction, neonatal

encephalopathy, perinatal asphyxia, free radicals


mailto:rradi@fmed.edu.uy

Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling

Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 2 of 44

Abstract

Significance: Hypoxic ischemic events due to intrapartum complications represent the second

cause of neonatal mortality and initiates an acute brain disorder known as hypoxic ischemic
encephalopathy (HIE). In HIE, the brain undergoes primary and secondary energy failure
phases separated by a latent phase in which partial neuronal recovery is observed. A hypoxic
ischemic event leads to oxygen restriction causing ATP depletion, neuronal oxidative stress
and cell death. Mitochondrial dysfunction and enhanced oxidant formation in brain cells are
characteristic phenomena associated with energy failure.

Recent advances: Mitochondrial sources of oxidants in neurons include complex | of the
mitochondrial respiratory chain, as a key contributor to O2e- production via succinate by a
reverse electron transport mechanism. The reaction of O2e- with nitric oxide (¢NO) vyields
peroxynitrite, a mitochondrial and cellular toxin. Quantitation of the redox state of
cytochrome c oxidase, through broadband near infrared spectroscopy, represents a promising
monitoring approach to evaluate mitochondrial dysfunction in vivo in humans, in conjunction
with the determination of cerebral oxygenation and their correlation with the severity of brain
injury.

Critical issues: Being the energetic failure a key phenomenon in HIE connected with the
severity of the encephalopathy, measurement of mitochondrial dysfunction in vivo provides
an approach to assess evolution, prognosis and adequate therapies. Restoration of
mitochondrial redox homeostasis constitutes a key therapeutic goal.

Future directions: While hypothermia is the only current accepted therapy in clinical
management to preserve mitochondrial function, other mitochondrial-targeted and/or redox-

based treatments are likely to synergize to ensure further efficacy.
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Introduction

Intrapartum events related with hypoxia ischemia, constitute the third cause of mortality in
children under 5 years old, and the second cause of neonatal mortality (77, 86). The injury by
hypoxia ischemia causes acute disordered brain function known as hypoxic ischemic
encephalopathy (HIE). HIE represents a subset of neonatal encephalopathy, occurring in
approximately 1.5 per 1000 live births and is the second most common preventable cause of
childhood neuro-disability worldwide with deep psychosocial and economic resources
consequences for families and the whole society (78).

Neurological dysfunction of neonatal HIE is manifested by clinical symptoms (Fig. 1) that begin
immediately to the event of hypoxia ischemia which include difficulties in the initiation and
maintenance of spontaneous breathing, lethargy or hyperexcitability, suckling impairment,
and seizures (144). A variety of risk factors have been recognized, including maternal pyrexia,
maternal hypotension, clotting of placental arteries, placental abruption, uterine rupture and
inflammation (9, 87).

After a hypoxic ischemic intrapartum event occurs, a phase of primary energy failure begins in
the brain characterized by a series of processes related to cellular energy failure, i.e., oxidative
stress, neurochemical cascade and inflammation. These processes are responsible for brain
injury, even after the hypoxic insult has ceased. Afterwards, the clinical signs progress and a
latent period of partial recovery commence called the therapeutic window. Thereafter, a
phase of secondary energy failure occurs, principally due to mitochondrial dysfunction which
leads to cell death, clinical deterioration and seizures in neonates with moderate to severe
injury (64).

It is known that mitochondrial failure caused by hypoxia determines neurological damage and
long term neurodisability. In the neonatal intensive care unit (NICU), the patient with HIE is
monitored using amplitude-integrated electroencephalogram (aEEG) during its first life hours
to reveal neuronal electric activity. The current gold standard assessment of the HIE to unravel
energetic failure is nuclear magnetic resonance spectroscopy, but in practical terms this
technique is used towards the end of the first week of life when the “therapeutic window” has
been dissipated once the secondary energy failure phase is established. Thus, the
development and degree of mitochondrial and energetic dysfunction in the course of the first

days of HIE remain largely unevidenced in the clinical setting; this opens opportunities for the
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4
integration of direct spectroscopic methods to unravel mitochondrial redox activity as

additional approaches to monitor disease progression and improve therapeutics in
combination with clinical and neurophysiological data.

This review will focus on the basic biochemical and pathophysiological mechanisms of
neonatal brain injury centered on mitochondrial dysfunction and associated alterations of
redox homeostasis, their clinical correlation and possible mitochondrial-targeted therapeutic
interventions.

Hypoxic ischemic damage of the developing brain
Mitochondria, oxygen and brain.

The brain depends on constant energy supply provided by glucose and oxygen but is incapable
to store energy. The main function of the mammalian brain is the generation and transmission
of electric impulses being these processes metabolically expensive, including the synthesis and
fate of neurotransmitters. Although the adult human brain is 2% of the body weight, it
represents about 20% of the body oxygen consumption to aerobically produce ATP (41). In the
resting adult brain about the 50% of this ATP production, is spent on ionic movements and
increases when neuronal activity is augmented. The key enzyme responsible for generating
ionic gradients is the Na* and K* transporter across the plasma membrane, Na*-K*-ATPase.
Other ion pumps of Ca?*/CI or Na*/Ca** also consume energy to a lesser extent, and maintain
the ion gradient across the plasma membrane, facilitating the generation of electric impulses
(70). Another significant fraction of brain energy expenditure is directed to the synthesis,
release and reuptake of neurotransmitters (42).

The ambient oxygen pressure is 150 mmHg; however, the oxygen concentration at tissues
decreases and is close-fitting controlled by microcirculation adjustments to match oxygen
supply and demand. Under physiological conditions, the intracellular pO, is ca. 10 a 40 mmHg
(17.6 a 70.4 uM) (40). In air-saturated aqueous solutions at 37°C, O, is close to 200 uM;
nevertheless, at the mitochondria micro-compartment where the terminal oxidase of the
respiratory chain cytochrome c oxidase (complex 1V) reduces oxygen to water, O, levels are in
the order of 30 uM (17 mmHg) (55).

For the purposes of this review, we define hypoxia as a state where the O, concentration
declines to a level below kinetic saturation of cytochrome c oxidase (considering Km ~ 1 uM)

(30, 55). In the developing brain, the lack of O, availability results in an initial depletion of the
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5
so-called “high energy phosphates”, in particular ATP and phospho-creatine. After the hypoxic

episode, ATP and phospho-creatine levels transiently return to the baseline, but a second
longer depletion of cellular energy reserves follows; it is during this second phase that most
brain damage occurs. These alterations in energy metabolism trigger a sequence of
pathophysiological responses, which converge on a common level: mitochondria (61, 62, 66).
Mitochondrial oxidative stress induced by hypoxic ischemic encephalopathy.

Under basal physiological conditions, electrons can leak during electron transport chain at the
mitochondrial inner membrane producing low fluxes of superoxide radicals (0,"), hydrogen
peroxide (H,0,), and peroxynitrite® (73, 111).

Neonatal HIE establishes a condition of cellular oxidative stress, as a disturbance between
prooxidants and antioxidant in favor of the former, leading to a disruption of redox signaling
and control and/or molecular damage (24, 122) initiated by NMDA glutamate receptors that
through calcium influx to neurons activate the neuronal isoform of nitric oxide synthase®
(nNOS) to synthetize the free radical nitric oxide ("NO). nNOS is the initial contributor for nitric
oxide-dependent brain injury secondary to excess glutamate stimulation and calcium influx.
Secondarily, endothelial NOS (eNOS) participates once the inflammatory process is
established.

‘NO readily permeate membranes and can reach mitochondria to promote its site-specific
diffusion-controlled reaction with mitochondrial-derived O," to yield peroxynitrite (Fig. 2) (48).
Excess intracellular calcium also increases mitochondrial O," and H,0, formation (90).
Formation rates and steady-state concentrations of 0,", H,0, y ONOO under basal and
pathological conditions have been reported elsewhere (49, 93, 146). In this scenario, high
mitochondrial oxidant levels can overwhelm the mitochondrial antioxidant system
detoxification capacity, that include peroxiredoxins 3 and 5 (Prx), manganese superoxide
dismutases (MnSOD) and glutathione peroxidase (36, 121, 132, 133), and further promote the
release of iron from aconitase and the generation of stronger oxidants such as hydroxyl radical

("OH) (92) (Fig. 3). This redox misbalance leads to mitochondrial oxidative damage that could

! peroxynitrite refers to the sum of peroxynitrite anion (ONOO-) and peroxynitrous acid
(ONOOH), pKa =6.8

2 The current nomenclature in this manuscript of nNOS, iNOS and eNOS corresponds with
the most updated nomenclature of NOS1, NOS2 and NOS3, respectively.
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trigger apoptosis for example via activation of the mitochondrial transition pore in cardiac or

hepatic tissue under chronic metabolic conditions (143) as during HIE (44, 83).

Complex | (NADH dehydrogenase) has been proposed as the main site of 0," formation in
mitochondria (21, 100). Furthermore, it is reported that in HIE brains, complex | contributes to
elevated O, formation using succinate as preferred substrate oxidation supporting a reverse
electron transfer mechanism (RET) (Fig. 2) (119). The role of succinate in hypoxia ischemia has
been evidenced because is excessively accumulated on brain mitochondria after HIE (63).
Moreover, in neonatal mice exposed to HIE, complex | is “deactivated” after ischemia but
returns to the activated once the reperfusion ends with the concomitant production of 0,"
(72). Another contributor to the increase of 0, is coenzyme Q-cytochrome c reductase
(complex Ill) induced by the low oxygen availability (20, 135).

Additionally, cytochrome c oxidase of the electron transport chain is particularly susceptible to
‘NO; indeed, "NO has high affinity for complex IV (33, 130) reversibly competing with
molecular oxygen for binding at the as; heme site leading to the transient inhibition of
respiration, secondary accumulation of reduced electron transport carriers and subsequent
formation of O," in the mitochondrial matrix (112) causing oxidative modification on proteins
and/or lipids and forming H,0, (spontaneously or enzymatically with MnSOD) (26, 28). Most of
the 0," formed inside mitochondria, is consumed by reaction with *NO at diffusion-controlled
rate to produce peroxynitrite (99, 113). Excess mitochondrial oxidants formation including
peroxynitrite, causes oxidative modifications on target biomolecules such as mitochondrial
proteins and lipids; notable examples are the nitration of MnSOD (35) the disruption of the
iron-sulfur cluster of aconitase (29), thiol oxidation of permeability transition pore
components (81), and cardiolipin oxidation (31) all of which contribute to alterations of
mitochondrial redox and bioenergy homeostasis, potentially leading to energy collapse and
apoptotic or necrotic cell death (26, 28, 108, 114). Figure 3 represents a schematic illustration
of the oxidative modifications in intramitochondrial target biomolecules caused by
peroxynitrite (136).

Hypoxic ischemic encephalopathy.

During acute injury some cells suffer necrotic cell death, the extent of which will depend on
the severity and duration of hypoxia and ischemia, because an inadequate supply of blood

glucose and oxygen to any brain region causes metabolic challenge to neurons and glia.
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The absence of oxygen and glucose in neurons originates a decrease in ATP production, ATP-

dependent Na*/K* pump failure and an increase in synaptic cleft glutamate that activates the
a-amino-3-hydroxy-5-methyl-4-isoxazole receptor (AMPAR) and N-methyl-D-aspartate
receptor (NMDAR) (50, 66). Additionally, glutamate induces intracellular calcium accumulation
that generates mitochondrial swelling and endoplasmic reticulum damage, edema and cell
lysis. Moreover, high levels of intracellular calcium activate nNOS, which in turn generates
high levels of "NO that reacts with mitochondrial-derived O," to produce ONOO’, which causes
inactivation of respiratory chain complexes, protein oxidation and nitration and peroxidation
and nitrosylation of membrane lipids, among others (26, 48) (Fig. 2). Furthermore, Ca**
triggers the activation of cytosolic phospholipases, which increase the release of eicosanoids
that lead to inflammation (127).

Although a limited number of neurons may die during ischemia or asphyxia, many of the
hypoxic ischemic-challenged neurons initially recover, at least partially, from the insult in the
latent phase to develop progressive dysfunction and die many hours, or even days, later (Fig.
4). Magnetic resonance spectroscopy showed that many infants with evidence of moderate to
severe asphyxia have initial transient recovery of cerebral oxidative metabolism after birth
(latent phase), followed by secondary deterioration with cerebral energy failure from 6 to 15 h
after birth (5). The apparent recovery of the cerebral oxidative metabolism involves an
increased production of ATP and inhibition of the neurotoxic cascade. This period is known as
a “therapeutic window” (1-6 hours, up to 24 hours) in which neuroprotective therapies are
aimed to prevent to move forward to the next phase of the secondary energy failure. The
duration of the latent phase is inversely proportional to the severity of the neuronal lesion
(67).

The secondary energy failure phase is accompanied with a decrease in nucleotide
triphosphate (NTP) and phosphocreatine and an increase in inorganic phosphate (140).
Additionally, this phase is characterized by secondary cytotoxic edema, cytokine accumulation
and mitochondrial dysfunction, being the latter a key step that trigger to programmed cell
death, and long-term sequelae (62). The persisting effects years after injury are recognized as
tertiary phase and are thought to be manifested with processes like gliosis, persistent

inflammatory receptor activation and epigenetic changes (52, 61). The different characteristics
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of each of the phases observed after HIE are summarized in Table 1 and the most relevant

effects in the mitochondria on Fig. 4.

Inflammation and mitochondria.

Inflammation is a risk factor for injury to the developing brain (97). Indeed, hypoxia-ischemia
triggers inflammatory processes that can continue for several weeks after the initial insult. For
instance, induces rapid activation of microglia and mast cells in the lesion (95). During early
reperfusion, neutrophils accumulate in postcapillary venules and myeloid cells, T cells and
natural killer cells, infiltrate in the injured areas of the brain during the inflammation recovery
phase (106). According to these findings, it was described that the blood—brain barrier
undergo a transient opening at 6-24 h after hypoxia-ischemia, compromising both astrocyte
and pericyte function (79).

Inhibition of the electron transport chain in neurons due to inflammation, increases
susceptibility to hypoxia lesion in the immature brain. Microglia, the immune cells of the brain,
ensemble the inflammatory response to various insults, and these cells can harmful effects in
the brain that may be related to mitochondrial dysfunction in vicinal neurons due to the
release of mediators such as ‘NO or peroxynitrite (48)(134).

Mitochondrial dynamics and turnover during HIE.

Recent studies suggest that mitochondrial dynamics are also affected in HIE (120).
Mitochondrial function and morphology is regulated by a cycle of fission and fusion, coupled
with mitophagy (mitochondrial recycling) and biogenesis that maintain mitochondrial integrity
and health (149). Considering mitochondrial morphology after an HI event, there is an
induction of mitochondrial fragmentation, in addition this effect had sex-specific effects with
the degree of fission in men and women (34). The role of mitophagy in the development of
brain lesions in newborns after HI is not fully known and it is not clear whether the induction
of mitophagy would be beneficial or harmful (129). It is conceivable that in suffering neurons
after the ischemic insult, and in particular during the secondary phase, re-establishing
mitochondrial dynamics, successfully removing damaged mitochondria through mitophagy
and, very importantly, replenishing with new mitochondria as a consequence of their
biogenesis process are critical events for a successful functional and clinical recovery (Fig. 4)

(148).
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Differential vulnerability of the brain regions induced by hypoxic ischemic encephalopathy
The magnitude of injury depends on the developmental level of the brain (mature and
immature) and also on the severity of the insult. These two conditions establish the regional
vulnerability, as well as are determinants of clinical signs and symptoms.

There are many differences between newborn and adult brain. For instance, in the adult brain,
the vast majority of glucose-6-phosphate is metabolized aerobically. On the other hand, the
developing brain of the newborn, has a predominantly anaerobic glucose metabolism, which is
one of the reasons for the higher resistance to anoxia comparing with adult brain (15).

The relationship between maturity brain levels and regional vulnerability has been reported
(138). It has been found that the most frequent lesions in the term newborn are on the basal
ganglia (39%), focal ischemia (18%), subcortical hemorrhage (13%) and parasagittal cerebral
injury (10%). On the other hand, in the preterm newborn 39% of the children had
periventricular leukomalacia, 24% intraventricular hemorrhage and 18% persistent flares. A
possible explanation of these regional differences may be the shifting location of intravascular
“watershared” boundary zones as brain maturation occurs (138).

There is also greater tolerance to hypoxia at a lower gestational age. The immature brain has
less oxygen consumption per 100 mg of tissue compared to the mature brain, greater
dependence on non-oxidative metabolism for ATP formation, which makes it more tolerant to
hypoxia (14, 38).

In a fetal sheep animal model, after carotid occlusion, it was observed that the more mature
brain was associated with a greater increase in oxidized cytochrome ¢ oxidase and greater
suppression of cortical EEG activity, followed by markedly more rapid rise in cerebral
impedance, indicating more rapid onset of neural depolarization and cell swelling. These
results could indicate that more mature fetuses are more dependent on aerobic metabolism
compared to more immature fetuses (37).

In summary, the extent of damage will depend on the maturity of the brain, the distribution of
cerebral blood circulation and the differences in the metabolic requirements established
between the white and gray matters.

Coupling neuronal activity with cerebral blood flow: neurovascular coupling

Neuronal function has great energy expenditure and is highly dependent on aerobic oxidative

metabolism. To maintain the neuronal function, the brain has evolved a neurovascular
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coupling mechanism to increase cerebral blood flow (CBF) to brain regions that are more

active, this response is called functional hyperemia (107). Neuronal activation leads to the
release glutamate that regulates the CBF by specific signaling in neurons and astrocytes.

In nNOS-containing neurons, the glutamate activated NMDAR causes a raise on the
intracellular calcium levels, promoting the biosynthesis of ‘NO, which in turn diffuses to the
adjacent microcirculation inducing a coupled increase in the CBF via the "NO-cGMP-dependent
arteriolar vasodilation (23, 84, 88) Furthermore, elevated amounts of calcium, induce
arachidonic acid (AA) production by phospholipase A2 (PLA2), which in turn is converted to
prostaglandins (PG) by COX2 producing more vasodilation (23, 98, 104). In astrocytes,
glutamate activate metabotropic glutamate receptors (mGIuR) and intracellular calcium
increases. Calcium activate PLA2 generating AA and therefore two types of metabolites:
prostaglandin E2 (PEG2) and epoxyeicosatrienoic acids (EET) which dilate the vessels. A third
metabolite, 20-hydroxyeicosatetraenoic acid (20-HETE) (by w-hydroxylase) in smooth muscle,
which contracts the vessels (56, 126).

Neurovascular coupling can be studied from different points of view, including spatiotemporal
studies, which link changes in local blood flow to an artificially applied stimulus, and studies
that investigate resting-state neurovascular coupling using spontaneous electrical activity of
the brain. In spatiotemporal studies, functional magnetic resonance imaging (fMRI) and
functional near-infrared spectroscopy (fNIRS) are the most frequently used methods. In the
adult brain, increases in local neuronal activity result in increases in local blood flow to the
activated region, neurovascular coupling (4, 65). This increase in the flow of oxygenated
arterial blood exceeds the oxygen consumption by the tissue, which leads to localized
increases in the oxygenation of hemoglobin. The functional magnetic resonance signal (fMRI)
blood-oxygen-level-dependent (BOLD) reports these oxygenation changes, which represent
decreases in the concentration of local deoxygenated hemoglobin (HHb) as "positive BOLD",
which allows the image non-invasive neural activity (75). However, the results on functional
images using fMRI in newborns differ from the results found in adults. These differences
correspond to the immaturity of the neurovascular coupling, the differences in cerebral
circulation and the differences in the metabolic characteristics of the immature brain. The
newborn brain may have less oxygen demand than the adult brain, a concept backed by the

high tolerance of the neonatal brain to hypoxia, as well as previous enzymatic expression
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studies that have suggested that the postnatal early the brain mainly performs non-oxidative

glucose metabolism (15, 19).

Neurological brain lesions due to hypoxia, typical of hypoxic ischemic encephalopathy (HIE)
have been poorly evaluated with techniques that study neurovascular coupling. In a study
conducted in infants with HIE and seizures in hypothermia, hemodynamic changes were
correlated temporarily with seizures, using EEG and diffuse optical tomography (DOT) (124).
DOT evaluates hemodynamic evidence in the form of changes in concentration of
deoxygenated hemoglobin, and the simultaneous both techniques give information about
neurovascular coupling. They observed distinct hemodynamic changes according to the type
of seizure (124). The use of techniques that study neurovascular coupling in neonatal HIE,
opens opportunities to measure the severity of neuronal damage and outline novel therapies.

Assessing brain mitochondrial function in vivo: broadband near infrared spectroscopy (NIRS)
Broadband near infrared spectroscopy (NIRS) is a technique that is increasingly used in the
neonate, to monitor changes in cerebral oxygenation and in particular changes in oxygenated
and deoxygenated hemoglobin (HbO, and HHb) concentration and recently changes in redox
state in cytochrome ¢ oxidase (CCO), which is directly linked to oxygen metabolism (Fig. 5).
NIRS can cross the skull blade and penetrates deep into living tissue. This methodology can be
used to monitor changes in the concentrations of absorbing compounds in mitochondria, such
as the redox state of cytochrome c oxidase (i.e. at the CuA center) (10, 53).

As stated before, the first damaging event after a hypoxic ischemic injury is a burst of ROS
production from mitochondria, specifically initiated by complex | (Fig. 2 and Table 1) (113,
125). In addition, *NO generation is augmented due to the activation of nNOS by a NMDAR-
dependent mechanism. In this scenario, a state of mitochondrial oxidative stress is established
because of the formation of RNS and ROS that are oxidative and nitrating agents leading to
mitochondrial dysfunction (Fig. 3). Since CCO, the terminal oxidase of the electron transport
chain, is inhibitable by *NO (26, 113) in its reduced state of Fe** through the formation of
nitrosyl-heme CCO, its turnover becomes compromised and therefore the amount of oxidized
CCO (Fe*) state and the capacity for oxygen consumption are decreased. Indeed, in patients
with brain injury under hypoxic condition, the NIRS evaluation of the CCO redox state, reveals
a marked decrease in the concentration of the oxidized form of CCO (oxCCO). Moreover, the

timing and magnitude of the decrease of the oxCCO level depend on the preceding
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oxygenation state, the depth and length of the desaturation event and the presence of a

circulatory disorder (22).

In a recent study of neonatal HIE, during the hypoxic episode the response in terms of oxCCO
levels was different according to the extent of brain injury (11). Specifically, the decrease in
the oxidation state of the CCO in human brain tissue as a function of the drop of cerebral
hemoglobin oxygenation, allows predicting the severity of the injury and the clinical outcome.
The results show that oxidative metabolism during the brain injury of the newborn behaves
differently depending on the severity of the injury; in unfavorable outcome cases of HIE, a
greater oxygen dependence of mitochondrial metabolism is observed compared to favorable
outcome cases.

Animal models for hypoxic ischemic encephalopathy studies

Translational medicine has the role to design unique models depending on the human disease
to be studied, mimicking as closely as possible its evolution, clinical presentation and
physiological behavior so as molecular, cellular or tissue dysfunction. Animal models must be
as similar as possible to the human condition to extrapolate the outcomes in function and/or
disease; other important characteristics are the availability to different research groups and
the capacity to provide successive, reproducible and adequate biological samples. The animal
models have largely help for understanding disease progression and to explore existing and
new therapeutic strategies.

While the rat model is the most extensively used in HIE for practical reasons (115), it has
become evident that data obtained in other larger animal models (e.g. pig and sheep) may
better recapitulate what it is observed in the neonatal human brain (60). For example, we and
others have used the pig model (17, 116) as a suitable alternative because of its size and
anatomical and physiological similarities to humans allowing to monitor medically-relevant
clinical and paraclinical parameters (147). The domestic pig (Sus scrofa domesticus) is an
ungulate artiodactyla mammalian animal phylogenetically similar to primates and present in
all types of environments (12). Neurologically, the pig brain is more developed at birth than
that of the human, since neonate pigs can walk, vocalize, and establish social relationships.
The piglet brain has also particularities, with higher rates of cerebral blood flow (CBF) and
metabolism than the term human newborn. Instead, histologically, has a brain that closely

resembles that of the term human infant but physiologically it is more mature. It is also more
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similar to humans than rodent brain in weight, volume, cortical surface area, myelination,

composition and electrical activity (141). Brain development and maturation are also similar,
meaning that neurogenesis in piglets and humans extend from late prenatal to early postnatal
life, whereas in rodents this occurs almost entirely in the post-natal period. The cortical
surface resembles the human gyrencephalic neocortex more closely than the lissencephalic rat
cerebral cortex, thus, presenting some advantages for the understanding of neural and
behavioral processes (12). Nowadays, we are actively developing methods for studying
mitochondrial function in piglet brain biopsies, as previously characterized in bovine liver
tissue (54), to assess the impact of HIE secondary to asphyxia.

Neuroprotection and neurorecovery: mitochondrial based therapies

Several therapeutic strategies to protect or restore mitochondrial function after a brain
ischemic-reoxygenation insult are being developed and tested (Table 2). One currently
approved therapy involves therapeutic hypothermia (8), a strategy that contributes to
neutralize mitochondrial dysfunction (43). Hypothermia protocols have consistently involved
starting treatment within the first 6 hours after the hypoxic event, with body cooling of 33.5 +
0.5 ° C for the entire body, continuously for 48—72 hours (6-8, 51, 69). Regarding metabolism,
hypothermia reduces brain metabolism by approximately 5% for each degree of temperature
reduction (43, 76) and this reduction in oxygen metabolism in hypothermia suppresses the
explosion of oxygen free radicals and lipoperoxidation in animal studies of HIE (Fig. 2) (74, 80).
Existing evidence shows that hypothermia significantly improves survival and decrease
disability, including cerebral palsy and neurocognitive outcomes in childhood, in term infants
with moderate to severe HIE (6—8). The development of therapeutic hypothermia is an
example of how physiological understanding combined with robust models of large animals
can support the development of effective clinical treatments. The use of highly translationally
animal research should be at the forefront of our efforts to optimize hypothermia protocols,
test possible combination therapies, and ensure the safety and efficacy of possible treatments
before clinical trials in humans.

In an animal model of fetal sheep when therapeutic hypothermia started after a severe
episode of hypoxic ischemia, cytotoxic edema was prevented, and the electroencephalogram
(EEG) recovery improved. It was also observed a concomitant reduction in cortical infarction

and a decrease in neuronal loss in all regions (58, 59). Comparably, in piglets exposed to
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hypoxia and subjected to hypothermia immediately after the acute episode, it prevents

secondary energy failure (128), reduces neuronal loss, and seizures (39). However,
hypothermia treatment in fetal sheep is less effective if is initiated far away from the hypoxic
ischemia episode or when the secondary failure begins (57).

Mitochondrial failure is a hallmark of the secondary phase (13). Clearly, maintaining
mitochondrial function is crucial to avoid further neuronal death. Hypothermia suppresses
mitochondrial oxidant-mediated damage in the hippocampus during reperfusion from hypoxic
ischemia in rats (71). Moreover, prolonged cooling in the piglet and rodents preserves brain
production of high-energy metabolites, and therefore strongly suggests that mitochondrial
function was preserved by hypothermia (18, 128).

Taking in account that the "NO formation by NOS is responsible for the generation of
peroxynitrite-derived oxidants and neuronal damage, strategies using NOS inhibitors have
been evaluated in animal model (rabbit, piglet and sheep) as potential neuroprotective
strategy for neonatal HIE (2, 45). Among all the inhibitors evaluated the compound 2-
iminobiotin (2-1B) showed to be successful in piglet and rat in a dose- dependent manner with
or without therapeutic hypothermia, in fact, several phase Il clinical studies are currently
underway (Fig. 2 and 6) (2, 16, 46).

Another promising intervention is nicotinamide (vitamin B3) a precursor of nicotinamide
adenine dinucleotide (NAD®), a key coenzyme in complex | and Krebs cycle enzymes (85, 91).
Nicotinamide at 250-500 mg/kg i.p. divided in two doses in newborn rat model of ischemic
brain injury, reduced brain weight loss and improve behavior. On the other hand, this
intervention reduce oxidative stress and caspase-3 activity (47).

On the other hand, being the mitochondria a principal site of oxidants formation after
ischemia hypoxia insult, therapies that attenuate or prevent oxidant formation during the
reoxygenation period can act in synergy with therapeutic hypothermia has been widely
explored (Table 2) (101). For instance, the administration of a S-nitrosating compound,
MitoSNO, a S-nitrosothiol linked to the lipophilic triphenylphosphonium cation (TPP?), has
been reported to attenuate the excessive O, and H,0, production observed at the
reperfusion immediately after an ischemic event. MitoSNO exert its protection by selective S-
nitrosation of mitochondrial complex | at Cys 39 on the ND3 subunit, slowing down their

reactivation at the beginning of reperfusion thus decreasing oxidative damage in mice after
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ischemia-reperfusion injury in myocardial infarction (32). In neonatal mice subjected to

cerebral hypoxia ischemia, MitoSNO was administrated at the onset of reperfusion,
attenuating oxidative stress and improving neurological recovery (72).

To counteract the toxic effects of reactive oxidizing species a very powerful approach was
implemented, namely the selective targeted antioxidants with a lipophilic cation conjugation
such as tetra- and triphenylphosphonium by Murphy and collaborators as recently reviewed
(101). The most utilized mitochondrial targeted redox active compound is mito-ubiquinone
(MitoQ), although it has not been tested yet in HIE. Additionally, the mitochondrial-
penetrating peptide, SkQR1 a conjugate of a plant plastoquinone and penetrating cation, also
shows promising evidence of neuroprotection after neonatal hypoxic ischemic of a rat model
(123). Other mitochondria-targeted neuroprotective compounds are peptides known as
cationic arginine-rich peptides (CARPs) formed by 4 to 30 amino acids, positively charged due
to the presence of cationic arginine residues, as well as cationic lysine and histidine residues
(89).

Another group of mitochondrially-activated compounds are the metalloporphyrins, synthetic
catalytic antioxidants that accumulate in mitochondria and use flavoenzymes like complex |
and Il (NADH dehydrogenase and succinate dehydrogenase, respectively) as electron sources
to complete a catalytic cycle in the detoxification of superoxide anion and more importantly,
ONOO" (131). Manganese-porphyrins are well known to protect mitochondria from
peroxynitrite-associated damage in a variety of models of diseases (25, 27, 103, 137).
Furthermore, there is a strong evidence that manganese-porphyrin can eliminate oxidants in
animal models of Parkinson disease, permeabilizing the blood brain barrier (1); they also serve
as radioprotectors in several cellular and animal models and more recently in normal brain,
salivary glands (145) and during hippocampal neurogenesis (82). Although not tested yet, it
would be interesting to evaluate whether manganese-porphyrin can afford mitochondrial and
brain protection during HIE.

Last but not least, other therapeutic strategies directed to restore mitochondrial dynamics
(e.g. melatonin, inhibits mitochondrial fission) or stimulate mitochondrial biogenesis (e.g.
erythropoietin (EPO), PGC-1a stimulation) in HIE have been recently reviewed elsewhere (64).
In summary, while hypothermia is the only therapy accepted in clinical management of HIE

and preserves mitochondrial function, it is conceivable that future combinations of it with
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other mitochondrial-targeted and/or redox-based treatments may ensure further efficacy and

safety (see for example (2).

Conclusions and clinical implications in hypoxic ischemic encephalopathy

The deeper understanding on the energetic failure phases during HIE opens opportunities for
more effective treatments. Mitochondria have a leading role in this process due to the large
number of reports and evidences that associate mitochondrial dysfunction and disruption of
the redox-bioenergy axis in both neonatal animal models and patients with HIE. In each of the
phases of energetic failure in HIE, there is always some extent of mitochondrial injury which is
implicated in neurological damage, so many efforts are focused to treat and revert
mitochondrial dysfunction to attenuate brain lesions. Thus, revealing mitochondrial
dysfunction in vivo and in real time in humans appears as a fundamental goal to optimize
treatment and reducing sequelae. In this sense, promising technologies are emerging, as the
case of the broadband near infrared spectroscopy (NIRS) that evaluates the redox state of
cytochrome ¢ oxidase as a parameter to assess mitochondrial respiratory function in vivo.
Advances in NIRS are being used in infant and adult humans, to evaluate changes in cerebral
oxygenation as the ratio HbO,/HHb and their correlation with the severity of brain injury. This
approach will likely help us to modulate the treatment and adjust it according to the phase
and deepness of energetic failure of a specific patient.

Therapeutic hypothermia currently represents the only therapy accepted in clinical
management that is known to preserve mitochondrial function; thus, it is likely that this
therapy could be combined with other mitochondrial-targeted and/or redox-based
interventions under development and testing to ensure synergism and, overall, further
efficacy and safety for the treatment of neonatal HIE.

The fact that the progression of cerebral injury can be followed in real time by the
measurement of cerebral metabolism would be highly helpful to optimize the treatment and
monitor recovery during the crucial first days subsequent HIE. Following mitochondrial redox
metabolism in vivo enables to obtain a clearer view of the pathophysiological condition of the
patient and together with the clinical and aEEG data, optimize the treatment and prevent
and/or eventually reverse the damage. In addition, a global clinical, neurophysiological and
biochemical approach facilitates the research about neuroprotective therapies according to

their mechanism of action.
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mitoQ: mito-ubiquinone

MnSOD: manganese superoxide dismutase
MRS: magnetic resonance spectroscopy

NAA: N-acetylaspartate

NIRS: near infrared spectroscopy

NMDA: n-methyl-D-aspartate

NMDAR: n-methyl-D-aspartate receptor
nNNOS: neuronal nitric oxide synthase

NTP: nucleotide triphosphate

0xCCO: oxidized cytochrome c oxidase

PG: prostaglandin

PLA2: phospholipase A2

Prx: peroxiredoxin

RET: reverse electron transfer

Page 18 of 44

18



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 19 of 44

Antioxidants and Redox Signaling

Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

19

References

1.

Agrawal S, Dixit A, Singh A, Tripathi P, Singh D, Patel DK, Singh MP. Cyclosporine A
and MnTMPyP Alleviate a-Synuclein Expression and Aggregation in Cypermethrin-
Induced Parkinsonism. Mol Neurobiol 52: 1619-1628, 2015.

Albrecht M, Zitta K, Groenendaal F, van Bel F, Peeters-Scholte C. Neuroprotective
strategies following perinatal hypoxia-ischemia: Taking aim at NOS. Free Radic. Biol.
Med.: 2019.

Alderliesten T, Vries LS De, Benders MINL, Koopman C, Groenendaal F. MR imaging
and outcome of term neonates with perinatal asphyxia: value of diffusion-weighted
MR imaging and *H MR spectroscopy. Radiology 261: 235-42, 2011.

Attwell D, ladecola C. The neural basis of functional brain imaging signals. Trends
Neurosci 25: 621-625, 2002.

Azzopard D, Wyatt JS, Cady EB, Delpy DT, Baudin J, Stewart AL, Hope PL, Hamilton
PA, Reynolds EOR. Prognosis of newborn infants with hypoxic-ischemic brain injury
assessed by phosphorus magnetic resonance spectroscopy. Pediatr Res 25: 445—
451, 1989.

Azzopardi D, Brocklehurst P, Edwards D, Halliday H, Levene M, Thoresen M,
Whitelaw A. The TOBY study. Whole body hypothermia for the treatment of
perinatal asphyxial encephalopathy: A randomised controlled trial. BMC Pediatr 8:
1-12, 2008.

Azzopardi D, Strohm B, Linsell L, Hobson A, Juszczak E, Kurinczuk JJ, Brocklehurst P,
Edwards AD. Implementation and conduct of therapeutic hypothermia for perinatal
Asphyxial encephalopathy in the UK - Analysis of national data. PLoS One 7: e38504,
2012.

Azzopardi D V., Strohm B, Edwards AD, Dyet L, Halliday HL, Juszczak E, Kapellou O,
Levene M, Marlow N, Porter E, Thoresen M, Whitelaw A, Brocklehurst P. Moderate
hypothermia to treat perinatal asphyxial encephalopathy. N Engl J Med 361: 1349—
1358, 20009.

Badawi N, Kurinczuk JJ, Keogh JM, Alessandri LM, O’Sullivan F, Burton PR,
Pemberton PJ, Stanley FJ. Intrapartum risk factors for newborn encephalopathy: the

Western Australian case-control study. BMJ 317: 1554-1558, 1998.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Page 20 of 44

20
Bale G, Elwell CE, Tachtsidis I. Errata: From Jobsis to the present day: a review of

clinical near-infrared spectroscopy measurements of cerebral cytochrome-c-
oxidase. J Biomed Opt 21: 099801, 2016.

Bale G, Mitra S, de Roever I, Sokolska M, Price D, Bainbridge A, Gunny R, Uria-
Avellanal C, Kendall GS, Meek J, Robertson NJ, Tachtsidis I. Oxygen dependency of
mitochondrial metabolism indicates outcome of newborn brain injury. J Cereb Blood
Flow Metab 39: 20352047, 2018.

Bassols A, Costa C, Eckersall PD, Osada J, Sabria J, Tibau J. The pig as an animal
model for human pathologies: A proteomics perspective. Proteomics - Clin App! 8:
715-731, 2014.

Bennet L, Roelfsema V, Pathipati P, Quaedackers JS, Gunn AJ. Relationship between
evolving epileptiform activity and delayed loss of mitochondrial activity after
asphyxia measured by near-infrared spectroscopy in preterm fetal sheep. J Physiol
572: 141-54, 2006.

Berger R, Jensen A, Krieglstein J, Steigelmann JP. Cerebral energy metabolism in
guinea pig fetuses during development. J Dev Physiol 16: 317-319, 1991.

Bilger A, Nehlig A. Quantitative histochemical changes in enzymes involved in
energy metabolism in the rat brain during postnatal Development. |. Cytochrome
oxidase and lactate dehydrogenase. Int J Dev Neurosci 9: 545-553, 1991.

Biselele T, Bambi J, Betukumesu DM, Ndiyo Y, Tabu G, Kapinga J, Bola V, Makaya P,
Tjabbes H, Vis P, Peeters-Scholte C. A Phase lla Clinical Trial of 2-Iminobiotin for the
Treatment of Birth Asphyxia in DR Congo, a Low-Income Country. Pediatr Drugs 22:
95-104, 2020.

Blasina F, Vaamonde L, Silvera F, Tedesco AC, Dajas F. Intravenous nanosomes of
quercetin improve brain function and hemodynamic instability after severe hypoxia
in newborn piglets. Neurochem Int 89: 149-156, 2015.

Blumberg RM, Cady EB, Wigglesworth JS, McKenzie JE, Edwards AD. Relation
between delayed impairment of cerebral energy metabolism and infarction
following transient focal hypoxia-ischaemia in the developing brain. Exp Brain Res

113:130-137, 1997.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 21 of 44

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

21
Booth RFG, Patel TB, Clark JB. The Development of Enzymes of Energy Metabolism

in the Brain of a Precocial (Guinea Pig) and Non-Precocial (Rat) Species. J Neurochem
34:17-25, 1980.

Boveris A, Cadenas E. Mitochondrial production of superoxide anions and its
relationship to the antimycin insensitive respiration. FEBS Lett 54: 311-314, 1975.
Boveris A, Oshino N, Chance B. The cellular production of hydrogen peroxide.
Biochem J 128: 617-630, 1972.

Brazy JE, Lewis D V, Mitnick MH, J6bsis vander Vliet FF. Noninvasive monitoring of
cerebral oxygenation in preterm infants: preliminary observations. Pediatrics 75:
217-25, 1985.

Busija DW, Bari F, Domoki F, Louis T. Mechanisms involved in the cerebrovascular
dilator effects of N-methyl-d-aspartate in cerebral cortex. Brain Res Rev 56: 89—-100,
2007.

Cadenas E, Sies H. Oxidative stress: Excited oxygen species and enzyme activity. Adv
Enzyme Regul 23: 217-237, 1985.

Carballal S, Valez V, Alvarez-Paggi D, Tovmasyan A, Batinic-Haberle |, Ferrer-Sueta G,
Murgida DH, Radi R. Manganese porphyrin redox state in endothelial cells:
Resonance Raman studies and implications for antioxidant protection towards
peroxynitrite. Free Radic Biol Med 126: 379-392, 2018.

Cassina A, Radi R. Differential inhibitory action of nitric oxide and peroxynitrite on
mitochondrial electron transport. Arch Biochem Biophys 328: 309-316, 1996.
Cassina P, Cassina A, Pehar M, Castellanos R, Gandelman M, De Ledn A, Robinson
KM, Mason RP, Beckman JS, Barbeito L, Radi R. Mitochondrial dysfunction in
SOD1G93A-bearing astrocytes promotes motor neuron degeneration: Prevention by
mitochondrial-targeted antioxidants. J Neurosci 28: 4115-4122, 2008.

Castro L, Demicheli V, Tértora V, Radi R. Mitochondrial protein tyrosine nitration.
Free Radic Res 45: 37-52, 2011.

Castro L, Rodriguez M, Radi R. Aconitase is readily inactivated by peroxynitrite, but
not by its precursor, nitric oxide. J Biol Chem 269: 29409-29415, 1994.

Chandel NS, Budinger GRS, Schumacker PT. Molecular oxygen modulates
cytochrome c oxidase function. J Biol Chem 271: 18672—-18677, 1996.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 22 of 44

22
Chao H, Anthonymuthu TS, Kenny EM, Amoscato AA, Cole LK, Hatch GM, Ji J, Kagan

VE, Bayir H. Disentangling oxidation/hydrolysis reactions of brain mitochondrial
cardiolipins in pathogenesis of traumatic injury. JCI insight 3: 1-15, 2018.

Chouchani ET, Methner C, Nadtochiy SM, Logan A, Pell VR, Ding S, James AM,
Cochemé HM, Reinhold J, Lilley KS, Partridge L, Fearnley IM, Robinson AJ, Hartley
RC, Smith RAJ, Krieg T, Brookes PS, Murphy MP. Cardioprotection by S-nitrosation of
a cysteine switch on mitochondrial complex i. Nat Med 19: 753—-759, 2013.

Cooper CE, Giulivi C. Nitric oxide regulation of mitochondrial oxygen consumption II:
Molecular mechanism and tissue physiology. Am J Physiol - Cell Physiol 292: 1993—
2003, 2007.

Demarest TG, Waite EL, Kristian T, Puche AC, Waddell J, McKenna MC, Fiskum G.
Sex-dependent mitophagy and neuronal death following rat neonatal hypoxia—
ischemia. Neuroscience 335: 103—113, 2016.

Demicheli V, Moreno DM, Jara GE, Lima A, Carballal S, Rios N, Batthyany C, Ferrer-
Sueta G, Quijano C, Estrin DA, Marti MA, Radi R. Mechanism of the Reaction of
Human Manganese Superoxide Dismutase with Peroxynitrite: Nitration of Critical
Tyrosine 34. Biochemistry 55: 3403-3417, 2016.

Demicheli V, Quijano C, Alvarez B, Radi R. Inactivation and nitration of human
superoxide dismutase (SOD) by fluxes of nitric oxide and superoxide. Free Radic Biol
Med 42: 1359-1368, 2007.

Drury PP, Bennet L, Booth LC, Davidson JO, Wassink G, Gunn AJ. Maturation of the
mitochondrial redox response to profound Asphyxia in fetal sheep. PLoS One 7: 1-8,
2012.

Duffy TE, Kohle SJ, Vannucci RC. Carbohydrate and Energy Metabolism in Perinatal
Rat Brain: Relation To Survival in Anoxia. J Neurochem 24: 271-276, 1975.

Edwards AD, Yue X, Squier M V., Thoresen M, Cady EB, Penrice J, Cooper CE, Wyatt
JS, Reynolds EOR, Mehmet H. Specific inhibition of apoptosis after cerebral hypoxia-
ischemia by moderate post-insult hypothermia. Biochem. Biophys. Res. Commun.
217:1193-1199, 1995.

Erecinska M, Cherian S, Silver IA. Energy metabolism in mammalian brain during

development. Prog Neurobiol 73: 397445, 2004.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 23 of 44

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.
51.

23
Erecinska M, Silver IA. ATP and Brain Function. J Cereb Blood Flow Metab : 2-19,

19809.

Erecinska M, Silver IA. Tissue oxygen tension and brain sensitivity to hypoxia. Respir
Physiol 128: 263-276, 2001.

Erecinska M, Thoresen M, Silver IA. Effects of hypothermia on energy metabolism in
mammalian central nervous system. J Cereb Blood Flow Metab 23: 513-530, 2003.
Fang J, Chavez-Valdez R, Flock DL, Avaritt O, Saraswati M, Robertson C, Martin LJ,
Northington FJ. An Inhibitor of the Mitochondrial Permeability Transition Pore Lacks
Therapeutic Efficacy Following Neonatal Hypoxia Ischemia in Mice. Neuroscience
406: 202-211, 2019.

Favié LMA, Cox AR, van den Hoogen A, Nijboer CHA, Peeters-Scholte CMPCD, van
Bel F, Egberts TCG, Rademaker CMA, Groenendaal F. Nitric oxide synthase inhibition
as a neuroprotective strategy following hypoxic-ischemic encephalopathy: Evidence
from animal studies. Front Neurol 9, 2018.

Favié LMA, Peeters-Scholte CMPCD, Bakker A, Tjabbes H, Egberts TCG, van Bel F,
Rademaker CMA, Vis P, Groenendaal F. Pharmacokinetics and short-term safety of
the selective NOS inhibitor 2-iminobiotin in asphyxiated neonates treated with
therapeutic hypothermia. Pediatr Res 87: 689-696., 2019.

FengY, Paul IA, LeBlanc MH. Nicotinamide reduces hypoxic ischemic brain injury in
the newborn rat. Brain Res Bull 69: 117-122, 2006.

Ferrer-Sueta G, Campolo N, Trujillo M, Bartesaghi S, Carballal S, Romero N, Alvarez
B, Radi R. Biochemistry of Peroxynitrite and Protein Tyrosine Nitration. Chem Rev
118: 1338-1408, 2018.

Ferrer-Sueta G, Radi R. Chemical biology of peroxynitrite: Kinetics, diffusion, and
radicals. ACS Chem Biol 4: 161-177, 2009.

Ferriero DM. Neonatal brain injury. N EnglJ Med 351: 1985-1995, 2004.

Finder M, Boylan GB, Twomey D, Ahearne C, Murray DM, Hallberg B. Two-Year
Neurodevelopmental Outcomes after Mild Hypoxic Ischemic Encephalopathy in the

Era of Therapeutic Hypothermia. JAMA Pediatr 174: 48-55, 2020.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 24 of 44

Fleiss B, Gressens P. Tertiary mechanisms of brain damage : A new hope for
treatment of cerebral Tertiary mechanisms of brain damage : a new hope for
treatment of cerebral palsy ? Lancet Neurol 11: 556-566, 2012.

Franz JV. Discovery of the Near -Infrared Window Into the Body and the Early
Development of Near -Infrared Spectroscopy. Symp A Q J Mod Foreign Lit 4: 392—
396, 1999.

Garcia-Roche M, Casal A, Carriquiry M, Radi R, Quijano C, Cassina A. Respiratory
analysis of coupled mitochondria in cryopreserved liver biopsies. Redox Biol 17
207-212, 2018.

Gnaiger E. Oxygen conformance of cellular respiration: A perspective of
mitochondrial physiology. Adv Exp Med Biol 543: 39-55, 2003.

Gordon GRJ, Choi HB, Rungta RL, Ellis-Davies GCR, MacVicar BA. Brain metabolism
dictates the polarity of astrocyte control over arterioles. Nature 456: 745-750,
2008.

Gunn A, Benne L, Gunning M, Gluckman P, Gunn T. Cerebral hypothermia is not

24

neuroprotective when started after postischemic seizures in fetal sheep. Pediatr Res

46: 274-80, 1999.

Gunn AJ, Gunn TR, De Haan HH, Williams CE, Gluckman PD. Dramatic neuronal
rescue with prolonged selective head cooling after ischemia in fetal lambs. J Clin
Invest 99: 248—-256, 1997.

Gunn AJ, Gunn TR, Gunning MI, Williams CE, Gluckman PD. Neuroprotection with
prolonged head cooling started before postischemic seizures in fetal sheep.
Pediatrics 102: 14-18, 1998.

Hagberg H, Ichord R, Palmer C, Yager JY, Vannucci SJ. Animal models of
developmental brain injury: Relevance to human disease - A summary of the panel
discussion from the Third Hershey Conference on developmental cerebral blood

flow and metabolism. Dev Neurosci 24: 364—-366, 2002.

Hagberg H, Mallard C, Ferriero DM, Vannucci SJ, Levison SW, Vexler ZS, Gressens P.

The role of inflammation in perinatal brain injury. Nat Rev Neurol 11: 192-208,

2015.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 25 of 44

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

25
Hagberg H, Mallard C, Rousset Cl, Thornton C. Mitochondria: Hub of injury

responses in the developing brain. Lancet Neurol 13: 217-232, 2014.

Hamel D, Sanchez M, Duhamel F, Roy O, Honoré JC, Noueihed B, Zhou T, Nadeau-
Vallée M, Hou X, Lavoie JC, Mitchell G, Mamer OA, Chemtob S. G-protein-coupled
receptor 91 and succinate are key contributors in neonatal postcerebral hypoxia-
ischemia recovery. Arterioscler Thromb Vasc Biol 34: 285—-293, 2014.

Hassell KJ, Ezzati M, Alonso-Alconada D, Hausenloy DJ, Robertson NJ. New horizons
for newborn brain protection: Enhancing endogenous neuroprotection. Arch Dis
Child Fetal Neonatal Ed 100: F541-F551, 2015.

Heeger DJ, Ress D. What does fMRI tell us about neuronal activity? Nat Rev Neurosci
3:142-151, 2002.

Holopainen IE, Laurén HB. Glutamate signaling in the pathophysiology and therapy
of prenatal insults. Pharmacol Biochem Behav 100: 825-834, 2012.

Iwata O, lwata S, Thornton JS, De Vita E, Bainbridge A, Herbert L, Scaravilli F, Peebles
D, Wyatt JS, Cady EB, Robertson NJ. “Therapeutic time window” duration decreases
with increasing severity of cerebral hypoxia-ischaemia under normothermia and
delayed hypothermia in newborn piglets. Brain Res 1154: 173-180, 2007.

Jackman KA, Zhou P, Faraco G, Peixoto PM, Coleman C, Voss HU, Pickel V, Manfredi
G, ladecola C. Dichotomous effects of chronic intermittent hypoxia on focal cerebral
ischemic injury. Stroke 45: 1460-1467, 2014.

Jacobs SE, Berg M, Hunt R, Tarnow-Mordi WO, Inder TE, Davis PG. Cooling for
newborns with hypoxic ischaemic encephalopathy. Cochrane Database Syst Rev
2013, 2013.

Jorgensen PL, Hakansson KO, Karlish SJD. Structure and Mechanism of Na,K-ATPase:
Functional Sites and Their Interactions. Annu Rev Physiol 65: 817-849, 2003.

Katz LM, Young AS, Frank JE, Wang Y, Park K. Regulated hypothermia reduces brain
oxidative stress after hypoxic-ischemia. Brain Res 1017: 85-91, 2004.

Kim M, Stepanova A, Niatsetskaya Z, Sosunov S, Arndt S, Murphy MP, Galkin A, Ten
VS. Attenuation of oxidative damage by targeting mitochondrial complex I in

neonatal hypoxic-ischemic brain injury. Free Radic. Biol. Med. 124: 517-524, 2018.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 26 of 44

26
Kowaltowski AJ, de Souza-Pinto NC, Castilho RF, Vercesi AE. Mitochondria and

reactive oxygen species. Free Radic Biol Med 47: 333—-343, 2009.

Kubota M, Nakane M, Narita K, Nakagomi T, Tamura A, Hisaki H, Shimasaki H, Ueta
N. Mild hypothermia reduces the rate of metabolism of arachidonic acid following
postischemic reperfusion. Brain Res 779: 297-300, 1998.

Kwong KK, Belliveau JW, Chesler DA, Goldberg IE, Weisskoff RM, Poncelet BP,
Kennedy DN, Hoppel BE, Cohen MS, Turner R, Cheng - HM, Brady TJ, Rosen BR.
Dynamic magnetic resonance imaging of human brain activity during primary
sensory stimulation. Proc Natl Acad Sci U S A 89: 5675-5679, 1992.

Laptook AR, Corbett RJ, Sterett R, Garcia D, Tollefsbol G. Quantitative relationship
between brain temperature and energy utilization rate measured in vivo using 31P
and 1H magnetic resonance spectroscopy. Pediatr Res 38: 919-25, 1995.

Lawn JE, Blencowe H, Oza S, You D, Lee ACC, Waiswa P, Lalli M, Bhutta Z, Barros AJD,
Christian P, Mathers C, Cousens SN. Every newborn: Progress, priorities, and
potential beyond survival. Lancet 384: 189-205, 2014.

Lee ACC, Kozuki N, Blencowe H, Vos T, Bahalim A, Darmstadt GL, Niermeyer S, Ellis
M, Robertson NJ, Cousens S, Lawn JE. Intrapartum-related neonatal encephalopathy
incidence and impairment at regional and global levels for 2010 with trends from
1990. Pediatr Res 74: 50-72, 2013.

Lee WLA, Michael-Titus AT, Shah DK. Hypoxic-Ischaemic Encephalopathy and the
Blood-Brain Barrier in Neonates. Dev Neurosci 39: 49-58, 2017.

Lei B, Adachi N, Arai T. The effect of hypothermia on H202 production during
ischemia and reperfusion: a microdialysis study in the gerbil hippocampus. Neurosci
Lett 222:91-4, 1997.

Leite ACR, Oliveira HCF, Utino FL, Garcia R, Alberici LC, Fernandes MP, Castilho RF,
Vercesi AE. Mitochondria generated nitric oxide protects against permeability
transition via formation of membrane protein S-nitrosothiols. Biochim Biophys Acta

- Bioenerg 1797: 1210-1216, 2010.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 27 of 44

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

82.

83.

84.

85.

86.

87.

88.

89.

27
Leu D, Spasojevic |, Nguyen H, Deng B, Tovmasyan A, Weitner T, Sampaio RS,

Batinic-Haberle I, Huang TT. CNS bioavailability and radiation protection of normal
hippocampal neurogenesis by a lipophilic Mn porphyrin-based superoxide
dismutase mimic, MnTnBuOE-2-PyP5+. Redox Biol. 12: 864—871, 2017.

Lima JPM, Rayée D, Silva-Rodrigues T, Pereira PRP, Mendonca APM, Rodrigues-
Ferreira C, Szczupak D, Fonseca A, Oliveira MF, Lima FRS, Lent R, Galina A, Uziel D.
Perinatal Asphyxia and Brain Development: Mitochondrial Damage Without
Anatomical or Cellular Losses. Mol Neurobiol 55: 8668-8679, 2018.

Lindauer U, Megow D, Matsuda H, Dirnagl U. Nitric oxide: A modulator, but not a
mediator, of neurovascular coupling in rat somatosensory cortex. Am J Physiol -
Hear Circ Physiol 277:799-811, 1999.

Liu D, Gharavi R, Pitta M, Gleichmann M, Mattson MP. Nicotinamide prevents NAD+
depletion and protects neurons against excitotoxicity and cerebral Ischemia: NAD+
consumption by sirtl may endanger energetically compromised neurons.
NeuroMolecular Med 11: 28-42, 2009.

Liu L, Oza S, Hogan D, Chu Y, Perin J, Zhu J, Lawn JE, Cousens S, Mathers C, Black RE.
Global, regional, and national causes of under-5 mortality in 2000—-15: an updated
systematic analysis with implications for the Sustainable Development Goals. Lancet
388: 3027-3035, 2016.

Locatelli A, Incerti M, Ghidini A, Greco M, Villa E, Paterlini G. Factors associated with
umbilical artery acidemia in term infants with low Apgar scores at 5 min. Eur J
Obstet Gynecol Reprod Biol 139: 146-150, 2008.

Lourengo CF, Santos RM, Barbosa RM, Cadenas E, Radi R, Laranjinha J.
Neurovascular coupling in hippocampus is mediated via diffusion by neuronal-
derived nitric oxide. Free Radic Biol Med 73: 421-429, 2014.

MacDougall G, Anderton RS, Mastaglia FL, Knuckey NW, Meloni BP. Mitochondria
and neuroprotection in stroke: Cationic arginine-rich peptides (CARPs) as a novel
class of mitochondria-targeted neuroprotective therapeutics. Neurobiol Dis 121: 17—

33, 2019.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Page 28 of 44

28
Maciel EN, Kowaltowski AJ, Schwalm FD, Rodrigues JM, Souza DO, Vercesi AE,

Wajner M, Castilho RF. Mitochondrial permeability transition in neuronal damage
promoted by Ca2+ and respiratory chain complex Il inhibition. J Neurochem 90:
1025-1035, 2004.

Maiese K, Chong ZZ. Nicotinamide: Necessary nutrient emerges as a novel
cytoprotectant for the brain. Trends Pharmacol Sci 24: 228-232, 2003.

Mansilla S, Radi R, Castro L. Aconitases: Non-redox Iron — Sulfur Proteins Sensitive to
Reactive Species . Acc Chem Res 52: 2609-2619, 2019.

Martinez A, Prolo C, Estrada D, Rios N, Alvarez MN, Pifieyro MD, Robello C, Radi R,
Piacenza L. Cytosolic Fe-superoxide dismutase safeguards Trypanosoma cruzi from
macrophage-derived superoxide radical. Proc Nat/ Acad Sci U S A 116: 8879—-8888,
2019.

McNally MA, Soul JS. Pharmacologic Prevention and Treatment of Neonatal Brain
Injury. Clin Perinatol 46: 311-325, 2019.

McRae A, Gilland E, Bona E, Hagberg H. Microglia activation after neonatal hypoxic-
ischemia. Dev Brain Res 84: 245-252, 1995.

Mehmet H, Yue X, Penrice J, Cady E, Wyatt JS, Sarraf C, Squier M, Edwards AD.
Relation of impaired energy metabolism to apoptosis and necrosis following
transient cerebral hypoxia-ischaemia. Cell Death Differ 5: 321-329, 1998.

Mehta MM, Weinberg SE, Chandel NS. Mitochondrial control of immunity: Beyond
ATP. Nat Rev Immunol 17: 608—-620, 2017.

Metea MR, Newman EA. Glial cells dilate and constrict blood vessels: A mechanism
of neurovascular coupling. J Neurosci 26: 2862—-2870, 2006.

Moller MN, Rios N, Trujillo M, Radi R, Denicola A, Alvarez B. Detection and
quantification of nitric oxide—derived oxidants in biological systems. J Biol Chem
294: 14776-14802, 2019.

Murphy MP. How mitochondria produce reactive oxygen species. Biochem J 417: 1—
13, 2009.

Murphy MP, Hartley RC. Mitochondria as a therapeutic target for common
pathologies. Nat Rev Drug Discov 17: 865—-886, 2018.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 29 of 44

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

102.

103.

104.

105.

106.

107.

108.

109.

29
Negro S, Benders MJNL, Tataranno ML, Coviello C, De Vries LS, Van Bel F,

Groenendaal F, Longini M, Proietti F, Belvisi E, Buonocore G, Perrone S. Early
prediction of hypoxic-ischemic brain injury by a new panel of biomarkers in a
population of term newborns. Oxid Med Cell Longev 2018, 2018.

Nin N, Cassina A, Boggia J, Alfonso E, Botti H, Peluffo G, Trostchansky A, Batthyany
C, Radi R, Rubbo H, Hurtado FJ. Septic diaphragmatic dysfunction is prevented by
Mn(lll)porphyrin therapy and inducible nitric oxide synthase inhibition. Intensive
Care Med 30: 2271-2278, 2004.

Niwa K, Araki E, Morham SG, Ross ME, ladecola C. Cyclooxygenase-2 contributes to
functional hyperemia in whisker-barrel cortex. J Neurosci 20: 763-770, 2000.
Northington FJ, Zelaya ME, O’Riordan DP, Blomgren K, Flock DL, Hagberg H, Ferriero
DM, Martin LJ. Failure to complete apoptosis following neonatal hypoxia-ischemia
manifests as “continuum” phenotype of cell death and occurs with multiple
manifestations of mitochondrial dysfunction in rodent forebrain. Neuroscience 149:
822-833, 2007.

Palmer C, Roberts RL, Young PI. Timing of Neutrophil Depletion Influences Long-
Term Neuroprotection in Neonatal Rat Hypoxic-Ischemic Brain Injury. Pediatr Res
55: 549-556, 2004.

Phillips AA, Chan FH, Zheng MMZ, Krassioukov A V., Ainslie PN. Neurovascular
coupling in humans: Physiology, methodological advances and clinical implications. J
Cereb Blood Flow Metab 36: 647—664, 2015.

Poderoso JJ, Carreras MC, Lisdero C, Riobd N, Schopfer F, Boveris A. Nitric oxide
inhibits electron transfer and increases superoxide radical production in rat heart
mitochondria and submitochondrial particles. Arch Biochem Biophys 328: 85-92,
1996.

Puka-Sundvall M, Gajkowska B, Cholewinski M, Blomgren K, Lazarewicz JW, Hagberg
H. Subcellular distribution of calcium and ultrastructural changes after cerebral

hypoxia-ischemia in immature rats. Dev Brain Res 125: 31-41, 2000.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Page 30 of 44

30
Puka-Sundvall M, Wallin C, Gilland E, Hallin U, Wang X, Sandberg M, Karlsson JO,

Blomgren K, Hagberg H. Impairment of mitochondrial respiration after cerebral
hypoxia-ischemia in immature rats: Relationship to activation of caspase-3 and
neuronal injury. Dev Brain Res 125: 43-50, 2000.

Quijano C, Trujillo M, Castro L, Trostchansky A. Interplay between oxidant species
and energy metabolism. Redox Biol 8: 28-42, 2016.

Radi R. Oxygen radicals, nitric oxide, and peroxynitrite: Redox pathways in molecular
medicine. Proc Natl Acad Sci 115: 5839-5848, 2018.

Radi R, Cassina A, Hodara R. Nitric oxide and peroxynitrite interactions with
mitochondria. Biol Chem 383: 401-409, 2002.

Radi R, Rodriguez M, Castro L, Telleri R. Inhibition of mitochondrial electron
transport by peroxynitrite. Arch Biochem Biophys 308: 89—95, 1994.

Rice JE, Vannucci RC, Brierley JB. The influence of immaturity on hypoxic-ischemic
brain damage in the rat. Ann Neurol 9: 131-141, 1981.

Rodriguez M, Valez V, Vaamonde L, Blasina F, Radi R. Mitochondrial protection by
hypothermia in neonatal cerebral hypoxia. In: Medicina. 2018, p. 35—-36.

Roth SC, Edwards AD, Cady EB, Delpy DT, Wyatt JS, Azzopardi D, Baudin J, Townsend
J, Stewart AL, Reynolds EQ. Relation between cerebral oxidative metabolism
following birth asphyxia, and neurodevelopmental outcome and brain growth at
one year. Dev Med Child Neurol 34: 285-95, 1992.

Rousset Cl, Baburamani AA, Thornton C, Hagberg H. Mitochondria and perinatal
brain injury. J Matern Neonatal Med 25: 35-38, 2012.

Sahni P V, Zhang J, Sosunov S, Galkin A, Starkov A, Brookes PS, Ten VS, Brain F,
Centre MB. Krebs cycle metabolites and preferential succinate oxidation following
neonatal hypoxic-ischemic brain injury in mice. Pediatr Res 83: 491-497, 2018.
Sanderson TH, Raghunayakula S, Kumar R. Neuronal hypoxia disrupts mitochondrial
fusion. Neuroscience 301: 71-78, 2015.

Sies H. Role of metabolic H202 generation: Redox signaling and oxidative stress. J
Biol Chem 289: 8735—-8741, 2014.

Sies H, Berndt C, Jones D. Oxidative Stress. Annu Rev Biochem Jun 20;86: 715-748,
2017.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 31 of 44

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

31
Silachev DN, Plotnikov EY, Pevzner IB, Zorova LD, Balakireva A V., Gulyaev M V.,

Pirogov YA, Skulachev VP, Zorov DB. Neuroprotective effects of mitochondria-
targeted plastoquinone in a rat model of neonatal hypoxic—ischemic brain injury.
Molecules 23, 2018.

Singh H, Cooper R, Lee CW, Dempsey L, Brigadoi S, Edwards A, Airantzis D, Everdell
N, Michell A, Holder D, Austin T, Hebden J. Neurovascular interactions in the
neurologically compromised neonatal brain. Adv Exp Med Biol 876: 485-492, 2016.
Stepanova A, Konrad C, Guerrero-Castillo S, Manfredi G, Vannucci S, Arnold S, Galkin
A. Deactivation of mitochondrial complex | after hypoxia—ischemia in the immature
brain. J Cereb Blood Flow Metab 39: 1790-1802, 2019.

Takano T, Tian GF, Peng W, Lou N, Libionka W, Han X, Nedergaard M. Astrocyte-
mediated control of cerebral blood flow. Nat Neurosci 9: 260-267, 2006.

Tan S, Zhou F, Nielsen VG, Wang Z, Gladson CL, Parks. Increased injury following
intermittent fetal hypoxia-reoxygenation is associated with increased free radical
production in fetal rabbit brain. J Neuropathol Exp Neurol 58: 972—-81, 1999.
Thoresen M, Penrice J, Lorek A, Cady EB, Wylezinska M, Kirkbride V, Cooper CE,
Brown GC, Edwards AD, Wyatt JS, Reynolds EQ. Mild hypothermia after severe
transient hypoxia-ischemia ameliorates delayed cerebral energy failure in the
newborn piglet. Pediatr Res 37: 667—-670, 1995.

Thornton C, Jones A, Nair S, Aabdien A, Mallard C, Hagberg H. Mitochondrial
dynamics, mitophagy and biogenesis in neonatal hypoxic-ischaemic brain injury.
FEBS Lett 592: 812—-830, 2018.

Torres J, Cooper CE, Wilson MT. A common mechanism for the interaction of nitric
oxide with the oxidized binuclear centre and oxygen intermediates of cytochrome c
oxidase. J Biol Chem 273: 8756—8766, 1998.

Tovmasyan A, Sheng H, Weitner T, Arulpragasam A, Lu M, Warner DS, Vujaskovic Z,
Spasojevic |, Batinic-Haberle |. Design, mechanism of action, bioavailability and
therapeutic effects of Mn porphyrin-based redox modulators. Med Princ Pract 22:
103-130, 2013.

Trujillo M, Ferrer-Sueta G, Radi R. Peroxynitrite detoxification and its biologic

implications. Antioxidants Redox Signal 10: 1607-1619, 2008.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Page 32 of 44

32
Trujillo M, Ferrer-Sueta G, Thomson L, Flohé L, Radi AR. Kinetics of peroxiredoxins

and their role in the decomposition of peroxynitrite. Subcell Biochem 44: 83—-113,
2007.

Tur J, Vico T, Lloberas J, Zorzano A, Celada A. Macrophages and Mitochondria: A
Critical Interplay Between Metabolism, Signaling, and the Functional Activity. Adv
Immunol 133: 1-36, 2017.

Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol 552: 335—
344, 2003.

Valez V, Aicardo A, Cassina A, Quijano C, Radi R. Oxidative Stress in Mitochondria.
In: In Principles of Free Radical Biomedicine, edited by Pantopoulos K, Schipper HM.
2012, p. 283-302.

Valez V, Cassina A, Batinic-Haberle |, Kalyanaraman B, Ferrer-Sueta G, Radi R.
Peroxynitrite formation in nitric oxide-exposed submitochondrial particles:
Detection, oxidative damage and catalytic removal by Mn-porphyrins. Arch Biochem
Biophys 529: 45-54, 2013.

Van Den Broeck C, Himpens E, Vanhaesebrouck P, Calders P, Oostra A. Influence of
gestational age on the type of brain injury and neuromotor outcome in high-risk
neonates. Eur J Pediatr 167: 1005—-1009, 2008.

Van Kooij BJM, Van Handel M, Nievelstein RAJ, Groenendaal F, Jongmans MJ, De
Vries LS. Serial MRI and neurodevelopmental outcome in 9- to 10-year-old children
with neonatal encephalopathy. J Pediatr 157: 221-227, 2010.

Vannucci RC, Towfighi J, Vannucci SJ. Secondary energy failure after cerebral
hypoxia-ischemia in the immature rat. J Cereb Blood Flow Metab 24: 1090-1097,
2004.

Vannucci RC, Vannucci SJ. Perinatal hypoxic-ischemic brain damage: Evolution of an
animal model. Dev Neurosci 27: 81-86, 2005.

Vannucci SJ. Hypoxia-ischemia in the immature brain. J Exp Biol 207: 3149-3154,
2004.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Page 33 of 44

Antioxidants and Redox Signaling
Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)
This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

143.

144.

145.

146.

147.

148.

149.

33
Vercesi AE, Castilho RF, Kowaltowski AJ, de Oliveira HCF, de Souza-Pinto NC, Figueira

TR, Busanello ENB. Mitochondrial calcium transport and the redox nature of the
calcium-induced membrane permeability transition. Free Radic Biol Med 129: 1-24,
2018.

Volpe JJ. Neonatal encephalopathy: An inadequate term for hypoxic-ischemic
encephalopathy. Ann. Neurol. 72: 156-166, 2012.

Weitzel DH, Tovmasyan A, Ashcraft KA, Boico A, Birer SR, Choudhury, Kingshuk Roy,
Herndon Il J, Rodriguiz RM, C.Wetsel W, Peters KB, Spasojevic |, Batinic-Haberle |,
Dewhirst MW. Neurobehavioral Radiation Mitigation to Standard Brain Cancer
Therapy Regimens by Mn(lll) n-Butoxyethylpyridylporphyrin-based Redox Modifier.
Environ Mol Mutagen 57: 372—-381, 2016.

Winterbourn CC. Reconciling the chemistry and biology of reactive oxygen species.
Nat Chem Biol 4: 278-286, 2008.

Yager JY. Animal Models of Hypoxic-Ischemic Brain Damage in the Newborn. Semin
Pediatr Neurol 11: 31-46, 2004.

Yin W, Signore AP, Iwai M, Cao G, Gao Y, Chen J. Rapidly increased neuronal
mitochondrial biogenesis after hypoxic-ischemic brain injury. Stroke 39: 3057-3063,
2008.

Youle RJ, Van Der Bliek AM. Mitochondrial fission, fusion, and stress. Science 337:

1062-1065, 2012.



Downloaded by CHALMERS UNIVERSITY OF TECHNOLOGY from www.liebertpub.com at 04/19/20. For persona use only.

Antioxidants and Redox Signaling

Hypoxic-Ischemic Encephalopathy and Mitochondrial Dysfunction: Facts, Unknowns and Challenges (DOI: 10.1089/ars.2020.8093)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 34 of 44

4
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6-24 to days
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morphology swelling swelling morphology 105)
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Mitochondrial Energetic Recovery of Mitochondrial Normal
function failure brain oxidative failure oxidative (68,
Inhibition of metabolism Deterioration  metabolism 109,
ETC by "NO oxidative 118,
Increase of metabolism. 125)
ROS by RET Loss of
Decrease of mobility linked
cytochrome c to the loss of
oxidase activity motor protein
Succinate kinesin
accumulation Abnormal
shape
probably due
to
malfunctionin
g fission or
fusion
ATP level Depletion of ATP recovery Decrease of (117

ATP and

ATP and
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Increase of of excitatory Increase of remodeling,
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Increase of Overshooted Cytotoxic
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Lipoperoxidati  ne vs. raised Bax-
on. cerebral dependent
Protein S- lactate and mitochondrial
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and nitration. phosphate on leads to
DNA damage apoptosis.
Prolonged Excitotoxicity,
activation of inflammation,
AMPK +Bcl2, and persistent
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activation intracellular
+PGCla Ca®
Release of
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reactive
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Recovery

Difficulties in
spontaneous
breathing
Lethargy
Apnea
Hypotonia

manifestations

Clinical
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Table 2. Selected examples of mitochondrial-based therapeutics for neuro-recovery in

HIE.

Intervention Mechanism of

action

Hypothermia Hypometabolism

promoter

2-Iminobiotin  NOS inhibitor

Nicotinamide Precursor of

NAD"

SkQR1 Mitochondria-
targeted

antioxidant

Experimental

models/ trials

Animal model
of neonatal HIE
and human

clinical trials.

Animal model
of neonatal HIE
and in vitro
human
neuronal cells.
Human clinical

trial.

Animal model
of neonatal

HIE.

Animal model
of neonatal

HIE.

Observation References

Decreases the global (5-8, 43)
cerebral metabolic
rate for glucose and

oxygen.

Decreases utilization
glucose, ATP,

phosphocreatine

Prevents secondary

failure

Decreases oxidants (2, 16, 46)

Increases NAD" pool. (47, 85)
Decreases oxidants

and caspase-3 activity.
Decreases oxidative (123)

stress.
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MitoSNO

Erythropoietin
(EPO)

Melatonin

Mitochondria-
targeted

nitrosating agent

Stimulator of
mitochondrial

biogenesis.

Inhibitor of
mitochondrial
fission.
Mitophagy

regulator

Neonatal
animal model

of HIE

Human clinical

trial of HIE

Human clinical

trial of HIE

Decreases oxidative
stress, improves
neurological recovery,
decreases neuronal

mortality.

Increases
mitochondrial

metabolism

Increases

mitochondrial function
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(72)

Reviewed

in (64, 94)

Reviewed

in (64)
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Figure legends

ANTEPARTUM EVENTS aEEG
Fetal heart rate decelerations/ Normal background with
bradicardia and a sinusoidal pattern. some seizure activity
Emergent obstetric complications such Moderately abnormal activity
as umbilical cord prolapse, placental Suppressed activity
abruption or uterine ruptura. Continuous seizure activity
MITOCHONDRIAL FAILURE NIRS

Brain oxygenation HHb/HbO,.
Brain metabolism oxCCO.

Increased levels of lactate in H | E

umbilical cord, arterial or capillary
in the first 60 minutes of birth.

MRI - MRS CLINICAL MANIFESTATIONS

Lethargy or hyperexcitability.
Apnea, coma, seizures.

Hypotonia, pupilar reflex alterations.
Decreased heart rate.

Suction impairment.

MRI brain lesions ,T1/T2 weighed : solitary
white matter lesions; watershed injury; basal
ganglia/thalamus injury; focal infaction.
MRS: Lac/NAA in basal ganglia

Figure 1: Main features of hypoxic-ischemic encephalopathy (HIE). This is basal criteria to
define HIE in neonates that involves clinical parameters associated with an abnormal aEEG,
increased metabolic acidosis in the umbilical cord, intrapartum risk factors and eventually,

abnormalities in brain metabolism, oxygenation and imaging studies (3, 102, 139).
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Hypothermia
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nNOS *NO
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Figure 2: Mitochondrial oxidants in HIE. Elevation of intracellular calcium levels in nNOS-
containing neurons induces cytosolic "NO production that diffuses into mitochondria and
may inhibit the mitochondrial electron chain by interactions with cytochrome c oxidase
under low oxygen tensions. Succinate is accumulated in mitochondria because of the
reverse activity of Complex Il (32, 101), reducing UQ to UQH,. UQH, in turn, transfer
electrons to Complex | and forms O, by reverse electron transfer. In turn, peroxynitrite
can be formed due to the reaction between “NO and O," exerting toxic effect by reaction
with key mitochondrial components and contribute to mitochondrial dysfunction,
apoptotic signaling and neurological injury. Indicated mitochondrial and/or redox-based
pharmacological interventions could attenuate damage or induce neuro-recovery

(summarized in Table I1).
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Figure 3: Peroxynitrite formation and targets in mitochondria. Oxidation and nitration
reactions promoted by peroxynitrite in key mitochondrial proteins are indicated. Also, the
peroxidation of cardiolipin as a relevant part of mitochondrial oxidative stress is indicated
in red (as Lpx for lipid peroxidation) on the right side of the inner membrane. These
biochemical processes constitute the basis for nitro-oxidative damage in the various
mitochondrial compartments and may lead to disturbances in mitochondrial respiration
and bioenergetics and/or the release of pro-apoptotic components to the cytosol. Adapted

from Oxidative stress in mitochondria from Principles of Free Radical Biomedicine (136).
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HYPOXIC MITOCHONDRIA HEALTHY MITOCHONDRIA

—
-

®| = @), g

europrotectors
PRIMARY PHASE LATENT PHASE SECONDARY PHASE TERTIARY PHASE
L VATP N ATP JATP
JoxCCO = 1 oxCCO — J oxCCO —

A ROS/RSN @ J ROS/RSN A ROS/RSN @

® @\ /®
S

NECROTIC PATHWAY APOPTOTIC PATHWAY

Figure 4: Possible fates of mitochondria during a hypoxic insult. Lowering oxygen levels can
turn a healthy mitochondria into a hypoxic organelle (1) that can either fully recover
reversibly depending on the severity and duration of the hypoxia (2). If hypoxic event
triggers a HIE, neurons enters in the primary phase resulting in energetic failure,
mitochondrial swelling and increased reactive oxygen and nitrogen species (3), which in
turn can induced the cell to a necrotic pathway (4). The latent phase derives of the primary
phase (5), a partial recovery of brain oxidative metabolism and clinical symptoms that can
be fully recover mitochondria with neuroprotective pharmacology and hypothermia (6).
However, if a secondary energy failure phase evolves mitochondrial function decline
because of the deterioration of oxidative metabolism and malfunctioning of fission and/or
fusion, inflammation (8). Both latent and secondary phase mitochondria can deviate to an
apoptotic pathway (7a and 7b). Nevertheless, neurons can fully recover mitochondrial
function and morphology, retrieving a normal oxidative metabolism and biogenesis (9)

transforming into a heathy mitochondria (10).
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Figure 5: NIRS technique. This noninvasive methodology can monitor cerebral oxygenation
levels in the regional tissue of neonatal patients. Two electrodes adhere to the head and
measure near-infrared light absorbed in the underlying tissue (represented by the pink
area). Oxyhemoglobin (HbO,, red line) and deoxyhemoglobin (HHb, blue line)
concentrations are measured. In the mitochondria, concentrations of the oxidized form of
the cytochrome c oxidase (oxCCO, green line) is also measured. An illustration of the data

obtained is presented in the graph.
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