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Summary

Neonatal hypoxic-ischemic encephalopathy is a disorder with
heterogeneous manifestation due to asphyxia during perinatal
period. It affects approximately 3-12 children per 1000 live births
and cause death of 1 million neonates worldwide per year. Besides,
motor disabilities, seizures, impaired muscle tone and epilepsy are
few of the consequences of hypoxic-ischemic encephalopathy.
Despite an extensive research effort regarding various treatment
strategies, therapeutic hypothermia with intensive care unit
supportive treatment remains the only approved method for
neonates who have suffered from moderate to severe hypoxic-
ischemic encephalopathy. However, these protocols are only
partially effective given that many infants still suffer from severe
brain damage. Thus, further research to systematically test
promising neuroprotective treatments in combination with
hypothermia is essential. In this review, we discussed the
pathophysiology of hypoxic-ischemic encephalopathy and delved
into different promising treatment modalities, such as melatonin
and erythropoietin. However, preclinical studies and clinical trials
are still needed to further elucidate the mechanisms of action of

these modalities.
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Introduction

Neonatal  hypoxic-ischemic  encephalopathy
(HIE) is a form of neonatal encephalopathy (NE) caused
by a hypoxic-ischemic (HI) insult during the perinatal
period (Dammann et al. 2011, Volpe 2012). NE is
aneurological syndrome that can occur due to
an intracranial hemorrhage, hypoglycemic event or
prolonged hyperbilirubinemia; however, an HI insult is
the most frequent cause. Perinatal HI injury is caused by
oxygen deprivation in the developing neuronal tissue.
Motor disabilities, seizures, impaired muscle tone and
epilepsy are few of the main signs observed in the first
few days of life (Leviton and Nelson 1992). Currently,
many NEs are classified as HIE despite a lack of
evidence of a HI insult (Volpe 2012). One of the most
useful systems for neonatal HIE classification is the
Sarnat grading scale staging based on clinical
presentations of infants (alertness, seizures, muscle tone,
etc.) (Sarnat and Sarnat 1976, Wachtel and Hendricks-
Mufioz 2011).

Neonatal HIE affects approximately 3-5 children
per 1000 live births in high-income countries and
12 neonates per 1000 live birth in low- and mid-income
countries. The prevalence stay the same, in spite of
improving the health care (Lawn et al. 2005, Lee et al.
2013, Wood et al. 2016). Neonatal HIE
responsible for one-fifth of neonatal deaths worldwide

(1 million death per year) (Lawn et al. 2005, Millar et al.
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2017). Studies have shown that 20 % of all neonates with
HIE will die in the new-born period, and 25 % from those
who survive will suffer from a permanent neurologic
deficit. Up to 40 % of neonates suffering from perinatal
asphyxia will have moderate NE. Such neonatal HIE may
cause a large spectrum of impairments in motor and
cognitive functions, whereas severe encephalopathy often
leads to death (Robertson et al. 1989, Pin et al. 2009,
Wachtel and Hendricks-Muiioz 2011). Additionally, male
neonates compared to female neonates animals tend more
to develop neurological and motoric impairment (Murden
et al. 2019, Riljak et al. 2020).

Despite an extensive research effort regarding
various  treatment  strategies to  prevent the
abovementioned consequences, therapeutic hypothermia
with neonatal intensive care unit (NICU) supportive
treatment  (respiratory =~ management,  circulatory
management, fluid and electrolyte management, renal
management, hematological management and follow-up

of perfusion with maintained brain perfusion pressure) is

the only approved method and serves as the gold standard
for neonates who have suffered from moderate to severe
HIE (Choi et al. 2012, Ergenekon 2016, Alsina et al.
2017). Unfortunately, this method is only partially
effective in severe HI events (Choi et al. 2012, Jacobs
et al. 2013, Davidson et al. 2015, Millar et al. 2017).
Despite the proven effectiveness of hypothermic
treatment, which involves cooling of the newborn head or
it fails
neurological deficits (Edwards et al. 2010, Tagin et al.
2012, Wassink et al. 2019). Therefore, new treatment
strategies are being investigated continuously to improve
either the effect of hypothermia treatment (HT) on HIE or

to identify a new and more effective treatment approach

even whole body, to completely prevent

(Table 1). The aim of this article is to review preclinical
and clinical studies on treatment for neonatal HIE, the
available studies will be divided according to treatment
strategies into categories A) Current treatment methods
B) Experimental studies and finally C) Clinical studies.

Table 1. Summary of potential treatment methods and effects for neonatal HIE.

Effect Inhibit Prevent Prevent BBB Prevent cell death Anti-
Treatment Excitotoxicity | Oxidative stress| disruption (necrosis/apoptosis)  |inflammation Anglogenesis | Neurogenesis
]

Deferoxamine + N

Edaravone ~ N

Resveratrol ~ N N

DHA ~ + J

ADNF-9 and NAP N V

Osteopontin N N J

Interferon p N |

Sodium butyrate \ N N
] ]

Methylprednisolone ~ ~ N

Leptin ~ N N )

Cannabinoid agonist N y v N

Melatonin \ N + J

Allopurinol «/

Xenon R

Argon v

MgSO, y y N

ropiranate [ 4| I

Monosialoganglioside \ \ N
Stem cell ~ N N N

NAC — N-Acetyl-L-cysteine, MgSO. — magnesium sulphate, ADNF-9 and NAP — activity-dependent neurotrophic factor 9 (ADNF-9) and

novel ADNF-9 like active peptide (NAP), DHA — docosahexaenoic acid.
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Etiology and pathophysiology of HIE

There are many causes of HIE, any of which can
occur before, during or after birth (Millar ez al. 2017). In
the antepartum period, an HI insult may be due to
umbilical cord accidents (e.g. nuchal cord, umbilical cord
compression), excessive placental bleeding or hyper-
tensive disorders in pregnancy. Intrapartum insult may

Hypoxic ischemic insult

arise from severe prematurity, fetal growth restriction,
maternal diabetes, an abnormal fetal position or maternal
infection. Finally, a HI insult may arise in the postpartum
severe

period as a result of brain/skull trauma,

prematurity or critical congenital heart defects (e.g.

Tetralogy of Fallot, transposition of the great arteries)
(Volpe 2001, Martinez-Biarge et al. 2013, Millar et al.
2017, Murden et al. 2019).
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Fig. 1. Pathophysiology of HIE — schematic representation of HIE phases. ROS — Reactive oxygen species; Ca®* — Calcium;
Na* — Sodium; K* — Potassium; H,O — Water; O, — Oxygen; PO, — Partial pressure of oxygen.

phase (Arteaga et al. 2017) (Fig. 1). During an HI insult,
there is a decrease in the partial pressure of oxygen,

The cellular pathophysiology of neonatal HIE
consists of the following phases: primary cell energetic

homeostasis failure, reoxygenation, and the ‘inflammatory’  aterminal acceptor of the electron in the respiratory
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transport chain. A subsequent reduction in oxidation/
phosphorylation leads to rapid depletion of ATP within the
cells. Therefore, cells modify and adapt their metabolism
towards anaerobic pathways, reducing ATP production and
inducing the accumulation of lactic acid (Arteaga et al.
2017). A lack of ATP causes failure of Na'/K™ ATPase,
resulting in destabilization of plasma membrane ion
distribution. Intracellular accumulation of sodium ions is
ensued by the movement of water into the cell. Calcium
ion elevation can also activate various intracellular
enzymes, such as lipase and caspase, leading to the
formation of reactive oxygen and nitrogen species (ROS
and RNS), which harm the mitochondria. The major
outcome of these processes is cellular oedema with
potential cell death. The next source of cellular energy
metabolism failure is associated with reoxygenation and
reperfusion processes occurring approximately 6-48 h after
the Hlinsult (Dixon et al 2015). When oxygen
homeostasis is partially recovered, oxidative metabolism
produces new reactive oxygen species. The influx of
calcium into the cell and subsequent mitochondrial
dysfunction are exacerbated (Arteaga et al. 2017).

Apart  from  mitochondrial  dysfunction,
an increase in expression of pro-inflammatory genes
leading to acute inflammation can be observed. This phase
occurs 48 h after the HI insult and can protract for months
(Arteaga et al. 2017). The inflammatory phase produces
chronic inflammation that impairs axonal growth and
with  the

synaptogenesis and neurogenesis. These events together

interferes processes of  physiological
with the previous phases eventually lead to harmful brain
injury (Dixon et al. 2015, Arteaga et al. 2017). Although
several theories have been proposed to be directly
responsible for the cell death in perinatal brain, the exact
of HIE with

neurodegeneration are not clearly understood. Currently,

pathologic  mechanisms subsequent
the treatment aims to impede neuronal destruction after HI
insult that is achieved by hypothermia. Hypothermia
represents a gold standard in treatment of HIE, however, it
is far from ideal. As our understanding of pathophysiology
of HIE improves, new treatment strategies should be

implemented.

Treatment methods

Current treatment methods
Therapeutic hypothermia

Therapeutic hypothermia is well established as
a standard treatment for neonates suffering from moderate
to severe HIE. It is defined as intentional reduction of core

temperature of a human patient below 36 °C (So 2010).
Current hypothermia protocols suggest starting treatment
within the first 6 h of life with systemic cooling to either
33.540.5 °C for whole-body cooling or 34.5+0.5 °C for
head cooling and continuous treatment for 48-72 h. Meta-
analysis results suggest that both approaches exhibit
similar effects (Tagin et al. 2012, Wassink et al. 2019).
Nevertheless, it is easier to control whole body temperature
than perform selective head cooling (Tagin et al. 2012,
Wassink ef al. 2019). Clinical evidence suggests that mild
induced hypothermia significantly improves survival and
the risk of
developing cerebral palsy in full-term infants with
moderate to severe HIE (Shankaran et al. 2005, Jacobs
et al. 2011, Tagin et al. 2012, Laptook et al. 2017).
Unfortunately, this method is only partially effective; many

neurocognitive outcome and decreases

infants still suffer from severe brain damage, cerebral palsy
and neurocognitive disorders even when treated with
hypothermia (Cotten and Shankaran 2010, Shah 2010,
Douglas-Escobar and Weiss 2015, Riljak et al. 2016).
Therefore, new approaches for further reduction of the
harmful effect of HI injury are still needed. Many
promising methods and agents have been thoroughly
researched and are continuously being investigated. A few
of these treatment strategies are summarized below

(Fig. 2).
Experimental studies

Antioxidant agents
N-Acetyl-L-cysteine

N-Acetyl-L-cysteine (NAC) is an antioxidant
crossing the BBB, a precursor of glutathione and an ROS
scavenger. NAC reduce apoptotic cell death inhibits nitric
oxide (NO) production and decreases the formation of
inflammation-related cytokines (e.g. TNFa and IL-1pB)
(Khan ef al. 2004, Jayalakshmi et al. 2005, Parikh and Juul
2018). of NAC
neuroprotective potential is the increase in synthesis of

One of the major mechanisms
erythropoietin (EPO) and glucose transporter type 3 via
HIF-1a expression (Khan et al. 2004). In combination with
HT, NAC exhibited better outcomes in many aspects, such
as reduced brain infarction volume and increased
locomotor activity in neonatal rats exposed to hypoxia
(Jatana ef al. 2006). Interestingly, the effect of NAC and
NAC in combination with HT seems to be at least partially
sex specific (long-term neuromotor outcomes) (Nie et al.
2016). More experimental studies must be done and find
the appropriate dose, timing and method of administration

before clinical use (Parikh and Juul 2018).
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Fig. 2. Summary of the experimental and clinical studies of treatment for neonatal HIE. SB — Sodium butyrate; MPSS — Methylpredniso-
lone; DHA — Docosahexaenoic acid; NAc — N-Acetyl-l-cysteine; ADNF-9 and NAP — Activity-dependent neurotrophic factor-9 and novel

ADNF-9 like active peptide.

Deferoxamine

Deferoxamine (DF) is an iron chelator that
crosses the BBB. This molecule can prevent formation of
hydroxyl radicals from hydrogen peroxide with iron via
the Fenton reaction (Palmer ef al. 1994, Kletkiewicz et al.
2016). DF administered intraperitoneally to rats leads to
increased HIF-1o and EPO expression. Li et al. (2008)
found that death. These
researchers mechanisms of its

DF decreases neuronal
suggested  two
neuroprotective effects. The first mechanism is the
and the

mechanism is improved cell survival (Li et al 2008).

abovementioned HIFl-a pathway, second

DF prevents the depletion of energetic reserves of the
2003).
decreases the volume of the lesion in the brain cortex and

brain tissue (Peeters-Scholte et al It also
improves forelimb muscle strength; however, DF fails to
improve other motor functions (Jones et al. 2008).
Interestingly, intranasal DF administration is also
effective if used as a pre-treatment or post-treatment of
the HIE event (Hanson ef al. 2009). Kletkiewicz et al.
(2016) suggest that DF reduce oxidative stress not only
iron chelator, but it might prevent the decrease activity of
antioxidant enzyme (Kletkiewicz et al. 2016). More
must be done and find the

experimental studies

appropriate dose, timing and method of administration
before clinical use (Kletkiewicz et al. 2020).

Edaravone
Edaravone  (3-methyl-1-phenyl-2-pyrazolin-5-
one, MCI-186) is a free radical scavenger that reacts with
hydroxyl and peroxyl radicals to form stable oxidative
1996).
edaravone also inhibits neuronal apoptosis (Yasuoka
et al. 2004), lipid peroxidation (Noor et al. 2007), and
NO synthesis (Satoh et al. 2002); prevents oxidative
2002) from DNA
peroxidation (Takizawa et al. 2009). Yasuoka et al.
(2004) found that
death,

administered intraperitoneally (3.5 mg/kg before insult)

molecules (Yamamoto et al Furthermore,

injury (Tanaka and protects

edaravone significantly reduced
neuronal cell apoptosis and necrosis when
to neonatal rats and following HI insult (3 mg/kg every
12 h until sacrifice). The highest effect was observed
after 48 h of repeated edaravone doses (Yasuoka et al.
2004). Rat models showed that a combination of HT and
edaravone therapy following HI insult leads to
a significantly better neurological outcome in neonates
with perinatal asphyxia. A significant decrease in rat

neuronal cell death was observed when treated at 32 °C
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(32-39 °C) in combination with 50 uM (0-50 uM) of
edaravone (Shibuta et al. 2010). However, when piglet
treated with edaravone combine with HT, no additive
effect was found (Yamato ez al. 2020). Other studies also
showed the ability of edaravone to improve memory and
learning function if administered 24 h after an HI event at
9 mg/kg daily for 2, 5 or 10 days. More than 5 days of
administration did not result in improvement (Noor et al.
2005, Li et al. 2018). To date, no clinical studies done
with edaravone on neonates with HIE.

Resveratrol
Resveratrol is a polyphenol produced by several
plants (e.g. grapevines, caper bush, and pomegranates)

exhibiting antioxidative, anti-apoptotic and anti-
inflammatory properties (Bastianetto et al. 2015).
Neuroprotective mechanisms of resveratrol include

diminution of oxidative stress (ROS and RNS generation
by inhibiting xanthine oxidase, and reduced glutathione
formation) (Farkhondeh er al. 2020). Resveratrol might
improve mitochondrial respiratory activity and can inhibit
the process of apoptosis (West et al. 2007, Yousuf et al.
2009, Farkhondeh et al 2020).
combination with HT reduces oxidative stress after HI
(TOADER et al. 2013), but more studies are needed to
investigate the timing of administration and optimal dose

Resveratrol in

(Arteaga et al. 2017). Administration of resveratrol
before HI insult has neuroprotective effects (volume of
infarction and behaviour outcome) (Arteaga et al. 2017,
Gao et al. 2018); however, its administration following
an HI event fails to demonstrate clear neuroprotection
(West et al. 2007, Arteaga et al. 2015). To date, no
clinical trials had been done with Resveratrol on neonatal
with HIE.

Docosahexaenoic acid

Docosahexaenoic acid (DHA) is a polyunsatu-
rated fatty acid with double bonds located in third carbon
from the end (omega-3 fatty acid). Mammals are not able
to synthesize omega-3 fatty acids; therefore, mammals
get it by consuming marine animals and plants (Arteaga
et al. 2017). DHA showed a neuroprotective effect by
decreasing free radicals, amyloid and lipid peroxidation,
preventing neuronal cell death and inflammation in
neurodegenerative and neurological disorders (Dyall
2015, Huun 2019).
mechanisms of DHA are not completely understood
(Huun 2019). In a rat model, Berman et al. (2013)
demonstrated that hypothermia combined with DHA

However, the neuroprotective

(2.5 mg/kg) following an HI event significantly improved

neurological function and decreased brain injury
compared to HT alone. DHA treatment alone did not
show any significant positive outcome (Berman et al.
2013). On the other hand, a maternal diet rich in DHA
during pregnancy and lactation has a neuroprotective
effect on pups (Suganuma et al. 2010, Zhang et al. 2010).
No clinical studies have been done with DHA as

a treatment for neonatal HIE.

ADNF-9 and NAP

Recent studies demonstrated that short peptides
derived from activity-dependent neurotrophic factor
(ADNF) and activity-dependent neuroprotective protein
have neuroprotective effects on immature brain.
Protection against oxidative stress, dopamine toxicity,
glucose depletion, and toxins, such as N-methyl-D-
aspartate (NMDA) and B-amyloid, was observed (Bassan
et al. 1999, Glazner et al. 1999, Leker et al. 2002, Smith-
Swintosky et al. 2005). Kumral et al. (2006) compared
the neuroprotective effect of ADNF-9 and novel ADNF-
9-like active peptide (NAP) as treatments for neonate rats
that suffered from HI insult. Intraperitoneal administra-
tion of NAP and ADNF-9 within 2h following
an HI event resulted in neuroprotective effects, including
inhibition of the production of nitric oxide (an RNS) and
prevention of neuronal cell death, apoptosis or necrosis
They administered 0.3 pg/g of body weight of NAP or
ADNF-9 intraperitoneally 2 h after the HI event, and
neuroprotective effects were observed (Kumral et al.
2006).  Although, ADNF-9 and NAP

neuroprotective effect, NAP is preferred lead peptide due

showed

to the ability to stimulate production of VIP, that allows
interaction with glial cells and increase cell survival
(Chiu et al. 2017). Greggio et al. (2011) showed that
NAP has long-term neuroprotective effects (after 60 days
of HI event), leading to a reduction of the infarction and
improvement of the cognitive functions up to 7 weeks
after HI injury (Greggio et al. 2011). The positive effect
of NAP was observed only when administered within 6 h
following HI insult and within the range of 1-1000 pg
0.01-10 ng
(Sokolowska et al. 2011). No newer studies were

intracerebrally or intraperitoneally
published, and no clinical studies been done on new-born
babies with this treatment.

Anti-inflammatory agents
Osteopontin
Osteopontin (OPN) is an acidic glycoprotein
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composed of 300 amino acids. OPN is synthesized not
only by osteoblasts, preosteoclast and osteocytes but also
by dendritic cells and macrophages (Butler 1989).
OPN induces activation of macrophages and dendritic
cells and secretion of interferon alpha and other cytokines
that regulate Thl7. OPN Thl-cell
proliferation and migration. All of these functions

also regulates
increase inflammation and the healing reaction (Lund
et al. 2009). Some experimental studies have shown that
OPN is able to repair brain injury after neonatal HIE by
promoting cerebral cell survival and proliferation and
differentiation of oligodendrocytes and improve
neurological outcome (Van Velthoven ef al. 2011, Dixon
2015, Zhou et al. 2020).
no neuroprotective  effect  with

intraperitoneal administration of OPN was observed in

et al Unfortunately,

intranasal  or

animal models after HI (Bonestroo et al. 2015). More
studies must be done on OPN method of administration,
timing of administration and dosing before try it in
clinical trials (Zhou et al. 2020).

Interferon beta
Interferon beta (IFN-B) is
synthesized by fibroblasts.

a polypeptide
IFN-B reduces antigen-
presenting activity of macrophages and microglial cells,
prevents T-cell proliferation and increases production of
anti-inflammatory cytokines. IFN-f also has the ability to
induce neurogenesis (Markowitz 2007, Kieseier 2011).
A few animal models have demonstrated the neuropro-
tective effect of IFN-B following HI insult (Veldhuis
et al. 2003, Dixon et al. 2016). A significant reduction of
infarction and brain oedema was reported by Veldhuis
et al (2003) following 7-day subcutaneous
administration of IFN-B (500,000 U) to rats. IFN-B also
showed preservation of the BBB, prevention of
neutrophil influx and decrease in lesion volume by 70 %
after 1 day and by 85% after 21 days of IFN-B
administration (Veldhuis ez al. 2003). Its intranasal
application (0.03, 0.3, and 1.0 pg/kg) yielded similar
positive cerebral outcomes (decreased infarct volume)
and improved sensorimotor functions in rats (improved
reflex behaviour time) (Dixon et al. 2016). No clinical
studies been done on neonatal HIE treated with IFN-f.

Sodium butyrate

Sodium butyrate (SB) is a histone deacetylase
inhibitor produced in the gut by bacterial fermentation of
dietary fibres (Jaworska et al. 2017). SB exhibits
neuroprotective effects in adult mice after brain injury.

However, the mechanisms of the neuroprotective action
of SB remain unclear (Jaworska et al. 2017, Jaworska
et al. 2019). Some studies suggest that SB reduces the
expression of pro-inflammatory mediators and conversion
of microglial cells to anti-inflammatory cells (Jaworska
et al. 2017, Jaworska et al. 2019). Neuroprotective effects
were also observed in rat neonates (Kumral et al. 2009,
Janowska and Sypecka 2018, Jaworska et al. 2019).
Furthermore, recent studies confirmed the ability of SB to
induce neurogenesis (Ziemka-Nalecz et al. 2017) and
reduce neuronal apoptosis (Sun et al. 2015). No clinical
studies been done yet with SB treating neonatal HIE.

Azithromycin

Azithromycin is a macrolide antibiotic.
Azithromycin has anti-inflammatory and antimicrobial
effects (Parnham et al. 2014). Amantea et al. (2016)
reported a neuroprotective effect of intraperitoneally
administered azithromycin in neonatal rats following an
HI event. Reduced brain infraction, oedema and
neurological improvement was achieved only with a dose
of 150 mg/kg of azithromycin. The positive effect is
caused by preservation of BBB integrity and reduced
infiltration of inflammatory immune cells (Amantea et al.
2016). Barks et al. (2019) also revealed that single dose
of azithromycin (45 mg/kg) should be administered less
than 4 h following an HI event to yield a positive effect.
they found that (45 mg/kg,

22.5 mg/kg, and 22.5 mg/kg) of azithromycin in 24-hour

Furthermore, 3 doses
intervals are more effective than a single dose to decrease
the infraction volume (Barks et al. 2019). Azithromycin
has been studied only experimentally as a treatment for
neonatal HIE (van Bel and Groenendaal 2020).

Methylprednisolone

Methylprednisolone (MPSS) is a glucocorticoid
that is used as an immunosuppressive and anti-
inflammatory agent to treat several diseases, such as
multiple sclerosis, systemic lupus erythematosus, acute
spinal injury and others (Trevisani et al. 2013, Cooper
et al. 2015, Hall 2016). MPSS inhibits lipid peroxidation
(Daneyemez et al. 1999); therefore, it can prevent
apoptosis and inflammation (Concepcion and Zhang
2018). Preclinical studies have shown that MPSS has
a neuroprotective effect after a neonatal HI event. In a rat
model, Daneyemez et al. (1999) reported a reduction in
brain injury when 30 mg/kg MPSS was intraperitoneally
administered along with vitamin E (100 mg/kg)

(Daneyemez et al. 1999). The MPSS mechanism is not
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completely clear, but Altamentova et al. (2020) reported
that the mechanism partially involves reductions in the
pro-inflammatory effect and cytokine (CCL3, CCLS,
IL18, TNFa) levels following delayed MPSS treatment.
Intravenous application of 3 doses of 30 mg/kg MPSS to
rats 13 days following HI injury leads to a reduction of
pro-inflammatory cytokines and chronic inflammatory
cerebral damage, increased proliferation of glial cell
populations and minimal proliferation of the neuronal cell
population. Furthermore, improved motor functions were
observed (Altamentova et al. 2020). More experimental
studies must be done with MPSS before try it in the
clinical field (Wang et al. 2019).

Hormones
Leptin

Leptin is a peptide hormone that is mainly
produced by adipocytes and regulates body weight by
suppressing appetite centers in the hypothalamus and
stimulating energy expenditures (Schubring et al. 1997).
Leptin exhibit antiapoptotic function and neurotrophic
features and is also involved in angiogenesis, regulation
of immune function, suppression of T-lymphocyte, bone
formation and brain development (Dicou et al. 2001,
Zhang et al. 2007). Intraperitoneal administration of
leptin (0.5-8 mg/kg) to animals at time of reperfusion was
most effective (Zhang et al. 2007, Kumral et al. 2012,
Hu et al. 2019) and improve the spatial memory (Feng
and Jiang 2018). No clinical trials been done with leptin
on neonates with HIE.

Anti-excitotoxic agents
Cannabinoid agonists

Endogenous cannabinoids are important neuro-
regulatory substances that contribute to the control of
motor behaviour, influencing the processes of learning
and memory and interfering with pain perception and the
2003).
Cannabinoids bind to the cannabinoid receptors (CB1 or

immune response (Martinez-Orgado et al.
CB2), which are coupled to a few transduction pathways,
including G-proteins inhibiting calcium-voltage gated
channels. Such pathways may reduce the release of
glutamate. By this mechanism, excitotoxicity during HI
insult might be prevented by reducing cell death
(Nagayama et al. 1999). Exogenous cannabinoids as
a non-psychoactive cannabinoid cannabidiol (CBD) and
synthetic cannabinoid WIN55212 (WIN) are fully CBI
and CB2 agonist, while A’-tetrahydro-cannabinol (THC)
partially CB1 agonist (Gilbert et al. 2007). They are also

neuroprotective substances that bind to CB1 and CB2
receptors. CBD inhibit calcium influx, reduce glutamate
and TNF-a release, decrease iNOS expression, induce
exhibit
antioxidant activity and neurogenesis (Alvarez et al.
2008, Prenderville et al. 2015). While, WIN and THC
a psychoactive cannabinoid substance inhibit glutamate

hypothermia, promote immunomodulation,

releasing, prevent excitotoxicity, prevent cell death and
inhibit NO synthesis (Martinez-Orgado et al. 2003,
Gilbert et al. 2007). Besides, WIN also stimulate
neurogenesis (Fernandez-Lopez et al. 2010). It was
demonstrated that administration of CBD (1-5 mg/kg)
intravenously or subcutaneously to new-born rodents
following an HI event improves the functional activity of
neurons and decreases neuronal cell death (Alvarez et al.
2008, Pazos et al. 2012). CBD should be administered no
later than 18 h following the HI event. After this period,
cannabinoids show a reduction in their neuroprotective
effect (Mohammed ef al. 2017). In new-born piglets,
CBD (10-30 mg/kg) had an additive
HT treatment and reduced inflammation marker levels

effect on

and neuronal cell death, but not cognitive improvement.
(Schiavon et al. 2014, Lafuente et al. 2016, Garberg et al.
2017). To date, Cannabinoid agonist has not been studied
on human neonates with HIE.

Current clinical studies

Hormones
Erythropoietin

Erythropoietin is an endogenous glycoprotein
hormone that is vital for the stimulation of erythropoiesis.
In addition to erythropoiesis, EPO serves many other
functions, including regulating the immune system,
acting as a vasoactive agent, interfering with the process
of apoptosis and excitotoxicity, having antioxidative
properties and promoting angiogenesis and neurogenesis
(Dixon et al. 2015, Nair and Kumar 2018) (Fig. 3). At the
beginning of the fetal period, EPO is synthesized in the
liver; however, later during fetal development the
location of its synthesis is shifted to the kidneys (Allen
and Brandon 2011, Wu and Gonzalez 2015). EPO can
also be synthesized in neuronal and glial tissue within
astrocytes following a brain injury (Sugawa et al. 2002,
Allen and Brandon 2011). When HIE occurs, the
concentration of EPO increases in the cerebrospinal fluid
(CSF) with an increase in EPO receptor densities in
neuronal tissue (Bernaudin et al 1999, Dixon et al.
2015). Under physiological conditions, EPO can be
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transported through the blood-brain-barrier (BBB);
however, this transport is limited due to its relatively
large size. Therefore, only 1 % of circulating EPO crosses
the BBB by diffusion (Brines et al. 2000, Wu and
Gonzalez 2015). Administration of a low dosage of
exogenous EPO (e.g. used in anemia treatment) does not
increase EPO concentrations in the CSF (Juul et al
1997), and considerably higher doses are required to
register a significant increase in EPO concentrations

within the CSF. On the other hand, under the conditions

Failure of ATP -
dependent
Na*/K* pump

Membrane
depolarization

Cell swelling/
lysis

Cell death
(early,necrosis)

of HI, the BBB becomes more permeable, allowing EPO
to diffuse across in larger concentrations (Dixon et al.
2015). Promising results of EPO administration alone
(van der Kooij ef al. 2008, Wu and Gonzalez 2015) or in
combination with hypothermia treatment (Wu et al. 2012)
further regarding optimal dose
adjustments and timing of administration. Currently, EPO
is effective in newborns suffering from a mild HIE
without any obvious side effects (Garg et al. 2018).

call for research

< @ Glutamate
@ transporter

Mitochondria

‘ VGCC ATP{

lipase, protease,
nucleases

L

J Allopurinol

Edaravone

MPSs DF EPO DHﬁIA
esveratrol
Cell death Edeaavins
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Fig. 3. Cellular changes caused by HI event and treatments to prevent it. MPSS — Methylprednisolone; DF — deferoxamine;

EPO - Erythropoietin; DHA — Docosahexaenoic acid; NAc — N-Acetyl-I-cysteine; MgSO4 —
0% - Superoxide; H,0, — Hydrogen peroxide; Nitric oxide synthase; Ca** —

Magnesium sulphate; NO — Nitric oxide;
Calcium; Na* — Sodium; K* — Potassium, CI" — Chloride;

H,O — Water, IP3 — Inositol triphosphate; G — G protein; ER — Endoplasmatic reticulum; NMDAR — M-methyl-D-aspartate receptor;

AMPAR - a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
mGIuR — Metabotropic glutamate receptors.

Melatonin
Melatonin is an endogenous hormone that is
secreted from the pineal gland and regulates the circadian

rhythm (Baydas et al. 2005). Melatonin exhibits
neuroprotective effects as an antiapoptotic agent,
decrease inflammation, reduce excitotoxicity and

antioxidant effect (Baydas et al 2005, Esposito and

acid

receptor; VGCC - \Voltage-gated calcium channels;

Cuzzocrea 2010, Maresova et al. 2010, Villapol et al
2011). Furthermore, due to its ability to cross the BBB
(Gupta et al. 2003), melatonin is widely tested in animal
models. Carloni et al. (2008) studied the timing, doses
and frequency of administration of melatonin treatment
and evaluated the short- and long-term effects of

melatonin treatment in rats. Significant reduction in
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infarction volume with improved cognitive abilities has
been demonstrated following pre-treatment (5 mg/kg or
15 mg/kg) and post-treatment (15 mg/kg) with melatonin
(Carloni et al. 2008). Three different studies support
Carloni et al. (2008) results, but with administration of
high single dose of melatonin (100 mg/kg) pre-treatment
or post-treatment (Mat&jovska et al. 2008, Deykun et al.
2011, Mares et al. 2012). On the other hand, Villapol
et al. (2011) did not report a reduction in volume of
cortical brain infarction after administration of one or two
doses of 20 mg/kg melatonin intraperitoneally 1-hour pre-
insult or 24 h post-insult. Nevertheless, a significant
reduction in white matter damage was noted (Villapol
2011). Moreover, (2013)
investigated the combination of melatonin with HT;

et al. Robertson et al.
however, the additive effect of HT was not observed
(Robertson et al. 2013). Clinical studies demonstrated
that a combination of melatonin (5-10 mg/kg daily
for 3-5 days) with HT (Aly et al. 2015, Colella et al
2016) leads to significant improvement in survival
without any short- and long-term neurological
consequences in neonates with perinatal asphyxia (Aly
et al. 2015, Jerez-Calero et al. 2020). More randomized
trials must be done to validate these results (Paprocka

et al. 2019).

Antioxidant agents
Allopurinol

Allopurinol is a xanthine oxidase inhibitor and
free radical scavenger (Kaandorp et al. 2012). Xanthine
oxidase is an enzyme that converts hypoxanthine to
xanthine and xanthine to uric acid. During HI insult, an
accumulation of hypoxanthine occurs. During the phase
of reperfusion and reoxygenation, hypoxanthine is
oxidized and produces superoxide molecule (Arteaga
et al. 2017, Nair and Kumar 2018). Promising studies
demonstrate a decrease in infarction volume in rats if
administered with HT
(Rodriguez-Fanjul et al. 2017). However, in human

allopurinol s treatment
neonates, clinical studies with allopurinol did not reveal
any decrease in mortality nor neurodevelopmental
disabilities (Benders et al. 2006, Kaandorp et al. 2012).
Further human clinical studies are ongoing (Maiwald
etal. 2019).

Anti-excitotoxic agents
Noble gasses

Owing to their characteristics, noble gasses, such
as xenon and argon, represent great candidates for

perinatal hypoxia treatment. Xenon and argon can cross
the BBB and interact with NMDA receptors of the
neuronal cell to induce anti-apoptotic signalling followed
by reduced neurotransmitter release. Thus, these gasses
could diminish the consequences of the process of
excitotoxicity (Broad et al. 2016, Anna et al. 2020).
Experimental studies suggest the decline of infarction
volume in the rat cortex following xenon administration
(Hobbs et al. 2008, Anna et al. 2020). However, in
clinical trials with human neonates suffering from
perinatal HIE, xenon in combination with HT did not lead
to a significant improvement (Azzopardi et al. 2016).
However, argon exhibits a positive effect when used with
HT and is capable of reducing nervous tissue injury
(Broad et al. 2016). An important advantage of argon
administration is that it can be applied using a simple
ventilator (Nair and Kumar 2018). Usage of noble gases
however remains controversial (Campos-Pires et al.
2015, Azzopardi et al. 2016, Sabir et al. 2016, Amer and
Oorschot 2018). Xenon in clinical studies didn’t exhibit
improvement neurological nor mortality (Law et al
2018). Currently, no neonatal HIE clinical studies been
done with Argon (Tolaymat et al. 2020).

Magnesium sulphate

Magnesium ion is an NMDA receptor blocker
that prevents excitotoxicity (Cetinkaya er al. 2011). It
stabilizes cell membranes and inhibits the formation of
ROS (Hoffman et al. 1994). In addition, it may reduce
inflammation reactions associated with brain injury
(Sugimoto et al. 2012). Galinsky et al. (2020) reviewed
the usage of magnesium sulphate (MgSO,) in the
of HIE; however, their
inconsistent outcomes regarding its neuroprotective
effect (Galinsky ef al. 2020). Also clinical studies exhibit
controversial results (Lingam and Robertson 2018)

treatment review shows

and more studies must be done experimentally and
clinically.

Topiramate

Topiramate (TOP) is an anti-epileptic drug. It
inhibits sodium and calcium voltage-gated channels and
modulates y-aminobutyric acid (GABA) receptors. It also
blocks glutamate receptors, leading to inhibition of
neuronal excitability. In addition, TOP is also able to
increase oligodendrocyte survival, decrease neuronal
These
properties support the hypothesis that TOP might be

apoptosis and inhibit microglial activation.

a potential neuroprotective agent (Dixon et al. 2015).
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Rats and piglets receiving TOP exhibit significant
decreases in white and grey matter injury following HI
insult (Schubert et al. 2005, Noh et al. 2006), and it has
a better neuroprotective effect when combined with HT
(Liu et al. 2004). Clinical trials have reported that
application of TOP without HT is safe, but does not have
positive effects on mortality nor neurological symptoms
(Filippi et al. 2018). Currently, there is one ongoing
clinical trial (number of the clinical trial NCT01765218)
which study the effect of TOP on new-born babies and
should be complete on 2022.

Monosialoganglioside

Monosialoganglioside is a ganglioside. Ganglio-
sides are sphingolipids found predominantly in the
neuronal membrane (Lucki and Sewer 2012). Monosialo-
ganglioside has an important role in the maintenance of
the cell
development, neuroplasticity and memory formation

membrane integrity, regulation of brain
(Palmano et al. 2015). Following an HI event, a reduction
in monosialoganglioside concentrations occurs (Ramirez
2003).

protection against apoptotic injury (Ferrari et al. 1995),

et al Monosialoganglioside therapy offers
prevention of neurotoxicity and reduction of brain injury
(Ballough et al. 1998). Li et al (2019) evaluated
12 experimental studies with and showed
with HIE treated with
monosialoganglioside and promote recovery (Li et al
2019). Sheng and Li (2017) evaluated 10 clinical trials of

neonates administered monosialoganglioside. Reduction

improve

prognosis for neonates

of the risk for a major neurodevelopment disorder, such
as cerebral palsy and mental retardation, was observed.
However, optimal dose, safety and long-term outcome of
the treatment with monosialogangliosides has not been
investigated to date (Sheng and Li 2017).

Neurogenesis agents
Stem cells

Stem cells are able to differentiate into multiple
cell types from the same germ layer (multipotency),
undergo self-renewal and make identical daughter cells
by cell division (Weiss et al. 1996). Several sources for
neuronal stem cells (NSCs) were used in neonatal HIE
studies: (MSCs),
pluripotent stem cells (iPSCs), embryonic stem cells

mesenchymal stem cells induced
(ESCs), umbilical cord stem cells and umbilical cord
blood cells. NSCs are found in adult and neonate human
brain mainly in the hippocampus and subventricular zone

and can differentiate into functional cellular subtypes,

such as neurons, astrocytes and oligodendrocytes (Weiss
et al. 1996, Titomanlio et al. 2011). ESCs are derived
from blastocyst and are a good source of stem cells;
however, ESCs form teratomas after transplantation
in vivo (Bjorklund et al. 2002). It is possible to purify the
tumour cells; however, the remaining cells will not form
NSCs (Chung et al. 2006). iPSCs are somatic cells that
exhibit
reprogramming (Yu et al. 2007). This method can

are terminally differentiated and nuclear
produce autograft stem cell with no graft-vs-host reaction
(Titomanlio et al. 2011). MSCs are found in bone
marrow, placenta, and umbilical cord stroma and are able
to differentiate into mesodermal tissues, such as bone,
cartilage and fat (Pappa and Anagnou 2009). MSCs with
the absence of major histocompatibility complex II
(MHCII) molecules exhibit low immunogenicity and
have immunosuppressive and anti-inflammatory features.

In addition, these cells stimulate neurogenesis,
angiogenesis, synaptogenesis and proliferation of
astrocytes; increase remyelination; and  exhibit

antiapoptotic function. All these features of MSCs
suggest that MSCs represent a potential treatment for HIE
(Kaplan et al. 2011, Castillo-Melendez et al. 2013).
NSCs must be administered directly into the brain tissue,
whereas MSCs can be administered intravenously
(Titomanlio et al. 2011). An intranasal application is
anew method for the administration of stem cells;
therefore, MSCs can cross the cribriform plate and
migrate into the brain (Danielyan ef al. 2009). Stem cells
should be administered between 4 to 48 h following
HI insult. However, late administration (10 days) also
showed a significant positive effect on neonate animals
(Van Velthoven et al. 2010). Stem cell dosing is
important due to a possible toxic reaction that can
develop as a result of an inflammatory response or
neoplastic development. Experimental studies have
shown a decrease in neuronal tissue cell death and
behavioural improvement, such as better cognitive
performance following stem cell treatment applied
following an HI event (Van Velthoven et al. 2010, Dixon
et al. 2015, Pacella et al. 2017). Although stem cell
therapy demonstrate good result in animal models, the
studies still need investigate the right cell for treatment,
the effect on newborn compared to adult, the method of
administration, the right timing, the optimal dose, and the
safety of this treatment (Chang et al. 2017). Currently
there are nine clinical trial which study mainly the safety

of this therapy (Nitkin et al. 2020).
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Conclusions

Achieving an effective treatment for HIE is one
of the great challenges facing modern medicine.
Substantial efforts have been made to analyze the
mechanisms leading to brain cell damage after perinatal
asphyxia with the aim of developing an effective
treatment; however, there are still some gaps in our
knowledge concerning the pathophysiology of neurode-
generative mechanisms. Therapeutic hypothermia with
NICU

treatment for infants with HIE. It is a leading example of

supportive treatment is the only approved
how physiological understanding combined with animal
models leads to the development of effective treatment
approaches. Recent studies suggest that current treatment
protocols are only partially effective as many infants still
suffer from severe brain damage and exhibit neurological
impairments. Thus, further research to systematically test
promising neuroprotective treatments in combination
with hypothermia is essential. In this review, we
described different promising modalities in the preclinical
and clinical studies. Despite the advances made in clinical
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