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Neonatal hypoxic-ischemic encephalopathy (HIE) is a condition that results in brain damage in newborns due to

insufficient blood and oxygen supply during or after birth. HIE is a major cause of neurological disability and mortality in

newborns, with over one million neonatal deaths occurring annually worldwide. The severity of brain injury and the

outcome of HIE depend on several factors, including the cause of oxygen deprivation, brain maturity, regional blood flow,

and maternal health conditions. HIE is classified into mild, moderate, and severe categories based on the extent of brain

damage and resulting neurological issues. The pathophysiology of HIE involves different phases, including the primary

phase, latent phase, secondary phase, and tertiary phase. The primary and secondary phases are characterized by

episodes of energy and cell metabolism failures, increased cytotoxicity and apoptosis, and activated microglia and

inflammation in the brain. 
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1. Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE) is a condition of fetal or neonatal brain damage due to perinatal

asphyxia characterized by diminished supplies of blood (ischemia) and oxygen (hypoxia) in the fetus or infant during or

after birth. Various conditions, such as placental abruption, prolapse of the umbilical cord, and uterine rupture, are well-

known factors in the onset of perinatal HIE. It is the most common cause of neurological disability and mortality in

newborns (>1 million neonatal deaths globally each year) . HIE affects both premature and full-term neonates, with a

prevalence of approximately 1–4 per 1000 neonates in developed countries and ~26 per 1000 neonates in developing

countries. About 35% of neonates with HIE develop long-term neurodevelopmental sequelae, such as mental retardation,

epilepsy, cerebral palsy, and learning disabilities, while 25% die within the first two years of life .

The extent of brain injury and the outcome of HIE depend on various factors, including the etiology, extent of

hypoxia/ischemia, maturation phase of the brain, regional cerebral blood flow, and maternal diseases/factors affecting the

fetus . Based on the extent of brain damage and neurological sequelae determined by clinical examination (Sarnat

staging or Thompson score), HIE is categorized into mild, moderate, and severe . The pathophysiology of HIE is

complex and has a primary or acute phase followed by a brief “latent phase”, secondary phase, and tertiary phase

(Figure 1).

Figure 1. Diagrammatic representation of the phases of hypoxic-ischemic encephalopathy (HIE). After hypoxic-ischemic

injury in the normal neonatal brain (white), phase I of HIE (yellow) includes primary energy failure in the neural tissue. The

phase I energy failure has a latent period (bi-directional arrow) ranging from 6 h to 15 h (depending upon the severity of

the injury), which is a transition period with chances of resolving the issue of primary energy failure due to restoration of

blood flow by alternative reperfusion events in the body. Hence, the latent period is also considered the best time for

starting a therapy or intervention for treating HIE. If the primary energy failure is unresolved, it leads to phase II of HIE
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(light orange) with secondary energy failure, overwhelming inflammation, and neural dysfunction. The phase II HIE events

are highly devastating and could lead to the phase III HIE (orange) with damaged brain tissue and brain dysfunction,

which cause disability or death in HIE patients. At cellular and molecular levels, the primary phase of HIE involves ATP

deprivation, abnormal calcium influx, excitotoxicity, and necrosis in neurovascular cells. The secondary phase is marked

with oxidative stress following reperfusion, microglial activation, inflammation, excitotoxicity, and cell death

(apoptosis/necrosis). The tertiary phase is characterized by decreased neural cell plasticity and a reduced number of

neurons (not shown in the diagram). Currently, available interventions for HIE, e.g., TH and adjuvants, are known to act

during the latent period (green arrow) and help in reducing the severity of secondary energy failure and would decrease

brain damage and dysfunction. However, no evidence of regeneration or repair in the ischemic/hypoxic damaged neural

tissue has been reported after treatment with TH and adjuvants. On the other hand, sovateltide (green arrows) has

demonstrated mitigation of secondary energy failure and enhancement of neuronal regeneration and repair in the

ischemic/hypoxic brain of the HIE rat model and the ischemic stroked brain of the rat and human.

The primary phase is characterized by primary energy failure (phase duration; minutes), followed by a resolution period or

latent phase . In brief, the primary phase starts when supplies of nutrients (glucose) and oxygen are decreased due to

reduced blood flow in the brain. In this condition of ischemia/hypoxia, cellular metabolism shifts to an anaerobic type,

leading to primary energy failure with decreased ATP production. It affects transcellular transport and accumulates

intracellular sodium, water, and calcium, causing membrane depolarization. The depolarization induces excessive

glutamate release, which causes excitotoxicity . Anaerobic respiration in this phase increases lactate production and

cellular dysfunction or death (apoptosis/necrosis) . However, depending upon the timing of the injury and medical

interventions, a partial recovery occurs after 30 to 60 min of the primary phase of the injury, also known as the “latent

phase”, and lasts from 1 to 6 h. It is characterized by the recovery of oxidative metabolism, inflammation, and the

continuation of apoptotic cascades. This is the most critical phase for utilizing interventions/drugs to control the HIE

progression . A secondary phase with another episode of energy failure follows the latent phase and lasts from hours to

days. It is characterized by cell metabolism failure, ATP deprivation, an increase in excitotoxicity, cytotoxicity, apoptosis,

microglial activation, and inflammation. These events could be lethal or adversely affect the survival and function of

neurons in the ischemic/hypoxic neonatal brain, leading to a tertiary phase that lasts from days to years. It is

characterized by decreased neural cell plasticity and reduced numbers of neurons. Hence, a better understanding of the

different phases of HIE at cellular and molecular levels will help develop new therapeutics/interventions for treating HIE.

2. HIE Pathology, Pathophysiology, and Neural Cell Damage

2.1. Pathology

The pathology of HIE starts with a reduced supply of blood in the fetal/neonatal brain, which leads to ischemic and

hypoxic conditions with nutritional deprivation . The severity of pathological impacts depends upon various factors,

including the duration and intensity of interruptions in the blood supply, the age of the fetal/neonatal brain, and the affected

brain regions. Depending upon the severity of these impacts, clinical manifestations in the central nervous system vary

from one HIE patient to another. Mild HIE is known to cause transient behavioral abnormalities, e.g., poor feeding,

irritability, excessive crying, or sleepiness in infants. Also, in the first few days of HIE, the affected neonates/infants seem

hyperalert, with brisk deep tendon reflexes and slightly decreased muscle tone. Typically, mild HIE resolves in less than

24 h without any consequences. However, findings from recent years indicate otherwise, showing mild HIE linked with

increasingly high adverse outcomes, including brain injury and neurodevelopmental impairment. It has been found that

approximately 38–61% of neonates with mild HIE had abnormal brain magnetic resonance imaging (MRI), which is like a

moderate to severe HIE population . Moreover, up to 25% of infants with mild HIE had neurodevelopmental

impairment . Moderate HIE, also known as “moderately severe HIE”, starts with a sudden deterioration in the

neonatal/infantile brain, which has an initial period of well-being or mild hypoxic-ischemic encephalopathy leading to

dysfunction, injury, and death of the brain cell, causing seizures. Neonates/infants with moderate HIE are lethargic with

diminished deep tendon reflexes and muscle tone (hypotonia). They have poor/no grasping, moro, and sucking reflexes,

along with occasional periods of apnea. Seizure in neonates with moderate HIE is typical within the first 24 h of birth;

however, full recovery from moderate HIE is possible within 1–2 weeks with a better long-term outcome .

2.2. Pathophysiology and Neural Cell Death

Following hypoxic-ischemic injury, complex cascades of events occur in the brain at cellular and biochemical levels, which

include oxidative stress, inflammation, excitotoxicity, and cell death (apoptosis/necrosis) . During the early phase of

hypoxic/ischemic brain injury, adaptive biochemical processes are started and lead to reduced temperature and increased

release of neurotransmitters, e.g., gamma aminobutyric acid transaminase (GABA) in the brain, which reduce oxygen
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demand to minimize the impact of asphyxia . However, spontaneous or interventional reperfusion in the

hypoxic/ischemic brain activates various oxidative enzymes such as cyclooxygenase (COX), xanthine oxidase (XO), and

lipoxygenase and leads to increased production of free radicals . In the neonatal brain, the defensive antioxidant

system to neutralize free radicals is poorly developed . Consequently, a high amount of free radical production after

reperfusion in the HIE brain causes peroxidation of lipids and damages proteins and DNA, leading to inflammation and

cell death. Neural cell death is an evolving process and involves primary and secondary energy failures, which set the

motion for deleterious biochemical and signaling cascades inducing neural cell dysfunction and death. A. Primary Energy

Failure: Primary energy failure starts with reduced cerebral blood flow, leading to a depleted supply of oxygen and glucose

in the HIE brain . In this condition, energy (ATP) production is reduced while lactate production is increased . Low

ATP levels cause cellular machinery to fail to maintain membrane integrity, Na/K ion pumps, and intracellular Ca  levels.

In neurons, the failure of Na/K pumps causes excitotoxicity involving an excessive influx of positively charged Na ions,

leading to massive depolarization . Upon depolarization, neurons secrete a high amount of glutamate, a prominent

excitatory neurotransmitter, which binds to the receptors present in neuronal and glial cells and promotes an additional

influx of intracellular Ca  as well as Na . An increased level of intracellular Ca  causes detrimental effects such as

cerebral edema, microvascular damage, and cell death (apoptosis or necrosis) 

In a chronic state of oxidative stress, ROS and RNS activate signaling pathways involved in the production of pro-

inflammatory cytokines and chemokines such as IL-6, IL-1β, TNF, and interferons (IFNs), which in turn also induce the

production of ROS . Thus, a vicious cycle of oxidative stress and inflammation starts. ROS and RNS act as regulators

for inflammatory signaling pathways by oxidizing or nitrosylating amino acid residues of proteins involved in the signaling

pathway. 

The inflammatory response is self-regulated in the balanced redox state; nonetheless, it leads to progressive tissue

damage under oxidative stress. In the neonatal HIE brain, these inflammatory responses (neuroinflammation) are

mediated through glial cells (microglia, oligodendrocytes, and astrocytes) as well as non-glial resident myeloid cells

(macrophages and dendritic cells) and peripheral leucocytes . These activated neuroinflammatory cells play

a significant role in the progression of HIE by inducing neuronal dysfunction and death . The activated

neuroinflammatory glial cells are also known to secrete ample amounts of glutamate, which induces excitotoxicity and cell

death in neuronal cells, as described in the primary energy failure phase .

3. Current Interventions or Therapies for Neonatal HIE
Therapeutic Hypothermia

Therapeutic hypothermia (TH) in neonates/infants involves lowering the temperature to 33.5 ± 0.5 °C for whole-body

cooling and 34.5 ± 0.5 °C for selective head cooling . Nonetheless, successful implementation of cooling protocols

requires a multidisciplinary team, including core practitioners who are well-versed in established guidelines .

Presumably, it offers neuroprotection by reducing cerebral metabolic demand, decreasing the rate of oxygen consumption,

lowering ATP demand, reducing excitatory neurotransmitters, stabilizing the blood-brain barrier, and reducing cerebral

edema by decreasing permeability to inflammatory cytokines, free radicals, and thrombin . However, the exact

mechanism of action of TH remains unknown.

Although the mechanism of action of TH remains elusive, TH has proven to be a valuable treatment for infants who have

experienced acute perinatal insults such as placental abruption or cord prolapse. This therapy is most effective when

administered to term and late preterm infants who are at least 36 weeks gestational age and are less than or equal to 6 h

old . To qualify for this treatment, infants must meet specific criteria, including having abnormal cord pH levels, a history

of acute perinatal events, low Apgar scores, and signs of encephalopathy . Initiating TH promptly is a critical factor in its

effectiveness. In cases where infants need to be transported to specialized units, passive cooling measures such as

removing the infant’s hat and blanket and turning off overhead warmers under the guidance of a neonatologist are

recommended. It is vital to closely monitor the infant’s temperature during transport, ensuring it remains above 33 °C to

prevent excessive cooling . The rewarming process following TH is still debatable regarding the optimal rewarming

rate. Primarily, a gradual approach of increasing the infant’s temperature by 0.5 °C every 1 to 2 h over 6 to 12 h is

commonly used . However, seizures or a worsening of clinical encephalopathy during rewarming have been reported.

In such cases, temporarily stopping the rewarming process and returning to cooling for a 24-h period before resuming the

rewarming process is recommended .

While therapeutic hypothermia can offer significant benefits, it is not without potential complications . Some of these

complications may include bradycardia (a slow heart rate), hypotension (low blood pressure) necessitating the use of
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inotropic medications, thrombocytopenia (a reduction in blood platelets), and pulmonary hypertension with impaired

oxygenation. Additionally, infants with hypoxic-ischemic encephalopathy (HIE) are susceptible to a range of other issues,

such as arrhythmias (abnormal heart rhythms), anemia, coagulopathy (blood clotting disorders), and more.

Therapeutic hypothermia is a valuable treatment option when administered correctly and carefully monitored to minimize

brain injury and improve outcomes for newborns who have experienced perinatal insults. Various trials described below

have shown the beneficial effects of TH over conventional care. 

Morphine reduces cortisol and noradrenaline, which could help protect neurons . However, its effects on human

newborns during hypothermia are uncertain. Neonatal seizures are common in HIE and are suspected to be an

independent cause of brain injury, so using antiepileptic drugs as adjuncts to TH is common. Monitoring antiepileptic drug

levels is crucial, especially if redosing is necessary. It is important to note that hypothermia can prolong the clearance of

such drugs in newborns with HIE , so careful attention is required when using these adjunctive treatments.

To further improve the TH outcomes, preclinical testing of several drugs in a rat model (Vannucci rat model) of HIE has

been carried out and identified as potential therapeutics for treating HIE . Unfortunately, none of them proved effective

in clinical trials until now. Various adjuvants, including inhaled xenon, erythropoietin, darbepoetin, topiramate, allopurinol,

stem cells, and sovateltide, are under trial or completed trial. The following sections will describe some prominent

adjuvants and their trials in human patients.

4. Therapies under Development for Neonatal HIE

4.1. Therapies under Development with Clinical Study Results

4.1.1. Xenon

Xenon is an odorless noble gas commonly used as an inhalation anesthetic in adults. Xenon has a rapid onset of action

via inhalation and exerts anticonvulsant and electroencephalographic (EEG) suppressant effects in HIE neonates .

Several preclinical studies have shown its neuroprotective potential at subanesthetic concentrations of 50% xenon .

Xenon could significantly reduce brain injury in HIE animal models and had an additive neuroprotective effect when

combined with TH immediately after the insult . Other studies have also shown its neuroprotective role when

administered before, during, and after an HIE . Various concentrations ranging from 40% (Xe40%) to 70% (Xe70%)

have been used; however, the optimal timing, dose, and duration of xenon treatment have not yet been optimized. When

compared, Xe70% was seen as more neuroprotective than Xe50% in preclinical studies; nonetheless, the recommended

dose is established at concentration ≤ Xe50%, which could induce sedation and allow substantial oxygen administration

but avoid respiratory depression . At the molecular level, xenon acts as an NMDA receptor antagonist and may prevent

glutamate-mediated excitotoxicity . It is known to interact with phenylalanine and bind to the glycine residue of the

receptor . Neuroprotective properties of xenon have been proven in cell culture  as well as in rodent and porcine

models of hypoxia-ischemia . Xenon is also known to activate ATP-sensitive potassium (K ) channels

and two-pore domain potassium [K(2P)] channels, which play roles in neuroprotection .

4.1.2. Erythropoietin and Darbepoetin

Erythropoietin (EPO) is a hormone essential for erythropoiesis, produced primarily by the kidneys in mammals. The

production of EPO is regulated through hypoxic cellular responses . Typically, it is inversely proportional to oxygen

level; for instance, during hypoxia, its production is elevated and provides a critical erythropoietic response to ischemic

stress, e.g., during blood loss and at high altitudes . In such a hypoxic condition, EPO gene expression is enhanced

through the binding of HIF-2α to the hypoxic response element of the gene in EPO-producing cells  present in the

kidneys or liver. EPO is released into the bloodstream and acts by binding to its receptor, EPOR, which is expressed on

erythroid progenitor cells and non-erythroid cells such as neural cells, endothelial cells, and skeletal muscle myoblasts

. Its expression level is highest on erythroid progenitors and promotes their survival, growth, and differentiation needed

to produce enough mature RBCs. While a feeble level of EPOR is present in non-erythroid cells, nonetheless, it supports

the maintenance and repair of several non-hematopoietic organs, including the brain, heart, and skeletal muscle .

Hence, increased expression of EPO in hypoxia/ischemia could be protective for these non-erythroid organs; however, it

negatively regulates adipogenesis and osteogenesis.

Darbepoetin is a supersialylated analog of EPO generated by making five amino acid changes (N30, T32, V87, N88, and

T90) in EPO. Darbepoetin contains two extra N-linked glycosylation chains than EPO; however, their tertiary structure and

biological activity are identical. It also has greater metabolic stability and a lower clearance rate in vivo. The “elimination
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half-life” of darbepoetin in humans is three times greater than that of EPO (25.3 h versus 8.5 h). Darbepoetin has more

stability, a longer half-life, higher biological activity, and decreased receptor affinity than EPO .

Overall, EPO and its analog, darbepoetin, mediate responses that are pleiotropic in nature and are involved in various

physiological manifestations following hypoxia or ischemia. Therefore, they are being evaluated as a potential therapeutic

target for HIE. 

4.1.3. Topiramate

Topiramate (TPM) is an approved anti-epileptic drug with neuroprotective potential. Its mechanism of action includes

selectively blocking voltage-dependent sodium channels, enhancing the inhibitory effect of GABA receptors, and

antagonizing glutamate receptors . Although TPM is primarily used as an adjuvant drug for other anti-epileptic

medications, it has shown promise as a potential treatment for seizures in neonates with HIE. Nevertheless, its use for

this purpose is currently off-label, and limited research on TPM’s efficacy and safety in treating neonatal HIE has been

conducted.

4.1.4. Glucocorticoids

Glucocorticoids are known to participate in various homeostatic activities such as blood pressure, the immune system,

protein and carbohydrate metabolism, and anti-inflammatory action. Recent studies have shown that the administration of

glucocorticoids to the neonatal brain through intracerebroventricular injection or intranasally can provide neuroprotection

and improve brain damage after hypoxic-ischemic (HI) injury . Hydrocortisone, a type of glucocorticoid, was tested in a

prospective, randomized, double-blind, placebo-controlled, single-center phase II/III study (NCT02700828). The study

compared the effect of a low dose (0.5 mg/kg) of hydrocortisone vs. placebo on systemic low blood pressure during

hypothermia treatment in asphyxiated newborns. Patients were treated with hydrocortisone (4 doses of 0.5 mg/kg/24 h) or

placebo along with conventional inotropic therapy until the end of hypothermia treatment (max. 72 h). Results of the study

showed that more patients achieved the target of at least a 5-mm Hg increment of the mean arterial pressure in 2 h in the

hydrocortisone group compared with the placebo group (94% vs. 58%, p = 0.02, intention-to-treat analysis) . The study

concluded that hydrocortisone administration effectively raised the mean arterial blood pressure and decreased the

inotrope requirement during hypothermia treatment in HIE neonates with volume-resistant hypotension.

4.2. Future Therapies (Therapies under Development with Results Awaited)

4.2.1. Melatonin

Melatonin is widely known for regulating the circadian rhythm and is mainly produced by the pineal gland . In addition

to its role in circadian rhythm, it is known to serve as a free radical scavenger, inhibitor of inflammatory cytokines, and

stimulant of anti-oxidant enzymes . Therefore, its potential role in interrupting several key components in the

pathophysiology of HIE and minimizing neural cell death is being explored. The safety, tolerability, and efficacy of

melatonin are currently being examined in a phase I study (NCT02621944) in infants with HIE and treated with TH. A total

of 30 subjects will be enrolled in the study. The first cohort of 10 subjects will receive 0.5 mg/kg of melatonin. If that dose

proves to be safe, the second cohort of 10 subjects will receive a dose of 3 mg/kg of melatonin. After the safety

assessment, the third cohort of 10 subjects will receive a dose of 5 mg/kg of melatonin. The study will assess various

parameters, including the serum concentration of melatonin and adverse events. The long-term safety and potential

efficacy via developmental follow-up will be performed at 18–22 months. In addition, the effect of melatonin on the

inflammatory cascade, oxidative stress, free radical production, and serum biomarkers of brain injury in neonates will be

evaluated. The efficacy of melatonin is also being assessed in another randomized, double-blind, placebo-controlled study

on 100 neonates with HIE receiving TH (NCT03806816). Five daily enteral doses of melatonin (10 mg/kg) will be given to

the neonates. The effect of melatonin will be assessed using aEEG, MRI, and spectroscopy analysis. Moreover,

neurodevelopmental outcomes will be assessed using the Bayley Scales III at 6, 12, and 24 months.

4.2.2. Caffeine

Caffeine is a widely consumed, naturally occurring stimulant of the methylxanthine class that acts on adenosine receptors

. It has FDA-approved medical uses, such as treating apnea of prematurity and bronchopulmonary dysplasia in

premature infants . There is ongoing research on its potential effectiveness in treating infants with HIE and

neurocognitive declines in conditions like Alzheimer’s and Parkinson’s disease. Caffeine affects adenosine receptors  in

the CNS as well as the cardiovascular system, promotes positive inotropic effects in cardiac muscle, and stimulates the

release of catecholamines. It also causes vasodilation through the antagonism of vascular adenosine receptors and the

release of nitric oxide . Adenosine is also involved in regulating inflammation. Therefore, caffeine’s antagonistic action

on adenosine receptors reduces inflammation in certain conditions . The half-life of caffeine in adults is approximately 5
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h, but it can be significantly longer in newborns and premature infants (up to 8 h for full-term and 100 h for premature

infants) due to differences in metabolism . In animal models of HIE, caffeine helps reduce white matter brain injury .

4.2.3. Citicoline

Citicoline is a form of cytidine 5-diphosphocholine (CDP-choline) and plays a crucial role in the synthesis of

phosphatidylcholine from choline . When taken orally, citicoline is rapidly absorbed and broken down into cytidine and

choline in the gut. In the context of HIE, citicoline shows promise as a potential neuroprotector . Some of the actions of

citicoline include inhibiting glutamate accumulation, promoting the regeneration of injured cell membranes, increasing

brain plasticity and repair, boosting the levels of useful neurotransmitters like dopamine and acetylcholine, and preventing

the formation of free radicals . Overall, citicoline holds potential as a therapeutic option for treating HIE by aiding in the

repair and protection of neuronal cells.

4.2.4. Metformin

Metformin is a widely used biguanide for managing type 2 diabetes . It is highly permeable to the BBB and has

pharmacological activities as an anti-oxidant, anti-inflammatory, anti-apoptotic, and anti-tumor agent, making it a potential

drug candidate for CNS diseases . Recent studies have demonstrated its neuroprotective effects in animal models of

spinal cord injury and cerebral ischemia/reperfusion injury . It is also known to promote neurogenesis, the integrity of

the BBB in experimental strokes, and remyelination in neonatal white matter after injury . However, its effects on

neonatal brain injury induced by hypoxic-ischemic events are still elusive, and further studies are required to understand

its neuroprotective effects on HIE.

4.2.5. Allopurinol

Allopurinol [4-hydroxy-pyrazole(3,4-d) pyrimidine], an inhibitor for xanthine oxidase (XO) , has been shown to have

protective effects during ischemia. Inhibition of XO leads to reduced production of ROS and oxidative stress ; hence, it

is suggested as a way to improve cardiovascular health. Some important ROS that could diminish due to XO inhibition

include hydroxyl free radicals, hydrogen peroxide, and peroxynitrite, which can damage DNA, proteins, and cells. XO is

also known to catabolize purines  in some species, including humans. Allopurinol is commonly used to treat various

diseases such as gout, vascular injury, inflammation, ischemic heart disease, and heart failure. It is known to easily cross

the blood-brain barrier and participate in neural cell protection . It modulates reactive oxygen species (ROS)

production, reduces oxidative stress, and decreases pro-inflammatory molecules in the brain after injury. It has been

found to inhibit axonal damage and demyelination caused by oxidative stress and proinflammatory cytokines. Studies

have shown that allopurinol administration after cerebral hypoxia-ischemia in neonatal rats reduces brain edema and

neural cell death . This neuroprotective effect is attributed to its ability to inhibit xanthine oxidase, which leads to

reduced purine degradation and increased accumulation of purine metabolites, including adenosine, during

hypoxia/ischemia.

4.2.6. RLS 0071

RLS-0071 is a peptide with anti-inflammatory activity developed by RealAlta Life Sciences Inc. . It is being studied as a

potential treatment for hypoxic-ischemic encephalopathy (HIE) and other rare diseases. The peptide consists of 15 amino

acids and inhibits both humoral and cellular inflammation by blocking complement activation, myeloperoxidase (MPO),

and neutrophil extracellular traps .

4.2.7. Stem Cells

Multipotent stem cells are special types of cells that can self-renew and differentiate into different organ/tissue specific cell

types . Some of the well-known stem cells, such as mesenchymal stem cells (MSCs), mononuclear cells,

oligodendrocyte progenitor cells, neural stem cells, hematopoietic stem cells, endothelial cells, and inducible pluripotent

stem cells, have shown promising therapeutic effects in hypoxic-ischemic damage . The beneficial effects of these cells

occur at both the cellular and functional levels. Overall, stem cells have the potential to create a favorable environment for

tissue regeneration and lead to better functional outcomes following hypoxic-ischemic damage .

4.2.8. Sovateltide

Sovateltide (IRL-1620 or PMZ-1620) is a synthetic analog of ET-1 and is a highly specific endothelin B (ETB) receptor

agonist . Several studies have demonstrated its beneficial effects on apoptosis, oxidative stress, angiogenesis,

neurogenesis, neuronal repair, and regeneration in the brain after injury, leading to improved neurological and motor

functions . Scholars are currently developing sovateltide as a “First-in-Class”

therapeutic for treating ischemic stroke as well as neonatal HIE. Animal models of ischemic stroke have shown promising

results, including improved hypoxia-induced survival factors, survival rates, reduced neurological and motor deficits, and
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decreased infarct volume, edema, and oxidative stress in the injured brain . The phase

I, II, and III clinical trials have concluded that sovateltide is safe, well-tolerated, and significantly effective in improving

neurological outcomes in acute cerebral ischemic stroke patients at 90 days of treatment . Because of similar

pathophysiology (ischemia/hypoxia) and neural cell damage in ischemic stroke and HIE, sovateltide could be useful in

curbing the pathophysiological progression of HIE by controlling the primary and secondary energy failure through

increasing hypoxia-induced survival factors and reducing oxidative stress and cell death in the neonatal hypoxic-ischemic

brain.

5. Conclusions

Neonatal hypoxic-ischemic encephalopathy (HIE) is a serious condition that arises due to perinatal asphyxia or ischemia

and can lead to significant neurological impairments and even death in newborns. At present, TH is the only approved

treatment for HIE, which helps in improving outcomes for infants with HIE, but it has serious shortcomings, including the

requirement for costly equipment and management, high variability, poor long-term outcomes, and poorly understood

mechanisms. Hence, drug development may focus on supporting and enhancing the efficacy of hypothermia as adjuvants

or/and identifying effective treatments that can provide neuroprotection and improve long-term outcomes for affected

infants. However, because of the complex and multifaceted nature of HIE, successful drug development requires a

multimodal approach. Targeting multiple pathways involved in the injury process, such as inflammation, oxidative stress,

and apoptosis, may yield more effective therapeutic outcomes. Developing neuroprotective agents that can limit the extent

of brain injury after a hypoxic-ischemic event is crucial. These agents should ideally preserve brain tissue, promote

neuroregeneration, and minimize secondary damage. Investigating the potential benefits of combining therapeutic agents

with hypothermia as adjuvants could be a promising avenue. Numerous drugs are being evaluated as adjuvants to TH.

Drugs like erythropoietin, darbepoetin, xenon, topiramate, and glucocorticoids showed promising results in pre-clinical

studies; however, none of them have demonstrated a clear indication of efficacy in improving the long-term outcome in

large clinical trials on HIE neonates. Some other therapeutic agents, such as allopurinol, melatonin, metformin, caffeine,

citicoline, RLS0071, and stem cells, are being examined through various clinical trials as potential future drugs. The

potential of sovateltide to be developed as a novel therapeutic agent to treat neonatal HIE with or without TH is being

evaluated at Pharmazz. Sovateltide is being developed as a “First-in-Class” neural progenitor inducer-based therapeutic

and has proven safety, tolerability, and efficacy in clinical trials conducted on acute ischemic stroke adult patients in India.

Moreover, pre-clinical studies in the HIE animal model showed that sovateltide could also be effective in treating neonatal

HIE, as it significantly reduced oxidative and hypoxic damage and induced angiogenesis as well as neurogenesis in the

injured neonatal brain of the animal with HIE. Currently, a multicenter, randomized, double-blind, placebo-controlled,

phase II trial to assess the long-term (24 months of age) safety and efficacy of sovateltide in neonates with HIE receiving

SOC (NCT05514340; n = 40) is recruiting patients. Sovateltide has demonstrated the multimodal effects required for

containing the hypoxic-ischemic injury and repairing it by inducing neuronal regeneration and function in the brain affected

by HIE. It is anticipated that sovateltide and other future therapeutics that have multimodal action, such as stem cells,

allopurinol, RLS 0071, etc., would have a higher potential to be developed as effective therapies or TH adjuvants for

treating neonatal HIE and reducing mortality as well as neurodevelopmental disorders in the near future. In conclusion,

drug development for neonatal HIE is a challenging and evolving field.
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