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Birth asphyxia and its main sequel, hypoxic-ischemic encephalopathy, are one of the leading causes of children’s deaths worldwide and can potentially worsen the quality of life in subsequent years. Despite extensive research efforts, efficient therapy against the consequences of hypoxia-ischemia occurring in the perinatal period of life is still lacking. The use of hyperbaric oxygen, improving such vital consequences of birth asphyxia as lowered partial oxygen pressure in tissue, apoptosis of neuronal cells, and impaired angiogenesis, is a promising approach. This review focused on the selected aspects of mainly experimental hyperbaric oxygen therapy. The therapeutic window for the treatment of perinatal asphyxia is very narrow, but administering hyperbaric oxygen within those days improves outcomes. Several miRNAs (e.g., mir-107) mediate the therapeutic effect of hyperbaric oxygen by modulating the Wnt pathway, inhibiting apoptosis, increasing angiogenesis, or inducing neural stem cells. Combining hyperbaric oxygen therapy with drugs, such as memantine or ephedrine, produced promising results. A separate aspect is the use of preconditioning with hyperbaric oxygen. Overall, preliminary clinical trials with hyperbaric oxygen therapy used in perinatal asphyxia give auspicious results.
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Introduction

Perinatal asphyxia is a pathological condition caused by impaired blood flow to organs (due to hypoxia-ischemia), before, during, or after birth. Hypoxic–ischemic encephalopathy (HIE), occurring upon hypoxia-ischemia (HI), is a major contributor to global child mortality and morbidity. The prevalence of birth asphyxia is approximately 2–6 per 1,000 live-born infants. As many as 15–25% of them die, while 25% are diagnosed with permanent neurological damage (1).

The mechanism underlying perinatal brain injury after HI originates as an interruption of placental blood flow followed by impaired gas exchange, causing deficits in oxygen and metabolic substrate delivery to the child’s central nervous system. These irregularities lead to energy failure characterized by decreased ATP production and an increase in lactate concentration, resulting in systemic acidosis. Energy deficit initiates a cascade of intracellular events leading to neuronal cell death. The first stage is the depolarization of neurons and glia and the release of excitatory amino acids, mainly glutamate. Activation of NMDA receptors, the critical group of ionotropic glutamate receptors, triggers an excitotoxic cascade (excessive exposure to glutamate) that generates reactive oxygen (ROS) and subsequent oxidative cell damage and initiates inflammation and apoptotic processes. The composition and activity of immature brain NMDA receptors differ from those identified in the adult brain, and their sensitivity to HI conditions increases excitotoxic damage (2). These intracellular mechanisms can continue their destructive activity resulting in myelin deficits, reduced plasticity, and delayed neuronal death. This process can continue for days or even years after the initial HI insult.

Therapeutic hypothermia initiated within a short time after birth was, for a long time, the only clinically available intervention for moderate and severe cases of HI. The treatment is often supported by medication to regulate blood pressure and control seizures, and dialysis to support the kidneys. However, these modalities are not efficacious enough to significantly improve the survival outcome and prevent infant brain damage. Moreover, it was reported that 64%, of children with mild HIE treated with hypothermia still developed moderate HIE (3). Therefore, many experimental therapies are still under investigation. Hypothermia is often combined with inhibitors of calcium channels and ionotropic glutamate receptors (topiramate, memantine, magnesium sulfate, 50% xenon), erythropoietin, or phenobarbital (4, 5). Hyperbaric oxygen therapy (HBOT) is one of the propositions for HI treatment (6).

The efficacy of HBOT proposed in the 1960s as an experimental treatment of neonatal HI, was controversial due to the inconsistency of outcome benefits in early trials (7–9). Since then, however, HBOT has demonstrated effectiveness in perinatal asphyxia at <3.0 ATA not only due to the neuroprotective effect but also the apparent lack of side effects such as retinopathy (10–12). The neuroprotective mechanism of HBOT is related to an increase in the oxygen reservoir at the cellular level and triggering/supporting intracellular defense mechanisms (Figure 1). However, some HBOT-mediated neuroprotective effects in neonates are controversial, as results from different groups are inconsistent. This article will thus focus on intracellular HBO-activated defense mechanisms. The bulk of experimental data comes from the most universally accepted model of neonatal hypoxia-ischemia according to the Rice-Vannucci procedure in 7-day-old rats (13). Furthermore, we will discuss data from clinical trials where HBO therapy was used to treat neonatal patients and the current clinical use of HBOT in hypoxic–ischemic neonates.
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FIGURE 1
 The schematic diagram showing the impact of hyperbaric oxygen therapy on the deleterious effect of hypoxia-ischemia (HI) on the brain. HI induces energy deficiency, apoptosis, necrosis, and loss of brain functions. On the other hand, hyperbaric oxygen, supplied in an appropriate therapeutic window, restores normal cellular functioning, significantly reducing brain injury. Both processes exert their activities through miRNAs and lncRNAs.




The effects of HBO treatment in experimental hypoxia-ischemia


Therapeutic window

The established optimal therapeutic window for HBO intervention in neonatal hypoxia-ischemia is 6 h from the HI occurrence, and experimental HI in neonatal rats fits into this time frame. Within this therapeutic window, HBO was highly effective in reducing brain damage, predominantly neuronal loss in HI-sensitive regions, such as the CA1 area of the hippocampus and cerebral cortex (14–16).

Wang et al. showed that HBO treatment, administered for 60 min and repeated for 7 consecutive days, could be delayed by 12 h from the time of HI (14). HBO therapy started 48 h after HI did not instigate brain protection (17), although it was also shown that 60 min of HBO treatment started 24 h and repeated for 14 days might improve brain functional outcome and reduce neuronal death in neonatal rats in the model of intrauterine HI (18). Unfortunately, reports systematically determining the maximum duration of HBOT use are lacking. However, depending on the HBO treatment protocol, regarding the starting point of the treatment, the duration of a single session, and the number of treatments, results suggest that the time window can be expanded beyond the assumed 6 h.

Taking into account the limited time for effective intervention after perinatal asphyxia and anticipating complications that may result in HI, scientists look for alternative methods by which brain damage can be prevented, in addition to the already existing effective therapy of HI. These considerations prompted the concept of preconditioning: a treatment that uses noxious stimulus short of triggering the damage but strong enough to instigate defense mechanisms in the tissue poised to be exposed to damaging factors. Murry and colleagues first introduced the concept, documenting a protective effect of brief ischemic episodes applied before subsequent sustained heart ischemia in dogs (19). Since then, ischemic preconditioning has been thoroughly studied in different cases of heart and brain ischemias (20). HBO preconditioning (HBO-PC) also became the subject of research and its beneficial effects in neuroprotection were reported (21, 22). However, only three studies have validated the efficacy of HBO-PC in preventing brain injury after HI. A single session of HBO-PC, conducted at 2.5 ATA for 2.5 h (23, 24) as well as three days of sessions at 2.5 ATA for 2.5 h each (25) significantly reduced brain damage, oxidative stress, and apoptosis after neonatal HI in a rat model. Despite the authors’ claims of the safety and efficacy of HBO-PC for neonatal HI, its introduction into clinical practice is problematic as the occurrence of perinatal hypoxia is usually unpredictable, and in such cases, obstetricians usually deal with them more conventionally.



Oxidative stress inhibition

One of the major issues related to perinatal HI brain injury is oxidative stress resulting from impaired mitochondrial functioning that leads to the overproduction of reactive oxygen species (ROS), such as singlet oxygen, hydroxyl radical, superoxide anion, hydrogen peroxide, and nitric oxide. Excitotoxicity caused by excessive release of excitatory neurotransmitters such as glutamate sets the process in motion. Mechanistically, in response to excitatory postsynaptic currents, mitochondria uptake excess cytosolic calcium, producing high ROS concentrations during disturbed mitochondrial respiration (26). Neuronal nitric oxide synthase (nNOS) can have a deleterious effect after HI, leading to the additional accumulation additional amount of reactive nitrogen species (RNS), e.g., peroxynitrite (27, 28). Three main antioxidant enzymes, superoxide dismutase (SOD), glutathione peroxidase (GPx) supported by glutathione, and catalase are mobilized to counteract the toxic effects and maintain the delicate balance of ROS in neurons (29).

An interesting review by Schottlender et al. summarized the effects of HBO treatment on mitochondrial function and oxidative stress, comparing protocols with varying oxygen pressure and time, and exposure frequency in different pathologies and healthy objects (30). In conclusion, a short HBO treatment (1–5 consecutive sessions) reduced mitochondrial function, while long expositions (20–60 consecutive sessions) improved mitochondrial parameters significantly. However, reports on the effect of HBOT used in experimental HI are not included and generally are sparse.

Few available publications brought valuable information on the effect of HBO therapy in experimental HI on the development of oxidative stress in neonatal rat brains. Several sessions of HBOT started up to 6 h after HI significantly reduced ROS levels in the brain (31). Increased SOD concentration measured in hippocampal homogenates derived from neonatal hypoxic–ischemic rats subjected to HBOT compared to the HI group was reported by Chen et al. (32). Moreover, the concentration of malondialdehyde (MDA), one of the critical end-products of lipid peroxidation, was significantly lower than in untreated animals.

Interestingly, Zhao et al. report increased glutamate accumulation and glutamate-induced oxidative stress in healthy rat puppies exposed to hyperoxia, accompanied by a decreased glutamate transporters expression (33). However, HBOT performed on ischemic adult rats significantly reduced glutamate release and ROS formation (34). Moreover, experimental data showed that SOD expression and anti-apoptotic Bcl-2 significantly increased in the brains of healthy gerbils subjected to five sessions of HBOT at 2 ATA (35), indicating different effects of HBO treatment depending on experimental conditions. Moreover, these data also suggested that the immature brain in HI conditions may respond to the HBOT differently than the one not exposed.

Barely two publications reported the effect on oxidative stress defense factors measured in the blood of neonates subjected to HBOT. Zhou et al. assessed the effect of HBO applied at different pressures (1.4–1.6 ATA, repeated for seven days) on changes in peroxidation and antioxidant levels in the serum of 60 neonates with HIE (36). SOD level was significantly higher and the serum concentration of MDA was significantly lower compared to the control group. Excessive activity of nitric oxide synthase (NOS) and nitric oxide (NO), apparent after HI and causing similar damage to ROS, was also significantly lower in examined serum samples of neonates.

Some authors (37) presenting the results of blood tests of 14 asphyxiated full-term newborns treated with HBO, reported no significant changes in SOD and catalase content; however, they noted a significant increase in the activity of GPx and reduction in ROS content.

The information cited above indicates that HBOT used in HI significantly stimulates antioxidant defense, which makes it an important element in stopping the development of oxidative stress and brain damage.



Apoptosis inhibition

Apoptosis is a critical pathway of neuronal cell death after HI and many studies have aimed to prevent or reduce the development of apoptotic processes after HI.

The HBOT significantly reduced the percentage of apoptotic cells in most infant rat brain regions sensitive to HI, such as the hippocampus and cortex (31, 38, 39). Moreover, the HBO treatment 60 min after HI significantly reduced the level and activity of the pro-apoptotic caspase-3 (38, 39). Calvert et al. reported a significant amount of cleaved poly (ADP-ribose) polymerase (PARP) a caspase-3 substrate, which is considered to be a hallmark of apoptosis, in the hippocampus and cortex upon HI; however, HBO treatment significantly decreased cleaved PARP content in both regions (38).

Mitochondria release apoptosis-inducing factor (AIF), an essential element of caspase-independent apoptosis, in response to HI; however, the HBO treatment significantly attenuated such mitochondrial release and inhibited the caspase-independent neuronal cell death (39). It was also shown that HBO-PC significantly reduced the activity of caspase-3 and caspase-9 in the cortex and hippocampus compared to untreated animals in the neonatal HI rat model (23).

Hyperoxia elicits injury to premature lungs and retina and there is an opinion that it may cause brain damage if used in newborns; however, data presented above suggest that HBO treatment may effectively decrease HI-induced apoptosis, thus preventing brain damage. This effect of compressed oxygen may be beneficial only in hypoxic–ischemic conditions.



Neural stem cell activation

The discovery of neural stem cells in the mammalian brain suggested regenerative potential for areas affected by HI injury, opening up new therapeutic possibilities. The HI significantly increased the number of neural stem/progenitor cells in the subventricular zone of 7-day-old rat puppies subjected to experimental birth asphyxia (40). As HI occurs during intensive brain growth and neurogenesis, even increased by HI conditions neural cell proliferation is insufficient to repair any damage and restore development completely. Thus, amplifying such a response could be a valid therapeutic approach. Of note, HBO enhanced the proliferation of neural stem cells in the subventricular zone of neonatal rats suffering from hypoxic–ischemic brain damage (41). Moreover, HBOT applied to HI neonatal rats significantly increased the levels of Wnt-3, the protein whose signaling pathway is associated with neurogenesis in neural stem cells. Similarly arose levels of nestin, the protein expressed in dividing cells during the early stages of the central nervous system development (42). These findings were thus in accord with previous reports on HBOT-mediated significant reduction of the ischemia-induced downregulation of neurotrophin-3, which promotes the survival of progenitors and their differentiation into neurons in the forebrain of rats (43).



Interactions with miRNAs

MicroRNAs (miRNAs) are small, ~22 nucleotide RNA molecules mainly responsible for the negative regulation of transcription of mRNAs either via their destabilization or translation blockade. Neurons are particularly enriched in microRNAs, with as much as half of them expressed in this cell type (44, 45). Recently, miRNAs have gained attention as potential diagnostic markers and therapy targets (46, 47). Research on perinatal HI and HIE identified a multitude of miRNAs involved in these processes, mainly regarding humans (umbilical cord blood—UCB and peripheral blood), mice, and piglets (UCB, carotid artery blood, and brain). Although direct reports on the involvement of miRNAs in HBO applied therapeutically upon birth asphyxia are lacking, we discuss this topic here. Several of the miRNAs identified as being important in neonatal HI, brain ischemia (middle carotid artery occlusion model) (48, 49), and HBO (including model of hyperoxia in retinopathy) are common for the all three (Figure 2).
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FIGURE 2
 Intersections of miRNAs engaged in neonatal hypoxia-ischemia and its consequence —hypoxic–ischemic encephalopathy (PA/HIE), brain ischemia, and hyperbaric oxygen (HBO). The figure presents all miRNAs identified, and division into groups depending on their up-or down-regulation in analyzed conditions.


Prominent among forms of brain injury after HI is cerebral white matter damage (WMD). HI-induced dysregulation of Wingless and Int-1(Wnt)/β-catenin signalling disrupts and delays normal myelination (50). HBOT administered within 12 h after HI alleviated WMD (51); while activating Wnt signaling (42). Many miRNAs regulate the Wnt pathways (canonical and non-canonical) at different levels (52–54). Both, mir-374a and mir-376c, altered in neonatal UCB of neonates upon suffering from HI and HIE, can regulate the Wnt/β-catenin pathway (55, 56). The non-canonical Wnt pathway is influenced by mir-128, mir-148a, mir-151a, mir-181a, and mir-181b, all upregulated in the blood of piglets subjected to HI (57, 58). Interestingly, mir-1264, upregulated in the mouse brain immediately after HI, can lead to apoptosis through Wnt/β-catenin signaling (59). The involvement of these miRNAs in the HBOT effect on Wnt signaling is highly probable.

The exposure of nucleus pulposus cells to HBOT (100% oxygen at 2.5 ATA) upregulated mir-107. This microRNA not only inhibits its direct target Wnt3a (60) but also suppresses the HMGB1/RAGE/NF-κB pathway, thus deactivating metalloproteases (MMP-3 and MMP-9), calcium-dependent zinc-containing endopeptidases that contribute to the disruption of the blood–brain barrier and extracellular matrix (61). Mir-107 was downregulated in UCB of human patients suffering from HI (56), as well as downregulated in blood and upregulated in the brains of rats subjected to transient focal cerebral ischemia (48); however, other studies found the opposite direction of changes (62, 63).

Another candidate microRNA to regulate the Wnt/β-catenin pathway, mir-185, is downregulated in UCB upon neonatal asphyxia (56), in the blood of rats subjected to brain ischemia (48), and in the blood of young stroke patients (62); however, mir-185 was upregulated when measured in whole brains (48). Notably, mir-185 inhibits glutathione peroxidase (GPx), an enzyme crucial in the antioxidant cell defense (64). Mir-107 also can regulate MAPK and subsequently NF-κB, thus influencing the inflammatory processes in the cells (65).

Many miRNAs can influence the activity of inflammation pathways; NF-κB impacts the expression of many miRNAs (66). MiRNAs altered upon HI that are central for the regulation of the Wnt/β-catenin pathway can also affect the activity of pro-inflammatory MAPK/NF-κB, including mir-331-5p downregulated in UCB after HI, mir-2137, and mir-137 upregulated after 24 h in mouse brain exposed to HI (59, 67, 68).

Li and co-workers reported that proteins expressed differentially in rat spinal cord injury upon HBOT were linked to mir-9a-5p and mir-125b-5p (69). Mir-9a-5p induced recovery after spinal cord ischemia–reperfusion injury through Notch signaling which is critical for developing and maintaining tissue homeostasis (70), while mir-125b inhibited SOD (64). Interestingly, mir-125b-5p was downregulated 48 h after birth in the venous blood in moderate/severe HIE with poor outcome (68) but upregulated in the brains of rats subjected to cerebral ischemia (48).

MiRNAs are also involved in the process of apoptosis after HI, including those engaging the Wnt pathway and inflammation processes (71). Those include mir-7, mir-128a, or mir-155 (72, 73). Some miRNAs involved in apoptosis were differentially expressed in UCB when comparing the severity of HIE, e.g., mir-98-5p was downregulated and mir-145-5p significantly upregulated in moderate/severe HIE with poor outcome as compared to no/mild HIE (59). Importantly, miRNAs influencing the activity of the Wnt pathway, e.g., mir-128, mir-148, mir-151a, mir-181a, mir-181b, mir-374a, or mir-376c-3p, can also regulate apoptosis (55, 58, 67). Mir-573, upregulated after HBOT, was responsible for the repression of Bax mRNA, consequently cleaved forms of caspase-3 and caspase-9 were also decreased (74).

The induction of the long non-coding RNA MALAT1 by HBO in human coronary artery endothelial cells and a rat model of acute myocardial infarction downregulated anti-angiogenic mir-15a and mir-92a (75, 76). Surprisingly, the mir-15a was downregulated in UCB of infants suffering from HI (56) but upregulated, along with mir-92a, in young stroke patients (62). The mir-155 was upregulated in the brains of mice 72 h after hypoxic–ischemic brain injury (67) and in rats 24 h after traumatic brain injury (63). Mir-155, which influences angiogenesis by repressing cysteine-rich angiogenic inducer 61 (CYR81, CCN1), produced in vascular cells and involved in redox homeostasis by inhibiting NOS and transcription factor ELK3, was upregulated in the brains of mice 72 h after HI brain injury (64, 67, 77, 78).

MiRNAs targeting hypoxia-inducible factor 1-alpha (HIF1α), specifically mir-137 and mir-335, were found to be upregulated 24 h and then downregulated 72 h after HI in mouse brains (67). Interestingly, mir-137 can inhibit NADPH oxidase (NOX), while mir-335 regulates NOS and SOD expression (64), thus being involved in redox homeostasis in cells. Other miRNAs essential for downregulating hypoxic response and downregulated in UCB, include mir-210, which has the potential to discern the severity of HIE, and mir-181b, which was significantly lowered in moderate and severe HIE (79). Thus, the involvement of these miRNAs in the HBOT effects is likely, but further research will be required.



Combining HBOT with other therapies

Most studies conducted on experimental HI, as well as in reported clinical cases of neonatal HI, in which HBO therapy was applied, showed the beneficial effects of its use. However, researchers aiming to increase the effect combine HBO therapy with neuroprotective drugs used in clinical practice.

Memantine is a non-competitive, low-affinity blocker of NMDA receptors, and inhibiting these receptors has been considered a valid therapeutic approach for many years. In clinics, memantine is used to treat Alzheimer’s and Parkinson’s diseases; therefore, its combination with HBO in HI therapy seemed to be promising. The results presented by Gamdzyk and coworkers failed to demonstrate an additive increase in neuroprotection in experimental HI on 7-day-old rats upon combining HBOT with memantine 1 h or 6 h after HI insult (31). On the contrary, combining the treatments resulted in lower neuroprotection than the effects of HBO or memantine applied alone. However, Wang and coworkers reported that a combination of HBO and memantine treatments not only significantly reduced brain damage, oxidative stress, and inflammation in the brains of adult rats subjected to transient focal cerebral ischemia but also prolonged the therapeutic window from 6 to 12 h after reperfusion (80). These conflicting results may arise from differences between the expression of NMDA receptor subunits in developing and adult brains (31, 81, 82).

Ephedrine is a well-known sympathomimetic agent and a traditional Chinese herbal medicine and has been used to treat asthma, obesity, and narcolepsy. It has also been used to treat or prevent hypotension. The mechanism of ephedrine action relies on increasing the stimulation of the postsynaptic α and β adrenergic receptors by norepinephrine (83). Ephedrine crosses the blood–brain barrier and stimulates the nervous system, and some amphetamine-and methamphetamine-like responses were attributed to ephedrine. However, its medical use in small doses is accepted to treat several medical conditions. Ephedrine was also proposed as a stimulant to enhance the endurance and stamina of military service members (84). Chen and coworkers reported the neuroprotective effect of ephedrine alone and with HBO in newborn rats subjected to HI (85). In the experimental group treated with an ephedrine/HBOT combination, decreased brain edema and neuronal loss, inhibition of apoptosis, and improvement in memory formation were apparent when compared to controls and single-agent treatment. The results indicated that the combination had a synergistic effect; however, this combined therapy’s precise molecular and cellular mechanisms require further investigation.

Earlier publications indicated that monosialogangliosides significantly reduced white matter damage in experimental ischemia conducted in rats (86). It was also reported that in the clinical treatment of newborns suffering from HIE monosialogangliosides reduced serum apoptotic factors and increased serum content of SOD, GPx, brain-derived neurotrophic factor (BDNF), and nerve growth factor (NGF) while maintaining the stability of the internal environment (87). The use of monosialogangliosides as adjuvant treatment had also beneficial effects in the improvement of neurological outcomes (88). Interestingly, a meta-analysis performed by Gong and coworkers on using HBOT in clinical practice as adjuvant therapy for neonatal HIE mentioned 26 successful cases of combining HBOT with gangliosides (89).

Interestingly, the combination of HBO with erythropoietin in experimental rat spinal cord injury (90) and in humans diagnosed with cardiac insufficiency (91) offered promising results on combining HBO treatment with other agents.




The clinical application of HBO therapy

HBOT is currently recommended for treating 14 conditions, including carbon monoxide poisoning, air embolism, diabetic foot, severe anemia, and decompression sickness (92). These treatments are well-accepted in adult patients and approved by the Undersea and Hyperbaric Medical Society (93). However, therapy for neonatal and pediatric patients is still treated with great reserve.

The first report on the use of HBO in the treatment of neonatal HI appeared in 1963. Hutchison and coworkers described that 35/65 (54%) children survived thanks to HBO therapy (8). However, this report was significantly criticized, and the authors were accused of using risky, not thoroughly proven therapy with insufficient preliminary animal research (7, 94).

Since then, the research into the use of HBOT in brain ischemia has progressed and a large volume of data has been published indicating its neuroprotective effects, including reports on the neuroprotective effects of HBOT in animal models of birth asphyxia. Thus, reports on the beneficial effects of HBO in brain ischemia, performed on animal models and clinical trials, have encouraged medical professionals in some countries to apply it in clinical practice. Scientists from the former USSR in the early 1980s reported almost 2,000 cases of the effective use of HBOT in the treatment of newborns suffering from birth asphyxia (Proceedings of VIIth International Congress of Hyperbaric Medicine, 1981). Articles published in Russian by Kostin, Baiborodov, and co-workers (37, 95–97) indicated the continuous use of HBOT in the clinic. Some reports from Mexico described the successful use of HBOT in treating term neonates with moderated HIE (98) and neonates with HIE and necrotizing enterocolitis (99). Despite the visible clinical improvement and no signs of hyperbaric oxygen side effects, the authors indicated technical problems due to the lack of intravenous pumps capable of working in hyperbaric conditions.

Nevertheless, technical progress has allowed the construction of large hyperbaric chambers that can accommodate a patient and qualified medical personnel. There are also specialized intravenous pumps and respirators adapted to work in hyperbaric conditions for newborns available on the market. Patients can also be monitored with ECG and with transcutaneous oxygen monitor (100). Moreover, for the additional safety of patients, including neonates, some countries have introduced specialized courses for nurses working with hyperbaric chambers. For example, the first hyperbaric nurses in the United States were certified in the late 1980s (101).

Apparently, HBOT is currently used mainly in China. Liu and coworkers published an extensive review article in which they discussed 20 trials, mainly from Chinese sources, in which HBOT at various doses, and in several cases with additional treatments, was used to treat hypoxic–ischemic neonates (100). The information presented in this review indicates that, although the use of HBOT in China is still controversial, this treatment reduced mortality and neurological sequelae in term neonates with HIE. Fifteen years later, Gong and coworkers published a systematic meta-analysis analyzing the use of HBOT as adjuvant therapy for neonatal HIE (89). They analyzed 46 selected randomized controlled clinical trials, including 4,199 patients with neonatal HIE. All of the trials were performed in China. Studies accomplished as part of this meta-analysis indicated that patients from the HBOT group exhibited a significantly better response to treatment than the control group. The incidence of sequelae was reduced, and the neonatal behavioral neurological assessment (NBNA) score of the HBOT group was significantly higher than that of untreated children. This meta-analysis also highlighted the lack of systematization of HBOT regarding pressure, exposure time, and duration of therapy. However, using a subgroup analysis, the authors determined the best treatment protocol for HBOT of neonates with HIE: (1) HBOT pressures 1.4–1.6 ATA are safe and effective for neonates suffering from HIE; (2) daily oxygen intake for 30–40 min provides the maximum therapeutic effect for neonates with HIE; and (3) the best therapeutic effect is achieved when the therapy lasts over 30 days. This is the first step towards creating an acceptable procedure for HBOT in the clinic, but given that the clinical trials were conducted in only one country, further larger studies are necessary.



Discussion

Brain ischemia directly links to a plethora of pathologies, including stroke, cardiorespiratory arrest, and birth asphyxia. As it involves a reduced supply of oxygen to the brain, tissue hypoxia triggers vital molecular pathways such as excitotoxicity, oxidative stress, apoptosis, and inflammation that inevitably lead to cell death. Elevating oxygen levels in tissue affected by ischemia thus seems to be a valid approach to preventing neurodegeneration. HBOT is the most effective method of increasing dissolved oxygen concentration in plasma, providing the necessary oxygen supply to ischemic tissue. Breathing oxygen at a pressure of 2.8 ATA increases hemoglobin oxygenation (from 83 to 88%), cerebral blood flow, and regional cerebral oxygenation (102–104). Such conditions can counterbalance the HI-induced changes in the brain. Plentiful evidence obtained from animal studies and clinical trials indicates the beneficial, neuroprotective effects of HBOT used in the treatment of stroke, and traumatic brain injury, and its beneficial effect on ischemia–reperfusion injury (105–108). The authors reported the neuroprotective effect of HBOT resulting in metabolic and molecular rearrangements manifested by improved mitochondrial functioning along with a decrease in oxidative stress (30), acidosis and apoptosis inhibition, anti-inflammatory effects (109), coinciding with improved blood–brain barrier integrity, and reduced platelet aggregation and brain edema (110). Unfortunately, similar reports regarding experimental birth asphyxia, including clinical trials, are scarce. Available evidence indicates that HBOT applied within a short window after the HI reduces brain damage in newborns (16, 17, 31, 38, 89, 100).

Details of molecular mechanisms of neuroprotective HBOT effects come mainly from limited publications on animal models of neonatal HI, focusing on alterations caused by cerebral hypoxia or the antioxidant factors in the newborn blood. These reports show that HBOT significantly reduces HI-mediated ROS production, increases antioxidant enzyme activity, and inhibits apoptosis by restoring the balance between pro-and anti-apoptotic proteins in newborns’ brains and blood (Table 1). The activation of neuronal stem cells after HBOT reported in several publications also indicates this therapy’s considerable potential in preventing HI-evoked brain injury.



TABLE 1 Compilation of data showing the effect of HBOT used in HI on oxidative stress, apoptosis, and stem cell proliferation.
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The expression of many miRNAs is affected by HI or HBOT; however, data describing the effect of HBOT applied upon HI on miRNA expression are few. The significant diagnostic and therapeutic potential of miRNAs in many neurological disorders, including perinatal asphyxia and HIE, was strengthened by the recent findings on HBOT. The multitude and variety of the models and protocols used to collect samples diminishes the consistency of results. Multiple miRNAs can influence one biological process, further muddling the picture. The involvement of miRNAs in HBOT-mediated neuroprotection in birth asphyxia deserves further investigation, considering their use as potential biomarkers and therapeutic agents/targets.

In the clinical studies described, in which HBOT was used, clinical improvement in the condition of newborns suffering from HI was assessed using multiple methods, such as ECG and transcutaneous oxygen monitoring during HBO session, outcome indicators such as total efficiency (clinical symptoms, signs, and craniocerebral computed tomography), neuronal sequelae, and the NABA score (89, 98). The accumulated results of these studies indicate that the benefits of HBOT are obvious.

The consensus is that the primary source of beneficial effects of HBOT is an increase in the level of oxygen contained in the blood, especially oxygen dissolved in blood plasma. Indeed, breathing 100% oxygen at a pressure of 2 ATA increases the oxygen diffusion radius up to more than 4-fold. Consequently, the tissue oxygen concentration in the ischemic areas also increases (113).

Increased oxygen partial pressure causes hypothermia, which is desirable in the treatment of HI-affected neonates. Observed hypothermia was only partially the effect of pressure alone (114). However, a reduction of the temperature in the brains of gerbils subjected to ischemia was observed in animals treated with hyperbaric air (HBA), and in animals breathing 100% oxygen (NBO). Only a slight temperature drop was registered, although the oxygen partial pressure during NBO is two times higher than during HBA (115). Moreover, Fenton and colleagues observed a decrease in body temperature in experiments, where the partial pressure of oxygen in the air at 4 ATA was the same as the partial pressure in the air at 1 ATA (114). These experiments open new questions regarding the mechanism of action of HBOT.


Summary

Considering the multifaceted HBOT effects that can alter multiple HI-instigated molecular processes resulting in neurodegeneration, there is clearly a need for more comprehensive research on the subject. High-quality, randomized clinical trials demonstrating the effectiveness of HBOT in neonates suffering from birth asphyxia will allow including it into clinicians’ therapeutic arsenal while shedding new light on the mechanistic intricacies of the approach.




Author contributions

DM: Conceptualization, Visualization, Writing – original draft, Writing – review & editing. JG: Writing – review & editing. ES: Conceptualization, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by National Science Centre Poland grants 2020/39/B/NZ5/02893 and 2021/41/B/NZ6/02436 and by a Polish National Agency for Academic Exchange grant: PPN/PPO/2019/1/00001 (to JG).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. World Health Organization. Perinatal asphyxia. Available at: https://www.who.int/teams/maternal-newborn-child-adolescent-health-and-ageing/newborn-health/perinatal-asphyxia (Accessed February, 2024).

 2. Johnston, MV. Neurotransmitters and vulnerability of the developing brain. Brain Dev. (1995) 17:301–6. doi: 10.1016/0387-7604(95)00079-q

 3. Perretta, L, Reed, R, Ross, G, and Perlman, J. Is there a role for therapeutic hypothermia administration in term infants with mild neonatal encephalopathy? J Perinatol. (2020) 40:522–9. doi: 10.1038/s41372-019-0562-z

 4. O'Mara, K, and McPherson, C. Neuroprotective agents for neonates with hypoxic-ischemic encephalopathy. Neonatal Netw. (2021) 40:406–13. doi: 10.1891/11-T-755

 5. Nair, J, and Kumar, VHS. Current and emerging therapies in the management of hypoxic ischemic encephalopathy in neonates. Children (Basel). (2018) 5:7. doi: 10.3390/children5070099 

 6. Yates, N, Gunn, AJ, Bennet, L, Dhillon, SK, and Davidson, JO. Preventing brain injury in the preterm infant-current controversies and potential therapies. Int J Mol Sci. (2021) 22:4. doi: 10.3390/ijms22041671 

 7. Dawes, GS, and Cross, KW. Hyperbaric oxygen in resuscitation of the newborn. Lancet. (1964) 284:910. doi: 10.1016/s0140-6736(64)90773-1

 8. Hutchison, JH, Kerr, MM, Williams, KG, and Hopkinson, WI. Hyperbaric oxygen in the resuscitation of the newborn. Lancet. (1963) 282:1019–22. doi: 10.1016/s0140-6736(63)90001-1

 9. Hutchison, JH, Kerr, MM, Inall, JA, and Shanks, RA. Controlled trials of hyperbaric oxygen and tracheal intubation in asphyxia neonatorum. Lancet. (1966) 1:935–9. doi: 10.1016/s0140-6736(66)90943-3 

 10. Oter, S, Korkmaz, A, Topal, T, Ozcan, O, Sadir, S, Ozler, M , et al. Correlation between hyperbaric oxygen exposure pressures and oxidative parameters in rat lung, brain, and erythrocytes. Clin Biochem. (2005) 38:706–11. doi: 10.1016/j.clinbiochem.2005.04.005 

 11. Heyboer, M 3rd, Sharma, D, Santiago, W, and McCulloch, N. Hyperbaric oxygen therapy: side effects defined and quantified. Adv Wound Care (New Rochelle). (2017) 6:210–24. doi: 10.1089/wound.2016.0718 

 12. Ferrari, DC, Nesic, O, and Perez-Polo, JR. Perspectives on neonatal hypoxia/ischemia-induced edema formation. Neurochem Res. (2010) 35:1957–65. doi: 10.1007/s11064-010-0308-y 

 13. Rice, JE 3rd, Vannucci, RC, and Brierley, JB. The influence of immaturity on hypoxic-ischemic brain damage in the rat. Ann Neurol. (1981) 9:131–41. doi: 10.1002/ana.410090206

 14. Wang, XL, Zhao, YS, Yang, YJ, Xie, M, and Yu, XH. Therapeutic window of hyperbaric oxygen therapy for hypoxic-ischemic brain damage in newborn rats. Brain Res. (2008) 1222:87–94. doi: 10.1016/j.brainres.2008.05.016 

 15. Gamdzyk, M, Makarewicz, D, Slomka, M, Ziembowicz, A, and Salinska, E. Hypobaric hypoxia postconditioning reduces brain damage and improves antioxidative defense in the model of birth asphyxia in 7-day-old rats. Neurochem Res. (2014) 39:68–75. doi: 10.1007/s11064-013-1191-0

 16. Liu, XH, Zhao, YL, Ma, QM, Zhou, XH, and Wang, Y. Optimal therapeutic window of hyperbaric oxygenation in neonatal rat with hypoxic-ischemic brain damage. Zhonghua Er Ke Za Zhi. (2006) 44:3. doi: 10.3760/cma.j.issn.0578-1310.2006.03.106

 17. Liu, MN, Zhuang, SQ, Li, XY, Wang, HQ, and Yuan, QF. Long-term effects of delayed hyperbaric oxygen therapy on hypoxic-ischemic brain injury in neonatal rats. Zhonghua Er Ke Za Zhi. (2005) 43:3. doi: 10.3760/cma.j.issn.0578-1310.2005.03.112

 18. Chen, J, and Chen, YH. Effects of hyperbaric oxygen on intrauterine hypoxic-ischemic brain damage in neonatal rats. Zhongguo Dang Dai Er Ke Za Zhi. (2009) 11:5.

 19. Murry, CE, Jennings, RB, and Reimer, KA. Preconditioning with ischemia: a delay of lethal cell injury in ischemic myocardium. Circulation. (1986) 74:1124–36. doi: 10.1161/01.cir.74.5.1124 

 20. Hausenloy, DJ, Barrabes, JA, Botker, HE, Davidson, SM, Di Lisa, F, Downey, J , et al. Ischaemic conditioning and targeting reperfusion injury: a 30 year voyage of discovery. Basic Res Cardiol. (2016) 111:70. doi: 10.1007/s00395-016-0588-8 

 21. Hu, Q, Manaenko, A, Matei, N, Guo, Z, Xu, T, Tang, J , et al. Hyperbaric oxygen preconditioning: a reliable option for neuroprotection. Med Gas Res. (2016) 6:20–32. doi: 10.4103/2045-9912.179337 

 22. Hentia, C, Rizzato, A, Camporesi, E, Yang, Z, Muntean, DM, Sandesc, D , et al. An overview of protective strategies against ischemia/reperfusion injury: the role of hyperbaric oxygen preconditioning. Brain Behav. (2018) 8:5. doi: 10.1002/brb3.959 

 23. Li, Z, Liu, W, Kang, Z, Lv, S, Han, C, Yun, L , et al. Mechanism of hyperbaric oxygen preconditioning in neonatal hypoxia-ischemia rat model. Brain Res. (2008) 1196:151–6. doi: 10.1016/j.brainres.2007.12.039 

 24. Zhai, X, Lin, H, Chen, Y, Chen, X, Shi, J, Chen, O , et al. Hyperbaric oxygen preconditioning ameliorates hypoxia-ischemia brain damage by activating Nrf2 expression in vivo and in vitro. Free Radic Res. (2016) 50:454–66. doi: 10.3109/10715762.2015.1136411

 25. Freiberger, JJ, Suliman, HB, Sheng, H, McAdoo, J, Piantadosi, CA, and Warner, DS. A comparison of hyperbaric oxygen versus hypoxic cerebral preconditioning in neonatal rats. Brain Res. (2006) 1075:213–22. doi: 10.1016/j.brainres.2005.12.088 

 26. Liao, R, Wood, TR, and Nance, E. Nanotherapeutic modulation of excitotoxicity and oxidative stress in acute brain injury. Nanobiomedicine (Rij). (2020) 7:1849543520970819. doi: 10.1177/1849543520970819 

 27. Ferriero, DM, Holtzman, DM, Black, SM, and Sheldon, RA. Neonatal mice lacking neuronal nitric oxide synthase are less vulnerable to hypoxic-ischemic injury. Neurobiol Dis. (1996) 3:64–71. doi: 10.1006/nbdi.1996.0006

 28. Tan, S, Zhou, F, Nielsen, VG, Wang, Z, Gladson, CL, and Parks, DA. Sustained hypoxia-ischemia results in reactive nitrogen and oxygen species production and injury in the premature fetal rabbit brain. J Neuropathol Exp Neurol. (1998) 57:544–53. doi: 10.1097/00005072-199806000-00002

 29. Gill, MB, and Perez-Polo, JR. Hypoxia ischemia-mediated cell death in neonatal rat brain. Neurochem Res. (2008) 33:2379–89. doi: 10.1007/s11064-008-9649-1 

 30. Schottlender, N, Gottfried, I, and Ashery, U. Hyperbaric oxygen treatment: effects on mitochondrial function and oxidative stress. Biomol Ther. (2021) 11:12. doi: 10.3390/biom11121827 

 31. Gamdzyk, M, Ziembowicz, A, Bratek, E, and Salinska, E. Combining hypobaric hypoxia or hyperbaric oxygen postconditioning with memantine reduces neuroprotection in 7-day-old rat hypoxia-ischemia. Pharmacol Rep. (2016) 68:1076–83. doi: 10.1016/j.pharep.2016.06.009

 32. Chen, J, Chen, YH, Lv, HY, and Chen, LT. Effect of hyperbaric oxygen on lipid peroxidation and visual development in neonatal rats with hypoxia-ischemia brain damage. Biomed Rep. (2016) 5:136–40. doi: 10.3892/br.2016.673 

 33. Zhao, Y, Liang, L, Liu, G, Liu, Y, Zheng, H, and Dai, L. The effects of short time Hyperoxia on glutamate concentration and glutamate transporters expressions in brain of neonatal rats. Neurosci Lett. (2021) 758:136013. doi: 10.1016/j.neulet.2021.136013 

 34. Yang, ZJ, Xie, Y, Bosco, GM, Chen, C, and Camporesi, EM. Hyperbaric oxygenation alleviates MCAO-induced brain injury and reduces hydroxyl radical formation and glutamate release. Eur J Appl Physiol. (2010) 108:513–22. doi: 10.1007/s00421-009-1229-9 

 35. Wada, K, Miyazawa, T, Nomura, N, Yano, A, Tsuzuki, N, Nawashiro, H , et al. Mn-SOD and Bcl-2 expression after repeated hyperbaric oxygenation. Acta Neurochir. (2000) 76:285–90. doi: 10.1007/978-3-7091-6346-7_59 

 36. Zhou, BY, Lu, GJ, Huang, YQ, Ye, ZZ, and Han, YK. Efficacy of hyperbaric oxygen therapy under different pressures on neonatal hypoxic-ischemic encephalopathy. Zhongguo Dang Dai Er Ke Za Zhi. (2008) 10:2.

 37. Baiborodov, BD, and Dodkhoev, DS. Effect of hyperbaric oxygenation on erythrocyte membrane permeability and erythrocyte sorption ability in newborns with birth hypoxia. Anesteziol Reanimatol. (2003):2, 55–57.

 38. Calvert, JW, Zhou, C, Nanda, A, and Zhang, JH. Effect of hyperbaric oxygen on apoptosis in neonatal hypoxia-ischemia rat model. J Appl Physiol (1985). (2003) 95:2072–80. doi: 10.1152/japplphysiol.00630.2003

 39. Liu, XH, Yan, H, Xu, M, Zhao, YL, Li, LM, Zhou, XH , et al. Hyperbaric oxygenation reduces long-term brain injury and ameliorates behavioral function by suppression of apoptosis in a rat model of neonatal hypoxia-ischemia. Neurochem Int. (2013) 62:922–30. doi: 10.1016/j.neuint.2013.03.004

 40. Felling, RJ, Snyder, MJ, Romanko, MJ, Rothstein, RP, Ziegler, AN, Yang, Z , et al. Neural stem/progenitor cells participate in the regenerative response to perinatal hypoxia/ischemia. J Neurosci Off J Soc Neurosci. (2006) 26:4359–69. doi: 10.1523/JNEUROSCI.1898-05.2006 

 41. Feng, Z, Liu, J, and Ju, R. Hyperbaric oxygen treatment promotes neural stem cell proliferation in the subventricular zone of neonatal rats with hypoxic-ischemic brain damage. Neural Regen Res. (2013) 8:1220–7. doi: 10.3969/j.issn.1673-5374.2013.13.007 

 42. Wang, XL, Yang, YJ, Wang, QH, Xie, M, Yu, XH, Liu, CT , et al. Changes of Wnt-3 protein during the proliferation of endogenous neural stem cells in neonatal rats with hypoxic-ischemic brain damage after hyperbaric oxygen therapy. Zhongguo Dang Dai Er Ke Za Zhi. (2007) 9:3.

 43. Yang, JT, Chang, CN, Lee, TH, Lin, TN, Hsu, JC, Hsu, YH , et al. Hyperbaric oxygen treatment decreases post-ischemic neurotrophin-3 mRNA down-regulation in the rat hippocampus. Neuroreport. (2001) 12:3589–92. doi: 10.1097/00001756-200111160-00043 

 44. Cao, X, Yeo, G, Muotri, AR, Kuwabara, T, and Gage, FH. Noncoding RNAs in the mammalian central nervous system. Annu Rev Neurosci. (2006) 29:77–103. doi: 10.1146/annurev.neuro.29.051605.112839

 45. De Pietri, TD, Clovis, YM, and Huttner, WB. Detection and monitoring of microRNA expression in developing mouse brain and fixed brain cryosections. Methods Mol Biol. (2014) 1092:31–42. doi: 10.1007/978-1-60327-292-6_3 

 46. Ho, PTB, Clark, IM, and Le, LTT. MicroRNA-based diagnosis and therapy. Int J Mol Sci. (2022) 23:13. doi: 10.3390/ijms23137167 

 47. Mohr, AM, and Mott, JL. Overview of microRNA biology. Semin Liver Dis. (2015) 35:3–11. doi: 10.1055/s-0034-1397344 

 48. Jeyaseelan, K, Lim, KY, and Armugam, A. MicroRNA expression in the blood and brain of rats subjected to transient focal ischemia by middle cerebral artery occlusion. Stroke. (2008) 39:959–66. doi: 10.1161/strokeaha.107.500736

 49. Dharap, A, Bowen, K, Place, R, Li, LC, and Vemuganti, R. Transient focal ischemia induces extensive temporal changes in rat cerebral microRNAome. J Cereb Blood Flow Metab. (2009) 29:675–87. doi: 10.1038/jcbfm.2008.157 

 50. Back, SA. White matter injury in the preterm infant: pathology and mechanisms. Acta Neuropathol. (2017) 134:331–49. doi: 10.1007/s00401-017-1718-6 

 51. Wang, XL, Yang, YJ, Wang, QH, Yu, XH, Xie, M, Liu, CT , et al. Effect of hyperbaric oxygen therapy administered at different time on white matter damage following hypoxic-ischemic brain damage in neonatal rats. Zhongguo Dang Dai Er Ke Za Zhi. (2007) 9:308–12.

 52. Peng, Y, Zhang, X, Feng, X, Fan, X, and Jin, Z. The crosstalk between microRNAs and the Wnt/Beta-catenin signaling pathway in cancer. Oncotarget. (2017) 8:14089–106. doi: 10.18632/oncotarget.12923 

 53. Lei, Y, Chen, L, Zhang, G, Shan, A, Ye, C, Liang, B , et al. MicroRNAs target the Wnt/Beta-catenin signaling pathway to regulate epithelial-mesenchymal transition in cancer (review). Oncol Rep. (2020) 44:1299–313. doi: 10.3892/or.2020.7703 

 54. Huang, K, Zhang, JX, Han, L, You, YP, Jiang, T, Pu, PY , et al. MicroRNA roles in beta-catenin pathway. Mol Cancer. (2010) 9:252. doi: 10.1186/1476-4598-9-252 

 55. O'Sullivan, MP, Looney, AM, Moloney, GM, Finder, M, Hallberg, B, Clarke, G , et al. Validation of altered umbilical cord blood microRNA expression in neonatal hypoxic-ischemic encephalopathy. JAMA Neurol. (2019) 76:333–41. doi: 10.1001/jamaneurol.2018.4182 

 56. Looney, AM, Walsh, BH, Moloney, G, Grenham, S, Fagan, A, O'Keeffe, GW , et al. Downregulation of umbilical cord blood levels of miR-374a in neonatal hypoxic ischemic encephalopathy. J Pediatr. (2015) 167:269–73.e2. doi: 10.1016/j.jpeds.2015.04.060 

 57. Fang, H, Li, HF, Yang, M, Wang, RR, Wang, QY, Zheng, PC , et al. MicroRNA-128 enhances neuroprotective effects of dexmedetomidine on neonatal mice with hypoxic-ischemic brain damage by targeting Wnt 1. Biomed Pharmacother. (2019) 113:108671. doi: 10.1016/j.biopha.2019.108671

 58. Casey, S, Goasdoue, K, Miller, SM, Brennan, GP, Cowin, G, O'Mahony, AG , et al. Temporally altered miRNA expression in a piglet model of hypoxic ischemic brain injury. Mol Neurobiol. (2020) 57:4322–44. doi: 10.1007/s12035-020-02018-w

 59. Peeples, ES, Sahar, NE, Snyder, W, and Mirnics, K. Early brain microRNA/mRNA expression is region-specific after neonatal hypoxic-ischemic injury in a mouse model. Front Genet. (2022) 13:841043. doi: 10.3389/fgene.2022.841043 

 60. Lin, SS, Ueng, SWN, Chong, KY, Chan, YS, Tsai, TT, Yuan, LJ , et al. Effects of hyperbaric oxygen intervention on the degenerated intervertebral disc: from molecular mechanisms to animal models. Cells. (2023) 12:16. doi: 10.3390/cells12162111 

 61. Niu, CC, Lin, SS, Yuan, LJ, Lu, ML, Ueng, SWN, Yang, CY , et al. Upregulation of miR-107 expression following hyperbaric oxygen treatment suppresses Hmgb1/Rage signaling in degenerated human nucleus pulposus cells. Arthritis Res Ther. (2019) 21:42. doi: 10.1186/s13075-019-1830-1 

 62. Tan, KS, Armugam, A, Sepramaniam, S, Lim, KY, Setyowati, KD, Wang, CW , et al. Expression profile of microRNAs in young stroke patients. PLoS One. (2009) 4:11. doi: 10.1371/journal.pone.0007689 

 63. Redell, JB, Liu, Y, and Dash, PK. Traumatic brain injury alters expression of hippocampal microRNAs: potential regulators of multiple pathophysiological processes. J Neurosci Res. (2009) 87:1435–48. doi: 10.1002/jnr.21945 

 64. Ciesielska, S, Slezak-Prochazka, I, Bil, P, and Rzeszowska-Wolny, J. Micro RNAs in regulation of cellular redox homeostasis. Int J Mol Sci. (2021) 22:11. doi: 10.3390/ijms22116022 

 65. Liu, T, Zhang, L, Joo, D, and Sun, SC. Nf-Kappab signaling in inflammation. Signal Transduct Target Ther. (2017) 2:17023. doi: 10.1038/sigtrans.2017.23 

 66. Markopoulos, GS, Roupakia, E, Tokamani, M, Alabasi, G, Sandaltzopoulos, R, Marcu, KB , et al. Roles of Nf-Kappab signaling in the regulation of miRNAs impacting on inflammation in cancer. Biomedicines. (2018) 6:2. doi: 10.3390/biomedicines6020040 

 67. Peeples, ES, Sahar, NE, Snyder, W, and Mirnics, K. Temporal brain microRNA expression changes in a mouse model of neonatal hypoxic-ischemic injury. Pediatr Res. (2022) 91:92–100. doi: 10.1038/s41390-021-01701-5 

 68. Winkler, I, Heisinger, T, Hammerl, M, Huber, E, Urbanek, M, Kiechl-Kohlendorfer, U , et al. MicroRNA expression profiles as diagnostic and prognostic biomarkers of perinatal asphyxia and hypoxic-ischaemic encephalopathy. Neonatology. (2022) 119:204–13. doi: 10.1159/000521356 

 69. Li, Z, Hou, X, Liu, X, Ma, L, and Tan, J. Hyperbaric oxygen therapy-induced molecular and pathway changes in a rat model of spinal cord injury: a proteomic analysis. Dose-Response. (2022) 20:15593258221141579. doi: 10.1177/15593258221141579 

 70. Chen, F, Han, J, Li, X, Zhang, Z, and Wang, D. Identification of the biological function of miR-9 in spinal cord ischemia-reperfusion injury in rats. Peer J. (2021) 9:e11440. doi: 10.7717/peerj.11440 

 71. Takada, SH, Dos Santos Haemmerle, CA, Motta-Teixeira, LC, Machado-Nils, AV, Lee, VY, Takase, LF , et al. Neonatal anoxia in rats: hippocampal cellular and subcellular changes related to cell death and spatial memory. Neuroscience. (2015) 284:247–59. doi: 10.1016/j.neuroscience.2014.08.054 

 72. Jang, JH, and Lee, TJ. The role of microRNAs in cell death pathways. Yeungnam Univ J Med. (2021) 38:107–17. doi: 10.12701/yujm.2020.00836 

 73. Pileczki, V, Cojocneanu-Petric, R, Maralani, M, Neagoe, IB, and Sandulescu, R. MicroRNAs as regulators of apoptosis mechanisms in cancer. Clujul Med. (2016) 89:50–5. doi: 10.15386/cjmed-512 

 74. Lin, SS, Niu, CC, Yuan, LJ, Tsai, TT, Lai, PL, Chong, KY , et al. MiR-573 regulates cell proliferation and apoptosis by targeting Bax in human degenerative disc cells following hyperbaric oxygen treatment. J Orthop Surg Res. (2021) 16:16. doi: 10.1186/s13018-020-02114-6 

 75. Shyu, KG, Wang, BW, Pan, CM, Fang, WJ, and Lin, CM. Hyperbaric oxygen boosts long noncoding RNA Malat 1 exosome secretion to suppress microRNA-92a expression in therapeutic angiogenesis. Int J Cardiol. (2019) 274:271–8. doi: 10.1016/j.ijcard.2018.09.118

 76. Shyu, KG, Wang, BW, Fang, WJ, Pan, CM, and Lin, CM. Hyperbaric oxygen-induced long non-coding RNA Malat1 exosomes suppress microRNA-92a expression in a rat model of acute myocardial infarction. J Cell Mol Med. (2020) 24:12945–54. doi: 10.1111/jcmm.15889 

 77. Roitbak, T, Bragina, O, Padilla, JL, and Pickett, GG. The role of microRNAs in neural stem cell-supported endothelial morphogenesis. Vascular Cell. (2011) 3:1–15. doi: 10.1186/2045-824x-3-25

 78. Robertson, ED, Wasylyk, C, Ye, T, Jung, AC, and Wasylyk, B. The oncogenic microRNA Hsa-miR-155-5p targets the transcription factor ELK 3 and links it to the hypoxia response. PLoS One. (2014) 9:11. doi: 10.1371/journal.pone.0113050 

 79. Looney, AM, O'Sullivan, MP, Ahearne, CE, Finder, M, Felderhoff-Mueser, U, Boylan, GB , et al. Altered expression of umbilical cord blood levels of miR-181b and its downstream target much-L1 in infants with moderate and severe neonatal hypoxic-ischaemic encephalopathy. Mol Neurobiol. (2019) 56:3657–63. doi: 10.1007/s12035-018-1321-4 

 80. Wang, F, Liang, W, Lei, C, Kinden, R, Sang, H, Xie, Y , et al. Combination of HBO and memantine in focal cerebral ischemia: is there a synergistic effect? Mol Neurobiol. (2015) 52:1458–66. doi: 10.1007/s12035-014-8949-5

 81. Ewald, RC, and Cline, HT. NMDA receptors and brain development. In: AM DongenVan, editor. Biology of the NMDA receptor. Boca Raton, FL: CRC Press/Taylor & Francis (2009).

 82. Gu, Z, Liu, W, Wei, J, and Yan, Z. Regulation of N-methyl-D-aspartic acid (NMDA) receptors by metabotropic glutamate receptor 7. J Biol Chem. (2012) 287:10265–75. doi: 10.1074/jbc.M111.325175 

 83. Costa, VM, Grando, LGR, Milandri, E, Nardi, J, Teixeira, P, Mladenka, P , et al. Natural sympathomimetic drugs: from pharmacology to toxicology. Biomol Ther. (2022) 12:1793. doi: 10.3390/biom12121793 

 84. Bowyer, JF, Newport, GD, Slikker, W Jr, Gough, B, Ferguson, SA, and Tor-Agbidye, J. An evaluation of L-ephedrine neurotoxicity with respect to hyperthermia and caudate/putamen microdialysate levels of ephedrine, dopamine, serotonin, and glutamate. Toxicol Sci. (2000) 55:133–42. doi: 10.1093/toxsci/55.1.133

 85. Chen, S, Xiao, N, and Zhang, X. Effect of combined therapy with ephedrine and hyperbaric oxygen on neonatal hypoxic-ischemic brain injury. Neurosci Lett. (2009) 465:171–6. doi: 10.1016/j.neulet.2009.09.011 

 86. Rong, X, Zhou, W, Xiao-Wen, C, Tao, L, and Tang, J. Ganglioside Gm1 reduces white matter damage in neonatal rats. Acta Neurobiol Exp (Wars). (2013) 73:379–86. doi: 10.55782/ane-2013-1944 

 87. Liang, SP, Chen, Q, Cheng, YB, Xue, YY, and Wang, HJ. Comparative effects of monosialoganglioside versus citicoline on apoptotic factor, neurological function and oxidative stress in newborns with hypoxic-ischemic encephalopathy. J Coll Physicians Surg Pak. (2019) 29:324–7. doi: 10.29271/jcpsp.2019.04.324 

 88. Sheng, L, and Li, Z. Adjuvant treatment with monosialoganglioside may improve neurological outcomes in neonatal hypoxic-ischemic encephalopathy: a meta-analysis of randomized controlled trials. PLoS One. (2017) 12:8. doi: 10.1371/journal.pone.0183490 

 89. Gong, XB, Feng, RH, Dong, HM, Liu, WH, Gu, YN, Jiang, XY , et al. Efficacy and prognosis of hyperbaric oxygen as adjuvant therapy for neonatal hypoxic-ischemic encephalopathy: a meta-analysis study. Front Pediatr. (2022) 10:707136. doi: 10.3389/fped.2022.707136 

 90. Zhou, Y, Su, P, Pan, Z, Liu, D, Niu, Y, Zhu, W , et al. Combination therapy with hyperbaric oxygen and erythropoietin inhibits neuronal apoptosis and improves recovery in rats with spinal cord injury. Phys Ther. (2019) 99:1679–89. doi: 10.1093/ptj/pzz125 

 91. Zivkovic, M, Tepic, S, Jakovljevic, VL, and Mujovic, VM. The use of combined hyperbaric oxygenation and erythropoietin in the treatment of cardiac insufficiency. Med Pregl. (2007) 60:25–7.

 92. Ortega, MA, Fraile-Martinez, O, Garcia-Montero, C, Callejon-Pelaez, E, Saez, MA, Alvarez-Mon, MA , et al. A general overview on the hyperbaric oxygen therapy: applications, mechanisms and translational opportunities. Medicina (Kaunas). (2021) 57:9. doi: 10.3390/medicina57090864 

 93. Weaver, LK ed. Hyperbaric oxygen therapy indications. 13th ed. Durham, NC: Undersea and Hyperbaric Medical Society (2014).

 94. Crawford, JS. Hyperbaric oxygen in resuscitation of the newborn. Lancet. (1964) 2:7363. doi: 10.1016/S0140-6736(64)90584-7

 95. Kostin, ED, Baǐborodov, BD, and Belianin, OL. Use of hyperbaric oxygenation for resuscitation and treatment of severe hypoxic state of the newborn. Akush Ginekol. (1969) 45:6.

 96. Baiborodov, BD. The use of hyperbaric oxygenation in the complex treatment of hypoxic states in newborns. Akusherstvo i Ginekologiya. (1978) 54:9.

 97. Baiborodov, BD, Savel'eva, TV, Prokopenko, VM, Evsiukova, II, and Arutiunian, AV. Effects of hyperbaric oxygenation on free radical oxidation and antioxidant system of blood in the newborn who had acute hypoxia at birth. Anesteziol Reanimatol. (1996) 6:56–8.

 98. Orozco-Gutierrez, A, Rojas-Cerda, L, Estrada, RM, and Gil-Rosales, C. Hyperbaric oxygen in the treatment of asphyxia in two newborn infants. Diving Hyperb Med. (2010) 40:4.

 99. Sanchez, EC. Use of hyperbaric oxygenation in neonatal patients: a pilot study of 8 patients. Crit Care Nurs Q. (2013) 36:280–9. doi: 10.1097/CNQ.0b013e318294e95b 

 100. Liu, XH, Zhao, YL, Ma, QM, Zhou, XH, and Wang, Y. Hyperbaric oxygen improves long-term learning-memory deficits and brain injury in neonatal rat with hypoxia-ischemia brain damage. Sichuan Da Xue Xue Bao Yi Xue Ban. (2007) 38:73–7.

 101. Carney, AY. Hyperbaric oxygen therapy: an introduction. Crit Care Nurs Q. (2013) 36:274–9. doi: 10.1097/CNQ.0b013e318294e936

 102. Larsson, A, Uusijarvi, J, Eksborg, S, and Lindholm, P. Tissue oxygenation measured with near-infrared spectroscopy during normobaric and hyperbaric oxygen breathing in healthy subjects. Eur J Appl Physiol. (2010) 109:757–61. doi: 10.1007/s00421-010-1403-0 

 103. Nemoto, EM, and Betterman, K. Basic physiology of hyperbaric oxygen in brain. Neurol Res. (2007) 29:116–26. doi: 10.1179/016164107X174138

 104. Litscher, G, Schwarz, G, Ratzenhofer-Komenda, B, Kovac, H, Gabor, S, and Smolle-Juttner, FM. Transcranial cerebral oximetry in the hyperbaric environment. Biomed Tech (Berl). (1997) 42:38–41. doi: 10.1515/bmte.1997.42.3.38 

 105. Francis, A, and Baynosa, RC. Hyperbaric oxygen therapy for the compromised graft or flap. Adv Wound Care (New Rochelle). (2017) 6:23–32. doi: 10.1089/wound.2016.0707 

 106. Michalski, D, Hartig, W, Schneider, D, and Hobohm, C. Use of normobaric and hyperbaric oxygen in acute focal cerebral ischemia – a preclinical and clinical review. Acta Neurol Scand. (2011) 123:85–97. doi: 10.1111/j.1600-0404.2010.01363.x 

 107. Rockswold, SB, Rockswold, GL, and Defillo, A. Hyperbaric oxygen in traumatic brain injury. Neurol Res. (2007) 29:162–72. doi: 10.1179/016164107X181798

 108. Singhal, AB. Oxygen therapy in stroke: past, present, and future. Int J Stroke. (2006) 1:191–200. doi: 10.1111/j.1747-4949.2006.00058.x 

 109. Zhang, Q, Chang, Q, Cox, RA, Gong, X, and Gould, LJ. Hyperbaric oxygen attenuates apoptosis and decreases inflammation in an ischemic wound model. J Invest Dermatol. (2008) 128:2102–12. doi: 10.1038/jid.2008.53 

 110. Veltkamp, R, Siebing, DA, Sun, L, Heiland, S, Bieber, K, Marti, HH , et al. Hyperbaric oxygen reduces blood-brain barrier damage and edema after transient focal cerebral ischemia. Stroke. (2005) 36:1679–83. doi: 10.1161/01.STR.0000173408.94728.79 

 111. Yang, YJ, Wang, XL, Yu, XH, Wang, X, Xie, M, and Liu, CT. Hyperbaric oxygen induces endogenous neural stem cells to proliferate and differentiate in hypoxic-ischemic brain damage in neonatal rats. Undersea Hyperb Med. (2008) 35:2.

 112. Wang, XL, Yang, YJ, Xie, M, Yu, XH, and Wang, QH. Hyperbaric oxygen promotes the migration and differentiation of endogenous neural stem cells in neonatal rats with hypoxic-ischemic brain damage. Zhongguo Dang Dai Er Ke Za Zhi. (2009) 11:9.

 113. Fischer, BR, Palkovic, S, Holling, M, Wolfer, J, and Wassmann, H. Rationale of hyperbaric oxygenation in cerebral vascular insult. Curr Vasc Pharmacol. (2010) 8:35–43. doi: 10.2174/157016110790226598 

 114. Fenton, LH, Beck, G, Djali, S, and Robinson, MB. Hypothermia induced by hyperbaric oxygen is not blocked by serotonin antagonists. Pharmacol Biochem Behav. (1993) 44:357–64. doi: 10.1016/0091-3057(93)90474-8

 115. Malek, M, Duszczyk, M, Zyszkowski, M, Ziembowicz, A, and Salinska, E. Hyperbaric oxygen and hyperbaric air treatment result in comparable neuronal death reduction and improved behavioral outcome after transient forebrain ischemia in the gerbil. Exp Brain Res. (2013) 224:1–14. doi: 10.1007/s00221-012-3283-5 


Copyright
 © 2024 Mielecki, Godlewski and Salinska. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-15-1386695-t001.jpg
Affected
process

Source

Pressure/time of

exposition

Observed effects

References

Antioxidant defense

Apoptosis

Stem cells proliferation

7-days old rat brains

7-days old rat brains

Human neonates blood serum
Human neonates blood serum

7-days old rat brains

7-days old rat brains

7-days old rat brains
Neonatal rat brains

7-days old rat brains

7-days old rat brains

2.5 ATA, 1,3 or 6hafter HI, 60min

2 ATA, 24 h after HI, 60 min/day,
14days

14-16 ATA?

?

2.5 ATA, 1h after HI, 90 min.

3 ATA, 1h after HI, 60min.

25 ATA, 1, 3 or 6h after HI, 60min.
2 ATA, 3h after HI, 60 min/day, 7days

2 ATA 3hafter HI, 60min/day, 7 days

2 ATA 3h after HI, 60min/day, 7 days

1ROS
10D, IMDA

150D, IMDA, INOS, INO
1 ROS, SOD no changes, 1 GPx

1 caspase-3, | AIF, JTUNEL

positive cells

I caspase-3, | PARP cleavage, |
TUNEL positive cells

1 TUNEL positive cells
1 newly generated neurons

1 migration of neural stem cells to

the cortex

1 Wnt-3, nestin

Gamdzyk etal. (31)

Cheneetal. (32)

Zhou etal. (36)
Baiborodov etal. (97)

Liuetal. (39)

Calvert etal. (38)

Gamdzyketal. (31)
Yangetal. (111)
‘Wang etal. (112)

‘Wang et al. (42)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hyperbaric oxygen therapy for the treatment of hypoxic/ischemic injury upon perinatal asphyxia—are we there yet?



		Introduction



		The effects of HBO treatment in experimental hypoxia-ischemia



		Therapeutic window



		Oxidative stress inhibition



		Apoptosis inhibition



		Neural stem cell activation



		Interactions with miRNAs



		Combining HBOT with other therapies









		The clinical application of HBO therapy



		Discussion



		Summary









		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fneur-15-1386695-g001.jpg
hypoxia
xcitotoxicity
apoptosis
necrosis

mMRNAS

hyperbaric

oxygen

normoxia
angiogenesis
developement

mRNAs





OPS/images/fneur-15-1386695-g002.jpg
all miRNAs
PAHIE brain ischemia

down-regulated up-regulated

PAHIE brain ischemia HBO PAHIE brain ischemia

HBO HBO





OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Hyperbaric oxygen therapy for
the treatment of hypoxic/
ischemic injury upon perinatal
asphyxia—are we there yet?












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neurology






