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The effects of short-term hyperoxia on age-related diseases and aging biomarkers have been reported in animal and human experiments using different protocols; however, the findings of the studies remain conflicting. In this systematic review, we summarized the existing reports in the effects of short-term hyperoxia on age-related diseases, hypoxia-inducible factor 1α (HIF-1α), and other oxygen-sensitive transcription factors relevant to aging, telomere length, cellular senescence, and its side effects. This review was done as described in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guideline. A systematic search was done in PubMed, Google Scholar, and Cochrane Library and from the references of selected articles to identify relevant studies until May 2021. Of the total 1,699 identified studies, 17 were included in this review. Most of the studies have shown significant effects of short-term hyperoxia on age-related diseases and aging biomarkers. The findings of the studies suggest the potential benefits of short-term hyperoxia in several clinical applications such as for patients undergoing stressful operations, restoration of cognitive function, and the treatment of severe traumatic brain injury. Short-term hyperoxia has significant effects in upregulation or downregulation of transcription factors relevant to aging such as HIF-1α, nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-kB), and nuclear factor (erythroid-derived 2)-like 2 (NRF2) among others. Short-term hyperoxia also has significant effects to increase antioxidant enzymes, and increase telomere length and clearance of senescent cells. Some of the studies have also reported adverse consequences including mitochondrial DNA damage and nuclear cataract formation depending on the dose and duration of oxygen exposure. In conclusion, short-term hyperoxia could be a feasible treatment option to treat age-related disease and to slow aging because of its ability to increase antioxidant enzymes, significantly increase telomere length and clearance of senescent cells, and improve cognitive function, among others. The reported side effects of hyperoxia vary depending on the dose and duration of exposure. Therefore, it seems that additional studies for better understanding the beneficial effects of short-term hyperoxia and for minimizing side effects are necessary for optimal clinical application.
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INTRODUCTION
Aging can be characterized as impaired organ functions, increased vulnerability for diseases and death, and decreased physiological integrity. Aging can also cause increased risk of multiple coexisting diseases, impaired response to stress, changed response to treatment, increased risk of disability, and loss of personal power that has major psychological and social consequences (Colloca et al., 2020). This biological weakening associated to aging is considered to be the main predisposing factor for cancer, cardiovascular diseases, diabetes, and Alzheimer’s disease among others. At the cellular level, there are key hallmarks of the aging process such as genomic instability, telomere shortening, cellular senescence, epigenetic changes, mitochondrial dysfunction, decreased autophagy, decreased proteostasis, stem cell collapse, decontrolled nutrient-sensing, and changed intercellular communication (López-Otín et al., 2013).
Adaptive homeostasis is a result of specific and selective activation of intracellular signal-transduction pathways caused by extremely low and non-damaging levels of signaling agents such as reactive oxygen species (ROS) (Davies, 2016; Pomatto and Davies, 2018). Studies have suggested that the age-associated decline in adaptive homeostasis is a major risk factor for many age-associated diseases (Pomatto et al., 2017; Pomatto et al., 2018). Cellular adaptive homeostasis during the fluctuations in oxygen availability is maintained by definite, fast, and effective cellular mechanisms, mostly depending on the quick and crucial effect of the two transcription factors such as the hypoxia-inducible factor (HIF)-1α (HIF-1α) and nuclear factor (erythroid-derived 2)-like 2 (NRF2). NRF2 is stimulated by hypoxia and hyperoxia. Hypoxia can also simulate HIF-1α and other HIF family members such as HIF-1β, HIF-2, and HIF-3. The cellular response stimulated by HIF-1α and NRF2 is balanced by another transcription factor called nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-kB) that also helps in defining the consequence of the response to oxygen change and to cellular damage (Fratantonio et al., 2018).
HIF-1α stimulates multiple genes participating in cell survival, probably to gain time to reset homeostatic mechanisms (Semenza, 2002). In humans and animals, HIF-1α modulated genes that are recognized to be participating in improving vascular biology, such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and erythropoietin (Semenza, 2002). HIF-1α has long been recognized to participate in age-related diseases; for example, solid tumors show stabilization of HIF-1α to increase vascularization and growth under hypoxic conditions. More recently, numerous studies have indicated a more important role of HIF-1α as a direct modulator of aging. Studies have shown that HIF-1α significantly increases the life span of adult Caenorhabditis elegans (Cypser and Johnson, 2002; Pitt et al., 2014). In addition to modulating aging, the HIF-1α pathway is also interrelated with other aging pathways, such as mechanistic target of rapamycin (mTOR), insulin-like signaling, and dietary restriction (Pitt et al., 2014).
Hyperbaric oxygen therapy (HBOT) has been suggested for several conditions including age-associated diseases for more than 40 years (Ingle, 1990; Leach et al., 1998), and it has recently been promoted as an approach to slow aging. HBOT is a method of treatment in which patients breathe in oxygen through a head tent, mask or endotracheal tube inside a hyperbaric chamber. HBOT is usually administered at greater than one and less than three absolute atmosphere (ATA) and induces a state of higher pressure and hyperoxia that cause mechanical and physiologic effects (Marcinkowska et al., 2021).
Depending on the level of dissolved O2 and pressure, HBOT activated diverse innate repair mechanisms (Efrati and Ben-Jacob, 2014). However, the relation between O2 and pressure remains unknown. The therapeutic effect of HBOT is the result of increasing the partial pressure of oxygen in the tissues of the body. Furthermore, HBOT increases the oxygen-carrying ability of blood plasma more than its ability under normobaric conditions. Nowadays, HBOT is being used to treat CO poisoning, delayed radiation injuries, decompression sickness, as well as non-healing diabetic wounds and others (Buras, 2000). Furthermore, hyperoxia O2 preconditioning has been revealed to have hormetic effects on stress resistance and to increase the longevity of C. elegans (Cypser and Johnson, 2002) and house flies (Sohal et al., 1993). Although the mechanism by which hyperoxia increases longevity is unclear, it is probably associated to the fact that hyperoxia can induce ROS production (Rothfuss and Speit, 2002). Small amount of ROS could induce protective gene expression and help cells and tissues to manage several stressors more efficiently.
The intermittent hyperoxia administered repeatedly based on defined HBOT protocols can cause physiological changes that typically happen during hypoxia, the phenomenon named hyperoxic–hypoxic paradox (Cimino et al., 2012; Sunkari et al., 2015). Additionally, it was recently revealed that HBOT can induce cognitive enhancements in healthy aging adults through changes in cerebral blood flow (Shwe et al., 2021). On the cellular level, it was confirmed that HBOT can induce the expression of HIF-1α, VEGF, and sirtuin (SIRT), stem cell proliferation, mitochondrial biogenesis, angiogenesis, and neurogenesis (Hadanny and Efrati, 2020), increase telomere length, and decrease senescent cell concentration (Hachmo and Hadanny, 2020). These findings imply that HBOT has anti-aging effects.
There is an impressive number of publications dedicated to the therapeutic effect of HBOT in various pathologies and to improve the quality of life of healthy people. There are also reports of the positive effects of HBOT on parameters related to lifespan and its side effects. However, it remains unclear how HBOT affects the aging process. Prolonged hyperoxia also has the property of stimulating free radical oxidation and tissue damage. In this review, we analyzed the reports on the impact of HBOT on various markers of aging, life expectancy, and quality of life, and on the potential side effects of a short-term therapeutic regimen of hyperoxia.
METHODS
This systematic review was done based on the guideline of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) in accordance with the published protocol (registration number = CRD42021265130) (Moher et al., 2009).
Data Sources and Search Strategy
Electronic databases including PubMed, Google Scholar, and Cochrane Library were searched from the year 1946 to 2021 for relevant studies; last search was performed on May 11, 2021. The lists of references of included studies were manually searched for additional studies. The following search terms were used for comprehensive search of available relevant studies from the electronic databases: (1) PubMed: ((((((((((((Hyperoxia (MeSH Terms)) OR “Hyperbaric Oxygen" (MeSH Terms)) OR “Intermittent hyperoxia" (MeSH Terms)) OR “Hyperoxic-Hypoxic" (MeSH Terms)) OR Normoxia (MeSH Terms)) OR “Normobaric Oxygen" (MeSH Terms)) OR Normoxic (MeSH Terms)) OR Oxygen (MeSH Terms)) AND Aging (MeSH Terms))) OR Antiaging (MeSH Terms)) OR Aging parameters) OR Antiaging parameters (MeSH Terms). (2) Google Scholar: allintitle: Hyperoxia OR “Hyperbaric Oxygen” OR “Intermittent hyperoxia” OR “Hyperoxic-Hypoxic” OR Normoxia OR “Normobaric Oxygen” OR Normoxic OR Oxygen AND Aging OR “anti-aging” OR “aging parameters” OR “anti-aging parameters”. (3) Cochrane Library: Trials matching Hyperoxia OR Hyperbaric and aging in Record Title (Word variations have been searched).
Study Selection and Eligibility Criteria
After removal of duplicates, a two-step approach was used to select articles. Firstly, titles and abstracts of all search results were screened for the relevant original article published in English. Secondly, full-text articles were downloaded from the selected studies and were reviewed on the following inclusion and exclusion criteria:
Inclusion Criteria
Studies that performed hyperbaric oxygen therapy (HBOT) or normobaric hyperoxic training (NHOT) with described protocol; experimental studies done in human, animal, or cell line models; and studies done to assess the effect of HBOT or NHOT on potential anti-aging hallmarks and/or biomarkers including genomic instability, telomere shortening, cellular senescence, epigenetic changes, mitochondrial dysfunction, decreased autophagy, decreased proteostasis, stem cell exhaustion, deregulated nutrient-sensing, altered intercellular communication, oxidative stress, and antioxidants were included in this systematic review.
Exclusion Criteria
Reports other than original article such as case studies, conference proceedings, case series, review articles, and dissertations or thesis; studies that used both oxygen and pharmacological interventions together; studies that performed both hyperoxia and exercises together; and articles published in a language other than English were excluded from the review.
Data Extraction
Data extraction was performed using structured form on Excel. The name of authors, year of publication, country where primary studies were conducted, study design, hyperoxia protocol, aging biomarkers investigated, results, author’s conclusions, oxygen toxicity, and data for quality assessment among other information associated with the review question were collected. Two of the authors (BT and BK) independently reviewed titles, abstracts, full texts, and extracted data. Consistencies of selected studies and extracted information obtained from the two authors were compared. The discrepancies were resolved after through discussion and agreed on the information. The review process and results from the systematic literature search are summarized in figure while the extracted data from the selected studies are summarized in tables.
Data Analysis
In this review, the methodological variations hindered merging quantitative data from the individual studies in a meta-analysis. Therefore, we present data on the primary outcomes of hyperoxia intervention groups by using a qualitative comparison with the control group in a systematic review.
RESULTS
Search Results and Included Studies Characteristics
The initial search generated 1,664 articles (794 from PubMed, 623 from Google Scholar, and 247 from Cochrane Library) and hand searching of reference lists of included studies found 35 additional articles; most of these were excluded for the reasons mentioned in Figure 1. Finally, 17 articles were selected for data extraction and included in this systematic review. Of the 17 articles, nine studies were performed on humans (Table 1, Supplementary Table S1), two studies were done on cell line models (Table 2, Supplementary Table S2), three studies on rats (Table 3, Supplementary Table S3), and three studies were conducted on insects and worms (Table 4, Supplementary Table S4). Nine studies were randomized controlled clinical trials (RCT), six studies were non-randomized clinical trials, and the remaining two studies were uncontrolled clinical trials. The age groups of study participants in the studies included in this review range from 18 to 80 years old for humans (Table 1), 4 days to 14 months for rats (Table 3), and 3–59 days old for insects and worms (Table 4).
[image: Figure 1]FIGURE 1 | PRISMA flow diagram shows the search strategy and screening of eligible studies at different levels of the review process (Moher et al., 2009).
TABLE 1 | The effect of hyperoxia on aging markers in human.
[image: Table 1]TABLE 2 | The effect of hyperoxia on aging markers in cell lines.
[image: Table 2]TABLE 3 | The effect of hyperoxia on aging markers in rats.
[image: Table 3]TABLE 4 | The effect of hyperoxia on aging markers in insects and worms.
[image: Table 4]Among nine studies done on human subjects, 5 studies were done on patients with age-related diseases: 2 studies on patients with coronary artery disease, one on colon cancer, one on patients undergoing abdominal surgery, and one on severe traumatic brain injury patients, and 4 studies were done on healthy individuals. This review assessed the effects of short-term hyperoxia on the following aspects of anti-aging: therapeutic effects of short-term hyperoxia on age-related diseases (6 studies); effects of short-term hyperoxia on HIF-1α, its targets, and other genes expression relevant to aging (4 studies); effect of short-term hyperopia on telomere length and cellular senescence (2 studies); and side effects of hyperoxia (7 studies).
According to the Cochrane tool for risk of bias assessment checklist (Higgins et al., 2011), the risk of incomplete outcome data bias (short term), incomplete outcome data bias (long term), and selective reporting bias were low in all studies. However, eight studies had unclear risk of allocation concealment bias, blinding of outcome assessment bias, and blinding of outcome assessment bias (all case mortality). Six and 2 studies had high and unclear risks of random sequence generation bias, respectively. Similarly, one and 7 studies had high and unclear risks of blinding of participants and personnel bias, respectively.
Therapeutic Effects of Short-Term Hyperoxia on Age-Related Diseases
Several studies have reported the therapeutic effects of hyperoxia on age-related diseases (Tables 1, 3 and Supplementary Tables S1, S3). A RCT study by Amir et al. evaluated the effect of HBOT on cognitive performance in healthy aging adults (age >64 years) (Amir et al., 2020). The protocol consists of 60 daily sessions, 5 sessions per week in 3 months. Every session consisted of inhalation of 100% O2 for 90 min at 2ATA with air breaks (5 min) every 20 min. HBOT was demonstrated to induce cognitive enhancements in healthy aging adults through mechanisms increasing in cerebral blood flow (CBF). The main enhancements comprise information processing speed, executive functions, and attention, which usually weaken with aging. In another RCT study conducted by Shwe et al., at week 20, Wistar rats were given either sham treatment (1ATA, 80 L/min, 80 min/day) or hyperbaric O2 treatment (2ATA, pure O2, 250 L/min, 80 min/day) for 14 days (Shwe et al., 2021). Hyperbaric treatment reduced insulin resistance, cognitive impairment, hippocampal aging, and pathologies in rats. The results of these studies indicate that hyperoxia treatment could restore insulin sensitivity, hippocampal performance, and cognition during aging.
García-de-la-Asunción et al. investigated whether 80% fraction of inspired oxygen (FiO2) inhalation throughout surgery reduces xanthine oxidase (XO) action in colonic mucosa as a likely mechanism of decreasing oxidative stress during colon surgery of colon cancer patients (García-de-la-Asunción et al., 2011). Authors demonstrated that malondialdehyde (MDA) and oxidized glutathione (GSSG) levels measured in blood plasma as well as MDA measured in colonic mucosa were smaller in the 80% FiO2 group than in the 30% FiO2 group. Otherwise, the XO/(XO + xanthine dehydrogenase (XDH)) ratio and the enzymatic activity of XO in colonic mucosa were less in the 80% FiO2 group than in the 30% FiO2 group. Authors concluded that the main source of ROS in patients during colon surgery may be XO. Inhaling 80% oxygen during colon surgery raises arterial partial pressure, and this treatment was related with decreased XO activity and intensities of oxidative stress in colonic mucosa.
A study conducted by Karu et al. assumed that hyperoxia (>96% O2, an average of 120 min) and, beforehand, cardioplegia could defend the myocardium against necrosis and stunning resulting from ischemia–reperfusion (Karu et al., 2007). The results of the study showed that hyperoxic pre-treatment did not reduce ischemia–reperfusion damage of the heart in patients during coronary artery bypass grafting; however, hyperoxia eliminated the myocardial production of interleukin-6 during 20 min of reperfusion. Similarly, Karu and his colleagues evaluated gene expression level after hyperoxic exposure (>96% O2 for 60 min) to examine the protective phenotype that can be caused by hyperoxia in patients before coronary artery bypass grafting (Karu et al., 2015). Exposure to >96% O2 significantly altered the expression of twenty different genes, together with upregulation of two different humanins, namely, MTRNR2L2 and MTRNR2L8, and stimulated a cell survival network, which may increase cell survival ability. Rockswold et al. compared the treatment effects of hyperbaric O2 (1.5 ATA for 60 min) and normobaric hyperoxia (100% O2 at 1 ATA for 3 h) on severe traumatic brain injury (TBI) (Rockswold et al., 2010). Authors reported that hyperbaric O2 has a stronger posttreatment result than normobaric hyperoxia on oxidative cerebral metabolism associated to its ability to yield a brain tissue P O2 ≥ 200 mm Hg.
Effects of Short-Term Hyperoxia on HIF-1α, Its Targets, and Other Oxygen-Sensitive Transcription Factors Relevant to Aging
In the process of aging, HIF-1α causes a defect in mitochondrial growth and division, which damages cellular processes dependent on energy, such as cell and tissue repair (Yuan et al., 2016). This leads the accumulation of reactive oxygen species, oxidation of lipids and proteins, and mitochondrial DNA mutations, which hasten the aging process by causing a decline in cellular energetics, the cellular redox condition, cell signaling, and calcium homeostasis (Yuan et al., 2016). Consequently, the mechanisms regulating HIF-1α have been associated with the prevention of the pathogenesis of many aging-related chronic diseases and premature cellular senescence. Several studies have shown that exposure to short-term hyperoxia at different concentrations and different lengths of time could upregulate or downregulate oxygen-sensitive transcription factors relevant to aging (Tables 1–3, Supplementary Tables S1–S3).
Fratantonio et al. investigated the effect of hyperoxia on transcription factors in human PBMCs isolated from healthy individuals after 1 hour inhalation of mild, high, and very high hyperoxia, corresponding to 30%, 100%, and 140% oxygen, respectively (Fratantonio et al., 2021). The exposure to 30% O2 was perceived by PBMCs as a hypoxic stress and characterized by the activation of NRF2 and HIF-1α, but not NF-kB. Conversely, exposure to 100% or 140% O2 was related to a rise in oxidative stress that causes the activation of NRF2 and NF-kB. Moreover, HIF-1α activation was absent after exposure to 140% O2. The intracellular levels of GSH and the levels of MMP-9 in plasma reflected the activation of NRF2 and HIF-1α, respectively.
Godman et al. assessed the possible beneficial effects of hyperbaric O2 as a mild hormetic stress on human microvascular endothelial cell line-1 (HMEC-1) (Godman et al., 2010). The HMEC-1 cells were grown and treated with HBO protocol (100% O2 for 1 h at 2.4 atm) in CO2-independent media. The study indicated an upregulation of immediate early genes and cytoprotective and antioxidant genes. This upregulation coincided with a higher resistance to a lethal oxidative stress. That may contribute to increase healthy aging.
Pomatto et al. investigated Nrf2 signaling in mouse embryonic fibroblast (MEF) cell lines grown under hyperoxic conditions (40% O2), as a model of accelerated aging (Pomatto et al., 2019). The findings of the study revealed that hyperoxia raised the initial amount of Nrf2 and many transcriptional targets including Immunoproteasome, 20S Proteasome, NQO1, Lon protease, and HO-1, but caused the loss of cellular capacity to adapt to signaling levels of H2O2. The levels of 2 main Nrf2 inhibitors, c-Myc and Bach1, were strongly raised by hyperoxia and seemed to exert a ceiling on Nrf2 signaling. The c-Myc and Bach1 also increase during aging. Therefore, these may be the mechanism through which adaptive homeostasis is affected during aging.
A study by Hosford et al. showed that hyperoxia exposure (>95% O2, days 4–14) halts lung alveolarization in rats and may do so via reduction of the VEGF signaling system (Hosford, 2003). The mRNA amount of HIF-2a and VEGF in lung tissue increased between day 4 and 14 in normoxic animals; however, hyperoxia inhibited these rises. Amounts of HIF-2α and VEGF mRNA were interrelated in the air but not the hyperoxia oxygen-treated group, signifying that the low amounts of HIF-2α detected at high oxygen are not inducing VEGF expression. The expression of mRNA of VEGFR1 and VEGFR2 mRNA also increased in air-exposed animals, and these, too, were considerably decreased by hyperoxia between day 9 and day 12, respectively. Receptor protein amounts did not rise with development; however, oxygen did reduce protein to less than air levels. Authors concluded that hyperoxic reduction of VEGF signaling from days 9 to 14 may be one of the mechanisms through which alveolarization is arrested.
Effects of Short-Term Hyperoxia on Telomere Length and Cellular Senescence
Studies have investigated the effects of hyperoxia on some of the key hallmarks of aging such as telomere length shortening and cellular senescence (Tables 1, 3 and Supplementary Tables S1, S3). Hachmo et al. assessed whether hyperoxia (100% O2 at 2ATA for 90 min) changes the telomere length and senescent cell number in normal, non-pathological, aging adults (aged ≥64) (Hachmo and Hadanny, 2020). The study showed that the telomere length of T helper, T cytotoxic, natural killer, and B cells was restored markedly by more than 20% after hyperoxia treatment. The highest change was detected in B-cell count, which increased markedly at the 30th session, 60th session, and after hyperoxia treatment. The number of senescent T helpers and T-cytotoxic senescent cells were markedly reduced after hyperoxia treatment. The authors concluded that hyperoxia treatment may stimulate marked senolytic effects including markedly rising telomere length and clearance of senescent cells in the aging individuals. Similarly, another study conducted by Shwe et al. investigated the effect of hyperoxia (at 2ATA, pure O2, 250 L/min, 80 min/day) for 14 days on telomere length in hippocampus in rats (Shwe et al., 2021). The study showed that HBOT restored telomere length in hippocampus.
Side Effects (Toxicity) of Short-Term Hyperoxia
Studies have assessed the potential side effects of hyperoxia at different oxygen doses and exposure times (Tables 1–4, Supplementary Tables S1–S4). Some of the studies have shown that exposure to hyperoxia may cause some side effects (Walker and Benzer, 2004; Zhang et al., 2010; Ottolenghi et al., 2019; Amir et al., 2020). A randomized controlled clinical trial study by Amir et al. evaluated the side effects of HBOT (100% O2 at 2ATA for 90 min) (Amir et al., 2020). In the oxygen treatment group, four participants (13.3%) had mild middle ear barotrauma compared to none in the control group. Sixty-two percent of the participants without intraocular lens implantation had visual acuity changes in the oxygen treatment group, compared to 37% in the control group. In the oxygen treatment group, nine patients (31.0%) experienced far sight acuity weakening while six patients (20.6%) experienced improvement in their far sight acuity.
Zhang and his colleagues compared the effects of hyperoxic (60% O2), hypoxic (11% O2), and normoxic (21% O2) exposures of rats’ eyes for 3 weeks on the mitochondrial DNA (mtDNA) damage, gene expression of mtDNA base excision repair (mtBER) enzymes, and 8-hydroxy-2′ -deoxyguanosine (8-OHdG) level in lens (Zhang et al., 2010). The study showed the damage of mtDNA, the expression of mtBER enzymes, and the level of 8-OHdG in lens raised following hyperoxia, which is likely related with oxidative stress. In the O2 treatment group, nuclear cataract was developed quickly at 14-month-old rats while lens remained transparent in the control group. Similarly, a study by Walker et al. revealed a prominent initial pattern of degeneration of the mitochondria in Drosophila flight muscle under hyperoxia (100% O2) (Walker and Benzer, 2004). Similarly, malondialdehyde (MDA), the main finale product of the peroxidation of polyunsaturated fatty acids, was directly affected by exposure to 80% Fi O2 during and after general anesthesia (Ottolenghi et al., 2019).
In contrast, some other studies have demonstrated that exposure to hyperoxia do not cause potential side effects (Godman et al., 2010; Rockswold et al., 2010; García-de-la-Asunción et al., 2011). Rockswold et al. compared hyperbaric oxygen (1.5 ATA for 60 min) and normobaric hyperoxia (1 ATA for 3 h) oxygen toxicity in severe traumatic brain injury (TBI) patients (Rockswold et al., 2010). However, there was no rise in the bronchoalveolar lavage (BAL) inflammatory markers (IL-6 and IL-8), microdialysate glycerol, and CSF F2-isoprostane levels, which were used to assess possible O2 toxicity. Godman and his colleagues also demonstrated an upregulation of cytoprotective, antioxidant, and immediate early genes in human endothelial cells following a hyperbaric oxygen exposure to 100% O2 at 2.4 atm for 1 h (Godman et al., 2010). These increases correlated with a higher level of resistance to a lethal oxidative stress. Similarly, García-de-la-Asunción et al. reported that administration of 80% O2 during colon surgery and 2 h after surgery did not worsen pulmonary function or cause atelectasis (García-de-la-Asunción et al., 2011). In conclusion, studies have reported varying degrees of side effects of hyperoxia from no side effect to serious side effects depending on the dose and duration of oxygen exposure in the protocol of the studies.
DISCUSSION
Therapeutic Effects of Hyperoxia on Age-Related Diseases
Age-related diseases are broadly categorized as cardiovascular diseases, chronic respiratory diseases, communicable, maternal, neonatal, and nutritional diseases, diabetes and kidney diseases, digestive diseases, injuries, neoplasms, neurological disorders, sense organ diseases, skin and subcutaneous diseases, and other non-communicable diseases (Chang et al., 2019). One of the major results of this systematic review is that hyperoxia has significant therapeutic effects on some of these age-related diseases.
Hyperoxia can cause marked enhancements in cognitive function in healthy adults via mechanisms involving regional changes in CBF (Amir et al., 2020; Balasubramanian et al., 2021). The major enhanced domains are attention, information processing speed, and executive function in addition to global cognitive performance. These domains are known to gradually decline within the process of normal aging and play a crucial role in the daily functioning of the elderly (Harada et al., 2013). Other studies have also shown that a single O2 exposure can increase the cognitive functions including verbal function and visuospatial function via increased brain activation (Sohn et al., 2005; Chung et al., 2006). Similarly, HBOT restored cognitive function in both d-gal-induced aging and combined model of aging and obesity by reducing hippocampal pathologies (Shwe et al., 2021). Interestingly, HBOT attenuated brain aging and inflammation, as indicated by the decreased BACE level, increased relative telomere to single gene copy AT 1 receptor (T/S) ratio, decreased number of SA-β-gal positive cells, and decreased microglial hyper-activation.
HBOT (different ATA) could also restore memory in brain injury and D-galactose models, and the anti-aging and anti-inflammation effects of HBOT may reduce ROS production in D-gal-induced aging mice (Chen et al., 2016; Chen et al., 2017). HBOT attenuated D-gal-induced cognitive impairment by reducing oxidative stress in hippocampus via the increase of superoxide dismutase, glutathione peroxidase, and catalase levels in hippocampus (Chen et al., 2016). Hence, it was speculated that HBOT attenuates aging and inflammatory process in the brain and consequently decreases ROS production, which leads to decreased brain pathologies, resulting in restoration of cognitive function (Amir et al., 2020).
A reduction of MDA and GSSG amounts in the blood plasma and in the colonic mucosa of patients who inhaled 80% Fi O2 during colon surgery was reported (García-de-la-Asunción et al., 2011). MDA is an end product of fatty acid peroxidation in cell membranes and a classical marker of oxidative stress in tissues and blood (Wong et al., 1987). Another study also demonstrated a decrease in MDA blood plasma concentration and other oxidative stress marker levels such as GSSG in the blood of patients undergoing colon surgery with supplemental O2 (80% Fi O2) (García de la Asunción et al., 2007). Therefore, administration of 80% Fi O2 in patients undergoing colon surgery may protect them from the peroxidation of fatty acids in the colonic mucosa by oxidative stress and can be helpful in the decrease of surgical wound infections, duration of hospitalization, and return of bowel function (García de la Asunción et al., 2007).
Pretreatment with hyperoxia almost eliminated the postischemic release of IL-6 from the heart during reperfusion (Karu et al., 2007). This is in line with the previous reports (Wan et al., 1996; Colagrande et al., 2006). This diminished level of IL-6 shows a reduced myocardial injury, similar to a study that examined other cardioprotective strategies (Colagrande et al., 2006). However, the protective effect of hyperoxia on myocardial infarction or function was not detected. IL-6 levels during reperfusion have been demonstrated to be associated with the severity of injury, as assessed by left ventricular wall motion abnormalities (Hennein et al., 1994) and the negative inotropic effect (Finkel et al., 1992). Moreover, blockade of proinflammatory cytokines has been described to decrease neutrophil chemotaxis and sequestration and to reduce ischemia–reperfusion injury (Tassiopoulos et al., 1998).
A simple and broadly used therapeutic intervention (>96% O2 for 1 h) changes the gene expression profile in the myocardium of patients with coronary artery problem (Karu et al., 2015). Along with others, two distinct humanins were upregulated and survival-related genes and network were stimulated. The cytoprotective result of humanins has been recognized in several stress situations, such as oxidative stress (Yen et al., 2013). Hyperoxia treatment has also been demonstrated to decrease apoptotic cell death stimulated by ischemic insult increased Bcl-2/Bax ratio (Foadoddini et al., 2011). As part of cytoprotective effects, humanins can decrease cytochrome c release and decrease apoptosis as it has been demonstrated that humanin peptides block Bax relation with isolated mitochondria (Guo et al., 2003).
A more serious posttreatment consequence was also observed in patients with severe TBI after hyperbaric O2 treatment than normobaric O2 (Rockswold et al., 2010). Increased tissue levels of oxygen, positively influencing the binding of oxygen in mitochondrial redox enzyme systems, seemed to improve mitochondrial function. This improved function results in the more efficient use of baseline amounts of O2 after hyperbaric O2 treatment (Rockswold et al., 2001; Daugherty et al., 2004). Therefore, although the treatment effect of hyperbaric O2 in the early hours after TBI is important, it is not limited to that time period. It appears to be effective in improving oxidative cerebral metabolism during a much more prolonged period, which lasts for days (Rockswold et al., 2001).
Effects of Hyperoxia on Oxygen-Sensitive Transcription Factors Relevant to Aging
Inhalation of 30% O2 for 1 h followed by a return to normoxia induced a significant activation of HIF-1α (Fratantonio et al., 2021). The activation of NRF2 showed the same trend; on the other hand, NF-kB was not affected during all the experimental times. These activation levels show that 30% oxygen stimulated a clean normobaric oxygen paradox (NOP) described by a mild but continued antioxidant response and a sharp, temporary activation of HIF-1α in the absence of a NF-kB response (Sies et al., 2017). In contrast to 30% O2, 100% oxygen induced a significant activation of NF-kB. In this circumstance, the whole response can be defined as a combination of oxidative stress response with a NOP. Inhalation of 140% O2 was related with marked oxidative stress. NOP is no longer evident and HIF-1α remains at the baseline levels; on the other hand, both NRF2 and NF-kB are significantly activated. Moreover, HIF-1α activation related with both 100% O2 and 30% was accompanied by a rise in EPO amounts of about 10%. This rise overlaps with the rise in circulating EPO after a pulsed hyperoxia already described by the studies following exposure to 100% and 50% O2 (Ciccarella et al., 2011).
Similarly, repetitive HBOT exposures increased HIF-1α expression and the HIF-1α levels gradually decreased towards normalization (Hachmo and Hadanny, 2020). Intermittent hyperoxic exposures induce many of the physiological responses that occur during hypoxia (Cimino et al., 2012). HBOT increases the release of HIFs and their stability as well as activity (Sunkari et al., 2015). In turn, HIF-1α induces mitochondria biogenesis, cellular cascade including vascular endothelial growth factor and angiogenesis induction, stem cell mobilization, and SIRT1 increased activity (Hadanny and Efrati, 2020). The HBOT can alter gene expression in a number of cellular pathways, such as the ERK/MAPK pathways, Integrin, and Nrf2 (Godman et al., 2010). These pathways comprise several genes that are crucial in cellular defense. HBO-treated cells are protected from lethal oxidative stress; this finding supports the functional significance of these gene expression changes.
Hyperoxia has potential benefits in several clinical applications related to age-related diseases. Some of the clinical applications include a pre-conditioning hyperoxia treatment, which may be an attractive choice for patients about to undergo mostly stressful operations, such as open-heart surgeries. Hyperoxia pretreatment has the capacity to protect humans from acute ischemia during coronary artery bypass grafting processes using cardiopulmonary bypass (Alex et al., 2005; Yogaratnam et al., 2006). Hyperoxia could also be considered as a possible treatment option to slow aging due to its capacity to raise endogenous antioxidant enzymes that decrease ROS-induced cellular impairment. Analysis of the gene array data also showed that hyperoxia can stimulate proliferation of HMEC-1 cells through the activation of growth-regulatory genes. Endothelial cell proliferation is a vital constituent of angiogenesis and wound healing, both of which decrease with age (Godman et al., 2010).
The role of Nrf2 signal transduction pathway in adaptive responses to oxidative stress is well known (Ma, 2013); however, its age-dependent decrease is not yet well understood. Homeostatic adaptive response is the temporary increase of stress-protective enzymes production and the activation of damage elimination and repair machinery necessary for clearance of dysfunctional enzymes, organelles, and lipids. These adaptive responses help to avert the accumulation of impaired cellular components, and to increase the probabilities of existence and strength in response to toxic conditions (Davies, 2016). As the main inducer of metabolic enzymes and multiple phase II detoxifications, temporary Nrf2 transcriptional activation is the cause for starting the adaptive homeostatic response to oxidants including H2O2. Nrf2 and its multiple downstream targets can be robustly increased at physiologically relevant conditions in response to an external stimulus (Pomatto et al., 2019). A basal increase in Nrf2 levels was reported in chronic diseases such as multiple forms of cancer (Moon and Giaccia, 2015) and with age (Pomatto et al., 2018). This shows a new baseline that allows organisms, tissues, or cells to cope with an age-associated rise in chronic oxidative stress generated, but the older organism was unable to further adapt or adjust the Nrf2 levels (Pomatto et al., 2019).
A study by Hosford et al. further increased the current body of knowledge to embrace the effects of hyperoxia on VEGFR1, VEGFR2, and HIF-2α (Hosford, 2003). The mRNA expression in VEGF rises during the time of alveolar development and is decreased after exposure of neonatal rats to a hyperoxia during this serious period. The VEGFR1 as well as VEGFR2 mRNA and protein were declined during exposure to a high-O2 condition. Expression of HIF-2α mRNA decreases in response to a hyperoxic O2, suggesting that the low levels of HIF-2α observed at high O2 concentrations are not stimulating VEGF expression. It is well known that this hyperoxic exposure protocol inhibits alveolarization in the rat pup (Boros et al., 1997; Manji et al., 2001); as a result, authors postulate that signaling via VEGF receptors may be a key mechanism for postnatal lung development and hyperoxic inhibition of this pathway may play a role to the observed decrease in septation of the alveoli (Hosford, 2003).
Effects of Hyperoxia on Telomere Length and Cellular Senescence
The critical hallmarks of the aging process at the cell level include cell proliferation, telomere length shortening, and cellular senescence (Colloca et al., 2020). In aging individuals, the repeated HBOT interventions can increase PBMC telomere length by over 20%, with B cells displaying the highest change in telomere length (Hachmo and Hadanny, 2020). While several inborn and environmental factors are related with telomere shortening, the most common suggested mechanism is oxidative stress. Oxidative stress can occur from imbalances between the production of ROS and cellular scavengers. Telomeres are highly susceptible to oxidative DNA damage, which can induce telomere shortening and dysfunction (Barnes et al., 2019). The relation between telomere length shortening and oxidative stress has been debated for the past many years. Human cell culture studies constantly show that mild oxidative stress hastens telomere shortening, whereas antioxidants and free radical scavengers reduce shortening rates and increase the cellular proliferative lifespan (Von Zglinicki, 2002).
Many clinical studies on pathological conditions such as diabetes, inflammatory diseases, and Parkinson’s disease have demonstrated associations between oxidative stress markers, reactive oxygen species scavenger levels, and telomere length (Sampson et al., 2006). However, healthy participants did not show similar results (Reichert and Stier, 2017). Similarly, HBOT increased telomere length in hippocampus in rats. The number of senescent cells also decreased by 10%–37% after HBOT interventions, with T helper senescent cells being the most affected (Shwe et al., 2021). Likewise, HBOT was proposed as a non-pharmacological treatment, clinically accessible with well-known safety profile for senescent cell clearance (Hachmo and Hadanny, 2020).
Side Effects of Hyperoxia
Oxygen toxicity involves the formation of reactive oxygen species that damage cell membranes and their components (Ikeda and Long, 1990). Oxygen free radicals are formed during normal oxidative metabolism in all aerobic cells and are reduced within the mitochondrial cristae, as part of normal oxidative phosphorylation (Boveris and Chance, 1973). The level of oxidant damage can be measured by a stoichiometric association between the rate of the formation of reactive oxygen species and rate of their elimination or quenching by antioxidants (Jamieson, 1989).
Although oxygen therapy is considered to be safe, at high dosage, it can be harmful and result in oxygen toxicity. Lengthy exposure to high oxygen pressure with a long disparity between ROS to scavengers can cause membrane lipid peroxidation and enzyme inhibition and modulations, most frequently seen in the central nervous system (CNS), that cause changes in neuronal metabolism and its associated electrical activity (Torbati et al., 1992). Lung is another organ that is comparatively susceptible to oxygen toxicity. Pulmonary oxygen toxicity can be manifested by chest tightness, cough, and a reversible decline of pulmonary function (Leach et al., 1998). Both CNS and pulmonary toxicity depend on the partial pressure of oxygen and the duration of exposure (Jain, 2017). Therefore, the current HBOT protocols comprise repeated daily sessions limited to 60–90 min with O2 partial pressure not beyond 2.4 ATA, as well as air brakes every 20–30 min. Using these new protocols, HBOT is considered to be safe; both pulmonary and CNS oxygen toxicity are very rare (Hadanny et al., 2016; Hadanny et al., 2019). Additionally, in patients without chronic lung diseases, the currently used HBOT protocols do not cause any pulmonary toxicity or changes in pulmonary functions following 60 repeated exposures (Hadanny et al., 2019).
In this review, we noticed that studies have reported varying degrees of toxicity of hyperoxia from no side effect to serious side effects depending on the dose and duration of oxygen exposure in the protocol of the studies. Some studies have shown that hyperoxia is a safe treatment option: Hyperoxia (100% O2) neither reproduces nor accelerates the pattern of alterations in glutathione redox state and PrSSG content observed during aging under normoxic conditions (Rebrin and Sohal, 2006). Upregulation of antioxidant, cytoprotective, and immediate early genes was observed in human endothelial cells following a hyperbaric oxygen exposure (100% O2 at 2.4 atm for 1 h) (Godman et al., 2010). These increases coincided with an improved resistance to a lethal oxidative stress. Administration of 80% O2 during colon surgery and 2 h following surgery did not deteriorate lung function or cause atelectasis (García-de-la-Asunción et al., 2011). Similarly, in severe TBI patients, exposure to hyperbaric O2 at 1.5 ATA for 60 min showed no increase in the CSF F2-isoprostane levels, microdialysate glycerol, and BAL inflammatory markers (IL-6 and IL-8), which were used to monitor potential O2 toxicity after exposure to HBOT (Rockswold et al., 2010).
On the other hand, other studies have shown that hyperoxia causes some serious side effects: HBOT protocol caused visual acuity changes, far sight acuity deterioration, and mild middle ear barotrauma (Amir et al., 2020). Similarly, increasing the exposure of the lens to hyperoxia could lead to mtDNA damage and increase the risk of nuclear cataract formation (Zhang et al., 2010). Therefore, lowering the levels of oxygen exposure around the lens might protect it against nuclear cataract formation by reducing the production of mtDNA damage induced by ROS. A remarkable initial pattern of mitochondria degeneration was also reported in Drosophila flight muscle under hyperoxia (100% O2) (Walker and Benzer, 2004). Exposure to elevated FiO2 during and after general anesthesia also showed unbalanced pro-oxidant/antioxidant equilibrium (Ottolenghi et al., 2019). The equilibrium of hyperoxia-exposed patients was unbalanced by high pro-oxidant and low anti-oxidant defense among patients undergoing elective abdominal surgery.
Limitations
To the best of our knowledge, this is the first review to systematically investigate the current knowledge on the effects of short-term hyperoxia on aging biomarkers in preclinical and clinical models. However, the following limitations need to be considered in this systematic review. Systematic reviews are usually subject to publication bias of the studies showing no differences (Onishi and Furukawa, 2014). In addition, the quality assessment results of this review showed that six studies had high risk and two studies had unclear risk of random sequence generation bias. Similarly, one study had high risk and 7 studies had unclear risk of blinding of participants and personnel bias. Moreover, 8 studies had unclear risk of allocation concealment bias, blinding of outcome assessment bias, and blinding of outcome assessment bias (all case mortality), which could overrate their conclusion.
Furthermore, of the total studies in this review, 6 studies are non-randomized clinical trials and two studies are uncontrolled clinical trials. Although in human and animal experiments, variation between groups is limited by genetic homogeneity and standardized experimental conditions, lack of randomization and control can reduce the internal validity of the experiments (Bebarta et al., 2003), Moreover, most of the included studies did not show a power calculation and some studies used small sample size. Sample size calculation is required to reduce the incidence of false-negative or false-positive outcomes between groups and to keep the number of study participants used as low as possible considering the legal, ethical, and scientific requirements.
Variations in the study design including the use of animal, human, insects/worms, and cell line models; the use of different study participants in human models such as healthy individuals with different age-related diseases and different age groups; the use of different species of animals in animal models; and differences in hyperoxia exposure time, doses, and variation in outcome measures (biomarkers) hindered us to pool the data for meta-analysis and may also account for some of the conflicting results.
CONCLUSION
This systematic review reveals that short-term hyperoxia treatment could be a feasible option to slow aging. Short-term hyperoxia treatment increased endogenous antioxidant enzymes that suppress ROS-associated cellular damage, significantly increased telomere length and clearance of senescent cells, and significantly upregulated or downregulated the expression of oxygen-sensitive transcription factors that are relevant to aging. This review also revealed that hyperoxia causes varying degrees of side effects from no side effect to serious adverse effects depending on the dose and duration of oxygen exposure. Some studies have demonstrated that hyperoxia neither reproduces nor accelerates the pattern of alterations in glutathione redox state and PrSSG content observed during aging. However, other studies have reported that increased exposure to hyperoxia causes some serious side effects such as visual acuity changes, far sight acuity deterioration, mild middle ear barotrauma, and mtDNA damage, and increases the risk of nuclear cataract formation. In general, it can be concluded that short-term hyperoxia causes positive dynamics of aging markers in both animal and human experiments. There is evidence of positive effects on certain parameters that reflect quality of life. That being said, there is no direct research to prove that short-term hyperoxia actually increases life expectancy in humans. This issue requires further study. Additional studies for better understanding the beneficial effects of short-term hyperoxia and for minimizing side effects are also necessary for optimal clinical application.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
BT, US, ZS, BK, and EE designed the review. BT searched articles. BT and BK selected relevant articles and extracted the data. BT drafted the article. US, ZS, KB, and EE reviewed the article.
FUNDING
The article processing charge was funded by InterHypox e.V., Germany. This systematic review is supported by CellAir Construction GmbH, Germany.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fragi.2021.783144/full#supplementary-material
Supplementary Table S1 | The effect of hyperoxia on aging markers in human.
Supplementary Table S2 | The effect of hyperoxia on aging markers in cell lines.
Supplementary Table S3 | The effect of hyperoxia on aging markers in rats.
Supplementary Table S4 | The effect of hyperoxia on aging markers in insects and worms.
REFERENCES
 Alex, J., Laden, G., Cale, A. R. J., Bennett, S., Flowers, K., Madden, L., et al. (2005). Pretreatment with Hyperbaric Oxygen and its Effect on Neuropsychometric Dysfunction and Systemic Inflammatory Response after Cardiopulmonary Bypass: A Prospective Randomized Double-Blind Trial. J. Thorac. Cardiovasc. Surg. 130 (6), 1623–1630. doi:10.1016/j.jtcvs.2005.08.018
 Amir, H., Malka, D.-K., Gil, S., Rahav, B.-G., Merav, C., Kobi, D., et al. (2020). Cognitive Enhancement of Healthy Older Adults Using Hyperbaric Oxygen: A Randomized Controlled Trial. Aging 12 (13), 13740–13761. doi:10.18632/aging.103571
 Balasubramanian, P., Delfavero, J., Nyul-Toth, A., Tarantini, A., Gulej, R., and Tarantini, S. (2021). Integrative Role of Hyperbaric Oxygen Therapy on Healthspan, Age-Related Vascular Cognitive Impairment, and Dementia. Front. Aging 2, 678543. doi:10.3389/fragi.2021.678543
 Barnes, R. P., Fouquerel, E., and Opresko, P. L. (2019). The Impact of Oxidative DNA Damage and Stress on Telomere Homeostasis. Mech. Ageing Develop. 177, 37–45. doi:10.1016/j.mad.2018.03.013
 Bebarta, V., Luyten, D., and Heard, K. (2003). Emergency Medicine Animal Research: Does Use of Randomization and Blinding Affect the Results?Acad. Emerg. Med 10 (6), 684–687. doi:10.1111/j.1553-2712.2003.tb00056.x
 Boros, V., Burghardt, J. S., Morgan, C. J., and Olson, D. M. (1997). Leukotrienes Are Indicated as Mediators of Hyperoxia-Inhibited Alveolarization in Newborn Rats. Am. J. Physiology-Lung Cell Mol. Physiol. 272 (3), L433–L441. doi:10.1152/ajplung.1997.272.3.l433
 Boveris, A., and Chance, B. (1973). The Mitochondrial Generation of Hydrogen Peroxide. General Properties and Effect of Hyperbaric Oxygen. Biochem. J. 134 (3), 707–716. doi:10.1042/bj1340707
 Buras, J. (2000). Basic Mechanisms of Hyperbaric Oxygen in the Treatment of Ischemia-Reperfusion Injury. Int. Anesthesiology Clin. 38 (1), 91–109. doi:10.1097/00004311-200001000-00007
 Chang, A. Y., Skirbekk, V. F., Tyrovolas, S., Kassebaum, N. J., and Dieleman, J. L. (2019). Measuring Population Ageing: an Analysis of the Global Burden of Disease Study 2017. The Lancet Public Health 4 (3), e159–e167. doi:10.1016/s2468-2667(19)30019-2
 Chen, C., Huang, L., Nong, Z., Li, Y., Chen, W., Huang, J., et al. (2017). Hyperbaric Oxygen Prevents Cognitive Impairments in Mice Induced by D-Galactose by Improving Cholinergic and Anti-apoptotic Functions. Neurochem. Res. 42 (4), 1240–1253. doi:10.1007/s11064-016-2166-8
 Chen, X., Li, Y., Chen, W., Nong, Z., Huang, J., and Chen, C. (2016). Protective Effect of Hyperbaric Oxygen on Cognitive Impairment Induced by D-Galactose in Mice. Neurochem. Res. 41 (11), 3032–3041. doi:10.1007/s11064-016-2022-x
 Chung, S.-C., Sohn, J.-H., Lee, B., Tack, G.-R., Yi, J.-H., You, J.-H., et al. (2006). The Effect of Transient Increase in Oxygen Level on Brain Activation and Verbal Performance. Int. J. Psychophysiology 62 (1), 103–108. doi:10.1016/j.ijpsycho.2006.02.006
 Ciccarella, Y., Balestra, C., Valsamis, J., and Van der Linden, P. (2011). Increase in Endogenous Erythropoietin Synthesis through the Normobaric Oxygen Paradox in Cardiac Surgery Patients. Br. J. Anaesth. 106 (5), 752–753. doi:10.1093/bja/aer074
 Cimino, F., Balestra, C., Germonpré, P., De Bels, D., Tillmans, F., Saija, A., et al. (2012). Pulsed High Oxygen Induces a Hypoxic-like Response in Human Umbilical Endothelial Cells and in Humans. J. Appl. Physiol. 113 (11), 1684–1689. doi:10.1152/japplphysiol.00922.2012
 Colagrande, L., Formica, F., Porta, F., Martino, A., Sangalli, F., Avalli, L., et al. (2006). Reduced Cytokines Release and Myocardial Damage in Coronary Artery Bypass Patients Due to L-Arginine Cardioplegia Supplementation. Ann. Thorac. Surg. 81 (4), 1256–1261. doi:10.1016/j.athoracsur.2005.10.003
 Colloca, G., Di Capua, B., Bellieni, A., Fusco, D., Ciciarello, F., Tagliaferri, L., et al. (2020). Biological and Functional Biomarkers of Aging: Definition, Characteristics, and How They Can Impact Everyday Cancer Treatment. Curr. Oncol. Rep. 22 (11), 115. doi:10.1007/s11912-020-00977-w
 Cypser, J. R., and Johnson, T. E. (2002). Multiple Stressors in Caenorhabditis elegans Induce Stress Hormesis and Extended Longevity. Journals Gerontol. Ser. A: Biol. Sci. Med. Sci. 57 (3), B109–B114. doi:10.1093/gerona/57.3.b109
 Daugherty, W. P., Levasseur, J. E., Sun, D., Rockswold, G. L., and Bullock, M. R. (2004). Effects of Hyperbaric Oxygen Therapy on Cerebral Oxygenation and Mitochondrial Function Following Moderate Lateral Fluid-Percussion Injury in Rats. J. Neurosurg. 101 (3), 499–504. doi:10.3171/jns.2004.101.3.0499
 Davies, K. J. A. (2016). Adaptive Homeostasis. Mol. Aspects Med. 49, 1–7. doi:10.1016/j.mam.2016.04.007
 Efrati, S., and Ben-Jacob, E. (2014). Reflections on the Neurotherapeutic Effects of Hyperbaric Oxygen. Expert Rev. Neurotherapeutics 14 (3), 233–236. doi:10.1586/14737175.2014.884928
 Finkel, M. S., Oddis, C. V., Jacob, T. D., Watkins, S. C., Hattler, B. G., and Simmons, R. L. (1992). Negative Inotropic Effects of Cytokines on the Heart Mediated by Nitric Oxide. Science 257 (5068), 387–389. doi:10.1126/science.1631560
 Foadoddini, M., Esmailidehaj, M., Mehrani, H., Sadraei, S. H., Golmanesh, L., Wahhabaghai, H., et al. (2011). Pretreatment with Hyperoxia Reduces In Vivo Infarct Size and Cell Death by Apoptosis with an Early and Delayed Phase of protection. Eur. J. Cardio-Thoracic Surg. 39 (2), 233–240. doi:10.1016/j.ejcts.2010.05.036
 Fratantonio, D., Virgili, F., Zucchi, A., Lambrechts, K., Latronico, T., Lafère, P., et al. (2021). Increasing Oxygen Partial Pressures Induce a Distinct Transcriptional Response in Human PBMC: A Pilot Study on the "Normobaric Oxygen Paradox". Int. J. Mol. Sci. 22 (1), 1–13. doi:10.3390/ijms22010458
 Fratantonio, D., Cimino, F., Speciale, A., and Virgili, F. (2018). Need (More Than) Two toTango: Multiple Tools to Adapt to Changes in Oxygen Availability. BioFactors 44 (3), 207–218. doi:10.1002/biof.1419
 García de la Asunción, J., Belda, F. J., Greif, R., Barber, G., Viña, J., and Sastre, J. (2007). Inspired Supplemental Oxygen Reduces Markers of Oxidative Stress during Elective colon Surgery. Br. J. Surg. 94 (4), 475–477. doi:10.1002/bjs.5497
 García-de-la-Asunción, J., Barber, G., Rus, D., Perez-Griera, J., Belda, F. J., Martí, F., et al. (2011). Hyperoxia during colon Surgery Is Associated with a Reduction of Xanthine Oxidase Activity and Oxidative Stress in Colonic Mucosa. Redox Rep. 16 (3), 121–128. doi:10.1179/174329211X13049558293632
 Godman, C. A., Joshi, R., Giardina, C., Perdrizet, G., and Hightower, L. E. (2010). Hyperbaric Oxygen Treatment Induces Antioxidant Gene Expression. Ann. N. Y Acad. Sci. 1197, 178–183. doi:10.1111/j.1749-6632.2009.05393.x
 Guo, B., Zhai, D., Cabezas, E., Welsh, K., Nouraini, S., Satterthwait, A. C., et al. (2003). Humanin Peptide Suppresses Apoptosis by Interfering with Bax Activation. Nature 423 (6938), 456–461. doi:10.1038/nature01627
 Hachmo, Y., and Hadanny, A. (2020). Hyperbaric Oxygen Therapy Increases Telomere Length and Decreases Immunosenescence in Isolated Blood Cells: a Prospective Trial. Aging (Albany NY) 12, 22445. doi:10.18632/aging.202188
 Hadanny, A., Meir, O., Bechor, Y., Fishlev, G., Bergan, J., and Efrati, S. (2016). The Safety of Hyperbaric Oxygen Treatment-Rretrospective Analysis in 2,334 Patients. Undersea Hyperb. Med. 43 (2), 113–122. Available at: http://www.ncbi.nlm.nih.gov/pubmed/27265988.
 Hadanny, A., and Efrati, S. (2020). The Hyperoxic-Hypoxic Paradox. Biomolecules 10 (6), 958. doi:10.3390/biom10060958
 Hadanny, A., Zubari, T., Tamir-Adler, L., Bechor, Y., Fishlev, G., Lang, E., et al. (2019). Hyperbaric Oxygen Therapy Effects on Pulmonary Functions: a Prospective Cohort Study. BMC Pulm. Med. 19 (1), 148. doi:10.1186/s12890-019-0893-8
 Harada, C. N., Natelson Love, M. C., and Triebel, K. L. (2013). Normal Cognitive Aging. Clin. Geriatr. Med. 29 (4), 737–752. doi:10.1016/j.cger.2013.07.002
 Hennein, H. A., Ebba, H., Rodriguez, J. L., Merrick, S. H., Keith, F. M., Bronstein, M. H., et al. (1994). Relationship of the Proinflammatory Cytokines to Myocardial Ischemia and Dysfunction after Uncomplicated Coronary Revascularization. J. Thorac. Cardiovasc. Surg. 108 (4), 626–635. doi:10.1016/s0022-5223(94)70286-1
 Higgins, J. P. T., Altman, D. G., Gotzsche, P. C., Juni, P., Moher, D., Oxman, A. D., et al. (2011). The Cochrane Collaboration's Tool for Assessing Risk of Bias in Randomised Trials. BMJ 343, d5928. doi:10.1136/bmj.d5928
 Hosford, G. (2003). Effects of Hyperoxia on VEGF, its Receptors, and HIF-2α in the Newborn Rat Lung. Am. J. Physiol. Lung Cel Mol Physiol 285, L161. doi:10.1152/ajplung.00285.2002
 Ikeda, Y., and Long, D. M. (1990). The Molecular Basis of Brain Injury and Brain Edema: the Role of Oxygen Free Radicals. Neurosurgery 27, 1–11. doi:10.1097/00006123-199007000-00001
 Ingle, R. (1990). Hyperbaric Oxygen Therapy. Jama 264 (14), 1811. doi:10.1001/jama.1990.03450140031024
 Jain, K. K. (2017). “Oxygen Toxicity,” in Textbook of Hyperbaric Medicine (Cham: Springer International Publishing), 49–60. doi:10.1007/978-3-319-47140-2_6
 Jamieson, D. (1989). Oxygen Toxicity and Reactive Oxygen Metabolites in Mammals. Free Radic. Biol. Med. 7 (1), 87–108. doi:10.1016/0891-5849(89)90103-2
 Karu, I., Loit, R., Zilmer, K., Kairane, C., Paapstel, A., Zilmer, M., et al. (2007). Pre-treatment with Hyperoxia before Coronary Artery Bypass Grafting - Effects on Myocardial Injury and Inflammatory Response. Acta Anaesthesiol Scand. 51 (10 CC-Heart), 1305–1313. doi:10.1111/j.1399-6576.2007.01444.x
 Karu, I., Tahepold, P., Ruusalepp, A., Reimann, E., Koks, S., and Starkopf, J. (2015). Exposure to Sixty Minutes of Hyperoxia Upregulates Myocardial Humanins in Patients with Coronary Artery Disease - a Pilot Study. J. Physiol. Pharmacol. 66 (6), 899–906. doi:10.1002/central/CN-01164347
 Keramidas, M. E., Kounalakis, S. N., Debevec, T., Norman, B., Gustafsson, T., Eiken, O., et al. (2011). Acute Normobaric Hyperoxia Transiently Attenuates Plasma Erythropoietin Concentration in Healthy Males: Evidence against the 'normobaric Oxygen Paradox' Theory. Acta Physiol. (Oxf) 202 (1), 91–98. doi:10.1111/j.1748-1716.2011.02262.x
 Leach, R. M., Rees, P. J., and Wilmshurst, P. (1998). ABC of Oxygen: Hyperbaric Oxygen Therapy. BMJ 317 (7166), 1140–1143. doi:10.1136/bmj.317.7166.1140
 López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The Hallmarks of Aging. Cell 153 (6), 1194–1217. doi:10.1016/j.cell.2013.05.039
 Ma, Q. (2013). Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. Toxicol. 53 (1), 401–426. doi:10.1146/annurev-pharmtox-011112-140320
 Manji, J. S., O'Kelly, C. J., Leung, W. I., and Olson, D. M. (2001). Timing of Hyperoxic Exposure during Alveolarization Influences Damage Mediated by Leukotrienes. Am. J. Physiology-Lung Cell Mol. Physiol. 281 (4), L799–L806. doi:10.1152/ajplung.2001.281.4.l799
 Marcinkowska, A. B., Mankowska, N. D., Kot, J., and Winklewski, P. J. (2021). Impact of Hyperbaric Oxygen Therapy on Cognitive Functions: a Systematic Review. Neuropsychol. Rev. . doi:10.1007/s11065-021-09500-9
 Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G. (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: the PRISMA Statement. BMJ 339 (jul21 1), b2535. doi:10.1136/bmj.b2535
 Moon, E. J., and Giaccia, A. (2015). Dual Roles of NRF2 in Tumor Prevention and Progression: Possible Implications in Cancer Treatment. Free Radic. Biol. Med. 79, 292–299. doi:10.1016/j.freeradbiomed.2014.11.009
 Onishi, A., and Furukawa, T. A. (2014). Publication Bias Is Underreported in Systematic Reviews Published in High-Impact-Factor Journals: Metaepidemiologic Study. J. Clin. Epidemiol. 67 (12), 1320–1326. doi:10.1016/j.jclinepi.2014.07.002
 Ottolenghi, S., Rubino, F. M., Sabbatini, G., Coppola, S., Veronese, A., Chiumello, D., et al. (2019). Oxidative Stress Markers to Investigate the Effects of Hyperoxia in Anesthesia. Int. J. Mol. Sci. 20 (21), 1–12. doi:10.3390/ijms20215492
 Pitt, J. N., Leiser, S. F., and Kaeberlein, M. (2014). Oxygen and Aging. Annu. Rev. Gerontol. Geriatr. 34 (1), 59–91. doi:10.1891/0198-8794.34.59
 Pomatto, L. C. D., Sun, P. Y., Yu, K., Gullapalli, S., Bwiza, C. P., Sisliyan, C., et al. (2019). Limitations to Adaptive Homeostasis in an Hyperoxia-Induced Model of Accelerated Ageing. Redox Biol. 24 (February), 101194. doi:10.1016/j.redox.2019.101194
 Pomatto, L. C. D., Cline, M., Woodward, N., Pakbin, P., Sioutas, C., Morgan, T. E., et al. (2018). Aging Attenuates Redox Adaptive Homeostasis and Proteostasis in Female Mice Exposed to Traffic-Derived Nanoparticles ('vehicular Smog'). Free Radic. Biol. Med. 121, 86–97. doi:10.1016/j.freeradbiomed.2018.04.574
 Pomatto, L. C. D., and Davies, K. J. A. (2018). Adaptive Homeostasis and the Free Radical Theory of Ageing. Free Radic. Biol. Med. 124, 420–430. doi:10.1016/j.freeradbiomed.2018.06.016
 Pomatto, L. C. D., Wong, S., Carney, C., Shen, B., Tower, J., and Davies, K. J. A. (2017). The Age- and Sex-specific Decline of the 20s Proteasome and the Nrf2/CncC Signal Transduction Pathway in Adaption and Resistance to Oxidative Stress in Drosophila melanogaster. Aging 9 (4), 1153–1185. doi:10.18632/aging.101218
 Rebrin, I., and Sohal, R. S. (2006). Comparison between the Effects of Aging and Hyperoxia on Glutathione Redox State and Protein Mixed Disulfides in Drosophila melanogaster. Mech. Ageing Develop. 127 (11), 869–874. doi:10.1016/j.mad.2006.09.001
 Reichert, S., and Stier, A. (2017). Does Oxidative Stress Shorten Telomeres In Vivo ? A Review. Biol. Lett. 13 (12), 20170463. doi:10.1098/rsbl.2017.0463
 Rockswold, S. B., Rockswold, G. L., Vargo, J. M., Erickson, C. A., Sutton, R. L., Bergman, T. A., et al. (2001). Effects of Hyperbaric Oxygenation Therapy on Cerebral Metabolism and Intracranial Pressure in Severely Brain Injured Patients. J. Neurosurg. 94 (3), 403–411. doi:10.3171/jns.2001.94.3.0403
 Rockswold, S. B., Rockswold, G. L., Zaun, D. A., Zhang, X., Cerra, C. E., Bergman, T. A., et al. (2010). A Prospective, Randomized Clinical Trial to Compare the Effect of Hyperbaric to Normobaric Hyperoxia on Cerebral Metabolism, Intracranial Pressure, and Oxygen Toxicity in Severe Traumatic Brain Injury. Jns 112 (5), 1080–1094. doi:10.3171/2009.7.jns09363
 Rothfuss, A., and Speit, G. (2002). Investigations on the Mechanism of Hyperbaric Oxygen (HBO)-induced Adaptive protection against Oxidative Stress. Mutat. Res. 508 (1–2), 157–165. doi:10.1016/s0027-5107(02)00213-0
 Sampson, M. J., Winterbone, M. S., Hughes, J. C., Dozio, N., and Hughes, D. A. (2006). Monocyte Telomere Shortening and Oxidative DNA Damage in Type 2 Diabetes. Diabetes Care 29 (2), 283–289. doi:10.2337/diacare.29.02.06.dc05-1715
 Semenza, G. (2002). Signal Transduction to Hypoxia-Inducible Factor 1. Biochem. Pharmacol. 64 (5–6), 993–998. doi:10.1016/s0006-2952(02)01168-1
 Shwe, T., Bo-Htay, C., and Ongnok, B. (2021). Hyperbaric Oxygen Therapy Restores Cognitive Function and Hippocampal Pathologies in Both Aging and Aging-Obese Rats. Elsevier 195, 111465. doi:10.1016/j.mad.2021.111465
 Sies, H., Berndt, C., and Jones, D. P. (2017). Oxidative Stress. Annu. Rev. Biochem. 86 (1), 715–748. doi:10.1146/annurev-biochem-061516-045037
 Sohal, R. S., Agarwal, S., Dubey, A., and Orr, W. C. (1993). Protein Oxidative Damage Is Associated with Life Expectancy of Houseflies. Proc. Natl. Acad. Sci. 90 (15), 7255–7259. doi:10.1073/pnas.90.15.7255
 Sohn, J. H., Chung, S. C., and Jang, E. H. (2005). 30% Oxygen Inhalation Enhances Cognitive Performance through Robust Activation in the Brain. J. Physiol. Anthropol. Appl. Hum. Sci 24 (1), 51–53. doi:10.2114/jpa.24.51
 Sunkari, V. G., Lind, F., Botusan, I. R., Kashif, A., Liu, Z.-J., Ylä-Herttuala, S., et al. (2015). Hyperbaric Oxygen Therapy Activates Hypoxia-Inducible Factor 1 (HIF-1), Which Contributes to Improved Wound Healing in Diabetic Mice. Wound Repair Regen. 23 (1), 98–103. doi:10.1111/wrr.12253
 Tassiopoulos, A. K., Hakim, T. S., Finck, C. M., Pedoto, A., Hodell, M. G., Landas, S. K., et al. (1998). Neutrophil Sequestration in the Lung Following Acute Aortic Occlusion Starts during Ischaemia and Can Be Attenuated by Tumour Necrosis Factor and Nitric Oxide Blockade. Eur. J. Vasc. Endovascular Surg. 16 (1), 36–42. doi:10.1016/s1078-5884(98)80089-0
 Torbati, D., Church, D. F., Keller, J. M., and Pryor, W. A. (1992). Free Radical Generation in the Brain Precedes Hyperbaric Oxygen-Induced Convulsions. Free Radic. Biol. Med. 13 (2), 101–106. doi:10.1016/0891-5849(92)90070-w
 Von Zglinicki, T. (2002). Oxidative Stress Shortens Telomeres. Trends Biochem. Sci. 27 (7), 339–344. doi:10.1016/s0968-0004(02)02110-2
 Walker, D. W., and Benzer, S. (2004). Mitochondrial “Swirls” Induced by Oxygen Stress and in the Drosophila Mutant Hyperswirl. Proc. Natl. Acad. Sci. 101 (28), 10290–10295. doi:10.1073/pnas.0403767101
 Wan, S., DeSmet, J.-M., Barvais, L., Goldstein, M., Vincent, J.-L., and LeClerc, J.-L. (1996). Myocardium Is a Major Source of Proinflammatory Cytokines in Patients Undergoing Cardiopulmonary Bypass. J. Thorac. Cardiovasc. Surg. 112 (3), 806–811. doi:10.1016/s0022-5223(96)70068-5
 Wong, S. H., Knight, J. A., Hopfer, S. M., Zaharia, O., Leach, C. N., and Sunderman, F. W. (1987). Lipoperoxides in Plasma as Measured by Liquid-Chromatographic Separation of Malondialdehyde-Thiobarbituric Acid Adduct. Clin. Chem. 33 (2 Pt 1), 214–220. doi:10.1093/clinchem/33.2.214
 Yanase, S., and Ishii, N. (2008). Hyperoxia Exposure Induced Hormesis Decreases Mitochondrial Superoxide Radical Levels via Ins/IGF-1 Signaling Pathway in a Long-Lived Age-1 Mutant of Caenorhabditis elegans. J. Radiat. Res. 49 (3), 211–218. doi:10.1269/jrr.07043
 Yen, K., Lee, C., Mehta, H., and Cohen, P. (2013). The Emerging Role of the Mitochondrial-Derived Peptide Humanin in Stress Resistance. J. Mol. Endocrinol. 50 (1), R11–R19. doi:10.1530/jme-12-0203
 Yogaratnam, J. Z., Laden, G., Madden, L. A., Seymour, A.-M., Guvendik, L., Cowen, M., et al. (2006). Hyperbaric Oxygen: a New Drug in Myocardial Revascularization and protection?Cardiovasc. Revascularization Med. 7 (3), 146–154. doi:10.1016/j.carrev.2006.04.006
 Yuan, Y., Cruzat, V. F., Newsholme, P., Cheng, J., Chen, Y., and Lu, Y. (2016). Regulation of SIRT1 in Aging: Roles in Mitochondrial Function and Biogenesis. Mech. Ageing Develop. 155, 10–21. doi:10.1016/j.mad.2016.02.003
 Zhang, Y., OuYang, S., Zhang, L., Tang, X., Song, Z., and Liu, P. (2010). Oxygen-induced Changes in Mitochondrial DNA and DNA Repair Enzymes in Aging Rat Lens. Mech. Ageing Dev. 131 (11–12), 666–673. doi:10.1016/j.mad.2010.09.003
Conflict of Interest: EE is a co-owner of CellAir Construction GmbH.The remaining 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.
Copyright © 2022 Tessema, Sack, Serebrovska, König and Egorov. 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/fragi-02-783144-t004.jpg
Author Insect/worm
and year

Rebrin  Drosophia
and melanogaster
Sohal,
(2006)

Waker  Drosophia
and melanogaster
Benzer,

(2004)

Yanase  Caenorhabultis
and Ishi,  elegans
(2008)

Condition  Age

NA 9-50 days

NA 3-4 days
old

NA 5-15days

Hyperoxia
protocol

100% O» from

10 days old until

death

100% O was
passed through
the box at a
constant rate
(800 mi/min)

90% O, for 3h
per day for
10 days

Aging
markers

GSH

GssG

PrSsG

Degeneration of
mitochondria

Mitochondrial
superoxide
radical (Oz)
levels

Results

Hyperoxia had no
marked effect on GSH
concentration in both
WT and YW fies
Under hyperoxia, YW
flies did not exhibit an
increase in GSSG
amount or a dedline in
GSH:GSSG ratio,
whereas WT fies
showed a decline in
GSH:GSSG ratio only
during the latter part of
hyperoxia

In neither strain was
there a progressive
increase in PrSSG:
amount under
hyperoxia

In hyperoxia condition,
mitochondrial
degeneration ocours
rapidly within
mitochondria of the
fight muscle

The O,- levels in age 1
strain significantly
decreased after
intermittent hyperoxia
exposure

Conclusion

Results indicated that
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of alterations in
glutathione redox state
and PrSSG content
observed during aging
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conditions.

Authors discovered a
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damage to the
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mitochondrion

These data suggest that
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from metabolic, proteotoxic, and
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number of immediate early genes can
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targets (208 Proteasome,
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(VEGFR1 and EGFR2)

HIF-2 a

Synaptic plasticity
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Hippocampal insulin
receptor function
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Aging marker: beta-
secretase (BACE1)
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8-OHdG levels

Results

MRNA levels of VEGF
increased in normoxic
animals, but hyperoxia
suppressed this increase
VEGFRI and VEGFR2
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normoxic animals, but
they were decreased by
hyperoxia

MANA levels of HIF-2 a
increased in normoxic
animals, but hyperoxia
suppressed this increase

Synaptic plasticity was
restored/improved

Insulin receptor function
was restored/improved

ROS was decreased
Could not restore
neurogenesis
Hippocampal autophagy
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Microgiial hyperactivation
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Hippocampal apoptosis
reversed back to normal
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Telomere length was
restored

The number of SA-p-gal-
positive cells was
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Increased
Increased
Increased

Conclusion

Hyperoxic exposure
decreased VEGF levels,
and decreased VEGF
receptors (VEGFR1 and
VEGFR?) levels

HBOT attenuated insulin
resistance, cogritive

impairment, hippocampal

aging and pathologes.
These findings suggest
that HBOT restored
insulin sensitivity,
hippocampal functions,
cognition in aging, and
aging-obese models

These data emphasize
the importance of DNA
repair enzymes and
antioxidant enzymes as
targets to promote DNA
repair and reduce
production of ROS.

Safety issues

Not reported

Not reported

Increasing the
exposure of the lens to
hyperoxia could lead to
MIDNA damage and
increase the risk of
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formation

NIM, ot mentioned; VEGF, Vascular endothelial growth factor; LTD, Insuiin-induced long-term depression; LTP, long-term potentiation; SA-p-gal, senescence-associated p falactosidase;
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6
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EPO
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Results
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Not activated
Activated
Activated
Activated
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group than in the 30%
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Lower in the 80% O
group than in the 30%
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XDH was higher, but
XO/(XO + XDH) ratio
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0 group than in the
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ratio were lower in the
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Telomeres length of T
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natural kiler, and B cells
increased

Decrease in the number
of senescent T helpers
and T-cytotoxic
senescent cells

HIF-1 a levels increased

Did not differ between
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Did not differ between
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Did not differ between
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More oxicized GSH
was released in the
hyperoxia group
Decreased release of
L6

MTRNR2L2 and
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upregulated, and a “cell
sunvival” network was
activated

EPO concentration was
significantly lower in
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between the two
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Antioxidant defense
lower, in the 80% O,
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both the 40% O, group
and the baseline values
NOX was higher in the
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after surgery

‘The MDA concentration
was higher 24 h after
surgery in the 80% O,
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HOSSG in red blood
cells was higher in the
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significantly increased
CBF for6h
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concentrations
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lactate levels in HBO,
decreased.
Microdialysis lactate/
pyruvate (L/P) ratios
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groups. No increase in
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Noincrease in the CSF
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No increase in BAL
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IL-6, and IL-8

Conclusion

HBOT induces cognitive
enhancements in healthy
aging adults via mechanisms
involving regional changes
in CBF.

The retum to normoxia after
MH is sensed as a hypoxic
trigger characterized by HIF-
1 activation. On the contrary,
HH and VHH induce a shift
toward an oxidative stress

response, characterized by

NRF2 and NF- kB activation

An increase in oxidative
stress marker levels in blood
and colonic mucosa ocour
when 30% O, is used,
possibly through anincrease
in XO enzymatic activity in
the colonic mucosa. The
80% O prevented oxidative
stress, with a reduction of
lipid peroxidation and
glutathione oxidation; this
may be due to decreases in
XO enzymatic activity and
XO/(XO + XDH) ratio in the
colonic mucosa

“The study indicates that
HBOT may induce significant
senolytic effects including
significantly increasing
telomere length and
clearance of senescent cells
in the aging popuiations

Exposure to >96% oxygen
before cardioplegia did not
attenuate
ischemia-reperfusion injury
of the heart in patients
undergoing coronary artery
bypass grafting. The only
potentially beneficial effect
observed was the
decreased transmyocardial
release of interleukin-6
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oxygenfor 1 hchanges gene
expression in the
myocardium of the patients
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and may enhance cell
sunvival capabilty

The increased O tension
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hyperoxic breathing
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MDA, the main end product
of the peroxidation of
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directly influenced by Oz,
may represent the best
marker to assess the pro-
oxidant/antioxidant
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robust postireatment effect
than NBH on oxidative
cerebral metabolism

Safety issues
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toxicity)

Miid middle ear
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Not reported

Authors could not find
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patients during the
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0, during surgery and
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Unbalanced pro-
oxidant/antioxidant
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or cerebral O, toxicity
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NF- kB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; GSH, Glutathione; MMP-9/2, Matrix metallopeptidase- 9/2; MDA, malondialdehyde; GSSG, oxidzed glutathione;
XDH, xanthine dehycrogenase; XO, xanthine oxidase; CK-MB, creatine kinase-MB; IL-6/8, interleukin-6/8; EPO, Erythropoietin; NOX, itrates and nitrites; HbSSG, glutathionyl

hemoglobin.
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