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Abstract

:

Saturation diving allows divers to reduce the risk of decompression sickness while working at depth for prolonged periods but may increase reactive oxygen species (ROS) production. Such modifications can affect endothelial function by exacerbating oxidative stress. This study investigated the effects of saturation diving on oxidative stress damage. Redox status was evaluated through: ROS production; total antioxidant capacity (TAC); nitric oxide metabolites (NOx); nitrotyrosine (3-NT); and lipid peroxidation (8-iso-PGF2α) assessment. Creatinine and neopterin were analyzed as markers of renal function and damage. Measurements were performed on saliva and urine samples obtained at four time points: pre; deep; post; and 24 h post. Four divers were included in the study. After the saturation dive (post), significant (p < 0.05) increases in ROS (0.12 ± 0.03 vs. 0.36 ± 0.06 µmol.min−1), TAC (1.88 ± 0.03 vs. 2.01 ± 0.08 mM), NOx (207.0 ± 103.3 vs. 441.8 ± 97.3 µM), 3-NT (43.32 ± 18.03 vs. 18.64 ± 7.45 nM·L−1), and 8-iso-PGF2α (249.7 ± 45.1 vs. 371.9 ± 54.9 pg·mg−1 creatinine) were detected. Markers of renal damage were increased as well after the end of the saturation dive (creatinine 0.54 ± 0.22 vs. 2.72 ± 1.12 g-L−1; neopterin 73.3 ± 27.9 vs. 174.3 ± 20.53 μmol·mol−1 creatinine). These results could ameliorate commercial or military diving protocols or improve the understanding of symptoms caused by oxygen level elevation.
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1. Introduction


Saturation diving, also known as “Commercial Offshore” or “Diving Underwater Habitat”, is a prolonged diving technique that brings gas concentrations in tissues into equilibrium with environmental gases [1]. These divers work at great depths for a long time and live inside underwater habitats to carry out essential human functions. During saturation diving, the human body is subjected to severe/extreme environmental conditions, exposing divers to higher risks and accidents [2,3]. However, the risk of decompression sickness is reduced by controlling the partial pressures of inhaled gases [2]. The responses to stressful conditions have been documented using various physiological, biochemical, and psychological measures [4,5,6]. Specifically, divers are exposed to increased partial pressure of oxygen (PO2), potentially toxic gases, bacteria, and bubble formation during decompression. These subjects also spend a long time in isolation, alternating strenuous shift work with prolonged relative inactivity [7].



Under normal physiological conditions, approximately 1.2% of inspired O2 is converted to reactive oxygen species (ROS), and hyperoxia increases this amount [7]. As suggested by previous works on hyperbaric hyperoxic exposure in mammalians [8,9,10] challenging variations in PO2 are known to induce inflammation [9,11,12] and increased ROS production. These byproducts exacerbate oxidative stress and damage cell structures, specifically proteins, lipids, and nucleic acids [13,14].



Little is known about the balance between pro-oxidant effects and antioxidant responses related to saturation diving. Antioxidant defenses are known to increase when the production of ROS is enhanced [7,15,16]. Additionally, the administration of antioxidant and vitamin supplements is an intuitive measure to boost antioxidant defenses against ROS [17]. Recent literature has demonstrated that differential gene expression indicated reduced blood O2 transport and increased endogenous antioxidant activity after saturation diving.



Another O2 free radical produced as part of normal physiology is nitric oxide (NO). Hyperoxia increases the activity of all three NO Synthase isoforms (iNOS: inducible; eNOS: endothelial; and nNOS: neuronal) via several mechanisms [18,19]. NO seems to play a vital role in decompression stress, but the specific interactions during saturation diving are still unknown.



This study aimed to investigate the effects of saturation diving on oxidative stress for the first time. In particular, we planned to determine ROS production and total antioxidant capacity (TAC) via electron paramagnetic resonance (EPR), the only technique that enables the direct detection of free radicals [20,21,22], using a specific spin probe [22,23]. Moreover, NO metabolites and nitrotyrosine (markers of cell damage and inflammation), interleukin 6 (IL-6) and 8-isoprostane (marker of lipid peroxidation), and creatinine and neopterin (markers of renal function and damage) were evaluated.




2. Material and Methods


2.1. Subjects, Worksite, and Experimental Design


This study involved four professional (certified for commercial saturation diving) divers working in the Southern Adriatic Sea, whose anthropometric and physiological parameters are reported in Table 1.



The study was conducted following the Helsinki Declaration and was approved by the Ethical Committee of Università degli Studi di Milano, Italy (Aut. n° 37/17). All the volunteers signed an informed consent. Monitoring sessions were conducted onboard the main ship between 20 December 2019 and 21 January 2020.



In Figure 1, the diving profile is depicted. At maximum depth, PO2 was kept between 410 and 420 mbar, increasing to 500 mbar at the end of the decompression. The hyperbaric environment had a controlled humidity of 50–70% and a temperature of 29–31 °C. Additionally, carbon dioxide was monitored continuously to ensure a maximum level of 5000 ppm. Divers alternated 8–10 h of underwater work with 12 h of rest in the chamber hosted onboard. While working at depth, the PO2 of the lockout gas supplied to the divers was set between 0.6 and 0.9 atm.



Antioxidant supplements (see Table 2) were administered to the divers to increase the body’s antioxidant defenses.



Samples of saliva and urine were obtained at four time points before, during, and after a saturation dive: before (pre) on 20 December; at maximum depth on 10 January (deep); immediately after the end on 20 January (post); and 24 h after the end on 21 January (24 h post).




2.2. Saliva and Urine Samples


Saliva samples were collected to determine levels of ROS and TAC. Nitrite/nitrate (NOx), 3-nitrotyrosine (3-NT), lipid peroxidation (8-isoprostane), IL-6, neopterin, and creatinine concentrations were measured on urine samples.



Approximately 1 mL of saliva was obtained by Salivette devices (Sarstedt, Nümbrecht, Germany). The subjects were instructed on the correct use and to refrain from drinking, eating, smoking, brushing their teeth, and using mouthwash in the 30 min before salivary collection. Samples were spun down, aliquoted, and stored.



Urine samples were collected by voluntary voiding in a sterile container and were stored in multiple aliquots at −20 °C until assayed and thawed only once before analysis.



2.2.1. ROS and Antioxidant Capacity by Electron Paramagnetic Resonance


Electron Paramagnetic Resonance spectroscopy X-band (9.3 GHz) (E-Scan Bruker, Billerica, MA, USA) was used to assess ROS production and TAC. Samples were analyzed in triplicate. A 37 °C unit by Temperature and Gas Controller ‘‘Bio III’’ (Noxigen Science Transfer & Diagnostics GmbH, Elzach, Germany), interfaced with the E-Scan, was preserved. ROS production and TAC assessment methods were previously described [14,23,24,25,26].




2.2.2. Nitrite and Nitrate Levels (NOx)


NOx concentrations were assessed in urine via a colorimetric method based on the Griess reaction [27], using a commercial kit (Cayman, BertinPharma, Montigny le Bretonneux, France). Samples were read in duplicate at 545 nm by a spectrophotometer microplate reader (Infinite M200, Tecan Group Ltd., Männedorf, Switzerland). This method has been previously described [14,27].




2.2.3. Nitrotyrosine (3-NT)


3-NT and NO levels have a direct relationship. The assay kit adopted (cat no EU2560; FineTest, Wuhan, China) used Competitive-ELISA as the assessment method. The analysis was carried out in accordance with the manufacturer’s instructions. The concentration of 3-NT in urine was measured spectrophotometrically at a wavelength of 450 nm by comparing the samples’ OD ( optical density) to a standard curve.




2.2.4. 8-Isoprostane


Lipid peroxidation was assessed in urine by competitive immunoassay of 8-isoprostane concentration (8-iso-PGF2 α) (Cayman Chemical, Ann Arbor, MI, USA). Samples were read in duplicate at a wavelength of 512 nm. This method has been previously described [12,14].




2.2.5. Interleukin-IL-6


IL-6 levels were determined using the ELISA assay kit (ThermoFisher Scientific, Waltham, MA, USA), based on the double-antibody “sandwich” technique in accordance with the manufacturer’s instruction.



All the above samples and standards were read by a microplate reader spectrophotometer (Infinite M200, Tecan Group Ltd., Männedorf, Switzerland). The determinations were assessed in duplicate, and the inter-assay coefficient of variation was in the range indicated by the manufacturer.




2.2.6. Creatinine and Neopterin Concentration


Urinary creatinine and neopterin concentrations were measured by isocratic high-pressure liquid chromatography (HPLC). Methods have been previously described [12,14].





2.3. Statistical Analysis


Data are presented as mean ± standard deviation (SD). Statistical analysis was performed using the GraphPad Prism package (GraphPad Prism 8. 4. 3, GraphPad So ware Inc., San Diego, CA, USA). After the Shapiro–Wilk normality test, statistical analyses were performed using non-parametric tests. Data were analyzed with the Friedman non-parametric test for multiple comparisons and Dunn’s post-hoc to determine differences among conditions. p < 0.05 was considered statistically significant. Change ∆% estimation (((post value-pre value)/pre value) × 100) is also reported in the text.





3. Results


No significant differences were observed in anthropometric and physiological parameters between pre and post 30 days of saturation diving. Only a small percentage reduction in weight (−4%), measures of: the waist (−2%) and hips ( anatomic part of the body) (−1.5%), BMI (−4%), and an increase in diastolic blood pressure (DBP) (+13%) can be observed (see Table 1).



Significant increases at post saturation dive of ROS production rate (0.12 ± 0.03 vs. 0.36 ± 0.06 µmol·min−1) (Figure 2A), antioxidant capacity (TAC: 1.88 ± 0.03 vs. 2.01 ± 0.08 mM) (Figure 2B), 8–isoprostane (207.0 ± 103.3 vs. 441.8 ± 97.3 pg·mg−1 creatinine) (Figure 2C), NOx (207.0 ± 103.3 vs. 441.8 ± 97.3 µM) (Figure 2E), and 3-NT (18.64 ± 7.45 vs. 53.32 ± 18.03 nM·L−1) (Figure 2F) were observed.



Moreover, a significant increase at deep respect to pre was found in 8-isoprostane levels (249.7 ± 45.1 vs. 415.7 ± 79.5 pg·mg−1 creatinine) (Figure 2C). Finally, significant increases in ROS production rate (0.12 ± 0.03 vs. 0.24 ± 0.07 μmol·min−1), and TAC (1.88 ± 0.03 vs. 1.94 ± 0.06 mM) at 24 h post saturation dive were measured (Figure 2A,B) too.



The time of course in Figure 2G,H shows a significant increase of creatinine (0.54 ± 0.22 vs. 2.72 ± 1.12 g·L−1) and neopterin/creatinine (73.3 ± 27.9 vs. 174.3 ± 20.53 μmol·mol−1 creatinine) levels, respectively, at post-saturation dive. Finally, a significant increase in IL-6 was found at post (1.77 ± 0.84 vs. 2.79 ± 1.12 pg·mL−1) (Figure 2D).




4. Discussion


In commercial and military saturation diving, workers can live in an underwater habitat or a surface complex. In the latter, divers rest in the living chamber and are transferred to a submersible decompression chamber (the “diving bell”) when they need to reach working depth [28]. Spending time at pressure, divers can extend the available working time without increasing exposure to decompression sickness risk. Still, factors predisposing to this ominous complication have not been ascertained in saturation diving. This is the first study to demonstrate increased ROS production, lipid peroxidation, higher NOx and 3–NT levels, and potential renal damage in such a peculiar environment.



The redox status of human cells is finely regulated, with antioxidant systems always balancing ROS generated by normal metabolism. ROS are usually associated with damages and negative consequences exerted on cells but are also involved in several protective mechanisms, such as immune defense, antibacterial action, vascular tone regulation, and signal transduction [29]. Moreover, a recent research study [17] demonstrated that differential gene expression indicated reduced blood O2 transport and increased endogenous antioxidant activity after saturation diving. During prolonged exposure to a confined, hyperbaric, hyperoxic environment, antioxidant supplementation is recommended for saturation divers to reduce oxidized molecules [30]. However, ROS production may overwhelm antioxidant capacity. Antioxidants cannot attenuate nitric oxide signaling—either directly (reaction with nitric oxide) or indirectly (reaction with derivatives, e.g., peroxynitrite)—or react with hydrogen peroxide [31].



The membrane lipid peroxidation process is one of the earliest events in oxidative cellular damage and is associated with fine structure disturbance and subsequent function loss. In the present study, lipid peroxidation markers were increased at deep and post-saturation diving, probably resulting from compression rather than hyperoxia, as previously reported [32]. These results are concordant with those of Suzuki [33], demonstrating a significant increase immediately after a 4.5 MPa saturation dive.



As widely reported, modifications in PO2 (hyperoxia/hypoxia) can increase ROS accumulation in the whole body [7,13,14,34,35,36]. Additionally, NO has fundamental roles, especially in regulating peripheral [37] and pulmonary vascular tone [38]. However, NO can react with ROS to generate peroxynitrite (ONOO), adding another source of damage to cells [39].



Indeed, in the present study, the level of 3-NT, the product of tyrosine nitration mediated by reactive nitrogen species such as peroxynitrite anion increased. Otherwise, in our experimental set-up, the growth of circulating ROS, NOx, and 3-NT levels is probably due instead to the prolonged hyperoxic exposure than to exercise. In fact, in a previous study performed by the authors [14], the increased oxidative stress and NOx were both generated after sled-assisted breath-hold dives and breath-hold dives using fins but were higher in the latter.



The levels of neopterin and creatinine can increase during systemic oxidative stress [13,14,40,41].



In the present study, the increase of these biochemical parameters’ concentration was observed immediately post-saturation diving and was associated with a rise in ROS production. Even though this study did not evaluate the chronic or long-term effects of saturation diving on kidney function, the four divers manifested a temporary “impairment of renal function” as a likely physiological or adaptive response to hyperoxia. Hyperoxic acclimatization in saturation is also in line with reports of transient symptoms of hypoxia; therefore, management of oxidative stress is essential for health preservation. The body’s endogenous redox systems generally provide this in normoxia, but diving challenges the physiological balance by inducing ROS production in excess. As reported by Brubakk et al. [7] and confirmed in our study, during saturation diving, hyperoxia, partial pressure changes, and inert gas exchange during decompression are likely sources of excess ROS.



Additionally, we found an elevated concentration of IL-6 in post-dive. IL-6 is the first cytokine released into the circulation [42], reflecting a pro-/anti-inflammatory response. In agreement with Stenvinkel et al., we reported elevated levels of creatinine, oxidative stress, and inflammation [43], suggesting that the systemic effect in diving may be due to hyperoxia, hyperbaria, and exercise at depth.



A statistically significant difference was found in post diving as previously reported [17].



It is worth noting the reliability of the micro-invasive methods adopted in this study, reflecting the oxidative/inflammation systemic response. Such techniques are feasible in paramount situations such as the “deep environments” and, at the same time, allow easier recruitment of subjects for scientific tests.



These results could help to improve commercial, police or military diving, scientific exploration, or even help to prepare astronauts for future space exploration. Therefore, the results can help to understand the mechanism generating distress symptoms caused by elevating of the oxygen levels or other phenomena.




5. Limitations


Diving deeper into the water is only for professional saturation divers, and it is a career which is very hard and dangerous. Therefore, there are only a few professionally habilitated saturation divers in the world. It is clear, therefore, that the study suffers from some limitations. Indubitably, the too small number of investigated divers and the high variability among subjects is a limitation, but also the lack of blood sampling during the study, which was a decision made so as to be as little invasive as possible.



Be that as it may, our strength consists in assessing, for the first time, ROS production and antioxidant capacity by EPR, nitric oxide level, and renal function before, during, and after saturation diving, with non-invasive methods.



The main limitation of our study is the small sample. We were forced to include only four subjects due to the scarcity of saturation divers available to take part in the study, and due to technical and logistics constraints. Therefore, results have to be interpreted carefully, and the conclusions cannot be extrapolated to every saturation diver. This being a pilot study, we plan to set international collaborations in the future to increase the number of participants. Nevertheless, this is the first study to assess ROS production, antioxidant capacity, and nitric oxide levels in saturation divers in a real environment.




6. Conclusions


Saturation diving is shown to induce an increase in ROS and NO metabolites. Moreover, in this experiment, transient damage in renal function was noted. Future studies are required to investigate the biochemical processes and the clinical correlations consequent to chronic exposure to high pressure.
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	nitrotyrosine



	NO
	nitric oxide



	NOx (NO2 + NO3)
	nitric oxide metabolites



	ROS
	reactive oxygen species



	TAC
	total antioxidant capacity



	PO2
	partial pressure of oxygen



	O2
	oxygen







References


	



Kindwall, E.P. A short history of diving and diving medicine. In Diving Medicine, 2nd ed.; Bove, A., Davis, C.J., Eds.; WB Saunders Company: Philadelphia, PA, USA, 1990; pp. 6–7. [Google Scholar]

	



Beyerstein, G.; Lang, M.A.; Smith, N.E. (Eds.) Commercial Diving: Surface-Mixed Gas, Sur-D-O2, Bell Bounce, Saturation. In Proceedings of the Advanced Scientific Diving Workshop, Smithsonian Institution, Washington, DC, USA, 23–24 February 2006. [Google Scholar]

	



British Sub-Aqua Club. National Diving Committee Diving Incidents Report 2013. Available online: https://www.bsac.com/document/bsac-diving-incident-report-2013/ (accessed on 20 September 2020).

	



Rahe, C.R.H.; Rubin, R.T.; Gunderson, E.K.E. Measures of Subjects’ Motivation and Affect Correlated with Their Serum Uric Acid, Cholesterol, and Cortisol. Arch. Gen. Psychiatry 1972, 26, 357–359. [Google Scholar] [CrossRef]

	



Baum, A.; Grunberg, N.E.; Singer, J.E. The use of Psychological and Neuroendocrinological Measurements in the Study of Stress. Health Psychol. 1982, 1, 217–236. [Google Scholar] [CrossRef]

	



Brubakk, A.O.; Neuman, T.S. (Eds.) Bennett and Elliott’s Physiology and Medicine of Diving, 5th ed.; W.B. Saunders Ltd.: Philadelphia, PA, USA, 2003; p. 800. [Google Scholar]

	



Brubakk, A.O.; Ross, J.A.; Thom, S.R. Saturation diving; physiology and pathophysiology. Compr. Physiol. 2014, 4, 1229–1272. [Google Scholar] [CrossRef]

	



Bosco, G.; Di Tano, G.; Zanón, V.; Fanò, G. Breath-hold diving: A point of view. Sport Sci. Health 2007, 2, 47–54. [Google Scholar] [CrossRef]

	



Bosco, G.; Rizzato, A.; Moon, R.E.; Camporesi, E.M. Environmental Physiology and Diving Medicine. Front. Psychol. 2018, 9. [Google Scholar] [CrossRef]

	



Morabito, C.; Bosco, G.; Pilla, R.; Corona, C.; Mancinelli, R.; Yang, Z.; Camporesi, E.M.; Fanò, G.; Mariggiò, M.A. Effect of pre-breathing oxygen at different depth on oxidative status and calcium concentration in lymphocytes of scuba divers. Acta Physiol. 2011, 202, 69–78. [Google Scholar] [CrossRef]

	



Bosco, G.; Yang, Z.-J.; Di Tano, G.; Camporesi, E.M.; Faralli, F.; Savini, F.; Landolfi, A.; Doria, C.; Fano, G. Effect of in-water oxygen prebreathing at different depths on decompression-induced bubble formation and platelet activation. J. Appl. Physiol. 2010, 108, 1077–1083. [Google Scholar] [CrossRef]

	



Bosco, G.; Rizzato, A.; Quartesan, S.; Camporesi, E.; Mrakic-Sposta, S.; Moretti, S.; Balestra, C.; Rubini, A. Spirometry and oxidative stress after rebreather diving in warm water. Undersea Hyperb. Med. 2018, 45, 191–198. [Google Scholar] [CrossRef]

	



Mrakic-Sposta, S.; Gussoni, M.; Porcelli, S.; Pugliese, L.; Pavei, G.; Bellistri, G.; Montorsi, M.; Tacchini, P.; Vezzoli, A. Training Effects on ROS Production Determined by Electron Paramagnetic Resonance in Master Swimmers. Oxidative Med. Cell. Longev. 2015, 2015, 1–8. [Google Scholar] [CrossRef]

	



Mrakic-Sposta, S.; Vezzoli, A.; Rizzato, A.; Della Noce, C.; Malacrida, S.; Montorsi, M.; Paganini, M.; Cancellara, P.; Bosco, G. Oxidative stress assessment in breath-hold diving. Graefe’s Arch. Clin. Exp. Ophthalmol. 2019, 119, 2449–2456. [Google Scholar] [CrossRef]

	



Harabin, A.L.; Braisted, J.C.; Flynn, E.T. Response of antioxidant enzymes to intermittent and continuous hyperbaric oxygen. J. Appl. Physiol. 1990, 69, 328–335. [Google Scholar] [CrossRef]

	



Obad, A.; Palada, I.; Valic, Z.; Ivancev, V.; Baković, D.; Wisløff, U.; Brubakk, A.O.; Dujić, Ž. The effects of acute oral antioxidants on diving-induced alterations in human cardiovascular function. J. Physiol. 2006, 578, 859–870. [Google Scholar] [CrossRef]

	



Kiboub, F.Z.; Møllerløkken, A.; Hjelde, A.; Flatberg, A.; Loennechen, Ø.; Eftedal, I. Blood Gene Expression and Vascular Function Biomarkers in Professional Saturation Diving. Front. Physiol. 2018, 9. [Google Scholar] [CrossRef]

	



Thom, S.R.; Bhopale, V.; Fisher, N.; Manevich, Y.; Huang, P.L.; Buerk, N.G. Stimulation of nitric oxide synthase in cerebral cortex due to elevated partial pressures of oxygen: An oxidative stress response. J. Neurobiol. 2002, 51, 85–100. [Google Scholar] [CrossRef]

	



Thom, S.R.; Fisher, N.; Zhang, J.; Bhopale, V.M.; Ohnishi, S.T.; Kotake, Y.; Ohnishi, T.; Buerk, N.G. Stimulation of perivascular nitric oxide synthesis by oxygen. Am. J. Physiol. Circ. Physiol. 2003, 284, H1230–H1239. [Google Scholar] [CrossRef]

	



Mrakic-Sposta, S.; Vezzoli, A.; Malacrida, S.; Falla, M.; Strapazzon, G. “Direct” and “Indirect” Methods to Detect Oxidative Stress During Acute or Chronic High-Altitude Exposure. High Alt. Med. Biol. 2017, 18, 303–304. [Google Scholar] [CrossRef]

	



Mrakic-Sposta, S.; Bosco, G.; Vezzoli, A. Commentary on: “Targeted and untargeted metabolomics applied to occupational exposure to hyperbaric atmosphere”. Toxicol. Lett. 2020, 330, 71–72. [Google Scholar] [CrossRef]

	



Dikalov, S.I.; Polienko, Y.F.; Kirilyuk, I. Electron Paramagnetic Resonance Measurements of Reactive Oxygen Species by Cyclic Hydroxylamine Spin Probes. Antioxid. Redox Signal. 2018, 28, 1433–1443. [Google Scholar] [CrossRef]

	



Mrakic-Sposta, S.; Gussoni, M.; Montorsi, M.; Porcelli, S.; Vezzoli, A. Assessment of a Standardized ROS Production Profile in Humans by Electron Paramagnetic Resonance. Oxidative Med. Cell. Longev. 2012, 2012, 1–10. [Google Scholar] [CrossRef]

	



Yoshino, F.; Yoshida, A.; Wada-Takahashi, S.; Sugiyama, S.; Tokutomi, F.; Maehata, Y.; Miyamoto, C.; Komatsu, T.; Takahashi, S.-S.; Kobayashi, K.; et al. Assessments of salivary antioxidant activity using electron spin resonance spectroscopy. Arch. Oral Biol. 2012, 57, 654–662. [Google Scholar] [CrossRef]

	



Kozik, V.; Jarzembek, K.; Jędrzejowska, A.; Bąk, A.; Polak, J.; Bartoszek, M.; Pytlakowska, K. Investigation of Antioxidant Activity of Pomegranate Juices by Means of Electron Paramagnetic Resonance and UV-Vis Spectroscopy. J. AOAC Int. 2015, 98, 866–870. [Google Scholar] [CrossRef] [PubMed]

	



Zang, S.; Tian, S.; Jiang, J.; Han, D.; Yu, X.; Wang, K.; Li, D.; Lu, D.; Yu, A.; Zhang, Z. Determination of antioxidant capacity of diverse fruits by electron spin resonance (ESR) and UV–vis spectrometries. Food Chem. 2017, 221, 1221–1225. [Google Scholar] [CrossRef]

	



Green, L.E.; Wagner, D.A.; Glogowski, J.; Skipper, P.L.; Wishnok, J.S.; Tannenbaum, S.R. Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal. Biochem. 1982, 126, 131–138. [Google Scholar] [CrossRef]

	



Bevan, J. Diving bells through the centuries. South Pac. Underw. Med. Soc. J. 1999, 29, 42–50. [Google Scholar]

	



Alfadda, A.; Sallam, R. Reactive Oxygen Species in Health and Disease. J. Biomed. Biotechnol. 2012, 2012, 1–14. [Google Scholar] [CrossRef]

	



Deb, S.; Swinton, P.A.; Dolan, E. Nutritional considerations during prolonged exposure to a confined, hyperbaric, hyperoxic environment: Recommendations for saturation divers. Extreme Physiol. Med. 2016, 5, 1–12. [Google Scholar] [CrossRef]

	



Cobley, J.N.; McHardy, H.; Morton, J.P.; Nikolaidis, M.G.; Close, G.L. Influence of vitamin C and vitamin E on redox signaling: Implications for exercise adaptations. Free. Radic. Biol. Med. 2015, 84, 65–76. [Google Scholar] [CrossRef]

	



Vezzoli, A.; Gussoni, M.; Montorsi, M.; Moretti, S.; Mrakic-Sposta, S. Acute Hyperbaria and Hyperoxia Effects on Oxidative Stress Kinetic Response: A Simulated Study. React. Oxyg. Species 2017, 4, 290–297. [Google Scholar] [CrossRef]

	



Suzuki, S. Probable lung injury by long-term exposure to oxygen close to 50 kilopascals. Undersea Hyperb. Med. 1994, 21, 235–243. [Google Scholar]

	



Mrakic-Sposta, S.; Gussoni, M.; Montorsi, M.; Porcelli, S.; Vezzoli, A. A Quantitative Method to Monitor Reactive Oxygen Species Production by Electron Paramagnetic Resonance in Physiological and Pathological Conditions. Oxidative Med. Cell. Longev. 2014, 2014, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



McLeay, Y.; Stannard, S.R.; Houltham, S.; Starck, C. Dietary thiols in exercise: Oxidative stress defence, exercise performance, and adaptation. J. Int. Soc. Sports Nutr. 2017, 14, 12. [Google Scholar] [CrossRef]

	



Tillmans, F.; Sharghi, R.; Noy, T.; Kähler, W.; Klapa, S.; Sartisohn, S.; Sebens, S.; Koch, A. Effect of hyperoxia on the immune status of oxygen divers and endurance athletes. Free Radic. Res. 2019, 53, 522–534. [Google Scholar] [CrossRef]

	



Theunissen, S.; Guerrero, F.; Sponsiello, N.; Cialoni, D.; Pieri, M.; Germonpré, P.; Obeid, G.; Tillmans, F.; Papadopoulou, V.; Hemelryck, W.; et al. Nitric oxide-related endothelial changes in breath-hold and scuba divers. Undersea Hyperb. Med. 2013, 40, 135–144. [Google Scholar]

	



Dias-Junior, C.A.; Cau, S.B.A.; Tanus-Santos, J.E. Papel do óxido nítrico na regulação da circulação pulmonar: Implicações fisiológicas, fisiopatológicas e terapêuticas. J. Bras. Pneumol. 2008, 34, 412–419. [Google Scholar] [CrossRef]

	



Theunissen, S.; Sponsiello, N.; Rozloznik, M.; Germonpré, P.; Guerrero, F.; Cialoni, D.; Balestra, C. Oxidative stress in breath-hold divers after repetitive dives. Diving Hyperb. Med. J. 2013, 43, 63–66. [Google Scholar]

	



Murr, C.; Widner, B.; Wirleitner, B.; Fuchs, D. Neopterin as a marker for immune system activation. Curr. Drug Metab. 2002, 3, 175–187. [Google Scholar] [CrossRef]

	



Shao, Z.; Zhang, R.; Shrestha, K.; Borowski, A.G.; Schuster, A.; Thakur, A.; Hazen, S.L.; Tang, W.W. Usefulness of elevated urine neopterin levels in assessing cardiac dysfunction and exercise ventilation inefficiency in patients with chronic systolic heart failure. Am. J. Cardiol. 2014, 113, 1839–1843. [Google Scholar] [CrossRef]

	



Sureda, A.; Batle, J.M.; Capó, X.; Martorell, M.; Córdova, A.; Tur, J.A.; Pons, A. Scuba diving induces nitric oxide synthesis and the expression of inflammatory and regulatory genes of the immune response in neutrophils. Physiol. Genom. 2014, 46, 647–654. [Google Scholar] [CrossRef]

	



Stenvinkel, P.; Heimbürger, O.; Paultre, F.; Diczfalusy, U.; Wang, T.; Berglund, L.; Jogestrand, T. Strong association between malnutrition, inflammation, and atherosclerosis in chronic renal failure. Kidney Int. 1999, 55, 1899–1911. [Google Scholar] [CrossRef]








[image: Ijerph 17 07118 g001 550] 





Figure 1. Experimental study design. In (A) the accommodation chamber; (B) diving profile: divers were onboard from 20 to 26 December, then were compressed to 45 m and worked there until 5 January. Then they were compressed to 70 m and worked between 70 and 80 m for about 8 days. Finally, divers were progressively decompressed to surface (with a brief stop at 23 m for potential supplemental work at that depth, not performed). 
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Figure 2. Biomarkers kinetic during saturation diving. Time course of: (A) ROS production rate (μmol·min−1) and (B) antioxidant capacity (TAC−mM) in saliva calculated by electron paramagnetic resonance (EPR); (C) 8-isoprostane (8-iso-PGF2α-pg·mg−1 creatinine); (D) Interleukin-6 (IL-6, pg·mL−1); (E) nitric oxide metabolites (NOx, µM), and (F) 3-Nitrotyrosine (3-NT, nM·L−1); (G) creatinine (g·L−1); (H) neopterin (μmol.mol−1 creatinine), concentrations detected in urine. All samples were collected at pre-, at deep, post-, and 24 h post-dive in saturation divers. * p < 0.05. 
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Table 1. Anthropometric and physiological parameters of all saturation divers. Parameters collected from the divers at pre- and post-saturation diving. BMI: body mass index; HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; T: temperature.
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Subject

	
Anthropometric and Physiological Parameters




	
Pre

	
Post Saturation Diving




	
1

	
2

	
3

	
4

	
Mean ± SD

	
1

	
2

	
3

	
4

	
Mean ± SD






	
Age

	
32

	
48

	
44

	
39

	
40.7 ± 6.9

	
-

	
-

	
-

	
-

	
-




	
Weight (Kg)

	
71.5

	
71.7

	
82.5

	
87.8

	
78.4 ± 8.1

	
69

	
68.7

	
79.8

	
84.7

	
75.5 ± 7.9




	
Waist (cm)

	
76

	
84

	
89

	
93

	
85.5 ± 7.3

	
72

	
83

	
88

	
93

	
84.0 ± 8.9




	
Hip (cm)

	
92

	
92

	
96

	
105

	
96.2 ± 6.1

	
92

	
88

	
94.5

	
105

	
94.9 ± 7.3




	
BMI (kg·m−2)

	
23.9

	
26.3

	
26.6

	
28

	
26.2 ± 1.7

	
23

	
25.3

	
25.7

	
27

	
25.2 ± 1.6




	
HR (BPM)

	
80

	
82

	
89

	
104

	
88.7 ± 10.8

	
54

	
60

	
76

	
68

	
64.5 ± 9.6




	
SBP (mmHg)

	
130

	
115

	
110

	
135

	
122.5 ± 11.9

	
140

	
110

	
105

	
150

	
126.3 ± 22.1




	
DBP (mmHg)

	
76

	
75

	
65

	
75

	
72.7 ± 5.2

	
95

	
75

	
80

	
80

	
82.5 ± 8.6




	
T (°C)

	
35.9

	
35.5

	
36.3

	
36.3

	
36.0 ± 0.3

	
35.9

	
34.6

	
35.9

	
35.8

	
36.5 ± 0.6
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Table 2. Antioxidants supplementation. Daily dosage of supplementation, oral use.
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Subject

	
Supplementations Before Bells

	
Supplementations/Die During Saturation Diving






	
1

	
Magnesium 1 tablet/die

	
Vitamin C 1000 mg




	
Creatinine 2 g

	
Branched-chain aminoacids 8.1 4 tablets




	
2

	
Branched-chain aminoacids 8.1 4 tablets

	
Vitamin C 1000 mg




	
Vitamin D 3 drops




	
Complex Vitamin B 1 tablet




	
3

	

	
Vitamin C 1000 mg




	
Multicentrum 1 tablet




	
Engystol 1 × 3 tablets




	
Immunosempre 1 tablet




	
4

	

	
Vitamin C 1000 mg




	
Branched-chain aminoacids 8.1 6 tablets












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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