
mdpi.com/journal/ijms

Special Issue Reprint

Oxygen Variations

Edited by 
Costantino Balestra, Fabio Virgili and Simona Mrakic-Sposta



Oxygen Variations





Oxygen Variations

Editors

Costantino Balestra
Fabio Virgili
Simona Mrakic-Sposta

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Costantino Balestra

Environmental, Occupational,

Aging Physiology Laboratory

Haute Ecole

Bruxelles-Brabant (HE2B)

Brussels

Belgium

Fabio Virgili

National Institute for

Bio-Structures and

Bio-Systems—I.N.B.B.

Interuniversitary Consortium

Rome

Italy

Simona Mrakic-Sposta

Institute of Clinical

Physiology

National Research

Council (CNR)

Milan

Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) (available at: www.mdpi.com/journal/

ijms/special issues/Oxygen Variations).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-8892-6 (Hbk)

ISBN 978-3-0365-8893-3 (PDF)

doi.org/10.3390/books978-3-0365-8893-3

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

www.mdpi.com/journal/ijms/special_issues/Oxygen_Variations
www.mdpi.com/journal/ijms/special_issues/Oxygen_Variations
https://doi.org/10.3390/books978-3-0365-8893-3


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Costantino Balestra, Simona Mrakic-Sposta and Fabio Virgili
Oxygen Variations—Insights into Hypoxia, Hyperoxia and Hyperbaric Hyperoxia—Is the Dose
the Clue?
Reprinted from: Int. J. Mol. Sci. 2023, 24, 13472, doi:10.3390/ijms241713472 . . . . . . . . . . . . . 1

Costantino Balestra, Awadhesh K. Arya, Clément Leveque, Fabio Virgili, Peter Germonpré,
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Preface

For many years, diving and hyperbaric medicine has strived to increase our understanding of the

effects of environmental stressors on human pathophysiology. It has demonstrated the importance of

oxygen and has taught us not to fear this oxidative molecule, the name of which is derived from the

ancient Greek meaning the “acid generator” or Oxy-Gene; indeed, at that time, it was believed that

all acids were derived from oxygen.

Oxygen levels in the atmosphere have not always been stable, and enormous changes in its

content have induced many adaptive reactions. The Great Oxidative Event (GOE) took place around

2.3–2.5 million years ago and the following great change took place with the GOE, which occurred

approximately 0.8 million years ago. After these “catastrophic” changes, the oxygen level altered

drastically, reaching 35% and being around 25–28% in the carboniferous era.

Amazingly enough, all the known anti-oxidative protections that we continue to employ were

present then and able to survive such tremendous changes. We still utilize a well-known “protective”

effect produced by hyperoxic vasoconstriction.

Despite the extensive number of years that medical science has employed oxygen, we have

not totally mastered its use. Hypoxia (normobaric or hypobaric), normobaric hyperoxia and

hyperbaric hyperoxia refer to the various “levels” of oxygen that humans are submitted to, either

in the medical field or during sports activities such as scuba diving or mountaineering. In chronic

situations such as living at high altitudes, we submit our bodies to prolonged hypoxia. One such

example of a human settlement at extreme altitudes is the town of La Rinconada in Peru (around

4500–5500 m, approximately 11% of inspired oxygen). In physiological situations, hypoxemia is

frequently observed in the absence of hypoxia in athletes who experience very high maximum oxygen

consumption during maximal exercise (Dempsey effect); in this case, we find an extremely high

pulmonary blood flow associated with a reduced capillary transit time, which does not allow the

blood to complete sufficient oxygen loading.

Prolonged hyperoxia is more difficult to achieve than prolonged hypoxia, but is possible, for

instance, if people live below sea level, such as near to The Dead Sea in Israel.

This Special Issue aims to provide an overview of the various approaches and physiological

mechanisms or reactions to oxygen variations, and will be of great interest to scholars, physicians,

researchers, sportsmen, coaches, and biologists, or, indeed, anyone interested on oxygen.

Costantino Balestra, Fabio Virgili, and Simona Mrakic-Sposta

Editors
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Molecular oxygen (O2) is one of the four most important elements on Earth (alongside
carbon, nitrogen and hydrogen); aerobic organisms depend on it to release energy from
carbon-based molecules. The concentration of oxygen in the atmosphere is ~20.93–20.95%
(209–460 ppm), but this has fluctuated markedly throughout geological history. It stabilized
within a habitable range, between ~15% and 35%, which has been maintained from the
Cambrian period 540 million years ago until today [1].

The history of the use and the study of oxygen is of great interest, yet we firmly believe
that it has not yet reached a final point.

Nowadays, the therapeutic use of oxygen is not only limited to restoring hypoxia, but
several newly developed approaches use oxygen not only as a “restoring agent” [2] but also
as a potent stimulus [3]. Salvagno et al. based their review on the paradoxical response of
the intermittent shift between hyperoxic–normoxic exposure, which was shown to enhance
erythropoietin production and raise hemoglobin levels with numerous different potential
applications in many fields of therapy as a new strategy for surgical preconditioning
aimed at frail patients and prevention of postoperative anemia. They summarize the
physiological processes behind the proposed “normobaric oxygen paradox”, focusing on
the latest scientific evidence and the potential applications for this strategy [4,5].

The Renaissance physician Paracelsus noted that “Nothing is without poison—the
poison is in the dose”. The contemporary interpretation of this statement is that dose and
effect move together in a predictably linear fashion, and therefore, lower exposures to a
hazardous compound will always generate lower risks. The new data presented in this
Special Issue open new perspectives and explore the “linearity” of cellular responses to
oxygen doses [1,6–8].

Balestra et al. [9] focused on the production of cellular microparticles after one hour of
different levels of oxygen exposure in healthy subjects. They analyzed six different oxygen
breathing concentrations from hypoxia to hyperbaric hyperoxia (See Figure 1).

Microparticles (MPs) expressing proteins specific to different cells were analyzed,
including platelets (CD41), neutrophils (CD66b), endothelial cells (CD146), and microglia
(TMEM). Phalloidin binding and thrombospondin-1 (TSP), which are related to neutrophil
and platelet activation, were also analyzed. The responses were found to be different and
sometimes contrasting. Significant elevations were identified for MPs expressing CD41,
CD66b, TMEM, and phalloidin binding in all conditions apart from 1.4 ATA, which elicited
significant decreases. Few changes were found for CD146 and TSP [10–13].

Int. J. Mol. Sci. 2023, 24, 13472. https://doi.org/10.3390/ijms241713472 https://www.mdpi.com/journal/ijms
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Figure 1. Percentual variations in microparticles (MPs) after 60 min of oxygen breathing. Levels of
oxygen are shown on the ordinate, and total MPs and MP sub-types are shown on the abscissa. Blood
sampling occurred 120 min after exposures (in a total of 48 subjects). Results are expressed in the
heat map as mean percentage change (modified from [9]).

Such results challenge the “paracelsian” view on oxygen. Previous studies have
already shown the different magnitudes and speeds of reactions after oxygen exposure
of cellular HIF-1 α at various levels. Fratantonio et al. [14] described the activation time
trend of oxygen-sensitive transcription factors in human peripheral blood mononuclear
cells (PBMCs) obtained from healthy subjects after one hour of exposure to mild (MH),
high (HH), and very high (VHH) hyperoxia, corresponding to 30%, 100%, and 140% O2,
respectively. They confirmed that MH is perceived as a hypoxic stress, characterized by
the activation of HIF-1 α and nuclear factor (erythroid-derived 2)-like 2 (NRF2), but not of
the Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB). Conversely,
HH is associated with a progressive increase in oxidative stress leading to NRF2 and NF-
kB activation, accompanied by the synthesis of glutathione (GSH). After VHH, HIF-1 α

activation is totally absent and oxidative stress response, accompanied by NF-kB activation,
is prevalent. Intracellular GSH and Matrix metallopeptidase 9 (MMP-9) plasma levels
parallel the transcription factors’ activation patterns and remain elevated throughout the
observation time (24 h). This confirms that, in vivo, the return to normoxia after MH is
sensed as a hypoxic trigger characterized by HIF-1 α activation. On the contrary, HH and
VHH induce a shift toward an oxidative stress response, characterized by NRF2 and NF-kB
activation in the first 24 h post-exposure.

1. Hypoxic Oxygen levels

To reach hypoxic oxygen levels, two different modalities are possible: one is depen-
dent on a higher percentage of nitrogen in the inhaled mixture at atmospheric pressure
(normobaric hypoxia or dilution hypoxia), while the other modality requires a reduced at-
mospheric pressure to reach lesser oxygen molecules per volume of breathed air (hypobaric
hypoxia, such as that found during altitude stay or in a hypobaric chamber) [15].

Leveque et al. [16] compared the metabolic responses of normobaric hypoxic breathing
for 1 h to inspired fractions of 10% and 15% oxygen in healthy humans (roughly mimicking
altitudes of 6000 and 2400 m) [17]. Blood samples were taken before, and at 30 min, 2 h, 8 h,
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24 h, and 48 h after exposure. The level of oxidative stress was evaluated by considering
reactive oxygen species (ROS), nitric oxide metabolites (NOx), lipid peroxidation, and im-
mune inflammation by interleukin-6 (IL-6) and neopterin, while antioxidant systems were
observed in terms of the total antioxidant capacity (TAC) and urates. Hypoxia abruptly and
rapidly increased ROS, while TAC showed a U-shape pattern, with a nadir between 30 min
and 2 h. The regulation of ROS and NOx could be explained by the antioxidant action of
uric acid and creatinine. The kinetics of ROS allowed for the stimulation of the immune
system, as shown by increases in neopterin [18], IL-6, and NOx. This study provides
insights into the mechanisms through which acute hypoxia affects various bodily functions
and how the body sets up the protective mechanisms to maintain redox homeostasis in
response to oxidative stress.

Another approach to acute hypoxia (12.5% of inspired fraction) was proposed by
Mrakic-Sposta et al. [19]. Exposure to acute normobaric hypoxia elicited reactive oxygen
species (ROS) accumulation [20], whose production kinetics and oxidative damage were in-
vestigated [21,22]. Subjects were monitored while breathing a hypoxic mixture (0.125 FiO2
in air, mimicking about 4100 m) and during recovery with room air. ROS production was
assessed using Electron Paramagnetic Resonance in capillary blood. Total antioxidant
capacity, lipid peroxidation (TBARS and 8-iso-PFG2alpha) [23,24], protein oxidation (PC),
and DNA oxidation (8-OH-dG) were measured in plasma and/or urine [23,25]. The ROS
production rate was monitored (5, 15, 30, 60, 120, 240, and 300 min). A production peak
(+50%) was reached at 4 h. The on-transient kinetics, exponentially fitted (t(1/2) = 30 min
r(2) = 0.995), were ascribable to the low O2 tension transition and the mirror-like related
SpO(2) decrease: 15 min: −12%; 60 min: −18%. The exposure did not seem to affect the
prooxidant/antioxidant balance. Significant increases in PC (+88%) and 8-OH-dG (+67%)
at 4 h in TBARS (+33%) one hour after hypoxia offset were also observed. General malaise
was described by most of the subjects. Under acute NH, ROS production and oxidative
damage resulted in time and SpO2-dependent reversible phenomena.

In an animal model (mice), Shao et al. [26] studied the impact of hypoxia (a total of
30 mice were randomly divided into three groups (10 mice in each): control (CON) and
chronic hypoxia (continuously with 13% O2 for 1 and 3 days (H1D and H3D), respectively)
on advanced brain function (learning and memory skills in particular), and the effects
of hypoxic stress on hippocampal function were assessed. Specifically, the effects of the
dysfunction of mitochondrial oxidative phosphorylation using global proteomics. The
authors found that hypoxic stress impaired cognitive and motor abilities, whereas it caused
no substantial changes in the brain morphology or structure of mice. Bioinformatics
analysis reported that hypoxia affected the expression of 516 proteins, of which 71.1%
were upregulated and 28.5% were downregulated. The mitochondrial function was altered
and manifested as a decrease in NADH dehydrogenase (ubiquinone) 1 alpha subcomplex
4 expression, accompanied by increased reactive oxygen species generation, resulting in
further neuronal injury.

Their results may provide some new insights into how hypoxic stress alters hippocam-
pal function via the dysfunction of mitochondrial oxidative phosphorylation [27].

2. Normobaric Hyperoxic Oxygen levels

In clinical practice, preventing or counteracting hypoxia is achieved providing nor-
mobaric oxygen. Even though hyperoxia may seem harmless, it can have detrimental
effects even at modest levels if administered for prolonged periods, especially in critically
ill patients [28].

One example is preterm babies, since their postnatal exposure to factors such as high
oxygen concentrations may likely adversely influence postnatal growth and ongoing organ
development [29–32]. The renal consequences of preterm births have attracted increasing
attention and include a high risk of chronic kidney disease. The third trimester of pregnancy
is the most active period of fetal nephrogenesis, during which more than 60% of nephrons
are formed. Preterm birth (within <37 gestational weeks) interrupts the development and
maturation of the kidneys during the critical growth period since neonates born preterm

3
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have an immature antioxidant defense system [33] and present an imbalance between the
oxidant and the antioxidant system, leading to an increased level of oxygen free radicals,
with subsequent increased risk of oxidative damage to organs.

Hyperoxia during the neonatal period impairs renal tubular development. Human
and animal studies have demonstrated that neonatal hyperoxia increases oxidative stress
and induces glomerular and tubular injuries, which are manifested as renal corpuscle
enlargement, renal tubular necrosis, interstitial inflammation, and kidney fibrosis during
the perinatal period [34–36].

Huang et al. [37] showed a global approach in their manuscript (see their Figure 1);
they analyzed several animal studies (murine) of preterm birth interrupting the devel-
opment and maturation of the kidneys during the critical growth period. They found
that kidneys can exhibit structural defects and functional impairment due to hyperoxia.
Furthermore, hyperoxia during nephrogenesis impairs renal tubular development and
induces glomerular and tubular injuries, which manifest as renal corpuscle enlargement,
renal tubular necrosis, interstitial inflammation, and kidney fibrosis. Preterm birth along
with hyperoxia exposure induces a pathological predisposition to chronic kidney disease.
Hyperoxia-induced kidney injuries are influenced by several molecular factors, including
hypoxia-inducible factor-1 alpha and interleukin-6/Smad2/transforming growth factor-
beta and Wnt/beta-catenin signaling pathways; these are key to cell proliferation, tissue
inflammation, and cell membrane repair. Hyperoxia-induced oxidative stress is char-
acterized by the attenuation or the induction of multiple molecular factors associated
with kidney damage. This review focuses on the molecular pathways involved in the
pathogenesis of hyperoxia-induced kidney injuries.

In terms of human studies on hyperoxia, Leveque et al. [38] compared two 60 min
hyperoxic exposures on healthy humans. Since the effects of oxygen over time and at dif-
ferent partial pressures remain poorly understood, they measured the metabolic responses
of a normobaric oxygen intake for 1 h to mild (30%) and high (100%) inspired fractions.
Blood samples were taken before the intake, and at 30 min, 2 h, 8 h, 24 h, and 48 h after
the single oxygen exposure. The level of oxidation was evaluated by the rate of reactive
oxygen species (ROS) and the levels of isoprostane. Antioxidant reactions were observed
by total antioxidant capacity (TAC), superoxide dismutase (SOD), and catalase (CAT). The
inflammatory response was measured using interleukins-6 (IL-6), neopterin, creatinine,
and urates. Oxidation markers increased from 30 min on to reach a peak at 8 h. From 8
h post-exposure, the markers of inflammation increased more significantly in the 100%
condition than in the 30% condition. This study suggests a biphasic response over time
characterized by an initial “permissive oxidation” followed by increased inflammation and
the antioxidant protection system seems to not be the leading actor. The authors concluded
that the kinetics of enzymatic reactions need to be better studied to establish therapeutic,
training, or rehabilitation protocols for a more targeted use of oxygen.

3. Hyperbaric Hyperoxic Oxygen levels

To reach oxygen levels above 100%, a hyperbaric environment is needed; increasing
the surrounding pressure is achieved in a hyperbaric chamber and is usually achieved for
therapeutic reasons. Hyperbaric oxygen therapy (HBOT) is a therapeutic approach based
on breathing pure oxygen (O2) in an augmented atmospheric pressure [39,40].

Two directions are found in the field of immature (or premature) organisms; on the
one hand, as previously reported, some adverse normobaric hyperoxic effects may occur,
but on the other hand, several sessions of hyperbaric oxygen treatment have been reported
to be beneficial [29,41,42].

In a murine model, Jeremic et al. [43] showed evidence suggesting that hyperbaric
oxygenation may affect the activity of adult neural stem cells (NSCs) [44–46]. Since the
role of NSCs in recovery from brain injury is still unclear, the purpose of this study was to
investigate the effects of sensorimotor cortex ablation (SCA) and HBO treatment (HBOT) on
the processes of neurogenesis in the adult dentate gyrus (DG), a region of the hippocampus
that is the site of adult neurogenesis. Ten-week-old Wistar rats were divided into groups:
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Control (C, intact animals), Sham control (S, animals that underwent the surgical procedure
without opening the skull), SCA (animals in whom the right sensorimotor cortex was
removed via suction ablation), and SCA + HBO (operated animals that passed HBOT).
HBOT protocol: pressure applied at 2.5 absolute atmospheres for 60 min, once daily for
10 days. Using immunohistochemistry and double immunofluorescence labeling, it was
shown that SCA causes significant loss of neurons in the DG. Newborn neurons in the
subgranular zone (SGZ), inner third, and partially mid-third of the granule cell layer
are predominantly affected by SCA. HBOT decreases the SCA-caused loss of immature
neurons, prevents reduction of dendritic arborization, and increases the proliferation of
progenitor cells.

A protective effect of HBO can be considered by reducing the vulnerability of immature
neurons in the adult DG to SCA injury.

The only other way to increase oxygen partial pressure above one atmosphere is
to breathe underwater while diving. A particular diving procedure using closed-circuit
rebreathers (CCR) allows a constant PO2 to be set that will be kept stable during the
whole dive regardless of depth variations (with concomitant ambient pressure changes).
Arya et al. [47] measured blood-borne extracellular vesicles and inflammatory mediators
in divers using closed-circuit rebreathing apparatus and custom-mixed gases to diminish
some diving risks. “Deep” divers (n = 8) dove once to mean (±SD) 102.5 ± 1.2 m of
sea water (msw) for 167.3 ± 11.5 min. “Shallow” divers (n = 6) dove three times on
day 1 and then repeatedly over 7 days to 16.4 ± 3.7 msw for 49.9 ± 11.9 min. There were
statistically significant elevations of microparticles (MPs) in deep divers (day 1) and shallow
divers at day 7 that expressed proteins specific to microglia, neutrophils, platelets and
endothelial cells, as well as thrombospondin (TSP)-1 and filamentous (F-) actin. Intra-MP
IL-1β increased by 7.5-fold (p < 0.001) after day 1 and 41-fold (p = 0.003) at day 7. Intra-
MP nitric oxide synthase-2 (NOS2) increased 17-fold (p < 0.001) after day 1 and 19-fold
(p = 0.002) at day 7. Plasma gelsolin (pGSN) level decreased by 73% (p < 0.001) in deep
divers (day 1) and 37% in shallow divers by day 7. Plasma samples containing exosomes
and other lipophilic particles increased from 186 to 490% among the divers but contained
no IL-1β or NOS2.

The authors concluded that diving triggers inflammatory events even when controlling
for hyperoxia and many are not proportional to the depth of diving.

In terms of the therapeutic side of hyperbaric oxygen, it is strange that, despite having
been used for years, the exact kinetics of the reactive oxygen species between different
levels of hyperbaric oxygen exposure are still not clearly evidenced and, without much
scientific evidence, it is common practice to apply HBOT sessions every 24 h [48]. The need
for several sessions to reach a relevant effect is likewise commonly accepted, however, the
optimal hyperbaric oxygen levels and the time needed between each session to optimize
cellular responses—such as Hypoxia-inducible factor (HIF-1α) or nuclear factor kappa β

(NF-Kβ), erythroid related factor 2 (NRF2), cellular vesicles, and microparticles, such as
Caspase 3 [5,9,14]—are still debated and stand solely on observational clinical outcomes.

Leveque et al. [49] studied the metabolic responses of hyperbaric hyperoxia exposures
for 1 h at 1.4 and 2.5 ATA.

Fourteen healthy non-smoking subjects volunteered for the study. Blood samples were
taken before, and at 30 min, 2 h, 24 h, and 48 h after 1 h hyperbaric hyperoxic exposure. The
level of oxidation was evaluated by the rate of ROS production, nitric oxide metabolites
(NOx), and the levels of isoprostane. Antioxidant reactions were assessed through measur-
ing superoxide dismutase (SOD), catalase (CAT), cysteinylglycine, and glutathione (GSH).
The inflammatory response was measured using interleukine-6, neopterin, and creatinine.
A short (60 min) period of mild (1.4 ATA) and high (2.5 ATA) hyperbaric hyperoxia led
to a similar significant increase in the production of ROS and antioxidant reactions. Im-
munomodulation and inflammatory responses, on the contrary, responded proportionally
to the hyperbaric oxygen dose. Further research is warranted on the dose and the inter-dose
recovery time to optimize the potential therapeutic benefits of this promising intervention.
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These encouraging but also challenging results lead us to question if some oxygen
levels formerly considered as ‘HBOT sham’ [50,51] may be of therapeutic interest [9,51,52].

Oxygen and its variations are certainly the most powerful cellular triggers that can be
found in nature.

Returning to Philippus Theophrastus Aureolus Bombast von Hohenheim (Paracelsus),
he was known to have quite a hot temper and be “bombastic”. Nevertheless, he was very
respectful of previous scholars, such as Aulus Cornelius Celsus (who wrote “De Medicina”);
he respected deep knowledge, which is likely why the name “Paracelsus” was appropriate
to him, since he considered himself not equal to Celsus.

Oxygen can be considered bombastic sometimes, but is also as indispensable; deeper
knowledge on its biology is vital in the present day, and the simple “dose is the poison”
approach is not appropriate for such a metabolically active molecule [41].

To better describe this concept, we constructed Figure 2 after three manuscripts from
Leveque et al. [16,38,49] to illustrate how relative changes of reactive oxygen species are
not directly dependent on the dose up to 48 h following 60 min of exposure.
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Figure 2. Percentual variations in ROS production after 60 min of oxygen breathing. Levels of oxygen
are shown in the figure legend (48 subjects in total). Results are expressed as mean percentage change
of control values (modified from [16,38,49]) (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001;
RM-ANOVA and Dunnet’s post hoc test).

As can be seen from Figure 2, no real difference in ROS production is present during
hyperoxia for as long as 48 h between two rather different doses of oxygen on the hypoxic
side; on the contrary, some acute differences even in slightly different doses can be seen (in
the first few hours after exposure). The dose seems to not be the only clue!

This editorial, drawing a general picture of the Special Issue it accompanies, clearly
shows how much new material can aid understanding of the underlying mechanisms
elicited by oxygen exposures.

Oxygen biology is still a very fruitful research field, and we strongly believe that “oxy-
gen variations” will, in the coming years, be a promising and proficuous field to explore.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Oxygen is a powerful trigger for cellular reactions, but there are few comparative inves-
tigations assessing the effects over a large range of partial pressures. We investigated a metabolic
response to single exposures to either normobaric (10%, 15%, 30%, 100%) or hyperbaric (1.4 ATA,
2.5 ATA) oxygen. Forty-eight healthy subjects (32 males/16 females; age: 43.7 ± 13.4 years, height:
172.7 ± 10.07 cm; weight 68.4 ± 15.7 kg) were randomly assigned, and blood samples were taken
before and 2 h after each exposure. Microparticles (MPs) expressing proteins specific to different
cells were analyzed, including platelets (CD41), neutrophils (CD66b), endothelial cells (CD146), and
microglia (TMEM). Phalloidin binding and thrombospondin-1 (TSP), which are related to neutrophil
and platelet activation, respectively, were also analyzed. The responses were found to be different
and sometimes opposite. Significant elevations were identified for MPs expressing CD41, CD66b,
TMEM, and phalloidin binding in all conditions but for 1.4 ATA, which elicited significant decreases.
Few changes were found for CD146 and TSP. Regarding OPB, further investigation is needed to fully
understand the future applications of such findings.

Keywords: hypoxia; hyperoxia; hyperbaric oxygen; cellular reactions; decompression sickness;
diving; altitude; normobaric oxygen paradox; hyperoxic-hypoxic paradox

1. Introduction

Oxygen (O2), which belongs to the WHO list of essential medicines, has long been
recognized as a common treatment for both acute and chronic diseases, and is widely
applied from pre-hospital emergency medical services to home oxygen therapy [1]. Its main
therapeutic objective is to correct tissue or cellular hypoxia [2]. However, pure O2 breathing
is not only devoted to patients needing oxygen support. Indeed, other therapeutic uses of
oxygen need to be considered. In those therapies, oxygen is considered as a drug capable
of inducing a targeted clinical response, such as Hyperbaric Oxygen Therapy (HBOT) [3,4]
or in therapies using the “Normobaric Oxygen Paradox” or the “Hyperoxic-Hypoxic
Paradox” [5–8]. Moreover, O2 breathing goes beyond mere therapeutic use. Breathing an
O2 mixture at different concentrations, either hypoxic or hyperoxic, has been used for sport
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training [9], cardiovascular conditioning [10,11], or before extreme environmental exposure,
such as SCUBA diving [12,13], military high-altitude free fall [14,15], or space flight [16,17],
to avoid the occurrence of decompression sickness (DCS).

DCS arises when tissues become supersaturated with metabolically inert gases. On
decompression, Nitrogen (N2) or similar gases diffuse from sites of high concentration as
a function of both the pressure gradient and blood flow, which can induce vascular gas
emboli (VGE), a key element in the development of DCS. Indeed, the amount of VGE is
statistically related to the risk of DCS [18]. Conversely, the absence of detectable VGE is
correlated with a very low probability of DCS in both hyperbaric [19] or hypobaric [20]
settings, hence the development of pre-conditioning strategies that aim to reduce VGE
production. Oxygen pre-breathing (OPB), a standard approach to remove dissolved N2
from tissues in anticipation of exposures to sub-normal pressures associated with high-
altitude aviation and extra-vehicular transits while in space, is one of those strategies [21].
OPB has been associated with a decreased incidence of DCS, especially when combined
with moderate exercise [22]. However, although DCS risk is lowered, OPB does not seem
to alter the time when VGE is first detected in decompressed research subjects, except in
small animal research where the metabolic rate is different [18,23,24]. This is interpreted
as indicating that the number of bubble nucleation sites, so-called micronuclei, present at
baseline is not clearly influenced by varying the O2 concentration, but N2 mobilization or
‘wash-out’ decreases bubble formation except for a limited population of such nuclei [18].
There are also alternative strategies that appear to diminish bubble micronuclei [25]. These
issues highlight the complexity of the physio-pathological mechanisms related to DCS.

The literature has identified several contributing factors to pressure exposures and
DCS, such as vascular dysfunction, oxidative stress, and blood-borne microparticles
(MPs) [26,27], which have been considered potential targets for pre-conditioning inter-
ventions. MPs are of particular interest since a growing body of data suggest that they are
a potential bubble nucleation site and play a role in DCS pathophysiology [27–31]. MPs
are 0.1–1 µm vesicles generated by an outward budding of the plasma membrane in a
process that results in the surface expression of phosphatidylserine. As with most types
of extracellular vesicles, MPs are found in all body fluids and increase in association with
most human disease and injuries [32]. They are generated by virtually all cells, can be
beneficial or exacerbate pathology, and exert effects due to the content of nucleic acids,
inflammatory mediators, and enzymes or organelles that generate free radicals [33–36].

Oxidative stress is also considered among the issues related to DCS, especially with
OPB in mind. It is known to occur with diving and documented as the upregulation of an-
tioxidant genes and elevation of plasma and intracellular antioxidant enzyme levels [37–42].
High-pressure exposures also increase the number of MPs in human divers, marine mam-
mals, and small animals used in models of DCS [27–30,43–47]. Studies with isolated
human and murine neutrophils demonstrate that MP production is an oxidative stress
response [48].

Since OPB protocols were developed based on pragmatic factors and the limitations
of resources—such as those present during space flight—with only a view toward N2
removal, the aim of this investigation was to evaluate the impact of varying concentrations
of O2 on the number of blood-borne MPs in a group of human research subjects. We
considered that examining MP responses may offer more objective criteria for choices of
O2 partial pressure.

However, when it comes to analyzing the biological responses to oxygen level varia-
tion, the trade-off between hypoxia and hyperoxia is not obvious. Large deviations from
normoxia generally lead to increased oxidative stress, while the slight modulation of oxy-
gen levels can enhance the antioxidant defenses [1,49]. We therefore investigated extremes,
from 0.1 ATA (Summit of Kilimanjaro (5791 m)) to 2.5 ATA (therapeutic hyperbaric oxygen
sessions), and several intermediate oxygen levels relevant to high-altitude exposure (2400
to 2700 m) or O2 levels used during closed circuit rebreather (CCR) diving—either in
recreational, technical, or military diving (0.15, 0.30, 1.0, and 1.4 ATA) [12,50,51].
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2. Results
2.1. Microparticles Elicited after One Hour of Different Oxygen Exposures

Research subjects had blood samples obtained prior to and at two hours after a one-
hour exposure to various O2 partial pressures. MPs were identified based on size and
surface expression of annexin V (a protein that binds to phosphatidylserine at the particle
surface).

Figure 1 illustrates the changes in the number of blood-borne MPs. Elevations were
found across the range of hypo- to hyperoxic exposures, with significant elevations follow-
ing 10%, 30%, 100%, and 2.5 ATA. Breathing 15% oxygen elicited no change, while 1.4 ATA
is the only O2 level showing a significant decrease in MP production.
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2.2. Microparticles Expressing Proteins from Platelets, Neutrophils, Endothelial Cells, and 
Microglia after One Hour of Different Oxygen Exposures 

The expression of antigens on the MPs surface were probed to evaluate cells gener-
ating MPs and several cells’ signaling proteins.  

Thus, we assessed the percent of MPs expressing proteins specific to platelets 
(CD41)—see Figure 2, neutrophils (CD66b)—see Figure 3, endothelial cells (CD146)—see 
Figure 4, and microglia (TMEM119)—see Figure 5. 

Figure 1. Total microparticle response following different oxygen levels. Box and Whisker plots
indicating median, 1st quartile, 3rd quartile, interquartile range, min., and max. in comparison
to baseline (before oxygen exposure), which was set at 100%. (One-sample t test: **** p < 0.0001,
*** p < 0.001, * p < 0.05, ns = non-significant).

2.2. Microparticles Expressing Proteins from Platelets, Neutrophils, Endothelial Cells, and
Microglia after One Hour of Different Oxygen Exposures

The expression of antigens on the MPs surface were probed to evaluate cells generating
MPs and several cells’ signaling proteins.

Thus, we assessed the percent of MPs expressing proteins specific to platelets (CD41)—
see Figure 2, neutrophils (CD66b)—see Figure 3, endothelial cells (CD146)—see Figure 4,
and microglia (TMEM119)—see Figure 5.

The response pattern of MPs expressing platelet-specific CD41 after different oxidative
stressors shows an ambivalent trend that approaches a sinusoidal pattern following PO2
increase. Every oxygen level increases CD41+ expression except 15% (ns) and an opposite
reaction (a decrease) is elicited for 1.4-ATA exposure.

Neutrophil responses linked to inflammatory reactions show an interesting response
pattern. Normobaric hyperoxia exposures share the same trend—mainly an increase of
CD66b+. This is also the case for the 10% hypoxic stimulus, however with a smaller magni-
tude. Interestingly, the 1.4-ATA exposure again elicited an opposite reaction, suggesting a
sort of “inhibitory” action.
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ns = non-significant).
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Figure 3. CD66b+ response following different oxygen levels exposure. Box and Whisker plots
indicating median, 1st quartile, 3rd quartile, interquartile range, min., and max. in comparison
to baseline (before oxygen exposure), which was set at 100%. (One-sample t test: **** p < 0.0001,
*** p < 0.001, ** p < 0.01, ns = non-significant).
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indicating median, 1st quartile, 3rd quartile, interquartile range, min., and max. in comparison to
baseline (before oxygen exposure), which was set at 100%. (One-sample t test: ** p < 0.01, * p < 0.05,
ns = non-significant).
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indicating median, 1st quartile, 3rd quartile, interquartile range, min., and max. in comparison to
baseline (before oxygen exposure), which was set at 100%. (One-sample t test: ** p < 0.01, * p < 0.05,
ns = non-significant).

CD146+ is a protein expressed by endothelial cells, which are known to react to
oxidative stress but also to increased hydrostatic pressure [52]. It is interesting to note that
hypoxic breathing gives a scattered response, although not reaching statistical significance—
except for 10% and 1.4-ATA exposures, which elicited a significant reduction.

Microglia-derived responses (TMEM119+) show a global increase, except for 1.4 ATA;
another example of varied reactions elicited by this specific PO2.
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2.3. Microparticles Expressing Proteins from Cell Activation after One Hour of Different
Oxygen Exposures

MPs expressing thrombospondin-1 (TSP) (see Figure 6) and those binding phalloidin
(See Figure 7) were also evaluated, seeking evidence for particles arising from cell activation.
Phalloidin binding, a manifestation of membrane surface filamentous (F-) actin expression,
occurs on particles released by activated neutrophils and possibly other cells, and TSP can
be released by activated platelets and astrocytes [53–55].
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ns = non-significant).
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Cellular reactions from platelets and astrocytes may demonstrate a neurovascular
reaction of the body to cope with oxidative stress. Again, all oxygen levels react with an
increment or without significant change, except for the 1.4 ATA, which shows a limited but
significant decrease.

Cellular reactions eliciting filamentous actin liberation are extremely variable, but
clearly demonstrate a membrane stress, and again the only reduction is found after
1.4-ATA exposure.

2.4. Percentual and Absolute Changes of Microparticles Expressing Proteins after One Hour of
Different Oxygen Exposures

Significant elevations across many exposures were identified for CD41, CD66b, TMEM119,
and phalloidin binding, whereas few changes were found for CD146 and TSP.

The magnitude and direction of changes among all MP sub-types are illustrated as a
heat map in Figure 8, while absolute values are presented in Table 1. It should be noted
that when adding each % change in MPs, as shown in Table 1, the sum exceeds 100%. This
is a common finding that is thought to indicate that MPs collide and share antigens [27,56].
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Figure 8. Percentual variations in MPs after 60 min of oxygen breathing. Levels of oxygen are shown
on the ordinate, and Total MPs and MP sub-types are shown on the abscissa. Blood sampling occurred
120 min after exposures (in total 48 subjects participated to the experiment). Results are expressed in
the heat map as mean percentage change.
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Table 1. Absolute values for microparticle-derived responses (MPs/µL). Results are given in
mean ± SD. (Paired t-test: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05).

Exposition Baseline After 120 min p Value n

Extreme Hypoxia 10% (0.1 ATA) MPs/µL Mps/µL Paired t Test

Total MPs 2241 ± 77.5 2388 ± 101.4 <0.0001 **** 6
Thrombospondin 1 12 ± 0.9338 12.44 ± 0.9422 0.2862 6

TMEM119 26.97 ± 0.4024 27.84 ± 0.8396 0.0480 * 6
CD 146+ 33.11 ± 2.934 30.31 ± 2.329 0.0260 * 6
CD 41a+ 4.5 ± 0.1117 4.962 ± 0.2962 0.0125 * 6
CD 66b+ 13.56 ± 1.006 15.33 ± 0.9346 <0.0001 **** 6

Phalloidin 14.24 ± 0.6746 15.66 ± 0.9320 0.0007 *** 6

Moderate Hypoxia 15% (0.15 ATA)

Total MPs 2085 ± 79.27 2114 ± 80.54 0.6174 8
Thrombospondin 1 18.28 ± 0.6066 19.03 ± 0.9983 0.0473 * 8

TMEM119 33.96 ± 0.4660 35.36 ± 1.141 0.0234 * 8
CD 146+ 33.94 ± 0.5551 36.32 ±2.880 0.0156 * 8
CD 41a+ 10.60 ± 1.136 10.64 ± 1.008 0.9582 8
CD 66b+ 22.26 ± 0.5924 23.20 ± 1.216 0.1563 8

Phalloidin 20.60 ± 0.2195 20.93 ± 0.1674 0.0315 * 8

Moderate Hyperoxia 30% (0.3 ATA)

Total MPs 1838 ± 123.2 2116 ± 68.66 0.0159 * 6
Thrombospondin 1 17.86 ± 1.4 17.55 ± 0.8321 0.0473 * 6

TMEM119 30.98 ± 2.081 33.60 ± 0.3714 0.0203 * 6
CD 146+ 33.13 ± 2.933 30.94 ± 1.841 0.0472 * 6
CD 41a+ 8.227 ± 0.7471 11.06 ± 1.192 0.0149 * 6
CD 66b+ 17 ± 1.849 21.64 ± 0.5708 0.001 *** 6

Phalloidin 17.91 ± 2.438 20.54 ± 0.2030 0.0356 * 6

Hyperoxia 100% (1 ATA)

Total MPs 1786 ± 118.0 2072 ± 56.29 <0.0001 **** 14
Thrombospondin 1 17.16 ± 0.5448 18.01 ± 1.218 0.0266 * 14

TMEM119 30.80 ± 1.993 33.10 ± 0.5293 0.0031 ** 14
CD 146+ 42.38 ± 12.31 35.32 ± 4.333 0.0785 14
CD 41a+ 7.751 ± 0.9495 9.552 ± 1.086 0.0035 ** 14
CD 66b+ 14.85 ± 1.662 20.30 ± 1.723 <0.0001 **** 14

Phalloidin 16.74 ± 2.008 19.65 ± 0.7498 0.0023 ** 14

Hyperbaric Hyperoxia 1.4 ATA

Total MPs 2766.69 ± 80.74 2381.7 ± 156.3 0.0004 *** 6
Thrombospondin 1 11.82 ± 0.26 11.21 ± 0.4 0.0354 * 6

TMEM119 31.27 ± 0.35 30.94 ± 0.36 0.087 6
CD 146+ 22.62 ± 0.3 21.5 ± 0.32 0.0011 ** 6
CD 41a+ 6.56 ± 0.40 5.6 ± 0.22 0.0336 ** 6
CD 66b+ 17.65 ± 0.18 16.7 ± 0.4 0.0077 ** 6

Phalloidin 16.86 +/− 0.22 16.15 +/− 0.09 0.001 *** 6

Hyperbaric Hyperoxia 2.5 ATA

Total MPs 1846 ± 128.8 1989 ± 44.05 0.0206 * 8
Thrombospondin 1 17.08 ± 2.048 16.37 ± 0.865 0.6406 8

TMEM119 32.13 ± 0.445 32.98 ± 0.5293 0.0347 * 8
CD 146+ 39.47 ± 4.985 36.88 ± 6.047 0.3828 8
CD 41a+ 8.114 ± 0.6390 9.109 ± 0.5885 0.0078 ** 8
CD 66b+ 17.64 ± 0.8149 19.59 ± 1.327 0.0057 ** 8

Phalloidin 16.80 ± 1.893 19.22 ± 0.4839 0.0149 * 8

3. Discussion

DCS is mostly known as an occupational risk for SCUBA divers or caisson workers
(chamber hyperbaric technician, tunnellers), but also concerns space flight and extra-
vehicular activity involving decompression from 1 ATA to 0.3 ATA in space-suit use [57], or
altitude exposure up to 8000 m with an estimated probability of 0.2% [58] to 15–20% [59],
respectively. Given its potential deleterious outcome, it must be prevented, especially in
the occupational setting.

As mentioned earlier, OPB is one possible strategy. Unfortunately, available proto-
cols are varied and complex, involving intervals of exercise while breathing O2 at partial
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pressures from 1 to 0.3 ATA for over more than 24 h [60]. The rationale behind the pro-
tocol is denitrogenating the astronaut to prevent the supersaturation of inert gas and
subsequent DCS.

However, this hypothesis does not provide a full explanation for phenomena like the
variability between bubblers and non-bubblers, the bi-phasic mechanism of VGE expansion,
increased VGE formation with depth, potential endothelial injury, or the presence of
MPs [57,61].

While the role of MPs in decompression stress is not clear, they seem to play a major
role as VGE precursors or as a mediator of inflammation [62]. To the best of our knowledge,
this is the first study describing blood-borne MP responses to different PO2. Although net
changes are a balance between production/liberation to the blood stream and sequestra-
tion/removal, we interpret differences in the patterns among the MP subsets elicited as
reflecting the propensity for production because alternative cell types have different O2
tolerances and there is little evidence for the selective uptake of circulating MPs [32].

The first interesting results from our data are that the complex pattern of changes in
MP numbers approximate a sinusoidal curve with nodes of nominal change in total number
at 15% O2 and 1.4 ATA. This is consistent with the oxygen-sensing mechanism within the
body. In case of hypoxia, hypoxia-inducible factors (HIFs) activate the transcription of
numerous target genes that mediate both adaptive and maladaptive responses, including
erythropoiesis, angiogenesis, metabolic reprogramming, or cardiovascular disease [1],
while hyperoxia involves the production of ROS, which initiate signaling via the modulation
of many molecules, such as NF-E2, Nrf2, or NF-kB [63]. At the same time, hyperoxia elicits
an antioxidant scavenging adaptative response that can mimic the effect of hypoxia. Indeed,
a sudden and sustained decrease in tissue oxygen tension, even in the absence of hypoxia
(e.g., after hyperoxic oxygen breathing), acts as a trigger for HIF liberation and subsequent
transcription [64,65].

Secondly, we anticipated that some changes in specific MP numbers are due to oxida-
tive stress at the extremes of hypoxia and hyperoxia, as demonstrated by the elevations
in plasma TSP levels [54]. However, the trade-off between both conditions is not obvious.
Neutrophil MP generation was most prominent at 30% and 100%. Similarly, an intimate
balance exists between the redox state and platelet activation, which may be reflected by
MPs expressing CD41 [66]. On this particular point, previous work on hip replacement
surgery, and randomized Oxygen administration one hour per day compared to one hour
of air, showed a significant reduction of transfusions in the oxygen group, and also an
increase of reticulocytes, both outcomes possibly resulting on the one hand due to CD41
increase and better bleeding reduction [67], and on the other hand, due to the normobaric
oxygen paradox [6].

The same observation may apply to TMEM119, a fixed macrophage-like leukocyte
resident within the central nervous system (CNS) [68]. All these features are consistent
with a pro-inflammatory response related to oxygen breathing but does not concern the
1.4-ATA exposure that exhibits an inhibitory rather than an activation pattern. One possible
explanation pertains to F-actin instability that occurs at high O2 partial pressures, thereby
leading to the impairment of MP formation [69]. Alternatively, since phalloidin-binding
MPs seem to play a role in tissue damage associated with DCS and can be generated by
leukocytes [53,54], this can be interpreted as demonstrating membrane stress that is not
found after 1.4-ATA exposure.

Despite the limitations to our study, including the observational, non-randomized
trial design, hidden processes because of unmeasured confounders and the small sample
sizes that may have altered the resulting patterns, these results question the unique profile
of 1.4-ATA exposure. This is a reasonable interpretation since the end-points were objective
and the participating research subjects served as their own control. Therefore, a clearer
understanding of hyperoxia-induced signal transduction pathways is crucial to facilitate
the design of successful therapeutic strategies as well as prevention strategies, such as OPB.
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Indeed, this investigation poses numerous questions as to the impact of O2 partial
pressure on MPs. Regarding OPB, the production of MPs is maximal when breathing
100% oxygen, which could constitute a risk. However, it must be put into perspective.
De-nitrogenation is a clear benefit while the kinetics of the production and elimination of
MPs are unknown, with multiple O2 partial pressures being used during OPB. The results
from this investigation also highlight questions such as the presumed innocuity of sham
procedures in HBOT research [5].

Therefore, elucidating the mechanisms for changes and subsequent applications will
require substantial future effort. Further experiments will also need to investigate the
specific compensatory reactive adaptations at longer periods of pulsed hyperoxia.

4. Materials and Methods
4.1. Experimental Protocol

After written informed consent, 48 healthy non-smoking subjects (32 males and
16 females) volunteered for this study. None of them had a history of previous cardiac
abnormalities or were under any cardio or vaso-active medication. The sample age was
43.7 ± 13.4 years old; height was 172.7 ± 10.07 cm; and weight was 68.4 ± 15.7 kg.

All experimental procedures were conducted in accordance with the Declaration
of Helsinki [70] and approved by the Ethics Committee approval from the Bio-Ethical
Committee for Research and Higher Education, Brussels (N◦ B200-2020-088).

Participants were prospectively randomized into 6 groups of 6–14 persons each
(Figure 9).
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Subjects breathed different oxygen levels for a total duration of 60 min delivered by
an oro-facial mask (non-rebreather mask) with a reservoir for the 10%, 15%, 30%, and 100%
exposures, or a dedicated mask adapted to the hyperbaric environment (1.4 and 2.5 ATA)
(Adult Silicone Mask–Laerdael, Laerdal Benelux, Vilvoorde, Belgium) were proposed.

The hypoxic gas supplies (10% and 15%) were achieved using a hypoxia generator
and calibrated to reach the chosen level of oxygen (HYP 123, Hypoxico–Hypoxico Europe
GmbH, Bickenbach, Germany). Normobaric hyperoxia was delivered using generated
free-flow oxygen or medical oxygen tanks. Every exposure flow was calibrated by means of
an oxymeter (Solo-O2 Divesoft, Halkova, Czech Republic) in the mask used by the subject to
ascertain that the desired oxygen level was reached. Hyperbaric exposures were performed
at the Hyperbaric Centre, Queen Astrid Military Hospital, 1120 Brussels, Belgium.

4.2. Blood Sampling and Laboratory Procedure

Blood samples were obtained before and 120 min after the different oxygen breathing
sessions, the chosen time windows were achieved according to our previous work showing
a clear variation in MP numbers 120-min post-exposure [71]. Blood (~5 mL) was drawn
into Cyto-Chex BCT test tubes that contain a proprietary preservative (Streck, Inc., Omaha,
NE, USA). Samples were sent by express mail to the University of Maryland (Dr. Thom)
laboratory where all analyses were performed by following published techniques described
in previous publications [54,72,73]. In brief, blood was centrifuged for 5 min at 1500× g,
the supernatant was added to 12.5 mmol/L EDTA to impede MP aggregation, and then
centrifuged at 15,000× g for 30 min. Aliquots of the 15,000× g supernatant were stained
with antibodies for MP analysis by flow cytometry. Total MPs and sub-types were assayed
in an 8-color, triple laser MACSQuant (Miltenyi Biotec Corp., Auburn, CA, USA) flow
cytometer with the manufacturers’ acquisition software using standard methods, including
a “fluorescence minus one control test” [73]. This analysis provides a way to define the
boundary between positive and negative particles in an unbiased manner by defining
the maximum fluorescence expected for a given subset after outlining the area in a two-
dimensional scatter diagram when a fluorophore-tagged antibody is omitted from the stain
set. This analysis allows a simple decision as to where to place the upper boundary for
non-staining particles in a fluorescence channel. We define MPs as annexin V-positive
particles with diameters from 0.3 to 1 µm. All supplies, reagents, and manufacturer sources
have been described in previous publications [46,47].

4.3. Statistical Analysis

The normality of the data was verified by means of the Shapiro–Wilk test. Since a
Gaussian distribution could be verified, crude data were analyzed by means of a paired
t-test. When compared to air-breathing control values with the baseline measures set as
100%, changes were calculated for each exposure protocol and analyzed with a one-sample
t test to allow an appreciation of the magnitude of change rather than the absolute val-
ues. All statistical tests were performed using a standard computer statistical package,
GraphPad Prism version 9.00 for Mac (GraphPad Software, San Diego CA, USA). A thresh-
old of p < 0.05 was considered statistically significant. All Table 1 data are presented as
mean ± standard deviation (SD) and the figures are presented as box and whisker plots of
median and quartiles.
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MPs Blood Borne Microparticles
OPB Oxygen Pre-Breathing
VGE Vascular Gas Emboli
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Abstract: Hypoxia, even at non-lethal levels, is one of the most stressful events for all aerobic organ-
isms as it significantly affects a wide spectrum of physiological functions and energy production.
Aerobic organisms activate countless molecular responses directed to respond at cellular, tissue,
organ, and whole-body levels to cope with oxygen shortage allowing survival, including enhanced
neo-angiogenesis and systemic oxygen delivery. The benefits of hypoxia may be evoked without its
detrimental consequences by exploiting the so-called normobaric oxygen paradox. The intermittent
shift between hyperoxic-normoxic exposure, in addition to being safe and feasible, has been shown
to enhance erythropoietin production and raise hemoglobin levels with numerous different potential
applications in many fields of therapy as a new strategy for surgical preconditioning aimed at frail
patients and prevention of postoperative anemia. This narrative review summarizes the physio-
logical processes behind the proposed normobaric oxygen paradox, focusing on the latest scientific
evidence and the potential applications for this strategy. Future possibilities for hyperoxic-normoxic
exposure therapy include implementation as a synergistic strategy to improve a patient’s pre-surgical
condition, a stimulating treatment in critically ill patients, preconditioning of athletes during physical
preparation, and, in combination with surgery and conventional chemotherapy, to improve patients’
outcomes and quality of life.

Keywords: hypoxia; hyperoxia; HIF-1α; oxygen biology; human; stimulus; cancer; intensive care;
rehabilitation; human performance; preconditioning; pre-habilitation

1. Introduction

Oxygen is essential to support cellular biology and most vital cell reactions. Hy-
poxemia is a condition where below-normal levels of oxygen are dissolved in the blood
and may result in poor oxygen delivery to peripheral tissues and organs, causing a sup-
ply/demand discrepancy called hypoxia [1]. If this state persists, tissues may develop
hypoxemic stress, leading to organ dysfunction and permanent functional impairment [2].
To prevent this kind of damage, hypoxia is a key inducer of cellular gene expression,
promoting many processes (aimed at improving oxygen delivery), such as angiogenesis,
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stem cell proliferation and differentiation, but also cellular protection and repair, or cell
death. Most of this gene expression is guided by the activity of transcription factors called
Hypoxia Inducible Factors (HIF) [3].

To prevent or counteract hypoxia, oxygen, which is considered as inexpensive and
safe, is one of the most widely used treatments in clinical settings, especially in the in-
tensive care unit (ICU) [4]. However, hyperoxemia is not constantly assessed. In fact,
hypoxemia is usually monitored using peripheral oxygen saturation (SpO2), which cannot
detect whether the oxygen level is too high. Oxygen administration is therefore not often
titrated to achieve normoxia. Consequently, many patients in the ICU may be exposed to
episodes of hyperoxemia (high PaO2), generally considered more acceptable by clinicians
than hypoxia.

Even though hyperoxia may seem harmless, it can have detrimental effects even at
modest levels if prolonged, especially in critically ill patients. In fact, hyperoxia is asso-
ciated with increased mortality [5], and other possible adverse effects, such as reduced
mucociliary clearance and atelectasis [6], pulmonary vascular vasoconstriction [7], which
may further limit oxygen delivery and cause direct tissue damage [8], and neurotoxicity [9].
Nevertheless, administration of high partial pressure of oxygen is sometimes necessary
for specific treatments such as hyperbaric oxygen therapy [10] and pre-oxygenation ma-
neuvers to prevent hypoxia (during procedures such as bronchoscopy or oro/nasotracheal
intubation where brief moments of apnea cannot be avoided) [11].

There is currently a move toward not only targeting normoxia but using intermittent
hyperoxic stimuli with cyclical exposure to hyperoxygenation [12]. An intermittent hy-
peroxic stimulus is defined as an elevated oxygen concentration supplied for a limited
period, followed by a return to a lower oxygen concentration, repeated for several days or
even several times per day [12,13]. The decrease from a hyperoxic level has been shown
to act paradoxically because the cells respond to it as they would respond to a hypoxic
state [14,15]. It appears that fluctuations in oxygen concentration are translated by cells as a
lack of oxygen and can trigger the hypoxic stress response even when there is no persistent
hypoxia. This phenomenon happens especially with small and cyclical variations in partial
oxygen pressure [16–18] and is linked with increased production of erythropoietin (EPO)
in humans [15,19].

This review will discuss the main studies related to this “normobaric oxygen paradox”
and its mechanism with a specific concern for clinical issues in hematopoietic physiology.

2. Hypoxia
2.1. Biological Cellular Response: Hypoxia Inducible Factors (HIFs)

Hypoxia generates a natural and multi-aspect response inside the organism through
the involvement of various systems (e.g., hematopoietic, metabolic, respiratory, cardiovas-
cular) and biological processes with specific cellular reactions and temporal regulation, all
aimed at maintaining adequate tissue oxygenation [20,21].

The hypoxic stress inside cells activates a family of transcriptional factors called
Hypoxia Inducible Factors (HIF-1α, HIF-2α, HIF-3α) [3,22]. First discovered at the Johns
Hopkins University by Semenza, Kaelin and Ratcliffe more than 30 years ago [23], Semenza
and colleagues isolated and purified HIF-1, confirming the presence of two subunits: HIF-
1α and HIF-1β [24,25]. Later, it was shown that there is a family of HIFs: the subunit α could
be one among HIF-1α, HIF-2α and HIF-3α; the β subunit is represented by one protein
(HIF-1β). HIF-1α is widely expressed in all body tissues, while HIF-2α and HIF-3α are
only detected in a few specific tissues [3,26,27]. HIFs modulate the response to hypoxia by
prompting the expression of hundreds of genes that are involved in metabolism regulation,
angiogenesis, cell growth/death, cell proliferation and division, glycolysis, microbial
infection, tumor genesis and metastasis, oxygen consumption, erythrocyte production,
mitochondrial metabolism, immune and inflammatory response [28–30]. HIFs can be
considered one of the main regulators of O2 detection, driving cellular adaptation to a
specific oxygen level.
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2.2. HIF Regulation

In the presence of oxygen, prolyl hydroxylase domain (PHD) proteins which contain
oxygen-sensing hydroxylases, continuously hydroxylase specific residuals on the α subunit
of HIF (Figure 1) [31].
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When HIF-1α is hydroxylated, it becomes a viable target for von Hippel–Lindau (VHL)
protein, which activates its ubiquitin ligase system, leading to the proteasomal degradation
of HIF-α [32,33]. Moreover, VHL acts as a repressor of HIF-1α by binding the inhibitory
domain, as does FIH-1 (Factor Inhibiting HIF-1), which interacts with both HIF-1α and
VHL via independent binding sites [34].

By contrast, in hypoxic conditions, HIF-1α is stabilized, driving its translocation to
the nucleus, its dimerization with HIF-1β, and its binding to hypoxia response elements
(HREs) sequence on DNA, thus regulating the transcription of around 400 genes, including
the gene for EPO [29,35,36].

As a counterpart of HIF transcriptional activity, the nuclear factor erythroid 2-related
factor 2 (NRF2) has a central role, coordinating the activation of a vast array of cytopro-
tective genes. In response to different activating stimuli following disturbances of the
cellular redox status, NRF2 is stabilized, and it translocates to the nucleus where it binds
to antioxidant response elements (AREs) in the promoter regions of genes encoding for
antioxidant, cytoprotective proteins including glutathione synthesis, as well as glutathione
reductase and enzymes involved in NADPH regeneration, xenobiotic detoxification and
heme metabolism [37,38].

Despite the importance of these other actors in the cellular redox status control, this
review will focus on HIF activity redirecting the readers to more specialized publications
for more in-depth analysis.

2.3. Reactive Oxygen Species (ROS)

In this complex mechanism, mitochondria have a central role, representing the core
of cellular respiration. Here, oxygen reacts with glucose to produce ATP (adenosine
triphosphate), which serves as energy for the body [39]. In particular, oxygen molecules
sit at the end of the electron transport chain, necessary for ATP production, as electron
acceptors. During this process, a minimum amount of reactive oxygen species (ROS) is
produced. These represent a group of highly reactive molecules characterized by unpaired
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electrons derived from oxygen reduction, which can quickly react with other cellular
molecules [40,41].

The detrimental effects of the reactive species of oxygen are counteracted through the
activation of NRF2, which tightly regulates an antioxidant response through the encoding
of several genes, as forementioned. Thus, ROS are kept under control by scavengers,
such as superoxide dismutases (SODs, a group of metalloproteins, which catalyzes the
reduction of superoxide anions to hydrogen peroxide) and glutathione (GSH, a substrate of
glutathione reductase that reduces hydroperoxides to the corresponding alcohol, oxidizing
itself to the oxidized disulfide form, GSSG) [42–44].

Nowadays, ROS are no longer considered just as harmful, rather are they are believed
to play a role as mediators in physiological signaling, linked to the regulation of the HIF
system [45,46]. HIF, NRF2, ROS, scavengers, and other regulators appear to be tightly
linked, highlighting the importance of cellular control of oxygen levels, which still needs to
be fully understood.

Not every molecule and biological reaction involved in the fascinating process of
cellular response to hypoxia have been cited here (there are indeed many other participants
including peroxiredoxin reductase/oxygenases and catalase, to name just a few), both for
the sake of simplicity and because out of the focus of our review which is not to provide
a full biological molecular description (thoroughly described elsewhere [38,47,48]) but to
summarize new experimental evidence of practical application of the normobaric oxygen
paradox and illustrate the perspective of its desirable future clinical applications.

Hypoxic Inducible Factor 1 (HIF-1) is a heterodimer composed of 2 subunits: HIF-1α
in the cytosol (HIF-1α is widely expressed in all body tissues, whereas HIF-2α and HIF-3α
are only detected in a few specific tissues), and HIF-β in the nucleus. During normoxia
prolyl hydroxylase domain (PHD) proteins which contain oxygen-sensing hydroxylases,
continuously hydroxylase specific residues on the α subunit of HIF (blue circles). When
HIF-1α is hydroxylated, it becomes a viable target for von Hippel–Lindau (VHL) protein,
which activates its ubiquitin ligase system, leading to the proteasomal degradation of
HIF-1α. Moreover, VHL acts as a direct repressor of HIF-1α by binding the inhibitory
domain, as does FIH-1 (factor inhibiting HIF-1). Reactive species of oxygen (ROS) are
kept under control by scavengers such as superoxide dismutases (SODs) and glutathione.
The latter acts as a scavenger of H2O2, oxidizing from GSH to GSSG thanks to the activity
of glutathione peroxidase. The reduction in GSH is led by glutathione reductase, which
consumes NADPH. Moreover, in response to different activating stimuli following distur-
bances of the cellular redox status, NRF2 is stabilized, and it translocates to the nucleus
where it binds to antioxidant response elements in the promoter regions of genes encoding
for antioxidant, cytoprotective proteins including glutathione synthesis and reduction, as
well as enzymes involved in NADPH regeneration.

3. The Normobaric Oxygen Paradox
3.1. Background

It has been proposed that relative changes in oxygen availability, rather than an ab-
solute hypoxic or hyperoxic value, play an essential role in the transcriptional effects of
HIF [49]. The normobaric oxygen paradox (NOP, also called hyperoxic-hypoxic paradox when
considered in other than normobaric pressure) postulates that a period of hyperoxemia
(obtained with normobaric or hyperbaric oxygen inhalation) followed by a return to nor-
moxia would be interpreted by our cells as an oxygen shortage, thus potentially triggering
a HIF-1α regulated gene synthesis cascade, including synthesis of EPO.

This paradox was proposed for the first time in 2006 by Balestra et al. [15]. In that study,
the authors found that intermittent hyperoxia/normoxia exposure induced EPO synthesis.
The authors reported that hyperbaric oxygen (HBO) was an essential depressor of serum
EPO levels up to 24 h after hyperbaric treatment. In 2012, Cimino and colleagues reported
that reducing the O2 concentration from hyperoxic to normoxic levels could stimulate
HIF-1α expression in human umbilical endothelial cells [14]. They also showed an increase
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in hemoglobin concentration in healthy volunteers (n = 24) when exposed to 30 min cycles
of hypoxia (FiO2 0.15) and hyperoxia (FiO2 1.0) every other day for 10 days (5 sessions).
These studies confirmed the hypothesis that a hyperoxic stimulus may re-create the benefits
of a hypoxic-like response (through the production or non-inhibition of HIF-1α) without
inducing potentially harmful hypoxic status.

3.2. The Proposed Mechanism

In a recent review, Hadanny and Efrati [33] redescribed the same explanation for
the normobaric oxygen paradox but focused on hyperbaric oxygen exposure. However,
intermittent Hyperbaric or Normobaric oxygen exposures will elicit the same reactions.
The general process proposed (Figure 2) lies in the fundamental cellular mechanism of
adaptation to hypoxia, namely on the O2 availability of free radicals. The ratio of ROS to
scavenging capacity is the key to understanding the process. The different steps of this
phenomenon can be summarized as follows:
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Figure 2. A simplified description of the proposed normobaric oxygen paradox.

(1) After exposure to hyperoxia, the increased presence of ROS causes an increase in
activity of the glutathione synthetase enzyme. This increase in scavenger molecules
keeps the oxidative conditions of the cells under control, thus preventing the potential
harm caused by reactive species to DNA and other pivotal cellular processes.

(2) When returning to normoxia, normalization of oxygen levels and therefore of ROS is
rapidly established, but activity of the scavenger power of the cells remains high for a
longer period, exceeding the amount of ROS normally produced in the presence of a
physiological concentration of oxygen. When the hyperoxic stimulus is interrupted,
the more significant scavenger presence than ROS could drive a hypoxia-like cellular
response as lower reactive oxygen species molecules are available. Therefore, less HIF
undergoes proteasomal degradation, promoting the transcription of EPO, vascular
endothelial growth factor (VEGF), and all the other genes linked to the HIF cascade.
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(3) Cyclical hyperoxic exposure causes a decrease in the ROS/scavenger ratio until this
gradually becomes similar to the balance present under hypoxic conditions. From
a molecular point of view, a reduction of hyperoxia generates a hypoxia-mimicking
state by decreasing the percentage of ROS/scavenging capacity.

However, several remarks may be raised against this mechanism.
First, several studies evaluated the possible effects of ROS on the complex regulation

of HIF and identified conflicting roles. Some results support the possible HIF stabilization
through the inhibition of the proteins which are supposed to degrade it; others indicate that
ROS induce the degradation of HIF through the proteasome pathway [50–52]. Moreover, the
cellular response to hyperoxia-normoxia is mastered by the interplay between the activation
of two transcription factors, HIF and NRF2. These, some inflammatory reactions, and other
factors, such as NF-κB, are of course of major interest in the mechanism responding to
hyperoxia. Their dynamic balance could lead and potentiate the whole mechanism [16,17].

Surely, the biological mechanism which lies beneath this phenomenon and all of the
delicate regulations of the cellular response to oxygen and oxidative stress is complicated
and has not been completely clarified yet. The significance of ROS in mediating this
response remains unclear. Many other actors have a role in the redox balance of the cell
and may also play a role in the explanation of the normobaric oxygen paradox.

The upper third of Figure 2 describes what happens during normoxia (redrawing of
Figure 1). After a hyperoxic exposure (middle third), the increased presence of reactive
oxygen species (ROS) determines an increase in the scavenging activity, which keeps the
oxidative conditions of the cells under control, thus preventing the potential harm caused
by reactive species to DNA and other pivotal molecules. After returning to normoxia
from a hyperoxic state (lower third), extra scavengers induced by hyperoxia neutralize
all the reactive oxygen species (ROS). The more significant scavenger presence than ROS
could drive a hypoxia-like cellular response: less HIF-1α is hydroxylated, and thus it can
now dimerize and translate for several genes. The duration of the hyperoxic stimulus, its
frequency and the exact timing, which optimally elicits this mechanism, are still unknown
(represented by the clock and the question mark).

4. Methods

A narrative approach was chosen for this review. A literature search was initially
performed in PubMed, Scopus, and Google Scholar to identify studies, conducted in
the last 20 years, that explored the normobaric oxygen paradox. The following search
string was used: (“Hyperoxic” AND “Hypoxic”) OR (“Normobaric” AND (“oxygen” OR
“hyperoxic”)) AND “paradox”. The review was focused on humans both experimental and
in-hospital settings with a preference for a clinical approach. We considered studies testing
hyperbaric or normobaric hyperoxic–normoxic stimulus in adult healthy subjects and
studies which evaluated potential oxygen effects on adult patients scheduled for general
or cardiac surgery. Although it was of interest to our group, only a few studies involving
critically ill patients have been found. The search was restricted to articles published in
English in peer-reviewed journals. No restriction on study design was imposed. Abstract
presentations, conference proceedings, and reviews were excluded.

Studies were manually selected based on title and abstract. Selected studies were read
thoroughly to identify those suitable for inclusion in this narrative review. We extracted the
demographic and experimental data from the selected studies. For each study, the following
relevant information was extracted and summarized: characteristics of the investigated
population; oxygen administration protocols (hyperbaric vs. normobaric; hyperoxia to
normoxia or mild hypoxia); the experimental and/or clinical settings of application; and
the main results of the studies in terms of body response to hypoxia and enhancing effect
on HIF- 1α pathway.

A schematic flow of the study selection is represented in Figure 3.
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5. Human Studies

Available studies dealing with NOP administration to humans are shown in Table 1.

Table 1. A summary of the main human studies on the normobaric oxygen paradox.

Author (Year) Type of Study No. of Patients Intervention Main Results

Balestra (2006)
[15]

Human
experimental study 16 healthy adults

Exposure to normobaric
oxygen at FiO2 1.0 for 2 h vs.

exposure to hyperbaric
oxygen 2.5 ATA FiO2 1.0

for 1.5 h

Increase in EPO after
normobaric oxygen exposure

and decrease in EPO
after hyperbaric
oxygen exposure

Keramidas
(2011)
[53]

Single-blinded
experimental study 10 healthy males

Exposure to normobaric
oxygen at FiO2 1 for

2 h × 7 d

Decrease in EPO levels after
hyperoxic exposure

compared with control group

Ciccarella (2011)
[54]

Double-blind
prospective
pilot study

20 post cardiac
surgery patients who

had intraoperative
CPB and MV

Exposure to
normobaric oxygen

at FiO2 1.0 for 2 h vs. FiO2
0.5 for 2 h

Increase in EPO in both
groups but slope of the

increase in the EPO
plasma level

significantly higher in
those exposed

to hyperoxia and
relative hypoxia

Debevec (2011)
[55]

Human
experimental study

18 healthy
male adults

Single exposure to
1 h normobaric oxygen

FiO2 1.0
followed by 1 h normobaric

FiO2 0.15

Exposure to hyperoxia
followed by mild hypoxia

led to temporary decrease in
EPO levels.

No difference in late time
points for EPO levels

Compared to control group
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Table 1. Cont.

Author (Year) Type of Study No. of Patients Intervention Main Results

Lafere (2013)
[56]

Double-blind
multicenter

clinical study

85 ASA 1 and 2
patients undergoing
surgery for traumatic

hip fracture

Exposure to 30 min of
FiO2 1.0

normobaric oxygen vs. Air
from POD 1 until discharge

Increase in reticulocytes
count and reduction

in hospital LOS and RBC
transfusion

in the experimental group.

Revelli (2013)
[57]

Human
experimental study 6 scuba divers

14-days of diving
(8–10 m) with air at

1.8–2 ATA

Significant rise in serum EPO
observed at 24 h
post emersion

Donati (2017)
[19]

Prospective
observational

pilot study

40 mechanical
ventilated patients

Exposure to normobaric
oxygen at FiO2 1.0 for 2 h

ROS increase after 1 h and
glutathione level after 2 h
from hyperoxia exposure.

Reduction of microvascular
density and perfusion during

oxygen exposure
rapidly normalized

after returning to ambient air.
EPO level rise after 48 h.

Kiboub (2018)
[58]

Human
experimental study 13 scuba divers

Decompression to surface
pressure after

long (from 25 to 27 days)
professional saturation dive

at 80–90 m depth

EPO markedly increased
within 24 h after
decompression

Perović (2020)
[59]

Human
experimental study 14 scuba divers

One dive per week over
5 weeks

at a depth of 20–30 m for
30 min

A significant EPO increase
before and after the third and

the fifth dive compared to
the level before and after the

first dive.

Fratantonio
(2021)
[17]

Human
experimental study 12 healthy adults

1 h exposure to
normobaric oxygen

FiO2 0.3 vs. normobaric
oxygen FiO2 1.0 vs.

hyperbaric oxygen 1.4 bar
FiO2 1.4

Exposure to lower level of
FiO2 associated with a
stronger response in

HIF1-α synthesis
and a lower level of

inflammation and oxidative
stress which was also

less persistent
than exposure to hyperbaric

1.4 FiO2 oxygen

Khalife (2021)
[18]

Prospective
randomized

clinical study

26 female patients
undergoing

breast surgery

1 h per day of
normobaric oxygen FiO2 1.0

from POD 1 for
8 consecutive days

No difference in EPO or
hemoglobin levels between

the groups

Balestra (2022)
[20]

Human
experimental study 48 healthy adults

Single 1 h exposure to FiO2
0.10, 0.15, 0.3

or 1.0 normobaric oxygen
and 1.4, 2.5 ATA

hyperbaric oxygen

Significant elevation
in microparticles

from different cells was
observed after exposure

to every different
oxygen concentration

except after hyperbaric
1.4 ATA oxygen exposure.

In 2006, 16 healthy volunteers were studied by Balestra et al. before and after a 2 h
period of breathing 100% normobaric oxygen and a 90-min period of breathing 100%
hyperbaric oxygen at 2.5 ATA [15]. Serum EPO concentrations were measured at various
time points during the subsequent 24–36 h. The authors observed a 60% increase in
serum EPO 36 h after normobaric oxygen. By contrast, a 53% decrease in serum EPO
concentration was observed 24 h after hyperbaric oxygen, suggesting that normobaric
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oxygen evokes a higher response in EPO production than hyperbaric oxygen. These results
were unexpected since one could imagine that a higher stimulus should induce a higher
response, paradoxically it was not the case. For this reason, they introduced the term
“normobaric oxygen paradox”.

In 2011, Keramidas et al. published conflicting results [53]. In this single-blinded
crossover trial, 10 healthy male volunteers breathed for 2 h ambient air (NOR group) first
and then 100% normobaric O2 (HYPER group). Blood samples were collected pre, mid,
and post-exposure, and at 3, 5, 8, 24, 32, 48, 72, 96 h, 1 and 2 weeks after the exposure
to determine serum EPO concentration. The authors observed an increase in serum EPO
concentration at 8 and 32 h after ambient air (by 58% and 52%, respectively, p < 0.05), but in
the discussion, this increase was attributed to natural EPO diurnal variation. Conversely,
in the HYPER group, there was a 36% decrease in EPO 3 h after the exposure (p < 0.05).
Moreover, EPO concentration was significantly lower in the HYPER than in the NOR group
at 3, 5 and 8 h after the breathing intervention. Despite these significant results, it must be
noted that the authors did not adjust their results to individual diurnal variations in EPO
as carried out by others [15].

Several studies have been performed in the clinical setting. Lafère and colleagues [56]
found that the normobaric oxygen paradox effectively increased the reticulocyte count
after traumatic hip surgery. Patients were randomly assigned to a control group (n = 40)
receiving 30 min of air or an O2 group (n = 40) where patients were exposed to 100%
normobaric oxygen 15 L/min for 30 min every day from the first postoperative day until
discharge. On day 7, the O2 group showed a significant increase in reticulocyte count
and percent variation (184.9% ± 41.4%) compared to the air group (104.7% ± 32.6%).
Even though no differences were found in hemoglobin or hematocrit levels, red blood
cell (RBC) transfusions were significantly lower in the O2 group than in the air group.
However, this latter finding was not attributed to the increase in reticulocytes, since blood
was administered before that variation, but probably to a better anemia/hypoxia tolerance
or better coagulation related to oxygen stimuli.

Ciccarella et al. [54] presented, in a letter to the editor, results from a prospective,
randomized, double-blind pilot trial, in which they evaluated 20 cardiac surgery patients
divided into two groups. In the first group (n = 10), patients received FiO2 1.0 of normobaric
O2 for 2 h, followed by exposure to FiO2 0.5 normobaric O2 post-cardiac surgery. The
second group (n = 10) received FiO2 0.5 of normobaric O2 for 2 h. The slope of the increase
in the plasmatic EPO level was significantly higher in the FiO2 1.0 group than in the FiO2
0.5 group, confirming that this stimulus may be helpful to enhance the endogenous produc-
tion of EPO (eliciting cardioprotection and neuroprotection) in postoperative conditions.

In 2017, Donati et al. evaluated 20 hemodynamically stable, mechanically ventilated
patients with inspired oxygen concentration (FiO2) ≤ 0.5 and PaO2/FiO2 ≥ 200 mmHg; the
patients had a 2-h exposure to hyperoxia (FiO2 1.0) [19]. A group of 20 patients with similar
characteristics was chosen as a control. Blood samples were collected from both groups at 24
and 48 h to measure serum EPO concentration, and at baseline (t0), after 2 h of hyperoxia (t1)
and 2 h after return to the initial FiO2 concentration (t2) to measure serum glutathione and
ROS levels. In addition, the microvascular sublingual response to hyperoxia was assessed.
Serum ROS increased transiently at t1, and glutathione increased at t2. Interestingly, EPO
levels increased in the hyperoxia group (p < 0.05) and were significantly higher at 48 h
compared to baseline; no changes were seen in the control group. By contrast, there was no
increase in the reticulocyte count, which decreased after 48 h, apparently in conflict with
the results of Lafère et al. [56]. However, as discussed by the authors themselves, the 48-h
observational period is too short to detect an increase in reticulocyte count and Hb, after
one single hyperoxia exposure.

In 2021, Fratantonio et al. [17] randomized 12 healthy adult individuals to three groups
of different oxygen FiO2 exposure: the first group received one hour of FiO2 0.3 (mild
hyperoxia, MH), the second received one hour of FiO2 1.0 for normobaric hyperoxia (high
hyperoxia, HH), and the third received one hour of FiO2 1.4 (FiO2 1 inspired at 1.4 ATA
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in a hyperbaric chamber) for high hyperbaric hyperoxia (very high hyperoxia, VHH). The
authors observed, in the nucleus of the peripheral blood mononuclear cells (PBMC), that
the return to normoxia after MH was sensed as a hypoxic trigger characterized by HIF-1α
activation. By contrast, in the HH and VHH groups, there was a shift toward an oxidative
stress response, characterized by nuclear factor E2-related factor 2 (NRF2) and nuclear
factor-kappa B (NF-κB) activation in the first 24 h post-exposure.

Interestingly, in another study evaluating the effects of hypoxemia on the human body,
a similar increased activity of the transcriptional factor NRF2 (but not of NF-κB) was found
after 24 h and 72 h of hypobaric hypoxia [21], highlighting again similar cellular responses
of hyperoxia and hypoxia.

The same year, Khalife et al. [18] proposed a study similar to that by Fratanto-
nio et al. [17] with apparently contrasting results. A group of 22 adult post-abdominal
surgery patients was randomized to receive FiO2 1.0 for one hour per day for eight con-
secutive days or no change in oxygen. Serum EPO, hemoglobin, and reticulocyte count
were measured on admission to the ICU and on postoperative days seven and nine. EPO
concentration at day nine was significantly higher in both groups compared to the base-
line measurement on postoperative day 1. However, there were no differences between
the groups in serum EPO concentration, hemoglobin, or reticulocyte count. As a possi-
ble confounder to these results, standard anesthesiology protocols were applied to both
groups including the administration of FiO2 > 0.21 in the perioperative period, potentially
influencing the results as seen in other works [16,17].

Debevec et al. investigated the effect of consecutive 1 h hyperoxic (FiO2 1.0) and
hypoxic (FiO2 0.15) breathing interventions in 18 healthy adult individuals [55]. The authors
found a reduction in EPO concentrations within the initial 8 h after the hyperoxic/hypoxic
exposure compared to controls, suggesting that their results contradicted the normobaric
oxygen paradox. However, the results should be interpreted in light of the findings of
Fratantonio et al. [17], i.e., an excessive oxygen stimulus (such as FiO2 1.0) does not elicit a
paradoxical hyperoxic-hypoxic response during the same time-lapse.

EPO elevation was found in scuba divers, performing a dive at a depth of 20–30 m
(FiO2 about 0.6–0.8) for 30 min once a week for 5 consecutive weeks [59]. These results are
coherent with the ones obtained by studying six scuba divers after a 14-day dive (8–10 m)
breathing air at 1.8–2 ATA (roughly FiO2 0.4) [57], and with the ones studying professional
saturation divers, after decompression to the surface pressure, after long (from 25 to 27 days)
saturation procedure at 80–90 m depth (Breathing Helium-Oxygen mixture (Heliox) FiO2
about 0.44) [58]. The recurrent exposure to normobaric oxygen breathing after hyperoxic
conditions during diving could be the trigger for EPO production, even if other reasons
may increase EPO production in this type of population which can even explain the lack in
the increase of hemoglobin concentration (for example, the plasma volume changes during
diving), as adequately pointed by the authors.

In one of their most recent studies, Balestra et al. investigated the metabolic response
to a single 1 h exposure to different FiO2 values (0.1, 0.15, 0.3, 1.0) at normobaric and
hyperbaric conditions (1.4 ATA, 2.5 ATA), in 48 healthy subjects [20]. Blood samples were
collected from each participant before and 120 min after oxygen exposure. The expression
of microparticles (MPs) specific to platelets (CD41), neutrophils (CD66b), endothelial cells
(CD146), and microglia (TMEM) was measured. There was a significant increase in MPs
after all O2 exposures, except after mild hyperbaric (1.4 ATA) conditions, for which there
was a significant decrease in MPs. Surprisingly, during the normobaric oxygen exposure,
FiO2 0.3 elicited similar responses to FiO2 1.0.

6. Discussion

A hyperoxic stimulus followed by a return to a normoxic state seems to produce
an organic response similar to that of a hypoxic steady state, prompting the expression
of a variety of proteins, initiated by the activation of HIF-1a. The expression of HIF-1a
represents an upstream response to the production of EPO, which is just one of the results
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of a real or mimic hypoxic state. Interestingly, this effect is faster than that needed to trigger
EPO release during exposure to altitude and low atmospheric pressure (36–48 h vs. days,
respectively) [60].

EPO has complex activities other than RBC production, including neuroprotection
via its action as a neurotrophic factor in the central nervous system [61], cardioprotec-
tive properties [61], cardioprotective properties [62], and vasoactive effects through the
increased production of endothelin [63], highlighting the potential beneficial effects of the
hyperoxic-normoxic stimulus. Nevertheless, if it is true that a hyperoxic stimulus recreates
the benefits of a hypoxic-like response without inducing a detrimental hypoxic status, it
needs to be demonstrated that the benefit of this stimulus (short hyperoxic sessions) would
overwhelm the known harmful effects of prolongued hyperoxia.

The studies presented in this review have yielded contrasting results regarding the use
of this approach. First, EPO baseline is not easy to assess, and individual circadian rhythm
may impact the results [53], so unique patient matching should be used in clinical trials.
This approach was not followed in several studies, and the mean serum EPO values may
mask real differences before and after a hyperoxic stimulus in the same subject. Second, the
increase in EPO concentrations may be absent in some individuals due to the depletion
of intracellular glutathione reserves; N-acetyl-l-cysteine (NAC) supplementation has been
demonstrated to increase EPO with and without oxygen [64,65]. The explanation could lie
in the fact that N-acetyl-l-cysteine (NAC) is a major precursor of glutathione [66], thus it
is effective in promoting a redox balance within the cells [67]. In addition, it contributes
to stabilizing HIF-1α subunit in the cytosol and thus favoring its translocation [68,69].
Overall, in case of depletion of the intracellular glutathione reserve NAC, recreating an
adequate redox environment and stabilizing HIF results in EPO increasing [65]. Third, the
optimum concentration and time of the oxygen stimulus needed to obtain the maximal
response in EPO synthesis as well as the time needed between intermittent exposures to
optimize the outcome are unknown. On the contrary, exposure to excessively high oxygen
concentrations acts against the production of EPO [53] at least after similar post-exposure
time lapses. Of course, if the outcome aims for a reduction of HIF stimulation, higher
concentration, and probably closer repetitions, may be needed. Finally, in some clinical
studies, EPO serum concentration had similar changes in both the oxygen group and the
control group (not exposed to high levels of extra oxygen). It does not necessarily go against
the normobaric oxygen paradox since even minor O2 variations (e.g., routine post-operative
oxygen supply) may trigger the mechanism

An intermittent normobaric hyperoxic stimulus elicits a hypoxic-like response as it has
been proven in the study of Cimino et al. [14]. The increase in the activity of HIF represents
an upstream response to the production of EPO and Hemoglobin, which is just one of the
results of a hypoxic real or mimic state. Anyway, if it is true that a hyperoxic stimulus
re-creates the benefits of a hypoxic-like response without inducing a detrimental hypoxic
status, it still has yet to be proven that the benefit of this stimulus overwhelms the known
harmful effects of hyperoxia although such a short time of exposure is not likely to enter
toxic levels, especially in pathologic situations.

Future Perspectives

Although the strength of this stimulus must still be measured, this paradox could
have several clinical implications, from the treatment of anemia, thus limiting blood
transfusions [70], to adjuvant therapy for septic patients [71], to precondition agent for
sports training [72,73], to therapy in critical care settings in which a HIF response without
an actual hypoxic state could be effective in cardio and neuroprotection [74,75].

Another potential future field of application concerns the therapeutic role of oxygen
in tumor growth and spread. New evidence about oncologic progression has shown
that cancer cells may evolve into a hypermetabolic state, which can be sustained even
in the presence of a limited oxygen supply [76,77]. Genetical changes and uncontrolled
cancer growth, which generate intra-tumor hypoxic areas (used by the innovative hypoxia-
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responsive drug delivery nanoplatforms [78]), cause HIF-1α overexpression enhancing
neo-angiogenesis through VEGF synthesis and therefore favoring cancer progression and
metastasis [79]. Only recently has the possible role of hyperoxia in tumor necrosis or
development started to be investigated [80,81]. For example, leukemia cell lines exposed
to a hyperoxic stimulus have been shown to increase the expression of caspase 3, and
committing themselves to programmed death and apoptosis preceded morphological
modifications of T and B cells [82].

In an animal model of breast cancer, Raa et al. [83] observed that normobaric and
hyperbaric oxygen treatments showed more efficacy than conventional chemotherapy alone
in reducing tumor growth, limiting neo-angiogenesis, decreasing cancer vascularization
and inducing apoptosis.

The different response to the increased oxygen concentration in cancer cells, compared
to healthy cells, may be linked to several mechanisms:

• A maladaptive response to hyperoxia, as well as to modification in adenosine pathways
able to trigger anticancer effects of T cells and NK cells [84,85];

• Incapacity to deal with the overproduction of ROS during hyperoxia, ultimately
leading to necrosis and apoptosis [83];

• A disequilibrium between antioxidants and reactive oxygen species [86].

7. Conclusions

Oxygen is a drug that is used in patients around the world on a daily basis. It is
inexpensive and generally safe and may have more beneficial effects than just increasing
the blood oxygen content. In the future, oxygen therapy could be implemented as a
coadjutant in new frontiers of therapeutic schemes to treat several diseases. Evidence
shows that a dynamic change in oxygen caused by a normobaric hyperoxia stimulus has a
different effect to that of a steady state. The optimal timing and intensity of the O2 stimulus
still have to be determined. Efforts should be directed to further confirm this phenomenon,
as a promising, cheap, and easy-access contribution in several clinical situations.
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Abbreviations

ASA American Society of Anesthesiologists physical status classification system
ARE Antioxidant Response Elements
ATA Atmosphere Absolute
EPO Erythropoietin
FIH Factor Inhibiting HIF
FiO2 Inspired Fraction of Oxygen
GSH Glutathione Reduced
GSSG Glutathione Oxidized
HIF Hypoxia Inducible Factor
HRE Hypoxia Responsive Element
LOS Length of Stay
NF-κB Nuclear Factor-kappa B
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NOP Normobaric Oxygen Paradox
NRF2 Nuclear Factor Erythroid 2 Related—Factor 2
PaO2 Oxygen Arterial Partial Pressure
PHD Prolyl Hydroxylase domain
POD Post-Operative Day
RBC Red Blood Cells
ROS Reactive Oxygen Species
SOD Superoxide Dismutase
VHL Von Hippen Lindau protein
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Abstract: Preterm birth interrupts the development and maturation of the kidneys during the
critical growth period. The kidneys can also exhibit structural defects and functional impairment
due to hyperoxia, as demonstrated by various animal studies. Furthermore, hyperoxia during
nephrogenesis impairs renal tubular development and induces glomerular and tubular injuries,
which manifest as renal corpuscle enlargement, renal tubular necrosis, interstitial inflammation, and
kidney fibrosis. Preterm birth along with hyperoxia exposure induces a pathological predisposition
to chronic kidney disease. Hyperoxia-induced kidney injuries are influenced by several molecular
factors, including hypoxia-inducible factor-1α and interleukin-6/Smad2/transforming growth factor-
β, and Wnt/β-catenin signaling pathways; these are key to cell proliferation, tissue inflammation,
and cell membrane repair. Hyperoxia-induced oxidative stress is characterized by the attenuation
or the induction of multiple molecular factors associated with kidney damage. This review focuses
on the molecular pathways involved in the pathogenesis of hyperoxia-induced kidney injuries to
establish a framework for potential interventions.

Keywords: chronic kidney disease; hyperoxia; kidney injury; nephrogenesis; kidney fibrosis;
prematurity

1. Introduction

The prevalence rate of preterm birth is approximately 15 million infants worldwide
each year. A recent cohort study reported that the incidence rate of chronic kidney disease
(CKD) by gestational age at birth is 9.24 per 1,000,000 for preterm infants (<28 weeks), indi-
cating a threefold risk of CKD with respect to term infants; no difference was found between
male and female infants [1]. Preterm births vary in terms of gestational age and causes, with
inadequate gestational age being a common cause. Furthermore, an adverse intrauterine
environment causes 38% of preterm births, and other conditions such as preeclampsia,
multiple births, and chorioamnionitis may also be involved [2]. Exposure postnatally
to factors such as high oxygen concentrations [3], medications [4], and inadequate nu-
trition [5] likely adversely influence postnatal growth and ongoing organ development.
The renal consequences of preterm births have attracted increasing attention and include
a high risk of (CKD) [1], a quick progression of renal pathology [6], and predisposition
toward hypertension [7]. The third trimester of pregnancy is the most active period of fetal
nephrogenesis, during which more than 60% of nephrons are formed [8,9]. Preterm birth
(within <37 gestational weeks) interrupts the development and maturation of the kidneys
during the critical growth period. Neonates born preterm have an immature antioxidant
defense system [10] and present an imbalance between the oxidant and the antioxidant
system leading to an increased level of free radicals (FR), with subsequent oxidative dam-
age to organs [11]. Moreover, oxygen resuscitation [12] and intensive care maneuvers
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such as assisted ventilation, surfactant administration [13], total parenteral nutrition [14],
and blood transfusions [15] enhance FR production, which further increments oxidative
stress. Experimental hyperoxic exposure has been used in various previous studies to
investigate the effects of oxidative stress on preterm neonates [16,17]. Hyperoxia during
the neonatal period impairs renal tubular development. Human and animal studies have
demonstrated that neonatal hyperoxia increases oxidative stress and induces glomerular
and tubular injuries, which are manifested as renal corpuscle enlargement, renal tubular
necrosis, interstitial inflammation, and kidney fibrosis during the perinatal period [18–22].
Through the suppression of antioxidants such as glutathione peroxidase, catalase, and su-
peroxide dismutase activity [23,24], hyperoxia exposure augments free radical and reactive
oxygen species (ROS) production, which leads to increased oxidative stress. Human kidney
development is completed in utero in 36 gestational weeks [25], whereas nephrogenesis
in rats begins on the 12th embryonic day and is completed within 10 to 15 days after
birth [26]. Rats are born with immature kidneys; the first two postnatal weeks correspond
to the second and third trimesters of human pregnancy during which fetal nephrogenesis
occurs. Studies conducted using neonatal rat models have demonstrated the mechanism of
fetal nephrogenesis in humans. Although previous studies have clearly demonstrated the
presence of renal anomalies after hyperoxic exposure, the corresponding renal diseases and
progression to CKD have yet to be investigated. Thus, this review focuses on CKD among
prematurely born infants who were exposed to hyperoxia and discusses the theory, experi-
mental evidence, and indicators reported in the literature. In general, vigilant surveillance
and therapeutic interventions must be available to these infants.

2. Experimental Oxygen Studies and Kidney Injury

Hyperoxia causes structural defects and functional impairment [22,27–32], thereby pre-
disposing newborns to hypertension and CKD [33–35]. Studies have demonstrated—using
different animal models, including rat and mice models—that exposure to hyperoxia can
cause renal corpuscle enlargement, tubular injuries, reduced glomerular filtration rate
(GFR), and electrolyte derailment, as well as increased collagen content, kidney fibrosis,
and apoptosis [21,22,36] (Table 1). In a mouse model based on hyperoxia gas exposure
(85% O2) in the early neonatal period (postnatal days 1 to 28), Mohr et al. showed that
hyperoxia-induced neonatal renal injuries involve two phases: the acute and the regenera-
tive phases. The acute renal injury phase is characterized by deregulated mitochondrial
biogenesis, reduced renal cortical growth, reduced cell proliferation, and the activation
of interleukin-6/Stat3 signaling coupled with active Smad2/transforming growth factor-
β (TGF-β) signaling. The regenerative phase is characterized by renal cortical catch-up
growth with reduced glomeruli relative to the renal cortical area, thereby causing glomeru-
lar and tubular dysfunction [37]. A previously developed rat model showed that hyperoxia
exposure (80% O2) in the early neonatal period (postnatal days 3–10) was associated with
a 25% reduction in nephron number in adulthood [38]. Popeseu et al. also discovered a
considerable decrease in both nephrogenic zone width and glomerular diameter and a con-
siderable increase in apoptotic cell count using a similar rat model [36]. Compared with rats
exposed to ambient air, rats exposed to neonatal hyperoxia (85% O2 for 14 days) exhibited
a notably lower glomerular number, a higher kidney injury score, and elevated expression
of toll-like receptor 4 (TLR-4), myeloperoxidase (MPO), and 8-hydroxy-2-deoxyguanosine
(8-OHdG) [39]. A similar study demonstrated that newborn rat exposure to hyperoxia
caused tubular atrophy, dilatation of the tubular lumen, vacuolar degeneration of the
tubular epithelium, and increased space between the renal tubules in conjunction with
collagen deposition and macrophage infiltration [40]. In both short-term (1 week in Chen
and in Chou et al.) [39,40] and long-term (3 weeks in Jiang et al.; 95% O2 for 7 days and 60%
O2 for following 14 days) [22] studies, hyperoxic exposure resulted in increased collagen I
and tissue connective tissue growth factor (CTGF) expression leading to renal tubular dam-
age. In addition, the results of long-term studies on the effects of neonatal rats exposed to
hyperoxia (85% O2 for 14 days, then 21% O2 till P 60 d) indicated impaired proximal tubular

42



Int. J. Mol. Sci. 2022, 23, 8492

development [41,42], increased glomerular injury [43], decreased glomerular volume, and
decreased nephron number [44]. Thus, neonatal hyperoxia exposure may cause transient
apoptosis, renal fibrosis, and long-term glomerular and tubular damage and dysfunction
in the kidneys. In contrast, however, in a mouse model, exposure to 65% O2 from postnatal
day 1 to 7, and to >98% O2 from day 0 to 4 then to 21% for the following 4 days, did
not lead to any significant alterations in renal development or nephron number [18,21].
The contribution of hyperoxia-induced neonatal kidney damage to vulnerability to adult
CKD has yet to be clearly understood.

Table 1. Experimental models of hyperoxia exposure and kidney injury.

Model Species Primary Target Lesion Molecules Ref

85% O2, P1 to P28, 21%
O2 till P70

(Mohr et al.)
mouse

Glomerular filtration rate
Kidney cortex area

Glomerular number
Glomerular diameter

Proximal tubular proliferation

IL-6
Collagen IV

PAI-1
CTGF
Smad2

[37]

80% O2 P3 to P10
(Popeseu et al.) rat

Nephrogenic zone
Glomerular diameter

Glomerular apoptotic cells
HIF-1α [36]

95% O2, P1 to P7, 60% O2
till P21

(Jiang et al.)
rat Tubular injury score

Glomerular size

Total collagen
8-oHdG
CTGF

[22]

80% O2, P1 to P14
(Chen et al.) rat

Kidney injury score
Glomerular number

Glomerular injury score

8-OHdG
MPO activity

TLR4
IL-1β

[39]

85% O2, P1 to P7
(Chou et al.) rat Tubular injury score

M1 macrophage
8-OHdG
Collagen

NF-κB

[40]

85% O2, P0 to P14; 21%
O2 till P60
(Xu et al.)

rat

Nephrogenic zone
Epithelial cells of mature proximal

tubules
Tubular cell apoptosis

MAPK/ERK
HIF-1α

Catalase
IL-6

TNF-α
Claudin-4
Occludin

Zonula occluden-1 (ZO-1)

[41,42]

65% O2, P1 to P7; 21% O2
till P56 and P10m
(Sutherland et al.)

mouse Nephron number
Renal corpuscles - [21]

80% O2, P3 to P10; 21%
O2 till P11ms

(Sutherland et al.)
rat Glomerular injury

Creatinine clearance - [43]

85% O2, P3 to P15; 21%
O2 till P9ms

(Kumar et al.)
mouse

Glomerular diameter
Glomerular volume

Nephron number
- [44]

80% O2, P3 to P10; 21%
O2 till P15wks

(Yzydorczyk et al.)
rat

Blood pressure
Microvascular rarefaction

Nephron number

Superoxide dismutase
analogue [38]

>98% O2 P0 to P4; 21%
O2 till P5, P8

(Torbati et al.)
rat

Tubular necrosis, dilation, and
degeneration,

Interstitial inflammation
- [18]

Abbreviations: IL-6: interleukin-6; PAI-1: plasminogen activator inhibitor-1; CTGF: connective tissue growth factor;
HIF-1α: hypoxia inducible factor-1α; 8-OHdG: 8-hydroxydeoxyguanosine; MPO: myeloperoxidase; TLR4: toll
like receptor; IL-1β: interleukin-1β; MAPK/ERK: mitogen-activated protein kinase, extracellular signal-regulated
kinase; TNF-α: tumor necrosis factor-α.
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3. Predisposition to CKD Due to Hyperoxia-Induced Kidney Injuries
3.1. Proximal Tubular Injury and Interstitial Fibrosis

CKD affecting 13% of the global population is a growing epidemic resulting from renal
insults caused by, e.g., hypertension, inflammatory glomerular diseases, diabetes mellitus,
genetic disorders, and toxins [45]. Although CKD can be triggered by various factors,
glomerulosclerosis, vascular sclerosis, and tubulointerstitial fibrosis are common in CKD,
indicating that progressive injury occurs through a common final pathway [46]. CKD is
the common endpoint of different etiologies including glomerular injuries, repeated acute
kidney injury (AKI), and chronic tubulointerstitial injures. The progression of CKD follows
a common pathway whereby the normal renal parenchyma is replaced with matrix proteins
such as collagen I, III, IV and fibronectin. The basic functional unit of the kidney is the
nephron which filters the blood in the glomerulus. The resulting ultrafiltrate passes through
the tubules, composed of a highly specialized epithelium, which reabsorb water and elec-
trolytes [47]. With regard to histopathology, tubulointerstitial fibrosis (TIF) is characterized
by extracellular matrix (ECM) accumulation, tubular atrophy, inflammatory cell infiltra-
tion, and peritubular microvascular loss, which are typically observed in CKD [48,49].
Matrix proteins accumulation in the glomerulus is termed glomerulosclerosis, whereas
TIF describes the presence of matrix proteins replacing the tubules and/or surrounding
the interstitium. The tubular epithelium, especially in the proximal tubules, is affected
by acute and chronic injuries. The injured epithelium dedifferentiates and proliferates,
thereby promoting healing after AKI [50]. Repetitive or persistent epithelial injuries may
cause tubular apoptosis, which leads to progressive TIF. The dying epithelial cells may
produce proinflammatory cytokines and other growth factors that promote inflammation
and fibrosis. Renal fibrosis is typically preceded by the infiltration of inflammatory cells,
including lymphocytes, monocytes/macrophages, dendritic cells, and mast cells. Fibrosis
is primarily promoted by persistent inflammation [51]. Experimental models and human
pathological studies of TIF have demonstrated that the activation of tubular epithelial cells
and interstitial fibroblasts causes the excessive generation of ECM, which is constituted
mostly by collagen, and the formation of scar tissue. Injured proximal tubular epithelial
cells synthesize collagen, which promotes basement membrane thickening (collagen IV)
and interstitial fibrosis (collagen I, III, IV) [52]. The dedifferentiated epithelial cells exhibit
a partially mesenchymal phenotype, which is associated with an increased production
of profibrotic cytokines. Renal injury alters the epithelial cell cycle, and these cell cycle
changes may also impact TIF progression and the transition from AKI to CKD [47]. Most
proximal tubule epithelial cells in uninjured kidney are quiescent (cell cycle stage G0).
However, during injury, the cells may enter the cell cycle (G1, S, G2, M) to help replace
cells lost to apoptosis/necrosis, and some cells become arrested in either G1 or G2. Cell
arrest is adaptive to allow time for repair of any DNA damage and prevent the propagation
of mutations that occur in injured cells. Chronically injured epithelial cells are arrested
in G2/M; this cell cycle dysfunction is also associated with the excessive production of
profibrotic growth factors [53]. G2/M cell cycle arrest results in increased activity of c-jun
N-terminal kinase (JNK), which promotes the production of TGF-β and CTGF/CCN2 [53].
The augmented production of epithelial TGF-β may induce the interaction of other growth
factors with fibroblasts, thereby promoting TIF progression.

3.2. Nephron Number Loss and Increase in Glomeruli Diameter

Studies have revealed that early exposure to hyperoxia causes a decrease in nephron
number and an increase in glomeruli diameter as well as an increase in the incidence of
glomerular injuries and in the number of apoptotic cells [37,38,43]. As nephron number
decreases, the filtration capacity of nephrons increases. The number of functional nephrons
decreases, creating more metabolic work for the remaining tubules. In agreement with
Brenner’s hypothesis about declining renal function and glomerular hyperfiltration [54],
the remaining proximal tubules become hypertrophic to meet the increased demand of
water and solutes reabsorption [55]. Although total energy expenditure in the CKD kidney
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decreases, the metabolism of the surviving nephrons increases to support the compensatory
changes in reabsorption [56,57]. Protein intake correlates positively with proximal tubule
hypertrophy and, in the rat subtotal nephrectomy model, led to more oxidative stress [58].
The increase in perfusion pressure above the normal physiological range may affect the
structural filtration stability and cause glomerulosclerosis and nephron loss [59]. In a
study on the effects of a low-protein diet during pregnancy and lactation, reduced nephron
number, increased glomerulus volume, and enhanced TGF-β and collagen I expression
and STAT3 phosphorylation were observed in children [60]. Srivastava et al. investigated
the role of biomechanical forces in hyperfiltration-mediated glomerular injuries due to
congenital anomalies in the kidney and urinary tract (CAKUT) by analyzing the effects
of biomechanical forces on glomerular podocytes [61]. Moreover, children with CAKUT
may progressively develop CKD because of early renal changes due to maladaptive hy-
perfiltration that leads to increased fluid flow shear stress [61]. Although the long-term
consequences of preterm birth in the kidneys have yet to be discovered, evolutionary adap-
tion may explain other responses in the CKD kidney that are initially adaptive but lead to
dysfunction, such as senescence and inflammation. The decrease in nephron number and
proliferation of tubular cells can induce functional changes in the kidneys later in life [37].
The available evidence indicates that preterm birth increases the risk of CKD [30,32], and
neonatal hyperoxia exposure induces changes in renal structure and a decrease in GFR as
well as glomerular and tubular damage, thereby increasing the chances of renal disorders
in adulthood.

3.3. Glomerular and Podocyte Injury

The glomerulus contains four different cell types. Fenestrated endothelial cells cover
the glomerular basement membrane (GBM) from the vascular side, and podocytes from the
outside (urinary side), all together building the glomerular filtration barrier [62]. Mesangial
cells produce extracellular matrix and scaffold the capillaries. The fourth cell type, parietal
epithelial cells, lines the outer aspect of the glomerulus and thereby defines the Bowman’s
space from where primary urine flows into the tubule [63]. Mature podocytes do not
proliferate in vivo due to their highly differentiated phenotype; thus, they respond to
different types of injury through detachment from the glomerular basement membrane,
dedifferentiation, autophagy, and apoptosis [64]. The mechanisms underlying podocyte
injury are complex and include hemodynamic and metabolic pathways as well as the
interplay of vasoactive molecules, growth factors, and cytokines [64,65]. Accumulating
experimental and clinical evidence suggests that podocytes are quite vulnerable to oxidative
damage, and amplification of oxidative stress seems to be a final and common pathway
shared by different aggressors at the cellular level. Glomerular injury leads to podocyte
loss and induces adhesion between the glomerular basement membrane and the parietal
epithelium. A protein-rich ultrafiltrate usually passes from the capillaries to the Bowmans
space and tubular lumen, but increased adhesion in the tuft and breaks in the parietal
epithelium misdirect the protein ultrafiltrate to the interstitium [66]. Podocyte injury can
induce their detachment from the GBM and thus their loss, which is the major determinant
of progressive glomerular injury and glomerulosclerosis [67]. The loss of podocytes will
also induce endothelial stress and injury, since podocyte-derived angiogenic factors such
as VEGF are essential for normal endothelial homeostasis [63]. Paracrine signaling from
injured podocytes induces the activation of parietal epithelial cells and mesangial cells,
which directly facilitates the onset of glomerulosclerosis. Glomerular injury increases the
filtered load of albumin, and this augmented proximal tubular protein reabsorption can
have both direct toxic and paracrine effects that may promote TIF, which leads to CKD.

3.4. Similarities and Differences between Hyperoxia- and Other Factors-Induced Pathomechanisms
in CKD

There are some similarities and differences in CKD induced by hyperoxia or by other
factors, such as diabetes, hypertension, or obstructive uropapthy. CKD induced by hy-
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peroxia and other factors CKD is characterized by nephron loss, nephron hypertrophy,
proximal tubular injury, and intersitial fibrosis, which are originated from oxidative stress
and inflammatory processes. CKD due to other factors presents dominant podocyte
injury and detachment, focal segmental glomerulosclerosis, global glomerulosclerosis,
and subsequent nephron atrophy, which are caused by direct toxicity, local or systemic
infection, and genetic factors. Nephron loss involves a nonspecific wound-healing re-
sponse that includes interstitial fibrosis. Infitrating immune cells, albuminuria, and, in
diabetes, glucosuria, activate proximal tubular epithelial cells, resulting in the secretion
of proinflammatory and profibrotic mediators, and promote interstitial inflammation and
fibrosis [68]. The increased tubular transport load of remnant nephrons also involves aner-
obic metabolism, intracelluar acidosis, and endoplasmic reticulum stress, which promote
secondary tubular injury [69]. In other forms of CKD, angiotensin II plays an important role
through the mechanistic targeting of rapamycin signaling, maintaining persistent podocyte
hypertrophy and glomerular hyperfiltration and ultimately aggravating podocyte loss
and proteinuria. Angiotensin II possibly also contributes to the dysregulated response
of progenitor parietal epithelial cells along Bowman’s capsule, generating FSGS lesions
instead of replacing lost podocytes [70]. This structural remodelling of the glomerulus
presents clinically as proteinuria, which is a marker of nephron damage and is predictive
of CKD progression [71].

4. Cellular and Molecular Aspects
4.1. Influence of Hyperoxia-Inducible Factor-1a (HIF-1α) on Tubular Development

Several biomolecular factors including TGF-β, HIF-1α, and integrin-linked kinase
have been found to influence in vivo epithelial–mesenchymal transformation [72–74].
The prevention of TGF-β-mediated signaling by bone morphogenetic protein-7 aids the
reversal of TGF-β-mediated TIF [72] (Figure 1).

Hyperoxia-inducible factors (HIFs) are heterodimers comprising one of three O2-
sensitive alpha subunits (HIF-1α, HIF-2α, and HIF-3α) and a constitutively expressed
beta-subunit HIF-1β [75]. HIF-1α and HIF-1β are the key regulators of oxygen homeostasis.
HIF-1α promotes organogenesis [76,77] by regulating the expression of various factors in-
volved in angiogenesis, cellular proliferation, and apoptosis [78,79]. Within the developing
kidney, HIF-1α is expressed weakly in the outer cortex and strongly in some tubular and
collecting duct epithelial cells. Mice genetically deficient in HIF-1α die at midgestation
(embryonic day 9.5 [E9.5]) show vascular and neural tube defects [76,80]. Popeseu et al.
investigated the influence of transient hyperoxia exposure on nephrogenesis in neonatal
rats. Transient hyperoxia during nephrogenesis suppressed HIF-1α, reduced nephrogenic
zone width and glomerular diameter, and increased apoptotic cell count, which were
reversed by a HIF-1α stabilizer; however, no changes were observed in nephron number
after nephrogenesis [36]. Xu et al. discovered that neonatal hyperoxia impaired proximal
tubular development in conjunction with downregulated HIF-1α and altered mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) signaling
and catalase [41]. MAPK/ERK signaling is crucial to the proliferation and differentiation
of nephron progenitors. The catalase enzyme is key to protecting the cell from oxidative
damage due to ROS [81]. Nephrectomized animals exhibited significant elevated levels
of proinflammatory and profibrotic factors, activation of NF-κB, and increased activation
of TGF-β/Smad3 and MAPK signaling pathways [82]. ROS activate a broad variety of
hypertrophy signaling kinases and transcription factors, such as MAPK and NF-κB, as
well as proliferation of activation of matrix metalloproteinases (MMPs) [83]. Thus, early
exposure to hyperoxia can impair nephrogenesis and induce proximal tubular injuries
through HIF-1α attenuation, predisposing infants to adult CKD.
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Figure 1. Schematic of the mechanism of hyperoxia-induced kidney injury and renal interstitial fi-
brosis. Hyperoxia induces reactive oxidative stress; prolyl hydroxylases domain enzymes, which 
downregulate HIF-1α, upregulate IL-6, and trigger the activation of 8-OHdG, bind to the plasma 
membrane receptor RAGE and TLR-4, thereby enhancing the generation of ROS. This regulates the 
inflammatory transcription factors NF-κB, IL-1β, and MPO, which induce Wnt ligands and subse-
quently activate β-catenin. The activation of β-catenin triggers podocyte injury through dedifferen-
tiation and mesenchymal transition. The downregulation of HIF-1α suppresses MAPK and ERK, 
thereby reducing catalase levels. The reduction of catalase triggers proximal tubular injury and im-
pairs glomerular development. The upregulation of IL-6 triggers the activation of phosphorylated 
Smad2. This in turn induces the phosphorylation of STAT3, the activation of TGF-β1, and the for-
mation of alpha SMA, PAL1, CTGF, and collagen IV. The activation of α-SMA and collagen IV sub-
sequently induces renal mesangial and interstitial fibrosis. Abbreviations: PHD: prolyl hydroxylases 
domain enzyme; IL-6: interleukin-6; PAI-1: plasminogen activator inhibitor-1; CTGF: connective tis-
sue growth factor; HIF-1α: hypoxia inducible factor-1α; 8-OHdG: 8-hydroxydeoxyguanosine; MPO: 
myeloperoxidase; TLR4: toll like receptor; IL-1β: interleukin-1β; MAPK/ERK: mitogen-activated 
protein kinase, extracellular signal-regulated kinase; TNF-α: tumor necrosis factor-α; STAT3: signal 
transducer and activator of transcription3; TGF-β1: transforming growth factor-β1; alpha SMA: al-
pha smooth muscle actin. 
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Figure 1. Schematic of the mechanism of hyperoxia-induced kidney injury and renal interstitial
fibrosis. Hyperoxia induces reactive oxidative stress; prolyl hydroxylases domain enzymes, which
downregulate HIF-1α, upregulate IL-6, and trigger the activation of 8-OHdG, bind to the plasma
membrane receptor RAGE and TLR-4, thereby enhancing the generation of ROS. This regulates
the inflammatory transcription factors NF-κB, IL-1β, and MPO, which induce Wnt ligands and
subsequently activate β-catenin. The activation of β-catenin triggers podocyte injury through ded-
ifferentiation and mesenchymal transition. The downregulation of HIF-1α suppresses MAPK and
ERK, thereby reducing catalase levels. The reduction of catalase triggers proximal tubular injury
and impairs glomerular development. The upregulation of IL-6 triggers the activation of phospho-
rylated Smad2. This in turn induces the phosphorylation of STAT3, the activation of TGF-β1, and
the formation of alpha SMA, PAL1, CTGF, and collagen IV. The activation of α-SMA and collagen IV
subsequently induces renal mesangial and interstitial fibrosis. Abbreviations: PHD: prolyl hydroxy-
lases domain enzyme; IL-6: interleukin-6; PAI-1: plasminogen activator inhibitor-1; CTGF: connective
tissue growth factor; HIF-1α: hypoxia inducible factor-1α; 8-OHdG: 8-hydroxydeoxyguanosine; MPO:
myeloperoxidase; TLR4: toll like receptor; IL-1β: interleukin-1β; MAPK/ERK: mitogen-activated
protein kinase, extracellular signal-regulated kinase; TNF-α: tumor necrosis factor-α; STAT3: signal
transducer and activator of transcription3; TGF-β1: transforming growth factor-β1; alpha SMA: alpha
smooth muscle actin.
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4.2. Role of the Proinflammatory Cytokine Interleukin-6

Cytokines aid the inflammatory response but may induce organ dysfunction when
released in excess [84,85]. IL-6 is a pleiotropic cytokine that not only regulates immune
and inflammatory responses but also affects hematopoiesis, metabolism, and organ devel-
opment [86]. The level of IL-6 is high in the renal tissue of patients with kidney diseases,
diabetic nephropathy, glomerulonephritis, or obstructive nephropathy. Renal cells that
express and secrete IL-6 include podocytes, endothelial cells, mesangial cells, and tubular
epithelial cells. IL-6 signaling can enhance cell proliferation, affect differentiation, and
promote TIF [86]. After prolonged exposure to oxygen, the levels of IL-6, TGF-β, and
8-OHdG increase in the tracheal aspirates of infants, leading to chronic lung disease [87–89].
Neonatal rat exposed to hyperoxia also augmented the production of 8-OHdG and TLR-4,
MPO activity, and the levels of IL-1β, NF-κB, M1 and M2 macrophage and collagen in the
kidneys, which indicated increased oxidative stress (8-OHdG), neutrophil accumulation
(MPO activity), inflammatory response (TLR-4, IL-1b, NF-kB, and M1 and M2 macrophage),
and fibrotic reaction (collagen) [39,40]. Furthermore, neonatal hyperoxia exposure con-
siderably increased IL-6 levels in the lungs [90,91], indicating that hyperoxia enhanced
ROS production, and the subsequent oxidative stress induced an inflammatory cellular re-
sponse [92]. Mohr et al. discovered that elevated levels of IL-6 induced transient changes in
renal fibrosis and a considerable decrease in GFR, glomerular number, and cell proliferation
in neonatal mice after prolonged exposure to oxygen. These changes did not occur in IL-
6−/− animals [37]. Increased renal expression of IL-6 and a marked activation of IL-6/Stat3
signaling in the acute renal injury phase may thus remain unchanged after regeneration
under normoxic conditions [37]. In addition to increasing IL-6 levels, hyperoxia induces a
marked activation of Smad2 and subsequently increases the expression of plasminogen
activator inhibitor-1 (PAI-1) and other downstream molecules, such as CTGF, collagen a-4
type IV (collagen IV), and elastin. Smad2, an indicator of the TGF-β pathway activation,
enhances the synthesis of matrix proteins and the secretion of protease inhibitors, which
results in matrix accumulation. TGF-β is a key profibrotic growth factor that is activated in
AKI and is associated with cellular responses that lead to the development of CKD. TGF-β
signaling may sustain proximal tubule injury by inducing cell dedifferentiation, cell cycle
arrest, and increased susceptibility to apoptosis. Furthermore, TGF-β signaling promotes
macrophage chemotaxis, endothelial injury, and myofibroblast differentiation after AKI [93].
Tubular overexpression of TGF-β led to tubular autophagy and degeneration as well as
peritubular fibrosis [94]. PAI-1, CTGF, collagen IV, and smooth muscle alpha-actin are
downstream profibrotic effectors of Smad2 and are associated with enhanced extracellular
matrix remodeling and fibrosis; they are also associated with damage in several organs in
humans [95–99]. The activation of both IL-6 and TGF-β signaling due to hyperoxia during a
critical period of nephrogenesis could adversely affect energy metabolism, tubular growth,
and nephron functioning, thereby predisposing infants to adult CKD.

4.3. Influence of Hyperoxia on Nephrogenesis and Renal Fibrosis through Wnt/β-Catenin Signaling

Wnts are a family of secretory proteins that, upon binding with their cellular membrane
receptors, induce a series of downstream signaling events resulting in the phosphorylation
of beta-catenin [100]. The Wnt/β-catenin signaling pathway is crucial for organ develop-
ment, tissue homeostasis, and postinjury organ repair [101–103]. Transient Wnt/β-catenin
signaling stimulates repair and regeneration after AKI, and the continuous activation
of the pathway promotes CKD-related fibrogenesis [104]. The Wnt/β-catenin signaling
pathway is inactive in normal kidneys but is activated after kidney injury in various CKD
situations, such as in the presence of ischemia–reperfusion injury, 5/6 nephrectomy, uni-
lateral ureteral obstruction, and doxorubicin nephropathy [105–107]. The upregulation
of multiple Wnt ligands and the activation of β-catenin are observed in renal biopsies of
individuals with diabetic nephropathy, IgA nephropathy, and lupus nephritis and make
them prone to podocyte damage and oxidative stress [108–110]. Previous evidence suggests
that the action of Wnt/β-catenin is dependent on the activation of receptor of advanced
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glycation end product (RAGE) by advanced oxidation protein products (AOPPs). This
triggers a cascade of reactions, including induction of NADPH oxidase, generation of ROS,
and NF-κB activation, which leads to the induction of Wnt ligands and the activation of
β-catenin [111]. Zhou et al. discovered that Wnt/β-catenin is activated in CKD patients
and mediates oxidative stress-triggered podocyte dysfunction and proteinuria through a
series of signaling events involving the induction of ROS/p65 NF-κB and Wnt [100]. Lin
et al. experimentally demonstrated that the suppressed antioxidant element Se may induce
renal fibrosis by enhancing the Wnt/β-catenin signaling pathway [112]. Thus, oxidative
stress may lead to CKD and kidney fibrosis through the activation of the Wnt/β-catenin
signaling pathway.

5. Therapeutic Approach According to Molecular Markers

In addition to basic science studies elucidating the importance of kidney injury in
hyperoxia-exposed animals, other studies have described a new class of therapeutic inter-
ventions or medications that target molecular factors and protect against hyperoxia-induced
kidney injury in neonatal animals. Experimentally systemic administration of the HIF-1α
stabilizer dimethyloxalylglycine (DMOG) resulted in enhanced expression of HIF-1α and
improved nephrogenesis: kidneys from hyperoxia-exposed pups treated with DMOG
exhibited a nephrogenic zone width and a glomerular diameter similar to those of con-
trols [36]. Investigations also showed that cathelicidin treatment attenuated kidney injury,
as evidenced by lower kidney injury scores, less 8-OHdG-positive cells, reduced colla-
gen deposition, and reversion of hyperoxia-induced M1/M2 macrophage polarization,
accompanied by decreased NF-kB levels [40]. IL-6 deficiency ameliorated experimental
hyperoxia-induced glomerular and tubular dysfunction through the inhibition of inflamma-
tory signaling. These observations may indicate new avenues to protect premature infants
from CKD [37]. In a rat model of hyperoxia-induced lung injury, resveratrol alleviated
hyperoxia-induced histological injury in the lungs, regulated the redox balance, decreased
proinflammatory cytokine release, and downregulated the expression of fibrosis-associated
proteins through Wnt/β-catenin signaling suppression [23]. These novel therapeutic ap-
proaches provided some targeting goals to reduce the risk of CKD in premature babies.
Nevertheless, there are currently no effective approaches for neonates exposed to hyperoxia.
Large studies in specifically selected patient cohorts with current endpoints will require a
multicenter approach, with long recruitment time and duration, which will substantially
increase the time and costs.

6. Future Studies on Hyperoxia-Induced Kidney Injuries

Glomerular and tubular injury and renal fibrosis are not a single process but indicate
various pathologic and fibrotic processes in specific renal compartments with a particular
cellular and molecular composition. They involve virtually all renal cells and a large
number of molecules, albeit only few molecules are directly involved in fibrogenesis itself.
Hyperoxia during the neonatal period in animals causes pathological changes including
glomerular injuries and proximal tubular dysfunction. Kidney injuries due to hyperoxia
exposure vary, depending on the injury phase (acute or regenerative) after recovery in
ambient air. The results of long-term studies indicate that early exposure to hyperoxia
results in glomerular reduction and proximal tubular dysfunction [28], whereas short-term
studies have not demonstrated the occurrence of deleterious effects [10]. In addition,
several groups have shown that β-catenin activation in fibroblasts or pericytes promote
TIF progression [113,114]. In contrast, investigations also demonstrated that β-catenin
activity in the proximal tubule protect against TIF [115]. Although an increment in HIF-1α
expression improved nephrogenesis and hyperoxia-induced kidney injury [38], increased
HIF expression was found in animal models of CKD and in renal biopsy material from
patients with diabetic nephropathy and other forms of renal disease [116,117]. Another
study identified epithelial HIF-1 as a promoter of renal fibrosis in experimental unilateral
ureteral obstruction [73]. Thus, the implications of these results are unclear because of
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a lack of long-term cohort studies specifying the target markers. Although pathological
changes in glomeruli and tubules and the enhancement of biomolecular pathways may be
the major causes of CKD, further studies must investigate the correlation between damaged
nephrons and renal interstitial fibrosis. Furthermore, advanced therapeutic strategies must
be developed to prevent CKD in prematurely born infants.

In conclusion, preterm birth and low birth weight contribute to the increased risk of
CKD in later life. Oxygen therapy to treat neonatal respiratory diseases can also lead to
kidney injury during nephrogenesis. The injured kidney structure and dysfunction may
lead to CKD through ROS- and inflammation-induced nephron loss, proximal tubular
and glomerular injuries, and interstitial fibrosis. These mechanisms are similar to those
activated by other factors that may cause CKD. Several molecular signaling pathways
are involved in the pathogenesis of hyperoxia-induced CKD. Targeting pathomolecular
regulators might provide the means to simultaneously regulate the activity of multiple
pathways that coordinately regulate different aspects of CKD progression.
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Abstract: Oxygen is a powerful trigger for cellular reactions and is used in many pathologies,
including oxidative stress. However, the effects of oxygen over time and at different partial pressures
remain poorly understood. In this study, the metabolic responses of normobaric oxygen intake
for 1 h to mild (30%) and high (100%) inspired fractions were investigated. Fourteen healthy non-
smoking subjects (7 males and 7 females; age: 29.9 ± 11.1 years, height: 168.2 ± 9.37 cm; weight:
64.4 ± 12.3 kg; BMI: 22.7 ± 4.1) were randomly assigned in the two groups. Blood samples were
taken before the intake at 30 min, 2 h, 8 h, 24 h, and 48 h after the single oxygen exposure. The level
of oxidation was evaluated by the rate of reactive oxygen species (ROS) and the levels of isoprostane.
Antioxidant reactions were observed by total antioxidant capacity (TAC), superoxide dismutase
(SOD), and catalase (CAT). The inflammatory response was measured using interleukin-6 (IL-6),
neopterin, creatinine, and urates. Oxidation markers increased from 30 min on to reach a peak at 8 h.
From 8 h post intake, the markers of inflammation took over, and more significantly with 100% than
with 30%. This study suggests a biphasic response over time characterized by an initial “permissive
oxidation” followed by increased inflammation. The antioxidant protection system seems not to be
the leading actor in the first place. The kinetics of enzymatic reactions need to be better studied to
establish therapeutic, training, or rehabilitation protocols aiming at a more targeted use of oxygen.

Keywords: normobaric oxygen paradox; hyperoxic–hypoxic paradox; hyperoxia; oxygen biology;
cellular reactions; human; oxygen therapy; human performance; decompression; diving

1. Introduction

Oxygen, the third most abundant element in the biosphere, is mostly known for its role
in the development and ability to sustain aerobic organisms [1], and it is administered as a
therapeutic agent [2]. Indeed, oxygen is considered as a cornerstone of modern medical care
within well-defined limits to mitigate adverse effects [3]. Nowadays, oxygen use is not only
limited to counteract hypoxia or restore patient saturation. New research paths have coined
the use of several inhaled oxygen fractions (FiO2) in the physiology of aging [4,5], such as
cartilage degeneration [6], prediabetes [7], or neuroprotection [8]. It must be acknowledged
that variable FiO2, hypoxic or hyperoxic, is already relatively common, for instance, for
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preconditioning in cardiovascular disease [9,10], sports training [11], and before exposure
to challenging environments such as scuba diving [12], high altitude military parachute
freefall [13,14], and space flight activities [15].

Under physiological conditions, unstable molecules derived from oxygen called reac-
tive oxygen species (ROS; i.e., superoxide anions (O2•–), hydroxyl radicals (•OH), peroxyl
radicals (ROO•), and alkoxy radicals (RO•)), are primary signals to modulate several
pathways involved in homeostasis and cell proliferation/differentiation/survival [16,17].

ROS increase due to environmental and/or chemical stimuli. When ROS increase
and the endogenous antioxidant system (enzymatic and/or non-enzymatic) is perturbed,
oxidative stress is triggered. This results in damage to lipids, proteins, and DNA [18–20].

Furthermore, it is known that oxidative stress, inflammation, the immune system, and
metabolism are intricately intertwined [21,22]. Specific inflammatory cytokines utilize ROS
as part of their signaling cascades, and these can contribute to the development and/or
progression of acute or chronic inflammatory responses [23].

Our previous works highlighted the non-linearity of the dose–response curve, which
makes the definition of an optimal oxygen dose difficult.

Based on the current literature, several factors such as FiO2 [11,15,24,25], duration
and frequency [26–28], or pressure of exposure—either normobaric, hypobaric, or hyper-
baric [15,26,29]—may influence the ability to reach a specific clinical or molecular effect.

Although some mechanisms were identified, there is a lack of data regarding the
kinetics of the cellular response to those different oxygen partial pressures.

Therefore, the objective of this study is to describe the kinetics of cell expression in
response to a single exposure at different FiO2 percentages (30% and 100%) in normobaric
conditions only.

2. Results
2.1. Reactive Oxygen Species (ROS) Rate and Isoprostane Levels after One Hour of Oxygen
Exposure at a FiO2 of 30% or 100%

Both oxygen exposures, 30% and 100%, elicited a significant increase of plasmatic ROS
production rate (Figure 1A). Both responses were similar in amplitude and shape, character-
ized by a significant increase with a peak at 8 h after exposure (30%: 0.24 ± 0.01 µmol.min–1;
100%: 0.25 ± 0.04 µmol.min–1) followed by a decrease after 30%, reaching a plateau af-
ter 100%. At 48 h, there was a significant difference between oxygen concentrations (30%:
0.21 ± 0.01 µmol.min–1; 100%: 0.23 ± 0.01 µmol.min–1; p = 0.012, unpaired t test). Isoprostane
(8-iso-PGF 2α), a biomarker of lipid peroxidation (Figure 1B), followed the same trend for
both oxygen exposures with a peak at 2 h after 30% exposure (498.7 ± 99.55 pg.mg–1; 100%:
499.1 ± 164.0 pg.mg–1; p = 0.0078). At 48 h the baseline was reached for both exposures (30%:
266.4 ± 95.67 pg.mg–1; 100%: 281.2 ± 135.3 pg.mg–1; p = 0.63 and 0.99, respectively).
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Figure 1. Evolution of ROS (A) production rate and isoprostane level (B) after 60 min of mild (30%,
n = 6) or high (100%, n = 8) hyperoxia. Results are expressed as mean ± SD. T0 represents pre-
exposure baseline (ns: not significant; *: p < 0.05, **: p < 0.01, ***: p < 0.001; intragroup: one-way
ANOVA; intergroup: unpaired t test).
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2.2. Antioxidant Response (TAC, SOD, CAT) after One Hour of Oxygen Exposure at a FiO2 of
30% or 100%

Figure 2 illustrates the antioxidant response as a function of blood total antioxidant
capacity (TAC), superoxide dismutase (SOD), and catalase (CAT) concentration. SOD
and CAT activities were not modified by oxygen exposure (30%: 3.9 ± 0.9 U/mL and
25.9 ± 7.5 U/mL, respectively; 100%: 4.1 ± 0.9 U/mL and 24.7 ± 6.3 U/mL, respectively).
Nonetheless, compared to 100%, after being exposed at 30%, the TAC was significantly
increased 24 h after the end of exposure (3.8 ± 0.5 M vs. 2.9 ± 0.3 mM; p = 0.004, unpaired
t test). However, compared to baseline, this difference was not significant (p = 0.32, one-
way ANOVA).
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Figure 2. Evolution of the antioxidant response after 60 min of mild (30%, n = 6) or high hyperoxia
(100%, n = 8). (A) Total antioxidant capacity (TAC). (B) Superoxide dismutase activity (SOD).
(C) Catalase activity (CAT). Results are expressed as mean ± SD. T0 represents pre-exposure (ns: not
significant, **: p < 0.01; intragroup one-way ANOVA; intergroup unpaired t test).

2.3. Inflammatory Response (IL-6, Neopterin, Creatinine, and Urates) after One Hour of Oxygen
Exposure at a FiO2 of 30% or 100%

Interleukin 6 (IL-6) was measured in plasma samples, while neopterin, creatinine, and
urates were obtained from urine samples (Figure 3).

IL-6 followed a similar pattern in both conditions, although with a late higher ampli-
tude after 100% exposure. It was characterized by a significant decrease in concentration
followed by a rebound without returning to the baseline. The nadir was reach after 2 h
(30%: 2.0 ± 1.0 pg/mL; 100%: 3.9 ± 2.7 pg/mL; p = 0.017 and p = 0.015, respectively,
one-way ANOVA), while the acme was reached after 24 h (30%: 8.8 ± 4.6 pg/mL; 100%:
14.7 ± 2.7 pg/mL; p > 0.99 and p = 0.001, respectively, one-way ANOVA).

From 8 h post-exposure and beyond, the two curves significantly diverged (8 h:
p = 0.001; 24 h: p = 0.04; 48 h: p = 0.008, unpaired t test).

Neopterin exhibited a similar pattern, although the magnitudes of the changes were
reduced. These changes were not statistically significant.
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(100%, n = 8). (A) Interleukin-6 (IL-6). (B) Neopterin. Results are expressed as mean ± SD. T0
represents pre-exposure (ns: not significant; *: p < 0.05, **: p < 0.01, ***: p < 0.001; intragroup: one-way
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Creatinine and urates in urine exhibited opposite U-shaped responses, with a crea-
tinine nadir between 2- and 8-h post-exposure and an urate acme within the same time
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frame (Figure 4), although compared to the baseline, these variations were not statisti-
cally significant (one-way ANOVA). There was, however, a significant difference in the
urate’s kinetics. It was characterized by a stronger initial response after exposure at 100%
(30 min: 25.2 ± 5.5 mg/dL vs. 15.5 ± 3.8 mg/dL, p = 0.03; and 2 h, 35.2 ± 7.5 mg/dL vs.
18.7 ± 8.5 mg/dL, p = 0.005; unpaired t test).
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2.4. Percent of Expressed Proteins and Reactive Oxygen Species (ROS) after One Hour of Oxygen
Exposure at a FiO2 of 30% or 100%

The magnitude and direction of changes among all results are illustrated in Figure 5.
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3. Discussion

Hormesis in mammals is defined as an adaptation capacity to different stresses, which
encompasses dynamic processes of repair, recovery, and toxicity that occur over time [30].
At the most basic level, it is mediated through “dose–response” and “dose–time” combina-
tions to oxidative stress, metabolic changes, and inflammation [31]. This is a well-known
process in pathological situations [32] or ageing. Indeed, the age-related imbalance between
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pro- and anti-inflammatory factors is a recognized etiology for metabolic, cardiovascular,
and neurodegenerative diseases [33].

Until a decade ago, ROS were thought to cause exclusively toxic effects and were
associated with various pathologies [34]; with time, this view has changed, considering
that the presence of ROS in cells indicates that ROS production was evolutionarily selected
in order to achieve certain useful roles [35]. It is now accepted that biological specificity of
ROS action is achieved through the amount, duration, and localization of their production,
as we underline in this study.

More recent data have encouraged us to investigate a new paradigm, namely, to
consider oxygen as a potent stimulus of molecular complex reactions rather than a simple
drug [36].

Several studies exploring the effect of pulsed hyperoxia demonstrated that it is possible
to stimulate the production of hypoxia inducible factor (HIF-1α), which was believed to be
expressed only under hypoxic conditions—hence its name.

This phenomenon is called the “normobaric oxygen paradox” [25,26,37] or the “hyperoxic–
hypoxic paradox” [24] (for a global view of the mechanisms, see Figure 6).
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of PHDs and FIH. During hypoxia and intermittent hyperoxia, the stabilization in the cytosol of
HIF−1α protein is improved by repressing the activity of isoforms 1 to 3 of prolyly hydroxylase
(PHDs) and of FIH (only in hypoxia), whereas nuclear synthesis is blocked by inhibiting proteins such
as REST. Therefore, during these altered oxygen states, immune activation seems to start earlier than
antioxidant defenses, allowing subtle kinetics between inflammation and ROS, in their role similar to a
“second messenger”. Upon the return to normoxia, the destabilization of HIF−1α by the intervention
of PHD and FIH is delayed by the late activation of antioxidant protection, leaving the cell in a state
of “permissive oxidation”. Following this, nuclear synthesis begins earlier, explaining the rebound
phenomenon encountered in the production of HIF−1α. NRF2 and NF-κB are overexpressed after
100%, whereas under 30% only NRF2 is stimulated.

During these interventions, the return to normoxia after mild hyperoxia is sensed
as a hypoxic stress without significant NF-κB activation [29]. On the contrary, high and
very high hyperoxia induce a shift toward an oxidative stress response, characterized by
NRF2 and NF-κB activation in the first 24 h post-exposure. These observations suggest a
modulated cellular response to targeted oxygen exposure [29]. This is further confirmed
by microparticle expression under different oxygen partial pressures. All tested exposures
demonstrated significant elevations of CD41, CD66b, TMEM, and expression and phalloidin
binding, except for 1.4 ATA, which elicited the total opposite response with significant
decreases of all measured parameters [15].

As shown in previous studies, oxygen breathing induced a hormetic stimulus, eliciting
increased ROS production starting from 30 min post-exposure.

Our results suggest that there is no difference in the initial response intensity between
the two groups (100% and 30%). However, after the acme, which is reached 8 h post-
exposure, the kinetics starts to diverge with a between-group statistical difference at 48 h.
In addition, the increase of isoprostanes testifies that the production rate of ROS is already
significant enough to produce lipid peroxidation. This must be considered together with
the kinetics of the antioxidant response of SOD and CAT.

The absence of an intracellular antioxidant response (CAT and SOD), despite the
production of ROS over time, suggests that the cell abides a state of “permissive oxidation”
and might be explained by the fact that some diurnal variations are possible and also
that some circadian rhythms are opposite in males and females for some antioxidants or
enzymes [38]; we may consider that since our group was a mix of males and females, at a
given point some concomitant situations may result in non-statistically significant changes.

The significantly higher total antioxidant capacity for a low level of hyperoxia such
as 30% recorded at 24 h might be caused by food intake. Furthermore, TAC variations are
probably not the most reliable measurement in our experimental setting, given the fact
that we followed the participants for 48 h without diet restriction. Some other hyperoxia-
induced oxidative stress or transient hypoxia resulting from sleep apnea may also increase
myeloid cell recruitment and activation in the lungs. Activated myeloid cells produce
myeloperoxidase (MPO), which oxidizes chloride ions to hypochlorous acid, causing
oxidative damage and even cell dead [39]. This mechanism, even if important, has been
analyzed upon prolonged exposures of several days and may not be preeminent in our
experimental setting.

Our results could be explained by the cellular needs for second messengers, such as
H2O2, as mediators likely to act through NRF2 activation, inducing the release of keap1
expression [40]. Although it is now accepted that HIF-1α is the leading agent in the
regulation of homeostasis during hypoxia [41] and hyperoxia [26], other regulating factors
must be considered, such as NRF2. For instance, repressor element 1-silencing transcription
factor (REST) is a known nuclear inhibitor of HIF-1α synthesis [42]. During exposure to
hypoxia, REST accumulates in the nucleus with a four-fold increase compared to normoxia.
This can be quickly reversed by reoxygenation [43].

To the best of our knowledge, the evaluation of REST in hyperoxia has not yet been
studied. However, keeping in mind that NOP has the capacity to mimic hypoxia [25,36,44]
and is therefore a powerful tool to trigger a hormetic response, it may be used as a reason-
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able hypothesis to suggests that the lower the hyperoxia delta, the longer the permissive
oxidative state, allowing the secondary cellular messengers [45] to potentiate their nuclear
transcription role and trigger a strong and rapid response (within the first 3 h). Indeed,
recent data demonstrate epigenic changes by methylation/demethylation upon gene ex-
pression are related to oxygen homeostasis [46]. The kinetics of these oxygen-induced
activation/deactivation mechanisms are dependent upon enzymatic reactions where the
role of 2-oxoglutarate dioxygenase seems to be decisive [47].

Alternatively, this could be also explained by a slower kinetics of intracellular defenses.
Indeed, we have recently demonstrated that after 30% oxygen exposure, the synthesis of
glutathione is effective only after 24 h, whereas after exposure at 100%, its synthesis and
release occur earlier, approximately 3 h post-exposure [29].

This latter study also demonstrated that the inflammatory response was different
between these two conditions (30% and 100%). Exposure at 30% of oxygen was associ-
ated with a significant increase in NRF2 without a significant increase in NF-κB, while an
exposure at 100% elicited significant activation of inflammatory pathways mediated by NF-
κB [29]. Interestingly, our results are consistent with this observation. First, Il-6 expression
within the first two hours post-exposure can be explained by synthesis repression related to
parallel NRF2 activation [48]. Second, the greater amplitude of IL-6 expression after the ex-
posure at 100% suggests a shift in the cross-linked pathway of NRF2/NF-κB [49]. Although
not significant, neopterin shares a similar pattern from inhibition to overexpression with
a return to baseline within 24 h. Since this molecule is indicative of a pro-inflammatory
with the recruitment of cellular immunity and the induction of apoptosis, its scheme might
suggest the possibility that NOP is able to produce immunomodulation. However, to reach
significant levels of modulation, more sessions will be needed, as has recently been shown
for 30% and 100% FiO2 after 5 weeks of regular sessions three times per week [11]. Iso-
prostane changes are parallel for both exposures, and lipid damage follows ROS production
in both percentages (30% and 100%) of administered O2.

Other recent data on platelet (CD41a)-, astrocyte (TMEM119)-, and neutrophil (CD66+)-
related microparticle release after oxygen exposure (30% and 100%) [15] are consistent with
this analysis.

The more potent initial inflammatory response triggered by exposure at 100% is also
confirmed based on uric acid measurements. Circulating uric acid is a major aqueous an-
tioxidant in humans, especially for peroxynitrites (ONOO–) in the hydrophilic environment.
However, uric acid becomes a powerful pro-oxidant under hydrophobic conditions. Uric
acid can induce intracellular and mitochondrial oxidative stress and stimulate expression
of inflammatory cytokines [30].

Finally, although not significant, the creatinine pattern is consistent with other results
of this study, especially ROS and uric acid. Indeed, creatine kinase is inhibited by ROS,
especially H2O2 [31], while uric acid acts as an iron chelator in extracellular fluids, which
is a co-factor to creatine kinase activity [30]. Evidently, urates may be related to ROS
generation (particularly under oxidative stress conditions), for example, when interacting
with peroxynitrite, resulting in the formation of active but less reactive products [50].

It can thus be assumed that the observed increase in the ROS level in plasma after
moderate hyperoxia (FiO2 of 30%) is associated not with the elevation of oxidative stress but
with the protective mechanism harnessed by the body during the neutralization of highly
reactive peroxynitrite with uric acid [51]. The results obtained by Gu et al. also suggest that
hyperoxia-induced peroxynitrite formation causes endothelial cell apoptosis, disrupting
key survival pathways, and that blocking peroxynitrite formation prevents apoptosis.

Limitations

Strengths:

− This study is to our knowledge one of the first to tackle the kinetics of responses to a
single normobaric oxygen exposure at 30% and 100% of FiO2.
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− The measurements were conducted until 48 h post exposure and putatively open the
door to new possible therapeutic outcomes for oxygen administration protocols.

− The sampling was a standard plasmatic withdrawal, and the analysis is possible in a
usual clinical setting without very specialized machinery or procedures.

Weaknesses:

− The number of subjects is limited, but the sample can be considered to be homogenous
since all were healthy young students and gender balanced.

− The analysis was not made in the nucleus of the cells but in the plasma; this could be
considered a weakness for some, but analysis in the nucleus would need a thoroughly
different experimental setting.

4. Materials and Methods
4.1. Experimental Protocol

Fourteen healthy subjects (7 females and 7 males) volunteered for this study, after
approval from the Bio-Ethical Committee for Research and Higher Education, Brussels
(No. B200-2020-088), and written informed consent was obtained. All experimental proce-
dures were conducted in accordance with the Declaration of Helsinki [52].

After medical screening to exclude any comorbidity, participants were prospectively
randomized into 2 groups to receive oxygen at different FiO2 (Figure 7). As far as age
(29.9 ± 11.1 years old (mean ± SD)), height (168.2 ± 9.37 cm) weight (64.4 ± 12.3 kg) BMI
[22.7 ± 4.1 kg/m2], gender ratio, and health status are concerned, groups were comparable.

Oxygen was administered for 1 h by means of an orofacial nonrebreather mask with a
reservoir with care being taken to fit and tighten the mask on the subject’s face. The mild
hyperoxia group received 30% of oxygen (oxygen partial pressure (PO2): 0.3 bar; 300 hPa,
n = 6) from a pressurized gas tank with a gas flow set at 10 L/min, while the high hyperoxia
group received 100% of oxygen (PO2: 1.0 bar, 1000 hPa, n = 8) from an oxygen concentrator
(NewLife Intensity, CAIRE Inc., Ball Ground, GA, USA).

Blood and urine samples were obtained before exposure (T0) and 30 min, 2 h, 8 h, 24 h,
and 48 h after the end of oxygen administration.

Each blood sample consisted of approximately 15 mL of venous human blood collected
in lithium heparin and EDTA tubes (Vacutainer, BD Diagnostic, Becton Dickinson, Italia
S.p.a.). Plasma and red blood cells (RBCs) were separated by centrifugation (Eppendorf
Centrifuge 5702R, Darmstadt Germany) at 1000× g at 4 ◦C for 10 min. The samples were
then stored in multiple aliquots at −80 ◦C until assayed; analysis was performed within
one month from collection.

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

4.2. Blood Sample Analysis
4.2.1. Determination of ROS and TAC by Electron Paramagnetic Resonance (EPR)

An electron paramagnetic resonance instrument (E-Scan—Bruker BioSpin, GmbH,
Rheinstetten, Germany) X-band, with a controller temperature at 37 ◦C interfaced to the
spectrometer, was adopted for ROS production rate and total antioxidant capacity (TAC)
as already performed by some of the authors [53–56]. The EPR measurements are highly
reproducible, as previously demonstrated [57].

Briefly, for ROS detection, 50 µL of plasma were treated with an equal volume of
CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine); then 50 µL of this
solution was placed inside a glass EPR capillary tube in the spectrometer cavity for data
acquisition. A stable radical CP (3-carboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxy) was used
as an external reference to convert ROS determinations in absolute quantitative values
(µmol/min). For TAC, we used the spin trap DPPH· (2,2-diphenyl-1-picrylhydrazyl), a free
radical compound soluble and stable in ethanol. All operations were performed in the dark
to avoid photochemical effects on DPPH·, and a calibration curve was computed from pure
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Trolox-containing reactions. Finally, an equation was used to calculate the anti-oxidant
capacity expressed in terms of Trolox equivalent antioxidant capacity (TAC, mM).

All EPR spectra were collected by adopting the same protocol and obtained by using
software standardly supplied by Bruker (Billerica, MA, USA) (version 2.11, WinEPR System).
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4.2.2. Super-Oxide Dismutase (SOD), Catalase (CAT)

SOD, CAT plasmatic levels were measured by enzyme-linked immunosorbent assay
(ELISA kits) according to the manufacturer’s instructions.

SOD activity was assessed by Cayman’s SOD assay kit (706002) that utilizes a tetrazolium
salt for detection of superoxide radicals generated by xanthine oxidase and hypoxathine.

One unit of SOD is defined as the amount of enzyme needed to exhibit 50% dismuta-
tion of the superoxide radical measured in change in absorbance (450 nm) per minute at
25◦ and pH 8.0.

CAT activity was assessed by Cayman’s assay kit (707002) that utilizes the peroxidic
function of CAT. The method is based on the reaction of enzyme with methanol in presence
of an optimal concentration of H2O2.

The formaldehyde produced is measured colorimetrically with Purpald (540 nm) as
chromogen. One unit of CAT is defined as the amount of enzyme that will cause the
formation of 1 nmol of formaldehyde per minute at 25 ◦C.

All 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.

4.3. Urine Sample Analysis
4.3.1. Lipid Peroxidation (8-iso-PGF2α)

Lipid peroxidation was assessed in urine by competitive immunoassay (Cayman
Chemical, Ann Arbor, MI, USA) measuring 8-isoprostane (8-iso-PGF2α) concentration
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following the manufacturer’s recommendations. Briefly, 50 µL of urine was placed in a
well plate with mouse monoclonal antibody.

Therefore, 50 µL of 8-iso PGF2α-tracer and 8-iso PGF2α-antiserum were added and
incubated for 18 h at 4 ◦C. After washing with buffer, 200 µL of Ellman’s reagent containing
the substrate of acetylcholinesterase was added.

The 8-iso-PGF2α concentrations were determined using a standard curve. Samples
and standards were spectrophotometrically read at wavelengths between 405 and 420 nm.

4.3.2. Interleukin-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.

4.3.3. Creatinine, Neopterin, and Uric acid Concentrations

Urinary creatinine, neopterin, and uric acid concentrations were measured by the high-
pressure liquid chromatography (HPLC) method, as previously described [58], by a Varian
instrument (pump 240, autosampler ProStar 410) coupled to a UV–VIS detector (Shimadzu
SPD 10-AV, λ = 240 nm for creatinine and uric acid; and JASCO FP-1520, λex = 355 nm and
at λem = 450 nm) for neopterin).

After urine centrifugation at 13,000 rpm at 4 ◦C for 5 min, analytic separations were
performed at 50 ◦C on a 5 µm Discovery C18 analytical column (250 × 4.6 mm I.D., Supelco,
Sigma-Aldrich) at a flow rate of 0.9 mL/min. The calibration curves were linear over the
range of 0.125–1 µmol/L, 0.625–20 mmol/L, and 1.25–10 mmol/L for neopterin, uric acid,
and creatinine levels, respectively. The inter-assay and intra-assay coefficients of variation
were <5%.

4.4. Statistical Analysis

The normality of the data was verified by means of the Shapiro–Wilk test, which
allowed us to assume a Gaussian distribution. Compared to baseline (T0—pre-exposure),
data were analyzed with a one-way ANOVA for repeated measures with Dunnett’s post
hoc test for intragroup comparison. An unpaired t test was used for intergroup comparison.
Taking the baseline measures as 100% (T0), percentage or fold changes were calculated for
each oxygen protocol, allowing an appreciation of the magnitude of change rather than the
absolute values. All data were presented as mean ± standard deviation (SD).

All statistical tests were performed using a standard computer statistical package,
GraphPad Prism version 9.00 for Mac (GraphPad Software, San Diego, CA, USA). A
threshold of p < 0.05 was considered statistically significant.

5. Conclusions

This study suggests a biphasic response over time characterized by an initial “permis-
sive oxidation” followed by the overexpression of inflammation. The antioxidant protection
system seems not to be the leading actor in the first place. It corroborates the concept that
cellular hormesis is dependent on complex multimodal processes driven by an increase in
ROS, inflammation, metabolism, and probably gene expression. This last point needs to be
better studied, especially the kinetics of enzymatic reactions related to the expression or re-
pression of intracellular molecular biogenesis, since it is for us important to have sufficient
understanding of the exposure/repetition-related leading mechanisms in order to optimize
the outcome. This would allow for the definition of proper training and therapeutic or
rehabilitation protocols aiming at a more targeted use of oxygen.
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Abstract: Exposure to acute normobaric hypoxia (NH) elicits reactive oxygen species (ROS) accu-
mulation, whose production kinetics and oxidative damage were here investigated. Nine subjects
were monitored while breathing an NH mixture (0.125 FIO2 in air, about 4100 m) and during recov-
ery with room air. ROS production was assessed by Electron Paramagnetic Resonance in capillary
blood. Total antioxidant capacity, lipid peroxidation (TBARS and 8-iso-PFG2α), protein oxidation
(PC) and DNA oxidation (8-OH-dG) were measured in plasma and/or urine. The ROS production
rate (µmol·min−1) was monitored (5, 15, 30, 60, 120, 240 and 300 min). A production peak (+50%)
was reached at 4 h. The on-transient kinetics, exponentially fitted (t1/2 = 30 min r2 = 0.995), were
ascribable to the low O2 tension transition and the mirror-like related SpO2 decrease: 15 min: −12%;
60 min: −18%. The exposure did not seem to affect the prooxidant/antioxidant balance. Significant
increases in PC (+88%) and 8-OH-dG (+67%) at 4 h in TBARS (+33%) one hour after hypoxia offset
were also observed. General malaise was described by most of the subjects. Under acute NH, ROS
production and oxidative damage resulted in time and SpO2-dependent reversible phenomena. The
experimental model could be suitable for evaluating the acclimatation level, a key element in the
context of mountain rescues in relation to technical/medical workers who have not had enough time
for acclimatization—as, for example, during helicopter flights.

Keywords: oxidative stress; normobaric hypoxia; simulate altitude; ROS; electron paramagnetic resonance

1. Introduction

Exposure to acute hypoxia elicits several functional changes in the human body to
cope with the decreased oxygen availability [1]. Whereas some of these adjustments (in-
creased pulmonary ventilation and heart rate) are well characterized, others are still poorly
understood. Excesses in the accumulation of reactive oxygen species (ROS), generated
within the mitochondria, drive mechanisms contributing to injury—including the induction
of oxidative damage [2]. A growing body of evidence indicates that hypoxia decreases both
the activity and effectiveness of the antioxidant system, as well as causing increased ROS
production with a consequent increase in oxidative damage [3] to lipids [4–6], proteins and
the DNA [5,7] of cellular compartments [8–10]. Most studies on the effects of hypoxia have
been carried out at high altitude [9–16]. However, under such conditions, several factors
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other than hypoxia could induce oxidative damage; UV radiation, intense physical activity
and cold may in fact produce an imbalance between ROS generation and antioxidant
protection [17,18]. Indeed, a limited number of studies have been carried out in humans
aimed at dissociating hypoxia from other potential environmental oxidative stressors and
utilizing normobaric hypoxic gas mixtures in normobaric conditions [19–21]. Normobaric
hypoxia (NH; 9 h simulating exposure at approximately 3800 m) was found to stimulate
the production of cerebral ROS as well as associated biomarkers of oxidative stress [22].
However, to the best of our knowledge, the time course of changes in systemic ROS produc-
tion, which represents the most valid tool for systemic oxidative stress evaluation during
exposure to acute NH, has not still been assessed.

In recent years, our group has developed an Electron Paramagnetic Resonance (EPR)
microinvasive method [23–30] capable of providing absolute ROS quantification using a
drop of capillary blood taken from the fingertip. The small amount of blood requested
for the analysis and the ease of the sample collection procedure makes this technique
particularly suitable for performing repeated measures in a short time frame and thus for
quantitatively monitoring the ROS response kinetics (on and off) to a particular stimulus.
The aim of this study was to investigate the time-course changes in systemic ROS pro-
duction in response to acute, severe and short-term normobaric hypoxia (NH) exposure.
The temporal relationship between ROS and oxidative stress biomarkers production was
assessed in parallel. The present study is a continuation of the research project started in
2012 [31] that was continued with a field study in the Alps [13,14].

2. Results
2.1. ROS Production and SpO2 Kinetics

One subject dropped out during the experiment, after exactly 2 h of exposure to
NH. The subject reported severe headache with dizziness and nausea. The other subjects
completed the experimental session.

Exposure to acute NH induced EPR-detectable changes in the ROS production rate
(µmol·min−1). ROS elicited by NH were measured at the different time points (5, 15, 30,
60, 120, 240 and 300 min) in subjects’ capillary blood. The data calculated at the different
time points in the protocol (before, during and after NH exposure) are shown in Figure 1A.
A production peak (+50%) was reached at 4 h of hypoxia exposure, followed by a return
to around the pre-hypoxia level during the recovery phase while breathing room air. The
exponential fit of the percent data of the on-transient kinetics returned a t1/2 = 30 min
(r2 = 0.995; see insert at the right panel, bottom).
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Figure 1. (A) Time course of the ROS production rate (μmol·min−1) assessed by EPR technique and 
(B) SpO2 (%) during the transition from normoxia to acute normobaric hypoxia and back to 
normoxia during recovery. EXP group: full symbols are the data obtained before (0 min) and 15, 30, 
45 min after hypoxia exposure (recovery); open symbols are the data during hypoxia status: at 5, 15, 
30, 60, 120, 180, 240 min. Green symbols are the data obtained from the CTR (room air, normoxia 
state FiO2 = 0.21) for ROS (μmol·min−1) and SpO2 (%). In the inset at the right bottom of Figure A, 
the exponential fit of the on-transient kinetics data (t1/2 = 30.02 min, r2 = 0.995) is shown. Results are 
expressed as mean ±SD. (C) Data (full symbols) and linear correlation line (continuous line, r = 0.43) 
of the ROS production rate versus SpO2. Changes over time were significantly different when com-
pared to pre-exposure levels (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 symbols). 
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normoxia during recovery. EXP group: full symbols are the data obtained before (0 min) and 15, 30,
45 min after hypoxia exposure (recovery); open symbols are the data during hypoxia status: at 5, 15,
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when compared to pre-exposure levels (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 symbols).

No significant differences in ROS production or SpO2 were observed in the CTR
group (Figure 1A, B) throughout the observational period. Compared to normoxia (0 min),
acute NH induced a fast initial ROS production increase (15 min: +20%; 60 min: +36%)
whose size appeared to be mirror-like in relation to the subjects’ blood oxygen saturation
decrease—15 min: −12%; 60 min: −18%; see Figure 1B). The SpO2 (%) remained at a
relatively constant level (85–90%) during the time course of the simulated hypoxia exposure.
The relationship between the ROS production rate levels and the SpO2 (%) resulted in a
significant, mild, inverse linear correlation (r = 0.43, p = 0.0001), obtained by the Spearman
product–moment correlation (see Figure 1C).

2.2. Oxidative Damage and Antioxidant Capacity Response

Average TAC values did not show any significant change (Figure 2A). Plasmatic PC
concentration (nmol·mg−1 protein) significantly (p < 0.05) increased after four hours of
hypoxia exposure (at 240 min: +88%), whereas TBARS (µM) significantly (p < 0.05) increased
(+33%) one hour after hypoxia offset. Both variables returned back to pre-hypoxia values
during recovery (Figure 2B, C). After four hours of hypoxia exposure, the urinary 8-OH-dG
concentration, a biomarker of DNA damage, was significantly increased (p < 0.05; +67%;
Figure 2D); otherwise, no changes in urinary 8-iso-PGF2α, a marker of lipid peroxidation,
were observed (Figure 2E).

As shown in Figure 3, after 4 h of NH, subjects exposed to Hypoxia (FIO2 = 0.125) de-
scribed a worsening of their feeling of overall wellness. With respect to the normoxia (black
bars), a significant worsening in wellness and increase in tiredness and sleepiness—with
no significant difference in the level of headache and nausea—were reported. In the CTR,
only a little general malaise was reported—probably due to the 4 h spent sitting on the chair
without the possibility of standing up. However, the items recorded in the VAS returned to
the baseline within about a couple of hours.
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3. Discussion

The present study was designed to analyze the kinetics of ROS production and ox-
idative damage in response to acute, severe and short-term normobaric hypoxia exposure.
Nowadays, a number of reports have provided evidence for ROS production during acute
hypoxia exposure, but a lack of information was found regarding its timing/on–off kinetics
under a controlled environment, with the exclusion of the presence of external overlapping
factors that can lead to confusion.

The main finding of the present study was the significant and fast increase (+17%)
in ROS production that occurred when breathing the hypoxic mixture (0.125% O2 in air).
By the exponential fit of the transient on-kinetics, a t1/2 of 30.02 min (r2 = 0.995) was
calculated. This was possibly ascribable to a transition to a low intracellular O2 tension,
as evidenced by the significant reduction in SpO2. ROS production continued to increase,
reaching a “plateau value” at 60 min that was maintained until the “turning off” of the
hypoxia status. Thereafter, the ROS production returned to around normoxia levels (+9%
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with respect to the basal level). Nevertheless, a short (4 h) NH exposure did not seem to
affect the prooxidant/antioxidant balance; no significant differences were found in the total
antioxidant capacity (Figure 2A). By contrast, the decrease in the TAC values previously
reported in response to hypoxia [9,15,16] could be due both to a longer exposure (>24 h)
and/or to hypobaric conditions.

As also highlighted by Millet et al. (2012) [32], normobaric hypoxia can induce
responses different from hypobaric hypoxia (HH); in fact, the physiological/biological
responses to HH suggest it is a more severe environmental condition, leading to different
physiological adaptations [33].

The total antioxidant capacity data did not evidence substantial changes during the
NH experimental session (see Figure 2A), suggesting good tissue and systemic responses
to the hypoxic stimulus; this is in agreement with Ribon and colleagues’ [33] data, who
found that GPX and SOD activity was not significantly higher after NH. On the contrary,
significant changes were observed after HH.

The findings presented here were consistent with the fast increase of ROS concentra-
tions found in isolated systemic vessels exposed to hypoxia [34–36]. The increase in ROS
production in response to hypoxia has important systemic implications [37]—particularly at
the brain level, with damage to the vascular endothelium, neurons and glia and the down-
regulation of Na+-K+-ATPase, Ca2+-ATPase and Na+/Ca2+ exchanger activity [22,38]; these
results have been recently confirmed by cellular microparticle production during acute
hypoxia [39].

A possible explanation for the kinetics of this ROS production may be found in the
autoxidation process of hemoglobin. As is well-known [40], hemoglobin continuously un-
dergoes autoxidation by producing superoxide. In particular, a reduction in SpO2 has been
found to result in a dramatic increase in the rate of hemoglobin autoxidation [40–42]. There-
fore, because of the hypoxic exposition, oxidative stress might result from an increase in the
autoxidation rate of partially oxygenated hemoglobin—particularly to that formed at the
microcirculation level, as shown by the post-occlusion hyperhaemia reaction during acute
hypoxia exposure [43]. This hypothesis seems to be confirmed by the reported significant
inverse relationship between SpO2 and the ROS production rate presently detected.

Furthermore, no changes in ROS production and SaO2 were observed in the CTR
condition during the 4 h of the experiment, confirming that the data obtained from the EXP
were not affected by variables (experiment duration, food restriction, tedium) other than
the hypoxic status. Incidentally, these data also confirmed the high reproducibility of the
EPR measurements and the stability of ROS production by biological samples in a full-rest
context [23]. Indeed, the importance of an accurate and specific detection of reactive oxygen
species in different biological samples is essential to the study of redox-regulated signaling
in biological settings [44].

NH exposure induced an enhancement of oxidative damage, estimated by an increase
in TBARS, PC and 8-OH-dG, that resulted in delays with respect to the ROS production
increase. The late onset of oxidative stress damage might suggest to us that the oxidative
damage phenomenon, evidenced by the production of some biomarkers, is a process
growing in evidence over time. At the end of the NH exposure, in both markers of lipid
peroxidation (TBARS in plasma and 8-iso-PGF2a in urine), no significant difference was
found (see Figure 3C,E). One hour after the end of the experiment, the TBARS plasma
concentration was found to be significantly (+33%) increased, returning to the pre-hypoxia
control value in subsequent hours (Figure 2B). A similar behavior was also observed for PC
plasma levels, which significantly increased during NH, attained their highest value (+88%)
at 4 h, and then slowly decreased at hypoxia offset (Figure 2C). Finally, DNA underwent a
67% increase at 2 h of recovery from hypoxia (Figure 2D).

VAS has been demonstrated to be a suitable method in the field of medicine to measure
pain [45], general wellness [37,46], nausea [47], feelings of fatigue [48] and sleep quality [49].
Nevertheless, VAS has been also used as an auxiliary diagnostic method for the Lake
Louise score (LLS) for evaluating acute mountain sickness (AMS) [50–52]. In hypobaric
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chambers, VAS shows the changing severity of symptoms during the process of elevation
increasing [50,52]. However, from the results of the present study, a general discomfort,
tiredness, headache and sleepiness during the time of the experiments were reported
during the EXP, while only a general discomfort was reported in the CTR. As already
pointed out, this could probably be ascribable to the subjects being compelled to sit on a
chair with their mask attached to the instrument, with the impossibility of moving. This
discomfort could perhaps be avoided by other experimental setups—for example, setting
the experiment up in an extreme environments simulator center (i.e., NOI Techpark in
Bolzano, South Tyrol, Italy), where climate chambers differ in size and equipment and can
accommodate people for prolonged periods.

Limitations

The present study had some experimental limitations, mainly concerning the number
of participants, the duration of the experimental session (from four to six hours) and the
investigated elevation, which was about 4100 m in altitude. The main purpose of the
presently adopted protocol was to avoid any external and/or overlapping factors that can
lead to confusion and in any way affect the results, such as those related to a prolonged
permanence at high altitude. Indeed, the experimental design developed in the present
study could be applied to a greater number of subjects, possibly of different age and/or
levels of sport activity, and could increase both the amount and the duration of hypoxia.

Finally, colorimetric assays are common methods for evaluating plasma TAC and
TBARS, but their principal limitation is the non-specificity of the test. Nevertheless, vari-
ous kits based on these methods are commercially available, and results have also been
published recently [53–55]; they represent a reasonable compromise in terms of costs
and reliability.

4. Materials and Methods
4.1. Subjects

Nine healthy sedentary subjects (7 males and 2 females; age 26.8 ± 13.2 years; height
175.2 ± 7.26 cm; weight 76.9 ± 10.1 kg) participated in this study (EXP); only 6 of these
subjects (6 males; age 25.3 ± 1.5 years; height 1.74 ± 0.08 m; weight 75.43 ± 6.0 kg) lent
themselves to the control condition (CTR).

One week before the experimental session, all subjects underwent a clinical screening
during which a physical examination and resting ECG were performed.

The exclusion criteria were regular smoking, hypertension, hypercholesterolemia,
diabetes, cardiovascular or respiratory diseases, infections, supplementation of antioxidant
or anti-inflammatory substances and habitual use of drugs.

All subjects resided below 500 m and, to minimize confounding effects, no subject
had spent time above 1000 m of altitude in the four weeks preceding the study, nor was
regularly engaged in a training program. Furthermore, participants were required to
abstain from any strenuous physical activity and from alcohol and caffeine containing
beverages, respectively, 2 weeks and 24 h prior to the study.

All subjects were informed about the aims, the experimental protocol and the potential
risks of the investigation before giving written informed consent to take part in the study.
This study was approved by the Local Ethical Committee (BESTA/IBFM, Report #27,
9 March 2016) and was carried out in accordance with the standard set by the Declaration
of Helsinki [56].

4.2. Experimental Protocol

Participants arrived at the laboratory in Milan (122 m) early in the morning after a
light breakfast and sat comfortably on a chair, breathing room air. The room temperature
was kept constant at 21 ◦C. At time 0, the subjects in the EXP condition started breathing a
normobaric hypoxic mixture (0.125 FIO2 in air, simulating about 4100 m altitude) obtained
by removing oxygen from the air (MAG-10, Higher Peak LLC, Winchester, MA, USA). The
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gas mixture was delivered through a facemask at 30 L.min−1. Excess airflow was diverted
outside the mask to prevent inspired oxygen pressure from increasing above 90 Torr. Four
hours later, subjects were switched to normoxic breathing conditions. During the entire
session, pulse oxygen saturation (SpO2, %) was monitored at the earlobe by an oximeter
(Biox 3740 Pulse Oximeter, Ohmeda, Denver, CO, USA). Visual Analog Scale (VAS) scores
were obtained both before the test session and at the end of the NH exposition to evaluate
subjective general conditions.

The subjects that lent themselves to the CTR condition were tested for the same time
duration in room air (0.21 FIO2).

4.3. Sample Collection

With concern to the hypoxic condition (EXP), capillary blood samples for ROS assess-
ments were collected before the test session while the participants were breathing room air,
during hypoxia exposure (at 5, 15, 30, 60, 120, 180 and 240 min) and during the subsequent
recovery phase with room air (at 15, 30 and 45 min).

Venous blood samples for oxidative insult assessment (a cannula was placed into
an antecubital vein) were withdrawn before the testing session while breathing room air,
at different times during hypoxia (at 120 and 240 min) and during the recovery phase
breathing room air (at 60 and 120 min). Blood samples (5 mL) were drawn and collected in
heparinized tubes (Becton Dickinson Company, Swindon, UK) and centrifuged (Centrifuge
5702 R, Eppendorf, Hamburg, Germany) at 4000 rpm for 10 min at 4 ◦C. The separated
plasma was stored in multiple aliquots at −80 ◦C.

Urine samples were collected before and after hypoxia exposure (4 h) by voluntary
voiding into a sterile container and were stored at −20 ◦C until assayed. All samples
were thawed only once before analysis. In the normoxic condition (CTR), for each subject,
capillary blood was drawn from the fingertip before and during 4 h of breathing (room air
and normoxia at 30, 60, 120, 180, 240 and 285 min) under the same conditions as the EXP.
The time points for the blood and urine sampling are shown in Figure 4.
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Figure 4. (A) EXP. Experimental timeline adopted for collecting each subject’s blood sample (capillary
(red drops), venous (syringes)) to measure ROS production by EPR, oxidative damage (PC and
TBARS) by enzymatic assays and urine (glasses) to assess urinary 8-OH-dG and 8-iso-PGF2 alfa by
ELISA. (B) CTR. Experimental timeline (continuous green line) adopted for collecting capillary blood
samples (red drops) to measure ROS production by EPR.
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4.4. Measurements
4.4.1. ROS Detection by Electron Paramagnetic Resonance

For both the experimental procedures, ROS assessments were carried out by a X-band
EPR Spectrometer (e-scan, Bruker, Bremen, Germany) and a 1-hydroxy-3-methoxycarbonyl-
2,2,5,5tetramethyl-pyrrolidine-hydrochloride (CMH, Noxygen Science Transfer & Diagnostics,
Elzach, Germany) spin-probe at 1 mM was prepared in buffer solution—Krebs-Hepes buffer
(KHB) containing 25 µM deferroxamine methane-sulfonate salt (DF) chelating agent and
5 µM sodium diethyldithio-carbamate trihydrate (DETC) at pH 7.4—which reacts with
extra and intracellular one-electron oxidants, generating the EPR detectable radical CM•.
Capillary blood was immediately treated with CMH (1:1) and put into an EPR capillary
tube and then placed inside the cavity of the EPR spectrometer for acquisition at 37 ◦C by
the temperature and Gas controller “Bio III” unit (Noxygen Science Transfer & Diagnostics
GmbH, Germany), interfaced to the spectrometer.

All spectra were collected by adopting the same acquisition parameters: microwave
frequency = 9.652 GHz; modulation frequency: 86 kHz; modulation amplitude: 2.28 G;
center field: 3456.8 G; sweep width: 60 G; microwave power: 21.90 mW; number of
scans: 10; receiver gain: 3.17 × 10. Data were converted in absolute concentration values
(µmol·min−1) by using the CP• (3-carboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxy) stable
radical as an external reference. Spectra acquired were recorded and analyzed using the
Win EPR software (version 2.11) standardly supplied by Bruker.

Details on the procedures have been previously reported [9,10,23,24].

4.4.2. Total Antioxidant Capacity (TAC)

TAC was measured using a commercial enzymatic kit (Cayman Chemical, Ann Arbor,
MI, USA). The assay relies on the ability of antioxidants present in plasma to inhibit the
oxidation of ABTS (2,2′-Azino-di-[3-ethylbenzthiazoline sulphonate]). The TAC signal is
proportional to the suppression of the oxidized ABTS absorbance signal at 750 nm and is
evaluated by a Trolox standard curve [24,57].

4.4.3. Protein Carbonyls (PCs)

The accumulation of oxidized proteins was measured by their reactive carbonyl
content. A protein carbonyl (PC) assay kit (Cayman Chemical, Ann Arbor, MI, USA) was
used to colorimetrically evaluate the oxidized proteins at 370 nm. The obtained values
were normalized to the total protein concentration (at 280 nm) to determine the protein loss
during the washing steps, as suggested by the kit’s user manual [9,10,23,24].

4.4.4. Thiobarbituric Acid-Reactive Substances (TBARS)

TBARS measurements were adopted to detect lipid peroxidation. An assay kit (Cayman
Chemical, Ann Arbor, MI, USA) was used to allow a rapid photometric thiobarbituric acid
malondialdehyde (TBAMDA) adduct detection at 532 nm. A linear calibration curve was
computed from pure malondialdehyde-containing solutions [9,10,16,23,24,57,58].

4.4.5. 8-Isoprostane (8-iso-PGF2α)

Lipid peroxidation was assessed also using an immunoassay of 8-isoprostane concen-
tration (Cayman Chemical, Ann Arbor, MI, USA) in urine, as previously described [9,10,14].
Samples and standard were read in duplicate at a wavelength of 512 nm. Results were
normalized by urine creatinine values.

4.4.6. 8-OH-2-Deoxyguanosine (8-OH-dG)

Levels of 8-OH-dG were measured using an immunoassay EIA kit (Cayman Chemical,
Ann Arbor, MI, USA) in urine. This is a biomarker for DNA damage assessment. Samples
and standards were spectrophotometrically read at 412 nm. Results were normalized by
urine creatinine values [10,29,59].

76



Int. J. Mol. Sci. 2023, 24, 4012

4.4.7. Visual Analog Scale (VAS)

Subjective mood, general wellness/malaise, rested/tired feelings, headaches, sleepi-
ness and nausea were evaluated using a 0–100 mm visual analog scale (VAS). This scoring
system has been previously suggested for assessing discomfort and/or general malaise [52].
Based on its usefulness in performing other clinical evaluations, VAS was deemed suitable
for testing the subjective perception of normobaric hypoxia effects [20,37,60].

4.5. Statistical Analysis

All values are expressed as mean± SD. Data were analyzed using parametric statistics
following the mathematical confirmation of a normal distribution using the Shapiro–Wilks
W test. To determine the statistical significance of the changes during hypoxia exposure,
ANOVA for repeated measures was performed, followed by the Tukey’s post-hoc test.
Significant differences were set at p < 0.05. The relationships between the investigated
variables were assessed using Spearman correlation coefficients. Change ∆% estima-
tion (([post value-pre value]/pre value) × 100)) was also reported in the text. Statistical
analyses were performed using Prism 9.3.1 software for Mac (GraphPad, Software Inc.,
San Diego, CA, USA).

ROS production was considered as the primary outcome (no other parameters were
taken into account) and prospective calculations of power to determine sample size were
made using G power software (GPower 3.1) [61]. At 80% power, the sample size—calculated
in preliminary studies [9,29]—was set at five subjects.

5. Conclusions

In conclusion, the results of the present study provide evidence that under short,
acute, normobaric hypoxia, ROS production and oxidative damage are time as well as
SpO2-dependent and are reversible phenomena. At the same time, the increase in oxida-
tive damage, measured by enzymatic assays, appeared to be delayed with respect to the
production of ROS—these latter EPR measurements being assessed by a mini-invasive
absolute quantitative method. Lastly, the subjective evaluation of general physical con-
ditions revealed a number of moderate-intensity discomforts described by most of the
subjects, excluding nausea and headache. These findings seem overall to suggest that the
experimental design proposed here can be considered a suitable model for use in future
research studies. In fact, the altitude and time of exposure chosen tended to simulate the
conditions experienced by mountain lovers during a single-day trip in alpine environments.
Moreover, the study might help to highlight some key elements in acclimatization, as well
as being of help for all those people who work at high altitudes without sufficient time to
acclimatize, such as mountain rescue personnel/teams operating on helicopters during
emergency medical operations (i.e., pilots, mountain rescuers and medical doctors) [43].
Finally, our EPR methods could be applied as a standard procedure in mountain medicine
for studying changes induced by hypoxia due to acute and chronic high altitude stays.
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Abstract: In this study, the metabolic responses of hypoxic breathing for 1 h to inspired frac-
tions of 10% and 15% oxygen were investigated. To this end, 14 healthy nonsmoking subjects
(6 females and 8 males, age: 32.2 ± 13.3 years old (mean ± SD), height: 169.1 ± 9.9 cm, and weight:
61.6 ± 16.2 kg) volunteered for the study. Blood samples were taken before, and at 30 min, 2 h,
8 h, 24 h, and 48 h after a 1 h hypoxic exposure. The level of oxidative stress was evaluated by
considering reactive oxygen species (ROS), nitric oxide metabolites (NOx), lipid peroxidation, and
immune-inflammation by interleukin-6 (IL-6) and neopterin, while antioxidant systems were ob-
served in terms of the total antioxidant capacity (TAC) and urates. Hypoxia abruptly and rapidly
increased ROS, while TAC showed a U-shape pattern, with a nadir between 30 min and 2 h. The
regulation of ROS and NOx could be explained by the antioxidant action of uric acid and creatinine.
The kinetics of ROS allowed for the stimulation of the immune system translated by an increase in
neopterin, IL-6, and NOx. This study provides insights into the mechanisms through which acute
hypoxia affects various bodily functions and how the body sets up the protective mechanisms to
maintain redox homeostasis in response to oxidative stress.

Keywords: hypoxia; oxygen biology; cellular reactions; human; oxygen therapy; human
performance; decompression

1. Introduction

Acute hypoxia (AH) is an environmental condition that is regularly encountered, for
example, by mine workers or telescope operators going to high altitudes, or by pilots flying
at high altitudes [1]. Intermittent acute hypoxia is also a therapeutic approach that is of
growing interest in scientific research because of its (often unrecognized) beneficial effects,
as well as its adverse effects. Indeed, low-dose repetitive AH protocols have demonstrated
numerous benefits, such as reducing hypertension [2], reducing inflammation [3], improv-
ing aerobic capacity [4], increasing bone mineral density [5], and improving memory [6–9]
and cardiovascular function [10,11]. Furthermore, the positive effects of low-dose AH
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do not seem to be associated with detectable negative effects, such as systemic inflam-
mation [12]. However, in order to optimize the use of AH as a therapeutic approach, it
is important to maximize its benefits while avoiding any adverse effects. Hypoxia can
have deleterious effects during stroke or cancer [13] and may negatively affect vascular
function [14] or even cause altitude sickness in healthy mountaineers [15]. Of course, these
harmful effects generally result from oxygen deprivation at lower oxygen fractions or for
longer periods [16].

At the same time, it has been shown that intermittent variations in the inspired oxygen
level, whether to hypoxia or hyperoxia, can also lead to multiple effects such as an increase
in hemoglobin [17] or the stimulation of hypoxia-inducible factor 1-alpha, inflammatory
markers such as nuclear factor kappa B and interleukin-6 (IL-6), antioxidant proteins as
nuclear factor erythroid-2-related factor 2 (NRF2) and micro-RNAs [18].

Some authors have attempted to use hypoxia during training sessions to achieve an in-
creased training benefit [19,20] by coupling high-intensity exercise sessions with simulated
altitude. However, incorporating hypoxia into all high-intensity interval sessions had little
effect on performance compared with normoxia training [21,22]. Other studies suggest that
short-term exposure to hypoxic air during intense training can favorably remodel skeletal
muscle [23–25]. However, there is no visible benefit to endurance performance, particularly
in well-trained athletes [26].

It is known that reactive oxygen species (ROS) and the cellular redox state play a
major role in modulating many signaling pathways. In moderate amounts, ROS are
important for physiological processes, leading to positive cellular adaptive responses, while
large amounts of ROS can damage lipids, proteins, and DNA, and lead to pathological
responses [18]. Therefore, the exposure of healthy individuals or patients to severe hypoxia
could potentially generate high levels of ROS and facilitate disease progression [27]. In
contrast, a training program consisting of 15 to 24 sessions of intermittent exposure to
severe hypoxia has gained popularity as a treatment in patients with a variety of chronic
conditions [28–30]. Currently, the best protocol for acute exposure to severe hypoxia (in
combination with normoxia or hyperoxia) to reach the best outcomes associated with a
beneficial change in the redox status is not known [16,31,32]. Depending on the duration
and severity of the hypoxia exposure, the effects on the different cellular functions can be
positive or deleterious. It is therefore important to understand its kinetics after a single
exposure before implementing intermittent hypoxia sessions for patient treatment or for
training reasons, since the time between sessions is crucial to achieve optimal outcomes
and different cell reactions could be targeted depending on the dose and repetitions [33,34].
The objective of this study is thus to observe the effects of oxy-inflammation over time in
response to a single exposure to normobaric hypoxia at two different inspired fractions of
oxygen (FiO2): 10% and 15%.

2. Results
2.1. ROS and NOx Rate, Antioxidant Response (TAC), and 8-Isoprostane (8-iso-PGF2α) Levels
after One Hour of Oxygen Exposure at an FiO2 of 10% and 15%

Both levels of oxygen exposure, severe (10%) and mild (15%), elicited a significant
increase in plasmatic ROS production rate, with a steeper increase and slower reduction
for severe exposure (Figure 1A). Exposure to severe hypoxia produced more ROS than
mild exposure and showed a pattern characterized by a significant increase, with a peak
after 30 min for both 10% hypoxia (0.32 ± 0.03 µmol·min−1 compared with baseline;
p = 0.0015; size effect = 0.16) and 15% hypoxia (0.27 ± 0.02 µmol·min−1; p < 0.001; size
effect = 0.24). This peak plateaus for about 2 h quantity of ROS decreases slowly until
48 h. The difference between the two levels of exposure disappeared after 24 h (p = 0.87).
The antioxidants (TAC) (Figure 1B) decreased, with a nadir at 30 min for the 10% FiO2
group (1.52 ± 0.22 mM; p = 0.0017; size effect = 0.50) and at 2 h for the 15% FiO2 group
(1.70 ± 0.20 mM; p = 0.0010; effect size = 0.2496). Antioxidants decreased more rapidly after
severe hypoxia than after mild hypoxia (p = 0.0191). Notably, 8-isoprostane (pg/mg creati-
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nine) (Figure 1C) followed the exact same trend for both levels of oxygen exposure, with a
peak at 2 h (553 ± 199 pg·mg−1 creatinine after 10% hypoxia; p = 0.0461; size effect = 0.64 vs.
489 ± 161 pg·mg−1 creatinine after 15% hypoxia; p = 0.0046; size effect = 0.35). After 48 h, the
values returned to baseline for both levels of exposure (10%: 259 ± 91 pg·mg−1 creatinine;
p = 0.4499 and 15%: 325 ± 103 pg·mg−1 creatinine; p > 0.9999). Nitric oxide metabolites
(Figure 1D) showed a peak 2 h after acute exposure to 10% oxygen compared with baseline
(516 ± 132 µM; p = 0.013; size effect = 0.51), while no significant difference was observed
after exposure to 15% oxygen (p = 0.1303; size effect = 0.27).

Figure 1. Evolution of ROS production rate (A), antioxidant response (TAC) (B), 8-iso-PGF2a (C),
and NOx (D) after 60 min of mild (15%, n = 8) or severe hypoxia (10%, n = 6). Results are expressed
as mean ± SD. T0 represents the pre-exposure baseline. Intra-group comparisons between results at
T0 and each other time point are represented above and below the respective curves. Inter-group
comparisons between 10% and 15% of oxygen exposure when significant are shown between the two
curves (ns: not significant; *: p < 0.05, **: p < 0.01, ***: p < 0.001).

2.2. Inflammatory Response (IL-6, Neopterin, Creatinine, and Uric Acid) after One Hour of
Oxygen Exposure at an FiO2 of 10% or 15%

Interleukin 6 (IL-6) was measured in plasma samples while neopterin, creatinine, and
urates were obtained from urine samples (Figures 2 and 3).

Figure 2. Evolution of the inflammatory response after 60 min of mild (15%, n = 8) or severe hypoxia
(10%, n = 6) for interleukin-6 (IL-6) (A) and neopterin (B). Results are expressed as mean ± SD.
T0 represents pre-exposure values. Intra-group comparisons between results at T0 and each other
time point are represented above and below the respective curves. (ns: not significant; *: p < 0.05;
**: p < 0.01; ***: p < 0.001).
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Figure 3. Evolution of urinary markers after 60 min of mild (15%, n = 8) or severe hypoxia (10%,
n = 6) for creatinine (A) and uric Acid (B). Results are expressed as mean ± SD. T0 represents
pre-exposure values. Intra-group comparisons between results at T0 and each other time point are
represented above and below the respective curves. Inter-group comparisons between 10% and 15%
of oxygen exposure when significant are shown between the two curves (ns: not significant; *: p < 0.05,
**: p < 0.01; intragroup: Friedman; intergroup: unpaired t-test).

IL-6 showed a significant increase compared with the baseline, until reaching its peak
at 8 h for the 10% group (2.7 ± 0.57 pg/mL; p = 0.0203; effect size = 0.72). Contrary to
severe hypoxia, mild hypoxia (15%) showed a significant increase from 8 h post-exposure
(2.5 ± 0.28 pg/mL; p = 0.0179), with a peak at 24 h (2.7 ± 0.34 pg/mL; p = 0.0001), and
slowly decreased until 48 h.

Neopterin showed a similar trend during the first 30 min for mild (15%) and severe
(10%) hypoxia and reached its peak at 2 h for severe hypoxia (130.6 ± 25.6 µmol/mol
creatinine; p = 0.1475; effect size = 0.52) and at 8 h for mild hypoxia (153.0 ± 61.1 µmol/mol
creatinine; p = 0.0441; effect size = 0.13). The values returned to baseline after 48 h for the
two levels of hypoxia.

Compared with the baseline, creatinine and urates in urine exhibited an opposite
U-shaped response, with creatinine’s acme at 2 h post-exposure (10%: 1.11 ± 0.32 g/L;
p = 0.0192; effect size = 0.17 vs. 15%: 1.68 ± 0.47 g/L; p = 0.0488; effect size = 0.10) and
urates’ nadir between 30 min and 2 h for severe hypoxia (10%) (30 min: 4.22 ± 0.96 mg/dL;
p = 0.3312; 2 h: 4.0 ± 0.78 mg/dL; 0.3427; effect size = 0.13) and between 8 h and 24 h for
mild hypoxia (15%) (8 h: 4.23 ± 0.89 mg/dL; p = 0.0041; 24 h: 4.33 ± 1.5 mg/dL; p = 0.0084;
size effect = 0.18) (Figure 3).

2.3. Discomfort Perceived—Visual Analog Scale (VAS)

No subject developed malaise, tiredness, headaches, sleepiness, or nausea upon
exposure to one hour of hypoxia, neither with 10% nor with 15% exposure. However,
hypoxia at 10% (equivalent to an altitude of approximately 5700 m) was felt to be less
comfortable than that at 15% (roughly 2500 m altitude) (81.0 ± 10.6% of declared discomfort
vs. 12.9 ± 5.4% of declared discomfort, respectively; p > 0.001).

3. Discussion

The presented data confirm the results of previous studies by highlighting a significant
increase in ROS production [35–38] during a short period of moderate or extreme hypoxia.
We observed a faster and larger increase in ROS production as hypoxia increased. However,
after 48 h of recovery, ROS levels returned close to the baseline. It is known that the
mitochondrial complex I is inhibited by intermittent hypoxia through the activation of NOx
(NADPH oxidase), thereby increasing the production of ROS [39]. In various situations,
electrons escaping from enzymatic and nonenzymatic reactions initiate the production of
ROS, represented by superoxide anion (O2

•−), hydrogen peroxide (H2O2), and hydroxide
(HO•) [40]. In an aqueous solution, O2

•− has a half-life of approximately 4 µsec, which
gives it the ability to scatter over a distance ranging from 150 to 220 nm [41,42]. Thus,
O2

•− can react at various locations beyond where it is generated and, as a result, can affect
surrounding molecules and organelles more extensively than HO•. However, this distance
is insufficient for extracellularly produced O2

•− to move within a cell. Therefore, O2
•−
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generated inside the cell has the ability to damage various cellular components, including
DNA, organelles, and cellular membranes’ phospholipids. Our results are in agreement
with this assumption since we observed an increase in 8-iso-PGF2α 2 h after the two levels
of exposure, slightly delayed after the increase in ROS occurring 30 min after exposure.

It has been demonstrated that acute hypoxic conditions induce mitochondrial
fission [43]. This reduction in mitochondrial fusion is further described in hypoxia-
reoxygenation situations and is caused by decreased ATP production [44]. This adaptation
appears to be a countermeasure to maintaining mitochondrial ROS production at a balanced
level [45]. Furthermore, we observed an increase in NOx production, with a peak after 2 h
and still significant after 8 h. Due to its radical nature, the reaction between superoxide
and NO proceeds in a limited manner through diffusion (with a rate constant of k = 1.9 ×
1010 M−1s−1) [46], which is faster than the SOD-catalyzed dismutation of superoxide. The
advantage of trapping superoxide ions is to eliminate the radical electrons at an early stage,
thereby halting subsequent radical chain reactions [40]. Indeed, our results suggest that the
peak of NOx at 2 h occurring after the peak of ROS (30 min) indicates an early activity of NO
as a ROS scavenger. This is further confirmed by the nonsignificant changes in NOx during
normobaric hypoxia. This is consistent with previous findings [35], where the activity of
GPX and SOD was not significantly increased after normobaric hypoxia [47]. Considering
the abundant production of NO, the ability of NO to scavenge superoxide appears to be
comparable to the activity of intracellular SOD and may even be more effective. However,
the resulting ONOO- produced from this reaction is a powerful oxidant and is toxic to
cells when produced in excess beyond the antioxidant capacity [48]. However, currently,
new lines of evidence suggest a beneficial action of ONOO-. In the vascular system, for
instance, moderate levels of ONOO- appear to stimulate prostaglandin synthesis and play
a role in cellular signal transduction reactions [49]. Furthermore, under inflammatory con-
ditions, the simultaneous production of NO and ONOO- suggests that the detoxification of
superoxide by NO exceeds the cytotoxic action of ONOO- [50].

Although H202 was not directly measured, we hypothesize that the increase in NOx,
in particular NO2, may reflect the onset of an adaptive activity by angiogenesis [51].

In this study, we observed a decrease in urinary uric acid (UA) excretion, more clearly
expressed after 15% of oxygen breathing. This suggests a consumption of uric acid as
an antioxidant.

In fact, an evolutionary advantage of UA has been proposed by demonstrating its
strong capacity to eliminate free radicals, making it an excellent scavenger [52]. Studies
have shown that UA contributes up to 60% to the elimination of free radicals in human
serum [53]. Furthermore, the systemic administration of UA has been associated with
an increase in plasma antioxidant capacity, both at rest and after exercise, in healthy
subjects [54,55]. Interestingly, after 48 h, we observed a return to baseline levels, suggesting
that UA plays an antioxidant role without shifting to its function as a pro-oxidant [56].

Moreover, we observed an increase in urinary creatinine excretion, with a zenith 2 h
after exposure to 10% and 15% hypoxia. This suggests an increase in creatine catabolism.
Although the antioxidant mechanism of creatine is not yet fully understood, it has been
shown to contribute to cellular homeostasis, particularly as a mitochondrial protector [57].

In our experimental setting, no muscular activity was present. Therefore, we believe
creatinine excretion is a marker of its antioxidant activity. In fact, it is known that, in
response to acute high-altitude exposures with muscular activity, hyperventilation causes
alkalosis. The kidneys compensate for this alkalosis by excreting excess bicarbonate and re-
taining hydrogen ions to reduce respiratory alkalosis [58]. Our results are then in agreement
with the putative (not yet fully known) mechanism of action of creatine as an antioxidant.
However, it has been shown to increase the activity of antioxidant enzymes and the capa-
bility to eliminate ROS and reactive nitrogen species [59–61]. We indeed found a globally
symmetrical reaction to creatinine on ROS production, NOx, neopterin, and 8-iso-PGF2α.

Interestingly, we observed an increase in the initiation of 8-iso-PGF2α, which is a
marker of lipid peroxidation by ROS [62,63], at 2 h post-exposure. Lipid peroxidation has
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its peak between 2 and 8 h; this relatively late reaction may be understood because of
creatin action (cf. supra).

Our study also showed an immune system stimulation. Indeed, the increasing con-
centration of neopterin can be monitored in medicine to evaluate the level of clinical
inflammation resulting from physical trauma, cardiovascular diseases, cancer, and bacterial,
parasitic, and/or viral infections [64–68]. A rapid increase in neopterin was also observed
(after 2 h) following the ROS peak without pathological reasons since the hypoxic stimulus
was of short duration and no other harmful situations (trauma, cardiovascular diseases, etc.)
were present. This rapid reaction is of interest, as it would counteract the inflammasome
complex favoring the NRF2 pathway, as already shown following mild “oxy-inflammation”
of 60 min [69]. This result is very interesting in the context of preconditioning protocols
with the aim of inhibiting inflammasomes [70].

Interestingly, neopterin modulation is inversely proportional to the importance of
hypoxia. Indeed, we observed a greater increase in neopterin after exposure to 15%
oxygen than after exposure to 10% oxygen. We speculate that a higher hyperoxia-induced
increase in ROS production could contribute to this difference, as already recently shown
in moderate hyperoxia compared with hypoxia (oxy-inflammation) [14].

All the renal countermeasures described seem to have an efficient antioxidant role
in these short hypoxic exposures together with significant TAC variations. This was not
found during longer hypoxic exposures [71].

Acute hypoxia stimulates the production of IL-6 and the polarization of M1
macrophages. IL-6 is increased via the induction of antioxidant response element and
nuclear factor kappa B (NF-κB) [72]. Furthermore, IL-6 (staying significantly high for 48 h)
activates the NRF2 signaling pathway, which allows for the expression of antioxidant genes
and maintains redox homeostasis [73]. Furthermore, it has recently been shown that NRF2
plays a key role in providing the preconditions for normobaric hypoxia to enhance exercise
endurance [74].

4. Limitations

Strengths:

– This study is, to our knowledge, one of the first to tackle the kinetic responses to a
single short normobaric oxygen exposure at 10% and 15% of FiO2;

– The measurements were taken until 48 h post-exposure and putatively open the
avenue to new possible applications for hypoxic protocols;

– The electron paramagnetic resonance (EPR) method used for ROS analysis is the actual
gold standard.

Weaknesses:

– The number of subjects was limited, but the sample can be considered homogenous
since all were healthy participants;

– The analysis was not carried out in the nucleus of the cells but in the plasma. This
could be considered a weakness for some, but it would need a thoroughly different
experimental setting.

5. Materials and Methods
5.1. Experimental Protocol

After written informed consent, 48 healthy nonsmoking Caucasian subjects (32 males
and 16 females) volunteered for this study. None of them had a history of previous cardiac
abnormalities or were under any cardio- or vasoactive medication.

All experimental procedures were conducted in accordance with the Declaration
of Helsinki [75] and approved by the Ethics Committee approval from the Bio-Ethical
Committee for Research and Higher Education, Brussels (No. B200-2020-088).

After medical screening to exclude any latent morbidity, participants were prospec-
tively randomized into six groups of 6–8 persons each. These groups were divided into
hypoxia (10% and 15% of FiO2), normobaric hyperoxia (30% and 100% of FiO2 [34], and
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hyperbaric hyperoxia (1.4 ATA and 2.5 ATA) groups. All participants were asked to re-
frain from strenuous exercise for 48 h before the tests. No antioxidant nutrients, i.e., dark
chocolate, red wine, or green tea, were permitted 8 h preceding and during the study. The
subjects were also asked not to dive 48 h before the experiment and not to fly within 72 h
before the experiment.

Fourteen participants were subjected to mild hypoxia (15%, n = 8) and extreme hypoxia
(10%, n = 6) protocols. As far as age (10%: 34.0 ± 13.7 years old (mean ± SD) vs. 15%:
30.9 ± 13.8 years old; p > 0.05), height (10%: 168.2 ± 11.0 cm vs. 15%: 169.9 ± 9.8 cm;
p > 0.05), weight (10%: 58.7 ± 21.3 kg vs. 15%: 63.8 ± 12.2 kg; p > 0.05), gender ratio, and
health status are concerned, groups were comparable.

Oxygen-depleted air (oxygen partial pressure: 0.1 bar; 100 hPa, n = 6 and 0.15 bar;
150 hPa, n = 8) was administered for 1 h by means of an orofacial nonrebreather mask with
a reservoir bag, care being taken to fit and tighten the mask on the subject’s face.

Hypoxic gas at the two levels (10% and 15%) was supplied using a hypoxia generator
and set to reach the chosen level of oxygen (HYP 123, Hypoxico–Hypoxico Europe GmbH,
Bickenbach, Germany). Both levels of exposure flow were calibrated by means of an
oximeter (Solo-O2 Divesoft, Halkova, Czech Republic) in the mask used by the subject to
ascertain that the desired oxygen level was reached [34].

Blood and urine samples were obtained before exposure (T0) and 30 min, 2 h, 8 h,
24 h, and 48 h after the end of oxygen administration (Figure 4). Previous experiments
have shown that cellular responses after different oxidative exposures may take up to 24 h
or even more. Therefore, we decided to take blood samples up to 48 h [14,18,69,76].

Figure 4. Experimental flowchart.

Each blood sample consisted of approximately 15 mL of venous human blood collected
in lithium heparin and EDTA tubes (Vacutainer, BD Diagnostic, Becton Dickinson, Italia
S.p.a., Florence, Italy). Plasma and red blood cells (RBCs) were separated via centrifugation
(Eppendorf Centrifuge 5702R, Darmstadt Germany) at 1000× g at 4 ◦C for 10 min. The
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samples were then stored in multiple aliquots at −80 ◦C until assayed; analysis was
performed within one month of sample collection.

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

5.2. Blood Sample Analysis
5.2.1. Determination of ROS Using Electron Paramagnetic Resonance (EPR)

An electron paramagnetic resonance instrument (E-Scan—Bruker BioSpin, GmbH,
Rheinstetten, Germany) X-band, with a controller temperature at 37 ◦C interfaced to the
spectrometer, was adopted for ROS production rate, as already performed by some of
the authors [77–80]. EPR measurements are highly reproducible, as previously demon-
strated [81]. EPR is the only noninvasive technique suitable for the direct and quantitative
measurement of ROS. In particular, the spectroscopic technique (EPRS) is used in many
fields of application, including biomedicine [82]. The reliability and reproducibility of EPR
data obtained using the micro-invasive EPR method adopted in this study have already
been reported previously [83].

Briefly, for ROS detection, 50 µL of plasma was treated with an equal volume of
CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine), and then 50 µL of
this solution was placed inside a glass EPR capillary tube in the spectrometer cavity for
data acquisition. A stable radical CP (3-Carboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxy) was
used as an external reference to convert the obtained ROS values into absolute quantitative
values (µmol/min). All EPR spectra were generated by adopting the same protocol and
obtained by using a standard software program supplied by Bruker (Billerica, MA, USA)
(version 2.11, WinEPR System).

5.2.2. Total Antioxidant Capacity (TAC)

The 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)-equivalent an-
tioxidant capacity assay, a widely used kit-based commercial method, was used. Briefly,
10 uL of plasma was added in duplicate to 10 µL of metmyoglobin and 150 µL of the
chromogen solution; then, reactions were initiated through the addition of 40 µL of H2O2,
as indicated by the instructions (No. 709001, Cayman Chemical, Ann Arbor, MI, USA). Re-
action mixtures were incubated at room temperature for 3 min and then read by measuring
the absorbance signal at 750 nm using an Infinite M200 microplate reader spectropho-
tometer (Tecan, Grödig, Austria). A linear calibration curve was computed from pure
Trolox-containing reactions.

5.3. Urine Sample Analysis
5.3.1. Nitric Oxide Metabolites (NO2+NO3)

NOx (NO2+NO3) concentrations were determined in urine via a colorimetric method
based on the Griess reaction, using a commercial kit (Cayman Chemical, Ann Arbor, MI,
USA), as previously described [84]. Samples were spectrophotometrically read at 545 nm.

5.3.2. 8-Isoprostane (8-iso-PGF2α)

Levels of 8-iso-PGF2α were measured using an immunoassay EIA kit (Cayman Chem-
ical, Ann Arbor, MI, USA) in urine. This is a biomarker for lipid peroxidation and damage
assessment. Samples and standards were spectrophotometrically read at 412 nm. Results
were normalized using urine creatinine values.

5.3.3. Interleukin-6

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

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

5.3.4. Creatinine, Neopterin, and Uric Acid Concentrations

Urinary creatinine, neopterin, interleukin 6 (IL-6), and uric acid concentrations were
measured via high-pressure liquid chromatography (HPLC), as previously described [18],
using a Varian instrument (pump 240, autosampler ProStar 410, SpectraLab Scientific Inc.,
Markham, ON, Canada) coupled to a UV–VIS detector (Shimadzu SPD 10-AV, λ = 240 nm,
SpectraLab Scientific Inc., for creatinine and uric acid; and JASCO FP-1520, λex = 355 nm
and at λem = 450 nm, SpectraLab Scientific Inc., for neopterin).

After the urine centrifugation of 1500× g at 4 ◦C for 5 min, analytic separation proce-
dures were performed at 50 ◦C on a 5 µm Discovery C18 analytical column
(250 × 4.6 mm I.D., Supelco, Sigma-Aldrich, Merck Life Science S.r.l., Milano, Italy)
at a flow rate of 0.9 mL/min. The calibration curves were linear over the range of
0.125–1 µmol/L, 0.625–20 mmol/L, and 1.25–10 mmol/L for neopterin, uric acid, and creati-
nine levels, respectively. The inter-assay and intra-assay coefficients of variation were <5%.

5.4. Visual Analog Scale (VAS)

Subjective mood, general wellness/malaise, restfulness/tiredness, headaches, sleepi-
ness, and nausea were evaluated using a 0–100 mm visual analog scale (VAS). This scoring
system was previously suggested for assessing discomfort and/or general malaise [85].
Based on its usefulness in performing other clinical evaluations, VAS was considered
suitable to test the subjective perception of normobaric hypoxia effects [37,86].

5.5. Statistical Analysis

The normality of the results was verified using the Shapiro–Wilk test. Comparisons
between results at different times and the baseline were carried out using repeated-measure
one-way ANOVA tests when the results had a Gaussian distribution. Otherwise, a Fried-
man test was applied. Comparisons between the 10% and 15% exposure groups were
performed using an unpaired t-test (parametric) or Mann–Whitney (nonparametric) test.
All data are presented as mean ± standard deviation (SD). All statistical tests were per-
formed using a standard computer statistical package, GraphPad Prism version 9.5.1., for
PC (GraphPad Software, San Diego, CA, USA). A threshold of p < 0.05 was considered sta-
tistically significant. The sample size required for a repeated-measure analysis of variance
(Friedman) was calculated using G*power calculator 3.1.9.7 software (Heinrich-Heine-
Universität, Düsseldorf, Germany) (effect size = 0.65, alpha error = 0.05, power = 0.80), and
the requisite number of participants for this study was six in each group, which parallels
previous studies [87].

6. Conclusions

A short duration (60 min) of extreme and moderate hypoxia led to a significant increase
in the production of reactive oxygen species (ROS), peaking 30 min after exposure and
slowly recovering after 48 h.

Renal function was astonishingly quickly activated to counteract such hypoxic stimuli,
using the antioxidant action of uric acid and creatinine to counteract ROS and NOx, together
with TAC significant variations.

We also found an increase in lipid peroxidation caused by ROS, starting at 2 h
post-exposure.

Finally, we observed an immune system stimulation through increasing concentra-
tions of neopterin. The rapid increase in neopterin following the ROS peak suggests a
counteraction to the inflammasome complex, favoring the NRF2 pathway. Interestingly,
neopterin modulation is inversely proportional to the importance of hypoxia. These small
variations are very interesting as preconditioning tools.
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Overall, this study provides insights into the mechanisms through which acute hy-
poxia affects various bodily functions and how the body responds to hypoxia-induced
oxidative stress. It also highlights the protective mechanisms that humans have in place to
maintain redox homeostasis in response to environmental stressors.
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8-iso-PGF2α 8-Isoprostane
AH Acute hypoxia
EPR Electron paramagnetic resonance
FiO2 Inspired fraction of oxygen
HO• Hydroxide
H2O2 Hydrogen peroxide
IL-6 Interleukin-6
NOx Nitric oxide metabolites
NRF2 Nuclear factor erythroid-2-related Factor 2
O2

•−ONOO- Superoxide anionPeroxynitrite
ROS Reactive oxygen species
TAC Total antioxidant capacity
UA Uric acid
VAS Visual analog scale
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Abstract: Hypoxic stress occurs in various physiological and pathological states, such as aging,
disease, or high-altitude exposure, all of which pose a challenge to many organs in the body, necessi-
tating adaptation. However, the exact mechanisms by which hypoxia affects advanced brain function
(learning and memory skills in particular) remain unclear. In this study, we investigated the effects
of hypoxic stress on hippocampal function. Specifically, we studied the effects of the dysfunction
of mitochondrial oxidative phosphorylation using global proteomics. First, we found that hypoxic
stress impaired cognitive and motor abilities, whereas it caused no substantial changes in the brain
morphology or structure of mice. Second, bioinformatics analysis indicated that hypoxia affected
the expression of 516 proteins, of which 71.1% were upregulated and 28.5% were downregulated.
We demonstrated that mitochondrial function was altered and manifested as a decrease in NADH
dehydrogenase (ubiquinone) 1 alpha subcomplex 4 expression, accompanied by increased reactive
oxygen species generation, resulting in further neuronal injury. These results may provide some new
insights into how hypoxic stress alters hippocampal function via the dysfunction of mitochondrial
oxidative phosphorylation.

Keywords: hippocampus; hypoxia; mitochondrial oxidative phosphorylation; CIV activity; NADH
dehydrogenase (ubiquinone) 1 alpha subcomplex 4

1. Introduction

Hypoxia is one of the most common and severe stressors to an organism’s home-
ostasis, which enables cells and organs insufficient energy supply, and occurs in various
physiological and pathological states. It has become increasingly clear that hypoxia con-
tributes to the pathological development of a number of diseases, such as stroke, obstructive
sleep apnea (OSA) [1], and neurodegenerative diseases ((Parkinson’s disease (PD) [2] and
Alzheimer’s disease (AD)) [3]. Sever hypobaric hypoxia-induced detrimental effects on
cognitive function in humans, such as cerebral edema, mood disturbances, cognitive im-
pairment, or verbal memory [4,5]. Moreover, as compared with low altitude, young adult
(20–24 years old) residents living in Lhasa, Tibet (3650 m) were impaired in verbal and
spatial working memory [4]. Tesler et al. [6] demonstrated that a hypoxic environment has
negative consequences on sleep-dependent memory performance associated with memory
consolidation by a reduction in slow waves. Additionally, Hota et al. showed that accli-
matized lowlanders staying at altitudes 4300 m increased the prevalence of mild cognitive
impairment [7]. Yet, the mechanism by which hypoxia affects advanced brain function
(learning and memory skills in particular) has yet to be fully uncovered.

Adaptation to low-oxygen environments is primarily mediated by the hypoxia-inducible
factor (HIF) transcription factor family. Under normoxia, HIFα subunits are polyubiquity-
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lated by prolyl hydroxylases (PHDs) and subsequently degraded [8]. In the presence of
hypoxic pressure, PHDs are inactivated via oxidation, which inhibits HIFα polyubiquity-
lation, causing it to dimerize with HIF1β to form transcriptionally active complexes [9].
As a result, HIFs can regulate a variety of downstream response elements in response
to hypoxic challenges. These findings opened new avenues for the discoveries of how
cells perceive and adapt to oxygen availability, and the researchers who discovered this
mechanism received the Nobel Prize in Physiology or Medicine in 2019 [9]. However, the
critical molecule and complex networks that respond to decreased oxygen levels have yet
to be fully elucidated.

It is well known that mitochondrial-mediated oxidation via glucose yields up to
30–38 ATP/glucose; however, when there is an inadequate supply of oxygen, glycolysis
produces only two ATP/glucose, which fails to meet the cellular demand. Each process can
be complementary to the other [10–12]. Aragones and colleagues found that when oxygen
levels are insufficient, mitochondrial oxidative phosphorylation (OXPHOS) is reduced [13];
however, to satisfy the cellular demand, cells continue to consume oxygen. As a result,
OXPHOS generates by-product reactive oxygen species (ROS) continuously. After an
extended time of oxygen deficiency, ROS-induced oxidative stress causes tricarboxylic acid
cycle (TCA) and electron transfer chain (ETC)-related enzyme inactivation, resulting in
irreversible mitochondrial structural and functional damage. As a result, mitochondrial
oxidative metabolism is completely interrupted [13]. Anaerobic glycolysis cannot fully
compensate for the ATP loss caused by the cessation of oxidative metabolism, which
eventually leads to cell energy depletion and cell death [12]. Hypoxia is known to induce
ETC dysfunction; however, existing studies lack reports at the proteomic level.

Mitochondria are the major oxygen-consuming organelles of the cell and therefore
oxidative phosphorylation of mitochondria is affected by oxygen deficiency [14]. Oxidative
phosphorylation occurs via electron transfer in the electron transport chain and ATP
synthesis. The ETC consists of three proton pumps, NADH dehydrogenase (complex I, CI),
bc1-complex (complex III, CIII), and cytochrome c oxidase (COX; complex IV, CIV) [15].
In addition, the ETC contains succinate dehydrogenase (complex II, CII), which feeds
electrons from succinate into the ETC but does not pump protons, as well as the small
electron carrier’s cytochrome c and ubiquinone. CIV is the terminal of the ETC and therefore
the rate-limiting step. CIV has a high affinity for O2 and plays a central role in catalyzing
molecular oxygen to generate water [16]. However, the regulation mechanism of hypoxia
on CIV is unclear.

Here, we perform proteomics to study how the hippocampus initiates the adaptation
mechanism to cope with the impact of oxygen deficiency under hypoxia stress. We found
that under hypoxic stress, although the morphology and structure of neurons were not
significantly altered, the cognitive and motor abilities of mice were impaired. Proteomics
analysis showed that mitochondrial function was altered, which manifested as a decrease
in NDUFA4 expression, indicating that CIV activity and oxygen utilization were decreased,
and normal mitochondrial membrane potential was severely impaired. As a result, mi-
tochondria were not able to meet the high energy consumption demand of hippocampal
neurons, which resulted in increased ROS generation. In addition, although the protein
expression of mitochondrial complexes I, III, and IV was upregulated, we believe that
this may be an ineffective feedback response under hypoxic stress, resulting in further
neuronal injury.

2. Results
2.1. Hypoxic Stress Impaired Cognitive and Motor Function but Did Not Alter the Morphology or
Structure of Hippocampal Neurons

To explore the effect of short-term hypoxia on the hippocampus, we simulated the
altitude of Lhasa and provided mice with 13% oxygen (hypoxic conditions) for 1 or 3 days
(H1D and H3D, respectively). The latest research shows that 3.65 days in the lifetime of a
mouse is equivalent to one human year [17]. Compared with the control group, hypoxia
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H1D or H3D had no significant effect on the body weight of mice (Figure 1A). Unexpectedly,
the new object recognition experiment showed that the cognitive ability of mice was
significantly impaired after H1D or H3D compared with the control group (CON, Figure 1B).
The rotarod test showed that the motor function of mice was significantly reduced after H1D
and H3D compared with the CON (Figure 1B). It is well known that the cognitive ability
of mice is closely related to the morphological and structural integrity of hippocampal
neurons [18]. Therefore, hematoxylin and eosin (HE), and Nissl staining were performed
to identify the morphological and structural changes in the hippocampus. Compared
with the control group, we observed that hippocampal tissue was undamaged and neither
hippocampal nor cortical neurons showed morphological and structural abnormalities in
the hippocampus and cortex after H1D and H3D (Figure 1C). Nissl staining results also
showed that short-term hypoxia did not result in significant damage to hippocampal or
cortical neurons compared with the CON (Figure 1D). In summary, we believe that although
short-term hypoxia does not cause changes in neuronal morphology and structure, it may
lead to functional alterations, manifested as cognitive and motor impairment in mice.
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Figure 1. Hypoxic stress impaired cognitive and motor function but did not alter the morphology 
or structure of hippocampal neurons. (A) During hypoxia, body weight did not change. Data are 
presented as mean ± SEM (one-way ANOVA), n = 3–5 biological replicates per condition. (B) The 
rotarod test showed the mobility of mice was significantly reduced compared with the CON. Data 
are expressed as the mean ± SEM (one-way ANOVA). * p < 0.05 H1D vs. CON, ** p < 0.01 H3D vs. 
CON (n = 7–14). The new object recognition experiment showed that the cognitive ability of mice 
was significantly decreased after hypoxia compared with the control group (CON). Data are ex-
pressed as the means ± SEM (two-way ANOVA). **** p < 0.0001 vs. familiar object, ** p < 0.01 and 
*** p < 0.001 vs. CON (n = 7–14). (C,D) Hippocampal and cortical tissues were undamaged, and 
neurons showed no morphological or structural abnormalities in the hippocampus and cortex un-
der H1D and H3D by HE staining (C) and Nissl staining (D). 

Figure 1. Hypoxic stress impaired cognitive and motor function but did not alter the morphology
or structure of hippocampal neurons. (A) During hypoxia, body weight did not change. Data are
presented as mean ± SEM (one-way ANOVA), n = 3–5 biological replicates per condition. (B) The
rotarod test showed the mobility of mice was significantly reduced compared with the CON. Data
are expressed as the mean ± SEM (one-way ANOVA). * p < 0.05 H1D vs. CON, ** p < 0.01 H3D vs.
CON (n = 7–14). The new object recognition experiment showed that the cognitive ability of mice was
significantly decreased after hypoxia compared with the control group (CON). Data are expressed as
the means ± SEM (two-way ANOVA). **** p < 0.0001 vs. familiar object, ** p < 0.01 and *** p < 0.001
vs. CON (n = 7–14). (C,D) Hippocampal and cortical tissues were undamaged, and neurons showed
no morphological or structural abnormalities in the hippocampus and cortex under H1D and H3D by
HE staining (C) and Nissl staining (D).
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2.2. Global Proteomic Signatures of the Hippocampus under Hypoxic Stress

To evaluate whether the impairment caused by hypoxia on cognition and behavior
originated from alterations in neuronal function, we performed global proteomics to
conduct an overall analysis of the hippocampus of mice in the subacute phases of hypoxia.
A database search using spectra from each tandem mass tag (TMT) run separately identified
4355 proteins across all the time points (Supplemental Table S1). As shown in Figure 2A,
each variety presented a characteristic concentration profile, with red, green, and white
boxes representing upregulated, downregulated, and unchanged expression proteins,
respectively. The results showed that the protein expression of H1D mice was similar, while
that of H3D mice was altered, compared with the CON (Figure 2A). Specifically, compared
with the control group, 71 proteins were upregulated and 51 downregulated in H1D mice.
By contrast, in H3D mice, 332 proteins were upregulated and 106 downregulated (fold
change (FC) ≥ 1.2 or ≤ 0.67, p ≤ 0.05; Figure 2B). Venn analysis of the above differential
proteins showed that 42 proteins had the same expression trend in H1D and H3D, of which
34 proteins showed an upward trend and eight showed a downward trend. Only two
proteins showed an opposite expression trend in H1D and H3D (Figure 2C). A volcano
map shows the expression of proteins with significant differences in the H1D and H3D
mice more intuitively (Figure 2D). To further identify the differentially expressed proteins,
we screened out the 20 proteins with the highest differential expression changes between
H1D mice and the CON and H3D mice and CON. Among the proteins, fourteen proteins in
H1D mice were located in mitochondria, six of which were upregulated proteins (including
Atp5fc1, Pam16, Fdx1, Etfdh, Ndufc2, Pdpr) and eight downregulated (Sfxn1, Cs, Atp5f1d,
Nrgn, Sncb, Hagh, Vdac3, Cyb5b) (Figure 2E); whereas in H3D mice, five proteins were
located in the mitochondria, three of which were upregulated (Maob, Ndufaf3, Rhoa) and
two downregulated (Rida, Agps) (Figure 2F).

To further assess the effect of hypoxia on hippocampal signaling pathways, we per-
formed Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes
pathway (KEGG) analyses. GO-enriched pathways in H1D mice included DNA process,
IMP-induced process, negative regulation of hydrogen peroxide–neuron death, AMP deam-
inase activity, and isocitrate dehydrogenase (NAD+) activity. Interestingly, the enriched
pathways also had a significant influence on mitochondrial function, mainly related to
the reduction of mitochondrial inner membrane components. In addition, glucose aerobic
metabolism was downregulated. That is, isocitrate metabolic and ATP metabolic processes
were reduced and NAD+ activity decreased (Supplementary Figure S1A). Furthermore,
KEGG enrichment results demonstrated that hypoxia mainly affected Parkinson’s disease,
Huntington’s disease, oxidative phosphorylation, African trypanosomiasis, and the citrate
cycle pathway. In addition, the pathways of oxidative phosphorylation and the TCA cycle
were lowered (Supplementary Figure S1B).

GO-enriched pathways in H3D mice included Gamma-aminobutyric acid receptor
clustering, proton-transporting ATP synthase complex, neuron maturation, temperature
homeostasis, regulation of cell motility, and protein maturation by iron–sulfur cluster
transfer (Supplementary Figure S1C). The KEGG enrichment results showed that the main
influencing pathways were taurine and hypotaurine metabolism and salivary secretion
(Supplementary Figure S1D). In summary, the damage of short-term hypoxia on cognitive
and behavioral abilities in mice is mainly due to changes in neuronal function, which may
be mainly manifest as mitochondrial dysfunction.
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significantly regulated proteins with different time duration exposures to hypoxia. (D,E) Volcano 
map showing the expression of proteins with significant differences more intuitively. (F) Top 20 
proteins with the most prominent differences between H1D or H3D mice and CON mice. The red 
represents upregulation, the blue downregulation. 
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and the citrate cycle pathway. In addition, the pathways of oxidative phosphorylation and 
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Figure 2. Global proteomic signatures of the hippocampus under hypoxic stress. (A) Heat map
presenting a respective characteristic concentration profile. (B) The proteins were considered signifi-
cantly regulated at p ≤ 0.05 and a fold change (FC) ≥ 1.2 or ≤ 0.67. (C) Venn diagram of the identified
significantly regulated proteins with different time duration exposures to hypoxia. (D,E) Volcano map
showing the expression of proteins with significant differences more intuitively. (F) Top 20 proteins
with the most prominent differences between H1D or H3D mice and CON mice. The red represents
upregulation, the blue downregulation.

2.3. Hippocampal Proteome Dynamic Alterations Induced by Hypoxic Stress

Next, we estimated the effects of hypoxia on hippocampal protein expression and
found that 4355 proteins were clustered by non-biased expression pattern clustering. This
analysis co-polymerized six clusters with specific expression patterns, in which hypoxia
led to upregulation in the first (n = 426) and sixth clusters (n = 592), downregulation in
the second cluster (n = 819) and third (n = 1554) clusters, and an initial increase followed
by a return to physiological levels in the fourth (n = 329) and fifth (n = 635) clusters
(Figure 3A). We further explored whether proteins in different clusters had specific functions
to cope with hypoxia. It was found that many proteins in a specific cluster shared cellular
components, molecular functions, or acted on the same biological processes. The complete
GO entries for each cluster can be found in the Appendix (Supplemental Table S2).
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richment analysis of each cluster was performed using Fisher’s exact test (p < 0.05). Biological pro-
cesses (BP) (B), molecular functions (MF) (C), and cellular components (CC) (D) of the clusters are 
visualized. 
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Figure 3. Temporal analysis of hippocampal proteome dynamic alterations induced by hypoxic
stress. (A) Unsupervised clustering of proteome dynamics revealed six clusters with distinct protein
expression profiles: n represents the number of proteins per cluster. The color represents memberships.
The red represents more memberships, the blue and green low memberships. (B–D) GO enrichment
analysis of each cluster was performed using Fisher’s exact test (p < 0.05). Biological processes (BP)
(B), molecular functions (MF) (C), and cellular components (CC) (D) of the clusters are visualized.

The relative expression level of cluster 1 proteins continued to increase from H1D to
H3D. This expression pattern corresponds to the body’s adaptation to chronic hypoxia.
Specifically, cluster 1 contained a total of 426 proteins, and the enriched biological processes
included intracellular protein transport, organelles to Golgi vesicle-mediated transport,
glutathione metabolism, mitochondrial respiratory chain complex I assembly, and ATP
metabolism (Figure 3B).

Molecular functions included GTP binding, proton-transporting ATPase activity,
protein-containing complex binding, GTPase activating protein binding, and calcium-
dependent protein binding (Figure 3D). Cluster 6 contained 592 proteins, and compared
with the CON, the expression of H1D proteins dramatically increased, and remained at
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an increased level throughout the experiment. Enriched biological processes included
actin cytoskeleton organization (Rhof, Rhob) and neuronal projection development (Mrtfb,
Lgi1) (Figure 3B). Molecular function mainly involved GTP binding and GTPase activ-
ity (Figure 3D). Cluster 3 contained 1554 proteins, showing a sharp decrease in protein
expression from H1D to H3D. Biological processes mainly involved protein transport
(Arf2, Rab4b) (Figure 3B), while the molecular function was mainly identical to protein
binding (Acacb) (Figure 3D). Cluster 2 contained 819 proteins, all of which were down-
regulated under hypoxic stress. The related biological processes comprised translation
and neuronal projection development (Figure 3B). Molecular functions included the struc-
tural component of the ribosome and RNA binding (Figure 3D). Cluster 4 consisted of
1554 proteins and compared with the CON, the expression of H1D proteins decreased;
however, the expression levels returned to physiological levels at H3D. The GO biolog-
ical processes mainly included mitochondrial ATP synthesis coupled proton transport
(Atp5f1d), the TCA cycle (Idh3g, Cs), synaptic vesicle endocytosis (Sncb), glycolysis (Tpi1),
and cristae formation (Chchd6) (Figure 3B). Molecular functions involved GTP binding
and GTPase activity (Septin7) and protein-containing complex binding (Park7, Ndufa4,
Atp5f1d, Ywhaz) (Figure 3D). Cluster 5 contained 635 proteins, and compared with the
CON, the expression of H1D proteins increased; however, the expression levels returned
to physiological levels at H3D. Interestingly, GO analysis results indicated that almost
all the biological processes and molecular functions were associated with mitochondrial
functions. Moreover, it is worth noting that GO cellular components analysis showed that
all the clusters were enriched in proteins related to mitochondrial components (Figure 3C).
Overall, our present temporal hypoxia proteomics study also confirmed that the short-
term hypoxic exposure altered distinct biological processes and signaling pathways in the
hippocampus region in a temporal-dependent manner. Therefore, we further analyzed
mitochondrial-related proteins.

2.4. Hypoxic Stress Mainly Caused Mitochondrial Dysfunction

To demonstrate the expression levels and functional changes in mitochondrial-related
proteins, we used protein component analysis to filter mitochondrial-related proteins. The
UniProtKB mouse protein database was used to screen all mitochondrial-related proteins,
including reported proteins located in mitochondria under physiological or pathological
states. In summary, 787 mitochondrial-related proteins were extracted from the total protein
list (Supplemental Table S3). Similarly, compared with the CON, only 4.8% of mitochondrial
proteins showed significant changes after H1D, of which 24 proteins were downregulated
and 14 upregulated. At H3D, 9.3% of mitochondrial proteins showed significant changes,
of which 14 were downregulated and 59 upregulated (Figure 4A–C).

Similarly, we also clustered the expression patterns of mitochondrial proteins, includ-
ing six cluster-specific expression patterns. Clusters 2 and 5 showed a decreasing trend
in protein expression, in which cluster 2 contained 269 proteins and cluster 5 contained
145 proteins (Figure 4D). Clusters 3 and 4 showed an increasing trend in protein expression,
in which cluster 3 contained 111 proteins and cluster 4 contained 86 proteins (Figure 4D).
Cluster 1 contained 85 proteins, which initially showed a decreasing trend in expression,
but returned to physiological levels at H3D. Cluster 6 contained 91 proteins, which showed
the opposite trend to that of Cluster 5, with initially increased expression followed by a
return to physiological levels at H3D (Figure 4D).

GO biological processes results indicated that the biological processes of cluster 1
included mitochondrial ATP synthesis coupled proton transport, 2-oxoglutarate metabolic,
ATP, cristae formation, and ATP synthesis coupled proton transport. The biological pro-
cesses of Cluster 2 involved migration organization, mitochondrial translation, mitochon-
drial electron transport, NADH to ubiquinone, and mitochondrial ATP synthesis coupled
electron transport. The biological processes of Cluster 3 included mitochondrial acetyl-
CoA adduct from pyruvate and dTDP adduct. Fatty acid beta-oxidation uses acyl-CoA
dehydrogenase and mitochondrial organization. Cluster 4 biological processes included
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aerobic respiration, negative regulation of cell death, ATP metabolism, oxidative stress, and
chaperone-mediated protein complex assembly. Cluster 5 biological processes included
neuronal death and apoptosis. The biological processes of the neuronal apoptosis process
and activation of cysteine-type endopeptidase activity are involved in the neuronal apopto-
sis process. Cluster 6 biological processes were associated with 10-formyltetrahydrofolate
acidification, mitochondrial transport, mitochondrial calcium ion transmembrane trans-
port, regulation of cellular hyperosmotic salinity, and heme biosynthesis. It is notewor-
thy that all clusters were related to mitochondrial respiratory chain complex I assembly
(Supplementary Figure S2). Clusters 1–5 were correlated with the TCA cycle and clusters
2–5 with fatty acid beta-oxidation (Supplementary Figure S2). Supplementary Figure S2
showed the top 20 biological processes of each cluster.
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2.5. Hypoxic Stress Impaired Mitochondrial Oxidative Phosphorylation by Suppressing
Mitochondrial Complex IV

It is well known that the main functions of mitochondria are directly related to the
TCA cycle and oxidative phosphorylation. The above results demonstrated that hypoxic
stress could cause mitochondrial dysfunction, while the segment of mitochondrial func-
tion was affected by hypoxia. Therefore, we further analyzed the differentially expressed
mitochondrial-related proteins (FC ≥ 1.2 or ≤0.67 and p ≤ 0.05) and constructed a multi-
protein interaction network using the STRING database (http://string-db.org (accessed
on 14 January 2022)) [19]. Compared with the CON, the interaction networks of H1D
mice were significantly different and were related to the TCA cycle, oxidative phospho-
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rylation, and fatty acid beta-oxidation (Figure 5A). Similarly, compared with the CON,
interaction networks in H3D mice were significantly different and included fatty acid
beta-oxidation, oxidative phosphorylation, and oxidative stress reaction (Figure 5B). Mito-
chondrial oxidative phosphorylation is the main process to utilize oxygen; therefore, we
next determined if mitochondrial oxidative phosphorylation was affected under hypoxia
by exploring mitochondrial electron transport chain complexes.
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Figure 5. Hypoxic stress impaired mitochondrial oxidative phosphorylation by suppressing mito-
chondrial complex IV. (A,B) The differentially expressed mitochondrial-related proteins compared
with the CON had a multiprotein interaction network constructed by the STRING Database in H1D
(A) and H3D (B) mice. (C) The newly reported mitochondrial electron transport chain complex
proteins. The red represents upregulation, the green downregulation, and the gray no change or
unidentified. (D) The list of mitochondrial oxidative phosphorylation proteins. The red represents
upregulation (FC ≥ 1.2, * p < 0.05 H1D vs. CON, # p < 0.05, ## p < 0.01, ### p < 0.001 H3D vs. CON),
green downregulation (FC ≤ 0.67, * p < 0.05, ** p < 0.01 H1D vs. CON, # p < 0.05 H3D vs. CON).

The newly reported mitochondrial electron transport chain complex proteins are
shown in Figure 5C [15]. Combined with our proteomic results, 60 mitochondrial electron
transport chain proteins and 15 ATP synthase-related proteins were identified. Among
them, the upregulated proteins included three complex I proteins (Ndufv1, Ndufb1) and
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three complex V proteins (Atp5f1b, Atp5c1, Atp5mc1); whereas, the downregulated pro-
teins included one complex III protein (Uqcrc1), two complex IV proteins (Ndufa4, Cox6b)
and one complex V protein (Atp5f1d) (Figure 5C,D). Previous studies have shown that
complex IV is the main oxygen consumption site of oxidative phosphorylation and is the
rate-limiting step of oxidative phosphorylation [16]. Therefore, we believe that hypoxia
impeded the utilization of oxygen in mitochondrial complex IV.

2.6. Hypoxic Stress Caused Mitochondrial Complex IV Dysfunction by Downregulating
NDUFA4 Expression

To further verify the effect of hypoxia on mitochondrial, we used immunofluorescence
to detect NDUFA4 expression. The results showed that, compared with the CON, the
expression of NDUFA4 in the hippocampal CA1 area was significantly decreased at H3D,
while the proportion of NDUFA4-positive cells in the CA1 area did not change significantly
(Figure 6A–C). In the hippocampal CA3 area, compared with the CON, the expression of
NDUFA4 was significantly decreased at H1D and H3D, whereas the proportion of NDUFA4-
positive cells was significant only at H3D (Figure 6A–C). In the RAD and DG regions of
the hippocampus, the expression of NDUFA4 and the proportion of positive cells did not
change significantly (Figure 6A–C). Interestingly, in the cortex, we found a similar situation,
where at H3D there was increased NDUFA4 expression and the proportion of NDUFA4-
positive cells was obviously decreased (Figure 6A–C). It is well known that ROS generation
is closely related to mitochondrial respiration activity. Therefore, we further verified the
production of ROS in the experimental mice. The results showed that, compared with the
CON, hypoxia significantly increased ROS production in the hippocampal CA1 area at
H1D and H3D, with no significant changes in other hippocampal regions, (CA-3, RAD,
and DG) (Figure 6D,E). Furthermore, the production of ROS in the cortex also increased
significantly (Figure 6D,E). In summary, we established that hypoxia could reduce the
expression of NDUFA4, reduce the activity of CIV, hinder the utilization of charged ions
and oxygen, and increase the level of ROS.
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Figure 6. Hypoxic stress caused mitochondrial complex IV dysfunction by downregulating 
NDUFA4 expression. (A) Representative immunofluorescence images of NDUFA4 (red) in the hip-
pocampus (CA-1, CA-3, DG, RAD) and cortex of the different groups. Nuclei are stained in blue 
(DAPI). (B) Quantification of the NDUFA4-positive area based on immunofluorescence staining 
sections by ImageJ Pro Plus 6.0 software. Statistical analysis of the fluorescence intensity of 
NDUFA4 was conducted on three slices from three animals per group. Data are expressed as the 
means ± SEM (two-way ANOVA). ** p < 0.01 H1D vs. CON, *p < 0.05, ** p < 0.01, **** p < 0.0001 H3D 
vs. CON (n = 3). (C) The ratio of positive cells based on immunofluorescence staining sections by 
ImageJ software. Data are expressed as the means ± SEM (two-way ANOVA). *** p < 0.001 H3D vs. 
CON (n = 3). (D) Representative immunofluorescence images of ROS (red) in the hippocampus 
(CA1, CA3, DG, RAD) and cortex of the different groups. Nuclei are stained in blue (DAPI). (E) 
Quantification of the ROS-positive area based on immunofluorescence staining sections by ImageJ 
Pro Plus software. Data are expressed as the means ± SEM (two-way ANOVA). * p < 0.05, ** p < 0.01 
H3D vs. CON (n = 3). 

Figure 6. Hypoxic stress caused mitochondrial complex IV dysfunction by downregulating NDUFA4
expression. (A) Representative immunofluorescence images of NDUFA4 (red) in the hippocampus
(CA-1, CA-3, DG, RAD) and cortex of the different groups. Nuclei are stained in blue (DAPI).
(B) Quantification of the NDUFA4-positive area based on immunofluorescence staining sections
by ImageJ Pro Plus 6.0 software. Statistical analysis of the fluorescence intensity of NDUFA4 was
conducted on three slices from three animals per group. Data are expressed as the means ± SEM
(two-way ANOVA). ** p < 0.01 H1D vs. CON, *p < 0.05, ** p < 0.01, **** p < 0.0001 H3D vs. CON
(n = 3). (C) The ratio of positive cells based on immunofluorescence staining sections by ImageJ
software. Data are expressed as the means ± SEM (two-way ANOVA). *** p < 0.001 H3D vs. CON
(n = 3). (D) Representative immunofluorescence images of ROS (red) in the hippocampus (CA1, CA3,
DG, RAD) and cortex of the different groups. Nuclei are stained in blue (DAPI). (E) Quantification of
the ROS-positive area based on immunofluorescence staining sections by ImageJ Pro Plus software.
Data are expressed as the means ± SEM (two-way ANOVA). * p < 0.05, ** p < 0.01 H3D vs. CON
(n = 3).
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3. Discussion

In this study, we investigated the effects of hypoxia stress on the hippocampus of mice
using the global proteome approach. First, we found that hypoxia did not cause substantial
changes in the morphology and structure of the brain but resulted in impaired cognitive
and motor abilities in mice. Second, bioinformatics analysis indicated that hypoxia affected
the expression of 516 proteins, of which 71.1% were found to be upregulated proteins and
28.5% downregulated. GO and KEGG analysis showed that short-term chronic hypoxia
mainly disturbed mitochondrial function. Intriguingly, we found that the expression
levels of CIV-related proteins (Ndufa4 and Cox6b) were downregulated. Based on the
structure-related studies of Ndufa4, it was found that Ndufa4 exists as CIV monomers,
which inhibit the dimerization of CIV and maintain CIV in its active form [20]. In summary,
we believe that hypoxia leads to decreased CIV activity and impaired electronic respiratory
chain productivity.

Mitochondria consume 85–90% of the oxygen in the body, whereas oxidative phospho-
rylation generates 90% of the ATP used in the body [21]. It is conceivable that the change in
oxygen concentration initially affects the mitochondrial electron transport chain. Hypoxia
impacts mitochondrial function in a variety of ways, including altering the manner in
which the TCA cycle and electron transport chain complexes [22] consume NADH and
FADH2, which in turn generates ROS. Hypoxia limits the entry of pyruvate into the TCA
cycle, reduces PHDs enzymatic activity [23], and stabilizes the expression of HIFs. Next,
HIFs induce the expression of lactate dehydrogenase A (LDHA) and pyruvate dehydro-
genase kinase 1 (PDK1) [11,24]. LDHA then converts pyruvate into lactate and reduces
pyruvate entering the mitochondrial matrix. In addition, PDK1 phosphorylates pyruvate
dehydrogenase, preventing pyruvate conversion into acetyl-CoA [9], thus inhibiting the
TCA cycle. Second, hypoxia affects the activity of the electron transport chain. It has been
reported that hypoxia can enhance the activity of CIV in two ways.

First, HIFs induce the expression of nuclear-encoded subunit COX4 subtype 2 and
mitochondrial protein LON, so that COX4 subtype 1 is degraded by proteasomes, thereby
improving the efficiency of the electron transport [25]. Second, HIFs induce hypoxia-
inducible gene domain family member 1A expression and enhance CIV activity by yet-
unknown mechanisms [26]. In contrast to hypoxia-induced increases in CIV activity, CI, CII,
and CIII activities have been shown to be decreased under hypoxic conditions [9]. Indeed,
HIFs were shown to attenuate CI activity by inducing NADH dehydrogenase (ubiquinone)
1α subcomplex, 4-like 2 (NDUFA4L2) expression, by a yet-unknown mechanism [22].

It is not clear how hypoxia induces ROS production. Mitochondria are both the produc-
tion and degradation sites of ROS. The balance between ROS generation and degradation
depends on the ROS flux across the mitochondrial membrane [12]. Under normal physio-
logical conditions, the ATP:ADP ratio is maintained, and the high level of ATP combined
with CIV produces isomerization inhibition, which maintains CIV activity at a low level,
thereby maintaining a low mitochondrial membrane potential and preventing excessive
harmful ROS generation [27]. However, hypoxia can break this balance, causing increased
CIV activity and mitochondrial membrane potential accompanied by excessive production
of ROS [27]. Recent studies have shown that the ETC electron transport efficiency remains
at a high level during acute hypoxia (O2 < 5 %), resulting in an exponential increase in
ROS generation rate [9]. Under chronic hypoxia, NDUFA4L2 expression is increased result-
ing in decreased CI activity [22], impaired ETC complex assembly, and reduced electron
transfer efficiency. Therefore, CIII-mediated ROS production is reduced [9,28]. Our re-
sults showed that the enriched mitochondrial redox enzymes in the hippocampus (Gpx1,
Gpx4, Prdx5, Txnrd2) hold the potential to be therapeutic targets against hypoxia-induced
oxidative stress.

CIV, also known as cytochrome c oxidase, is the terminal of the electron transport
chain and is therefore the rate-limiting enzyme of the electron transport chain. CIV has
a high affinity for O2, and is the main consumer of O2, reducing it to H2O [16,29]. This
process is accompanied by proton pumping from the mitochondrial matrix to form a proton
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transmembrane gradient [30], which ATP synthase uses to produce ATP [31]. NDUFA4
was initially considered as the subunit CIV [32]. In recent years, research has indicated
that NDUFA4 is the 14th subunit of CIV [33]. Interestingly, the expression of NDUFA4
was decreased in poor prognosis cancer patients [28,34,35]. In addition, studies have
shown that NDUFA4 is essential for CIV biosynthesis and complex activity, and NDUFA4
structure-related studies have found that NDUFA4 exists between CIV monomers, thereby
inhibiting the dimerization of CIV and maintaining CIV in its active state [20]. NDUFA4
has been closely linked to the enzyme complex. Specifically, NDUFA4 deletion or mutation
causes CIV function inactivation, eventually leading to illness [33]. Our results showed
that hypoxia caused the downregulation of NDUFA4 expression, a process that may be
related to a decrease in CIV activity, which reduces oxygen consumption and ultimately
ROS generation. Although we found that the decrease in NDUFA4 expression resulted in
a decrease in CIV activity, we were surprised that our results suggested that the proteins
related to mitochondrial complexes CI, CIII, and CV showed an increasing trend, which was
contrary to previous results of hypoxia-induced decreases in CI, CII, and CIII activity [9].
Our explanation is that hypoxia leads to a decrease in CIV activity and oxygen utilization
ability, resulting in an imbalance in the energy consumption of the hippocampus. Therefore,
there may be ineffective feedback under stress, which further leads to neuronal functional
damage by a yet unknown mechanism/pathway.

Collectively, our study suggested that hypoxic stress impaired the cognitive and
motor abilities of mice, but the morphology and structure of neurons in did not change
significantly under short-term hypoxic stimulation. Proteomics analysis demonstrated
that mitochondrial function changed, which was manifested as a decrease in NDUFA4
expression. These results indicated that mitochondrial CIV activity and oxygen utilization
ability were reduced, which resulted in impaired mitochondrial membrane potential and
ultimately insufficient energy for hippocampal neurons. The importance of NDUFA4
is well-established and underscored by its association with hypoxia. Further investiga-
tions should be conducted to clarify the complicated relationship between hypoxia and
mitochondrial function.

4. Materials and Methods
4.1. Animals

Male C57BL/6J mice (7–8 weeks old) were purchased from SPF Biotechnology Com-
pany (Beijing, China) and housed at room temperature (22–25 ◦C) under a 12:12 h light/dark
cycle with free access to food and water. All procedures were approved by the Animal Care
and Use Committee of the Institute of Animal Management, Capital Medical University,
and conducted in accordance with ethical requirements.

4.2. Hypoxia Treatment

The mice were administered hypoxic treatment in a closed hypoxic camber (China
Innovation Instrument Co., Ltd., Ningbo, China), which accurately set the desired hypoxic
concentration and pattern. A total of 30 mice were randomly divided into three groups
(10 mice in each): control (CON) and chronic hypoxia (continuously with 13% O2 for 1 and
3 days (H1D and H3D), respectively. Among the ten animals in each group, three were
used for HE staining and Nissl staining, three for proteomic analysis, and four for ROS
fluorescence staining. To avoid the reoxygen starting, the behavioral test and the brain
samples collected were processed at the same time once the hypoxic treatment finished.

4.3. Rotarod Test

The rotarod test was used to analyze motor function in mice as previously described [36].
Briefly, mice were trained on the Rota Rod (Panlab Rota Rod from Broad Institute, Cam-
bridge, MA, USA) at a constant accelerated speed from 4 to 40 rpm for 300 s at least 5 days
before competitive assessment. Each trial day consisted of five tests per mouse. The length
of time that the mice remained on the rod on the five occasions was then averaged.
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4.4. Novel Object Recognition

Mice were placed in an open-field apparatus for 30 min in the absence of objects before
training, and locomotor behavior was recorded using a video-tracking system (SMART
v3.0 from RDW Biotechnology Company, Shenzhen, China). Each mouse was then allowed
to freely explore two simple identical objects placed at fixed different locations for 5 min
as described previously [37]. After the familiarization phase, in the final test, where one
familiar object A was replaced by another novel object B, mice were placed in the chamber
again for 5 min with the procedure being video recorded. We used the exploration time
(%) [ET, ET = TB/(TA + TB), TB = exploring time on B, TA = exploring time on A] to assess
short-term memory.

4.5. HE and Nissl Staining

Mice were anesthetized with 1% chloral hydrate by intraperitoneal injection and
sacrificed. To evaluate histological damage, mice in each group (n = 3) were sacrificed and
transcardially perfused with 100 mL of saline and then 100 mL of a freshly prepared 4%
w/v paraformaldehyde in 0.01M phosphate-buffered saline (PBS, pH 7.4). The brains were
then removed and fixed in 4% paraformaldehyde for 24 h. The issue was dehydrated by a
series of alcohol gradients and then embedded in wax. The wax was subsequently trimmed
and sectioned coronally into 4µm slices for subsequent HE or Nissl staining.

4.5.1. HE Staining

The sections were dewaxed in xylene twice for 20 min, then successively dehydrated
in 100% ethanol, 100% ethanol, and 75% ethanol, for 5 min each, and rinsed with tap
water. The sections were then stained with hematoxylin solution (HE dye solution set,
Servicebio, G1003, Wuhan, China) for 3–5min and rinsed with tap water. Next, the sections
were treated with hematoxylin differentiation solution, rinsed with tap water, treated with
hematoxylin Scott tap bluing, and rinsed with tap water. After, the sections were fixed
with 85% ethanol and 95% ethanol for 5 min each, then stained with Eosin dye for 5 min.
Finally, the sections were dehydrated with 100% ethanol three times for 5 min each, placed
in xylene three times for 5 min each, and sealed with neutral gum.

4.5.2. Nissl Staining

The sections were dewaxed in xylene twice for 20 min, then successively dehydrated
in 100% ethanol, 100% ethanol, and 75% ethanol, for 5 min each, and then rinsed with
tap water. The sections were then stained with Nissl dye (Servicebio, G1036) for 3–5 min,
rinsed with tap, immersed in 0.1% glacial acetic acid differentiation solution, and rinsed in
tap water. Finally, the sections were sealed with neutral gum.

4.6. Immunofluorescence Staining for ROS Detection

As previously described, mice in each group (n = 3) were sacrificed and the brains were
quickly removed and snap-frozen in liquid nitrogen to preserve ROS, after which they were
sectioned (10µm). Frozen slides were then placed at room temperature to eliminate obvious
liquid. After, the sections were incubated with spontaneous fluorescence quenching reagent
(Servicebio, G1221) for 5 min, washed, and incubated in ROS staining solution (Sigma,
D7008, 1:500, Saint Louis, MO, USA) for a further 30 min at 37 ◦C for 30 min away from
light. After washing with PBS (pH 7.4), the sections were incubated with DAPI solution for
10 min at room temperature. Finally, after washing again in PBS (pH 7.4), the slices were
sealed with anti-fade mounting medium. Fluorescent microscopy was then employed to
visualize ROS-positive cells.

4.7. Immunofluorescence Labeling

As previously described, frozen sections were baked in an oven for 10–20 min at 37 ◦C
to dry the moisture and fixed in paraformaldehyde for 30 min. After washing with PBS (pH
7.4), the slices were incubated in EDTA antigen retrieval buffer recovery (pH 8.0), washed
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three times with PBS (pH 7.4), and blocked in 3% bovine serum albumin or 10% donkey
serum for 30 min, depending on the respective antibodies that were to be used. The slides
were then incubated with primary antibody (Huabio, Hangzhou, China, anti-NDUFA4
antibody, ER64130, 1:100) overnight at 4 ◦C. After washing three times with PBS the sections
were then incubated with secondary antibody (Servicebio, CY3 goat anti-rabbit, GB21303,
1:300) for 50 min at room temperature. Next, the sections were counterstained with DAPI
for 10 min at room temperature to visualize the cell nuclei. Finally, the sections were
washed, incubated with fluorescence quenching reagent (Servicebio, G1221) for 5 min, and
then sealed with an anti-fade mounting medium. Fluorescent microscopy was used to
visualize fluorescence staining.

4.8. Proteomic Analysis
4.8.1. Sample Preparation

Mice in each group (n = 3) were anesthetized with 1% chloral hydrate by intraperi-
toneal injection and then the brains were harvested immediately. Next, the hippocampus
was separated, snap frozen in liquid nitrogen, and stored at −80 ◦C until use. The frozen
tissue was homogenized in lysis buffer (7M urea (Bio-Rad), 2M thiourea (Sigma-Aldrich,
Saint Louis, MO, USA), 0.1% CHAPS (Bio-Rad)), ground with three titanium dioxide abra-
sive beads (70 Hz, 120 s), and centrifuged for 5 min at 5000× g and 4 ◦C. The supernatant
was then collected and centrifuged for 30 min at 15,000× g and 4 ◦C. The final supernatant
was collected and stored at −80 ◦C until further use. The total protein concentration was
measured by the Bradford protein assay and 200 µg of total protein was incubated with
5 µL of 200 mM reducing reagent for 1 h at 55 ◦C. Next, 5 µL of 375 mM iodoacetamide
was added to the solution and allowed to incubate for 10 min at room temperature in the
dark. Finally, 200 µL of 100 mM dissolution buffer (AB Sciex) was added and the solution
was then centrifuged for 20 min at 12,000× g. Finally, the solution was digested in trypsin
for 14 h at room temperature, then lyophilized and redissolved with 100 mM dissolution
buffer for labeling.

4.8.2. TMT Labeling

The TMT reagent (Thermofisher, 90111, Waltham, MA, USA) was incubated at room
temperature, after which 41 µL of absolute ethyl alcohol was added to the TMT reagent
(0.8 mg/tube) and mixed well. Next, 41 µL of TMT reagent was added to 100 µg of the
hippocampal tissue homogenate and the mixture was oscillated, centrifuged, and incubated
for 1 h at room temperature, after which 5% quenching reagent (8 µL) was added and let
stand for 15 min to terminate the reaction. The samples were stored after lyophilization.

4.8.3. Peptide Identification by Nano UPLC-MS/MS

The acquired peptide fractions were suspended with 20 µL of buffer A (0.1% FA, 2%
ACN) and centrifuged for 10 min at 12,000 rpm. Next, 10 µL of the supernatant was injected
into the nano UPLC-MS/MS system consisting of a Nanoflow HPLC system (EASY-nLC
1000 system from Thermo Scientific, Waltham, MA, USA) and Orbitrap Fusion Lumos mass
spectrometer (Thermo Scientific). The sample was loaded onto an Acclaim PepMap100 C18
column and then separated by an EASY-Spray C18 column. The mass spectrometer was
operated in the positive ion mode (source voltage 2.1 KV) and full MS scans were performed
with the Orbitrap over the range of 300–1500 m/z at a resolution of 120,000. For MS/MS
scans, the 20 most abundant ions with multiple charge states were selected for higher
energy collisional dissociation fragmentation following one MS full scan. The peptide false
discovery rate (FDR) was determined based on PSMs when searched against the reverse,
decoy database. Peptides assigned only to a given protein group were considered unique.
The FDR was set to 0.01 for protein identifications.

The database used in this experiment is Uniprot_Mus_musculus (2020.8.13 Download)
database. The resulting MS/MS data were processed using Proteome Discoverer 1.4.
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4.8.4. Protein Identification

Protein identification was set as follows: precursor ion mass tolerance, ±15 ppm;
fragment ion mass tolerance, ±20 mmu; max missed cleavages, 2; static modification,
carboxy aminomethylation (57.021 Da) of Cys residues; dynamic modifications, oxidation
modification (+15.995 Da) of Met residues.

4.8.5. Bioinformatic Analysis

Hierarchical clustering analysis was performed to evaluate the batch effects in the
proteomic data regarding sample groups. Samples exhibited a high similarity within the
same group, while different groups of samples were obviously different.

GO and KEGG (http://www.genome.jp/kegg (accessed on 17 January 2021)) analyses
were conducted to analyze the protein families and pathways in each group. The prob-
able interacting partners were predicted by the STRING database (http://string-db.org
(accessed on 14 January 2022)).

4.9. Statistical Methods

According to the P-value of primary data, proteins with a p ≤ 0.05 and FC ≥ 1.2 or
≤0.67 were considered statistically significant. The body weight and protein expression
ratio analyses were performed using ordinary one-way ANOVA, followed by GraphPad
Prism 9.0 software (GraphPad Software, San Diego, CA, USA). The normalized expression
ratio for the CON was taken as 1. We also analyzed the cognitive and motor abilities
of the mice by two-way ANOVA. Data are expressed as mean ± SEM for at least three
independent experiments. Differences were considered significant at p < 0.05.
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CI NADH dehydrogenase;
CII Succinate dehydrogenase;
CIV Mitochondrial complex IV;
CIII Bc1-complex;
COX Cytochrome c oxidase;
COX4I1 COX4 subtype 1;
COX4I2 COX4 subtype 2;
ETC Electron transfer chain;
HIF Hypoxia-inducible Factor;
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LDHA Lactate dehydrogenase A;
NDUFA4 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4;
OXPHOS Oxidative phosphorylation;
PDH Pyruvate dehydrogenase;
PDK1 Pyruvate dehydrogenase kinase 1;
PHDS Prolyl hydroxylases;
ROS Reactive oxygen species;
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Abstract: Hyperbaric oxygen therapy (HBOT) is a therapeutical approach based on exposure to pure
oxygen in an augmented atmospheric pressure. Although it has been used for years, the exact kinetics
of the reactive oxygen species (ROS) between different pressures of hyperbaric oxygen exposure are
still not clearly evidenced. In this study, the metabolic responses of hyperbaric hyperoxia exposures
for 1 h at 1.4 and 2.5 ATA were investigated. Fourteen healthy non-smoking subjects (2 females and
12 males, age: 37.3 ± 12.7 years old (mean ± SD), height: 176.3 ± 9.9 cm, and weight: 75.8 ± 17.7 kg)
volunteered for this study. Blood samples were taken before and at 30 min, 2 h, 24 h, and 48 h
after a 1 h hyperbaric hyperoxic exposure. The level of oxidation was evaluated by the rate of ROS
production, nitric oxide metabolites (NOx), and the levels of isoprostane. Antioxidant reactions
were assessed through measuring superoxide dismutase (SOD), catalase (CAT), cysteinylglycine, and
glutathione (GSH). The inflammatory response was measured using interleukine-6, neopterin, and
creatinine. A short (60 min) period of mild (1.4 ATA) and high (2.5 ATA) hyperbaric hyperoxia leads to
a similar significant increase in the production of ROS and antioxidant reactions. Immunomodulation
and inflammatory responses, on the contrary, respond proportionally to the hyperbaric oxygen dose.
Further research is warranted on the dose and the inter-dose recovery time to optimize the potential
therapeutic benefits of this promising intervention.

Keywords: oxygen biology; cellular reactions; human; oxygen therapy; human performance; hyperbaric
oxygen therapy; oxygen dose

1. Introduction

Hyperbaric oxygen therapy (HBOT) is a therapeutical approach based on breathing
pure oxygen (O2) in an augmented atmospheric pressure. According to the Undersea and
Hyperbaric Medical Society (UHMS), this pressure may equal or exceed 1.4 atmospheres
(ATA). However, all current UHMS-approved indications require that patients breathe
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near 100% oxygen while enclosed in a chamber pressurized to a minimum of 2 ATA
(https://www.uhms.org/resources/hbo-indications.html) (accessed on 30 June 2023).

Depending on the protocol, the duration of a single session varies from 1 to 1.5 h
(without considering the time needed to reach the intended pressure, which may take up
to 15 min for pressurization and 15 min for depressurization), the repetition of exposures
varies from one to three times daily, with 20 to 60 therapeutical doses to be administered
depending on the condition [1]. Frequently, this method utilizes pressures between 2 to
3 ATA. Nevertheless, promising results have also been obtained for certain conditions with
pressures less than 2 ATA (1.5 ATA) [2,3], and in some studies, even ‘hyperbaric air’ seems
to be of interest [4]. While some protocols accept the use of 6 ATA (e.g., for the treatment of
gas embolism), little benefit is usually reported from pressures above 3 ATA as this may be
associated with a plethora of adverse effects [5].

Although it has been used for years, the exact kinetics of the reactive oxygen species
between different levels of hyperbaric oxygen exposure are still not clearly evidenced and,
without much scientific evidence, it is common practice to apply HBOT sessions every
24 h [6]. The need for several sessions to reach a relevant effect is likewise commonly
accepted; however, the optimal hyperbaric oxygen levels and the time needed between
each session to optimize cellular responses—such as Hypoxia inducible factor (HIF-1α) or
nuclear factor kappa β (NF-Kβ), erythroid related factor 2 (NRF2), cellular vesicles and
microparticles, Caspase 3 [7–10]—are still debated and stand solely on observational clinical
outcomes. Some recent experimental works have been evaluating the effects of different
levels of oxygen on oxidative stress under hypoxic [11–14], normobaric hyperoxic [15–17],
and hyperbaric hyperoxic [4,6–8] conditions. The encouraging, but also challenging, results
lead even to question if some oxygen levels formerly considered as ‘HBOT sham’ [18] may
be of therapeutic interest [4,7].

The purpose of this study was to investigate oxidative, inflammatory, and enzymatic
reactions following exposures for 60 min at two different (mild or high) levels of hyperbaric
oxygen, 1.4 ATA and 2.5 ATA.

The lower level (1.4 ATA) was chosen because it approaches the level of hyperoxia
that may be reached during some underwater diving exposures but also because the
therapeutical use of such lower oxygen pressures is being debated. The higher level of
hyperbaric hyperoxia is the common average therapeutical exposure.

2. Results
2.1. ROS, NOx, and 8-Isoprostane (8-Iso-PGF2α) Levels after One Hour of Oxygen Exposure at
1.4 and 2.5 ATA

Both oxygen exposures, mild (1.4 ATA) and high (2.5 ATA), elicited a significant
increase of plasmatic ROS production rate with a similar kinetic of rise and decrease.
Both oxygen exposures induced a significant increase in ROS production with a peak
after 2 h (0.408 ± 0.06 µmol·min−1 at 1.4 ATA compared to the baseline, p < 0.001; and
0.406 ± 0.06 µmol·min−1 at 2.5 ATA, p < 0.01). Two-way ANOVA (time post exposure x
oxygen level) shows a non-significant difference between the two groups (F (4, 52) = 0.86;
p = 0.490) (Figure 1A). This peak plateaus for about 2 h, and then the quantity of ROS
decreases slowly until 48 h without returning to control levels.

Nitric oxide metabolites (Figure 1B) show changes characterized by a significant
decrease; they are the lowest after 2 h for both 1.4 ATA (175.4 ± 45.62 µM, p < 0.01) and
2.5 ATA (235.1 ± 121 µM, p < 0.001). We observed a reactive increase of nitric oxide
metabolites 24 h after 2.5 ATA exposure (496.9 ± 249 µM, p < 0.001). Two-way ANOVA
(time post exposure x oxygen level) shows a non-significant difference between the two
groups (F (4, 52) = 0.855; p = 0.497).

For 8-isoprostane (pg/mg creatinine) (Figure 1C), a faster increase after the 2.5 ATA
exposure is present compared to the 1.4 ATA exposure. These changes reach a peak plateau
2 h after 2.5 ATA (541 ± 2 02 pg·mg−1 creatinine, p < 0.01) and around 24 h after 1.4 ATA
(560.2 ± 2 09 pg·mg−1 creatinine, p < 0.001). Two-way ANOVA (time post exposure x
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oxygen level) shows a non-significant difference between the two groups (F (4, 52) = 0.905;
p = 0.468).
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Figure 1. Evolution of ROS (plasma) production rate (A), NOx (urine) (B), and 8-iso-PGF2a (urine)
(C) after 60 min of mild (1.4 ATA, n = 6) or high hyperbaric exposure (2.5 ATA, n = 8). Results are
expressed as mean ± SD as a percentage of the control value. T0 represents pre-exposure baseline
(ROS: 0.18 ± 0.016 µmol·min−1) (Nox: 265.7 ± 43.76 µM) (8-iso-PGF2a: 286 ± 124). Intra-group
comparisons between results at T0 and each other time point are represented above and below the
respective curves. Inter-group comparisons between 1.4 and 2.5 ATA exposure when significant are
shown between the 2 curves (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

Unexpectedly, SOD concentration did not show any change during the 48 h following
expositions (Figure 2A). Two-way ANOVA (time post exposure x oxygen level) shows
a non-significant difference between the two groups (F (4, 56) = 0.0266; p = 0.999), con-
trary to the CAT levels that increase rapidly after both exposures (1.4 ATA after 30 min:
32.92 ± 11.04 µg/µml, p < 0.05; 2.5 ATA after 2 h: 32.62 ± 5.97, p < 0.01), whereas two-way
ANOVA (time post exposure x oxygen level) shows again a non-significant difference
between the two groups (F (4, 52) = 2.47; p = 0.056) (Figure 2B). This increase remained
constant during the 48 h following both exposures.
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Figure 2. Evolution of SOD (plasma) (A) and CAT (B), after 60 min of mild (1.4 ATA, n = 6) or high
hyperbaric exposure (2.5 ATA, n = 8). Results are expressed as mean ± SD as a percentage of the
control value. T0 represents pre-exposure baseline (SOD: 3 ± 1.9 U/mL) (CAT: 24 ± 5.3 U/mL).
Intra-group comparisons between results at T0 and each other time point are represented above
and below the respective curves. Inter-group comparisons between 1.4 and 2.5 ATA exposure when
significant are shown between the 2 curves (ns: not significant; *: p < 0.05, **: p < 0.01).

2.2. Inflammatory Response (IL-6, Neopterin and Creatinine) after One Hour of Oxygen Exposure
at 1.4 and 2.5 ATA

Interleukin 6 (IL-6) was measured in plasma samples while neopterin and creatinine
were obtained from urine (Figure 3A).

IL-6 shows a significant increase compared to the baseline, presenting its peak at
2 h for the 1.4 ATA group (3.82 ± 0.92 pg/mL; p < 0.05) as well as for the 2.5 ATA group
(3.36 ± 2.31 pg/mL; p < 0.01). Two-way ANOVA (time post exposure x oxygen level)
shows a non-significant difference between the two groups at any time (F (4, 48) = 0.390;
p = 0.815).

Although neopterin rose in both groups, this increase was significantly more pro-
nounced after the 2.5 ATA exposure with a peak at 2 h (83.58 ± 20 µmol/mol creatinine;
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p < 0.01). This is confirmed by the two-way ANOVA (time exposure x oxygen level) of
F (4, 56) = 5.32; p = 0.001. The plateau was also reached after 2 h in the 1.4 ATA group
(57.28 ± 20.8 µmol/mol creatinine; p < 0.01). In both groups, values returned to normal
after 48 h (Figure 3B).
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Figure 3. Evolution of the inflammatory response (urine) (IL-6 in (A), neopterin in (B), and creatinine
in (C)) after 60 min of mild (1.4 ATA, n = 6) or high hyperbaric exposure (2.5 ATA, n = 8). Results are
expressed as mean ± SD as a percentage of the control value. T0 represents pre-exposure baseline
(IL-6: 2.818 ± 1.028 pg·mL−1; neopterin: 49.62 ± 17.79 mol·mol−1; creatinine: 1.1 ± 0.68 g·L−1).
Intra-group comparisons between results at T0 and each other time point are represented above
and below the respective curves. Inter-group comparisons between 1.4 and 2.5 ATA exposure when
significant are shown between the 2 curves (ns: not significant; *: p < 0.05, **: p < 0.01).

Similar to neopterin, creatinine (Figure 3C) increased in both groups with a signif-
icantly remarkable effect after the 2.5 ATA exposure (2 h post 1.4 ATA: 1.31 ± 0.66 g/L;
p < 0.01 vs. 2 h at 2.5 ATA: 2.52 ± 0.67 g/L; p < 0.01), with a return to the baseline after 48 h.
Two-way ANOVA (time post exposure x oxygen level) shows F (4, 56) = 3.43; p = 0.014.

Cysteinylglycine levels increased rapidly 2 h after 1.4 ATA exposure (11 ± 3.5 µmol·L−1,
p < 0.05) and 2.5 ATA (8.1 ± 3.8 µmol·L−1, p < 0.001). Values returned to the baseline after
24 h in the 1.4 ATA group and later and after 48 h in the 2.5 ATA group (Figure 4A). We did
not observe significant changes in both groups with two-way ANOVA (time post exposure
x oxygen level): F (4, 48) = 0.498; p = 0.737.
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Figure 4. Evolution of cysteinylglycine (plasma) and glutathione (RBC) (GSH) after 60 min of
mild (1.4 ATA, n = 6) or high hyperbaric hyperoxia (2.5 ATA, n = 8). Cysteinylglycine (A) and
glutathione (GSH) (B). Results are expressed as mean ± SD. T0 represents baseline pre-exposure
values (cysteinylglycine: 38.19 ± 5.715 µmol.L−1; GSH: 894.7 ± 176.4 µM). Intra-group comparisons
between results at T0 and each other time point are represented above and below the respective
curves. Inter-group comparisons between 1.4 ATA and 2.5 ATA of oxygen exposure when significant
are shown between the 2 curves (ns: not significant; *: p < 0.05, ***: p < 0.001).

We did not observe any significant changes of glutathione concentrations (GSH), except
for a slight decrease 48 h after a 2.5 ATA exposure (918.5 ± 171 µmol·L−1, p < 0.05), and this
is confirmed by two-way ANOVA (time post exposure x oxygen level): F (4, 48) = 0.268;
p = 0.897 (Figure 4B).
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3. Discussion

Our study is, to the best of our knowledge, the first to compare the kinetics of a
one-hour exposure to mild (1.4 ATA) and high (2.5 ATA) hyperbaric oxygen dose in
healthy subjects.

Based on very recent data, we were motivated to explore a new perspective, which
involves viewing oxygen not merely as a conventional drug but rather as a powerful trigger
for complex molecular reactions [19]. Fundamentally, this process operates through the
concepts of ‘dose-response’ and ‘dose-time’, inducing various effects such as oxidative
stress, metabolic alterations, and inflammation [20], a phenomenon widely recognized in
pathological conditions [21].

Just a decade ago, reactive oxygen species (ROS) were primarily believed to induce
harmful effects and were only linked to various pathological conditions [22]. Over time,
this perspective shifted, and it was recognized that the presence of reactive oxygen species
(ROS) in cells suggests that their production may trigger specific beneficial effects [23]. Our
results seem to confirm the reality of such effects at these levels of oxygen breathing.

Firstly, we observed a similar kinetic of plasma reactive oxygen species (ROS) at
1.4 ATA (140 kPa) and 2.5 ATA (250 kPa). The peak production is reached at around 2 h
and remains above the baseline level for 48 h. This similar evolution of ROS between the
two exposures is an intriguing observation, which suggests that despite the very different
oxygen dose, comparable rates of ROS production occur (this is statistically confirmed
by two-way ANOVA). Our results apparently contradict a recent study that assessed the
effect of HBOT on oxidative markers and immune response [6]. Indeed, in this study,
no significant modification of plasma ROS was found following a single HBOT session
of 75 min of breathing 100% oxygen through a tight-fitting facemask at a pressure of
240 kPa (2.4 ATA) with two 5 min ‘air-breaks’ (breathing normal air) and a 10 min pressure
reduction. Our protocol involved a 60 min exposure at 1.4 ATA and 2.5 ATA with 100%
oxygen without any ‘air-breaks’. Although slightly different, our protocol demonstrates
a significant increase of ROS production already 30 min after the end of the exposure.
While it may be possible that the ‘air-breaks’ that were performed (twice for 5 min) were
sufficient to drastically reduce oxidative stress, our results are not able to confirm this
hypothesis. More research with a different experimental setup would be needed to assess
this difference [24].

Secondly, we observed an increase in creatinine levels; these may be due probably to
the vasoconstriction of renal afferent arterioles caused by reactive oxygen species (ROS);
this constriction is more pronounced (significant two-way ANOVA) for the higher oxygen
exposure (2.5 ATA). The peak of the creatinine increase occurs when nitric oxide metabolite
(NOx) levels are at their lowest (in both exposures). This suggests the following mechanism:
during hyperoxic exposure, the induced vasoconstriction reduces renal or other organs’
in-flow of blood. This decrease in blood in-flow reduces shear stress and, consequently,
the production of nitric oxide (NO). Concomitantly, the bioavailability of NO is reduced
by the presence of ROS that exert a scavenging action, given the fact that there are no
enzymatic mechanisms for NO inactivation, while its biological life after synthesis in
vessels depends on reactions with hemoglobin in the blood, tissue thiols, molecular oxygen,
and the superoxide anion. In conditions of extreme hyperoxia, when there is a sharp
increase in the production of superoxide anions, existing NO can be neutralized by O2

•−,
leading to decreases in its tissue condition, a weakening of its basal vasorelaxing action, and
thus to the development of vasoconstriction. Verification of this hypothesis was addressed
some years ago by the Demchenko team by analyzing changes in brain blood flow in
response to alterations in the balance between NO and O2

•− in the brain using hyperbaric
oxygenation, an intravenous administration of superoxide dismutase, and an inhibition of
NO synthase. The vasodilatory effect of superoxide dismutase in hyperbaric oxygenation
was not seen in animals given prior doses of the NO synthase inhibitor [25]. These results
provide evidence that one mechanism for hyperoxic vasoconstriction in the brain consists
of the inactivation of NO by superoxide anions, decreasing its basal vasorelaxing action.
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In fact, during the hyperbaric sessions, without physical activity, only vasoconstriction
is present, shear stress is reduced, and a laminar flow is favored.

Under fully developed laminar flow conditions, much of the released NO/nitrite
remains concentrated in near-wall fluid laminae, in which nitrite levels can accumulate
to vasoactive concentrations in downstream resistance vessels. This local synthesis and
delivery minimizes the washout (wasting) of endogenous NO [26]. The resulting vasodila-
tion lowers regional vascular resistance and, in turn, increases regional blood flow as well
as wall shear stress in the parent branches, which finally creates a positive feedback effect
that causes further local arterial NO release [27]. A certain quantity of NO would thus
be ‘non-circulating’ during the HBOT session, explaining the NOx reduction measured
directly after hyperbaric oxygen exposure.

We may then hypothesize that after the hyperbaric session, the locally present NO
will be released in circulation because of the normal ‘everyday-life’ physical activity, and
this could explain its rebound increase after 24 h, persisting up to 48 h. Our results confirm
a previous study that did not find a systemic increase in NO during hyperbaric oxygen
exposures [28].

The increase in reactive oxygen species (ROS) stimulates catalase (CAT) to initiate the
breakdown of H2O2 into H2O and O2 [26]. In contrast to normobaric hyperoxia [17], our
study highlights an increase in CAT production in response to oxidative stress. It is worth
noting that CAT exhibits one of the highest turnover rates among known enzymes, with
approximately 40,000,000 molecules per second [29,30]. Unlike other peroxidases, CAT
does not generate free radicals. Paradoxically, oxidative stress induced by hypoxia appears
to be more difficult to cope with than hyperoxia-induced oxidative stress [12].

Generally, as a response, an increased rate of radical production leads to an increment
in the levels of antioxidant enzymes; in fact, CAT showed an increased activity very fast
after the 1 h HBO exposure. SOD activity apparently remained unchanged at the end of
the HBO session and for the next 48 h (no difference for the two-way ANOVA for time
post exposure X oxygen level). Interestingly, at the time of the 15th treatment, a significant
decrement in SOD and CAT activities (−20% each) was observed compared to the 1st
HBO exposure [31]. Other authors found different results showing no variation even after
the 20th hyperbaric session [32]. We do not have a definite explanation for this apparent
contradiction, but it has been proposed that most likely, the species involved in SOD and
CAT inactivation is singlet oxygen and that following several hyperbaric sessions, the
protective reactions against this reactive species may vary.

This stress response includes the transcriptional activation of various genes encoding
antioxidant and detoxification enzymes as an attempt to dampen the deleterious effects of
increased ROS production. Neutrophils could release antioxidant enzymes and particularly
CAT into the extracellular space in order to increase the antioxidant effect surrounding
the neutrophil. This secretion could be important to avoid oxidative damage in tissues
induced by neutrophil ROS generation. Previous studies showed that CAT is colocalized to
the specific granules with peroxisomal and lysosomal proteins such as MPO, hydrolases,
and peroxidases [33]. Sureda and coworkers [34] observed that the presence of CAT in
these granules, in addition to the detected increase in extracellular CAT activity after
neutrophil activation, agrees with the possible existence of antioxidant enzymes released
from neutrophils.

This can explain the increase of plasmatic CAT, and this is further confirmed by
other results showing an activation of the immune system with the significant increase of
neopterin and creatinine. It is worth underlining that the two-way ANOVA calculations for
the oxygen pressure exposure show a difference in both parameters. This seems to show
that oxygen levels have a selective effect on the immune response, which could have been
further confirmed if the CAT difference was significant for both exposures; but the two-way
ANOVA did not quite reach a level of significance (p = 0.056).

If we consider other antioxidant actors, glutathione (GSH) evolution is somehow
complex. Following one of its metabolites, cysteinylglycine (CYSGLY), we see a significant
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increase 2 h after exposure for both oxygen levels (though it is non-significant for oxygen
pressure and time post exposure, according to the two-way ANOVA test). This increase
is not paralleled by a GSH decrease. We understand this situation as a growing activity
of GSH until 2 h post-oxygen. After this peak, a reduction of its metabolite (CYSGLY) is
present until 48 h, where basal levels are again reached (both exposures). This decrease of
GSH (48 h after exposure) can be interpreted either as a reduction of its production or as an
inability of the GSH production to keep up with the ROS still present.

This latter explanation may be the reason behind the mitochondrial dysfunction
present (at least) during the first hyperbaric exposures [35]. Indeed, animal studies show
a reduction of the mitochondrial membrane rest potential during the first one to five
treatments which stimulates the mitochondrial apoptotic pathway and stimulates reactive
biogenesis during the following treatments [28,36].

Contrary to our previous results on normobaric hyperoxia, we observed a direct in-
crease in IL-6, suggesting a stimulation of the NFR2/NF-Kβ pathway [37,38]. Additionally,
we observe a simultaneous increase in neopterin production, indicating an immunomodula-
tory role of hyperbaric hyperoxia [39]. Neopterin is generated in response to a γ-interferon-
mediated activation of monocytes and macrophages and thus is a direct product of immune
system activation [40,41]. Neopterin has been shown to elicit a cytoprotective action of cere-
bral tissue [42]. This provides an additional argument regarding the effects of hyperbaric
hyperoxia exposure on cognitive improvements [43], and remarkably, both exposure levels
show a significant increase but with a higher effect for 2.5 ATA.

This fact seems to show a dose–response effect that will encourage further research on
the targeted use of oxygen exposures since, for instance, in lower hyperoxia levels (30% and
100% of FiO2), no such increase is observed [17], but it is present during moderate hypoxia
(15% of FiO2) [12]. One other factor to consider is that cellular responses to oxygen are
not necessarily directly proportional to the inspired level of oxygen, as there is not a linear
relationship between alveolar oxygen pressures and the quantity of molecular oxygen
at the cellular (and mitochondrial) level [19]. Factors such as pulmonary gas transfer
efficiency, arterial wall thickness and endothelial ‘health’, and capillary-to-cell distance (as
with an increased extravascular fluid compartment, e.g., local oedema or lower capillary
density in sclerotic tissue) will all play a role in determining how the inspired oxygen
pressure ‘translates’ to an increased or decreased cellular presence of molecular oxygen.
Even though the observed effects may not directly be extrapolated to non-healthy patients,
our observations in young healthy volunteers offer a clue to the dynamic and kinetics
of oxygen-mediated cellular reactions. They show that depending on the oxygen level
breathed, some effects are similar while others are markedly different; each observed effect
clearly has its own ‘dose-dependent’ kinetic.

Limitations

Strengths:

- This study is, to our knowledge, one of the first to investigate the kinetics of responses
to a single short hyperbaric oxygen exposure at 1.4 ATA and 2.5 ATA.

- The measurements were conducted until 48 h post-exposure and putatively open the
avenue to new possible applications for hyperbaric oxygen breathing protocols.

Weaknesses:

- The subject numbers are limited, but the sample can be considered as homogenous
since all were healthy participants.

- The analysis was not made in the nucleus of the cells but in the plasma, red blood
cells, or urine; this could be considered a weakness for some, but it would need a
thoroughly different experimental setting.
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4. Materials and Methods
4.1. Experimental Protocol

After written informed consent, 48 healthy non-smoking Caucasian subjects (32 males
and 16 females) volunteered for this study. None of them had a history of previous cardiac
abnormalities or were under any cardio or vaso-active medication.

All experimental procedures were conducted in accordance with the Declaration
of Helsinki [44] and approved by the Ethics Committee approval from the Bio-Ethical
Committee for Research and Higher Education, Brussels (N◦ B200-2020-088).

After medical screening to exclude any latent morbidity, participants were prospec-
tively randomized into 6 groups of 6–8 persons each. These groups were divided into
hypoxia (10% and 15% of FiO2) [12], normobaric hyperoxia (30% and 100% of FiO2) [7], and
hyperbaric hyperoxia (1.4 ATA and 2.5 ATA). All participants were asked to refrain from
strenuous exercise for 48 h before the tests. No antioxidant nutrients, i.e., dark chocolate,
red wine, or green tea were permitted in the 8 h preceding and during the study. The
subjects were also asked not to dive 48 h before the experiment and not to fly within 72 h
before the experiment.

Fourteen participants completed the mild hyperbaric hyperoxia (1.4 ATA, n = 6) and
high hyperbaric hyperoxia (2.5 ATA, n = 8) protocols. Age (1.4 ATA: 36.0 ± 12.3 years old
(mean ± SD) vs. 2.5 ATA: 38.3 ± 13.6 years old; p = 0.75), height (1.4 ATA: 174.2 ± 13.4 cm
vs. 2.5 ATA: 177.9 ± 6.9 cm; p = 0.51), and weight (1.4 ATA: 67.7 ± 13.0 kg vs. 2.5 ATA:
81.8 ± 19.0 kg; p = 0.14) were collected.

Hyperbaric oxygen (oxygen partial pressure: 1.4 ATA; 1400 hPa, n = 6, and 2.5 bar;
2500 hPa, n = 8) was administered for 1 h in a hyperbaric multiplace chamber (Haux-
Starmed 2800, Haux-Life-Support GmbH, Karlsbad-Ittersbach, Germany) of the Military
Hospital Brussels, Belgium, by means of a tight-fitting orofacial mask connected to the
Haux-Oxymaster demand-valve system. A 60 min time was chosen to reduce the risk of
oxygen toxicity.

Blood and urine samples were obtained before exposure (T0) and 30 min, 2 h, 24 h, and
48 h after the end of oxygen administration. The originally planned and accepted protocol
included blood sampling 8 h after exposure (see experimental flowchart—Figure 5); for
technical reasons, this could not be achieved, but to be consistent with our previous works
and also to better depict the sampling duration, we kept this time point in the graphs’
X-axis. Previous experiments have shown that cellular responses after different oxidative
exposures may continue for 24 h and even more; we therefore decided to take blood samples
up to 48 h [8,10,13,45].

Each blood sample consisted of approximately 15 mL of venous human blood collected
in lithium heparin and EDTA tubes (Vacutainer, BD Diagnostic, Becton Dickinson, Italia
S.p.A., Milan, Italy). Plasma and red blood cells (RBCs) were separated by centrifugation
(Eppendorf Centrifuge 5702R, Darmstadt, Germany) at 1000× g at 4 ◦C for 10 min. The
samples of blood cells and plasma were then stored in multiple aliquots at −80 ◦C until
assayed and thawed; an analysis was performed within one month from collection. Urine
was collected by voluntary voiding in a sterile container and stored in multiple aliquots at
−20 ◦C until assayed and thawed only before analysis.

4.2. Blood Sample Analysis
4.2.1. Determination of ROS by Electron Paramagnetic Resonance (EPR)

An electron paramagnetic resonance instrument (E-Scan—Bruker BioSpin, GmbH,
Rheinstetten, Germany) X-band, with a controller temperature at 37 ◦C interfaced to
the spectrometer, was adopted for the ROS production rate, as already performed by
some of the authors herein [46–49]. The EPR measurements are highly reproducible,
as previously demonstrated [50]. EPR is the only non-invasive technique suitable for a
direct and quantitative measure of ROS. In particular, the spectroscopic technique (EPRS)
finds many fields of application, among which is bio-medicine [51]. The reliability and
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reproducibility of EPR data obtained by the herein adopted micro-invasive EPR method
has been already reported previously [52].
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Figure 5. Experimental flowchart.

Briefly, for ROS detection, 50 µL of plasma were treated with an equal volume of
CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine), and then 1 mM of
the CMH solution was prepared in a buffer (Krebs-Hepes buffer (KHB) containing a
25 µM deferroxamine methane-sulfonate salt (DF) chelating agent and 5 µM sodium
diethyldithio-carbamate trihydrate (DETC)) at pH 7.4. The plasma was incubated with
CMH (1:1) for 60 s; 50 µL of this solution were placed inside a glass EPR capillary tube in the
spectrometer cavity for data acquisition. A stable radical CP (3-Carboxy-2,2,5,5-tetramethyl-
1-pyrrolidinyloxy) was used as an external reference to convert ROS determinations in
absolute quantitative values (µmol/min). All EPR spectra were collected by adopting the
same protocol and obtained by using software standardly supplied by Bruker (Billerica,
MA, USA) (version 2.11, WinEPR System).

4.2.2. Superoxide Dismutase (SOD) and Catalase (CAT)

SOD and CAT plasmatic levels were measured by enzyme-linked immunosorbent
assay (ELISA kits), according to the manufacturer’s instructions. SOD activity was assessed
by Cayman’s SOD assay kit (706002) that utilizes a tetrazolium salt for the detection of
superoxide radicals generated by xanthine oxidase and hypoxathine. One unit of SOD is
defined as the amount of enzymes needed to exhibit 50% dismutation of the superoxide
radical measured in changes in absorbance (450 nm) per minute at 25 ◦C and at pH 8.0. CAT
activity was assessed by Cayman’s assay kit (707002) that utilizes the peroxidic function of
CAT. The method is based on the reaction of enzymes with methanol in the presence of an
optimal concentration of H2O2. The formaldehyde produced is measured colorimetrically
with Purpald (540 nm) as chromogen. One unit of CAT is defined as the amount of enzymes
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that will cause the formation of 1 nmol of formaldehyde per minute at 25 ◦C. All 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.

4.2.3. Total Aminothiols (CYS: Cysteine; CYSGLY: Cysteinylglycine and GSH: Glutathione)

Total and reduced aminothiols (CYS: cysteine; CYSGLY: cysteinylglycine; and GSH:
glutathione) were measured in erythrocytes (for GSH) and plasma (for CYS and CYSGLY),
according to previously validated methods [53,54], at room temperature by an isocratic
HPLC analysis on a Discovery C-18 column (250 × 4.6 mm I.D, Supelco, Sigma-Aldrich,
St. Louis, MO, USA), eluted with a solution of a 0.1 M acetate buffer, pH 4.0 methanol,
81:19 (v/v), at a flow rate of 1 mL/min. Fluorescence intensities were measured with
an excitation wavelength at 390 nm and an emission wavelength at 510 nm, using a
fluorescence spectrophotometer (Jasco, Tokyo, Japan). A standard calibration curve was
used for the assayed samples.

4.3. Urine Sample Analysis
4.3.1. Nitric Oxide Metabolites (NO2 + NO3)

NOx (NO2 + NO3) concentrations were determined in urine via a colorimetric method
based on the Griess reaction, using a commercial kit (Cayman Chemical, Ann Arbor, MI,
USA), as previously described [55]. Samples were spectrophotometrically read at 545 nm.

4.3.2. 8-Isoprostane (8-Iso-PGF2α)

Levels of 8-iso-PGF2α were measured using an immunoassay EIA kit (Cayman Chem-
ical, Ann Arbor, MI, USA) in urine. This is a biomarker for lipid peroxidation damage
assessment. Samples and standards were spectrophotometrically read at 412 nm. Results
were normalized by urine creatinine values.

4.3.3. Interleukin-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 instructions.

All the above samples and standards were read by a microplate reader spectropho-
tometer (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.

4.3.4. Creatinine and Neopterin Concentrations

Urinary creatinine and neopterin concentrations were measured by the high-pressure
liquid chromatography (HPLC) method, as previously described [45], by the Varian in-
strument (pump 240, autosampler ProStar 410, SpectraLab Scientific Inc., Markham, ON,
Canada) coupled to a UV-VIS detector (Shimadzu SPD 10-AV, λ = 240 nm, SpectraLab
Scientific Inc. for creatinine; and JASCO FP-1520, λex = 355 nm and at λem = 450 nm,
SpectraLab Scientific Inc. for neopterin).

After urine centrifugation at 1500× g at 4 ◦C for 5 min, analytic separations were
performed at 50 ◦C on a 5 µm Discovery C-18 analytical column (250 × 4.6 mm I.D., Supelco,
Sigma-Aldrich, Merck Life Science S.r.l., Milano, Italy) at a flow rate of 0.9 mL/min. The
calibration curves were linear over the range of 0.125–1 µmol/L and 1.25–10 mmol/L for
the neopterin and creatinine levels, respectively. The inter-assay and intra-assay coefficients
of variation were <5%.

4.4. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 10 for Mac (La Jolla, CA,
USA). Data are given as a percentage of pre-exposure values. Taking the baseline measures
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as 100%, the percentage or fold changes were calculated for each measurement time,
allowing an appreciation of the magnitude of change rather than the absolute values. The
difference between the percentage of pre-exposure values and 100% was compared by a
two-tailed one-sample t-test when normality of the sample was reached, as assessed by
the d’Agostino and Pearson tests. Otherwise, the non-parametric Wilcoxon Rank Sum test
was used. Comparisons between the 1.4 ATA and 2.5 ATA groups were performed using
the unpaired t-test (parametric) or Mann–Whitney (non-parametric). In parallel, to assess
differences in the baseline values between conditions, a two-way ANOVA was performed
with oxygen pressure (1.4 ATA and 2.5 ATA) and time after exposure. When sphericity was
not assumed, analysis of variance (ANOVA) main effects and interactions were interpreted
with the Greenhouse–Geisser correction. Sidak-corrected multiple comparisons were used
to analyze significant interactions and main effects. The alpha level was set at 0.05. Data
are presented as mean (M) ± standard deviation (SD). The significance level was set at
p < 0.05.

The sample size required for a repeated measures analysis of variance was calculated
using the G*power calculator 3.1.9.7 software (Heinrich-Heine-Universität, Düsseldorf,
Germany) (effect size = 0.65, alpha error = 0.05, Power = 0.80), and the requisite number of
participants for this study was 6 in each group, which parallels previous studies [17].

5. Conclusions

A short term (60 min) period of mild (1.4 ATA) and high (2.5 ATA) hyperbaric hy-
peroxia leads to a similar significant increase in the production of reactive oxygen species
(ROS), peaking 2 h after exposure and slowly recovering after 48 h, without yet reaching
pre-exposure levels at that time.

Similar physiological reactions seem to be present for both very different oxygen
doses (1.4 and 2.5 ATA) concerning antioxidant coping strategies. Immunomodulation
and inflammatory responses, on the contrary, respond proportionally to the hyperbaric
oxygen dose.

Overall, this study provides insights into the cellular effects of a single exposure of hy-
perbaric hyperoxia, which may either be similar for both doses studied or dose-dependent
(such as the immune system response). A further study of the dynamics and kinetics of
these effects may lead to new insights as to the optimal dose and administration sched-
ule (inter-dose recovery time) to optimize the therapeutic benefits of intermittent oxygen
therapy (either hyperbaric or normobaric). In fact, a more detailed understanding of these
effects is paramount to advancing the clinical use of this promising treatment modality.
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Abstract: A growing body of evidence suggests that hyperbaric oxygenation (HBO) may affect the
activity of adult neural stem cells (NSCs). Since the role of NSCs in recovery from brain injury is
still unclear, the purpose of this study was to investigate the effects of sensorimotor cortex ablation
(SCA) and HBO treatment (HBOT) on the processes of neurogenesis in the adult dentate gyrus
(DG), a region of the hippocampus that is the site of adult neurogenesis. Ten-week-old Wistar rats
were divided into groups: Control (C, intact animals), Sham control (S, animals that underwent
the surgical procedure without opening the skull), SCA (animals in whom the right sensorimotor
cortex was removed via suction ablation), and SCA + HBO (operated animals that passed HBOT).
HBOT protocol: pressure applied at 2.5 absolute atmospheres for 60 min, once daily for 10 days.
Using immunohistochemistry and double immunofluorescence labeling, we show that SCA causes
significant loss of neurons in the DG. Newborn neurons in the subgranular zone (SGZ), inner-third,
and partially mid-third of the granule cell layer are predominantly affected by SCA. HBOT decreases
the SCA-caused loss of immature neurons, prevents reduction of dendritic arborization, and increases
proliferation of progenitor cells. Our results suggest a protective effect of HBO by reducing the
vulnerability of immature neurons in the adult DG to SCA injury.

Keywords: traumatic brain injury; hyperbaric oxygenation; adult neurogenesis; dentate gyrus

1. Introduction

After years of debate, it is accepted that adult neurogenesis exists in mammals and new
functionally integrated neurons are generated throughout adulthood [1]. Neural stem cells
(NSCs) in the adult brain reside in the subventricular zone (SVZ) of the lateral ventricle and
the subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus [2,3]. Through
the lifespan, NSCs in the DG add excitatory granular neurons that can integrate into the
neuronal network in the granule cell layer (GCL) [4]. Adult neurogenesis in the DG is
thought to significantly increase the neural plasticity of the DG and thereby increasing
hippocampal functionality [5].

The characteristics of the neurogenic brain regions that enable the smooth development
of adult neurogenesis are unclear. Still, it is known that neurogenesis can be promoted or
suppressed by various intrinsic or extrinsic factors [2,6]. Adult neurogenesis increases in
response to various brain injuries in both neurogenic regions. A positive correlation has
been found between the extent of neurogenesis and recovery after traumatic brain injury
(TBI) [5].
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It has been extensively reported that TBI is still a global burden on the health care
system with its growing age-standardized incidence [7,8]. TBI consists of primary and
secondary injuries. Primary injury causes permanent loss of neurons that cannot be re-
paired. Secondary injury represents neuronal degeneration, which is a consequence of
primary injury [9–12]. Our previously published article suggested that secondary injury
should be considered as a chronic non-communicable disease [11]. In light of this, and to
alleviate symptoms of TBI, the secondary injury should be a potential target for therapeutic
procedures. Currently, studies in animal models of TBI are needed to investigate the exact
mechanisms of injury and the recovery process [8].

Patients may have post-traumatic amnesia among a wide range of symptoms after
TBI [13]. In addition, because damage to the hippocampus has been shown to result in an
inability to form new memories [14], cortex lesions can be expected to indirectly affect the
morphology and number of neurons in the DG, a part of the hippocampus.

Given the complexity of TBI, a combination of different therapeutic protocols would
likely provide the best results. Hyperbaric oxygen therapy (HBOT) has found its place
as a preconditioning treatment or adjunctive therapy in treating TBI [8,15]. HBOT is a
therapeutic procedure in which the patient intermittently inhales 100% oxygen at a pressure
greater than 1 atmosphere absolute (1 ATA) [16]. Many studies have shown that HBOT
has positive and negative effects. Interestingly, under hyperbaric conditions, oxygen can
deeply penetrate ischemic regions, which may lead to a reduction in lesions caused by
TBI [16]. On the other hand, numerous studies have investigated the oxygen toxicity and
oxidative stress that may be caused by HBOT [17]. To avoid the side effects of high oxygen
concentrations, the treatment parameters of HBOT, such as pressure and duration, must be
controlled [18].

As part of neuroplasticity, neurogenesis and synaptogenesis show that the adult
brain can adapt even to TBI [19,20]. To our knowledge, we were the first to report that
HBOT applied after TBI increases synaptophysin expression, a marker of synaptogenesis.
In addition, improvement in locomotor performance and sensorimotor integration was
noted after HBOT [21]. Furthermore, a growing number of data suggests that hyperbaric
oxygenation can influence the activity of adult NSCs. In addition, recent studies have
shown that HBOT stimulates adult neurogenesis [22,23]. Moreover, HBOT promotes
the mobilization of neural stem cells to the lesion site to replace presumably damaged
neurons [23]. Although the exact mechanisms of HBOT-induced neurogenesis in adults
are still unknown, previous studies suggest that various factors, such as hypoxia-inducible
factors, are involved [24].

The aim of this study was to investigate the effects of brain injury induced by sen-
sorimotor cortex ablation (SCA) on DG, and the potential therapeutic impact of HBOT
on SCA-induced injury by stimulation of adult mammalian neurogenesis. We found that
HBOT could prevent SCA-induced loss of newborn immature neurons and impairment
of their morphology. In addition, HBOT increased the number of proliferating cells in
hippocampal DG after the SCA injury. To our knowledge, this is the first comprehensive
immunohistochemical study to visualize the beneficial effects of HBOT on injury-affected
neurogenesis in adult hippocampal DG.

2. Results

Notably, there was no statistically significant difference between data obtained for the
C and S groups (Figures S2 and S3); therefore, for immunohistochemical and immunofluo-
rescence analysis, all comparisons were made regarding intact controls (data are shown in
the Supplemented Material).

2.1. SCA Leads to Layer-Specific Neurodegeneration in the Hippocampal DG

In order to characterize neuronal death in the hippocampal DG and to visualize the
location of the cells undergoing degeneration, we used FJB staining (in green, Figure 1A,D)
and NeuN to visualize neurons (in red, Figure 1B,E). Given that the GCL of the DG is
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further divided into an outer-, mid-, and inner-third of granular neurons and the SGZ,
where the NSCs are located [25], we wanted to characterize the impact of SCA on the
distribution of the FJB-positive neurons in these specific sub-layers. After analysis, no
degenerating neurons were seen in any regions of the DG control sections as assessed using
FJB staining (Figure 1A,C). In contrast, SCA caused massive neurodegeneration in the DG,
as indicated by an increase in the FJB-immunoreactivity (Figure 1D).
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Figure 1. SCA (suction cortical ablation) induces neuronal death predominantly in the inner- and
mid-third of the granule cell layer (GCL) and subgranular zone (SGZ) of the dentate gyrus (DG).
(A–C) FJB (green fluorescence) staining in the control sections was weak, and FJB-positive cells were
rare. (D) After SCA, a substantial increase in FJB-immunoreactivity indicates increased cellular
degeneration. (E) Reduced NeuN (red) immunoreactivity indicates neuronal loss. (F) FJB (green),
NeuN (red), and DAPI (blue) fluorescence show strong co-staining, revealing the neuronal identity
of degenerating cells. In (C,F), the sections were counterstained with DAPI (blue) to visualize cell
nuclei. Most affected are the inner- and mid-third of the GCL and the SGZ, indicating that neurons
are undergoing, degeneration particularly in these compartments. FJB/NeuN-positive neurons were
occasionally seen in the molecular layer (MOL) of the DG and the hilus. Outer-third (OT), mid-third
(MT), inner-third (IT) of the GCL, and the SGZ of the DG. Scale bar 50 µm.

Importantly, in SCA sections, we found the sub-layer specificity in the distribution
of the FJB- and NeuN-positive neurons (Figure 1D–F). Co-labeling of FJB and NeuN
(see yellow fluorescence in Figure 1F) allowed us to detect degenerating neurons and
revealed that the vast majority of these NeuN/FJB-positive neurons were located in the
inner- (IT) and mid-third (MT) of the GCL and partially in the SGZ. On the other hand,
FJB/NeuN-positive neurons were rarely detected in the outer-third (OT) of the GCL of the
DG. Furthermore, only a few FJB/NeuN-positive neurons were found in the molecular
layer (MOL) of the DG and the hilus (Figure 1F). Based on these results, we concluded that
SCA has layer-specific effects on the DG, causing cell death of neurons predominantly in
the inner GCL and the SGZ.

2.2. HBOT Prevents/Ameliorates SCA-Provoked Loss of Neurons in the GCL of the
Hippocampal DG

To determine whether HBOT could prevent or at least ameliorate SCA-induced cel-
lular loss in the hippocampal DG granule neurons, we performed immunofluorescence
staining with neuronal marker NeuN. Cortical injury caused a significant loss of granu-
lar neurons stained with NeuN (red fluorescence) in the DG (Figure 2B, arrowheads) in
comparison to the control sections (Figure 2A). After SCA, 10 successive HBO treatments
prevented/ameliorated neuronal death after SCA (Figure 2C).

129



Int. J. Mol. Sci. 2023, 24, 4261

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  4 of 20 
 

 

neurons stained with NeuN (red fluorescence) in the DG (Figure 2B, arrowheads) in com‐

parison to the control sections (Figure 2A). After SCA, 10 successive HBO treatments pre‐

vented/ameliorated neuronal death after SCA (Figure 2C). 

 

Figure 2. Effect of SCA (suction cortical ablation) and HBOT (hyperbaric oxygen therapy) on NeuN 

immunoreactivity in the GCL (granule cell layer) of the hippocampal DG (dentate gyrus). Signifi‐

cant loss of granular neurons stained with NeuN (red fluorescence) is seen in the DG after SCA (B, 

arrowheads) in comparison to the control sections (A). In contrast, (C) HBOT ameliorated neuronal 

loss. (D) NeuN staining in the hippocampus underlying the lesion site. (E) NeuN fluorescence signal 

intensity (in arbitrary units, AU), quantified separately in the inner and outer blades of the DG in 

controls (C, white bar), SCA (black bars), and HBO (hyperbaric oxygenation)‐treated animals (SCA 

+ HBO, gray bars). After the SCA, the brain sections show a statistically significant decrease in NeuN 

signal intensity in the inner blade and, to a less extent, in the outer blade of the DG compared to the 

controls. Following HBOT, the signal intensity of NeuN was comparable to the control level. C—

Control, SCA—Suction cortical ablation, SCA + HBO—SCA animals treated with hyperbaric oxy‐

gen. Bars represent mean ± SD. The level of significance was analyzed using One‐way ANOVA with 

Tukey’s multiple comparisons post hoc test (* p < 0.001 SCA vs. C, $ p < 0.01 SCA + HBO vs. C, # p < 

0.001, SCA + HBO vs. SCA). Scale bar 50 μm (A–D). 

Since the loss of NeuN immunoreactivity may predict neuronal degeneration in the 

rodent hippocampus after various brain injuries [26], we quantified separately NeuN la‐

beling in the suprapyramidal (inner) blade and infrapyramidal (outer) blade of the hip‐

pocampal DG [27] in coronal sections of the control, SCA, and HBO‐treated animals (Fig‐

ure 2D,E). 
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NeuN immunoreactivity in the GCL (granule cell layer) of the hippocampal DG (dentate gyrus).
Significant loss of granular neurons stained with NeuN (red fluorescence) is seen in the DG after SCA
(B, arrowheads) in comparison to the control sections (A). In contrast, (C) HBOT ameliorated neuronal
loss. (D) NeuN staining in the hippocampus underlying the lesion site. (E) NeuN fluorescence signal
intensity (in arbitrary units, AU), quantified separately in the inner and outer blades of the DG in
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HBO, gray bars). After the SCA, the brain sections show a statistically significant decrease in NeuN
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Since the loss of NeuN immunoreactivity may predict neuronal degeneration in the ro-
dent hippocampus after various brain injuries [26], we quantified separately NeuN labeling
in the suprapyramidal (inner) blade and infrapyramidal (outer) blade of the hippocampal
DG [27] in coronal sections of the control, SCA, and HBO-treated animals (Figure 2D,E).

In the control sections, there was no significant difference (p = 0.114) in the NeuN
fluorescence intensity (in arbitrary units, AU) between the inner (159.21 ± 6.18) and outer
(153.79 ± 4.56) blades of the DG (Figure S2). Hence, all comparisons were made against the
NeuN fluorescence intensity of the inner blade.

SCA caused a significant reduction (41.85%, p < 0.001) of NeuN fluorescence intensity
(92.59 ± 9.25, black bar) in the inner blade of the DG compared to controls (159.21 ± 6.18,
white bar). However, after 10 HBOT, this SCA-induced neurodegeneration was less pro-
nounced (11.49%, p < 0.01) (140.93 ± 3.92, gray bar).

In the outer blade of the DG of animals exposed to SCA, the reduction of NeuN
fluorescence intensity was lesser but still significant (26.02%, p < 0.001) (117.78 ± 9.52,
black bar) vs. the signal intensity of the control sections (159.21 ± 6.18, white bar). On the
other hand, in the HBOT sections, the effect of SCA was attenuated and no statistically
significant (9.04%, p = 0.227) difference was observed in the NeuN fluorescence intensity
(144.82 ± 5.02) (Figure 2E, gray bar) vs. control. Together, these results suggest that SCA
injury induces massive neuronal degeneration in the inner and outer blades of the DG,
judging by the significant loss of NeuN immunoreactivity. In contrast, HBOT almost
completely prevents/ameliorates this.

2.3. Cell Type of Neurons Undergoing Neurodegeneration in the Hippocampal DG Following SCA
Injury and HBOT

Given that a large amount of FJB-positive neurons were detected in the SGZ layer,
where the NSCs reside, in this section, we further performed immunofluorescence staining
with doublecortin (DCX, green), a marker for early newborn immature neurons [28] and
beta-III tubulin (TUJ1, red), which is expressed during hippocampal neurogenesis after
DCX and marks newly generated postmitotic neurons [29,30].

2.3.1. HBOT Prevents Loss of DCX-Positive Newborn Immature Neurons in the GCL of the
Hippocampal DG Following SCA Injury

First, we performed immunofluorescence staining with doublecortin (DCX, green) to
identify the cell layer in which these early newborn immature neurons are localized, as
well as to count the number of DCX-positive neurons in the SGZ layer of control, SCA, and
HBOT sections separately in the inner and outer blades. As it is apparent from Figure 3,
most of the DCX immunoreactivity was found in the SGZ layer. In the control sections
(Figure 3A), there was no statistically significant (p = 0.191) difference between the number
of DCX-positive cells in the inner (114 ± 10.31) and outer (120 ± 5.14) blades of the DG
(Figure S3). Therefore, all comparisons were made against the number of DCX-positive
cells in the inner blade (Figure 3D, white bar). DCX immunoreactivity is mainly seen in the
SGZ in DCX-positive granular neurons with dendrites that elongate from the SGZ until
MOL and in the cells located on the hilar border of the granular layer, probably basket cells
(Figure 3A, inset).

SCA caused a significant (p < 0.001) loss in the number of DCX-positive immature
neurons, particularly in the inner blade (50.90%) (56 ± 11.03, black bar) compared to the
controls (114 ± 10.31, white bar) (Figure 4B,D), and to a less extent, but still noteworthy
(38.90%, p < 0.001) in the outer blade (70 ± 10.58, black bar).
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Figure 3. HBOT prevented the loss of doublecortin (DCX)-immunopositive newborn immature
neurons after SCA (suction cortical ablation) in the subgranular zone (SGZ) of the hippocampal
dentate gyrus (DG). A total of 25 µm thick frozen brain sections of C—Control, SCA—Suction cortical
ablation, and SCA + HBO—SCA animals treated with hyperbaric oxygen were stained with DCX
(green). (A) In the control sections, intensive DCX-immunopositivity was seen in the SGZ of the
inner and outer blades of the DG. At higher magnification (inset), intensively DCX-labeled newborn
neurons with branched dendrites (arrowheads) extended from the SGZ until the molecular layer
(MOL). In addition, DCX immunoreactivity is detected in progenitors and basket cells (B) in the hilus.
(B) SCA reduced DCX-immunofluorescence and was particularly pronounced in the inner blade of
the DG beneath the lesion site (asterisk). (C) After 10 successive HBOT (hyperbaric oxygen therapy),
the level of DCX-immunopositivity was as observed in the control. (D) DCX-positive cells were
counted separately in the SGZ of the inner and outer blades of the hippocampal DG. Bars represent
mean ± SD. Control (C, white bar), SCA (black bars), and HBO (hyperbaric oxygenation)-treated
animals (SCA + HBO, gray bars). The significance level was analyzed using One-way ANOVA with
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Figure 4. Besides prevention of SCA (suction cortical ablation)—which caused the neuronal loss,
HBOT (hyperbaric oxygen therapy) impends dendrite degeneration of immature neurons in the SGZ
(subgranular zone) as well. (A,B) In the control sections, DCX-stained immature neurons are in the
SGZ, with dendrites branching in the inner- and mid-third of the granule cell layer (GCL) until the
molecular layer. (C) The reconstructed neuron in the control group. (D,E) SCA causes the loss of
neurons in the inner blade. (E) Higher magnification of the outer blade reveals that neurons in the
SGZ show significant morphological changes manifested by dendritic shrinkage and reduction of
arborization. (F) Reconstructed neuron after SCA. (G,H) HBOT protects neurons in the SGZ and pre-
vents dendritic degeneration. (I) Reconstructed neuron following HBOT. Rectangles indicate where
the high-magnification images are taken. Scale bars: (A,D,G)—50 µm, and (B,C,E,F,H,I)—10 µm.

Ten successive HBOTs prevented the loss of DCX-positive newborn immature neurons
in the SGZ (Figure 3C). In addition, the number of DCX-positive cells in both the inner
(116 ± 11.48) and outer (118 ± 5.63) blades of the hippocampal DG (Figure 3D, gray bars)
was similar to those counted in control animals. These data indicate that newborn neurons
are particularly vulnerable to SCA, while HBOT was able to overcome these effects of SCA
and protect these newborn neurons from death.
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2.3.2. HBOT Prevents SCA-Caused Neuronal Loss and Dendrite Degeneration of Newborn
Immature Neurons in the SGZ of the Hippocampal DG

Light microscopic analysis of DCX immunostaining confirmed a significant loss of
DCX-stained cells in the inner blade of the DG beneath the site of the lesion (Figure 4D)
compared to the control sections (Figure 4A). Moreover, SCA caused morphological alter-
ations of immature neurons in the SGZ layer of the inner and outer blade (Figure 4E,F).
Higher-resolution images of the DG revealed that dendrites of spared neurons in the SGZ
were damaged and underwent significant morphological changes. Namely, SCA induced
an extreme reduction of dendritic complexity of SGZ neurons, which was manifested by
the shortening of dendrite length and reduction of dendritic arborization (Figure 4E,F), as
compared with controls (Figure 4B,C).

HBOT prevents and ameliorates these SCA-induced morphological alterations of
neurons (Figure 4G–I), and these immature neurons resemble those in the control sections.

In order to show the effect of SCA and HBOT on dendrite arborization, we compared
the dendrite total length, average segment length, and the number of branching points
of the neurons in the outer blade between the groups (Table 1). There were significant
decreases in the dendrite total length (by 43.09%, p < 0.001) and the number of branching
points (by 60.77%, p < 0.001) in the SCA group compared to the control and an increase in
the average segment length (by 33.18%, p < 0.01). According to this, SCA caused a dramatic
reduction of dendritic arborization of the immature neurons in SGZ.

Table 1. The number of branching points, dendrite total length, and average segment length in the
neurons of control, SCA and HBOT brain sections.

C SCA SCA + HBO
p

SCA vs. C SCA + HBO vs. C SCA + HBO vs. SCA

DTL 261.08 ± 24.39 148.60 ± 21.25 211.51 ± 28.40 <0.001 <0.01 <0.01
ASL 19.08 ± 1.70 25.41 ± 2.84 20.46 ± 3.67 <0.01 0.69 <0.05
BP 6.56 ± 0.96 2.57 ± 0.53 4.83 ± 0.35 <0.001 <0.01 <0.001

All values are shown as mean ± SD. The level of significance was determined using One-way ANOVA with
Tukey’s multiple comparisons post hoc test. DTL—dendrite total length in µm, ASL—average segment length in
µm, BP—branching points. C—Control, SCA—Suction cortical ablation, and SCA + HBO—SCA animals treated
with hyperbaric oxygen.

In the SCA + HBO group, the total length of the dendrites was also reduced, but to a
lesser extent (by 18.99%, p < 0.01), as well as the number of branching points (by 26.3%,
p < 0.01) compared to the control group. However, values of average segmental length
were similar in these two groups (p > 0.05).

Altogether, these results suggest that SCA reduces the number of newborn neurons
in the DG and causes significant impairment in the development and dendritic arboriza-
tion. In contrast, HBOT attenuates these changes and protects the morphology of these
newborn neurons.

2.3.3. HBOT Prevents Loss of DCX/TUJ1-Positive Newborn Immature Neurons in the GCL
of the Hippocampal DG Following SCA Injury

To confirm the results mentioned above, we next performed double immunofluores-
cence staining with the most accepted markers for early neurons: doublecortin (DCX, green),
a marker of early newborn immature neurons in adult DG, and beta-III tubulin (TUJ1,
red), which marks newly generated postmitotic neurons (Figure 5). As expected, double
staining revealed that in the DG of control sections, DCX/TUJ1-positive immature neurons
were mainly located in the SGZ layer of the inner and outer blades (Figure 5A–C). At the
higher magnification, DCX/TUJ1-positive cells were also visible in the IT of GCL, with their
dendrites extending toward the MT and OT of GCL (Figure 5D–F, arrowheads). Notably,
neuronal cell bodies were intensively stained both with DCX and TUJ1 (Figure 5D–F), while
dendrites were stained only with DCX (Figure 5D,F, arrowheads). Only a few DCX/TUJ1-
positive cells were in the OT of GCL and molecular cell layer (MOL) (Figure 5D–F, white
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asterisks). In the hilus, a paucity of intensely stained DCX/TUJ1-positive cells with large
cell bodies were detected (Figure 5D–F, white arrows), while others with round/oval
morphology were mostly TUJ1-positive (Figure 5D–F, yellow arrows).
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Figure 5. DCX (doublecortin) and TUJ1 (beta-III tubulin) immunoreactivity in the hippocampal DG
(dentate gyrus) of control, SCA (suction cortical ablation), and HBO (hyperbaric oxygenation)-treated
SCA animals. DCX (green) and TUJ1 (red) staining were used to visualize newborn neurons in
the brain sections from controls (A–F), animals undergoing SCA (G–L), and HBOT (hyperbaric
oxygen therapy) (M–R). (D–F) Higher magnification images of control sections revealed DCX/TUJ1-
positive cells in the SGZ (subgranular zone), IT (inner-third) of the GCL (granule cell layer), with
dendrites extending toward the MT (mid-) and OT (outer-third) of the GCL (arrowheads). A few
DCX/TUJ1-positive cells were located in the OT of the GCL and molecular cell layer (MOL) (white
asterisks). In the hilus, we detected some intensely stained DCX/TUJ1-positive cells with large cell
bodies (white arrows) and others with round/oval morphology (yellow arrows) that were mostly
TUJ1-positive (J–L). Higher magnification indicates that SCA reduced the number of DCX/TUJ1-
positive immature neurons in the SGZ compared to control sections (D–F). (M–O) After HBOT,
concentrated DCX/TUJ1 immunoreactivity is seen around the lesion site (green asterisks), (P–R) in
the SGZ (arrowheads) and in the hilus (yellow arrows) as well. Rectangles indicate where the
high-magnification images are taken from. C—control; SCA—sensorimotor cortex ablation. SCA +
HBO—SCA animals treated with hyperbaric oxygen. Scale bars: (A,G,M)—100 µm; (D,J,P)—50 µm.
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SCA reduced the DCX/TUJ1-immunoreactivity in the SGZ (Figure 5G–I), principally
in the inner blade of the DG below the lesion site. The remaining DCX/TUJ1-positive
neurons had altered morphology with shortened and less-branched dendrites (Figure 5J–L,
arrowheads). In the hilus, TUJ1-positive neurons with round/oval morphology were still
predominant (Figure 5J,K, yellow arrows).

Ten repetitive HBOTs prevented the loss of DCX/TUJ1-positive immature neurons
mainly located in the SGZ layer of the inner and outer blade (Figure 5M–O). Interest-
ingly, at higher magnification, we detected that besides neurons with round/oval mor-
phology, which were only TUJ1-positive, some of them were also DCX/TUJ1-positive
(Figure 5P–R, yellow arrows). Furthermore, these DCX/TUJ1-positive neurons were pri-
marily located at the hilar border of the GCL. Taken together, these data indicate that
newborn neurons were especially vulnerable to SCA, particularly in the inner blade facing
the lesion site. Moreover, it is noteworthy to mention that after HBOT, a robust increase of
DCX/TUJ1-immunoreactivity, which was widely distributed around the lesion site, was
seen (Figure 5M–O, green asterisks).

2.4. Proliferation of Ki67-Positive Newborn Immature Neurons Co-Labeled with DCX in the SGZ
of the Hippocampal DG Following SCA Injury and HBOT

To evaluate the proliferative cells of the neuronal lineage in the SGZ of the hippocampal
DG after the SCA and HBOT, we performed double immunofluorescent staining with Ki67
(a marker of cell division, red fluorescence), and DCX (a marker of immature neurons, green
fluorescence). We counted the number of cells with ongoing proliferation along the entire
length of the SGZ of the DG in control, SCA, and SCA + HBO brain sections. Counted cells
were either Ki67+/DCX+ (yellow fluorescence, Figure 6A,D,G,J), DCX+ (green fluorescence,
Figure 6B,E,H,K), or Ki67+ (red fluorescence, Figure 6C,F,I,L). The results revealed that in
all the investigated groups, the majority of cells were DCX-positive. Ki67-positive cells
were located predominantly in the SGZ and hilus, irrespective of the investigated group. As
expected, the Ki67 signal was restricted to the nuclei of cells (red fluorescence, Figure 6A,C,
inset). In contrast, the DCX signal was found mainly in the cell cytosol (green fluorescence,
Figure 6, inset to A,B) and the cellular processes arising from the SGZ until the MOL (green
fluorescence, Figure 6A,B,G,H, arrowheads). It is important to note that HBOT increased the
number of neurons with processes protruding until the molecular cell layer (Figure 6G,H)
in contrast to SCA sections (Figure 6D,E), where this was only occasionally seen. Moreover,
HBOT increased Ki67-stained cells in the SGZ, hilus, and MOL (Figure 6I, asterisk). When
quantified, we demonstrated that SCA radically reduced the number of all counted cells.
Compared to the control, the number of Ki67+ cells co-expressing DCX+ decreased by 58.7%
(yellow fluorescence, Figure 6J), DCX+ cells by 61.47% (green fluorescence, Figure 6K),
and Ki67+ cells by 31.11% (red fluorescence, Figure 6L). In contrast to SCA, after HBOT,
the number of Ki67-expressing DCX-positive progenitors was slightly (6.52%) increased
compared to controls (yellow fluorescence, Figure 6J), while the number of Ki67+ cells was
increased by 22.22% (red fluorescence, Figure 6L). The number of DCX+ cells in the SCA +
HBO group was slightly decreased (3.67%) vs. the control group. Next, we determined the
fraction of dividing Ki67-expressing progenitors in all the investigated groups. In all the
investigated groups of animals, control, SCA, and SCA + HBO, almost the same number of
DCX-positive cells co-expressed Ki67 (42.2%, 45.2%, and 46.7%, respectively), being the
largest in the HBOT group, where around half of all DCX-positive cells were proliferating
immature neurons (Ki67+/DCX+). These results suggest that SCA reduced the number of
proliferating and total DCX-expressing progenitors and all Ki67-positive cells. In contrast,
HBOT increased the number of proliferating cells after the SCA injury.
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Figure 6. Effect of SCA (suction cortical ablation) and HBOT (hyperbaric oxygen therapy) on cell
proliferation in the hippocampal DG (dentate gyrus). The proliferation marker Ki67 was used
to quantify the number of dividing cells (red fluorescence), while DCX (a marker of immature
neurons, green fluorescence) was used to identify cells of neuronal lineage. The higher magnification
images of control sections were counterstained with DAPI (blue) to visualize cell nuclei. (A–C, inset)
The Ki67 signal was restricted to the nuclei of cells (red fluorescence, A,C insert). In contrast,
(A,B, inset), the DCX signal was mainly located in the cell cytosol (green fluorescence) and the
cellular processes arising from the SGZ (subgranular zone) until the MOL (molecular cell layer) (green
fluorescence, (A,B, arrowheads). SCA reduced Ki67+/DCX+ (D, yellow fluorescence), DCX+ (E, green
fluorescence), and Ki67+ (F, red fluorescence) immunoreactivity in SGZ. In contrast, HBOT increased
the number of DCX+ neurons with processes extending until the MOL (G,H arrowheads) and
increased Ki67 cells in SGZ, hilus, and MOL (I, red fluorescence, asterisk). C—Control, SCA—Suction
cortical ablation, SCA + HBO—SCA animals treated with hyperbaric oxygen. (J–L) Cells that were
Ki67+/DCX+ (yellow fluorescence), DCX+ (green fluorescence), and Ki67+ (red fluorescence) were
counted along the entire SGZ of the DG. While the number of all counted cells was drastically reduced
after SCA, following HBOT, the number of proliferating immature neurons was at the same level as
observed in the controls. In contrast, the overall proliferation of all Ki67-positive cells increased. Bars
represent mean ± SD. The level of significance was analyzed using One-way ANOVA with Tukey’s
multiple comparisons post hoc test (* p < 0.001 SCA vs. C, $ p < 0.001 SCA + HBO vs. C, # p < 0.001
SCA + HBO vs. SCA). Scale bar 50 µm (A–I).
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3. Discussion

Considering that adult hippocampal neurogenesis is restricted to only one part of
the hippocampal formation, the dentate gyrus—DG [31], in this article, we investigate
how hyperbaric oxygenation overcomes the impairments of neurogenesis in the adult
DG caused by brain injury. The results show that our model of experimental cortical
trauma, ablation of the sensorimotor cortex, causes a loss of DG neurons, mostly in the
inner granular neuron layer of the inner blade underlying the lesion site. Analysis with
cell-specific markers shows that mostly immature neurons of the subgranular layer of DG
degenerate. We also demonstrate that injury leads to a reduction in dendrites branching
of spared neurons. The most striking finding of this study is that HBOT prevents SCA-
induced neuronal death in both the inner and outer blades of the granular layer of the DG.
In addition, HBOT prevents the degeneration of dendrites and significantly reduces the
loss of newborn immature neurons. Finally, using the endogenously expressed marker
Ki67 to label and detect dividing cells and the marker of neuronal progenitors doublecortin
(DCX), we demonstrate that SCA radically reduces the number of proliferating cells in SGZ,
particularly those of neuronal lineage. Conversely, HBOT increases overall cell proliferation
after SCA.

The experimental results on the effects of TBI on hippocampal neurogenesis are
complex and seemingly contradictory [32–36]. An important factor contributing to these
discrepancies is that different TBI models have other effects on neurogenesis in the adult
hippocampus. To better understand how brain trauma can affect the generation of new
neurons, which is a prerequisite for using this process to enhance brain repair, it is es-
sential to examine the effects of different TBI models on hippocampal neurogenesis. For
methodological reasons, many studies of the effects of TBI on the hippocampus focus on
degenerating cells, changes in neurogenesis, and other morphological alterations that can
be visualized by using immunostaining or other standard morphological techniques. The
specific TBI lesion model, the suction-ablation of the sensorimotor cortex (SCA), that we use
here has been thoroughly characterized previously [21,37,38]. SCA is a well-characterized
model of focal traumatic brain injury, which permits highly reproducible lesions in the
hindlimb sensorimotor cortex, uniform in size and depth [39]. The advantages of this type
of cortex injury are well described in Goldstein’s study [37]. Since the lesion is the result of
actual removal of brain tissue, pathological events such as inflammatory responses and
reactive gliosis are limited [39,40], while secondary processes associated with other types
of injuries such as ischemia [41,42], concussive trauma [43], and electrolytic lesions [39] are
minimized [37]. This type of injury mimics a clinical condition of immediate brain tissue
removal, such as during surgical removal of brain tumors [44].

In our recently published paper, we applied the gray-level co-occurrence matrix
algorithm for textural analysis of granular cell bodies to show that SCA resulted in subtle
morphological changes in hippocampal DG neurons that could not be detected via classical
immunohistochemical analysis [20]. In the present study, we report that SCA causes damage
of hippocampal DG neurons, as shown by the reduction of NeuN immunoreactivity, which
was used to predict neuronal degeneration in the rodent hippocampus after various brain
injuries [26]. The extensive loss of granule cell neurons in this region indicates that the
loss of neurons is the most prominent in the part of the granule cell layer below the lesion
site. These changes in the GCL probably contribute to the injury-induced impairments of
locomotor coordination observed in our previous publications [21,38,45]. Having found
that SCA leads to a substantial loss of hippocampal cells, as shown by thinning of the
neuronal layers, we want to specify which part of the GCL is most affected. In this way, our
results reveal that SCA leads to specific damage of the hippocampus and predominantly
affects neurons in the inner-third layer of the inner blade of the GCL. Our findings are
consistent with the results of other studies on different animal models of TBI, which also
reported that hippocampal neurons are particularly vulnerable to brain injury [32,35,46–48].
On the other hand, Becerra et al. [49] have recently shown that controlled cortical impact
(CCI) injury causes the loss of neurons in the CA3 region and relative preserves neurons
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in the GCL, but they did not quantify NeuN+ cells in this region as we did. Indeed, we
quantified NeuN fluorescence intensity in the suprapyramidal (inner) and infrapyramidal
(outer) blades of the hippocampal DG of control, SCA, and HBO animals and found massive
neuronal loss in both the inner (42%) and outer (26%) blades of the DG after SCA injury. In
contrast, after HBOT, this effect of SCA is almost completely attenuated. Our results are
consistent with those of Baratz and colleagues, who found that HBOT prevents neuronal
loss in the blades of the DG [50].

The distribution and extent of cell death in the hippocampus have been shown to
vary depending on the injury model [46,51,52], severity of injury [53,54], and age [55].
Moreover, many studies have shown that neurogenesis increases in a time-dependent
manner after brain injury depending on the severity of injury [56,57]. Interestingly, our
model eliciting a relatively extensive injury shows a similar specific impairment of adult
hippocampal neurogenesis as more moderate CCI injury models [32,58]. By combining
FJB-staining and double immunofluorescence staining with specific cell-type markers,
we demonstrate that predominantly newborn neurons of the SGZ of the hippocampal
DG are affected by SCA. To confirm that these progenitor cells are of neuronal lineage,
we use DCX, a marker for putative newborn immature neurons [28]. The quantification
of DCX-expressing cells shows that the number of DCX-positive immature neurons is
significantly reduced (by more than 50%) in the inner blade compared with the control
animals and to a lesser extent, but still remarkably (by about 40%) in the outer blade
of the DG after the SCA. Our observations are in line with those of other authors who
also reported that DCX-expressing neural progenitors are vulnerable to brain injury and
undergo cell death in the ipsilateral DG [32,34,36,58]. Light microscope examination
of stained sections revealed that spared DCX-positive immature neurons, despite their
survival, exhibit a substantial injury-induced alteration of their morphology, manifested
by dendritic shrinkage and a considerable reduction in dendritic arborization. Similarly,
Villasana et al. also found abnormal dendritic branching after TBI [59]. This significant
dendrite damage, accompanied by a reduction in dendritic spines, may represent a potential
anatomical substrate that explains, at least in part, the development of posttraumatic
memory deficits [35,48]. In contrast, we have shown that 10 consecutive HBOT prevents
the loss of these DCX-expressing neural progenitors, ameliorates the observed SCA-caused
changes in the SGZ of DG, and protects their morphology. Taken together, our data suggest
that HBOT can overcome the harmful effects of SCA and protect newborn neurons from
death and morphological deterioration.

To identify the cell type of neurons undergoing degeneration in the SGZ layer of hip-
pocampal DG, we performed double immunofluorescence staining using DCX as a marker
for early newborn immature neurons and beta-III tubulin (TUJ1), which is expressed during
hippocampal neurogenesis after DCX and labels newly formed postmitotic neurons [29,30].
After the SCA injury, the reduced DCX/TUJ1-immunoreactivity in the SGZ of the DG
inner blade facing the lesion site confirms our observations mentioned above that SCA
triggers selective death of immature neurons. We also demonstrate that the development
of newborn DCX/TUJ1-positive neurons occurs not only in the SGZ layer of the DG but
also in the inner- and outer-thirds of the granule cell layer. Interestingly, in the hilus, we
found that in addition to the neurons with round/oval morphology, which were only
TUJ1-positive, some of them were also DCX/TUJ1-positive. These DCX/TUJ1-positive
neurons are primarily located at the hilar border of the granule cell layer and deep in the
hilus and are present in all the groups regardless of the treatment protocol. It is suggested
that cells with round/oval shape are neuroblasts that are generated in the hilus and migrate
to the SGZ and inner part of the GCL to increase the population of neuronal progeni-
tors [60]. They proposed that a substantial population of these hilar progenitors should
differentiate into proliferative neuroblasts and immature neurons within the hilus, probably
via transitional intermediate cells expressing both astrocytic and neuronal markers. Ten
repetitive HBOTs prevent the loss of DCX/TUJ1-positive immature neurons located in the
SGZ layer of the inner and outer blades and increase the appearance of progenitors in the
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hilus. In addition, it is important to note that, after HBOT, DCX/TUJ1-immunoreactivity
is abundantly distributed around the lesion site, suggesting that HBOT also increases the
number of neuronal progenitors in the peri-lesioned region. However, it is unclear whether
these newly generated neurons proliferate locally at the injury site and/or migrate from
neurogenic regions along migratory pathways, extending from the SVZ or SGZ to the lesion
site, as suggested by some authors [34,61,62].

Finally, we quantify the number of proliferating cells [4] after SCA and HBOT in the
subgranular zone of the DG. Immunostaining analysis reveals radically reduced DCX/Ki67-
positivity after SCA, particularly in the inner blade of the DG below the lesion site. These
observations confirm the results of cell population quantification, showing that after SCA,
the fractions of actively dividing neuronal precursors (Ki67/DCX double-positive) and
total DCX-expressing progenitors are significantly reduced (by 60%) in the ipsilateral DG.
Interestingly, the number of Ki67-labelled cells is reduced to a lesser extent, indicating
that some cell populations are unaffected by SCA. These cells are mainly located in the
hilus, and most of them do not co-express DCX, suggesting they probably belong to the
glial lineage. Our assumption is consistent with the results of Colicos et al. [47], who
found that brain injury does not affect the number of astrocytes and oligodendrocytes.
Moreover, Liu et al. [63] suggested that the glial fibrillary acidic protein (GFAP)-positive
progenitors in the SGZ of the DG give rise to neuronal progenitors that develop into granule
neurons. In contrast to SCA, HBOT administration increases overall cell proliferation in the
DG, with the proportion of DCX+/Ki67+ proliferating immature neurons accounting for
approximately 50% of all DCX-expressing progenitors. Our results are consistent with the
observations of Wei et al. [64], who reported that hyperbaric oxygenation promotes neural
stem cell proliferation and protects learning and memory in neonatal hypoxic-ischemic
brain damage.

Since our knowledge about the exact mechanisms by which HBOT exerts its beneficial
effects still needs to be improved, in our recently published review [16], we summarized
up-to-date results of potential cellular and molecular mechanisms underlying the beneficial
effects of HBOT. We hypothesize that many of these cellular and molecular mechanisms
and signaling pathways work in parallel or together, contributing to the establishment of a
stimulating local environment that enhances neurogenesis, thereby allowing tissue repair
and the recovery of impaired brain functions.

In conclusion, this study shows that SCA not only causes neuronal loss, but also in-
duces remarkable dendritic degeneration of spared neurons and a reduction in proliferation
of progenitor cells. In contrast, treatment with HBO prevents the loss and morphological
deterioration of immature neurons, promotes the overall proliferation of progenitors, and
thus has the potential to improve neurogenesis in the adult hippocampal DG affected
by TBI. According to the literature and our results, adequate rehabilitation of the TBI
consequences requires a combination of different therapeutic procedures, among which
hyperbaric oxygenation therapy seems promising. However, underlying mechanisms
remain to be determined.

4. Materials and Methods
4.1. Animals

The experiment was performed on male Wister albino rats, which were 10 weeks old.
Animals were housed in four per cage under standard environmental conditions (23 ± 2 ◦C,
50–60% relative humidity, 12:12 h light-dark cycle, and food and water ad libitum). Animals
were randomly divided into groups: Control group (C; n = 6)—age-matched intact animals;
Sham control (S; n = 6)—the rats that underwent the surgical procedure without opening
the skull; SCA group (SCA; n = 7)—suction ablation of the right sensorimotor cortex;
HBO group (SCA + HBO; n = 6)—the rats that were subjected to the HBO protocol after
SCA. There was no significant difference within and between the groups considering the
animal body weight (250 ± 30 g). Experimental procedures were approved by the Ethical
Committee of the University of Belgrade (No. 61206-2915/2-20). They were carried out in
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strict accordance with Directive 2010/63/EU on the protection of animals used for scientific
purposes. Furthermore, all potential problems were considered to keep animal suffering to
a minimum.

4.2. Surgical Procedure

Our previously published work describes the surgical procedure in detail [21]. Before
the surgery, the rats were anaesthetized with an intraperitoneal injection of Zoletil®50
(Virbac, Carros, France) at 50 mg/kg body weight. After providing the anesthesia, rats
were shaved and placed into the stereotaxic frame. The scalp was cut with a scalpel along
the midline to expose the bregma. The craniotomy coordinates were: 2 mm anterior to the
bregma, 4 mm posterior to the bregma, and 4 mm lateral from the midline [64]. The suction
ablation of the right sensorimotor cortex was carefully carried out through a polypropylene
tip to the depth of white matter with the purpose of keeping the white matter layer intact,
thus separating the lesion cavity from the underlying hippocampus. Dura and the bone flap
were returned to the place, and the skin was sutured. After the surgery, the rats from the
SCA + HBO group were left to recover for up to 5 h before the hyperbaric oxygen treatment.

4.3. Hyperbaric Oxygen Treatment

The rats in the SCA + HBO group were placed into experimental HBO chambers (Holy-
well Neopren, Belgrade, Serbia) and exposed to 100% oxygen according to the following
protocol: 10 min compression, 2.5 atmospheres absolute (ATA), for 60 min, and 10 min
decompression. In addition, hyperbaric oxygen treatment (HBOT) was performed once
daily for 10 successive days. This protocol represents the hyperbaric oxygen treatment that
is routinely used in the clinical setting of The Centre for Hyperbaric Medicine, Belgrade,
Serbia [21,65].

4.4. Brain Tissue Preparation

After the ending of HBOT, animals from all the groups were overdosed with CO2
and decapitated. The brains were dissected and fixed at +4 ◦C in 4% paraformaldehyde
overnight. After fixation, the brains were cryoprotected with immersion in graded sucrose
solutions (10%, 20%, and 30% in 0.2 M phosphate buffer pH 7.4) at +4 ◦C followed by
freezing in isopentane cooled to −80 ◦C. Using a cryostat, the brains were cut into 25-µm
thick coronal slices. Afterward, sections at 3.12–3.84 mm anteroposterior to the bregma
were mounted on glass slides, air-dried at room temperature, and maintained at −20 ◦C,
until following procedures.

4.5. Immunohistochemistry and Immunofluorescence Staining

Single peroxidase immunohistochemistry was performed to visualize DCX as a marker
of newborn neurons to determine the effect of SCA on the immature neurons’ vulnerability
in the hippocampal DG. Heated citrate buffer (pH 6) was used as antigen retrieval. Sec-
tions were washed in PBS and then incubated in 0.3% H2O2 in methanol for 20 min
to block endogenous peroxidase. Normal donkey serum (NDS; 5% solution in PBS;
Sigma, Munich, Germany) was used to block unspecific binding. Sections were incubated
overnight at 4 ◦C with an anti-DCX antibody. After using the appropriate primary and
peroxidase-linked secondary antibody, the products of immunoreactions were visualized
with 3′3-diaminobenzidine (DAB, Dako, Glostrup, Denmark) according to manufacturer in-
structions. All sections were dehydrated in graded ethanol, cleared in xylene, and mounted
in DPX Mounting medium (Sigma-Aldrich, Munich, Germany).

Visualization of TUJ1, a cell marker of neurons from the early stage of neural differ-
entiation, and Ki67, widely accepted as a cell proliferation marker, was performed using
double immunofluorescent staining. First, microscopic slides were incubated in 5% NDS
with 0.5% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany). After that, sections were
incubated overnight with the appropriate primary antibody at +4 ◦C and with the appro-

141



Int. J. Mol. Sci. 2023, 24, 4261

priate secondary for 2 h at room temperature. Immune complexes were visualized after
incubation with the secondary antibody.

The double immunofluorescence staining with Fluoro-Jade B (FJB) and Neuronal
nuclear antigen (NeuN) was performed as previously described by Parabucki et al. [11].
NeuN was used as a marker of mature neurons. Briefly, sections were first incubated
overnight at +4 ◦C with the primary antibody, and the immune reaction was visualized
with a proper secondary antibody. Then, sections were pretreated with a 0.06% potassium
permanganate solution for 5 min and incubated with 0.0004% solution of FJB (Chemicon
International, Temecula, CA, USA) dissolved in 0.1% acetic acid for 20 min. In addition,
sections were counterstained with DAPI (Invitrogen, Grand Island, NY, USA).

The list of the used primary and secondary antibodies is shown in Table 2.

Table 2. The list of the primary and secondary antibodies used for immunohistochemistry and
immunofluorescence staining.

Antibody Source Dilution Company

doublecortin Goat 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, USA
TUJ1 mouse 1:400 Abcam, Cambridge, MA, USA
NeuN mouse 1:200 Milipore, Burlington, MA, USA
Ki67 rabbit 1:100 Vector Laboratories, Burlingame, CA, USA
anti-goat HRP conjugated IgG donkey 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, USA
anti-goat Alexa Fluor 488 donkey 1:200 Invitrogen (Eugene, OR, USA)
anti-mouse Alexa Fluor 555 donkey 1:200 Invitrogen (Eugene, OR, USA)
anti-rabbit Alexa Fluor 555 donkey 1:200 Invitrogen (Eugene, OR, USA)

All micrographs of stained sections were made using a Carl Zeiss AxioVert microscope (Zeiss, Gottingen, Germany)
at the following magnifications: 5×, 10×, 20×, 40×, and 63×.

4.6. Quantification of Immunoreactive Cells

Quantification of DCX+ cells was done along the length of the SGZ in the inner and
separately in the outer blade of the right dentate gyrus [65]. At the micrographs, DCX-
positive cells were easily noticeable and were counted manually. The ImageJ open-source
platform (National Institutes of Health, USA; http://imagej.nih.gov/ij/download.html,
accessed on 30 January 2022) was used to determine the length of the SGZ. The number of
marked cells was expressed per 1 mm of the length of the SGZ.

DCX+, Ki67+, and DCX+/Ki67+ cells were quantified along the entire length of the
SGZ of the DG in control, SCA, and SCA + HBO brain sections of the DG.
Two independent observers manually counted the total number of single and double-
positive cells at corresponding channels using Adobe Photoshop Creative Cloud (Version
14.0). The percentage of single- or double-positive cell populations was also calculated
and presented.

NeuN immunoreactivity was quantified in an area of interest, which was defined
within the inner and outer blades of the right DG (180 × 180 pixels). Raw immunofluores-
cent micrographs of the DG were taken under the same conditions at a 20×magnification
using a Carl Zeiss AxioVert microscope (Zeiss, Gottingen, Germany) and then used to
measure integrated fluorescence density (Figure S1). Integrated density was calculated
separately for the inner and outer blades of the DG. After conversion into an 8-bit grayscale
format, post-image processing was conducted using ImageJ open-source platform. For
more details, see the Supplementary Material.

All images of the selected neurons, placed in the outer blade, were taken under 40×
magnification for graphic processing. A total of five neurons were studied for each animal
in different experimental groups. These images have been processed in the ImageJ open-
source platform to analyze the dendritic arborization and total length of the dendrites in the
obtained binary images. We counted the number of branching points, dendrite terminals,
and segments to quantify dendritic arborization in each neuron. After converting the
taken pictures into binary and skeletonized images for measuring the total dendritic length,
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we used ImageJ macro called measure skeleton length. The average segmental length
represents a ratio between the total dendritic length and the number of segments [66].

4.7. Statistical Analysis

Statistical Package for the Social Sciences (SPSS; IBM, version 22.0, Armonk, NY,
USA) was used for the data analysis. First, the normal distribution of data was tested
using the Shapiro-Wilk test. All values are expressed as mean ± standard deviation
(SD). Differences between the groups were estimated using One-way ANOVA with Tukey’s
multiple comparisons post hoc test. Group differences were assessed using the Independent-
Samples T-test. Statistical significance was set at p < 0.05, p < 0.01, and p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24054261/s1.
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Abstract: Blood-borne extracellular vesicles and inflammatory mediators were evaluated in divers
using a closed circuit rebreathing apparatus and custom-mixed gases to diminish some diving risks.
“Deep” divers (n = 8) dove once to mean (±SD) 102.5 ± 1.2 m of sea water (msw) for 167.3 ± 11.5 min.
“Shallow” divers (n = 6) dove 3 times on day 1, and then repetitively over 7 days to 16.4 ± 3.7 msw, for
49.9 ± 11.9 min. There were statistically significant elevations of microparticles (MPs) in deep divers
(day 1) and shallow divers at day 7 that expressed proteins specific to microglia, neutrophils, platelets,
and endothelial cells, as well as thrombospondin (TSP)-1 and filamentous (F-) actin. Intra-MP IL-1β
increased by 7.5-fold (p < 0.001) after day 1 and 41-fold (p = 0.003) at day 7. Intra-MP nitric oxide
synthase-2 (NOS2) increased 17-fold (p < 0.001) after day 1 and 19-fold (p = 0.002) at day 7. Plasma
gelsolin (pGSN) levels decreased by 73% (p < 0.001) in deep divers (day 1) and 37% in shallow
divers by day 7. Plasma samples containing exosomes and other lipophilic particles increased from
186% to 490% among the divers but contained no IL-1β or NOS2. We conclude that diving triggers
inflammatory events, even when controlling for hyperoxia, and many are not proportional to the
depth of diving.

Keywords: extracellular vesicles; exosomes; filamentous actin; decompression sickness; diving;
hyperoxia; interleukin-1β; microglia; microparticles; nitric oxide synthase; plasma gelsolin

1. Introduction

The goal of this work was to improve the understanding of decompression sickness
(DCS) pathophysiology. DCS is traditionally viewed as related to gas bubble formation
from insoluble gas on decompression. However, the inconsistent presence of bubbles
in human studies has prompted investigations that are focused instead on inflamma-
tory pathways [1–3]. A body of work implicates a subset of extracellular vesicles (EVs),
0.1 to 1 µm microparticles (MPs), that are elevated in humans and rodent models exposed
to high gas pressure and rise further after decompression [4–15]. MPs initiate a systemic
inflammatory response related to neutrophil activation [13,16–18].

EVs are lipid bilayer-enclosed sub-cellular structures present in all bodily fluids that
increase in association with inflammation [19]. EVs include exosomes (20–120 nm diameter
particles generated by the endosomal pathway), 0.1–1 µm microparticles (MPs) generated
by an outward budding of plasma membrane, and ~0.5–5 µm apoptotic bodies generated
during cell self-destruction. Exosomes and MPs play roles in cell-to-cell communication
due to their contents, which include nucleic acids, inflammatory mediators, and enzymes
or organelles that generate free radicals [16,19–21].
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This study evaluated inflammatory biomarkers in response to open water diving
conducted by human subjects using closed circuit rebreathing (CCR) apparatus. This
differs from typical self-contained underwater breathing apparatus (SCUBA) gear because
exhaled gases are recycled after carbon dioxide removal and oxygen supplementation.
Oxygen partial pressure is kept within narrow limits through the operation of intrinsic
sensors. Breathing air at a high pressure involves exposure to elevated partial pressures of
oxygen, nitrogen, and other respired gases. CCR is often used with custom-mixed gases
rather than air to diminish the risks of oxygen toxicity and nitrogen narcosis. Thus, our
rationale was to evaluate EVs production and other manifestations of inflammation in a
cadre of open-water divers, where some of the confounding variables posed by breathing
air were diminished due to CCR utilization.

High pressures of nitrogen and noble gases such as helium and argon activate leuko-
cytes via an oxidative stress process that triggers MPs production [22]. Exposure to high
gas pressure and subsequent decompression pose a dual insult. Studies with human volun-
teers have demonstrated that while under pressure and before decompression, there are
elevations in MPs number and those expressing filamentous (F-) actin on the membrane
surface [5,23]. Similar responses occur in a murine DCS model, and when these MPs are
purified and injected into naïve mice, they cause the same spectrum of injuries as seen
in decompressed mice [13,15,23]. The second insult occurs because some MPs generated
due to high gas pressure are enriched with inflammatory nitric oxide synthase (NOS)2.
Enzyme activity within the MPs is responsible for generating a gas phase which provides a
nucleation site for inert gas uptake on decompression. This causes MPs to enlarge, and they
then cause vascular damage and neutrophil activation that can be abrogated by reversing
particle enlargement [16–18].

The mechanism for the dual risk of MPs is related to neutrophil responses. As men-
tioned, some MPs formed in response to high gas pressures have F-actin on the surface.
These particles will exacerbate MPs production because they trigger neutrophil auto-
activation [24]. The rigidity caused by the MPs F-actin shell allows phosphatidylserine
that is ubiquitously present in the MPs membrane to be recognized by a complex of recep-
tors, including CD36, Toll-like receptor (TLR)4, and the receptor for advanced glycation
end-products (RAGE). These proteins are linked to a scaffold protein called NOS1 adaptor
protein. When the receptors bind to a MP, an increase in membrane colocalization occurs
and NOS2 binds to the complex [24,25]. NOS2 facilitates S-nitrosylation of Src kinases
and the cytoskeleton, resulting in formation of the nucleotide-binding domain leucine rich
repeat (NOD)-like receptor, pyrin containing 3 (NLRP3) inflammasome. The NLRP3 inflam-
masome is responsible for producing mature interleukin (IL)-1β [15,22,25]. Inflammasome
assembly correlates with MP production, and the MPs that contain high amounts of IL-1β
are a factor in diffuse vascular damage in a murine DCS model [15,26]. It is unclear whether
the MPs expressing F-actin are the same as those containing NOS2.

2. Results
2.1. Study Subjects and Protocol

This investigation involved two groups of CCR divers. One group of 8 deep divers
performed a single dive to a mean depth of 102.5 ± 1.2 (SD) meters of sea water (msw)
for 167.3 ± 11.5 min. The diluent gas in the CCR apparatus was a mixture of 10% oxygen,
20% nitrogen, and 70% helium (used to diminish the risk of nitrogen narcosis). A second
group of 6 divers performed a series of 9 to 12 dives at lesser depths over a span of 7 days
(termed shallow group) using a CCR apparatus with 18% nitrogen, 50% helium, and
the balanced oxygen. All divers in this group did three dives on day one, to allow for
comparisons with the deep divers, and repetitive dives for the subsequent week. The daily
activity in this group is illustrated in Figure 1. The mean diving depth for the shallow
group was 16.4 ± 3.7 msw, with a mean time of 49.9 ± 11.9 min. For both groups of divers,
the CCR apparatus was set to maintain constant oxygen partial pressure at 120 kPa, and
a built-in safety threshold kept the level greater than 140 kPa during the shallow return
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phase of dives (to accelerate inert gas removal). There were no diving mishaps and none of
the 14 divers sustained signs or symptoms of DCS.
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Figure 1. Diving activity in the shallow diver group. Data show diving depth and duration
(mean ± SD) for the 6 individuals in the shallow diver group. On day 1, all performed 3 dives;
on days 2 and 3, all performed 2 dives; on day 4, only 5 of 6 each performed one dive; on day 5,
all 6 performed 1 dive; on day 6, three divers each performed 2 dives; and on day 7, four divers
performed 2 dives.

2.2. Blood-Borne EVs Elicited by Diving

Blood counts are shown for MPs in Table 1. MPs were identified based on the size
(0.1–1 µm) and surface expression of annexin V (which binds to phosphatidylserine, Table 1).
In addition to the total number of particles, the expression of surface proteins on MPs
originated from neutrophils (CD66b), platelets (CD41), endothelial cells (CD146), and
microglia (TMEM119) were analyzed. To gain further insight into MPs, surface expression
of thrombospondin-1 (TSP) and staining with phalloidin were also assessed. Phalloidin
binding is an index of F-actin expression, and recent work in the murine model has indicated
an inflammatory role for TSP-expressing MPs [27]. Both dive profiles caused significant
elevations in total MPs, whereas only the deep divers also showed significant elevations in
the various MPs subgroups, expressing cell-specific proteins after the first day of diving.
However, after the 7-day course of repetitive diving, the shallow group divers exhibited
significant elevations in subgroups versus pre-dive values (Table 1).

Exosomes were enumerated (Table 2), as described more extensively in Methods, as
particles with diameters between 20 and 120 nm that were stained with lipophilic PKH67
dye, and subsets were analyzed for the expression of several tetraspanin proteins. The
analysis involves an initial evaluation based on particle size, and additional steps are
necessary to separate bilayer-enclosed particles from random debris. We used the PKH67
dye as our prime stain, which has been used by others [28]. In preliminary studies, we
found PKH stained 52.1 ± 11.4% (n = 9) of all 20–120 nm diameter structures, whereas
an alternative lipid stain, Laurdan, only detected 22.2 ± 6.9% in pre-diving samples.
Laurdan detects changes in lipid phase properties through its sensitivity to bilayer polarity.
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After diving, PKH stained 51.7 ± 19.2% (NS, versus pre-dive), whereas Laurdan stained
75.5 ± 5.2% (p < 0.001 versus pre-dive, t-test) of all 20 to 120 nm diameter particles. The
Laurdan emission spectrum maximum is centered at 490 nm in a disordered (gel) phase
and 430 nm in a packed (liquid crystalline phase) [29]. When selecting 20 to 120 nm PKH-
staining particles, prior to diving 41.3 ± 26.0% also stain with Laurdan, but after diving all
stained positive (the bandpass filter allowed passage of 457 ± 45 nm light).

Table 1. Microparticles in blood. Flow cytometry was used to evaluate MPs. Total MPs/µL plasma
is shown in the first column, and other columns show the percent of each that expressed proteins
specific to different cells, including neutrophils (CD66b), endothelial cells (CD146), platelets (CD41a),
and microglia (transmembrane protein 119, TMEM). As discussed in the text, proteins expressing
TSP-1 and F-actin, evaluated as those binding phalloidin, were also assessed. Rows show values for
divers in the deep group prior to their dive and after the ~100 m dive. The next three rows show
results for divers in the shallow group prior to their first dive, after the first day of 3 dives, and after
the last of 7 days diving. Data are mean ± SD (n = number of diver’s samples; + p < 0.001, t-test;
* p < 0.001 vs. control, RM-ANOVA). Bold numbers are to indicate statistically significant values.

MPs/µL % CD66b %CD146 %TSP %CD41 %TMEM %Phalloidin

Deep-Pre (8) 900 ± 68 11.0 ± 0.5 25.1 ± 0.5 12.7 ± 0.4 3.5 ± 0.4 31.3 ± 0.9 17.3 ± 0.2
Deep-Post (8) 1089 ± 68 + 14.3 ± 2.0 + 28.4 ± 1.8 + 15.9 ± 2.3 + 5.7 ± 1.6 + 34.4 ± 2.1 + 20.0 ± 1.9 +

Shallow-pre (6) 799 ± 68 11.4 ± 2.6 23.0 ± 2.5 13.6 ± 2.5 3.1 ± 1.1 29.2 ± 2.0 18.4 ± 1.5
Shallow-

1 day post (6) 947 ± 31 * 12.8 ± 1.5 23.6 ± 1.5 14.5 ± 1.4 4.8 ± 1.9 29.9 ± 0.8 19.4 ± 1.3

Shallow-
7 day post (6) 1016 ± 48 * 18.7 ± 1.5 * 27.4 ± 1.5 * 16.2 ± 1.8 7.1 ± 1.8 * 33.2 ± 1.7 * 20.7 ± 1.5

Table 2. Exosomes/lipophilic particles in blood. Imaging flow cytometry was used to evaluate
exosomes and lipophilic particles as total number/µL (mean ± SD, n = number of samples) pre- and
post-deep and shallow dives. Note that due to insufficient plasma volume, analysis could only be
conducted on 4 of the 8 participants in the deep diver group (+ p < 0.001, t-test; * p < 0.001 vs. control,
RM-ANOVA). Bold numbers indicate statistically significant values.

Pre-Dive (#/µL) Post-Day 1 (#/µL) Post Day 7 (#/µL)

Deep divers (n = 4) 9.3 ± 0.9 × 107 16.5 ± 5.2 × 107 +
Shallow divers (n = 6) 6.1 ± 2.6 × 107 14.7 ± 3.6 × 107 * 17.3 ± 3.8 × 107 *

Exosome membranes are rich in tetraspanins, endosomal proteins that organize mem-
brane microdomains. Several were evaluated in the shallow diver group (inadequate
sample volumes precluded assays from the deep divers) among PKH-positive particles
between 20 and 120 nm in diameter. CD63 expression pre-dive occurred on 74.7 ± 2.4%,
and 94.7 ± 0.6% after day 1, and 94.6 ± 3.5 % after day 7 (p < 0.001 versus pre-diving,
RM-ANOVA). CD81 expression pre-dive occurred on 67.7 ± 2.4%, 93.3 ± 0.4% after day 1,
and 94.5 ± 4.1% after day 7 (p < 0.001 versus pre-diving, RM-ANOVA).

2.3. Neutrophil Activation Elicited by Diving

The activation of neutrophils, which express the CD66b protein, was assessed by flow
cytometry as the surface expression of the CD18 protein component of the β2 integrin, or
myeloperoxidase (MPO) above background on CD66b-positive cells. Neither diver group
exhibited activation after day 1. Only after the 7th day of diving was there a statistically
significant increase in cells expressing MPO in the shallow diver group (Table 3).
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Table 3. Activation of neutrophils from all divers in both groups. Data are the mean ± SD (n = sample
number) % of neutrophils (identified in the flow cytometer based on CD66b expression) expressing
myeloperoxidase (MPO) and CD18 above a threshold value as an index of cell activation. Pre- and post-
day 1 are values from the deep and shallow groups, and those in the third column reflect values from
the shallow group, and the statistical analysis compared against the values only takes this group into
account (pre- and post-day 1 as repeated measures ANOVA. (* p < 0.001 vs. pre-dive, RM-ANOVA).

Pre-Dive Post-Day 1 Post Day 7

% MPO 8.7 ± 4.0 (13) 8.7 ± 6.1 (13) 10.7 ± 5.4 (6) *
% CD18 2.1 ± 1.9 (13) 4.5 ± 3.4 (13) 3.7 ± 4.7 (6)

2.4. IL-1β in MPs Increased by Diving

IL-1β secretion requires unconventional pathways, involving packaging into either
MPs or exosomes, to be liberated to the extracellular milieu [30]. To assess cargo differ-
ences in MPs versus exosomes, the plasma preparation used for enumerating EVs were
centrifuged at 21,000× g for 30 min. Afterwards, 67.6 ± 17.8 (n = 13) % of all MPs and
only 15.5 ± 5.2 (n = 13) % of the exosomes/lipophilic particles were found in the pellet.
There was no detectable IL-1β in 21,000× g supernatants, indicating the absence of this
cytokine in exosomes. Contents in pellets are shown in Table 4. There was a statistically
significant difference between the pre-dive IL-1β levels in the deep versus the shallow
divers, which suggests some pre-diving differences between groups. Within each group,
there were significant differences in values on day 1 diving in the deep divers, and at day 7
in the shallow diver group (Table 4).

Table 4. Intra-MPs IL-1β as pg/million MPs. Data are the mean ± SD (n = sample number) pre-
and post-diving for both diver groups (+ p < 0.02, t-test; * p < 0.001 RM-ANOVA; 1 p < 0.01 t-test
within columns).

Pre-Dive Post-Day 1 Post-Day 7

Deep divers (8) 10.0 ± 9.5 1 65.6 ± 23.1 + 1

Shallow divers (6) 3.1 ± 1.5 21.6 ± 16.5 104.9 ± 14.0 *

2.5. NOS2 in MPs Increased by Diving

Animal studies suggest there is a role for NOS2 generating a gas phase in MPs [16].
Others have reported NOS activity and presence of NOS2 in exosomes [31,32]. There was no
detectable NOS2 in the 21,000× g supernatant preparation (exosomes exosomes/lipophilic
particles and few MPs), but there were significant elevations versus pre-dive values in the
pellets, as shown in Table 5.

Table 5. Intra-MPs NOS2 as pg/million MPs. Data are the mean ±SD (n = sample number) pre- and
post-diving for both diver groups (+ p ≤ 0.02, t-test; * p < 0.001 RM-ANOVA.

Pre-Dive Post-Day 1 Post-Day 7

Deep divers (8) 0.03 ± 0.06 0.17 ± 0.12 +
Shallow divers (6) 0.04 ± 0.06 0.16 ± 0.11 * 0.17 ± 0.06 *

2.6. Plasma Gelsolin (pGSN) Decreased by Diving

Plasma gelsolin is a highly conserved, cytoplasmic actin-binding protein that has been
reported to decrease in post-diving samples in a murine DCS model and in human subjects
exposed to pressure in a hyperbaric chamber [23]. The open-water diver data shown in
Table 6 demonstrate significant reductions in pGSN post-dive in the deep divers at day 1,
and among the shallow divers at day 7.

151



Int. J. Mol. Sci. 2023, 24, 5969

Table 6. Plasma gelsolin (µg/mL). Data are the mean ± SD (n = sample number) pre- and post-diving
for both diver groups (+ p < 0.001, t-test; * p < 0.001 RM-ANOVA; There is not a statistically significant
difference in pre-dive values between the two groups).

Pre-Dive (µg/mL) Post-Day 1 Post-Day 7

Deep divers (8) 121.3 ± 33.1 34.8 ± 20.4 +
Shallow divers (6) 168.5 ± 21.5 151.9 ± 13.7 106.7 ± 30.9 *

3. Discussion

This study demonstrates that MPs elevations and neutrophil activation in CCR divers
mirror changes previously reported in air-breathing divers, where oxygen partial pressures
were variable and often higher [4,5,7–9,11,12,14]. Changes in MPs subgroups expressing
different cell-specific proteins and concurrent changes in IL-1β, NOS2, and pGSN provide
additional insight. Based on the mechanisms of MPs production by high pressure gases,
one would anticipate that exposure to higher pressures will trigger more MPs to be formed
than in lower gas pressures, as was observed. However, helium triggers less oxidative
stress than an equal pressure of nitrogen, so one cannot directly compare responses between
the diver groups [22]. It is notable that elevations in MPs expressing microglial-specific
TMEM were found after the single ~100 msw dive, whereas a similar elevation in shallow
divers was only observed after 7 days of repetitive diving. We recently reported that
TMEM-expressing MPs that also expressed TSP generated in the brain are released via
the brain glymphatic system to the systemic circulation, where they activate neutrophils
to generate a second array of MPs, some of which express F-actin (29). This cascade of
MPs responses could explain differences between the diver groups. MPs-bearing proteins
specific to neutrophils (CD66b), endothelial cells (CD146), and platelets (CD41a) support
activation of these cells from diving. We cannot rule out a role for platelet-derived TSP in
the elevation of MPs expressing this protein in the deep diver group.

We also report, for the first time, exosome/lipophilic particle elevations in response to
diving. We assessed these particles based on their 20 to 120 nm diameter and staining with
the lipophilic PKH67 dye. There is a complex interplay between exosomes, the NLRP3
inflammasome, and IL-1β. Inflammatory stimuli can enhance exosome formation and
exosomes can either enhance or inhibit inflammasome formation and IL-1β production [33].
Mechanism (s) for exosome formation with diving will require further investigation, but
could be linked to MPs, given their IL-1β cargo. We found that there were higher per-
centages of sub-micron particles expressing CD63 and CD81 post-diving, supporting the
presence of exosomes versus merely non-specific lipophilic particles. We also utilized
Laurdan staining in the protocol. The changes in CD63 and 81 and Laurdan staining are
indicative of new exosome populations with differing protein and lipid content. The higher
percentage of particles detected by Laurdan in the post-dive samples is likely due to the
emission spectrum of the dye (490 nm in a disordered lipid [gel] phase versus 430 nm in an
ordered [liquid crystalline] phase), and because the detection channel bandpass filter in the
flow cytometer was 475 ± 45 nm. This is not the same as providing direct information about
lipid packing domains (so-called lipid rafts) which requires more precise dual wavelength
measurements to assess the generalized polarization [34].

Plasma gelsolin (pGSN) blood levels fall in numerous acute and chronic inflammatory
states. Among studies, the magnitude of pGSN reduction parallels the extent of tissue
damage, and depletion precedes and predicts adverse clinical outcomes [35–41]. In the
present study, we observed significantly lower pGSN concentrations in post-dive plasma.
Prior work suggests that the decrease occurs due to pGSN consumption from binding
and lysis of F-actin-expressing MPs. In the murine DCS model, and numerous animal
studies of infection, injury, and inflammation, pGSN supplementation can abrogate organ
damage [23,42]. Our study is the first to show reductions of pGSN in open-water divers.

Elevations of IL-1β following high gas pressure exposure have been described in
the murine model and in humans after simulated diving [5,15,26]. Here, we show IL-1β
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elevations in CCR divers, and that it is present in MPs but not in exosomes. This is consis-
tent with NLRP3 inflammasome assembly occurring concurrently with MPs formation in
response to high gas pressure exposures. We also demonstrate NOS2 presence in human
MPs and an increased content post-diving. When neutrophils are stimulated by binding
MPs, synthesis of many proteins associated with NLRP3 inflammasome formation are
increased, including NOS2 [24,25]. This has important implications for diving physiology
because NOS2 is a high-output Ca++-independent NOS isoform. After expressional in-
duction, it continuously produces nitric oxide until the enzyme is degraded. This alone
(separate from other changes post-diving) can impair normal vascular tone and endothelial
integrity [31,32]. Moreover, murine studies indicate that MPs NOS2 is responsible for
generating a gas phase of NO2 (from oxidized nitric oxide) within MPs [16]. As these MPs
enlarge on decompression, the data suggest that enzyme activity provides a nucleation site
for bubble formation. The findings in this project–that MPs are more numerous and possess
higher NOS2 concentrations post-dive, somewhat proportional to dive depth–imply greater
potential for bubble nucleation and greater risk for bubble-induced vascular damage. It
should be noted that, given the micro-dimensions of MPs, bubbles related to MPs (that
would be expected to lyse with sufficient growth) would still be below the detection limits
of current ultrasound technology.

This project reconfirms the pro-inflammatory effects of diving in humans. It also,
for the first time, documents elevations in exosomes/lipophilic particles, although their
pathophysiological role in diving remains unclear. It should be emphasized that divers in
this study exhibited no adverse health effects. Oxidative stress and inflammatory responses
are not necessarily manifestations of toxicity and organ damage. However, all changes seen
in these research subjects are directly linked to tissue damage in the murine DCS model.
Clearly, therefore, additional events are necessary for symptom development and overt
DCS. An attractive hypothesis is that some individuals may exhibit lower pGSN at baseline
and/or more exuberant NOS2 production and activity, such that nucleation-site-carrying
MPs generate more intravascular bubbles or carry more IL-1β in response to diving. These
issues are currently under investigation.

4. Materials and Methods
4.1. Experimental Protocol

All subjects gave their informed consent for inclusion before they participated in the
study. The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Bio-Ethical Committee for Research and Higher Education,
Brussels (Nº B200-2020-088). Analyses of deidentified blood samples were approved by
the University of Maryland Institutional Review Board (Nº HP-00059996). After written,
informed consent, 13 male, healthy, non-smoking divers (Minimum certification “Au-
tonomous Divers” according to European norm EN 14153-2 or ISO 24801-2 with at least
50 logged dives) volunteered for this study. None of them had a history of previous
cardiac abnormalities or were under any cardio- or vaso-active medication. They were
selected from a large population of divers in order to have a homogenous sample: aged
44.7 ± 12.4 years old (mean ± SD); height 173 cm ± 6.6; weight 75.2 ± 13.7 kg.

4.2. Reagents

Chemicals were purchased from Sigma–Aldrich (St. Louis, MO, USA) unless other-
wise noted. Annexin-binding buffer and the following agents were purchased from BD
Pharmingen (San Jose, CA, USA): fluorescein isothiocyanate (FITC) conjugated Annexin V
(cat # 556419), R-PE conjugated anti-human CD18 (cat # 555924), and PerCP/Cy5.5 conju-
gated anti-human CD41a (cat # 340931). APC-conjugated anti-human CD146 (cat # 340931)
was purchased from BioScience (San Diego, CA, USA), AlexaFluor488-conjugated anti-
human TMEM119 (cat # FAB103131G) was from R & D Systems (Minneapolis, MN, USA),
anti-thrombospondin (TSP)-1 (cat # sc-393504) was from Santa Cruz Biotechnology (Dallas,
TX, USA), and FITC-conjugated anti-human myeloperoxidase (MPO, cat # HM1051PE-100)
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was from Hycult Biotech (Plymouth Meeting, PA, USA). Antibodies purchased from Biole-
gend (San Diego, CA, USA) included: AlexaFluor647-conjugated anti-human CD63 (cat
# 353016), PercpCy5.5-conjugated anti-human CD81 (cat # 349520), and BV421-conjugated
anti-human CD66b (cat # 347201).

4.3. Blood Sampling and Laboratory Procedure

Blood samples were obtained before and 120 min after the last dive on the first
day from both diver groups (deep and shallow), and after the last dive on the 7th day
for the shallow group. Blood (~5 mL) was drawn into Cyto-Chex BCT test tubes that
contained a proprietary preservative (Streck, Inc., Omaha, NE, USA). Samples were sent by
express mail to the University of Maryland (Dr. Thom) laboratory, where all analyses were
performed following published techniques described in previous publications [25,43]. In
brief, total MPs and subtypes were assayed in an 8-color, triple-laser MACSQuant (Version
2.13.3, Miltenyi Biotec Corp., Auburn, CA, USA) flow cytometer with the manufacturers’
acquisition software using standard methods, including a “fluorescence minus one control
test” [44]. This analysis provides a way to define the boundary between positive and
negative particles in an unbiased manner by defining the maximum fluorescence expected
for a given subset after outlining the area in a two-dimensional scatter diagram when
a fluorophore-tagged antibody is omitted from the stain set. The analysis allows for a
simple decision as to where to place the upper boundary for non-staining particles in a
fluorescence channel. All supplies, reagents, and manufacturer sources have been described
in previous publications [8,9,11,12].

The blood was centrifuged for 5 min at 1500× g, the supernatant was made to
12.5 mmol/L EDTA to impede MP aggregation, and then centrifuged at 15,000× g for
30 min. Aliquots of the 15,000× g supernatant were stained with antibodies for MP analysis
by flow cytometry, and a portion was used for exosome analysis. Plasma stored at −80 ◦C
after a 15,000× g centrifugation step preceding MP analysis was used for IL-1β, NOS2, and
pGSN assays.

4.4. Neutrophil Activation Analysis

Whole fixed blood from the Cyto-Chex tubes (100 µL) was stained for 30 min at room
temperature in the dark with optimized concentrations of antibodies as listed above. After
staining, 2 mL phosphate buffered saline (PBS) was added to dilute each sample tube prior
to analysis, with the cytometer acquisition set to use anti-human CD66b as the fluorescence
trigger to recognize neutrophils.

4.5. IL-1β and NOS2 Measurements

Human-specific ELISA Kits (eBioscience, San Diego, CA, USA) that detect pro- and
mature forms of IL-1β or NOS2 were used following the manufacturer’s instructions. Mea-
surements were made using plasma supernatant after blood was centrifuged at 15,000× g,
as described for flow cytometry studies, and also in supernatant and pellet fractions sepa-
rated by a second centrifugation at 21,000× g for 30 min. The MPs in pellets were placed in
a 0.3 mL lysis buffer, the protein content of the sample was measured, diluted to 5 mg/mL,
and 20 µg protein was used for analysis.

4.6. Gelsolin Assay

A human-specific commercial pGSN ELISA kit (LSBio, Inc. Seattle, WA, USA) was
used following the manufacturer’s instructions. Serial dilutions in PBS were prepared
using the supernatant after 15,000× g centrifugation of plasma, as described above, and
analyzed concurrent with a range of known pGSN standards.

4.7. Exosome/Lipophilic Particles Assay

Using 15,000 g supernatants from plasma as described above, 5 µL samples were
diluted in 100 µL PBS and incubated with dyes [2.5 µmol PKH67 (Sigma Cat#SIG-MINI67),
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2.5 µmol Laurdan (1-[6-(Dimethylamino)-2-naphthalenyl]-1-dodecanone, Tocris Biotech
Cat#7275)], and antibodies for 30 min prior to analysis using an ImageStream®X Mk II:
Imaging Flow cytometer. FluoSphere™ carboxylate-modified microspheres (Thermofisher,
20 and 100 nm in diameter) were used to provide size bracketing, and initial standardiza-
tion of methods was conducted with 120 nm (range 80–140 nm) synthetic lipid vesicles
from Cellarcus Biosciences (San Diego, CA, USA) that were made with a lipid composi-
tion comparable to mammalian cells. For initialization, the instrument bright field and
lasers were set to maximum power, side scatter (SSC) set to 70 mW, and the 60× imager
magnification set to high gain. Channel 1 was used for bright field and Ch.6 for SSC. After
setting the compensation matrix with bright field off and all channels enabled, single-color
compensations were set for each color, with gates set to detect particles between 20 and
100 nm in diameter.

4.8. Statistical Analysis

Results are expressed as the mean ± SD. Data were analyzed using SigmaStat (Version
12.5, Jandel Scientific, San Jose, CA, USA). The normality of the data was assessed with
the Shapiro–Wilk tests, and if passed, data was analyzed with a Student’s t-test between
groups and repeated measures analysis of variance (RM-ANOVA) with the post-hoc Tukey
test, where appropriate. A small number of data sets for the deep diver group failed
the normality test, and comparisons within the group were performed by means of the
non-parametric Mann–Whitney test. For all studies, we deemed a result to be statistically
significant if p < 0.05.
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Abbreviations

CCR Closed circuit rebreather
DCS Decompression sickness
EVs Extracellular vesicles
IL-1β Interleukin-1β
MPO Myeloperoxidase
MPs Blood Borne Microparticles

NLRP3
Nucleotide-binding domain leucine rich repeat (NOD)-like receptor, pyrin containing
3 inflammasome

NOS2 Nitric oxide synthase-2
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pGSN Plasma gelsolin
PO2 Oxygen Partial Pressure
RAGE Receptor for advanced glycation end products
TMEM Transmembrane protein 119
TLR4 Toll-like receptor 4
TSP Thrombospondin 1
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