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At high altitudes, the increased adenosine concentration contributes to brain protection against hypoxia through various
mechanisms such as stimulation of glycogenolysis for ATP production, reduction in neuronal energy requirements,
enhancement in 2,3-bisphosphoglycerate production, and increase in cerebral blood flow secondary to vasodilation of
cerebral arteries. In the context of mountain illness, the increased level of A;pR expression leads to glial dysfunction
through neuroinflammation and is involved in the pathogenesis of neurological disorders. Nonetheless, a high level of
adenosine concentration can protect against high-altitude pulmonary edema via a decrease in pulmonary arterial
pressure. The adenosinergic system is also involved in the acclimatization phenomenon induced by prolonged exposure
to altitude hypoxia. During hyperoxic exposure, decreased extracellular adenosine and low Ay receptor expression
contribute to vasoconstriction. The resulting decrease in cerebral blood flow is considered a preventive phenomenon
against cerebral oxygen toxicity through the decrease in oxygen delivery to the brain. With regard to lung oxygen toxicity,
hyperoxia leads to an increase in extracellular adenosine, which acts to preserve pulmonary barrier function. Changes in
the adenosinergic system induced by exposure to extreme oxygen partial pressures frequently have a benefit in
decreasing the risk of adverse effects.
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| 1. Introduction

Healthy subjects experience major oxygenation changes during various recreational or professional activities performed
under ambient pressure that is different than atmospheric pressure. Although the composition of environmental air is
constant with approximately 78% nitrogen and 20.9% oxygen, climbers and aviators are acutely exposed to decreases in
inspired partial pressure of oxygen (O,), secondary to the decrease in ambient pressure induced by elevated altitudes.
Conversely, divers and professional workers in tunnel boring machine hyperbaric chambers are subject to an increase in
ambient pressure and are exposed to hyperoxia. Changes in oxygenation conditions induce major alterations in
cardiorespiratory function in resting healthy subjects.

Adenosine is a nucleoside that mainly comes from the dephosphorylation of ATP and whose extracellular concentration
depends on the energy state of the tissues and the degree of oxygenation or inflammation . Thus, it is recognized that
the oxygenation state has a strong impact on adenosine plasma levels (APLs). Hypoxia induces an increase in APLs 23],
whereas hyperoxia leads to a decrease in APLs BBl The hypoxia-induced adenosine increase is mainly due to the
hypoxia-inducible factor (HIF) pathway because this transcription factor (where the alpha subunit is stabilized in hypoxic
conditions) inhibits the biosynthesis of adenosine kinases, leading to the accumulation of adenosine in the intra- and
extracellular spaces 8],

Because adenosine, through the activation of its G-coupled membrane receptors, named P1 receptors, strongly impacts
heart rate and vasodilation, changes in APLs contribute to physiological adaptation and acclimatization under extreme
oxygenation conditions. In addition, healthy subjects most often exercise during their professional or leisure activities.
Because adenosine also plays a role in exercise-induced hemodynamic changes @, APL-related interactions between
exercise and oxygenation changes could occur.

1.1. Altitude Hypoxia

The decrease in ambient pressure secondary to the ascent to altitude exposes the body to hypoxia. For example, the
partial pressure of O, decreases from 19.6 KPa at sea level to 6.5 KPa at the summit of Everest. Apart from
mountaineers, a significant part of the population lives at an altitude of more than 3000 m with a partial pressure of



0, around 85 to 110 mmHg, with physiopathological consequences [ involving the adenosinergic system. Acclimatization
to severe hypoxia is achieved by an increase in O, delivery or a decrease in O, requirements to maintain the critical
O, tension at which cell function is not impaired. Healthy subjects such as climbers and aviators experience hypoxia at
high altitudes. In the areas where compensation is possible, the immediate physiological response to hypoxia in healthy
subjects includes increases in breathing rate, diuresis and cardiac output, and erythropoiesis when exposure to hypoxia
continues for several weeks. Some cells are particularly sensitive to the decrease in partial pressure of O, such as
neurons. Acute hypoxic exposure can lead to impaired cognitive function and sometimes loss of consciousness and
seizures. To protect cerebral function, early increases in cerebral blood flow (CBF) occur ©. The magnitude of the
changes in CBF is related to the changes in cerebral vasomotion secondary to hypoxic and hypercapnic ventilatory
responses. Hypoxia leads to vasodilation, while hypocapnia induces vasoconstriction.

It was reported that brain adenosine blood concentration increases during hypoxia 2%, Furthermore, an increase in APLs
is common during hypoxia, ischemia, inflammation, and beta-adrenergic stimulation HIZMRUIA2A3] ang was observed in
healthy volunteers exposed to altitude hypoxia 24, The mechanism supporting the increase in APLs in such
circumstances is well-documented. An increase in the activity of soluble ecto-5-nucleotidae (CD73), an enzyme that
hydrolyzes AMP into adenosine, was reported. Thus, elevated CD73 contributes to hypoxia-induced adenosine
accumulation (15,

Previous studies have supported the contribution of increased extracellular adenosine concentration to protecting the
brain from hypoxia [28], This protection includes the stimulation of glycogenolysis for ATP production via anaerobic
glycolysis and the reduction in neuronal energy requirements 22, Furthermore, the increase in APLs and CD73 activity
can increase via A,g receptor activation, 2,3-bisphosphoglycerate (2,3-BPG) production, which decreases the affinity of
hemoglobin for dioxygen, promoting O, delivery to tissues 12: see Figure 1.
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Figure 1. Impact of the increase in extracellular adenosine on the oxygen release capacity from erythrocytes. At high
altitudes, hypoxia increases the activity of soluble ecto-5'-nucleotidase (CD73), which converts AMP into adenosine. The
subsequent increase in extracellular adenosine induces, via the erythrocyte A,g receptor (A,gR) and via the complex
guanosine triphosphate (GTP-alpha s subunit of the heterotrimeric G protein), an increase in adenyl cyclase activity (AC)



followed by activation of AMP-activated protein kinase (AMPK), and finally the production of 2,3-bisphosphoglycerate (2,3-
BPG), which enhances the oxygen (O,) release capacity to peripheral tissues.

1.2. Acute Altitude Illiness

Acute altitude illness consists of clinical disorders that occur during the first days (from some hours to 5 days) after ascent
to altitudes above 2500 m in unacclimatized subjects. Various clinical forms of injury, such as acute mountain sickness,
high-altitude cerebral edema, and high-altitude pulmonary edema, are observed 18!,

The adenosinergic system also has an impact on the lung response to hypoxia. An upregulation of A;R was observed
during experimental hypoxia in rats 19, Lungs are also threatened during altitude hypoxia in humans. High-altitude
pulmonary edema (HAPE) is a life-threatening disorder that can occur in healthy unacclimatized individuals. HAPE is a
noncardiogenic pulmonary edema. The key pathogenic mechanism is exaggerated pulmonary hypertension induced by
hypoxia. Contributing factors such as inflammation, endothelial dysfunction, sympathetic overactivity, and fluid retention
were cited 29,

1.3. Chronic Hypoxia: Life at Altitude

Prolonged exposure to altitude hypoxia is known to result in the development of an acclimatization phenomenon. In a
human study, Song et al. 24 reported that the adenosinergic-signaling network enhanced the hypoxia adenosine
response to counteract hypoxia-induced maladaptation. They measured APLs and soluble CD73 activity in healthy
subjects at sea level and during a stay at high altitudes (5260 m). The volunteers returned for several days (from 7-21
days) at 1525 m, and a further blood sample was collected upon re-ascent at 5260 m. The scholars found that APLs and
CD73 activity were significantly higher upon re-ascent to 5260 m for 1 day, after spending several days at 1525 m,
compared with the first hypoxia exposure. Consequently, the first stay at high altitude can enhance the defense response
to hypoxia through an increase in APLs and CD73 activity.

Although adenosine production is activated during prolonged stays at high altitudes, its action on the artery decreases.
Calbet et al. [ reported that short-term residence at altitude (between 8 and 12 days at 4554 m) induced an increase in
resting blood pressure. Vasodilatory responses secondary to exogenous adenosine infusion were impaired by alteration in
endothelial function. Thus, chronic or acute exposures to a high endogenous adenosine extracellular concentration may
have different effects on the cardiovascular system.

| 2. Hyperoxia

In hyperbaric conditions, subjects breathe a mixture of high-pressure gases through a regulator. Most frequently, diving
tanks contain compressed air (filtered and dehumidified), i.e., 78% nitrogen, 20.9% oxygen, and small proportions of trace
gases. The increase in ambient pressure generates an increase in the partial pressures of oxygen and nitrogen.
Furthermore, the gas density is increased. Some divers inhale oxygen-enriched gas mixtures to decrease the nitrogen
content of tissues and blood at the time of decompression and to limit the occurrence of decompression sickness. For an
air dive, the partial pressure of O, is 40 KPa at 10 m depth and 60 KPa at 20 m depth. In the particular case of military
diving, the use of pure oxygen through a closed-circuit self-contained underwater breathing apparatus (SCUBA) allows
better self-sufficiency (the exhaled gas is reused after the CO, is extracted by lime) and discretion (no bubbles).
Consequently, hyperoxia is a constant stressor for healthy subjects working in hyperbaria, such as SCUBA divers or
professional workers in a tunnel boring machine hyperbaric chamber.

2.1. Cardio-Vascular Changes

Hyperoxic exposure has a major impact on cardiovascular function in healthy subjects. Numerous studies have shown
that cardiovascular responses to acute hyperoxia include a decrease in cardiac output related to the simultaneous
decreases in heart rate and stroke volume [22123124] |ncreases in mean blood pressure and systemic vascular resistance,
and a decrease in arterial compliance, have been documented in resting healthy volunteers breathing pure oxygen 221251
(28] sych an effect of oxygen appears to be related to its vasoconstrictive action on the peripheral vascular system. The
exact mechanism by which hyperoxia induces vasoconstriction is not fully understood. The increase in partial pressure of
0O, and the production of reactive oxygen species can contribute to arterial vasoconstriction through an alteration in
endothelial function or a direct effect on the vascular smooth muscle 271281,



2.2. Oxygen Toxicity

Retinal toxicity is one of the first indicators of hyperoxia 2. From this perspective, the lack of A;R reduced hyperoxia-
induced retinal toxicity in mice %, suggesting that A;R activation did not protect against hyperoxia-induced retinal toxicity.

Brain oxygen toxicity is linked to oxidative stress induced by hyperoxia. Damage is secondary to increased production of
reactive oxygen species (ROS) and/or reactive nitrogen species and lipid peroxidation, which impair cell membranes B,
Clinical disorders include disturbances of vision (tunnel vision), headache, nausea, muscle twitching, and convulsions
similar to epileptic seizures with loss of consciousness [32.

It has long been known that prolonged exposure to hyperoxia can lead to lung damage (Lorrain-Smith effect) (231,
Pulmonary disorders consist of three successive phases, i.e., inflammatory, proliferative-reparative, and fibrotic. The
severity is positively correlated with the duration of exposure and the level of partial pressure of O,. Hyperoxia can disrupt
the structure and function of the pulmonary epithelial barrier through the destruction of the pulmonary epithelial tight
junction structures (see Figure 2).
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Figure 2. Schematic presentation of the protective action of the adenosine system in pulmonary oxygen toxicity.
Prolonged exposure to high oxygen partial pressure leads to an impairment in pulmonary barrier function through
inflammation and disruption of the tight junction via a downregulation of tight junction proteins such as occludin, zonula
occludens-1, and claudin-4. The increase in adenosine is mainly due to the activation of CD73, which converts AMP into
adenosine, while other nucleotidases such as CD39 (NTDPasel) or NTDPase2 may also participate in the modulation of
extracellular adenosine levels.

| 3. Conclusions

Adenosine concentration and adenosine receptor activity are altered by changes in ambient oxygen pressure experienced
by healthy subjects during professional or leisurely activities such as climbing or diving. When climbing at a high altitude,
the increase in adenosine concentration can contribute to improved tolerance to hypoxia. In contrast, the increase in the
expression of A,pR can promote neurological disorders involved in mountain illness. During hyperoxic exposure, changes
in the adenosinergic system lead to vasoconstriction and may decrease the risk of cerebral oxygen toxicity. The
adenosinergic system is also recognized as a protector against the lung toxicity of oxygen. Finally, acute and chronic
exposures to a high endogenous adenosine extracellular concentration lead to different adaptation mechanisms. Because
the involvement of the adenosinergic system seems decisive in some diseases induced by major changes in the partial
pressure of O,, the use of drugs that modulate this system may be of interest to treating or prevent clinical disorders.
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