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Introduction: Adenosine is an ATP derivative that is strongly implicated in the
cardiovascular adaptive response to exercise. In this study, we hypothesized that during
exercise the hyperemia, commonly observed during exercise in air, was counteracted
by the downregulation of the adenosinergic pathway during hyperoxic exposure.
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Methods: Ten healthy volunteers performed two randomized sessions including gas
exposure (Medical air or Oxygen) at rest and during exercise performed at 40% of
maximal intensity, according to the individual fitness of the volunteers. Investigations
included the measurement of adenosine plasma level (APL) and the recording of
hemodynamic data [i.e., cardiac output (CO) and systemic vascular resistances (SVR)
using pulsed Doppler and echocardiography].
Results: Hyperoxia significantly decreased APL (from 0.58 ± 0.06 to
0.21 ± 0.05 µmol L−1 , p < 0.001) heart rate and CO and increased SVR in
healthy volunteers at rest. During exercise, an increase in APL was recorded in the two
sessions when compared with measurements at rest (+0.4 ± 0.4 vs. +0.3 ± 0.2 µmol
L−1 for medical air and oxygen exposures, respectively). APL was lower during
the exercise performed under hyperoxia when compared with medical air exposure
(0.5 ± 0.06 vs. 1.03 ± 0.2 µmol L−1 , respectively p < 0.001). This result could
contribute to the hemodynamic differences between the two conditions, such as the
increase in SVR and the decrease in both heart rate and CO when exercises were
performed during oxygen exposure as compared to medical air.
Conclusion: Hyperoxia decreased APLs in healthy volunteers at rest but did not
eliminate the increase in APL and the decrease in SVR during low intensity exercise.
Keywords: oxygen, circulatory system, hyperemia, echocardiography, cardiac output, systemic vascular
resistances

INTRODUCTION
Subjects experienced physical effort under an ambient hyperoxic environment during various
professional or recreational activities. In ambient hyperbaric environment, such as the environment
experienced by divers or by professional workers in a tunnel boring machine hyperbaric chamber,
hyperoxia is secondary to the increase in ambient pressure and its consequence on oxygen partial
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experiment, the volunteers performed an incremental maximal
cycling exercise to assess maximal aerobic fitness (peak
VO2 ) and the power corresponding to 40% intensity exercise
on this ergometer.

pressure. In hypoxic environments, enriched oxygen mixtures are
used and can lead to an increase in oxygen partial pressure. Lastly,
some athletes used hyperoxic exposure during their exercise
training to improve physical performance.
In healthy volunteers at rest, the impact of hyperoxia on the
cardio-vascular system has been studied. A decrease in cardiac
output (CO) secondary to a slowing of the heart rate has been
observed (Waring et al., 2003; Thomson et al., 2006; Gole et al.,
2011). Furthermore, an increase in systemic vascular resistances
(SVR) and a decrease in arterial compliance induced by an
arterial vasoconstriction have been commonly reported (Milone
et al., 1999; Rossi and Boussuges, 2005; Gole et al., 2011).
Various mechanisms have been implicated in the alteration
of vasomotion in an ambient hyperoxic environment. An
increase in the endothelin I plasma level might contribute to
the vasoconstriction of the cerebral arteries under hyperoxia
(Armstead, 1999). Alterations to endothelial function including
action of nitric oxide (NO) being impeded by reactive oxygen
species have been reported (Rubanyi and Vanhoutte, 1986;
Pasgaard et al., 2007). A decrease in muscle sympathetic nerve
activity has been reported at rest but not during exercise (Seals
et al., 1991). Recently, a decrease in adenosine plasma levels
(APLs) has been reported in rats subjected to normobaric or
hyperbaric hyperoxia (Bruzzese et al., 2015). Adenosine is an ATP
derivative which strongly impacts heart rate and blood pressure
through its G-protein coupled receptors known as A1, A2A,
A2B, or A3R, depending on their pharmacological properties
(Burnstock, 2017).
During exercise on land, hemodynamic changes include an
increase in CO secondary to the increase in both heart rate
and stroke volume and a decrease in SVR. Exercise-induced
hyperemia has been attributed to various factors such as NO,
prostacyclin (PGI2), and endothelium-derived hyperpolarizing
factor (Sarelius and Pohl, 2010). Furthermore, it has been
reported that adenosine was responsible for a part of the
maintained phase of the muscle vasodilation that accompanies
muscle hyperemia during exercise (Marshall, 2007).
In this study, we hypothesized that during exercise in
hyperoxia, the hyperemia commonly observed during exercise in
air was counteracted by the downregulation of the adenosinergic
pathway secondary to the increase in oxygen partial pressure.

Main Experiment
The experimental session consisted of a sequence of four
measurement periods: baseline, gas exposure (medical air or
oxygen), cycling exercise at a workload corresponding to 40% of
VO2 peak (breathing air or oxygen), and recovery period, 30 min
after the end of exercise.
To determine data at rest, participants were in a sitting
position, in a quiet and air-conditioned room (50% humidity,
temperature: 25◦ C). During exercises, ambient temperature was
lowered to 22◦ C.
During the baseline period, volunteers breathed ambient
air without a face mask for 10 min of quiet rest. After the
baseline investigations, each subject underwent two sessions in
a randomized order. The volunteers at rest were exposed during
1 h to a medical gases supplied by the society Air Liquide (AL
Healthcare, Paris, France), i.e., medical air (21% oxygen and 79%
nitrogen) or pure oxygen (inspired oxygen fraction = 1) delivered
in a Douglas bag, to be breathed at atmospheric pressure. Subjects
received either medical air or pure oxygen through a face mask
connected to two-way low-resistance T valve (Hans Rudolph
Inc., Shawnee, KS, United States). The facemask was fixed firmly
around the mouth and nose to prevent air leaks. An oxygen
analyzer (Servomex Oxygen Analyzer 570A; Servomex Group
Ltd, Crowborough, United Kingdom) was used to control FiO2 .
Volunteers and investigators were blinded to the gas mixture
used. Thereafter, all participants performed a 30-min constantload exercise on the recumbent bike, breathing medical air or
oxygen. The pedaling rate was fixed at 60 rotations per minute.
The workload was adjusted to represent 40% of the VO2 peak
according to the individual maximal incremental exercise. There
were a minimum of 3 days and a maximum of 7 days between the
two sessions. The two sessions were performed in a random order,
at the same time of day for each subject. At each measurement
period, the investigations included venous blood sampling, and
an ultrasonographic study.

Investigations
All procedures were undertaken after 10 min of rest as baseline
measurements, 1 h after the exposure to medical air or oxygen
at rest, 20 min after the beginning of the exercises, and during
recovery, 30 min after the return to ambient air. During the
experiment, oxygen saturation level (SpO2 ) was measured using
a pulse oximeter (NPB 40; Nellcor Puritan Bennett, Pleasanton,
CA, United States) fixed on the left median finger.

MATERIALS AND METHODS
Subjects
Ten healthy male volunteers participated in this study. Mean
age, weight, height, and body surface area were 35 ± 6 years,
73 ± 12 kg, 177 ± 7 cm, and 1.9 ± 0.2 m2 , respectively. All
volunteers gave their written informed consent to participation
in the experiment, which was approved by the Regional
Ethics Committee (Aix Marseille University, CPP-1, ID RCB:
2008-AOO171-54). The research was conducted according
to the Helsinki Declaration. All the exercise bouts were
performed on the same ergobike (Tunturi Endurance E80R
Recumbent Bike). This recumbent bike was used to make
the ultrasonographic examinations easier. Prior the main
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Echocardiographic and Doppler Study
The ultrasonographic examinations were carried out by an
experienced investigator using a Doppler cardiovascular
ultrasound (Mylab 25CV, Esaote SpA, Genova, Italy) connected
to a 2.5–3.5 MHz transducer array. The mean duration for each
examination was 10 min. All Doppler recordings were performed
at the end of a normal expiration in order to eliminate the effects
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respectively. According to these results, the workload used for
the cycling exercise performed under medical air and oxygen
exposure was 115 ± 10 W. This workload corresponded to
an intensity that was under the ventilatory threshold (in mean
167 ± 32 W) in all volunteers.

of breathing on the parameters studied. Measurements were
averaged from at least three different beats.
The left ventricular outflow tract (LVOT) was first measured
by 2D echocardiography from the left parasternal long axis
view. The aortic systolic flow velocity time integral (AoVTI)
was measured by computer-assisted determination from
the pulsed-wave Doppler profile of the aortic blood flow
from the apical four chamber view, allowing stroke volume
(SV) and CO to be calculated: SV = AoVTI × LVOT,
CO = SV × HR. SVR were calculated as mean arterial pressure
(MAP) divided by CO.

SpO2 Measurement
SpO2 varied between 99 and 100% during oxygen session (at
rest and exercise). During air medical session, mean SpO2
was 97 ± 1%.

Adenosine Plasma Level Measurement

Blood Pressure Measurement

Figure 1 reports the changes in APL during the two sessions.
During the medical air session, APL significantly increased
during exercise and returned to the baseline value during
recovery. During oxygen exposure at rest, APL was significantly
lower when compared with medical air exposure (p < 0.001).
During exercise, APL significantly increased but remained
significantly lower during oxygen exposure in comparison with
medical air exposure (p < 0.001). After exercise, APL returned to
the baseline values.
There is no significant difference between the increase in APL
during exercises between the two sessions (+0.4 ± 0.4 µmol L−1
vs. +0.3 ± 0.2 µmol L−1 for medical air and oxygen exposures,
respectively). Interestingly, APL at the end of exercise in O2
ambiance was similar than APL at rest in medical air ambiance.

Sphygmomanometer blood pressure measurements on the right
arm were obtained at the end of each echographic examination.
MAP was calculated as DAP + 1/3 (SAP – DAP), where SAP
and DAP were respectively the systolic and diastolic arterial
blood pressures.

Adenosine Plasma Level Measurement
Blood sample collection for adenosine plasma measurement was
performed through a catheter inserted in a vein in the elbow
folds, at baseline, during gas exposure at rest and during exercise
(at the end of each period) and after recovery as described
above. Since adenosine has a short half-life, we used a stop
solution to block adenosine metabolism and uptake by red
blood cells as previously described (Guieu et al., 1994; Maille
et al., 2019). After centrifugation (1500 × g, 10 min, 4◦ C),
supernatants were pipetted off and frozen (−80◦ C) until analysis.
APL measurement was performed by LC-MS/MS as previously
described (Maille et al., 2019).

Blood Pressure Measurement
Systolic blood pressure increased during exercise, this increase
was significantly larger during oxygen rather than medical
air exposure (p < 0.05). Mean and diastolic blood pressure
significantly increased during exercise without a significant
difference between the two sessions (Table 1).

Statistical Analysis
Data are expressed as mean ± SEM. Statistical tests were run on
Sigma Stat software.
The cohorts for comparison consisted of the ten subjects
at 4 time points during the two sessions, i.e., under medical
air or oxygen exposure: baseline, during gas exposure at
rest, during exercise and 30 min after the end of exercise.
Comparison between cohorts of continuous variables having
normal distribution was carried out with the parametric
analysis of variance (repeated measurements, ANOVA); multiple
pairwise comparison procedures were done using the HolmSidak method. In the case of variable cohorts not having normal
distribution, comparisons were performed with a non-parametric
univariate analysis (Friedman’s test); comparison of dichotomous
variables was carried out using the Student-Newman–Keuls
Method. Differences between groups were considered significant
at p < 0.05.

Hemodynamic Data
During medical air exposure at rest, hemodynamic data
were similar to measurements performed at baseline. During
exercise, an increase in CO secondary to an increase in both
heart rate and stroke volume was observed. Blood pressure
(systolic, mean, diastolic, and pulse pressure) increased
during exercise whereas SVR decreased significantly. During
recovery, heart rate decreased (p < 0.05) but remained
significantly accelerated when compared with baseline
values (Table 1).
A decrease in heart rate leading to a decrease in CO
was recorded during oxygen exposure at rest (Figure 2). The
difference was significant with measurements performed both
at baseline and during medical air exposure. SVR significantly
increased during hyperoxia when compared with medical
air (Figure 3).
During exercise, heart rate and CO increased but remained
lower during oxygen exposure when compared with medical air,
in contrast stroke volume was not significantly different between
the two conditions (Table 1). During exercise SVR decreased
and was lower during medical air when compared with exercise
performed during oxygen exposure (Figure 3).

RESULTS
Exercise Testing
The peak of VO2 and maximal workload recorded by the
incremental exercise testing were 47 ± 6 mL kg−1 min−1
(115 ± 15% of the predicted value) and 263 ± 45 Watts,
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an increase in APL (Eltzschig et al., 2006; Joulia et al., 2013)
whereas hyperoxia lead to a decrease in APL (Bruzzese et al.,
2015; Fromonot et al., 2016).
The impact of adenosine on the hemodynamic status is well
recognized and could contribute to the cardio-vascular changes
observed in our healthy volunteers. In agreement with previous
work, a decrease in CO secondary to a slowing of the heart rate
was observed during hyperoxia (Waring et al., 2003; Gole et al.,
2011). Furthermore, a significant increase in SVR was reported
in healthy volunteers at rest during hyperoxia. The increase in
oxygen partial pressure and the production of reactive oxygen
species can be implicated in arterial vasoconstriction through an
alteration in endothelial function or a direct effect on vascular
smooth muscle (Welsh et al., 1998; Pasgaard et al., 2007). It
has been shown that endothelial function was impaired after
SCUBA diving, involving exposure to elevated partial pressures
of oxygen at depth (Lambrechts et al., 2013). Pre-ingestion of
nutritional antioxidants such as red orange extract (Balestra et al.,
2016) or dark chocolate (Theunissen et al., 2015) prevented
endothelial dysfunction. This improvement has been attributed,
by the authors, to an increase in activity and expression of
endothelial NO synthase. The decrease in APL might contribute
to the vasomotor action of hyperoxia. Indeed, APL is recognized
as having an impact on vasomotor tone, an increase in APL
leading to vasodilation (Duza and Sarelius, 2003; Mortensen et al.,
2009). The vasodilatory properties of adenosine are mediated
by several physiological factors including an increase in NO
production by endothelial cells (Li et al., 1995).
In our study, the slowing of the heart rate under hyperoxia
might be secondary to the baroreflex stimulation induced by
vasoconstriction (Waring et al., 2003; Demchenko et al., 2013).
During exercise breathing medical air, the hemodynamic changes
were common, including an increase in CO associated with
a decrease in SVR. Furthermore, a significant increase in
APL was observed, which could participate in the hyperemia
induced by exercise through the action on arterial function
(Hellsten et al., 2012).

FIGURE 1 | Evolution of adenosine plasma level during the two sessions.
§ p < 0.05 oxygen vs. medical air. ∗ p < 0.05 exercise vs. measurement at rest
of the same session. ◦ p < 0.05 oxygen vs. baseline.

DISCUSSION
This study reports, for the first time, the impact of hyperoxia
on both APL and hemodynamic status in healthy volunteers
at rest and during exercise. The main result of the study was
that hyperoxia decreased APL in men, both at rest and during
exercise. Our results and previous studies support the fact that
APL is generated in an oxygen-dependent manner (Schrader
et al., 1990). Indeed, it has been reported that hypoxia induced

TABLE 1 | Blood pressure and hemodynamic data.
Parameters
SBP (mmHg)
MBP (mmHg)
DBP (mmHg)
PP (mmHg)
SV (mL)
CO (L min−1 )

Session

Baseline (AA)

Gas exposure

Exercise

Recovery (AA)

Medical air

115 ± 5

107 ± 4

136 ± 6*

110 ± 3

Oxygen

117+/2

116 ± 2

145 ± 5*§

107 ± 4#

Medical air

88 ± 4

82 ± 3

97 ± 4*

85 ± 3

Oxygen

90 ± 3

85 ± 2

102 ± 4*

81 ± 4#

Medical air

75 ± 4

70 ± 3

78 ± 3*

73 ± 4

Oxygen

76 ± 3

70 ± 3

81 ± 5*

69 ± 5#

Medical air

41 ± 2

37 ± 2

59 ± 5*

38 ± 4

Oxygen

42 ± 2

45 ± 3

65 ± 5*

38 ± 2

Medical air

68 ± 3

73 ± 4

91 ± 8*

56 ± 5£#

Oxygen

67 ± 4

65 ± 5

90 ± 10*

58 ± 5#

Medical air

4.4 ± 0.3

4.6 ± 0.3

10.1 ± 0.7*

4.2 ± 0.4

Oxygen

4.4 ± 0.3

3.6 ± 0.3§◦

9.2 ± 0.7*§

4 ± 0.3

Results are reported as mean ± SEM. AA, ambient air; SBP, systolic blood pressure; MBP, mean blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; SV,
stroke volume; CO, cardiac output. *p < 0.05 exercise vs. other measurement times in the same session, § p < 0.05 oxygen vs. medical air, £ p < 0.05 recovery vs. gas
exposure, #p < 0.05 recovery vs. baseline,◦ p < 0.05 gas exposure vs. baseline.
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exposure, through baroreflex stimulation. Consequently, our
findings supported previous observations that breathing
pure oxygen induced vasoconstriction and attenuated
hyperemia secondary to dynamic exercise (Welch et al., 1977;
González-Alonso et al., 2002).
Nevertheless, there was no difference between the increases
in APL recorded during exercise between the two sessions. In
our study, exercise bouts were performed at low intensity (40%
of VO2 peak), under the ventilatory threshold. Such exercises
are recognized not inducing cellular hypoxia. Previous studies
have attributed hyperemia to the release of oxygen-dependent
factors secondary to the cellular hypoxia induced by anaerobic
exercise (Marshall, 2007). Our study did not support this single
mechanism since, although the exercises were performed in
aerobic conditions, an increase in APL associated with a decrease
in SVR was observed. Furthermore, the magnitude of the
changes in these two parameters was reduced but not eliminated
during exercise with oxygen exposure. In these circumstances,
the increase in intravascular purines should not be secondary
to hypoxia but to mechanical stressors induced by exercise.
Indeed, it has been reported that shear stress and mechanical
compression could induce a release of ATP from endothelial
cells, erythrocytes and skeletal muscle cells (Sprague et al., 1996;
Buvinic et al., 2009; Mortensen et al., 2011; Crecelius et al., 2013).
The dephosphorylation of ATP by ectoenzymes CD39 and CD73
could explain the increase in APL (Borea et al., 2018).

FIGURE 2 | Changes in heart rate during the two sessions. § p < 0.05 oxygen
vs. medical air. ∗ p < 0.05 exercise vs. measurement at rest of the same
session. ◦ p < 0.05 oxygen vs. baseline.

Study Limits
It is recognized that hyperoxic exposure during exercise impacted
on both gas exchanges and minute ventilation (Ulrich et al.,
2017). Cardiovascular function can be modified through the
heart-lung interactions. Consequently, it would be interesting to
perform a supplementary study on this topic.

CONCLUSION
In our study, hyperoxia decreased APL in resting healthy
volunteers but did not eliminate the increase in APL and
the decrease in SVR during low intensity exercise. Further
studies are needed to improve knowledge about the factors
regulating the increase in APL during exercise according to
the modalities (endurance or resistance, intensity) and its
contribution to hyperemia.

FIGURE 3 | Changes in systemic vascular resistances during the two
sessions. § p < 0.05 oxygen vs. medical air. ∗ p < 0.05 exercise vs.
measurement at rest of the same session.

DATA AVAILABILITY STATEMENT

In the session breathing pure oxygen, a significant increase
in APL was recorded during exercise when compared with
the resting condition. Nevertheless, APL remained lower than
during exercise performed with medical air exposure. APL
was comparable to the baseline measurements (in ambient
air or during medical air exposure). Hemodynamic status
was also significantly different between the two sessions.
Hyperoxia-induced vasoconstriction could explain the increase
in both systolic blood pressure and SVR. It could also explain
the decrease in heart rate recorded in healthy volunteers
during oxygen exposure when compared with medical air

Frontiers in Physiology | www.frontiersin.org

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT
The studies involving human participants were reviewed and
approved by Aix Marseille University, CPP-1, ID RCB: 2008AOO171-54. The patients/participants provided their written
informed consent to participate in this study.

5

February 2020 | Volume 11 | Article 97

Boussuges et al.

Hyperoxia and Exercise

AUTHOR CONTRIBUTIONS

FUNDING

AB, RG, and OG conceived and designed the study. NV and SR
assisted with the technical aspects of the protocol, recruited all
the participants, and involved in the acquisition of the data. MM
and RG performed the biological study. AB and GC analyzed
the data and performed the statistical analysis. AB, GC, and OG
have drafted the manuscript while NV and RG revised it critically
for important intellectual content. All authors have given final
approval of the version to be published.

This study was supported by a French Ministry of Defense
research grant (Direction Générale de l’Armement, PDH-1SMO-2-0701).

REFERENCES

hyperaemia in humans. J. Physiol. 590, 5015–5023. doi: 10.1113/jphysiol.2012.
234963
Joulia, F., Coulange, M., Lemaitre, F., Costalat, G., Franceschi, F., Gariboldi, V.,
et al. (2013). Plasma adenosine release is associated with bradycardia and
transient loss of consciousness during experimental breath-hold diving. Int. J.
Cardiol. 168:e00138-41. doi: 10.1016/j.ijcard.2013.08.053
Lambrechts, K., Pontier, J. M., Balestra, C., Mazur, A., Wang, Q., Buzzacott, P.,
et al. (2013). Effect of a single, open-sea, air scuba dive on human micro- and
macrovascular function. Eur. J. Appl. Physiol. 113, 2637–2645. doi: 10.1007/
s00421-013-2676-x
Li, J. M., Fenton, R. A., Cutler, B. S., and Dobson, J. G. Jr. (1995). Adenosine
enhances nitric oxide production by vascular endothelial cells. Am. J. Physiol.
269, C519–C523.
Maille, B., Marlinge, M., Vairo, D., Mottola, G., Koutbi, L., Deharo, P., et al.
(2019). Adenosine plasma level in patients with paroxysmal or persistent atrial
fibrillation and normal heart during ablation procedure and/or cardioversion.
Purinergic Signal. 15, 45–52. doi: 10.1007/s11302-018-9636-1
Marshall, J. M. (2007). The roles of adenosine and related substances in exercise
hyperaemia. J. Physiol. 583, 835–845. doi: 10.1113/jphysiol.2007.136416
Milone, S., Newton, G., and Parker, J. (1999). Hemodynamic and biochemical
effects of 100% oxygen breathing in humans. Can. J. Physiol. Pharmacol. 77,
124–130. doi: 10.1139/y99-010
Mortensen, S. P., Nyberg, M., Thaning, P., Saltin, B., and Hellsten, Y. (2009).
Adenosine contributes to blood flow regulation in the exercising human leg by
increasing prostaglandin and nitric oxide formation. Hypertension 53, 993–999.
doi: 10.1161/HYPERTENSIONAHA.109.130880
Mortensen, S. P., Thaning, P., Nyberg, M., Saltin, B., and Hellsten, Y. (2011). Local
release of ATP into the arterial inflow and venous drainage of human skeletal
muscle: insight from ATP determination with the intravascular microdialysis
technique. J. Physiol. 589, 1847–1857. doi: 10.1113/jphysiol.2010.203034
Pasgaard, T., Stankevicius, E., Jorgensen, M., Ostergaard, L., Simonsen, U., and
Frobert, O. (2007). Hyperoxia reduces basal release of nitric oxide and contracts
porcine coronary arteries. Acta Physiol. 191, 285–296. doi: 10.1111/j.1748-1716.
2007.01745.x
Rossi, P., and Boussuges, A. (2005). Hyperoxia-induced arterial compliance
decrease in healthy man. Clin. Physiol. Funct. Imag. 25, 10–15. doi: 10.1111/j.
1475-097X.2004.00572.x
Rubanyi, G. M., and Vanhoutte, P. M. (1986). Superoxide anions and hyperoxia
inactivate endothelium-derived relaxing factor. Am. J. Physiol. 250, H822–
H827.
Sarelius, I., and Pohl, U. (2010). Control of muscle blood flow during exercise: local
factors and integrative mechanisms. Acta Physiol. 199, 349–365. doi: 10.1111/j.
1748-1716.2010.02129.x
Schrader, J., Deussen, A., and Smolenski, R. T. (1990). Adenosine is a sensitive
oxygen sensor in the heart. Experientia 46, 1172–1175. doi: 10.1007/bf01936930
Seals, D., Johnson, G., and Fregosi, R. (1991). Hyperoxia lowers sympathetic
activity at rest but not during exercise in humans. Am. J. Physiol. 260, R873–
R878.
Sprague, R. S., Ellsworth, M. L., Stephenson, A. H., and Lonigro, A. J. (1996). ATP:
the red blood cell link to NO and local control of the pulmonary circulation.
Am. J. Physiol. 271, H2717–H2722.
Theunissen, S., Balestra, C., Boutros, A., De Bels, D., Guerrero, F., and Germonpre,
P. (2015). The effect of pre-dive ingestion of dark chocolate on endothelial
function after a scuba dive. Diving Hyperb. Med. 45, 4–9.

ACKNOWLEDGMENTS
The authors gratefully acknowledge the volunteers.

Armstead, W. M. (1999). Endothelin-1 contributes to normocapnic hyperoxic pial
artery vasoconstriction. Brain Res. 842, 252–255. doi: 10.1016/s0006-8993(99)
01825-9
Balestra, C., Cimino, F., Theunissen, S., Snoeck, T., Provyn, S., Canali, R.,
et al. (2016). A red orange extract modulates the vascular response to a
recreational dive: a pilot study on the effect of anthocyanins on the physiological
consequences of scuba diving. Nat. Prod. Res. 30, 2101–2106. doi: 10.1080/
14786419.2015
Borea, P. A., Gessi, S., Merighi, S., Vincenzi, F., and Varani, K. (2018).
Pharmacology of adenosine receptors the state of the art. Physiol. Rev. 98,
1591–1625. doi: 10.1152/physrev.00049.2017
Bruzzese, L., Rostain, J. C., Née, L., Condo, J., Mottola, G., Adjriou, N., et al.
(2015). Effect of hyperoxic and hyperbaric conditions on the adenosinergic
pathway and CD26 expression in rat. J. Appl. Physiol. 119, 140–147. doi: 10.
1152/japplphysiol.00223.2015
Burnstock, G. (2017). Purinergic signaling in the cardiovascular system. Circ. Res.
120, 207–228. doi: 10.1161/CIRCRESAHA.116.309726
Buvinic, S., Almarza, G., Bustamante, M., Casas, M., López, J., Riquelme, M., et al.
(2009). ATP released by electrical stimuli elicits calcium transients and gene
expression in skeletal muscle. J. Biol. Chem. 284, 34490–34505. doi: 10.1074/
jbc.M109.057315
Crecelius, A. R., Kirby, B. S., Richards, J. C., and Dinenno, F. A. (2013). Mechanical
effects of muscle contraction increase intravascular ATP draining quiescent
and active skeletal muscle in humans. J. Appl. Physiol. 114, 1085–1093. doi:
10.1152/japplphysiol.01465.2012
Demchenko, I. T., Zhilyaev, S. Y., Moskvin, A. N., Krivchenko, A. I., Piantadosi,
C. A., and Allen, B. W. (2013). Baroreflex-mediated cardiovascular responses
to hyperbaric oxygen. J. Appl. Physiol. 115, 819–828. doi: 10.1152/japplphysiol.
00625.2013
Duza, T., and Sarelius, I. H. (2003). Conducted dilations initiated by purines
in arterioles are endothelium dependent and require endothelial Ca2+. Am.
J. Physiol. Heart Circ. Physiol. 285, H26–H37. doi: 10.1152/ajpheart.007
88.2002
Eltzschig, H. K., Karhausen, J., and Kempf, V. A. (2006). Acute oxygen-sensing
mechanisms. N. Engl. J. Med. 2006, 975–977. doi: 10.1056/nejmc053396
Fromonot, J., Chaumet, G., Gavarry, O., Rostain, J. C., Lucciano, M., Joulia, F., et al.
(2016). Hyperoxia improves hemodynamic status during head-up tilt testing in
healthy volunteers: a randomized study. Medicine 95:e2876. doi: 10.1097/MD.
0000000000002876
Gole, Y., Gargne, O., Coulange, M., Steinberg, J. G., Bouhaddi, M., Jammes, Y.,
et al. (2011). Hyperoxia-induced alterations in cardiovascular function and
autonomic control during return to normoxic breathing. Eur. J. Appl. Physiol.
111, 937–946. doi: 10.1007/s00421-010-1711-4
González-Alonso, J., Olsen, D. B., and Saltin, B. (2002). Erythrocyte and the
regulation of human skeletal muscle blood flow and oxygen delivery: role
of circulating ATP. Circ. Res. 91, 1046–1055. doi: 10.1161/01.res.0000044939.
73286.e2
Guieu, R., Sampieri, F., Bechis, G., and Rochat, H. (1994). Use of HPLC to
measure circulating adenosine levels in migrainous patients. Clin. Chim. Acta
227, 185–194. doi: 10.1016/0009-8981(94)90146-5
Hellsten, Y., Nyberg, M., and Mortensen, S. P. (2012). Contribution of intravascular
versus interstitial purines and nitric oxide in the regulation of exercise

Frontiers in Physiology | www.frontiersin.org

6

February 2020 | Volume 11 | Article 97

Boussuges et al.

Hyperoxia and Exercise

Thomson, A. J., Drummond, G. B., Waring, W. S., Webb, D. J., and Maxwell, S. R. J.
(2006). Effects of short-term isocapnic hyperoxia and hypoxia on cardiovascular
function. J. Appl. Physiol. 101, 809–816. doi: 10.1152/japplphysiol.01185.
2005
Ulrich, S., Hasler, E. D., Muller-Mottet, S., Keusch, S., Furian, M.,
Latshang, T. D., et al. (2017). Mechanisms of improved exercise
performance under hyperoxia. Respiration 93, 90–98. doi: 10.1159/0004
53620
Waring, W., Thomson, A., Adwani, S., Rosseel, A., Potter, J., Webb, D., et al.
(2003). Cardiovascular effects of acute oxygen administration in healthy adults.
J. Cardiovasc. Pharmacol. 42, 245–250. doi: 10.1097/00005344-20030800000014
Welch, H. G., Bonde-Petersen, F., Graham, T., Klausen, K., and Secher, N. (1977).
Effects of hyperoxia on leg blood flow and metabolism during exercise. J. Appl.
Physiol. Respir. Environ. Exerc. Physiol. 42, 385–390. doi: 10.1152/jappl.1977.
42.3.385

Frontiers in Physiology | www.frontiersin.org

Welsh, D. G., Jackson, W. F., and Segal, S. S. (1998). Oxygen induces
electromechanical coupling in arteriolar smooth muscle cells: a role for L-type
Ca2+ channels. Am. J. Physiol. 274, H2018–H2024. doi: 10.1152/ajpheart.1998.
274.6.H2018
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Boussuges, Rives, Marlinge, Chaumet, Vallée, Guieu and Gavarry.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

7

February 2020 | Volume 11 | Article 97

