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Supplemental oxygen (hyperoxia) improves physical performance during hypoxic exercise. Based on the analysis
of metabolome and iron homeostasis from human athlete blood samples, we show that hyperoxia during re-
covery periods interferes with metabolic alterations following hypoxic exercise. This may impair beneficial
adaptations to exercise and/or hypoxia and highlights risks of oxygen supplementation in hypoxia.

1. Introduction

Reduced ambient oxygen availability (hypoxia), e.g., at high alti-
tude, induces cellular and systemic responses to maintain function and
performance. Nevertheless, acute hypoxia reduces exercise capacity and
poses health threats [1]. Oxygen supplementation during physical ex-
ercise — and possibly before hypoxia exposure [2] — may reduce these
risks of exercising at extreme altitude. The use of supplemental oxygen
thus is a strategy to enhance performance at high altitude [3], but
whether it is efficient if applied during recovery is elusive. We recently
reported that skiing-relevant high-intensity leg exercise in hypoxia in-
duces long-term alterations of the blood metabolome [4] and that
hyperoxic periods during recovery between sets did not improve exer-
cise performance [5]. Here we present blood metabolomic data sug-
gesting that hyperoxic recovery blunts metabolic adaptations to hypoxic
exercise. Our results highlight risks of the increasing commercialization
and insufficiently investigated athletic utilization of oxygen
supplementation.

* Corresponding author.
** Corresponding author.

2. Materials and methods
2.1. Subjects

Eleven male trained athletes (mean (SD) age: 30.4 (6.0) years, body
height: 181(5.0) cm, weight: 76.4 (8.7) kg, VOomax: 53.9 (5.9) ml
min~?, HRmax 190 (8) bpm) volunteered to participate in this random-
ized, single blinded cross-over study. All athletes completed an extensive
medical examination including a graded symptom-limited bicycle
ergometer test (Lode B.V., Groningen, Netherlands) with gas analyses
(Care Fusion, Vyntus CPX, Hoechberg, Germany). The Ethical Commit-
tee of the Medical University of Innsbruck (Austria) approved the study.
Subjects gave their written informed consent after having obtained
verbal and written information about the aims, procedures and risks of
the study. The study was carried out in line with the ethical standards
laid down in the 1975 of the Declaration of Helsinki.

2.2. Experimental design

Subjects were exposed to normobaric hypoxia (Low Oxygen
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Abbreviations;

AMS acute mountain sickness

EDTA  Ethylenediaminetetraacetic acid

ER enrichment ratio

ETS electron transfer system

HS hyperoxic recovery settings

LC/MS Liquid chromatography-mass spectrometry

NAD+  oxidized nicotinamide adenine dinucleotide;

NAD(H) nicotinamide adenine dinucleotide (oxidized and
reduced)

NHS non-hyperoxic recovery settings

VO2max maximal oxygen uptake

HRmax maximal heart rate

TCA tricarboxylic acid cycle

QC quality control

Chamber, Berlin, Germany) on 2 different days, interspersed by a 2-
week wash-out period. Following a 60 min-adaptation phase
(including a 10 min warm-up) at simulated altitude of 3500 m, an ex-
ercise intervention consisting of 5 sets of flywheel exercise (90 s each),
separated by 4 recovery periods of 15 min was carried out. Each set was
composed of repeated high-intensity leg exercises (i.e., concentric-
eccentric bilateral side-squats at maximum concentric velocity) on a
flywheel device (k-Box4 Pro, Exxentric AB, Sweden) (for details see
Ref. [5]). The same exercise protocol was performed on both days,
however, using 2 different recovery strategies: during the recovery
period the subjects either breathed 100 % oxygen (hyperoxic recovery
setting - HS) or hypoxic air (fraction of inspired oxygen FiO2 = 0.146,
non-hyperoxic recovery setting - NHS) on day 1 and day 2, respectively.
Subjects were randomly allocated to 1 of the 2 conditions (i.e., HS or
NHS) on the first day. For each flywheel set, performance (power
output) was determined. Blood samples were collected before (pre, 0),
directly after (post 1) and 7 days (post 2) after the exercise intervention
(see Fig. 1A).

2.3. Blood analyses and markers of iron homeostasis

Venous blood sampling was performed on the antecubital vein in the
forearm (1 x 5 mL EDTA sample) before and at 2 timepoints after the
exercise intervention on both days, at the same time of the day. There-
after, blood was inverted 5 times before blood EDTA samples were
centrifuged at 2.500 rpm for 10 min at room temperature. Blood plasma
was then stored at —80 °C until being analyzed.

Fully automated clinical standard assessments of iron homeostasis
markers were performed by a routine laboratory.

2.4. Untargeted metabolomics analysis

The plasma polar metabolome was analyzed using as previously
described [4]. In brief, plasma samples were analyzed using an LC/MS
6546 platform (Agilent Technologies, Palo Alto, CA, USA). Polar me-
tabolites were resolved by hydrophilic interaction liquid chromatog-
raphy (HILIC) using an Acquity amide column, 100 x 2.1 mm, 1.7 pm
(Waters, Milford, MA, USA). All samples were analyzed 3 times: once in
positive ionization mode and twice in negative ionization mode using
acidic and basic chromatographic conditions.

Protein precipitation was achieved by adding cold acetonitrile (150
pL) to 50 pL of plasma and centrifuged at 15000 g and 2 pL of super-
natant were injected in the LC-MS system.

Pooled quality control (QC) samples were obtained by pooling
together 10 pL from each sample and were injected every 15 samples
during the analysis to evaluate the performance of the LC-MS system.
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Finally, 4 injections of pooled QC samples were performed at the end of
the analysis in Data-dependent acquisition (DDA) mode to acquire
fragmentation spectra.

Data acquisition and analysis was done using the Agilent MassHunter
software and Mass Profiler Professional. Annotated features were also
integrated using Agilent MassHunter Quantitative software. 115 polar
metabolites were annotated based on accurate mass, MS/MS, isotopic
pattern and retention times against our in-house database and/or online
databases, including HMDB (Wishart et al., 2018) and METLIN (Guijas
et al., 2018). Metabolites with a relative standard deviation (RSD%)
higher than 30 in pooled QC samples were removed and not considered
for further analysis.

2.5. Statistics

Univariate and multivariate statistical analysis was perfomed using
MetaboAnalyst (https://doi.org/10.1038/541596-022-00710-w). Data
was first normalized by the sum of the features, then was log trans-
formed and scaled by unit variance scaling method before applying
univariate and multivariate analysis. Volcano Plots were obtained using
a fold change threshold of 2 and a p value threshold of 0.05 after false
discovery rate.

For power output across sessions (Fig. 1B), simple linear regressions
were calculated, and significant slopes were evaluated. Two-way
repeated measures ANOVAs (with Geisser-Greenhouse correction)
were used to compare measures of iron homeostasis (Fig. 2J-Q), in case
of significant interaction effects, Tukey’s post-hoc tests were calculated.
Regressions and ANOVAs were performed with GraphPad Prism version
10.2.1 for Windows, GraphPad Software, Boston, Massachusetts USA.

3. Results and discussion

The exercise intervention was performed on 2 different examination
days in normobaric hypoxia (simulating an altitude of 3500 m) [5]
(Fig. 1A). During the recovery period the subjects either breathed
hyperoxic (HS) or hypoxic air (NHS). While the power output between
the groups was similar across all 5 sets of exercise [5], the analysis of the
change in power output (linear regression) from set 1 to 5 revealed a
significant progressive improvement in NHS (slope = 4.6, p = 0.03),
which was not observed in HS (slope = 1.4, p = 0.55) (Fig. 1B). This
suggests that a hypoxic recovery is required for appropriate physiolog-
ical responses to limit performance-reduction in hypoxia. We studied the
blood metabolome at 3 time points (before, directly after and 1 week
after the intervention, Fig. 1C) to assess, whether hyperoxic recovery
affects acute and long-lasting adaptive responses to hypoxic exercise [1,
6]. The metabolic changes directly after the exercise intervention are
depicted in the volcano plots in Fig. 1D. The most notable short-term
effects (directly after the training session) include changes in metabo-
lites associated with energy and lipid metabolism (Fig. 2A and B).
Pathways related to the mitochondrial electron transfer system (ETS),
tricarboxylic acid cycle (TCA), oxidation of branched-chained fatty
acids, increased transfer of acetyl groups in mitochondria (suggesting
enhanced acetyl-CoA supply for the TCA) and of increased carnitine
synthesis, contributing to improved fatty acid transport into mitochon-
dria, changed more in the HS condition. Together, these results likely
reflect maintained oxidative energy generation by beta oxidation,
maintenance of TCA cycle efficiency and oxidative phosphorylation due
to oxygen supplementation. Pathway activation linked to glycolysis and
the Warburg effect was also higher in HS than in NHS. Those changes
suggest better cellular energy provision in HS directly after the exercise
intervention, which, however, did not translate into functional benefits
during exercise (Fig. 1B and [5]).

Conversely, more pronounced changes were observed in pathways
related to gluconeogenesis and Cahill cycle and small differences in
enrichment for lipid metabolism in NHS. These changes reflect increased
glucose utilization, an expected metabolic response in hypoxia
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Fig. 1. Exercise protocol and short-term effects. The protocol of the exercise intervention (A) and the evolution of mean power output (normalized to set 1) during
the intervention: hypoxic recovery setting (NHS) and hyperoxic recovery setting (HS) are compared (B). (C) Metabolomic analysis from blood samples as collected in
(A). (D) Volcano plots assessing short-term effects. * denotes a significant non-zero slope (p < 0.03), significant differences only in HS are shown by rectangles and

only in NHS by stars in (C).

indicating sustained metabolic reliance on glucose in hypoxia [1,7] and
potentially a protective molecular response to hypoxia [8].
Considering the lack of functional improvement during the training
sessions in NHS, we propose that oxygen supplementation in the re-
covery phase of hypoxic exercise rather impairs metabolic responses
that are required for successful adaptations to exercise and/or hypoxia.
Blood metabolome and iron homeostasis changed differently in HS and
NHS 1 week after the hypoxic exercise intervention, indicating modu-
lation of adaptive processes in response to hypoxic exercise by oxygen
supplementation. Arginine/creatinine, r-alanine and other glucogenic
amino acid-levels were increased in HS, with opposing effects in NHS
(Fig. 1C). Principal component analysis on the blood metabolome
revealed a clear pattern of metabolic alterations 7 days after the
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intervention in NHS but not in HS (Fig. 3A and B). Quantitative
enrichment analyses showed that the main differences between HS and
NHS were related to nicotinamide adenine dinucleotide (NAD(H))
metabolism-related pathways (Fig. 3C). The variation of exemplary
metabolites across all time points, normalized to the median of the
measurements before the intervention is shown in Supplementary Fig. 1
(statistics in Fig. 1C/volcano plots). Circulating lactic acid (SFig. 1A)
and beta-hydroxybutyrate (SFig. 1B) were transiently increased in both
conditions after the training intervention (indicating increased glycol-
ysis and ketosis). The phospholipid metabolism-related glycer-
ophosphoinositol (SFig. 1C) was specifically upregulated in NHS directly
after the exercise intervention (similar trend for phosphorylethanol-
amine (SFig. 1D)). Increased choline SFig. 1E) and niacinamide
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Fig. 3. Long-term effects of oxygen supplementation on blood metabolome and iron homeostasis. (A) Principal component (PC) analysis shows clearer
patterns in metabolite regulation 7 days after the intervention (post 2) in the hypoxic recovery group (NHS). PC1s are 21 and 20.9 % and PC2s are 15.4 and 12.9 %
for the hyperoxic recovery group (HS) and NHS, respectively. (B) Volcano plots comparing metabolite levels from before the exercise and 1 week after. (C)
Quantitative enrichment analyses for HS and NHS at post 2. ER (enrichment ratio) and metabolic pathways were sorted by AER (see Fig. 1 and methods).

196



J. Burtscher et al.

A B

150 200+
150 %
100+ *
< 3
- £ 100
=} =
= [0}
50 =
50
0 T T T 0 T T T
0 1 2 0 1 2

time time

Free Radical Biology and Medicine 223 (2024) 193-198

C D

200+ 1204 -= HS Hekk
. - NHS e
$$%
150 o 1104
< xR
£ £
£ 100 & 100
§ 2
£ g
50 + 904
0 T T T 80 T T T
0 1 2 0 1 2
time time

Fig. 4. Iron-homeostasis-related measurements. (A)—-(D) are normalizations to pre-exercise values (for absolute values see Supplementary Fig. 2). Two-way
repeated measurement ANOVAs were performed. * denotes significant main time effects, # significant Tukey’s post-hoc tests vs pre (time 1) and $ vs post 1

(time 2).

(SFig. 1F) levels in NHS 1 week after hypoxic exercise may indicate
protection from future hypoxia. Choline protects vessels from hypoxic
insults [9] and higher levels of niacinamide suggest improved NAD"
availability, increasing resilience to future hypoxic or metabolic stress
[10].

Given the role of iron homeostasis in hypoxia adaptations [11], we
compared iron-related parameters in HS and NHS blood (normalized in
Fig. 4, absolute changes in SFig. 2. While overall iron levels were not
changed in either condition (Fig. 4A), a drop of the iron-storing protein
ferritin (Fig. 4B) and the iron-uptake regulator hepcidin (Fig. 4C) were
observed 1 week after the exercise intervention to similar extent in HS
and NHS (2-way repeated measurements ANOVAs, main effects of time
p = 0.033 and p = 0.002, respectively). These effects are likely due to
increased hypoxia-induced erythropoiesis (requiring iron) that leads to
the downregulation of hepcidin [12]. Transferrin-levels (Fig. 4D) were
reduced in NHS compared to HS (2way repeated measurements
ANOVAs, interaction effect p = 0.008), 1 week after the exercise inter-
vention. Since the reduction of transferrin may protect from
hypoxia-induced thromboembolic events [13], this could be another
adaptive mechanism reducing detrimental effects of hypoxic exposure.

In summary, blood metabolomes determined directly after the ex-
ercise intervention differed primarily by upregulated pathways related
to ETS, fatty acid oxidation, TCA and glycolysis, in HS compared to NHS.
In contrast, lipid metabolism was slightly upregulated in NHS. Contrary
to our initial hypothesis, exercise capacity did not improve in HS [5]:
instead, performance increased more steeply across the 5 sets of exercise
in NHS. Seven days after the exercise intervention, the metabolic profile
was more clearly distinguishable between NHS and HS with major
metabolic differences related to the major redox regulator couple NAD
(H) [14]. These results indicate that hypoxic training induced robust
metabolic adaptation that may have been attenuated by oxygen sup-
plementation during recovery. Such metabolic adaptation could be
crucial for long-term exercise benefits and/or metabolic adaptation to
hypoxia, including acclimatization that protects from high-altitude ill-
nesses, such as acute mountain sickness (AMS). Our results thus indicate
that hyperoxic recovery may attenuate the protection from acclimati-
zation to altitude, increasing the risk for hypoxic injury. Considering the
growing number of high-altitude sojourners, this is a major public health
concern [15].

Upregulation of hypoxanthine and acetylcarnitine, may predict AMS
[16] and both were decreased in NHS but only acetylcarnitine in HS
(Fig. 1C), suggesting better acclimatization and protection from AMS
without hyperoxic recovery.

The notion of impaired hypoxia adaptation by hyperoxia is also in
line with an hyperoxia-induced inhibition of carotid body chemore-
ceptors [17], the main mediators of autonomic systemic hypoxia re-
sponses [7]. Since potential negative effects of oxygen supplementation
in hypoxic exercise are currently insufficiently evaluated, our results call
for in-depth investigation of potential associated safety and diminished
efficiency consequences.

Due to the serendipitous nature of the presented findings, important
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open questions remain. Redox regulation is importantly involved in
adaptation to hypoxia and hyperoxia [1] as well as to exercise [18] and
the differences in NAD(H) metabolism between hypoxic and hyperoxic
recovery observed in the present study indicate an importance of redox
regulation. Moreover, we detected significantly increased levels of
methionine sulfoxide only in HS (Fig. 1C), a molecule resulting from
oxidation of methionine by reactive oxygen species (ROS) and/or
reactive nitrogen species [19]. This suggests increased production of
ROS in hyperoxic recovery conditions. The potential mechanistic roles
of NAD(H) metabolism, ROS and oxidative injury in the interference
with hypoxic adaptation are promising avenues for more focused studies
in the future.
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