Repeated maximal-intensity hypoxic exercise
superimposed to hypoxic residence boosts skeletal
muscle transcriptional responses in elite team-sport
athletes
Franck Brocherie, Grégoire Millet, G. d’Hulst, Ruud Thienen, Louise
Deldicque, Olivier Girard

To cite this version:
Franck Brocherie, Grégoire Millet, G. d’Hulst, Ruud Thienen, Louise Deldicque, et al.. Repeated
maximal-intensity hypoxic exercise superimposed to hypoxic residence boosts skeletal muscle transcriptional responses in elite team-sport athletes. Acta Physiologica, Wiley, 2018, �10.1111/apha.12851�.
�hal-02108416�

HAL Id: hal-02108416
https://hal-insep.archives-ouvertes.fr/hal-02108416
Submitted on 24 Apr 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Received Date : 23-Apr-2016

Accepted Article

Revised Date : 30-Nov-2016
Accepted Date : 16-Jan-2017
Article type

: Regular Paper

Repeated maximal-intensity hypoxic exercise superimposed to hypoxic residence boosts
skeletal muscle transcriptional responses in elite team-sport athletes

Franck Brocherie1, 2, Grégoire P. Millet1, 2, Gommaar D'Hulst3, Ruud Van Thienen3, Louise

Deldicque3, 4, Olivier Girard1, 5

1

2

ISSUL, Institute of Sports Sciences, University of Lausanne, Switzerland,
Department of Physiology, Faculty of Biology and Medicine, University of Lausanne,

Switzerland,
3

Exercise Physiology Research Group, Department of Kinesiology, KU Leuven, Leuven,

Belgium,
4

Institute of Neuroscience, Université catholique de Louvain, Belgium,

5

ASPETAR, Orthopaedic and Sports Medicine Hospital, Athlete Health and Performance

Research Centre, Doha, Qatar.
Running title: Molecular changes to combined hypoxia
Corresponding author:
This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/apha.12851
This article is protected by copyright. All rights reserved.

Prof. Grégoire P. Millet

Accepted Article

ISSUL, Building Geopolis, Campus Dorigny, University of Lausanne, CH-1015, Lausanne,
Switzerland.
Ph. +41 21 692 32 94
Fax. +41 21 692 32 93
Email gregoire.millet@unil.ch

ABSTRACT
Aim. To determine whether repeated maximal-intensity hypoxic exercise induces larger
beneficial adaptations on the hypoxia inducible factor-1α pathway and its target genes than
similar normoxic exercise, when combined with chronic hypoxic exposure.
Methods. Lowland elite male team-sport athletes underwent 14 days of passive normobaric
hypoxic exposure (≥14 h.day-1 at FiO2 14.5-14.2%) with the addition of six maximal-intensity

exercise sessions either in normobaric hypoxia (FiO2 ~14.2%) (LHTLH; n = 9) or in normoxia
(FiO2 20.9%) (LHTL; n = 11). A group living in normoxia with no additional maximalintensity exercise (LLTL; n = 10) served as control. Before (Pre), immediately after (Post-1),
and 3 weeks after (Post-2) the intervention, muscle biopsies were obtained from the vastus
lateralis.
Results. Hypoxia inducible factor-1α subunit, vascular endothelial growth factor, myoglobin,
peroxisome proliferator-activated receptor-gamma coactivator 1 alpha and mitochondrial
transcription factor A mRNA levels increased at Post-1 (all P≤0.05) in LHTLH, but not in
LHTL or LLTL, and returned near baseline levels at Post-2. The protein expression of citrate
synthase increased in LHTLH (P<0.001 and P<0.01 at Post-1 and Post-2, respectively) and
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LLTL (P<0.01 and P<0.05 at Post-1 and Post-2, respectively), whereas it decreased in LHTL
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at Post-1 and Post-2 (both P<0.001).
Conclusion. Combined with residence in normobaric hypoxia, repeated maximal-intensity
hypoxic exercise induces short-term post-intervention beneficial changes in muscle
transcriptional factors that are of larger magnitude (or not observed) than with similar
normoxic exercise. The decay of molecular adaptations was relatively fast, with most of
benefits already absent 3 weeks post-intervention.

Key words. Hypoxia, physical exercise, maximal intensity, gene, protein, oxygen sensor
system.

INTRODUCTION
Human skeletal muscle is a greatly specialized and a highly adaptive tissue. Increased oxygen
(O2) consumption and/or a lowered tissue O2 tension (hypoxia) are known to initiate a cascade

of systemic, local and cellular adaptations, all aiming to restore O2 homeostasis (Semenza,
1999, Semenza, 1998). Whatever the origin of the hypoxic stimulus [i.e., exercise-induced
(Ameln et al., 2005) or environmentally- (O2-deprived environments) (Hoppeler and Vogt,
2001)], the hypoxia inducible factor-1α subunit (HIF-1α), an O2 sensitive transcriptional
activator that stabilizes in the nucleus under hypoxic conditions, is the main factor mediating
these responses (Wang and Semenza, 1995). HIF-1α is a key regulator responsible for the
induction of hypoxia-induced genes (Ke and Costa, 2006) in turn involved in
erythropoiesis/iron metabolism, angiogenesis, glucose metabolism as well as cell
proliferation/survival and apoptosis (Lundby et al., 2009, Semenza, 1998, Semenza, 1999).
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The current scientific literature indicates that prolonged hypoxic residence (≥10-12 h.day-1 for
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a minimum of 10 consecutive days) would only induce minimal adaptations in human skeletal
muscle tissue. Specifically, down-regulation of HIF-1α (-49%) and its target genes [e.g.,
vascular endothelial growth factor (VEGF) (-66%)] (D’Hulst et al., 2016), absence of muscle
angiogenesis as well as marginal changes in oxidative enzymes [e.g., citrate synthase (CS)]
(Lundby et al., 2009) have been reported. Contrastingly, exercising in hypoxia appears
appealing to promote structural and functional adaptations in skeletal muscle (Lundby et al.,
2009, Hoppeler and Vogt, 2001). While these changes have been reported to occur
immediately after (within days post-intervention) the aforementioned hypoxic interventions,
the extent to which delayed (after several weeks) positive muscle phenotype adaptations also
occur is unknown.
While chronic low-intensity ‘aerobic’ exercise in hypoxia may evoke cellular adaptations via
HIF-1α activation (Vogt et al., 2001, Zoll et al., 2006), the magnitude of these responses
likely depends on the hypoxic dose (Lundby et al., 2009), and may not necessarily translate in
substantial physical performance benefits in endurance individuals (Lundby et al., 2012,
Roels et al., 2007, Truijens et al., 2003). Interestingly, it has been postulated that exercise
intensity in hypoxia per se modulates muscle molecular mechanisms of O2 homeostasis with
‘adaptations that compensate for the reduced availability of O2 during exercise’ (Hoppeler
and Vogt, 2001). Reportedly, maximal-intensity hypoxic exercise, where short ‘all-out’
efforts (≤ 10 s) with incomplete recoveries (< 30 s) are repeated (namely repeated sprints in
hypoxia or RSH), induces additional molecular adaptations at the skeletal muscle level
compared to similar exercise in normoxia (RSN) (Faiss et al., 2013b). Specifically, the
mRNA expression of genes involved in O2 signaling (HIF-1α), O2 carrying [myoglobin (Mb)]
and pH regulation [carbonic anhydrase-3 (CA-3)] were up-regulated after RSH but not after
RSN. Nonetheless, the observation of a concomitant down-regulation of genes involved in
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mitochondrial biogenesis [mitochondrial transcription factor A (TFAM) and peroxisome
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proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α)] after RSH would
suggest a shift from aerobic to anaerobic glycolytic activity in the muscle and a more efficient
use of fast-twitch (FT) muscle fibers (Faiss et al., 2013a, Faiss et al., 2013b, Puype et al.,
2013).
We recently demonstrated that the combination of the ‘live high-train low’ (LHTL) paradigm
and RSH, namely ‘live high-train low and high’ (LHTLH), produces superior short- (2-3 days
post-intervention) and long-term (3 weeks post-intervention) performance benefits (i.e.,
repeated-sprint ability and high-intensity intermittent exercise capacity) than when LHTL and
RSN are combined (Brocherie et al., 2015). While short- and long-term hematological
adaptations (e.g., increase in hemoglobin mass) were similar between these two training
interventions, twice larger immediate repeated-sprint performance gains associated with
LHTLH (which were also maintained after 3 weeks with this training regimen only) advocate
that non-hematological factors outside the role played by O2 carrying-capacity are probably

more robust to explain why LHTLH maximizes performance changes. Thus, chronic hypoxic
exposure in combination with repeated maximal-intensity hypoxic exercise (LHTLH) appears
as a promising intervention to induce concomitant hematological and molecular adaptations.
To date, however, changes in skeletal muscle molecular mechanisms of O2 homeostasis in
response to LHTLH remain undetermined.
Therefore, the purpose of this study was to investigate the immediate (i.e., few days postintervention) and delayed (i.e., several weeks post-intervention) skeletal muscle molecular
adaptations associated with 14 days of passive normobaric hypoxic exposure combined with
RSH (LHTL+RSH, namely LHTLH) or RSN (LHTL+RSN, namely LHTL) [both compared
to a control condition, i.e., ‘live low-train low’ (LLTL)]. Our hypothesis was that, when
combined with passive normobaric hypoxic residence, repeated maximal-intensity hypoxic
This article is protected by copyright. All rights reserved.

exercise induces immediate post-intervention muscle molecular adaptations – i.e., HIF-1α
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pathway and its target genes – not observed (or to a lower extent) with similar normoxic
exercise. We also expected that the molecular adaptations would be maintained for a longer
period when combining passive normobaric hypoxic residence with repeated maximalintensity hypoxic exercise compared to the other conditions tested. This is the first study to
investigate the effects of prolonged passive normobaric hypoxic exposure with superimposed
repeated maximal-intensity exercise sessions in hypoxia (LHTLH) vs. normoxia (LHTL) on
molecular adaptations in human skeletal muscle.

MATERIALS AND METHODS
Subjects
Thirty lowland elite male field hockey players (age 25.1 ± 4.5 years, height 177.8 ± 5.6 cm,
body weight 75.2 ± 7.7 kg and estimated VO2max 52.0 ± 1.9 mL.min-1.kg-1) were recruited

among Belgium, Spanish and Dutch first division clubs to participate in this study.
The subjects were fully informed of the possible risks involved in the study before providing
written consent. The study was approved by the Anti-Doping Lab Qatar institutional review
board (Agreement SCH-ADL-070) and was conducted according to the Helsinki Declaration.
Exclusion criteria for participation were acclimatization or exposure to hypoxia of more than
2000 m for more than 48 h during a period of 6 months before the study, and any history of
altitude-related sickness and health risk that could compromise the subject’s safety during
exercise and/or hypoxia exposure. During the study, two subjects (control group: n = 1;
experimental groups: n = 1) were excluded due to injury.
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Procedures
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The experimental design and physical performance results have been described in details
elsewhere (Brocherie et al., 2015). Briefly, it consisted in three testing sessions conducted
before (Pre-), 2-3 days (Post-1) and three weeks (Post-2) following the 14-days intervention
period. After the completion of Pre-, subjects were randomly assigned to one of the three
following groups: 14 days of residence in normobaric hypoxia (≥14 h.day-1 at 2800-3000 m,
inspired oxygen fraction (FiO2) 14.5-14.2%) during which subjects exercised (i.e., regular

field hockey practices) at sea level with the addition of six repeated maximal-intensity
exercise sessions either in normobaric hypoxia simulating an altitude of 3000 m
(LHTL+RSH, namely LHTLH; n = 8) or in normoxia (LHTL+RSN, namely LHTL; n = 11)
and control (LLTL; n= 9) where subjects did not performed any additional specific exercise.
Importantly, this research was successfully run in a double-blinded, controlled manner
(Brocherie et al., 2015).

Living hypoxic exposure. The sleeping and recreational hypoxic facilities were fully
furnished normobaric hypoxic rooms with O2-filtration membrane that reduces the molecular
concentration of O2 in ambient air (CAT system, Colorado Altitude Training, Louisville,
Colorado, USA). The two intervention groups (LHTLH and LHTL) were exposed (i.e., from
22:00 to 07:00, from 08:00 to 10:00 and again from 13:00 to 16:00; and were encouraged to
spend more time in if desired) to a normobaric hypoxia equivalent to 2500 m (FiO2 15.1%, BP
768.0 mmHg, PiO2 108.3 mmHg) for the first 24 h of the intervention period (day 1).
Thereafter, the O2 fraction was further decreased to the equivalent of 2800 m (FiO2 14.5 ±
0.1%, BP 766.8 ± 1.1 mmHg, PiO2 104.5 ± 0.6 mmHg; days 2-5) and 3000 m (FiO2 14.2 ±

0.1%, BP 765.3 ± 1.5 mmHg, PiO2 101.7 ± 0.8 mmHg; days 6-14). Concentrations of ferritin
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(155.2 ± 78.7 μg.L-1, range: 45-279 μg.L-1) and soluble transferrin receptor (256.6 ± 33.7
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mg.dL-1, range: 202-330 mg.dL-1) measured during the 2-weeks lead-in period at sea level
indicated that none of the subjects was iron deficient at the commencement of the study.

Supervised exercise protocol. In addition to their usual field hockey practices and matches
[carefully monitored and reported in (Brocherie et al., 2015)], subjects of the two intervention
groups (LHTLH and LHTL) completed six specific repeated maximal-intensity exercise
sessions (with at least 36 h in between) on a synthetic grass ground, inside a 45-m long
mobile inflatable simulated hypoxic equipment (Altitude Technology Solutions Pty Ltd,
Brisbane, Queensland, Australia), as described elsewhere (Girard et al., 2013). For RSH,
ambient air was mixed with nitrogen (from pressurized tanks) to reduce FiO2 to ~14.2% in
order to simulate an altitude of 3000 m. In order to blind subjects to altitude, the system was
also run for RSN with normoxic airflow (FiO2 21.0%) into the tunnel.

Each session lasted ~50 min including a 15-min warm-up, the repeated maximal-intensity
exercise and a 10-min recovery phase (i.e., a total of 300 min for the 6 sessions among the 14days intervention). Specifically, the repeated maximal-intensity exercise included 4 sets of 5 ×
5-s maximal sprints interspersed with 25 s of passive recovery with 5 min of standing rest
between sets.

Muscle Biopsy Samples
Biopsy samples were all taken by the same experienced medical doctor with a 5-mm
Bergström type needle (in conjunction with a suction device to create a negative pressure) in
the mid portion of the vastus lateralis muscle after local anesthesia (1% xylocaine,
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subcutaneously). Biopsies were preceded by 48 h without any exercise activity and were
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taken randomly in opposite legs (i.e., left-right-left or vice versa) during subsequent test
sessions. For mRNA analysis, the muscle tissue portion was immediately frozen in liquid
nitrogen and stored at -80°C until required for analyses.

Western blotting
Frozen muscle tissue (~20 mg) was homogenized 3 × 5 s with a Tissuelyser (Qiagen, Hilden,
Germany) in an ice-cold buffer (1:10, w/v) [50 mM Tris-HCl pH 7.0, 270 mM sucrose, 5 mM
EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 50 mM glycerophosphate, 5 mM sodium
pyrophosphate, 50 mM sodium fluoride, 1 mM DTT, 1 % Triton-X 100 and a protease
inhibitor cocktail (Roche Applied Science, Vilvoorde, Belgium)]. After centrifugation of
homogenates at 10 000 g for 10 min at 4°C, the supernatants were stored at -80°C. Protein
concentration was measured using the DC protein assay kit (Bio-Rad laboratories, Nazareth,
Belgium) with bovine serum albumin as a standard. Proteins (30-50 µg) were separated by
SDS-PAGE (7.5 – 12.5%) and transferred to PVDF membranes. Subsequently, membranes
were blocked with 5% non-fat milk for 1 h and incubated overnight (4°C) with the following
antibodies: glucose transporter 4 (GLUT-4, #PA1-1065, Thermo Scientific, Erembodegem,
Belgium), phosphofructo kinase (PFK, #166722, Santa Cruz, Huissen, The Netherlands),
monocarboxylate transporter-1 (MCT-1, #AB3538P, Millipore, Overijse, Belgium),
monocarboxylate transporter-4 (MCT-4, #AB3316P, Millipore), CA-3 (#135995, Abcam,
Cambridge, UK), AMP-activated protein kinase alpha (AMPKα, #2532, Cell Signaling,
Leiden, The Netherlands), phospho-AMPKα Thr172 (#2535, Cell Signaling), CS (#14309,
Cell Signaling), eukaryotic elongation factor 2 (eEF2, #2332, Cell Signaling). Appropriate
horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich, Bornem, Belgium)
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were used for chemiluminescent detection of the proteins of interest. Membranes were
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scanned and quantified with Genesnap and Genetools softwares (Syngene, Cambridge, UK),
respectively. The results are presented as the ratio protein of interest/eEF2 or as the ratio
phosphorylated/total form for AMPK.

Real-time quantitative Polymerase Chain Reaction
RNA was extracted using TRIzol (Invitrogen, Vilvoorde, Belgium) from 20–25 mg of frozen
muscle tissue. RNA quality and quantity were assessed by spectrophotometry with a
Nanodrop (Thermo Scientific, Erembodegem, Belgium). One µg of RNA was reversetranscribed using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Gent, Belgium) according to manufacturer’s instructions. A SybrGreen-based master mix
(Applied Biosystems, Erembodegem, Belgium) was used for real-time PCR analyses using
the ABIPRISM 7300 (Applied Biosystems). Real-time PCR primers were designed for human
HIF-1α, PHD-2 (prolyl hydroxylase domain protein 2), VEGF, Mb, cytochrome c oxidase
subunit 4 isoform 1 (COX-4_1) and isoform 2 (COX-4_2), PGC-1α, TFAM, endothelial nitric
oxide synthase (eNOS), neuronal nitric oxide synthase (nNOS), pyruvate dehydrogenase
kinase 1 (PDK-1), glucose transporter 1 (GLUT-1) and, phosphofructokinase (PFK) (Table
1). Thermal cycling conditions consisted of 40 three-step cycles including denaturation of 30
s at 95°C, annealing of 30 s at 58°C and extension of 30 s at 72°C. All reactions were
performed in triplicate. To compensate for variations in input RNA amounts and efficiency of
reverse transcription ribosomal protein L19 (RPL19) and beta-2-microglobulin (B2M) mRNA
were quantified, and results were normalized to these values. These genes were chosen out of
three normalization genes using the GeNorm applet according to the guidelines and
theoretical framework described elsewhere (Vandesompele et al., 2002).
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Citrate synthase activity
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Five μg of protein were added to the reaction buffer containing 100 mM Tris base, 2 mM
EDTA, 1.25 mM malate, 0.25 mM NAD and 6 U.ml-1 L-malate dehydrogenase

(10127256001, Roche, Brussels, Belgium). The temperature was set at 37˚C and the reaction
started by the addition of acetyl-CoA. NADH production was measured by fluorescence (340
nm excitation, 460 nm emission).

Data and statistical analysis
Because of large inter-individual differences in absolute

mRNA levels and protein

expressions, post-intervention values are expressed as percent changes in means (Pre- vs.
Post-1 and Post-2, respectively), while the mean of the Pre- values was assigned to the
arbitrarily value of 1.00±0.00. Two-way ANOVA with repeated measures [Time (Pre- vs.
Post-1 vs. Post-2) × Group (LHTLH vs. LHTL vs. LLTL)] was used to compare each
measured variable. When significant modifications were found, Holm-Sidak post-hoc test was
performed to localize the effect. All analyses were made using Sigmaplot 11.0 software
(Systat Software, CA, USA). Null hypothesis was rejected at P < 0.05.

RESULTS
Skeletal muscle mRNA expression analysis and enzyme activity
Figures 1, 2 and 3 and Table 2 display changes from Pre- to Post-1 and Post-2 in mRNA and
protein expression/activity levels in the three groups.
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O2 signaling. Compared to Pre-, HIF-1α mRNA levels increased at Post-1 (P < 0.01) in
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LHTLH only, before returning to near Pre- values at Post-2 (Fig. 1). At Post-1, higher HIF-1α
mRNA levels were observed in LHTLH compared to LHTL and LLTL (both P < 0.05).
O2 carrier. Compared to Pre-, higher mRNA levels of VEGF (P = 0.05) and Mb (P < 0.05)
occurred at Post-1 in LHTLH (Fig. 1). At Post-1, VEGF and Mb values were also higher in
LHTLH than in LLTL (both P < 0.05).
Mitochondrial biogenesis and metabolism. Transcript levels of regulators of mitochondrial
biogenesis PGC-1α (P < 0.05 at Post-1) and TFAM (P < 0.05 at Post-1 and Post-2) were
increased in LHTLH only. No significant changes were detected in COX-4_1 and COX-4_2
mRNA levels. The protein expression of CS increased in LHTLH (P < 0.001 at Post-1 and P
< 0.01 at Post-2) and LLTL (P < 0.01 at Post-1, and P < 0.05 at Post-2), whereas it decreased
in LHTL (P < 0.001 at Post-1 and Post-2) (Fig. 2). Similar results were obtained for CS
activity (Table 2).
Nitric oxide synthase pathway. Compared to Pre-, eNOS and nNOS mRNA levels tended to
increase at Post-1 in LHTLH (P = 0.30 and P = 0.09, respectively) (Fig. 1). In LHTL, only
eNOS mRNA levels increased significantly from Pre- to Post-1 (P < 0.01), while values of
both eNOS and nNOS were higher at Post-2 vs. Pre (both P < 0.05). The mRNA levels of
eNOS at Post-1 were higher in LHTLH and LHTL compared to LLTL (both P < 0.05).
pH regulation. The protein expression of MCT-1, but not of MCT-4 and CA-3, was increased
in LHTLH (P < 0.05) and LHTL (P < 0.05) at Post-1 in reference to Pre- (Figs. 2 and 3).
Whereas MCT-1 at Post-2 returned to near Pre- values in LHTLH, lower values were
observed from Pre- to Post-2 in LHTL (P < 0.05).
Glucose metabolism. At Post-1, the mRNA levels of GLUT-1 were higher in LHTLH
compared to Pre- (Fig. 1, P < 0.05) while the protein expression of PFK was lower in LHTLH
This article is protected by copyright. All rights reserved.

compared to LLTL (Figs. 2 and 3, P < 0.05). No changes were measured in the protein
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expression levels of GLUT-4 (Figs. 2 and 3).
AMPK total protein content and phosphorylation status. Compared to Pre-, AMPK total
protein content (P < 0.01 for LHTLH and LHTL) and pAMPK-tot (P < 0.001 for LHTLH and
LHTL) increased significantly at Post-1, whereas lower pAMPK-tot values were noted at
Post-2 (P < 0.01 and < 0.001 for LHTLH and LHTL, respectively) (Figs. 2 and 3).

DISCUSSION
This is the first study to investigate the effects of prolonged passive exposure to normobaric
hypoxia with superimposed repeated maximal-intensity exercise sessions in hypoxia
(LHTLH) vs. normoxia (LHTL) on molecular regulations in human skeletal muscle. The
novel findings are that LHTLH elicits higher short-term (first few days post-intervention)
molecular responses of factors implicated in the regulation of O2 signaling and carrying,

mitochondrial biogenesis, as well as of enzymes implicated in mitochondrial metabolism
compared to LHTL [with also no change in control (LLTL)]. We further indicate that the
majority of these positive molecular responses disappeared already three weeks postintervention. We confirm our hypothesis of larger specific transcriptional responses when
passive normobaric hypoxic exposure and repeated maximal-intensity hypoxic exercise are
combined, yet with normalization of molecular adaptations three weeks after the intervention.
These adaptations in O2 signaling and transport, mitochondrial biogenesis, as well as in
enzymes implicated in mitochondrial metabolism, may contribute to the sport-specific
performance gains (Post-1) reported elsewhere (Brocherie et al., 2015). The functional
benefits (e.g., performance gains) were maintained up to 3 weeks post-LHTLH (Brocherie et
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al., 2015) and were likely caused by the molecular adaptations which may have promoted
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changes in muscle biochemistry and vascularity.

O2 signaling and gene regulation
In the present study, the level of HIF-1α mRNA increased immediately after the intervention
in LHTLH but, unexpectedly, it was not the case for LHTL. First, the absence of HIF-1α
increase after 14 days of LHTL supports the hypothesis that HIF-1α response to hypoxia is
time-dependent and activated shortly and briefly after hypoxic stimulus exposure (Lundby et
al., 2009). Accordingly, it has been previously demonstrated that HIF-1α protein levels peak
within the first hours of hypoxic exposure then progressively decline toward basal levels
(Stroka et al., 2001, Vigano et al., 2008), suggesting a possible local or systemic
‘acclimatization’ after several days (Lundby et al., 2009). As the protein level of HIF-1α is
only briefly increased after a hypoxic stimulus and our intention was to determine stable
molecular changes after repeated expositions to hypoxia, we solely quantified the mRNA
level of this transcription factor, which reflects the long-term activation of the HIF-1α
pathway (Galban and Gorospe, 2009). With this in mind, the enhanced mRNA level of HIF1α after LHTLH clearly suggests that the addition of repeated maximal-intensity exercise in
hypoxia (but not in normoxia) plays an important role for up-regulating the activation of the
HIF-1α pathway and some of its downstream genes (Zoll et al., 2006, Vogt et al., 2001, Faiss
et al., 2013b). This is further supported by the return to near HIF-1α mRNA Pre- values at 3
weeks post-intervention when no additional repeated maximal-intensity exercises and/or
hypoxic stimulation were performed.
Activation of HIF-1α is known to lead to cellular adaptations [i.e., O2 carrying-capacity

(Wenger and Gassmann, 1997), neovascularization (Forsythe et al., 1996), glucose oxidation
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(Wenger and Gassmann, 1997)], which in turn would positively influence exercise capacity in
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humans (Vogt et al., 2001, Zoll et al., 2006, Faiss et al., 2013b). Accordingly, the mRNA
levels for the capillary growth factor VEGF, i.e., an HIF-1-regulated gene (Semenza, 1999,
Semenza et al., 1999, Wenger and Gassmann, 1997) and Mb mRNA, significantly increased
after LHTLH, whereas no changes were observed in both LHTL and LLTL. This corroborates
previous works, which demonstrated Mb mRNA or protein levels enhancement after hypoxic
endurance exercise [i.e., 3-5 sessions of intermittent hypobaric (~2300 m) or normobaric
hypoxic (~3850 m) training per week for 4-6 weeks (Vogt et al., 2001, Terrados et al., 1990)].
Overall, it seems that these RSH-related molecular adaptations were not blunted by the
passive normobaric residence and may participate in the twice-larger repeated-sprint
performance improvements observed in LHTLH vs. LHTL (Brocherie et al., 2015).

Metabolic Phenotype
After hypoxic endurance exercise, it has been demonstrated that mRNA levels for PGC-1α
(Zoll et al., 2006), COX-1, COX-4 and CS (Zoll et al., 2006, Vogt et al., 2001, Terrados et al.,
1990) increase to a greater extent compared to similar intervention in normoxia. In the present
study, LHTLH induced larger mitochondrial adaptations (i.e., increased mRNA levels for
PGC-1α and TFAM) compared to LHTL and LLTL, thereby suggesting a preponderant role
of the superimposed RSH for muscle phenotypic adaptations. Whereas the protein expression
and protein activity of CS decreased after LHTL, it increased after both LHTLH and LLTL.
Conversely, when used in isolation (i.e., with normoxic residence), Faiss et al. (Faiss et al.,
2013b) indicated that RSH induced a down-regulation in mitochondrial biogenesis (PGC-1α
and TFAM), despite unchanged oxidative capacity (CS). Some methodological differences
(i.e., exercise mode, frequency and duration) between studies might be responsible for these
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discrepant findings. In summary, the increase in PGC-1α and TFAM measured after
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intervention in LHTLH, for which mRNA expression predicts protein levels quite well
(Collu-Marchese et al., 2015, Handschin et al., 2003), appears also as a plausible molecular
explanation for the beneficial adaptations observed in LHTLH vs. LHTL vs. LLTL.

Compensatory vasodilation
Among the HIF-1α target genes, VEGF is a critical signal in vascular remodeling, which
maintains vascular integrity and stimulates the production of the vasodilatory mediator nitric
oxide. Hence, eNOS plays a key role in blood flow regulation and vascular tone (Gielen et al.,
2011). Concomitantly, nNOS expression exerts a functionally significant effect in hypoxic
tissue, thereby influencing tissue O2 delivery (Fish et al., 2007, Tsui et al., 2014), ventilatory
regulation and metabolic adaptations to hypoxia (Gardiner et al., 2011). Although we did not
measure the protein expression, an increase in eNOS and nNOS may promote changes in the
blood flow and vascular tone (Gielen et al., 2011), participate in angiogenesis (Viboolvorakul
and Patumraj, 2014) and enhance O2 delivery.

pH-regulating System
In line with previous sprint interval intervention studies (Puype et al., 2013, Burgomaster et
al., 2007), LHTLH and LHTL increased muscle MCT-1 protein content, whereas MCT-4 and
CA-3 contents did not change. This potential up-regulation of lactate metabolism may reflect
the similar sport-specific aerobic performance gains observed in LHTLH and LHTL
(Brocherie et al., 2015).

This article is protected by copyright. All rights reserved.

Delayed effects on skeletal muscle transcriptional regulation
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We recently demonstrated that LHTLH and LHTL resulted in similar short-term (2-3 days
post-intervention) hematological adaptations (i.e., increase in hemoglobin mass) that were
maintained for at least 3 weeks post-intervention (Brocherie et al., 2015). Contrastingly, our
novel findings indicate that most of the transcriptional adaptations were back to near Prevalues 3 weeks post-intervention. The present study is the first to show the time course of
HIF-1α and related genes transcription in human skeletal muscle adaptations following
residence in normobaric hypoxia superimposed with repeated maximal-intensity exercise in
hypoxia or normoxia. With the post-intervention carefully supervised and controlled (i.e.,
similar between groups), the fact that this period did not include any environmental hypoxic
stress – be it during residence or exercise in normobaric hypoxia – indicates that the lack of
external hypoxic ‘stimulus’ could be responsible for the rapid reversal of skeletal muscle
transcriptional regulation. Meanwhile, it may have already promoted some beneficial muscle
function adjustments and therefore functional benefits without affecting hemoglobin mass
improvement (Brocherie et al., 2015). Additionally, as the post-intervention period (3 weeks)
did not include any repeated maximal-intensity exercise session (as performed six times
during the 14-days intervention), the influence of such exercise modality and/or frequency on
normalization of molecular responses should not be overlooked. One aspect that deserves
more research attention is whether additional hypoxic stress and/or intense exercise when
individuals return to sea level after an hypoxic intervention induces a better maintenance of
molecular adaptations. The decay of molecular responses over time after return to sea level,
that occur more rapidly than the hematological adaptations, would suggest that mechanisms
(not measured here) such as those involved in the factor-inhibiting HIF regulation (Lindholm
and Rundqvist, 2016) may be at play.
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Strengths and limitations
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One potential strength of this study is that elite field hockey players volunteered to
participate, while mechanistic studies are generally carried out with recreational participants.
In these studies, results are often extrapolated to elite athletes while exercise-related
adaptations are probably less prominent as the level of practice/performance increases. Here,
we found that LHTLH was the most efficient strategy to activate in the short-term the
transcription of specific genes involved in key physiological processes for adaptations such as
angiogenesis or O2 transport. It is therefore tempting to associate the molecular regulations we

measured at Post-1 and the enhanced performance that we previously reported at both Post-1
and Post-2 in LHTLH (Brocherie et al., 2015).
Methodologically, it is known that most gene expressions generally peak within 2-8 h after a
single exercise stimulus (Pilegaard et al., 2003). Although we acknowledge that short-term
(hours) molecular responses are the basis for long term structural, enzymatic and functional
adaptations, we are confident that, with muscle biopsies obtained 48 h following the last
exercise session in our subjects, the augmented expression of several genes actually is the
result of the proposed intervention per se, and not a side effect of the final exercise session.
Despite careful control of biopsy sampling (i.e., no physical activity allowed between the last
exercise session, similar sampling timing between 08:00 and 10:00 a.m. during the three test
sessions and corresponding samples ran in the same assay) (Fluck et al., 2005), a large intersubject gene and protein expression variation occurred here. Potentially, this may be
explained by: (i) DNA sequence variations resulting from HIF-1α gene polymorphism in the
promoter region of HIF-1α gene (Prior et al., 2006), (ii) fiber type differences in the sampling
from vastus lateralis muscle, which has an unequal typology and metabolic properties (Pette,
1985), (iii) pulsative nature of gene expression in muscular fiber (Newlands et al., 1998), and
(iv) involvement of reactive oxygen species in the regulation of HIF-1α mRNA and HIF-1α
This article is protected by copyright. All rights reserved.

target genes (Pialoux et al., 2009). That said, it is worth mentioning that biopsies obtained
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alternatively from the left and right vastus lateralis muscle actually give similar mRNA
expression profiles when the two legs are compared (Lundby et al., 2005).

In conclusion, combined with normobaric hypoxic residence, repeated maximal-intensity
hypoxic exercise elicited higher short-term (first few days post-intervention) skeletal muscle
molecular beneficial adaptations not observed (or with smaller magnitudes) after similar
normoxic exercise. The large and specific adaptations in mRNA levels of factors involved in
O2 signaling and transport, mitochondrial biogenesis, as well as in enzymes implicated in
mitochondrial metabolism, are seen to highlight the prominence of superimposed repeated
maximal-intensity hypoxic exercise, yet with a rapid decay and normalization of molecular
adaptations after cessation of the intervention.

Acknowledgements
This research was funded by a Grant awarded by Aspetar (Qatar Orthopedic and Sports
Medicine Hospital) at the Aspire Zone Foundation, Qatar (AF/C/ASP1905/11). The authors
thank Mr. Julien Rysman for his support in the organization of the study and assistance during
the experiments and Mr. Damien Naslain for technical assistance for the biochemical assays.
The authors declare no conflict of interest, or financial ties to disclose.

Conflict of interest
No conflict of interest, financial or otherwise, is declared by the authors.

This article is protected by copyright. All rights reserved.

REFERENCES

Accepted Article

Ameln, H., Gustafsson, T., Sundberg, C. J., Okamoto, K., Jansson, E., Poellinger, L. &
Makino, Y. 2005. Physiological activation of hypoxia inducible factor-1 in human
skeletal muscle. FASEB J, 19, 1009-11.
Brocherie, F., Millet, G. P., Hauser, A., Steiner, T., Rysman, J., Wehrlin, J. P. & Girard, O.
2015. "Live High-Train Low and High" Hypoxic Training Improves Team-Sport
Performance. Med Sci Sports Exerc, 47, 2140-9.
Burgomaster, K. A., Cermak, N. M., Phillips, S. M., Benton, C. R., Bonen, A. & Gibala, M. J.
2007. Divergent response of metabolite transport proteins in human skeletal muscle
after sprint interval training and detraining. Am J Physiol Regul Integr Comp Physiol,
292, R1970-6.
Collu-Marchese, M., Shuen, M., Pauly, M., Saleem, A. & Hood, D. A. 2015. The regulation
of mitochondrial transcription factor A (Tfam) expression during skeletal muscle cell
differentiation. Biosci Rep, 35.
D’Hulst, G., Ferri, A., Naslain, D., Bertrand, L., Horman, S., Francaux, M., Bishop, D. J. &
Deldicque, L. 2016. Fifteen days of 3,200 m simulated hypoxia marginally regulates
markers for protein synthesis and degradation in human skeletal muscle. Hypoxia, 4,
1-14.
Faiss, R., Girard, O. & Millet, G. P. 2013a. Advancing hypoxic training in team sports: from
intermittent hypoxic training to repeated sprint training in hypoxia. Br J Sports Med,
47 Suppl 1, i45-i50.
Faiss, R., Leger, B., Vesin, J. M., Fournier, P. E., Eggel, Y., Deriaz, O. & Millet, G. P. 2013b.
Significant molecular and systemic adaptations after repeated sprint training in
hypoxia. PLoS ONE, 8, e56522.
Fish, J. E., Matouk, C. C., Yeboah, E., Bevan, S. C., Khan, M., Patil, K., Ohh, M. & Marsden,
P. A. 2007. Hypoxia-inducible expression of a natural cis-antisense transcript inhibits
endothelial nitric-oxide synthase. J Biol Chem, 282, 15652-66.
Fluck, M., Dapp, C., Schmutz, S., Wit, E. & Hoppeler, H. 2005. Transcriptional profiling of
tissue plasticity: role of shifts in gene expression and technical limitations. J Appl
Physiol (1985), 99, 397-413.
Forsythe, J. A., Jiang, B. H., Iyer, N. V., Agani, F., Leung, S. W., Koos, R. D. & Semenza, G.
L. 1996. Activation of vascular endothelial growth factor gene transcription by
hypoxia-inducible factor 1. Mol Cell Biol, 16, 4604-13.
Galban, S. & Gorospe, M. 2009. Factors interacting with HIF-1alpha mRNA: novel
therapeutic targets. Curr Pharm Des, 15, 3853-60.
Gardiner, B. S., Smith, D. W., O'Connor, P. M. & Evans, R. G. 2011. A mathematical model
of diffusional shunting of oxygen from arteries to veins in the kidney. Am J Physiol
Renal Physiol, 300, F1339-52.
Gielen, S., Sandri, M., Erbs, S. & Adams, V. 2011. Exercise-induced modulation of
endothelial nitric oxide production. Curr Pharm Biotechnol, 12, 1375-84.
Girard, O., Brocherie, F. & Millet, G. P. 2013. On the use of mobile inflatable hypoxic
marquees for sport-specific altitude training in team sports. Br J Sports Med, 47 Suppl
1, i121-i123.
Handschin, C., Rhee, J., Lin, J., Tarr, P. T. & Spiegelman, B. M. 2003. An autoregulatory
loop controls peroxisome proliferator-activated receptor gamma coactivator 1alpha
expression in muscle. Proc Natl Acad Sci U S A, 100, 7111-6.
Hoppeler, H. & Vogt, M. 2001. Muscle tissue adaptations to hypoxia. J Exp Biol, 204, 31339.
Ke, Q. & Costa, M. 2006. Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol, 70, 1469-80.
This article is protected by copyright. All rights reserved.

Accepted Article

Lindholm, M. E. & Rundqvist, H. 2016. Skeletal muscle hypoxia-inducible factor-1 and
exercise. Exp Physiol, 101, 28-32.
Lundby, C., Calbet, J. A. & Robach, P. 2009. The response of human skeletal muscle tissue to
hypoxia. Cell Mol Life Sci, 66, 3615-23.
Lundby, C., Millet, G. P., Calbet, J. A., Bartsch, P. & Subudhi, A. W. 2012. Does 'altitude
training' increase exercise performance in elite athletes? Br J Sports Med, 46, 792-5.
Lundby, C., Nordsborg, N., Kusuhara, K., Kristensen, K. M., Neufer, P. D. & Pilegaard, H.
2005. Gene expression in human skeletal muscle: alternative normalization method
and effect of repeated biopsies. Eur J Appl Physiol, 95, 351-60.
Newlands, S., Levitt, L. K., Robinson, C. S., Karpf, A. B., Hodgson, V. R., Wade, R. P. &
Hardeman, E. C. 1998. Transcription occurs in pulses in muscle fibers. Genes Dev, 12,
2748-58.
Pette, D. 1985. Metabolic heterogeneity of muscle fibres. J Exp Biol, 115, 179-89.
Pialoux, V., Mounier, R., Brown, A. D., Steinback, C. D., Rawling, J. M. & Poulin, M. J.
2009. Relationship between oxidative stress and HIF-1 alpha mRNA during sustained
hypoxia in humans. Free Radic Biol Med, 46, 321-6.
Pilegaard, H., Saltin, B. & Neufer, P. D. 2003. Exercise induces transient transcriptional
activation of the PGC-1alpha gene in human skeletal muscle. J Physiol, 546, 851-8.
Prior, S. J., Hagberg, J. M., Paton, C. M., Douglass, L. W., Brown, M. D., McLenithan, J. C.
& Roth, S. M. 2006. DNA sequence variation in the promoter region of the VEGF
gene impacts VEGF gene expression and maximal oxygen consumption. Am J Physiol
Heart Circ Physiol, 290, H1848-55.
Puype, J., Van Proeyen, K., Raymackers, J. M., Deldicque, L. & Hespel, P. 2013. Sprint
Interval Training in Hypoxia Stimulates Glycolytic Enzyme Activity. Med Sci Sports
Exerc, 45, 2166-74.
Roels, B., Bentley, D. J., Coste, O., Mercier, J. & Millet, G. P. 2007. Effects of intermittent
hypoxic training on cycling performance in well-trained athletes. Eur J Appl Physiol,
101, 359-68.
Semenza, G. L. 1998. Hypoxia-inducible factor 1: master regulator of O2 homeostasis. Curr
Opin Genet Dev, 8, 588-94.
Semenza, G. L. 1999. Regulation of mammalian O2 homeostasis by hypoxia-inducible factor
1. Annu Rev Cell Dev Biol, 15, 551-78.
Semenza, G. L., Agani, F., Iyer, N., Kotch, L., Laughner, E., Leung, S. & Yu, A. 1999.
Regulation of cardiovascular development and physiology by hypoxia-inducible factor
1. Ann N Y Acad Sci, 874, 262-8.
Stroka, D. M., Burkhardt, T., Desbaillets, I., Wenger, R. H., Neil, D. A., Bauer, C.,
Gassmann, M. & Candinas, D. 2001. HIF-1 is expressed in normoxic tissue and
displays an organ-specific regulation under systemic hypoxia. FASEB J, 15, 2445-53.
Terrados, N., Jansson, E., Sylven, C. & Kaijser, L. 1990. Is hypoxia a stimulus for synthesis
of oxidative enzymes and myoglobin? J Appl Physiol (1985), 68, 2369-72.
Truijens, M. J., Toussaint, H. M., Dow, J. & Levine, B. D. 2003. Effect of high-intensity
hypoxic training on sea-level swimming performances. J Appl Physiol, 94, 733-43.
Tsui, A. K., Marsden, P. A., Mazer, C. D., Sled, J. G., Lee, K. M., Henkelman, R. M., Cahill,
L. S., Zhou, Y. Q., Chan, N., Liu, E. & Hare, G. M. 2014. Differential HIF and NOS
responses to acute anemia: defining organ-specific hemoglobin thresholds for tissue
hypoxia. Am J Physiol Regul Integr Comp Physiol, 307, R13-25.
Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A. &
Speleman, F. 2002. Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes. Genome Biol, 3,
RESEARCH0034.

This article is protected by copyright. All rights reserved.

Accepted Article

Viboolvorakul, S. & Patumraj, S. 2014. Exercise training could improve age-related changes
in cerebral blood flow and capillary vascularity through the upregulation of VEGF and
eNOS. Biomed Res Int, 2014, 230791.
Vigano, A., Ripamonti, M., De Palma, S., Capitanio, D., Vasso, M., Wait, R., Lundby, C.,
Cerretelli, P. & Gelfi, C. 2008. Proteins modulation in human skeletal muscle in the
early phase of adaptation to hypobaric hypoxia. Proteomics, 8, 4668-79.
Vogt, M., Puntschart, A., Geiser, J., Zuleger, C., Billeter, R. & Hoppeler, H. 2001. Molecular
adaptations in human skeletal muscle to endurance training under simulated hypoxic
conditions. J Appl Physiol, 91, 173-82.
Wang, G. L. & Semenza, G. L. 1995. Purification and characterization of hypoxia-inducible
factor 1. J Biol Chem, 270, 1230-7.
Wenger, R. H. & Gassmann, M. 1997. Oxygen(es) and the hypoxia-inducible factor-1. Biol
Chem, 378, 609-16.
Zoll, J., Ponsot, E., Dufour, S., Doutreleau, S., Ventura-Clapier, R., Vogt, M., Hoppeler, H.,
Richard, R. & Fluck, M. 2006. Exercise training in normobaric hypoxia in endurance
runners. III. Muscular adjustments of selected gene transcripts. J Appl Physiol, 100,
1258-66.

This article is protected by copyright. All rights reserved.

Table 1. PCR Primers sequences.
Forward Primer

Reverse Primer

HIF-1α

GCCCCAGATTCAGGATCAGA

TGGGACTATTAGGCTCAGGTGAAC

PHD-2

AGGTGAAGCCAGCCTAT

CCTGATGCTAGCTGATACTTG

VEGF

TTTCTGCTGTCTTGGGTGCATTGG

ACCACTTCGTGATGATTCTGCCCT

GCCACCAAGCACAAGATC

GGCATCAGCACCAAAGT

COX-4_1

GAGAGCTTTGCTGAGATGAA

CCGTACACATAGTGCTTCTG

COX-4_2

CCTTCTGCACAGAACTCAAC

CGGTACAAGGCCACCTTT

GGGATGATGGAGACAGCTATGG

CTCTTGGTGGAAGCAGGGTC
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Gene

Mb

PGC-1α
TFAM

AGCGTTGGAGGGAACTTCCTGATT TTCTTTATATACCTGCCACTCCGCCC

eNOS

CAGTTACCAGCTAGCCAAAGT

CTCATTCTCCAGGTGCTTCAT

nNOS

CAGAACTCACACAAGGTCTATC

GTTGACCGACTGGATTTAGG

PDK-1

TGCCCATATCACGTCTTTAC

GTCTGTTGACAGAGCCTTAAT

GLUT-1

CCTGCAGTTTGGCTACAACA

GTGGACCCATGTCTGGTTG

PFK

ATTTGACGAAGCCCTGAAG

GTGCGAACCACTCTTAGATAC

RPL19

CGCTGTGGCAAGAAGAAGGTC

GGAATGGACCGTCACAGGC

B2M

ATGAGTATGCCTGCCGTGTGA

GGCATCTTCAAACCTCCATG

Table 2. Citrate synthase protein activity.
LHTLH

LHTL

LLTL

Pre-

1.00 ± 0.00

1.00 ± 0.00

1.00 ± 0.00

Post-1

1.19 ± 0.27*,†

0.82 ± 0.25

1.22 ± 0.25*,†

Post-2

1.20 ± 0.31†

0.79 ± 0.32*

1.35 ± 0.22***,†

* P < 0.05 *** P < 0.001 significantly different from Pre-; P < 0.05 † significantly
different from LHTL.
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Figure 1. Relative changes in selected mRNA expression markers from before (Pre-) to
immediately (Post-1) and 3 weeks (Post-2) after the intervention. The intervention consisted
in 14-days of passive normobaric hypoxic exposure combined with (a) repeated maximalintensity hypoxic exercise in hypoxia (LHTLH) or (b) normoxia (LHTL). (c) A control group
followed a ‘live low-train low’ (LLTL) protocol. Black and grey bars represent Post-1 and
Post-2 values of mRNA concentrations in vastus lateralis muscle, respectively. These values
were normalized to baseline values (Pre-), which were set to 1.00±0.00 (dashed line). Values
are means ± SD. * P < 0.05, ** P < 0.01 vs. Pre-intervention; # P < 0.05 vs. LLTL and † P <
0.05 vs. LHTL. HIF-1α, hypoxia inducible factor-1a; PHD-2, prolyl hydroxylase domain
protein 2; VEGF, vascular endothelial growth factor; Mb, myoglobin; PGC1-α, proliferatoractivated receptor gamma coactivator-1α; TFAM, mitochondrial transcription factor A; COX4_1, cytochrome oxidase 4 isoform 1; COX-4_2, cytochrome oxidase 4 isoform 2; PDK-1,
pyruvate dehydrogenase kinase 1; GLUT-1, glucose transporter 1; PFK, phosphofructokinase;
eNOS, endothelial nitric oxide synthase; nNOS, neuronal nitric oxide synthase.

Figure 2. Relative protein expression of selected markers from baseline (Pre-) to the end of
the intervention (Post-1) and after 3 weeks (Post-2). The intervention consisted in 14-days of
passive normobaric hypoxic exposure combined with (a) repeated maximal-intensity hypoxic
exercise in hypoxia (LHTLH) or (b) normoxia (LHTL). (c) A control group followed a ‘live
low-train low’ (LLTL) protocol. Black and grey bars represent Post-1 and Post-2 values of
protein concentrations in vastus lateralis muscle, respectively, and were normalized to
baseline values (Pre-), which were set to 1.00±0.00 (dashed line). Values are means ± SD. *
P < 0.05, ** P < 0.01, *** P <0.001, vs. Pre- and # P < 0.05, ## P < 0.01 vs. LLTL. CS,
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citrate synthase; MCT-1, monocarboxylate transporter 1; MCT-4, monocarboxylate
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transporter 4; CA-3, carbonic anhydrase III; GLUT-4, glucose transporter 4; PFK,
phosphofructokinase; AMPK, AMP-activated protein kinase.

Figure 3. Representative Western blots showing the content of selected proteins from baseline
(Pre-) to the end of the intervention (Post-1) and after 3 weeks (Post-2). The intervention
consisted in 14-days of passive normobaric hypoxic exposure combined with (a) repeated
maximal-intensity hypoxic exercise in hypoxia (LHTLH) or (b) normoxia (LHTL). (c) A
control group followed a ‘live low-train low’ (LLTL) protocol. CS, citrate synthase; MCT-1,
monocarboxylate transporter 1; MCT-4, monocarboxylate transporter 4; CA-3, carbonic
anhydrase III; GLUT-4, glucose transporter 4; PFK, phosphofructokinase; AMPK, AMPactivated protein kinase.
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