Pfliigers Archiv - European Journal of Physiology
https://doi.org/10.1007/500424-024-02978-1

MUSCLE PHYSIOLOGY

=

Check for
updates

Strength and muscle mass development after a resistance-training
period at terrestrial and normobaric intermittent hypoxia

C.Benavente'® . P. Padial'® - B. R. Scott>3*® . F. Almeida’'® - G. Olcina*® . S. Pérez-Regalado’ @ - B. Feriche'

Received: 18 April 2024 / Revised: 20 May 2024 / Accepted: 3 June 2024
© The Author(s) 2024

Abstract

This study investigated the effect of a resistance training (Ry) period at terrestrial (HH) and normobaric hypoxia (NH) on
both muscle hypertrophy and maximal strength development with respect to the same training in normoxia (N). Thirty-
three strength-trained males were assigned to N (Fi0,=20.9%), HH (2,320 m asl) or NH (FiO, =15.9%). The participants
completed an 8-week Ry program (3 sessions/week) of a full body routine. Muscle thickness of the lower limb and 1RM in
back squat were assessed before and after the training program. Blood markers of stress, inflammation (IL-6) and muscle
growth (% active mTOR, myostatin and miRNA-206) were measured before and after the first and last session of the pro-
gram. Findings revealed all groups improved 1RM, though this was most enhanced by Ry in NH (p=0.026). According to
the moderate to large excess of the exercise-induced stress response (lactate and Ca>*) in HH and N, results only displayed
increases in muscle thickness in these two conditions over NH (ES > 1.22). Compared with the rest of the environmental
conditions, small to large increments in % active mTOR were only found in HH, and IL-6, myostatin and miR-206 in NH
throughout the training period. In conclusion, the results do not support the expected additional benefit of Ry under hypoxia
compared to N on muscle growth, although it seems to favour gains in strength. The greater muscle growth achieved in HH
over NH confirms the impact of the type of hypoxia on the outcomes.
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Introduction

Resistance training under hypoxic conditions (RTH) has
become a topic of great interest for athletes, coaches, and
scientists as a potential strategy to improve sports perfor-
mance efficiently [28, 34, 36]. Its effects on muscular adap-
tations (muscle mass and strength) have been recently stud-
ied in detail [7, 15, 19, 23, 43]. However, discrepancies in
the available studies among training methodologies make
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it difficult to draw firm conclusions about the added benefit
of RTH compared to equivalent resistance training under
normoxic conditions (RTN).

Current RTH literature has only reported on the results
of interventions conducted in normobaric hypoxia (NH).
However, data suggest that exposure to terrestrial altitude
induces different and more severe physiological responses
than NH due to factors related to the barometric pressure
and/or partial pressure of O, [38] Therefore, the combina-
tion of strength exercise and hypoxic conditions could con-
ceivably produce a potential increase in the production of
metabolites (lactate, calcium or inorganic phosphate) that
mediate hypertrophy mechanisms such as the elevation in
systemic hormonal production, cell swelling and alteration
in local myokines (IL-6, IL-10 or myostatin), among oth-
ers, whose adaptations could be more effective at terrestrial
altitude than the ones induced by NH [49].

Other agents, such as miRNAs, post-transcriptional regu-
lators of gene expression, have recently been shown to play
an important regulatory role in the response and adaptation
to training. Specifically, some miRNAs (miR-1, -21, -23a,
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-29, -31, -126, -133a/b, -181, -206, -378, -486 and -696)
seem to regulate important biological processes in muscle
including growth, development, metabolic adaptation, and
repair [16], by interacting with components of specific sign-
aling pathways. Although their levels have been detected in
several biofluids, such as plasma/serum and liquid biopsy,
their stability in blood has allowed miRNAs to be consid-
ered as promising biomarkers [46]. Particularly, miR-206
is a skeletal-muscle-expressed miRNA and an IGF1/PI3K/
AKT/mTOR signaling pathway target gene. It plays a key
role in myogenesis during muscle cell differentiation [27],
acting as a positive regulator of muscle growth [50]. Despite
the lack of available information about the role of hypoxia
on muscle development signaling pathways, it is supported
that a combination of resistance training (Ry) and environ-
mental hypoxia may initiate transcriptional regulations that
could potentially translate into satellite cell incorporation
and higher force production in the long term [24].

In addition, there is growing evidence suggesting that the
main anabolic effects of growth hormone (GH) are believed
to be indirect via the conversion of GH to insulin-like
growth factor-1 (IGF-1) in the liver, triggering the IGF-1-
Akt-mTOR pathway [48, 50]. However, even though some
studies have found a correlation between GH and/or IGF-1
increase after R and muscle hypertrophy [37], other stud-
ies failed to support this idea [22, 40]. The role of GH and
IGF-1 in muscle strength and size adaptation to RTH are
inconclusive and exhibit both positive [32, 60] and negative
[12, 29] results. Although the hypertrophic effects of GH
and IGF-1 are not well known, some studies postulate they
are, in fact, additive [55].

Therefore, the primary aim of this study was to examine
changes in muscle strength and size following an 8-week Ry
program in terrestrial (hypobaric hypoxia) versus normo-
baric hypoxia and to compare them to the same training in
normoxia. The secondary aim of this study was to quantify
acute biomarkers associated with muscular development
and metabolic demands during these training conditions to
mechanistically explain between-condition differences in
muscle strength and size changes. We hypothesize that the
training period in hypoxia will increase muscle hypertrophy
and maximal strength more than in normoxia. Also, the type
of hypoxia will affect the magnitude of these changes, which
will impact the metabolic stress and the corresponding myo-
genesis marker responses.

Materials and methods
Experimental approach to the problem

A longitudinal design with inter- and intra-group measure-
ments was employed to analyze the influence of the type of
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moderate hypoxia (terrestrial vs normobaric) on strength,
muscle mass and related serum biomarkers response after
an 8-week Ry program (22 sessions) with respect to the
same training in a normoxia condition. The participants
were assigned to normoxia (N; Fi0, =20.9%;~ 760 mmHg),
hypobaric hypoxia (HH; 2,320 m asl; ~570 mmHg) or nor-
mobaric hypoxia (NH; FiO,=15.9%; ~ 760 mmHg) for con-
venience. All participants lived permanently under normoxia
conditions. The week before starting the intervention, the
participants visited the laboratory for baseline strength test-
ing to determine the loads used for training. Seventy-two
hours before and after the study, and after 48 h of rest, the
participants were measured for height (Seca 202, Seca Ltd.,
Hamburg, Germany), body mass (Tanita TBC-300, Tokyo,
Japan) and quadriceps muscle thickness, and resting blood
samples were obtained. In addition, blood samples were
taken throughout the initial 30 min after the first (Sq,) and
the last (S,,) Ry session of the program. An overview of the
design is displayed in Fig. 1.

All participants agreed to adhere to the prescribed Ry
during the 8 weeks of the program, with no intense exer-
cise performed other than prescribed. The participants
were instructed to maintain their habits and regular dietary
consumption during the entire measurement and training
phases. They were provided with a protein shake supplement
(111 kcal per serving; brand/product details) immediately
after each session to ensure standardized nutritional intake.

All the sessions were conducted at the same time
of day under the conditions of ~22 °C,~60% humid-
ity and < 1100 ppm CO, in N;~22 °C, ~28% humidity
and < 1100 ppm CO, in HH; and ~23 °C, 60-90% humid-
ity and ~ from 1500 to 6300 ppm CO, in NH. The hypoxic
environmental conditions were assessed by arterial oxygen
saturation 5 min after the exposure to the assigned envi-
ronmental condition (SpO,; Wristox 3100; Nonin, Plym-
outh, MN, USA). The participants mean resting SpO, value
equated to (97.2+1.3; 93.9+1.6 and 94.8 +2.2%) for S
and (98.1+1.5;94.6+1.3 and 94.7+1.9%) for S, in N,
HH and NH, respectively.

Participants

Thirty-three strength-trained males participated in the
study. The participants were assigned to one of the 3 train-
ing groups: the NRy group lived and trained in N (n= 10,
age: 22.7+ 3.4 years; height: 175.3 +4.1 cm; body mass:
72.0+7.2 kg); the HHR group lived in N and trained in
HH (n=10, age: 22.8 +4.2 years; height: 177.5+7.4 cm;
body mass: 74.0 +13.9 kg); and the NHR group lived in
N and trained in NH (n=13, age: 21.9 +2.2 years; height:
176.5+7.4 cm; body mass: 75.0+ 8.9 kg). All participants
had participated in a R} regime for a minimum of 3 times
per week for at least the previous 2 years. The participants
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Fig.1 Schematic overview of the measurements obtained before and
after the intervention across all groups (A), and the timing of bio-
markers obtained following the first and last training sessions (B). W1
to W8: week 1 to week 8; Sg,;: first session of the training program;

were healthy with no muscular disorders and reported not
taking any performance enhancing or anabolic agents during
the previous month. All participants were sea-level residents
and had not been exposed to an altitude or hypoxia environ-
ment of more than 1500 m asl within the 2 months before the
study. This study was approved by the Local Research Ethics
Committee (PEIBA/2018) and conducted following the Hel-
sinki Declaration. Informed written consent was obtained
from all participants before beginning the study.

Hypoxic exposure

The HHR; group performed the training sessions under ter-
restrial hypobaric hypoxic conditions at the High-Perfor-
mance Center of Sierra Nevada (2320 m asl., Spain). On
every training day, participants travelled by car to the alti-
tude center. Arrivals occurred approximately half an hour
before the training session started and they immediately
returned to normoxia after completing it. The NHR per-
formed the training under simulated hypoxia in a normo-
baric tent (CAT 310, Colorado Altitude Training, Lafayette,
CO, USA, 2.18x2.89%x1.82 m). Two participants trained
in the tent at the same time. The hypoxic generator system
pumped the air through a semi-permeable filtration mem-
brane (nitrogen filter technique; CAT 12, Colorado Altitude

Sius last session of the training program; BLa: blood lactate; GH:
growth hormone; T: testosterone; Ca®*: calcium; IL-6: interleukin 6;
miR-206: microRNA-206; % active mTOR: % active of the mamma-
lian target of rapamycin

Training, Lafayette, CO, USA, 100 L/min), depleting the
oxygen content until reaching a FiO,=15.9%, according to
the manufacturer guidelines to equate an altitude of 2320 m.
Ambient O, was continuously monitored by a digital con-
troller (Handi +, Maxtec, Salt Lake City, Utah, USA) to
maintain the hypoxic conditions in the tent. Consistent with
conventional routine [9, 21] NHRy participants entered the
tent and sat for 5 min to adapt to the training environment
before starting their warm-up.

Resistance training program

The experimental procedure was detailed in a previous study
[45]. Briefly, participants joined in an §-week Ry program
with 3 sessions per week performed on non-consecutive days
plus an extra rest day at the end of the week. Training ses-
sions comprised a full-body routine of 6 exercises, each per-
formed for 3 sets of 6—12 repetitions [56], with a load rang-
ing from 65 to 80% of 1-repetition maximum (RM) and 90 s
of rest between sets and exercises [57]. The training load and
volume fluctuated throughout the week (i.e., 10 repetitions
per set at 70% 1RM was used in each first session of each
week, 6 repetitions per set at 80%1RM in the second and 12
repetitions per set at 65% 1RM in the third). The load was
individually adjusted by ~5% when participants exceeded
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the target repetition range while using a proper technique
in accordance with conventional methods [1]. All routines
were directly supervised by the same experts to guarantee
proper technique and safe execution. Consistent encourage-
ment was provided for participants across all training ses-
sions to motivate them.

One-repetition maximum

Each participant’s IRM was calculated for each of the six
main exercises according to the National Strength and
Conditioning Association guidelines [2]. Prior to the test-
ing, participants performed a warm-up consisting of light
cardiovascular exercise lasting 5—10 min followed by a set
of 5 repetitions at~50% of their estimated 1RM and after,
1-2 sets more of 2-3 repetitions at a load corresponding
to ~60-80% of the estimated 1RM for the exercise. Three
sets of 3—6 repetitions at increasing loads were completed
before performing 1 set of 2-3 repetitions to failure. The
2-3RM load was used for 1RM estimation from the validated
Brzycki’s equation [10]. Between each successive attempt,
participants rested for 5 min. All IRM determinations were
made within 3 attempts. After the R program, participants
repeated the same 1RM assessment for the back squat as an
indicator of strength improvement from the interventions.

Muscle thickness

Individual muscle thickness of the quadriceps on the domi-
nant leg was measured using ultrasound equipment (GE-
LOGICQ-E portable model; GE Healthcare, Little Chalfont,
UK) before and after the training period. The quadriceps
were chosen for muscle thickness assessment as they are
prime movers in the squat exercise, which was used to quan-
tify changes in strength from the intervention. According
to Miyatani et al. [39], the maximum thickness of the rec-
tus femoris (RF) and vastus lateralis (VL) was obtained at
50% of the distance from the superior and middle tip of
the patella to the anterior superior iliac spine. The lateral
location of the VL measurement was taken at 10% of the
thigh circumference in the lateral direction. With the partici-
pant laid supine, the ultrasound probe (12 L linear probe at
10 MHz frequency, gain 80 dB, depth 8 cm) was orientated
perpendicular to the muscle fascicles and the skin, with suf-
ficient ultrasound gel to reduce muscle compression. The
depth of the image was adjusted until the femur and muscle
boundaries were visible on the screen. Three images of each
muscle were taken, alternating between muscles, and saved
for subsequent analysis. The average of the measures from
the three images was used for analysis. The thickness of the
VL and RF was defined as the distance from the subcutane-
ous adipose tissue-muscle interface to either the aponeurosis
or the muscle-bone interface. The same expert carried out
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all ultrasound measurements (CV < 1.8%) and was blinded
to which condition each participant was assigned.

Blood measurements

The participants attended the laboratory 72 h before the
first training session and 72 h after the last training session
under fasted conditions for resting blood sample collection
in normoxia conditions. In addition, immediately after the
first and the last training session at the corresponding envi-
ronmental condition (Sg, and S,,), the antecubital vein
of the arm of each participant was catheterized for blood
collection. The catheter remained permeable by using a
physiological saline solution. Five millilitres of blood were
extracted at minutes 5, 10, and 30 post-exercise and poured
into tubes with separating gel. We discarded 2 mL of blood
before each extraction to avoid dilution of the sample. Blood
samples were kept refrigerated at~ 10 °C and centrifuged
in the following 4 h for 10 min at 3000 rpm to separate
the serum supernatant, before 500 ul serum aliquots were
stored at —70 °C until analysis. These serum samples were
analyzed for growth hormone (GH), testosterone, cortisol,
mammalian target of rapamycin (mTOR), interleukin 6 (IL-
6), calcium (Ca?"), myostatin and microRNA-206. All blood
extractions were performed by members of the research team
with experience in these measures.

All analyses followed the manufacturer’s instructions.
Blood lactate was determined at minutes 5, 10 and 30 of
recovery using a Lactate Pro 2 (Arkray, Japan) from the
venous blood extracted. Growth hormone, testosterone and
cortisol were assessed in a COBAS E-411 System (Roche,
Basel, Switzerland) and Ca®* determination was performed
in a COBAS C-311 System (Roche, Basel, Switzerland) at
minutes 5, 10, and 30 of the recovery. IL-6 was assessed
at minutes 5 and 30 of the recovery using the Milliplex
Human High Sensitivity T Cell Panel (HSTCMAG-28SK)
from Sigma-Aldrich (Darmstadt, Germany). mTOR, phos-
phor-mTOR (Ser2448) and cell-free total RNA—primarily
miRNA—were assessed 30 min post-exercise. mTOR and
phosphor-mTOR were measured in a Luminex machine
using the Procartaplex™ Multiplex Immunoassay from
Thermo Fisher Scientific (Vienna, Austria). Briefly, 25 pL
of serum was tested in single replicates in 96-well plates.
Each plate contained duplicated serial dilutions (1:4) of a
standard sample of known concentration for each analyte
provided by the vendor, as well as two blank controls and
a reference sample control in duplicate for quality control
purposes. Standard curves were used to extrapolate the con-
centration of the samples, after fitting into a 5-parameter
curve algorithm with the LEGENDplex™ Data Analysis
Software. The percentage of the active mTOR with respect
to the total mMTOR was calculated (% active mTOR = phospo
mTOR/total mTOR X 100) and used in the analysis.
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Myostatin was assessed at minutes 5 and 30 of the recovery
by ELISA kit (Myostatin [R&D Systems]). Finally, cell-free
total RNA—primarily miRNA—was obtained at minute
30 of recovery by miRNeasy Serum/Plasma Kit according
to the manufacturer’s instructions (Qiagen, Hilden, Ger-
many). Reverse transcription was performed with a miR-
CURY LNA RT kit (Qiagen). Quantitative PCR was car-
ried out under standardized conditions with 2 X miRCURY
LAN® Master Mix SYBR Green (Qiagen) in a real-time
PCR detection system CFX96 (BioRad, California, USA).
For relative miRNA quantification, a synthetic non-human
miRNA, cel-miR-39, was used as a spike-in control added
during RNA extraction. The changes in the fold of the
expression of the candidate miRNAs were calculated using
the Eq. 2724C,

Statistical analysis

Data are presented as mean + standard deviation (SD) or
mean standard error (SEM). Before analyzing the study’s
variables, assumptions of data normality were tested using
the Shapiro—Wilk test (p > 0.05). Those variables that were
not normally distributed were subjected to a transformation
process. For blood biomarkers assessed in the Sg; ., and S,
recovery period when multiple extractions were made, the
minimal value (myostatin) or maximal value (all other bio-
markers) was taken for statistical analysis.

A one-way ANOVA was used to assess the effect
of the environmental condition (N vs. HH vs. NH) on
pre- to post-intervention change scores in 1RM and
muscle thickness (total [VL +RF]). A two-way repeated
measures ANOVA was used to assess the effect of
time (A Sy [first session- pretraining] vs. A S, [last

session—pretraining]), the environmental condition (N
vs. HH vs. NH), and the interaction between the time x
environmental condition on GH, testosterone, cortisol,
% active mTOR, blood lactate, Ca%*, IL-6, and miR-206.
Effect sizes through the partial eta-squared (nzp) value and
thresholds (0.02 [small], 0.13 [medium] and 0.26 [large])
were calculated along with ANOVA effects (Bakeman,
2005). Non-normally distributed variables (myostatin)
were compared similarly but using the Kruskal-Wallis
(within-subjects) or Wilcoxon test (between-subjects)
[42]. Effect sizes through the epsilon squared (g?) value
and thresholds (0.04 [weak], 0.16 [moderate], 0.36 [rel-
atively strong], 0.64 [strong] and 1.00 [very strong])
were calculated along with Kruskal-Wallis effects. A
Bonferroni post hoc test was used to analyze pairwise
comparisons.

Cohen’s effect size (ES) was calculated according
to the formula d =(M2- M1/SDpooled), where M1 and
M2 are the means of the two groups and SDpooled is
the pooled standard deviation (n is sample size and s? is
variance):

SDpooled = \/(”2 — 53+ (m = 1)s)
ny+n,— 2

ES and the mean difference with 90% confidence inter-
vals (CI) were determined for all pairwise comparisons and
interpreted as: <0.20, trivial; 0.20 to 0.59, small; 0.60 to
1.19, moderate; 1.20 to 1.99, large; and > 2.0, very large
[26]. All analyses were performed using the software pack-
age SPSS (version 26.0, IBM Corp. IBM SPSS Statistics
for Windows, Armonk, NY, USA). Effects were considered
significant at p <0.10.

Table 1 Condition training effect on the absolute change in the maximal strength and muscle thickness

Condition N HH NH p-value [ES]
Adjusted between-group differences [90% CI]
Mean+SD  Mean+SD Mean +SD
IRM back squat Baseline 95.9+14.7  80.5+14.8 96.6+18.6 AHH vs. N ANH vs. N AHH vs. NH
(k) Post-Pre 16.0+7.9%¥* 233492%** 272+10.2%** 0.272[0.85] 0.023 [1.20] 0.979 [-0.40]

Muscle thickness Baseline 5.23+0.65 5.54+0.71

(VL+RF) (mm)  post_Pre

5.47+0.41
0.46+£0.31%* 0.41+£0.27*** 0.10+£0.24

7.24[-1.99; 16.47] 11.12[2.44;19.81]
Fy39=4.119; p=0.026; i’ =0.215

—3.89 [-12.57; 4.80]

AHH vs. N ANH vs. N AHH vs. NH
1.000 [—0.14] 0.012 [—1.30] 0.031 [1.22]
-0.04 -0.35 0.31

[-0.31; 0.30] [-0.61;-0.1] [0.06; 0.57]

Fy39=6.125; p=0.006; 1" =0.286

IRMSQ, 1 repetition maximum on squat; VL, vastus lateralis; RF: rectus femoris; N, normoxia; HH, hypobaric hypoxia; NH, normobaric
hypoxia; Post—pre, post-training value at 8 weeks — pre-training; SD, standard deviation; p, p value for the statistical test (one-way ANOVA); #°,
eta square; F, F test; Adjusted between-group difference is the estimated marginal mean of the difference between the environmental condition
(HH vs. N; NH vs. N; HH vs. NH) after adjusting for baseline differences; p-value of the adjusted between-group difference. * Differences with
respect pre-value in N, HH and NH (*** p <0.001; ** p <0.05; * p<0.10)
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Results

Table 1 shows back squat 1RM and muscle thickness
changes from pre-training to week 8 of the Ry program. The
results for IRM back squat showed a statistically significant
effect of condition (p=0.026; n>=0.215). Although 1RM
back squat increased after the R} program in all conditions
(»<0.001), NH showed a large significant rise compared
to N (ES=1.20; p=0.023). Muscle thickness measures of
RF and VL showed a significant condition effect (p <0.054;
n>>0.178). Muscle growth similarly improved in N and HH
groups after the Ry program (ES < —0.15; p=1.0), while
NH did not display any change (p >0.10).

The serum GH, testosterone, cortisol and % active mTOR
changes of the adjusted to pre-training peak value in the
first (Sg,) and the last session (S;,,) of the Ry program are
presented in Table 2. Post-exercise GH increased in all con-
ditions and sessions monitored (p < 0.001). Results in GH
displayed a time (p =0.037; n2p=0.137) and a time x con-
dition interaction (p =0.043; nzp =0.189) effect. R} main-
tained or discreetly reduced the release of this hormone in
all groups. HH group showed a moderate to large dimin-
ished value in GH at the beginning of the program (Sg.)
compared to N and NH; significance was only reached with
NH (ES= —1.30; p=0.086). Testosterone did not change
from the pre-exercise throughout the training program in
all groups (p> 0.10), although a slightly elevated value was
observed at the end of the program in both hypoxia condi-
tions (ES >0.95). Substantial interindividual variability in
the cortisol response makes interpretation difficult. The anal-
ysis only detected an elevated response in cortisol in HH at
the beginning of the program (p <0.05). Finally, the % active
mTOR exhibited a significant effect of time (p =0.053;
1%, =0.119), condition (p=0.001; n°,=0.354) and a time
x condition interaction (p =0.039; n2p=0.195). HH and N
groups tend to reduce the % active mTOR throughout the
program, although the HH condition displayed values above
pre-exercise (ES>0.33; p <0.10). The NH group did not
show changes of interest in this variable.

Adjusted pre-exercise mean change of IL-6, miR-206 and
myostatin in Sg, and S, are displayed in Table 3. The IL-6
showed a significant effect of time (p =0.060; n2p=0.1 13),
condition (p=0.004; n2p=0.305) and a time x condition
interaction (p=0.019; nzp =0.231). Compared to N, the HH
and NH groups increased IL-6 values in S (ES>1.12;
p<0.011), while S, displayed a moderate reduction
towards pre-exercise values in all groups. IL-6 displayed the
highest values in NH throughout the study, reaching a large
difference with HH in S, (ES =-1.17; p=0.024). Circulat-
ing miR-206 revealed a significant effect of the condition
(p=0.026; nzp =0.215) and a time x condition interaction
(»=0.009; nzp =0.272). Despite not detecting a time effect,
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a moderate to large increase in serum miR-206 was observed
from Sg; to Sy, in N (ES=0.76) and HH (ES =1.65). Com-
pared to N and HH, the NH group displayed the highest
serum miR-206 values throughout the program (ES ranged
from — 1.48 to 0.33). Contrarily, myostatin serum values
presented a clear tendency to reduce its value in N and HH
while increasing in NH at the end of the training period
(ES>[1.09)).

Adjusted to pre-exercise mean difference between peak
values of Ca®* and blood lactate in S, and S, are shown
in Table 4. Analysis showed only a significant effect of con-
dition (p <0.011; n*,>0.259) for Ca** and lactate. Pairs
comparison for Ca>* presented low values in NH when com-
pared to HH (ES > 1.27; p < 0.055) in both testing sessions.
Maximal blood lactate concentration showed similar values
between HH and N, both larger over NH; significance was
only reached with N (ES < —1.19; p <0.032).

Discussion

This study aimed to analyze the effect of an 8-week Ry
period at terrestrial and normobaric hypoxia on both mus-
cle hypertrophy and maximal strength development with
respect to the same training in normoxia. Although all
groups improved 1RM, the main findings reveal that the
hypoxia condition, especially NH, benefited the most. The
highest increase in % active mTOR was shown in the HH
group, while NH displayed the more pronounced inflam-
matory response and circulating miR-206, both linked to
muscle growth, throughout the training period. In contrast,
elevated myostatin was observed in NH, along with gains in
muscle thickness favoring N and HH groups over NH, which
does not support the expected additional benefit of RTH
over RTN on muscle growth. Therefore, different responses
to training were found between terrestrial and normobaric
hypoxia, suggesting the NH condition as the least favorable
for muscle growth, although it seemed to benefit strength
development.

Several previous studies have shown a period of RTH to
enhance muscle growth and strength [28, 29, 32]. In con-
trast, the results of this study show an increase in muscle
thickness of the lower limbs in N (8.03%) and HH (5.49%),
while a significant improvement was not observed in the
NH condition (1.83%) (Table 1). The benefit of hypoxia
on muscle hypertrophy is possibly associated with higher
metabolic stress during exercise [51], and the upregulation
of the inflammatory adaptative response [6, 8]. Moreover,
the absence of clear differences between environmental
conditions in Ca’* response and the maintenance of the
highest serum IL-6 values in NH contrasts again with the
small increase in muscle gains recorded in this group.
Therefore, the time-course exploration of the inflammatory
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and metabolic stress variables and their relationship with
muscle adaptations in both hypoxia types needs further
exploration. Although the NH group experienced no sig-
nificant improvement in muscle growth, this condition
displayed the largest increase in back squat 1RM after the
training (Table 1). Some research has observed RTH to
improve strength regardless of muscle structure changes
[7, 15, 19, 23, 43], likely due to neuromuscular adapta-
tions. This is supported by a recent study, which dem-
onstrated a small effect (ES =0.38) for acutely increased
excitability of the most excitable structures of the corti-
cospinal tract (5.3% lower resting motor threshold) when
exposed to 2320 m asl compared to normoxic conditions
[35]. Unfortunately, conclusions about neuromuscular
adaptations to Ry are not possible from this study, as neu-
romuscular variables were not examined. Moreover, all the
available literature on the topic was conducted under NH,
and to our knowledge this is the first RTH study including
both terrestrial and normobaric hypoxia for comparative
purposes.

The Ry period showed elevated circulating GH in all
groups, although testosterone remained near pre-train-
ing values. Consistent with previous research [6, 20], the
increase in GH at S, was slightly blunted in HH in Sg
compared to N and NH. This could be partially explained
by the bigger sympathetic stimulation related to terres-
trial hypoxia, optimizing the ventilatory response [44] and
improving the buffer capacity system [5]. Consistent with
this hypothesis, cortisol dynamics should have reflected the
global stress and metabolic requirements of exercise [53].
Accordingly, HH presents an elevation of circulating cortisol
above pre-exercise values at the beginning of the program.
This result, joined with the decrease in the stress response
expected at the end of the training period, could justify the
time x condition interaction detected in this variable. Oth-
erwise, circulating hormones were similar between condi-
tions at the end of the R program, showing a good adaptive
response to exercise training (see Table 2). The literature
on hormonal responses to RTH is inconsistent, highlighting
the complexity of the hormonal response to this exercise
modality.

Moreover, the results displayed a % active mTOR largely
upregulated at the beginning of the Ry period in the HH
condition, although this difference concerning N and NH
seems not to be enough to discriminate the net muscle mass
gains between groups at the end of the training period. There
were no reference data from a recovery period similar to the
one used in this study. Other research demonstrated a down-
regulation [18, 47] or unaltered values 3 h after Ry exercise
in severe simulated hypoxia [17]. Nevertheless, the role and
contribution of single measurements of mMTOR remain spec-
ulative due to the multiple targets and mechanisms involved
in the signaling processes [31].

@ Springer

Overexpression of miR-206 has been associated with
muscle differentiation, activation of satellite cells, myo-
genesis and/or protein synthesis promotion [16, 33, 52]
while myostatin operates as a negative regulator of the
major protein synthetic pathways in skeletal muscle [25,
30]. In accordance with other research, the beginning of
the training period that displayed a large increment of
circulating miR-206 in NH [13], which joined with the
decrease of myostatin [3, 41], may favor muscle cell dif-
ferentiation and regeneration [16, 33]. However, at the end
of the training period, the overexpression of miR-206 and
the increase in myostatin levels exhibited in NH could
negatively affect muscular satellite cell proliferation and
differentiation, although pair comparisons did not find sig-
nificant differences between conditions. The behavior of
these variables could promote non-hypertrophy-directed
changes, but instead, a potentiated muscle repair-oriented
process [11]. Moreover, the air quality factors linked to
NH equipment with a low flow rate could elicit an addi-
tional stimulus to the individual response to hypoxia [54]
and the Ry program. Further research is required to investi-
gate this hypothesis. Moreover, the miRNA response could
be conditioned by other factors, such as the type of muscle
fiber predominance [61] or the variability in response to
hypertrophy training (low or high responders) [14].

This research has some limitations that should be noted.
Firstly, the sample size was relatively small, which could
influence the width of probability distributions across the
outcomes. Logistical constraints and cost of biomarker
analyses limited a larger sample being recruited. Never-
theless, results from this population are of specific interest.
Secondly, it is possible that some air quality factors in the
NH condition, in addition to the reduced FiO,, affected
the net stress on participants. The NH tent used provides
a small space (11.5 m3), which can result in substantial
accumulation of carbon dioxide, high temperature and rel-
ative humidity during high-intensity exercise [58], affect-
ing the SpO, for the same FiO, [4, 59]. While speculative,
this may have created conditions for the NH group which
were not conducive to muscle hypertrophy.

Conclusions

In conclusion, the findings from this study suggest
that 8 weeks of RTH does not augment muscle growth,
although it may enhance strength gains. The greater mus-
cle growth achieved in HH over NH confirms differences
between both types of hypoxia, which is also reflected
in the acute and chronic responses of some biomarkers,
such as miR-206 and myostatin, without finding differ-
ences between hypoxia types on muscle strength. Some
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Table 4 Adjusted standardized mean differences between conditions of metabolites

Condition N HH NH p-value [ES]
Adjusted between-group differences [90% CI]
Weeks Mean=+SD Mean +SD Mean=+SD
Ca** Baseline  2.34+0.06 2.36+0.05 2.36+0.05 AHH vs. N ANH vs. N AHH vs. NH
(mmol/L) ASg 0.14£0.10%*  0.15+0.06*** 0.05+0.07** 1.000 [0.10] 0.025 [— 1.09] 0.013 [1.54]
0.01 [-0.07;0.091] —0.10[-0.17;-0.02] 0.10 [0.03; 0.18]
ASp 0.11£0.07#** 0.13+0.04*** 0.07 £0.05*** 1.000 [0.23] 0.191 [-0.73] 0.055 [1.27]
0.01 [-0.04; 0.07] —-0.04 [— 009'001] 0.06 [0.01; 0.10]
Time effect: F, 5, = 0.397; p = 0.533; n, = =013
Condition effect: F,;,=6.307; p=0. 005 11 =0. 296
Time x condition effect: F, ;,=2.256; p = 0. ]22 17 =0.131
Blood Lactate Baseline ~ 1.99+0.47 2.63+0.68 1.96+0.37 AHHvs.N ANH vs. N AHH vs. NH
(mmol/L) ASq 14.9+3.51%%% 13.0+£3.14%%% 11.4+£246%%* 0.546 [—0.55] 0.029 [—1.19] 0.599 [0.60]
—1.84[-4.84;1.16] —3.50[-6.33;—-0.68] 1.66[—1.16;4.49]
ASq 14.8 £2.12%%* 12.9+3.03%** 11.8+2.66%** 0.329 [-0.74] 0.032 [-1.23] 1.000 [0.38]

—1.94[-4.57;0.69] —3.01[-5.48;-0.54] 1.07 [-1.40; 3.54]

Time effect: I ;, = 0.018; p = 0.894; 11 0 001
Condition effect: F, ;,=6.307; p = 0. 005 17 =0. 296
Time x condition effect: F, ;= 2.256; p = 0. 122 17 =0.131

Ca**, Calcium; N, normoxia; HH, hypobaric hypoxia; NH, normobaric hypoxia; ASj,, first session of the training program pre-training; AS,,
last session of the training program — pre-training; SD, standard deviation; p, p value for the statistical test (ANOVA); 71 , partial eta square; F,
F test; Adjusted between-group difference is the estimated marginal mean of the difference between the environmental condltion (HH vs. N; NH
vs. N; HH vs. NH) at first and last session of training after adjusting for baseline differences; p-value of the adjusted between-group difference. *
Differences with respect to pre-exercise in N, HH and NH (*** p <0.001; ** p <0.05; * p<0.10)

variables related to air quality and linked to the NH equip-
ment used in this study could affect the net stress of the
NH group. Future studies should include a description
of the dimensions, flow rate capacity of the hypoxia sys-
tem and air quality, beyond the FiO,, to control poten-
tial stressors’ impact on the outcomes when using NH
equipment.

Acknowledgements The authors thank all the participants who vol-
unteered for this investigation and the High-Performance Center of
Sierra Nevada, Spain (CSD, Granada, Spain) for allowing the study
to be done. The authors also thank Life Pro Nutrition for supplying
the protein shakes used as supplements in this study. Funding for open
access charge: Universidad de Granada / CBUA

Author contribution Conceptualization: [BF, PP, GO]; Methodology:
[BF and FA]; Formal analysis and investigation: [CB, PP, FA, SPR];
Writing—original draft preparation: [BF, CB and BRS]; Writing—
review and editing: [all authors]; Funding acquisition: [BF and PP];
Supervision: [BF, PP].

Funding Funding for open access publishing: Universidad de Granada/
CBUA. This work was supported by the Spanish Ministry of Science,
Innovation and Universities under grant [PGC2018-097388-B-100
-MINECO/FEDER] and by the Andalusian FEDER Operational Pro-
gram [B-CTS-374-UGR20 and C-SEJ-015-UGR23]. Author BRS is
supported by an Investigator Grant from the National Health and Medi-
cal Research Council (APP1196462).

Data availability All data supporting the findings are available from
the corresponding author upon reasonable request.

@ Springer

Declarations

Ethics approval This study was approved by the Local Research Ethics
Committee (PEIBA/2018) and conducted following the Helsinki Dec-
laration. Informed written consent was obtained from all participants
before beginning the study.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. American College of Sports Medicine. American College of
Sports Medicine position stand (2009) Progression models in
resistance training for healthy adults. Med Sci Sports Exerc
41:687-708. https://doi.org/10.1249/MSS.0BO13E3181915670


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1249/MSS.0B013E3181915670

Pfliigers Archiv - European Journal of Physiology

10.

11.

12.

13.

14.

15.

16.

Baechle TR, Earle RW (2000) National Strength & Conditioning
Association (U.S.). Essentials of strength training and condition-
ing. Human Kinetics

Bagheri R, Rashidlamir A, Motevalli MS, Elliott BT, Mehrabani
J, Wong A (2019) Effects of upper-body, lower-body, or com-
bined resistance training on the ratio of follistatin and myostatin
in middle-aged men. Eur J Appl Physiol 119:1921-1931. https://
doi.org/10.1007/S00421-019-04180-Z

Basualto-Alarcon C, Rodas G, Galilea PA, Riera J, Pagés T,
Ricart A, Torrella JR, Behn C, Viscor G (2012) Cardiorespira-
tory parameters during submaximal exercise under acute expo-
sure to normobaric and hypobaric hypoxia. Apunts Med I’Esport
47(174):65-72. https://doi.org/10.1016/J.APUNTS.2011.11.005
Benavente C, Feriche B, Olcina G, Schoenfeld B, Camacho-
Cardenosa A, Almeida F, Martinez-Guardado I, Timé6n R, Padial
P (2022) Inter-set rest configuration effect on acute physiological
and performance-related responses to a resistance training session
in terrestrial vs simulated hypoxia. Peer J 10:e13469. https://doi.
org/10.7717/peerj.13469

Benavente C, Leén J, Feriche B, Schoenfeld BJ, Bonitch-Géngora
J, Almeida F et al (2021) Hormonal and inflammatory responses
to hypertrophy-oriented resistance training at acute moderate alti-
tude. IntJ Environ Res Public Health 18:4233. https://doi.org/10.
3390/ijerph18084233

Benavente C, Schoenfeld BJ, Padial P, Feriche B (2023) Efficacy
of resistance training in hypoxia on muscle hypertrophy and
strength development: a systematic review with meta-analysis.
Sci Rep 13:1. https://doi.org/10.1038/s41598-023-30808-4
Britto FA, Gnimassou O, De Groote E, Balan E, Warnier G,
Everard A et al (2020) Acute environmental hypoxia potenti-
ates satellite cell-dependent myogenesis in response to resistance
exercise through the inflammation pathway in human. FASEB J
34:1885-1900. https://doi.org/10.1096/1).201902244R

Brocherie F, Millet GP, Morin J-B, Girard O (2016) Mechanical altera-
tions to repeated treadmill sprints in normobaric hypoxia. Medicine
(ACSM) 1570-9. https://doi.org/10.1249/MSS.0000000000000937
Brzycki M (1993) Strength testing—predicting a one-rep max
from reps-to-fatigue. J Phys Educ Recreat Dance 64:88-90.
https://doi.org/10.1080/07303084.1993.10606684

Chen JF, Tao Y, Li J, Deng Z, Yan Z, Xiao X et al (2010) micro-
RNA-1 and microRNA-206 regulate skeletal muscle satellite cell
proliferation and differentiation by repressing Pax7. J Cell Biol
190:867-879. https://doi.org/10.1083/jcb.200911036

Chycki J, Czuba M, Golas A, Zajac A, Fidos-Czuba O, Mlynarz
A et al (2016) Neuroendocrine responses and body composi-
tion changes following resistance training under normobaric
hypoxia. J Hum Kinet 53:91-98. https://doi.org/10.1515/
hukin-2016-0013

Cui S, Sun B, Yin X, Guo X, Chao D, Zhang C et al (2017) Time-
course responses of circulating microRNAs to three resistance
training protocols in healthy young men. Sci Rep 7:1-13. https://
doi.org/10.1038/s41598-017-02294-y

Davidsen PK, Gallagher 1J, Hartman JW, Tarnopolsky MA, Dela
F, Helge JW et al (2010) High responders to resistance exercise
training demonstrate differential regulation of skeletal muscle
microRNA expression. J Appl Physiol 110:309-317

Deldicque L (2022) Does normobaric hypoxic resistance train-
ing confer benefit over normoxic training in athletes? A narra-
tive review. J Sci Sport Exerc 1:1-9. https://doi.org/10.1007/
$42978-021-00159-5

Domariska-Senderowska D, Laguette MIN, Jegier A, Cieszczyk P,
September AV, Brzeziariska-Lasota E (2019) MicroRNA profile
and adaptive response to exercise training: a review. Int J Sports
Med 40(4):227-235. https://doi.org/10.1055/a-0824-4813

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Etheridge T, Atherton PJ, Wilkinson D, Selby A, Rankin D,
Webborn N et al (2011) Effects of hypoxia on muscle protein
synthesis and anabolic signaling at rest and in response to acute
resistance exercise. Am J Physiol Endocrinol Metab 301. https://
doi.org/10.1152/AJPENDO.00276.2011

Favier FB, Costes F, Defour A, Bonnefoy R, Lefai E, Baugé S
et al (2010) Downregulation of Akt/mammalian target of rapa-
mycin pathway in skeletal muscle is associated with increased
REDDI expression in response to chronic hypoxia. Am J Phys-
iol Regul Integr Comp Physiol 298. https://doi.org/10.1152/
AJPREGU.00550.2009

Feriche B, Garcia-Ramos A, Morales-Artacho AJ, Padial P
(2017) Resistance training using different hypoxic training
strategies: a basis for hypertrophy and muscle power devel-
opment. Sports Med Open 3:12. https://doi.org/10.1186/
$40798-017-0078-z

Feriche B, Schoenfeld BJ, Bonitch-Gongora J, de la Fuente B,
Almeida F, Argiielles J et al (2020) Altitude-induced effects on
muscular metabolic stress and hypertrophy-related factors after a
resistance training session. Eur J Sport Sci 20:1083-1092. https://
doi.org/10.1080/17461391.2019.1691270

Filopoulos D, Cormack SJ, Whyte DG (2017) Normobaric
hypoxia increases the growth hormone response to maximal resist-
ance exercise in trained men. Eur J Sport Sci 17:821-829. https://
doi.org/10.1080/17461391.2017.1317834

Fink J, Kikuchi N, Nakazato K (2016) Effects of rest intervals and
training loads on metabolic stress and muscle hypertrophy. Phys
Sportsmed 38:261-268. https://doi.org/10.1111/cpf.12409
Gamonales JM, Rojas-Valverde D, Vasquez J, Martinez-Guardado
I, Azofeifa-Mora C, Sanchez-Urefia B et al (2023) An update to
a comprehensive assessment of the methods and effectiveness of
resistance training in normobaric hypoxia for the development of
strength and muscular hypertrophy. Appl Sci 13:1078. https://doi.
org/10.3390/APP13021078

Gnimassou O, Ferfiandez-Verdejo R, Brook M, Naslain D, Balan
E, Sayda M et al (2018) Environmental hypoxia favors myoblast
differentiation and fast phenotype but blunts activation of pro-
tein synthesis after resistance exercise in human skeletal muscle.
FASEB J 32:5272-5284. https://doi.org/10.1096/1].201800049RR
Hinkley JM, Konopka AR, Suer MK, Harber MP (2017) Short-
term intense exercise training reduces stress markers and alters
the transcriptional response to exercise in skeletal muscle. Am J
Physiol-Regul Integr Comp Physiol 312:426-433. https://doi.org/
10.1152/ajpregu.00356.2016

Hopkins AG, Marshall SW, Batterham AM, Hanin J (2009) Pro-
gressive statistics for studies in sports medicine and exercise sci-
ence. Med Sci Sports Exerc 41:3—12. https://doi.org/10.1249/
MSS.0b013e31818cb278

Horak M, Novak J, Bienertova-Vasku J (2016) Muscle-specific
microRNAs in skeletal muscle development. Dev Biol 410:1-13.
https://doi.org/10.1016/J.YDBIO.2015.12.013

Inness MW, Billaut F, Walker EJ, Petersen AC, Sweeting AJ,
Aughey RJ (2016) Heavy resistance training in hypoxia enhances
1RM squat performance. Front Physiol 7:502. https://doi.org/10.
3389/fphys.2016.00502

Kon M, Ohiwa N, Honda A, Matsubayashi T, Ikeda T, Akimoto
T et al (2014) Effects of systemic hypoxia on human muscular
adaptations to resistance exercise training. Physiol Rep 2. https://
doi.org/10.14814/phy2.12033

Konopka AR, Wolff CA, Suer MK, Harber MP (2018) Relation-
ship between intermuscular adipose tissue infiltration and myosta-
tin before and after aerobic exercise training. Am J Physiol-Regul
Integr Comp Physiol 315:461-468. https://doi.org/10.1152/ajpre
2u.00030.2018

@ Springer


https://doi.org/10.1007/S00421-019-04180-Z
https://doi.org/10.1007/S00421-019-04180-Z
https://doi.org/10.1016/J.APUNTS.2011.11.005
https://doi.org/10.7717/peerj.13469
https://doi.org/10.7717/peerj.13469
https://doi.org/10.3390/ijerph18084233
https://doi.org/10.3390/ijerph18084233
https://doi.org/10.1038/s41598-023-30808-4
https://doi.org/10.1096/fj.201902244R
https://doi.org/10.1249/MSS.0000000000000937
https://doi.org/10.1080/07303084.1993.10606684
https://doi.org/10.1083/jcb.200911036
https://doi.org/10.1515/hukin-2016-0013
https://doi.org/10.1515/hukin-2016-0013
https://doi.org/10.1038/s41598-017-02294-y
https://doi.org/10.1038/s41598-017-02294-y
https://doi.org/10.1007/S42978-021-00159-5
https://doi.org/10.1007/S42978-021-00159-5
https://doi.org/10.1055/a-0824-4813
https://doi.org/10.1152/AJPENDO.00276.2011
https://doi.org/10.1152/AJPENDO.00276.2011
https://doi.org/10.1152/AJPREGU.00550.2009
https://doi.org/10.1152/AJPREGU.00550.2009
https://doi.org/10.1186/s40798-017-0078-z
https://doi.org/10.1186/s40798-017-0078-z
https://doi.org/10.1080/17461391.2019.1691270
https://doi.org/10.1080/17461391.2019.1691270
https://doi.org/10.1080/17461391.2017.1317834
https://doi.org/10.1080/17461391.2017.1317834
https://doi.org/10.1111/cpf.12409
https://doi.org/10.3390/APP13021078
https://doi.org/10.3390/APP13021078
https://doi.org/10.1096/fj.201800049RR
https://doi.org/10.1152/ajpregu.00356.2016
https://doi.org/10.1152/ajpregu.00356.2016
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.1016/J.YDBIO.2015.12.013
https://doi.org/10.3389/fphys.2016.00502
https://doi.org/10.3389/fphys.2016.00502
https://doi.org/10.14814/phy2.12033
https://doi.org/10.14814/phy2.12033
https://doi.org/10.1152/ajpregu.00030.2018
https://doi.org/10.1152/ajpregu.00030.2018

Pfliigers Archiv - European Journal of Physiology

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Kraemer WJ, Ratamess NA, Hymer WC, Nindl BC and Fragala
MS (2020) Growth hormone(s), testosterone, insulin-like growth
factors, and cortisol: roles and integration for cellular develop-
ment and growth with exercise. Front Endocrinol 11:33. https://
doi.org/10.3389/FENDO.2020.00033

Kurobe K, Huang Z, Nishiwaki M, Yamamoto M, Kanehisa
H, Ogita F (2015) Effects of resistance training under hypoxic
conditions on muscle hypertrophy and strength. Clin Physiol
Funct Imaging 35:197-202. https://doi.org/10.1111/cpf.12147
Ma G, Wang Y, Li Y, Cui L, Zhao Y, Zhao B et al (2015) MiR-
206, a key modulator of skeletal muscle development and disease.
Int J Biol Sci 11:345-352. https://doi.org/10.7150/ijbs.10921
Manimmanakorn A, Hamlin MJ, Ross JJ, Taylor R, Manim-
manakorn N (2013) Effects of low-load resistance training
combined with blood flow restriction or hypoxia on muscle
function and performance in netball athletes. J Sci Med Sport
16:337-342. https://doi.org/10.1016/j.jsams.2012.08.009
Marquez G, Colomer D, Benavente C, Morenilla L, Alix-Fages
C, Padial P et al (2023) Altitude-induced effects on neuromuscu-
lar, metabolic and perceptual responses before, during and after
a high-intensity resistance training session. Eur J Appl Physiol
123:2119-2129. https://doi.org/10.1007/s00421-023-05195-3
Martinez-Guardado I, Ramos-Campo DJ, Olcina GJ, Rubio-
Arias JA, Chung LH, Marin-Cascales E et al (2019) Effects of
high-intensity resistance circuit-based training in hypoxia on
body composition and strength performance. Eur J Sport Sci
19:941-951. https://doi.org/10.1080/17461391.2018.1564796
McCall G, Byrnes W, Fleck S, Dickinson A, Kraemer W (1999)
Acute and chronic hormonal responses to resistance training
designed to promote muscle hypertrophy. Can J Appl Physiol
24:96-107. https://doi.org/10.1139/h99-009

Millet GP, Debevec T (2020) CrossTalk proposal: barometric
pressure, independent of PO2, is the forgotten parameter in alti-
tude physiology and mountain medicine. J Physiol 598:893—
896. https://doi.org/10.1113/JP278673

Miyatani M, Kanehisa H, Ito M, Kawakami Y, Eukunaga T
(2004) The accuracy of volume estimates using ultrasound
muscle thickness measurements in different muscle groups.
Eur J Appl Physiol 91:264-272. https://doi.org/10.1007/
S00421-003-0974-4

Morton RW, Oikawa SY, Wavell CG, Mazara N, McGlory C,
Quadrilatero J et al (2016) Neither load nor systemic hormones
determine resistance training-mediated hypertrophy or strength
gains in resistance-trained young men. J Appl Physiol 121:129—
138. https://doi.org/10.1152/JAPPLPHYSIOL.00154.2016
Negaresh R, Ranjbar R, Habibi A, Mokhtarzade M (2018) The
effect of resistance training on quadriceps muscle volume and
some growth factors in elderly and young men. Adv Gerontol
30

Ostertagova E, Ostertag O, Kovac J (2014) Methodology and
application of the Kruskal-Wallis Test. Appl Mech Mater
611:115-120

Ramos-Campo DJ, Scott BR, Alcaraz PE, Rubio-Arias JA
(2018) The efficacy of resistance training in hypoxia to enhance
strength and muscle growth: a systematic review and meta-anal-
ysis. Eur J Sport Sci 18:92-103. https://doi.org/10.1080/17461
391.2017.1388850

Richard NA, Koehle MS (2012) Differences in cardio-ventila-
tory responses to hypobaric and normobaric hypoxia: a review.
Aviat Space Environ Med 83:677-684. https://doi.org/10.3357/
ASEM.3182.2012

Rodriguez-Zamora L, Benavente C, Petrer I, Padial P, Timén
R, Arguelles J et al (2024) Hypoxia matters: comparison of
external and internal training load markers during an 8-week
resistance training program in normoxia, normobaric hypoxia

Springer

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

and hypobaric hypoxia. Eur J Appl Physiol 1-11. https://doi.
org/10.1007/S00421-024-05442-1/FIGURES/2

Rusanova I, Fernandez-Martinez J, Fernandez-Ortiz M, Aranda-
Martinez P, Escames G, Garcia-Garcia F et al (2019) Involve-
ment of plasma miRNAs, muscle miRNAs and mitochondrial
miRNAs in the pathophysiology of frailty. Exp Gerontol
124:110637

Sakushima K, Yoshikawa M, Osaki T, Miyamoto N, Hashi-
moto T (2020) Moderate hypoxia promotes skeletal muscle cell
growth and hypertrophy in C2C12 cells. Biochem Biophys Res
Commun 525:921-927

Sandri M, Barberi L, Bijlsma AY, Blaauw B, Dyar KA, Milan
G et al (2013) Signalling pathways regulating muscle mass in
ageing skeletal muscle. The role of the IGF1-Akt-mTOR-FoxO
pathway. Biogerontology 14:303-23. https://doi.org/10.1007/
S$10522-013-9432-9

Saugy JJ, Schmitt L, Cejuela R, Faiss R, Hauser A, Wehrlin JP
et al (2014) Comparison of “live high-train low” in normobaric
versus hypobaric hypoxia. PLoS One 9:e114418. https://doi.org/
10.1371/journal.pone.0114418

Schiaffino S, Dyar KA, Ciciliot S, Blaauw B, Sandri M, Schi-
affino S et al (2013) Mechanisms regulating skeletal muscle
growth and atrophy. Wiley Online Libr 280:4294-4314. https://
doi.org/10.1111/febs.12253

Scott BR, Slattery KM, Sculley DV, Dascombe BJ (2014)
Hypoxia and resistance exercise : a comparison of localized
and systemic methods. Sports Med 44:1037-1054. https://doi.
org/10.1007/s40279-014-0177-7

Silva W, Graga FA, Cruz A, Silvestre JG, Labeit S, Miyabara EH
et al (2019) miR-29c improves skeletal muscle mass and func-
tion throughout myocyte proliferation and differentiation and
by repressing atrophy-related genes. Acta Physiol 226:¢13278.
https://doi.org/10.1111/apha.13278

Smilios I, Pilianidis T, Karamouzis M, Tokmakidis S (2003)
Hormonal responses after various resistance exercise protocols.
Med Sci Sports Exerc 35(4):644—-654. https://doi.org/10.1249/
01.MSS.0000058366.04460.5F

Soo J, Girard O, Ihsan M, Fairchild T (2020) The use of the
SpO2 to FiO2 ratio to individualize the hypoxic dose in sport
science, exercise, and health settings. Front Physiol 11:570472.
https://doi.org/10.3389/FPHYS.2020.570472

Sotiropoulos A, Ohanna M, Kedzia C, Menon RK, Kopchick
1J, Kelly PA et al (2006) Growth hormone promotes skeletal
muscle cell fusion independent of insulin-like growth factor
1 up-regulation. Proc Natl Acad Sci U S A 103:7315-7320.
https://doi.org/10.1073/PNAS.0510033103

Suchomel TJ, Nimphius S, Bellon CR, Hornsby WG, Stone MH
(2021) Training for muscular strength: methods for monitor-
ing and adjusting training intensity. Sports Med 51:2051-2066.
https://doi.org/10.1007/S40279-021-01488-9

Vargas S, Petro JL, Romance R, Bonilla DA, Florido MA, Krei-
der RB et al (2019) Comparison of changes in lean body mass
with a strength- versus muscle endurance-based resistance train-
ing program. Eur J Appl Physiol 119:933-940. https://doi.org/
10.1007/S00421-019-04082-0

Vasquez-Bonilla AA, Rojas-Valverde D, Gonzélez-Custodio A,
Timén R, Olcina G (2021) Tent versus mask-on acute effects
during repeated-sprint training in normobaric hypoxia and
normoxia. J Clin Med 10:4879. https://doi.org/10.3390/JCM 10
214879

Viscor G, Torrella JR, Corral L, Ricart A, Javierre C, Pages T
et al (2018) Physiological and biological responses to short-
term intermittent hypobaric hypoxia exposure: from sports and
mountain medicine to new biomedical applications. Front Phys-
iol 9:814. https://doi.org/10.3389/FPHYS.2018.00814/BIBTEX


https://doi.org/10.3389/FENDO.2020.00033
https://doi.org/10.3389/FENDO.2020.00033
https://doi.org/10.1111/cpf.12147
https://doi.org/10.7150/ijbs.10921
https://doi.org/10.1016/j.jsams.2012.08.009
https://doi.org/10.1007/s00421-023-05195-3
https://doi.org/10.1080/17461391.2018.1564796
https://doi.org/10.1139/h99-009
https://doi.org/10.1113/JP278673
https://doi.org/10.1007/S00421-003-0974-4
https://doi.org/10.1007/S00421-003-0974-4
https://doi.org/10.1152/JAPPLPHYSIOL.00154.2016
https://doi.org/10.1080/17461391.2017.1388850
https://doi.org/10.1080/17461391.2017.1388850
https://doi.org/10.3357/ASEM.3182.2012
https://doi.org/10.3357/ASEM.3182.2012
https://doi.org/10.1007/S00421-024-05442-1/FIGURES/2
https://doi.org/10.1007/S00421-024-05442-1/FIGURES/2
https://doi.org/10.1007/S10522-013-9432-9
https://doi.org/10.1007/S10522-013-9432-9
https://doi.org/10.1371/journal.pone.0114418
https://doi.org/10.1371/journal.pone.0114418
https://doi.org/10.1111/febs.12253
https://doi.org/10.1111/febs.12253
https://doi.org/10.1007/s40279-014-0177-7
https://doi.org/10.1007/s40279-014-0177-7
https://doi.org/10.1111/apha.13278
https://doi.org/10.1249/01.MSS.0000058366.04460.5F
https://doi.org/10.1249/01.MSS.0000058366.04460.5F
https://doi.org/10.3389/FPHYS.2020.570472
https://doi.org/10.1073/PNAS.0510033103
https://doi.org/10.1007/S40279-021-01488-9
https://doi.org/10.1007/S00421-019-04082-0
https://doi.org/10.1007/S00421-019-04082-0
https://doi.org/10.3390/JCM10214879
https://doi.org/10.3390/JCM10214879
https://doi.org/10.3389/FPHYS.2018.00814/BIBTEX

Pfliigers Archiv - European Journal of Physiology

60. Yan B, Lai X, YiL, Wang Y, Hu Y (2016) Effects of five-week

61.

resistance training in hypoxia on hormones and muscle strength.
J Strength Cond Res 30:184-8011

Zhelankin A, Iulmetova L, Ahmetov I, Generozov E, Sharova E
(2023) Diversity and differential expression of microRNAs in
the human skeletal muscle with distinct fiber type composition.
Life 13:659

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Strength and muscle mass development after a resistance-training period at terrestrial and normobaric intermittent hypoxia
	Abstract
	Introduction
	Materials and methods
	Experimental approach to the problem
	Participants
	Hypoxic exposure
	Resistance training program
	One-repetition maximum
	Muscle thickness
	Blood measurements

	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References


