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Abstract

Resistance training (R;) is a
well-established interventional strategy
for increasing muscle strength and hy-
pertrophy. However, the available sys-
tematic reviews display discrepancies
among training methodologies used
which makes it difficult to draw firm
conclusions about the potential bene-
fit of R, in hypoxia (RTH) compared
to the equivalent training in normoxia
(RTN). Seven separate research experi-
ments were carried out to 1) determine
the current status of knowledge of
RTH on muscle hypertrophy (Section
I); and to 2) analyze the effect of the R .
exercise under the two types of acute
(Section IT and III) and chronic (Sec-
tion IV) moderate hypoxia conditions
(terrestrial vs. simulated) on muscle
mass and strength performance mark-

€rs.

The first study, a systematic re-
view and meta-analysis on the topic,
found similar improvements in mus-
cle cross-sectional area (CSA) (SMD
[CIs]=0.17 [-0.07; 0.42]) and 1RM
(SMD=0.13[0.0; 0.27]) between RTH
and RTN. However, sub-analyses in-
dicated that hypertrophy appears to

benefit from shorter (<60s) inter-set

rest intervals during RTH while great-
er gains in strength were achieved with
longer rest intervals (=120s). Moderate
loads (60-80% 1RM) enhanced both
hypertrophy and strength. The use of
moderate hypoxia (14.3-16% FiO2)
seemed to somewhat benefit hypertro-

phy but not strength.

The two preliminary studies
(study 2 and 3) examined the effects of a
hypertrophic R . session at acute terres-
trial hypoxia on serum biomarkers asso-
ciated with muscular adaptations. In a
counterbalanced fashion, 13 resistance
trained males completed a R session (6
exercises x 3 sets x 10 RM; 120 s min
rest) at both moderate altitude (HH;
2320m asl) and normoxia conditions
(N; <700m asl). Venous blood samples
were taken before and throughout the
30 min post-exercise period for deter-
mination of metabolites (lactate), ions
(inorganic phosphate [Pi], liquid car-
bon dioxide [CO,L], calcium [Ca™]),
cytokines (IL-6, IL-10, TNFa), hor-
mones (growth hormone [GH], cor-
tisol [C], testosterone [T]) and miR-
378. Session-related performance and
perception of effort (RPE-30) were

also monitored. The results showed no

17 |



differences in performance and RPE-
30. All blood variables displayed statis-
tically significant changes compared to
basal levels (p<0.05), while miR-378, T
and inflammatory responses remained
near pre-exercise conditions. No alti-
tude effect was observed in maximal
blood lactate, Ca*>* and anabolic hor-
mones (p>0.05), although the CO,L
reduction in HH (p<0.001) seems
compatible with an increase in buft-
ering capacity. At HH, the R, session
produced a moderate to large increase
in the absolute peak values of the stud-
ied cytokines. miR-378 revealed a mod-
erate association with GH and C in
both N and HH (r>0.051; p<0.05).

The studies 4, S and 6 aimed to
analyze the combined effect of the type
of acute hypoxia (terrestrial vs. simulat-
ed) and the inter-set rest configuration
(60 vs. 120 s) during a hypertrophic
R, session on physiological, percep-
tual, muscle performance and serum
markers. Sixteen active men were ran-
domized into two groups (HH: 2320
m asl; vs. normobaric hypoxia, NH:
FiO2 = 15.9%) and completed four
R, sessions: two under normoxia and
two under the corresponding hypoxia

condition at each prescribed inter-set

| 18

rest period. Volume-load, muscle oxy-
genation (SmQO,) of the vastus lateralis
and heart rate (HR) were monitored
during training and RPE-30 was de-
termined at the end of the recovery
period. Maximal blood lactate [max-
Lac], circulating hormones, ions (Ca™,
Pi, and CO,L), cytokines (irisin and
myostatin) and miRNAs (miR-378,
miR-206 and miR-29¢c) were mea-
sured throughout the initial 30 min
post exercise. Volume-load was similar
in all environmental conditions and
inter-set rest periods. Shorter inter-set
rest periods displayed greater increases
in maxLac, HR, RPE-30, CO,L, Pj,
C and GH in all conditions (p<0.05).
Compared to HH, NH showed a mod-
erate reduction in the inter-set rest- HR.
(ES>0.80), maxLac (ES>1.01) and
SmO, (ES>0.79) at both rest intervals.
Additionally, higher values of circulat-
ing Ca®" and Pi, and lower CO,L, were
observed after training in HH com-
pared to NH. The exercise with 60 s
rest revealed a large early decrement of
irisin in HH with respect to N and NH
(ES < =1.10; p = 0.048). Both hypoxias
moderately reduced circulating myo-
statin after exercise by a similar propor-
tion (ES < 0.23; p > 0.21). Moderate



to large significant increments in miR-
378 and miR-29c were detected in N,
HH and NH. Compared to HH, a
moderate to large rise in miR-29¢ and
miR-206 was found in NH (ES > 0.96;
p < 0.08).

The study 7 aimed to analyze
the effect of a R period at terrestrial
and simulated hypoxia on both mus-
cle hypertrophy and maximal strength
development with respect to the same
training in normoxia. Thirty-three
strength-trained males were random-
ly assigned to N (FiO2 = 20.9%), HH
(2,320 m asl.) or NH (FiO2 = 15.9%).
Subjects completed an 8-week R pro-
gram comprised by 3 sessions/week
(full body routine of 6 exercises; 3
sets x 6-12 repetitions, 65-80% 1RM
and 90 s rest). Muscle thickness of the
lower limbs and 1RM in back squat
(IRMSQ) and bench press were as-
sessed on weeks 1, 6 and 8 of the train-
ing program. Maximal blood lactate,
circulating cytokines (IL-6, IL-10,
TNFa), hormones (GH, IGF-1), % ac-
tive mTOR and miRNAs (miR-206,
miR-378 and miR-29¢) were measured
before and throughout the initial 30
min post-R . exercise after the first (S1)
and last (S22) session. R program

increased 1RM in all groups (p>0.001).
NH reached a large significant en-
hancement compared to N in IRMSQ
(ES=1.20). Muscle growth similarly
improved in N and HH after the R
program (ES= -0.14; p=1.0), while
NH remained near to the pre-training
values (ES= 0.23; p= 0.160). Similar
blood lactate increments were found
after §1 and §22 in all groups (p=0.895;
1°,=0.001). Compared to N, HH and
NH groups increased IL-6 and TNFa
in S1 (ES >1.12; p<0.022), returning
near to resting values at the end of the
training period. Post-exercise GH in-
creased in all conditions, although no
changes were detected in the serum
IGF-1. HH group showed a moderate
to large increment in % active mTOR
after S1 with respect to N (ES=1.04;
p=0.017) and NH (ES=1.34; p=0.002)
with no differences among groups after
$22. The NH group displayed the high-
est serum miR-206 and miR-29¢ values
(p<0.020). Moderate to large nonsig-
nificant increases in serum miR-206
above pre-training values (ES>0.76)
and a slight reduction below resting
values of miR-29¢ were depicted in N
and HH groups (p<0.08).



Results under acute hypoxia
suggest that the acute metabolic and
physiological responses of a hypertrophic
Rr exercise are mediated by rest intervals
between sets and the type of hypoxia.
Altered circulating ions, myokines and
miRNA could indicate acute differenc-
es in the type of hypoxia on muscle sig-
nalling pathway activation after a Rr.
Overexpression of miR-206 in acute NH
could indicate a muscle preservation ten-
dency and interfere with muscle growth
after longer training periods. Howev-
er, the results obtained in this study do

not support the expected added benefit
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of RTH compared to RTN on muscle
mass development, although it seems
to favour gains in strength. The greater
muscle growth achieved in HH over NH
confirms the impact of the type of hypox-
ia on the outcomes. This is supported by
the acute and chronic response of some
of the evaluated biomarkers. Future re-
search should elucidate the impact of Rt
and the role of hypoxia on serum bio-
markers associated with muscle growth
and the adaptation of other non-struc-
ture factors related to muscle strength

development.
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Resumen

El entrenamiento de fuerza
(R,) en hipoxia (RTH) se presenta
como una estrategia potencialmente
beneficiosa para el aumento de la fuerza
muscular y la hipertrofia. Sin embargo,
sistemadticas

las dltimas revisiones

muestran  discrepancias entre los
procedimientos utilizados entre los
estudios, lo que dificulta establecer
conclusiones firmes sobre su beneficio
con respecto al mismo entrenamiento
en normoxia (RTN). Hemos llevado a
cabo siete estudios para 1) determinar
el estado actual del conocimiento del
RTH sobre la hipertrofia muscular
(Seccién I); y 2) analizar el efecto del
R en dos tipos de hipoxia moderada
(terrestre vs. simulada) aguda (Seccién
II'y IIT) y crénica (Seccién IV) sobre la
hipertrofia y marcadores asociados y el

desarrollo de la fuerza mixima.

El primer estudio, una revisién
sistemdtica y metaandlisis, estableci6
mejoras similares en el drea de seccién
transversal (CSA) (SMD [IC] = 0,17
[-0,07;0,42]) y la fuerza mdxima (1IRM)
(SMD = 0,13 [0,0; 0,27]) entre RTH y
RTN. Sin embargo, los resultados del

subanilisis complementario sobre el
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impacto de la duracién de los intervalos
de descanso, la intensidad de la carga y
la severidad de la hipoxia indicaron que
en hipoxia 1) la hipertrofia se beneficia
mds con la utilizacién de descansos
cortos entre series (<60 s), mientras que
la mayor ganancia de fuerza lo hace con
descansos largos (=120 s); 2) las cargas
moderadas (60-80% 1RM) mejoran
tanto la hipertrofia como la fuerza
en hipoxia; 3) la hipoxia moderada
(14,3-16% FiO,) parece mejorar la
hipertrofia en mayor medida, mientras
que la ganancia de fuerza se muestra
independiente de la severidad de la

hipoxia.

Los dos estudios preliminares (estudio
2y 3) examinaron los efectos de una
sesion de R orientada a la hipertrofia
sobre biomarcadores séricos asociados
a las adaptaciones musculares en
hipoxia terrestre. De manera aleatoria,
13 hombres con experiencia en el
entrenamiento de fuerza ejecutaron
una sesion de R . (6 ejercicios x 3 series
x 10 RM; 120 s min de descanso)
en altitud moderada (HH; 2320 m
s.nm.) y en normoxia (N; <700 m

s.n.m.). Antes y durante los 30 min de



recuperaciéon posteriores al ejercicio
se tomaron muestras de sangre para
la determinacién de metabolitos
(lactato), iones (fosfato inorginico
[Pi], diéxido de carbono liquido
[CO,L], calcio [Ca**]), citoquinas (IL-
6, IL-10, TNFa), hormonas (hormona
de crecimiento [GH], cortisol [C],
testosterona [T]) y miR-378 en suero.
También se controlaron variables de
rendimiento y la percepcién de esfuerzo
(RPE-30). Los resultados no mostraron
diferencias en el rendimiento y la RPE-
30. La respuesta de miR-378, T e
inflamatoria se mantuvieron cercanas
a condiciones previas al ejercicio. No
se observé un efecto de la altitud en
el lactato méximo, Ca®>* y hormonas
(p>0,05), aunque Ia
reduccién de CO,L en HH (p<0.001)
parece relacionarse con una mejoradela

capacidad “bufter”. En HH, la sesién de

R, produjo un aumento de moderado

anabdlicas

a grande en los valores mdximos de
las citoquinas estudiadas. El miR-378
reveld una asociaciéon moderada con
GH y C tanto en N como en HH (r>
0.051; p <0.05).

Los estudios 4, 5 y 6 tenfan como
objetivo analizar el efecto combinado

del tipo de hipoxia aguda (terrestre vs.

simulada) y el tiempo de descanso entre
series (60 vs. 120 s) durante una sesién
de R sobre el rendimiento fisioldgico,
perceptivo y muscular y marcadores
en suero. Dieciséis hombres activos
fueron distribuidos de manera aleatoria
en dos grupos (HH: 2320 m s.n.m;
vs. hipoxia normobdrica, NH: FiO, =
15,9 %) y completaron cuatro sesiones
de R: dos en normoxia y dos en la
condicién de hipoxia correspondiente
con 60 y 120 s de descanso. El
volumen de entrenamiento, la
oxigenacién muscular (SmO,) del
vasto lateral y la frecuencia cardfaca
(FC) se monitorearon durante el
entrenamiento y se determiné el RPE-
30 al final del periodo de recuperacién.
Se midié el lactato sanguineo para la
determinacién de su valor mdiximo
[maxLac], hormonas (C y GH), iones
(Ca’, Pi y CO,L), citocinas (irisina
y miostatina) y los mi-ARNs (miR-
378, miR-206 y miR-29¢c) durante los
30 minutos posteriores al ejercicio. El
volumen de entrenamiento fue similar
en todas las condiciones ambientales
y periodos de descanso entre series.
Descansos mds cortos entre series
mostraron mayores aumentos en

maxLac, FC, RPE-30, CO,L, Pi, C y
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GH en todas las condiciones (p<0.05).
En comparacién con HH, el grupo de
NH mostré una reduccién moderada
de la FC de descanso entre series
(ES>0.80), el maxLac (ES>1.01) y la
SmO, (ES>0.79) en ambos periodos
de descanso. Ademds, se observaron
niveles mds elevados de Ca®* y Pi, y
niveles mds bajos de CO,L después de
la sesién de entrenamiento en HH en
comparacién con NH. El ejercicio con
60 s de descanso entre series revel6 una
disminucién tempranadeirisinaen HH
con respecto a Ny NH (ES < -1,10;
p = 0,048). Ambos tipos de hipoxia
redujeron moderadamente los niveles
de miostatina después del ejercicio en
una proporcién similar (ES < 0,23; p
> 0,21). Se detectaron incrementos
significativos de moderados a grandes
en el miR-378 y el miR-29c en N, HH
y NH. En comparacién con HH, la
condicién de NH registré un aumento
de moderado a grande en los niveles
circulantes de miR-29c y miR-206 (ES
> 0,96; p < 0,08).

El estudio 7 tuvo como objetivo
analizar el efecto de un periodo de R
en hipoxia terrestre y simulada sobre la
hipertrofia muscular y el desarrollo de

fuerza mixima con respecto al mismo

| 24

entrenamiento en normoxia. Ireinta
y tres hombres con experiencia en
el entrenamiento de fuerza fueron
distribuidos aleatoriamente en N (FiO,
= 20,9 %), HH (2320 m s.n.m.) o NH
(FiO, =
completaron un periodo de R, de

15,9 %). Los participantes
con 3 sesiones/semana
(fullbody de 6 ejercicios; 3 series x 6-12
repeticiones, 65-80% 1RM y 90 s de

descanso). Se midi6 el grosor muscular

8 semanas

de los miembros inferiores y la 1IRM en
sentadilla (IRMSQ) y press de bancaen
las semanas 1, 6 y 8 del entrenamiento.
Se midié lactato mdximo, citocinas
(IL-6, IL-10, TNFa), hormonas (GH,
IGF-1), % activo de mTOR y mi-
ARNs (miR-206, miR-378 y miR-
29c) antes y durante los 30 min post-
ejercicio después de la primera (S1) y la
ultima (S22) sesién de entrenamiento.
El programa de R aumenté la IRM
en todos los grupos (p>0,001). NH
alcanzé una mejora significativa en
comparacién con N en 1IRMSQ (ES
= 1,20). El grosor muscular crecié de
manera similar en N y HH después
del periodo de R (ES= -0.14; p=1.0),
mientras que en NH permanecid cerca
del valor previo al entrenamiento (ES=
0.23; p= 0.160). El maxLac se elevé



de manera similar después de la S1 'y
la S22 en todos los grupos (p=0,895;
7]2P=0,001). Comparado con N, los
grupos en HH y NH aumentaron
la IL-6 y TNFa en S1 (ES >1,12;
p<0,022), volviendo a valores cercanos
a los de reposo al final del periodo de
entrenamiento (S22). La GH aument4
en todas las condiciones, aunque no
se detectaron cambios en el IGF-1
circulante. El grupo de HH mostré un
incremento de moderado a grande en
el % activo de mTOR después de la S1
con respecto a N (ES=1.04; p=0.017)
y NH (ES=1.34; p=0.002), sin que se
alcanzaran diferencias entre grupos en
§22. El la condicién de NH generd los
valores séricos mds altos de miR-206
y miR-29¢ (p<0,020) desde el inicio
del entrenamiento. Los grupos de Ny
HH (p<0,08), mostraron aumentos no
significativos de moderados a grandes
en el miR-206 (ES>0,76) y una ligera
reduccién por debajo del valor basal del
miR-29¢.

Los resultados en hipoxia aguda
sugieren que la respuesta metabdlica y
fisiolégica a una sesién de R orienta-
da a la hipertrofia estin mediadas por
los intervalos de descanso entre series y

el tipo de hipoxia. La alteracion en los

niveles circulantes de iones, mioquinas
y mi-ARN podrfa indicar diferencias
agudas entre los tipos de hipoxia sobre
la activacién de la via de sefalizacién
muscular después del R . La sobreex-
presiéon aguda del miR-206 en NH
podria indicar una tendencia a la pre-
servacién muscular e influir en el creci-
miento muscular después de periodos
de entrenamiento mds prolongados.
Sin embargo, los resultados obtenidos
en este estudio no respaldan el beneficio
adicional esperado del RTH en compa-
racién con el RTN en el desarrollo de
masa muscular, aunque parece favore-
cer las ganancias de fuerza. El mayor
crecimiento muscular logrado en HH
con respecto a NH confirma el impac-
to del tipo de hipoxia en los resultados.
Esto se apoya en la respuesta aguda y
crénica de algunos de los biomarcado-
res evaluados. La investigacién futura
deberfa aclarar el efecto del Ry el pa-
pel de la hipoxia en los biomarcadores
séricos asociados con el crecimiento
muscular y en la influencia de otros fac-
tores no estructurales relacionados con

el desarrollo de la fuerza muscular.
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Introduction

Resistance training (R,) is a
well-established interventional strategy
for increasing human muscle strength
and hypertrophy™*. Maintaining high
levels of muscle strength and muscle
mass is essential to a large section of the
population. From a health standpoint,
these attributes facilitate the perfor-
mance of daily living activities and
constitute a clear inverse relationship
between muscular fitness and mortali-
ty »*. From a sports point of view, R is
essential to improving athlete’s perfor-
mance due to its correlation between
muscle cross-sectional area (CSA) and

force production’.

Different training strategies have
been developed for optimizing R ad-
aptations including load, volume, and
inter-set rest interval. However, in the
last decades, sports have experienced an
increase in the demands imposed on
athletes during competitions. In this
context, coaches are looking for inno-
vative ways to improve performance
efficiently and hypoxic training has
become a new strategy to increase the
stimulus and outcomes in addition to

the use of traditional training®.

The effect of the hypoxic stim-

ulus has been traditionally studied in
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endurance training to improve aerobic
performance. However, the study of
the effect of R in hypoxia (RTH) is still
in an early stage. The available system-
atic reviews''* display discrepancies
among training methodologies used
which makes it difficult to draw firm
conclusions about the added benefit of
RTH to an equivalent R at sea level or

normoxic conditions (RTN).

Currently there are different
procedures coexisting for reducing the
inspired oxygen (terrestrial or simu-
lated) that conceivably could produce
different™ and more effective muscle
adaptations  between  conditions™.
Additionally, the available literature
mainly provides R results from inter-
mittent simulated hypoxia being prac-
tically non-existent data from terrestri-
al hypoxia for comparison. Therefore,
this doctoral thesis will contribute to
fill up the documentary gap on the sub-
ject through separate research experi-
ments aiming to 1) Analyze the effect
of the R exercise under the two types
of acute and chronic moderate hypox-
ia conditions (terrestrial vs. simulated)
on both the physiological response and
the muscle and strength performance

markers; and 2) to determine the



potential benefit of RTH on muscle
hypertrophy.

The following subsections will
introduce the main theoretical back-
ground supporting the experimental
research conducted in the present doc-

toral thesis.
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Introduction

1.1.—Resistance training

1.1.1 Hypertrophy
1.1.2 Types os muscle hypertrophy

1.1.3 Mechanisms responsible to the hypertrophic response

1.1.4 Training variables and muscle hypertrophy

Strength is the most decisive
conditional physical capacity in the
context of sports performance, leisure
or rehabilitation® because it is involved
in the development of all movements™.
At a general level, the term “force” can
be defined as something which chang-
es or tends to change the state of rest
or motion in matter. However, from
a sport training point of view, it is de-
fined as the ability of a muscle or group
of muscles to generate muscle tension
under specific conditions . Thus, the
ability to train strength has been widely
studied and documented over the past

years'®".

Rr is an exercise intervention
that is used to improve muscle mass,
strength and bone mass, generate bigger
quality, increase health-related quality
of life and increase resting rate’®”. Ath-
letic success and the overall well-being
need the implementation of a correct
R program to optimize strength and
muscle mass®. These improvements
are influenced by the structure of the

training program®.
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It has been reported that most
of the strength gains during the initial
weeks of R are due to adaptations in
facilitatory and inhibitory neurologi-
cal pathways acting at different levels

2 Thus, mus-

in the nervous system
cular strength can be improved in the
absence of hypertrophy* by enhancing
the brain’s ability to recruit specific
motor units to contract and produce a
desired movement”. However, muscle
hypertrophy is highly associated with
long-term strength enhancement in
resistance trained individuals®, but it
could not be possible if the central sys-
tem does not recruit muscles effectively
to produce force’ (e.g., greater recruit-
ment, rate of discharge)””. Thereby, op-
timizing the R programming aiming
to increase muscle hypertrophy needs
the proper manipulation of variables
such as muscle actions, load/intensity*,
volume®, exercise selection and order,
inter-set rest periods™, and frequency®,
considered fundamental components
for maximizing neural and morpho-

logical adaptations’. Nowadays, how
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to optimize RT protocols to maximize
muscle mass and strength remains to be

fully determined.

1.1.1 Hypertrophy

The positive correlation between
muscle force and CSA™ makes hyper-
trophy the primary goal for professional
and recreational athletes. Hypertrophy
is defined as an increase in muscular
size, which can be achieved through ex-
ercise”. Traditionally, hypertrophy R
is characterized by moderate load, high
total volume load and short inter-set
rest intervals™ although their effects
may vary depending on the manipula-

tion of the training variables™.

In adult skeletal muscle, the ca-
pacity of regeneration is critical for the
repair and functional maintenance of
skeletal muscle. The regeneration of
adult muscle is based on the activation
of satellite cells, which are mononucle-
ar progenitors of skeletal muscle and
are located between the sarcolemma
and basal lamina®. Satellite cells are ac-
tivated and contribute to hypertrophy
when an acute stimulus is involved,
after strong or unaccustomed exercise
or ultimately, when some form of mus-

cle damage occurs”. After injury, the

regeneration of muscle occurs in three
stages: in the first stage, inflammatory
cells infiltrate into damaged sites, and
necrotic fiber fragments are removed;
in the second stage, satellite cells are ac-
tivated and proliferate into myoblasts,
thereafter differentiating and fusing
to form new muscle cells (myoblasts)
and replace damaged fibers™; the last
stage involves the maturation of newly
formed fibers and the remodeling of

damaged muscle®.

1.1.2 Types of muscle hypertrophy

The increase in muscle mass can
be achieved through muscle hypertro-
phy or hyperplasia. Nevertheless, both
mechanisms must be considered in a

distinct and separated form (Figure 2):

Hyperplasia: It is an increase
in the number of fibers within a mus-
cle. It is well accepted that the num-
ber of myofibers per muscle increases
during the early stages of developmen-
tal growth® and the overall effects on
muscle cross-sectional area appear to be
lacking” or minimal® in adult skeletal

muscles.

Hypertrophy: It occurs when the
contractile elements enlarge and the ex-

tracellular matrix expands to support
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growth. Contractile hypertrophy can
occur either by adding sarcomeres in

series or in parallel.

Taking into account these con-
cepts, the increase in muscle mass in
adults is the result of an increase in the
size of skeletal muscle, which is accom-
panied by an increase in mineral, pro-
tein, or substrate abundance®. The ma-
jority of muscle hypertrophy caused by
a traditional R . program results from
an increase in the total number of sar-

comeres in parallel and by an increase

CHYPERTROPHY)

Increase in cell size *=——

in the size and amount of the myo-
fibrillar contractile proteins actin and
myosin®', increasing the capacity of the
muscle to produce force’; whereas the
addition of sarcomeres in series hap-
pens when muscle is forced to adapt
to a new functional length such as an
immobilization® or at certain types of
exercise such as isolated eccentric con-
tractions*. When the size of the muscle
is increased, there is not only myofibril-
lar hypertrophy, but also connective tis-

sue and sarcoplasmic fluids.

Ve, C HYPERPLASIA)

Cell nucleus

Healthy cell

Increase in number of cells

( SARCOMERIC )

Myocite

( SARCOPLASMIC )

‘ Sarcoplasmic fluid

Increase in myofibrils

@ Myofibrils

®

Increase in sarcoplasmic fluid

Figure 2 — Types of muscle hypertrophy and differences between hyperplasia.
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This has been termed as “sar-
coplasmic bypertrophy” and is based
on anecdotal observations suggesting
that bodybuilders have bigger muscles
than powerlifters but they are not so
strong”. Thus, increases in sarcoplas-
mic hypertrophic are thought to be
training specific and because of differ-

ences in training methodologies™.

1.1.3 Mechanisms responsible to the
hypertrophic response

Mechanical muscle
damage and metabolic stress are the 3
primary factors hypothesized to be re-
lated to the hypertrophic response to

Rz (Figure 3):

tension,

(MECHANISMS OF MUSCLE HYPERTROPHY)

Mechanical
tension

A={t

Mechanical loading and
force generation

Figure 3 — Mechanisms of muscle hypertrophy.

1.1.3.1 Mechanical tension

Mechanical tension produced
both by force generation and stretch, is
generally considered the most relevant

factor for muscle growth**°. When a

Metabolite
accumulation

&

Metabolic stress

Muscle
damage
os
o® ®

Localised damage of
contractile proteins

muscle is subjected to mechanical stim-
uli (both the magnitude (load) and the
time under tension), the body initiates
a process called mechano-transduc-

tion, disturbing the integrity of skeletal
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muscle and causing chemical signals
that regulate anabolic and catabolic
processes through a variety of enzy-
matic pathways™. This process appears
to accelerate the protein synthesis rate,
probably through a cascade activation
that involves growth factors, cytokines,
or stretch-activated channels’®*. Ev-
idence suggests that the activation of
cellular receptors is regulated via the
protein kinase B/mammalian target of
rapamycin (AKT/mTOR) pathway or
indirectly via phosphoric acid”. How-
ever, the upstream signaling pathways
that promote protein synthesis remain
controversial®. Although mechanical
tension could be essential for the de-
velopment of muscle mass, evidence
suggests that it is not the only cause for

muscle hypertrophy™.

1.1.3.2 Muscle damage

R, can damage the skeletal
muscle tissue, primarily from the per-
formance of unaccustomed exercise,
and from the severity of the exercise,
modulated by the type, intensity, and
duration of training”. Damage can be
specific to just a few macromolecules of
tissue, or result in large tears in the sar-
colemma, basal lamina, and supportive

connective tissue, inducing injury to
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contractile elements and the cytoskel-
eton’ R is also theorized to generate
a hypertrophic response under certain
conditions (such as eccentric exercise or

higher levels of tension)”.

When the body perceives muscle
damage due to membrane deforma-
tion, a calcium (Ca®") homeostasis dis-
ruption occurs and triggers an acute in-
flammatory response®. This response
causes a migration of the white cells
(macrophages, lymphocytes and neu-
trophils) to the damaged area to main-
tain the fibers’ structure. Macrophages
remove the cellular debris and produce
cytokines that are believed to lead the
release of various growth factors that
regulate satellite cell proliferation and
differentiation *, promoting the mus-

cle growth™*.

1.1.3.3 Metabolic stress

The accumulation of metabo-
lites (i.c., lactate, inorganic phosphate
(Pi), hydrogen ion (HY), creatine phos-
phokinase (CPK), and others® from in-
tense exercise has been called “metabol-

ic stress™*

. Metabolic stress in R occurs
as a result of anaerobic metabolism and
is maximized during exercise when an-

aerobic glycolysis is the main source of
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energy. This metabolite accumulation
facilitates exercise-induced hypertro-
phy by the activation of a complex cas-
cade of anabolic and catabolic signaling
pathways to favor synthesis over degra-
dation. A prolonged shift of muscle
protein turnover toward synthesis rath-
er than breakdown results in skeletal
muscle hypertrophy®. It also has been
hypothesized that metabolic stress in-
ducing muscle hypertrophy is mainly
related to the increased motor unit’s re-
cruitment provoked by muscle fatigue
in order to maintain the mechanical
forces when a set is close to failure®.
The main pathways that have
been identified as particularly im-
portant to muscle anabolism include
mTOR, mitogen-activated protein ki-
nase (MAPK), and various calcium-de-
pendent pathways, amongst others.
Although the precise mechanisms
between them have not yet been fully
elucidated, evidence suggests that they
may be synergistic rather than redun-

dant key regulator steps®.

The potential hypertrophic role
of exercise-induced metabolic stress has
been addressed by the literature over

the past years:

Routines involving the perfor-
mance of multiple sets of 6-12 rep-
etitions per set (60-80% RM) with
relatively short inter-set rest intervals.
These routines performed by body-
builders have been found to induce
more metabolic stress than regimens
employed by powerlifters with high-

er-intensity routines®.

The combination of R with
blood flow restriction (BFR). Al-
though BFR is carried out at low inten-
sities (generally <40% RM) while using
a pressure cuff to induce ischemia, the
evidence supports gains in muscle mass
by the stimulation of anabolic signaling

and protein synthesis®.

R carried out in a hypoxic en-
vironment (see subsection 1.3.). Al-
though the current literature shows
controversy about the beneficial effects
of hypoxia over a traditional train-
ing’", some studies observed a sig-
nificantly higher metabolic stress in H
compared to N determined by blood
67_-70

lactate levels”, growth hormone

and circulating ions (Na*, Cl- or H")™.

Several factors have been theo-
rized to mediate hypertrophic adapta-
tions from exercise-induced metabolic

stress (Figure 4):
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METABOLIC FACTORS INVOLVED IN MUSCLE HYPERTROPHY RESPONSE

Ca™"

HYPERTROPHY MECHANISMS MEDIATED BY
EXERCISE-INDUCED METABOLIC STRESS

J [ Cellular swelling ]

[ Increased fiber recruitment ]) Elevated hormonal release

[ Altered myokine production J

N
| Production of ROS I

Figure 4 — Hypertrophy mechanisms mediated by metabolites. Adapted from Feriche et al. % and

Schoenfeld **.

a — Fiber recruitment.

Motor units are recruited in an
orderly fashion, always from small to
large, to sustain muscle contraction
when the training intensity increas-
es””. Thus, as more motor units are
recruited, higher mechanical forces
will be produced by the muscles™”.
Neural adaptations are predominant
in strength gains during the early stag-
es of Rr". Hence, one of the possible
explanations to strength gains in un-
trained subjects is increases in muscle
recruitment. In this line, the central

nervous system is able to modulate the

42

mechanical forces produced by each
muscle through sending them action
potentials at different rates during sim-
ple or complex exercises”. Numerous
investigations have noted that this neu-
ral drive, measured via the amplitude
of muscle electromyography (EMG)
signals, is also increased following a pe-

riod of traditional RT77.
It has also been hypothesized

that metabolic stress enhances fiber
recruitment. Although there is spec-
ulation that an H" accumulation acti-
vates more glycolytic (i.e., type II) mo-

tor units to maintain the same level of
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force generation™, the mechanisms are
not well stablished. However, metab-
olite accumulation can also stimulate
group III and IV afferents”, a reflexive
net inhibitory effect on the a-motor
neuron, promoting the recruitment
of additional high-threshold motor

units to maintain force®*

and pro-
tect against failure. Otherwise, several
investigations have reported increased
levels of muscle activation during re-
sistance exercise with BFR®***. The
hypoxic condition and the associated
increase of metabolite accumulation
during BFR exercise, and hence after a
systemic hypoxic stimulus®, may pro-
vide an additional stimulus to muscle

mass development.

b — Elevated systemic

hormonal production.

Hormones play an integral role
in regulating the anabolic responses to
resistance exercise®’. R regulates mus-
cle protein turnover by modifying the
anabolic (growth hormone (GH), in-
sulin-like growth factor (IGF)-1 and
testosterone) and catabolic (cortisol)
responses to a workout by altering the
balance between anabolism and catab-

olism *°:

» IGF-1

IGF-1 is an anabolic and met-
abolic hormone released by the liver
into the systemic circulation and also
locally produced in tissues and cells™.
The anabolic effects include satellite
cell activation, proliferation, survival,
and differentiation®”. The metabolic
effects include stimulation of the pro-
tein synthesis, increment of free fatty
acid utilization, and enhancement of’
insulin sensitivity*’. Local production
of IGF-1 from liver is under GH regu-
lation and is associated with mechani-
cal-stretch mechanisms and the recruit-

ment of motor units®.

IGF-1 released from the mus-
cle, known as mechano-growth factor
(MGF), is rapidly expressed following
mechanical loading and is thought to
start the post-exercise hypertrophic
response and facilitate local repair of
damaged tissues™. Some research sug-
gests the IGF-1 as the primary phys-
iological regulator of muscle mass™.
The elevation of IGF-1 has been
shown to be proportional to the gains
in muscle strength following R ™.
IGF-1 carried out signaling through
multiple anabolic cascades, includ-
ing PI3K-Akt-mTOR” and several
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calcium-dependent pathways™, direct-
ly mediating synthesis of muscle pro-
teins (Figure 5). Although the effects of
IGF-1 on muscle hypertrophy are not
clear due to the milieu of anabolic sig-

naling to skeletal muscle, it is believed

Hormonal responses
IGF-1

that the primary hypertrophic role of
IGF-11s to activate, repair and promote
the proliferation of satellite cells when
skeletal muscle cells are stimulated or

damaged by external factors”.

Muscle contraction

4 NED

W

l—(m%(eslm) G

Calcineutin

(awogin1 ) (vurr1 ) (“mTOR )

(EIFZB)

Qrotein degradation

Protein synthesis

J

Figure 5 — Signaling pathways regulated by testosterone, growth hormone (GH) and insulin-like
growth factor 1 (IGF-1) induced by resistance exercise. AKT: protein kinase B; Ca™": calcium;
FOXO: forkhead box O; GSK3: glycogen synthase kinase-3; eIF2B: eukaryotic initiation 2B;
mTOR: mammalian target of rapamycin; MuRF1: muscle ring finger-1; NFATs: nuclear factor of

64,96

activated T-cells; PI3k: phosphatidylinositol 3-kinase. Adapted from”™.
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Circulating IGF-1 can vary due
to temporal frame of measurement or
differences between protocols **”7. In
this line, greater elevations of circu-
lating IGF-1 have been found after a
hypertrophy-type routine compared

65,98

to high-intensity protocols or fol-

2219 - However,

lowing BFR exercise
serum levels of IGF-1 may not be a
good reflection of its local effects', es-
pecially in skeletal muscle, capable of
producing the hormone itself. Indeed,
circulating IGF-1 levels have even been
shown to decrease during periods of
active muscle building, likely due to a
redistribution of IGF-1 from the circu-

lation system into the muscle'”

» Testosterone

Testosterone is an anabolic-an-
drogenic steroid hormone which is syn-
thesized from cholesterol in the Leydig
cells of the testes under control of the
hypothalamic-anterior  pituitary-go-
nadal axis in men, and via conversion
from progesterone in the ovary and
adrenalzona fasciculata in women'®.
It is taken up by the muscle through
androgen receptors, stimulating subse-

104,105 and al_

quent myocellular signaling
tering the expression of genes involved

in the regulation of skeletal muscle

structure, fiber types, metabolism and
transcription™®.

The response of testosterone in

88105 and the associat-

men and women
ed anabolic effects'”'*® have been ex-
tensively reviewed. Studies suggest the
androgens play an important role in
mediating skeletal muscle protein syn-
thesis and reduce protein catabolism
and autophagy'®. In addition, testos-
terone appears to potentiate the release
of other anabolic hormones such as
GH?® and IGF-1"°, as well as moder-
ate satellite cell activation and prolif-
eration®, leading to increase muscle
strength, power, endurance, and hyper-

trophy in a dose-dependent manner®.

Even though the literature has
depicted significant correlations, more
pronounced in strength athletes™, be-
tween training-induced elevations in
testosterone and increases in muscle
CSA™, a causal relationship between
acute testosterone production and
hypertrophy has yet to be established.
Conflicting results have been found
after hypertrophic-oriented R pro-
grams on testosterone. Several studies
display greater post-exercise testoster-

113_115

one elevations compared with

routines not focused on metabolic
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stress, while others failed to find such
changes®"'*"”. Moreover, BFR, charac-
terized by the production of high levels
of metabolites, is not associated with
significant post-exercise elevations in

testosterone®?>®

, questioning the role
of hormones in the metabolic stress-in-

duced hypertrophic response.

It has to be taken into consid-
eration that the magnitude of the tes-
tosterone release is affected by many
factors including gender, age, training
experience, the demands of the pro-
tocol and nutritional status®. Further
investigation is needed to reach defini-
tive conclusions due to the inconsistent
results.

» Cortisol

Cortisol is a glucocorticoid ste-
roid hormone systematically controlled
by the hypothalamic-pituitary-adrenal
(HPA) axis to maintain glucocorticoid
homeostasis in general and to regulate
energy homeostasis and metabolism in

the skeletal muscle'.

Cortisol contributes to muscle
remodeling through muscle protein
synthesis inhibition and stimulating
protein degradation”. The intensi-

ty and volume of resistance exercise
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performed influences the response of
the HPA axis. The greatest acute cor-
tisol elevations are detected when the
overall stress is high (involving large
muscle mass, with moderate to high
loads, and short rest intervals)**-'*2,
During exercise, cortisol increases the
availability of metabolic substrates.
After exercise, the tissue sensitivity to
glucocorticoids increases and serves
to counteract muscle inflammation,
cytokine synthesis, and muscle dam-
age'”, preparing the body for the next

bout124’125.

However, another mechanism
to protect tissues and cells from the
deleterious effects of exercise-related
cortisol secretion implies inactivation,
which appears to be affected by over-
training™. Likewise, high levels of
cortisol may decrease skeletal IGF-1
synthesis'’, increase catabolic growth

128,129, and ac-

factors, such as myostatin
tivate the expression of genes involved

in atrophy, such as FOXO, atrogin-1
and MuRF-17%",

In already trained individuals,
a single bout of exercise attenuates
the cortisol respons™ and reduces
the resting cortisol concentrations'

which may facilitate ongoing muscle
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adaptations. For this reason, cortisol
responses depend on workout design,
nutrition (carbohydrate and amino
acid administration)***, genetics, train-

135

ing status and type of R1™.
»GH

GH is a superfamily of different
molecular isoforms, released from the
anterior pituitary gland, that mediates
physiological actions during recovery

in response to exercise™*'*’.

The type of exercise may also
have an influence on GH release, al-
though the unifying thought is the
influence of pH and H* ions status on
it”®. When blood lactate concentra-
tion is elevated beyond the anaerobic
threshold or after an intense R session,
the pH decreases and rises the release of
H" to the bloodstream, highly affect-
ing the GH response™***. This is sup-
ported by the positively correlation be-
tween blood lactate and GH, especially
when using short rest periods (<90 s)

88,140

between R, sets

GH primarily carries out muscle
anabolism by potentiating the release
of IGF-1 in liver and muscles*, to co-
ordinate muscle growth and repair fol-

lowing resistance exercise®’; although

some researchers dispute this theory
and postulate additive hypertrophy
effects of GH and IGF-1'**. GH also
appears to have a synergistic effect on
testosterone-mediated protein synthe-
sis'®. However, it is not clear whether
an increase of GH, testosterone and
IGF-1 circulating levels does in fact
mediate an enhanced hypertrophic and

strength response™.

Finally, studies conducted with
trained population on the subject are
lacking. Thus, it still has to be clear-
ly elucidated if those with previous
training experience respond different-
ly to acute exercise-induced hormon-
al output compared with untrained
subjects’*. Modest increases in mus-
cle hypertrophy could potentially be
meaningful for certain populations,

particularly, strength athletes®.

¢ — Alteration in local cytokines.

The role of cytokines has received
growing interest since the discovery of
the adipose tissue as an endocrine or-
gan capable of secreting substances to

modulate metabolic processes™.

Cytokines are a group of pro-
teins and glycoproteins that contribute

to different biological and physiological
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mechanisms, such as blood pressure,
inflammation and cellular metabo-

lism 647

Cytokines regulate, mod-
ulate, and orchestrate biological sys-
tems in hematopoietic, immune, and
non-immune cells to produce devel-
opment, differentiation, function,
growth, and regulation, throughout
the employment of paracrine and au-
tocrine signaling pathways™*'*. The
homeostasis across the systems of the
human body is provided by an influ-
ent balance between anti-inflamma-
tory and pro-inflammatory cytokines,
considered as part of the acute (local
or systemic) response to an infection
or tissue injury (Table 1). They are re-
leased at the site of inflammation and
facilitate an influx of lymphocytes,
neutrophils, monocytes, and other cells
that participate in the clearance of the

antigen and healing'™.

The cytokines only produced
and released from skeletal muscle cells
in response to muscular contractions
are called myokines. During exercise
training, the synthesis of various cy-
tokines and myokines within skeletal
muscle results in potential hypertro-

151_153

phic adaptations . It is speculat-

ed that metabolic stress may mediate
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muscle hypertrophy by either upregu-
lating anabolic myokines and/or down-

regulating catabolic myokines.

There are some cytokines playing
important roles in muscle development

after a R
» Interlenkins

Interleukins (ILs) are a group of
cytokines that normally act on immune
cells to regulate immune and inflam-
matory responses. However, it is now
becoming clear that at least a subset
of interleukins could be implicated in
skeletal muscle repair and regeneration

such as the IL family™*.

Interleukin  (IL)-6 has been
shown to play an important role in

myogenesis, stimulating  prolifera-

tiOIlISS,lié

. and differentiation™. It has
been postulated that exercise-induced
metabolic stress may also stimulate the
IL-6 production™, founding a positive
relationship between circulating IL-6
and muscle hypertrophy after acute re-
sistance exercise’’®. The acute increase
in circulating cytokines following re-
sistance exercise may play influence on
activating satellite cells and contribute

to muscle growth™”’.
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In addition to IL-6, other inter-
leukins are also associated with exercise.
Taking into account muscle growth
and regeneration, an increased protein
expression of IL-8 and IL-10 was found
following a bout of resistance exer-

cise™*

. Moreover, the ablation of specif-
ic interleukins demonstrated impaired
muscle growth after injury (IL-4) or
during periods of overload-induced hy-
pertrophy (IL-6"*" and IL-10""). IL-4 is
also increased during myoblast differ-
entiation'””. Additionally, the adminis-
tration of IL-15 results in an increase in

163

muscle weight'® and its overexpression

is related to a greater accumulation of
myosin heavy chain compared to con-

trole+165

However, these results do not
directly link interleukins to muscle
growth or directly compare the effect of
cytokines after traditional hypertrophy
or strength-oriented routines. Thus,
it is difficult to draw firm conclusions
about whether metabolic stress influ-
ences muscle hypertrophy by altering
cytokine production. This topic could

be a focus for future research.

» Tumor necrosis

(TNF-2).
TNF-a is a cytokine that medi-

Jfactor-a

ates cellular inflammatory signaling
pathways. It is produced by activated
macrophages but also by muscle cells
during the regeneration process',
regulating proliferation and differenti-

ation of satellite cells and myoblasts™’.
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Table 1 — Cytokines, exercise and myogenesis. Type or function of each cytokine, the tissue in

. . . . . . . 15
which the interleukin was measured and the role in myogenesis. Adapted from Joanisse & Parise

9

Cytokine Type/Function Tissue Role in myogenesis
L. Proliferation, differentiation
1L-4 Anti-inflammatory Muscle N ’ ’
migration
IL-6 Anti/pro-inflammatory  Plasma, muscle Proliferation, differentiation
.. Acute increase followin
1L-8 Anti-inflammatory Muscle . &
exercise
IL-10 Anti-inflammatory Muscle Proliferation
. Plasma, muscle Increase in muscle weight
1L-15 Pro-inflammatory R . &
connective tissue when administered to mice
Mediator in
inflammation and Proliferation, differentiation
TNF-o N Plasma/macrophages . ’
apoptotic signaling regeneration
pathways
Some studies assessed the cir- » Myostatin

culating levels of TNF-a after exercise
indicating an elevation immediately
after R1'** and 24 hours' or 48 hours
after an eccentric exercise session'’’. In
endurance training, there are no differ-
ences in TNF-a 48 hours after a bout of
downhill running”. Also, TNF-« defi-
ciency shows a decreased myoblast de-
termination protein 1 (MyoD) expres-
sion and myogenesis”’*. Thus, different
exercise protocols, alongside distinct
measurement methods, and targeted
population might explain differenc-
es among these studies and cytokine

changes.

| so

Myostatin is a myokine member
of the transforming growth factor-{3
(TGF-B) superfamily, which inhibit
skeletal muscle growth. Myostatin
expression restrains both myoblast
proliferation through PI3K/Akt/GSK-
3@ signaling pathway” and differen-
tiation by downregulating expression
of MyoD, myogenin, and Myf5"*"¢.
Myostatin has also been shown to
maintain the satellite cells in a quiescent

177178 - Recent studies in humans

state
suggest that myostatin is a negative reg-
ulator of satellite cells in response to an

acute bout of resistance exercise'”’. The
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myostatin inhibition represents a myo-
genic stimulus to muscle hypertrophy

in response to prolonged Rr*®.

» Irisin

Another myokine whose circu-
lating levels are associated with exercise
training is the irisin**. Irisin is regulat-
ed by peroxisome proliferator-activat-
ed receptor (PPAR)-y coactivator- la
(PGC-1a) and it is shown to increase
adipocyte metabolism, which translates
into body weight reduction, oxygen
consumption, and enhances glucose
metabolism™”. The receptor and the
role of irisin in myogenesis are mostly
unknown. However, some studies re-
vealed an increased muscle fiber thick-
ness under an irisin exogenous treat-
ment™, which is positively correlated
with biceps circumference and IGF-1
levels in humans™. Additionally, iri-
sin regulates FNDC5 and PGC-1a,
myoblast fusion and stimulates muscle

growth-related genes™’.

The role of irisin after acute and
chronic exercise training has been well
documented in the last years. Acute
exercise is associated with significant
post-exercise increase in irisin con-

centration' while chronic exercise

revealed a non-significant or even a de-

% However, these

creased irisin levels
results should be used with caution
due to the lack of specificity of the anal-
ysis procedure and/or the post-exercise
time point of assessment (from 30 min-

utes to 2-7 days)™".

d — Heightened production of
reactive oxygen species (ROS).

The term ROS include both oxy-
gen radicals and non-radicals oxidizing
agents. ROS production is influenced
by environmental stress and aging™’.
During exercise, contracting muscles
are an important source of acute ROS
production™. Although the mecha-
nisms of action of the ROS have not
been elucidated, they can function as
key cellular signaling molecules in the
response to exercise, promoting muscle
growth via enhanced MAPK signal-

ing™.

e — Cell swelling.

This phenomenon involves an
increase in intracellular hydration.
This mechanism has yet to be fully
determined although it seems the cell
initiates a signaling response when
the increased pressure against the cy-

toskeleton is perceived as threatening
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cellular integrity’”. To reinforce the
cell ultrastructure, research indicates
that anabolic functions are carried out
in a mTOR-independent fashion™,
suggesting the MAPK as the primary
mediator of swelling-induced anabo-

lism™*

. Cell swelling could also induce
muscle growth through the prolifera-
tion and fusion of satellite cells”. R
seems to maximize the cell swelling
process with the resultant lactate ac-

cumulation™

. Glycolysis produces cell
swelling as a result of the lactate accu-
mulation which acts as a contributor
to osmotic changes in skeletal muscle.
Consequently, this acidic environment
caused by the metabolite accumulation
promotes a growth response, although
the potential anabolic mechanism of

cell swelling is still unclear™”.

Although there is compelling
evidence that metabolic stress also con-
tributes to hypertrophic adaptations®,
a large body of evidence states the
mechanical stress as the primary driv-
ing stimulus in post-exercise muscle
growth®. Likewise, both mechanisms
can work in tandem, making it difficult
to measure separately the effects of one

from other on muscle hypertrophy™.

f — Other involved pathways.

» Gene expression: microRINA.

Regulation of gene expression
includes a wide range of mechanisms
that are used by cells to increase or de-
crease the production of specific gene
products (protein or RNA). Gene
expression can be modulated from
transcriptional initiation to RNA pro-
cessing, and to the post-translation-
al modification of a protein. Among
them, microRNAs are small, endog-
enous, non-coding RNA molecules
which are involved in the post-tran-
scriptional regulation of many genes'”
by mRNA degradation™’, translational
repression™’, or via the combination of
both processes. Initially, genes encod-
ing miRNAs are transcribed in the nu-
cleus and managed through a series of

biogenesis steps™ (Figure 6).

Interestingly, miRNAs are stable
and detectable in blood since they are
protected from RNase activity”. miR-
NAs can be secreted into the blood-
stream by different organs including
vascular endothelial cells, skeletal mus-

cle’®, heart®, liver®* and brain®”.
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Figure 6 — MicroRNA biogenesis and mechanism of action.

Some circulating miRNAs
might reflect physiological or patho-
physiological processes occurring in
these tissues. Due to their stability in
blood, miRNAs have been considered
as promising biomarkers®™. Most of
the available studies that analyze miR-
NAs expression have been carried out
in animals using biopsy. However, re-
cent studies in humans used both biop-

sy and serum/plasma for detection.

Recently, a variety of miRNAs
(i.e., miR-1, -21, -23a, -29, -31, -126,
-133a/b, -181, -206, -378, -486 and
-696) have been shown to regulate im-

portant biological processes in muscle,

such as growth, metabolic adaptation,
and repair in response to exercise and
training (Table 2). During skeletal mus-
cle development, some miRNAs are
specifically expressed in skeletal mus-
cle cells (also called myomiRs such as
miR-206, miR-1, and miR-133) while
others are non-muscle specific but dif-
ferentially expressed around the difter-
entiation process™”. These miRNAs
can target several myogenic transcrip-
tion factors (Pax, MyoD, myogenin,

etC)206

, involving skeletal muscle regen-
eration or myogenesis, by satellite cells
activation, proliferation and differenti-

ation®”.
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Table 2 — miRNAs and target implicated in the development of skeletal muscle. Adapted from
Kirby and Mccarthy 97 & Nie et al. %%,

Function in myogenic
differentiation

miRNA miRNA target (s) Expression pattern

Promote differentiation

miR-1 HDAC4, Pax7 Heart, skeletal muscle . . .
Inhibit proliferation
miR-23a Myh Not muscle-specific Inhibit differentiation
Promote differentiation
miR-29¢ HDAC4, YY1, Akt3  Not muscle-specific Inhibit proliferation and
fibrosis
miR-31 Myf5 Not muscle-specific Maincenance of quies-
cence/stemness
miR-133 SRF, UCP2 Heart, skeletal muscle ProTn.ote .prohfer'atTon
Inhibit differentiation
miR-181 Hox-A11 Not muscle-specific Promote differentiation
miR-206 Cx43, Pax3/7 Skeletal muscle ProTn-ote dlfferenF1at1on
Inhibit proliferation
miR-378 MyoR Not muscle-specific Promote differentiation
miR-486 Pax7 Heart, skeletal muscle ~ Promote differentiation

In muscle hypertrophy, the studied concerning muscle mass devel-
IGF1/PI3K/AKT/mTOR  signaling opment:

thway™ is the most important pro-
pa Way 1S € mosS lmpor an pI'O The mlRNAS WhOSC eXpres-

cess involved in skeletal protein synthe- )
sion is restricted to skeletal myoblasts

sis. The activity of IGF1/PI3K/AKT/

d cardiac ti duri brvoni
mTOR signaling is controlled by sev- and cardiac tissue during embryonic

o development and muscle cell differen-
eral feedback loops, positive and neg- ) )

tiation are called MyomiRs (miR-1,
miR-133 and miR-206)**. MyomiRs

are involved in the regulation of Pax7

ative, that regulate muscle growth™".
Indeed, various miRNAs, directly and/

indirectly, late thi hway*!
om lfec > reguiate TS pat .way and are themselves regulated by down-
depending on the nature of physical ex- N
. T . stream genes such as MyoD** which
ercise or training®”. In the section can conrol muscle hvoertrash. atronh
be found some miRNAs frequently yp phys phy

| s4
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myogenesis, and apoptosis via cell cycle

regulation™”.

miR-1 and -133 can be expressed
in either skeletal muscle or cardiac
muscle. In skeletal muscle, their expres-
sions significantly increase during myo-
genesis but reduce in muscle during hy-
pertrophy in response to R1**® whereas
the IGF-1 protein level significantly

increases™”.

Therefore, it has been
proposed that miR-1 and -133a target
IGF-1/IGFR in the IGF-1/PI3K/AKT
pathway, thereby reducing their expres-
sion and leading to signaling pathway

activation.

miR-206 is a myomiR whose ex-
pression is restricted to skeletal muscle.
During skeletal muscle development,
Pax3 and Pax7, target genes of miR-206,
are able to prevent early differentiation
of myoblasts. An increased expression
of miR-206 is produced when myo-
blasts are not decreased in time and the
inhibition of Pax3 and Pax7 prompted
myoblasts to successfully enter into ter-

295 Recent studies

minal differentiation
revealed that miR-206 promotes dif-
ferentiation™*, participates in skeletal
muscle regeneration following injury
in mice™ or displays an upregulation

in athletes with a muscle fast-twitch

fibers predominance™’. In tilapia, in-
hibition of miR-206 in skeletal muscle
promotes body growth and an increase
in IGF-1 expression®. Moreover, a de-
creased miR-206 expression is linked to
upregulation of myostatin mRNA in

*? Thus, the functions

murine models
listed for miR-206 in skeletal muscle
development demonstrate its positive
roles for myogenesis, despite its nega-
tive role in the differentiation process
on occasion in order to successfully
make the myoblast enter into the fu-

sion stage™”.

miR-29 and miR-31 also par-
ticipate in myogenesis. Although the
mechanism is not fully understood,
miR-29c¢ is found to specifically down-
regulate Akt3 in vitro study in mouses,
thereby potentially reducing prolifera-
tion and promoting differentiation of
myoblasts in skeletal muscle develop-
ment’* and the increase of the muscle
mass***. However, the research about
miR-29¢ expression is still scarce and
additional investigation is needed to
address the regulatory role of this miR-
NA in skeletal muscle.

miR-378 is a non-muscle specific
miRNA whose overexpression increas-

es the transcriptional activity of the

N
N
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MyoD, purportedly by repressing its
antagonist (MyoR)*”, which in turn
may enhance processes related to mus-
cle hypertrophy***. miR-378 expression
via a biopsy has showed reduced basal
levels in low responders whereas its ex-
pression is unchanged in high respond-
ers after a R in healthy individuals™”.
The change in miR-378 expression has
also been correlated with lean mass gain
after R *”’. Moreover, miR-378 levels
seem to increase just after an acute bout
of resistance exercise’*® but remains at
basal levels 1- and 3-hours post exer-
cise®, which suggests that mainte-
nance of miR-378 expression may be
necessary for promoting resistance ex-

ercise-induced muscle growth.

1.1.4 Training variables and muscle

hypertrophy

The key factors or training vari-
ables essential for maximizing exer-
cise-induced muscle hypertrophy are
the combination of the load, sets, rep-
etitions, rest, velocity of movement
and exercise selection. The proper ma-
nipulation of these variables is largely
discussed on the literature drawing the

following conclusions:

1.1.4.1 Load and volume.

Training load and volume have a
significant impact on muscle hypertro-
phy and constitute the most important
exercise variable for stimulating muscle
growth®’. Training load refers to the
amount of weight assigned to an ex-
ercise set”. The training load can be
expressed as a percentage of 1-repeti-
tion maximum (1RM) or the greatest
amount of weight lifted with correct
technique and equates to the number
of repetitions that can be performed

»2 Volume load

with a given weight
describes the total amount of work per-
formed within a training session (Ab-
solute volume load = sets x repetitions
x weight lifted (kg))**. The volume
load is easy to implement and is large-
ly related to measures of internal load
and physiological stress during R **.
However, this approach has some lim-
itations between individuals, given that
this measure does not reflect the relative
intensity of the loads lifted by each in-
dividual. Thus, the relative volume load
can correct the inter-individual varia-
tions (Relative volume load =sets x rep-
etitions x %1RM)*°. Nevertheless, the
difficulty associated with performing

the prescribed number of repetitions in
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aset at a given load constitutes a limita-
tion which can be corrected calculating
the intensity and volume loads for each
set relative to the predicted RM weight
for the prescribed number of repeti-
tions (Volume load relative to specific
RM=sets x repetitions x %RM for rep-

etition range used)*”.

When the training goal is fo-
cused on maximum strength develop-
ment, heavy loads are frequently used
(1-3 RM and/or 3-8 RM); moderate
loads for hypertrophy (8-15 RM) and
low loads for muscle endurance (>20
RM)*°.

A moderate range of 6-12 reps
is believed to optimize the hypertro-
phic response®”, due to factors asso-
ciated with metabolic stress. In addi-
tion, a moderate repetition range and
multiple-sets protocols maximize the
acute hormonal response of exercise
(elevated GH and testosterone) com-

us121 0 g

pared to using low repetitions
augment cell swelling by the accumu-
lation of metabolic byproducts™).
Therefore, R, programs targeting
muscular strength and hypertrophy
are best served by moderate to heavy
loads (6-15 RM)®, but some factors, as

the training status, must be taken into

consideration when prescribing exer-

cise®.

1.1.4.2 Exercise Selection and order.

Exercise selection involves choos-
ing exercises for a R program™'. Sever-
al classifications are used for different
types of exercises based on the size of
the muscle area involved. Resistance
exercises can be classified according
many different criteria. The most com-
mon classification is multi-joint or sin-
gle-joint exercises considering the num-
ber of joints involved in the exercise.
The evidence supports the inclusion of
both multi-joint and single-joint exer-
cises in hypertrophy routines*’. Multi-
joint exercises recruit large amounts of
muscle mass, increasing the anabolic
response and producing larger increas-
es in GH and testosterone**® while sin-
gle-joint allow for a greater focus on

specific muscles.

Exercise order refers to a se-
quence of resistance exercises per-
formed during the training session™".
Traditionally, multi-joint exercises and/
or those involving large muscle mass are
performed before the single-joint and/
or small muscle exercises because they

demand higher intensity and energy

57 |



Introduction

expenditure. However, literature dis-
plays similar achievements regardless of
exercise order for muscle hypertrophy,
while gains in muscular strength need

to keep the size order in the session™”.

1.1.4.3 Rest Interval

The time taken to recovery be-
tween sets and exercises refers to the
rest interval. Rest intervals can be clas-
sified into 3 categories: short (<60 s),
moderate (60-120 s), and long (>120s
min)***. The length of the rest inter-
val depends on the training status, the
training goal and the load lifted, con-
stituting a primary determinant of the

overall intensity™.

Short rest intervals generate sig-
nificant metabolic stress but cause a
decreased total work capacity, limiting
the hypertrophic benefits**. Long rest
intervals allow a complete recovery of
strength between sets but compromise
the hypertrophic response** due to
a reduced metabolic stress stimulus.
Thus, moderate rest intervals appear
to provide a satisfactory compromise
between long and short rest periods for

maximizing muscle growth®.

Therefore,

training, literature largely supports rest

when  prescribing

| s8

intervals between 5-8 min for power,
3-5 min for maximal strength, 1-2 min
for muscular hypertrophy and 30-60 s

for muscular endurance®.

1.1.4.4 Repetition Velocity

Repetition velocity is the time
under tension of the muscle. The rec-
ommended repetition velocity is a 2:1:4
cadence (2s concentric action; 1s pause;

4s eccentric action)*®.

Some studies suggest that con-
centric actions at 1-s cadence are ben-
eficial for hypertrophy due to an in-
creased recruitment of high threshold
motor units*’. Other studies suggest
that moderate velocities have greater
effects on hypertrophy due to a height-

ened metabolic stress*”.

Moreover,
when comparing slow velocity (2:1:4
cadence) with super slow velocity
(10:1:5 cadence), the greater strength
gains were associated with slow ca-

»7 However, for advanced train-

dence
ers, the inclusion of slow, moderate and
fast velocities may maximize strength

and hypertrophy™.
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1.1.4.5 Muscular Failure

Muscular failure is the point
during a set when muscles can no lon-
ger produce the necessary force to con-
centrically lift a given load®. This failure
could be classified as momentary mus-
cular failure or volitional failure (the
maximum number of possible repeti-
tions in a given set perceived by the ath-

lete). Several theories hypothesize that

training to muscular failure provides an
additional stimulus for hypertrophy®*.
However, a recent meta-analysis deter-
mines that training to failure or not
to failure produces similar increases in
muscular strength and muscle size, al-
though differences in training status or
individuals’ characteristics need future

research®®.



Introduction

1.2.—Hypoxia

1.2.1 Types
1.2.2 Severity
1.2.3 Hypoxic training strategies

Hypoxia is defined as any combi-
nation of reduced barometric pressure
(PiB) and/or a reduced inspired frac-
tion of oxygen (FiO2), which ultimately
results in an inspired partial pressure of

oxygen (PiO2) less than 150 mmHg**.

Over the past decade, training
under hypoxic conditions has become a
topic of great interest among elite ath-
letes aiming to improve sea-level sports
performance. Traditionally, since the
1968 Mexico Olympic Games, the as-
cent to higher altitudes has been asso-
ciated with unexpected performance
increments in explosive-related disci-
plines and impaired endurance perfor-
mance®"***. However, when remaining
at altitude, the influence of environ-
mental hypoxia in the aerobic energy
supply seems to elicit beneficial chron-
ic adaptations which improve perfor-

manceli3,254.

The exposure to hypoxic condi-
tions triggers a respiratory, cardiovas-
cular, muscular and nervous systems
response, limiting performance and

requiring an acclimatation process.

| 60

The subsequent adaptations are deter-
mined at the molecular level by HIF-1a
related processes®”, which are not acti-
vated to the same extent by training in
normoxia or by passive hypoxic expo-

sure®®

. HIF-1a regulates the transcrip-
tion of genes related to erythropoiesis,
angiogenesis, vasodilation, energy me-
tabolism, apoptosis and catecholamine
synthesis. There are also hypoxia-in-
duced non-haematological changes,
such as mitochondrial gene expression
and enhanced muscle buffering capac-
ity*”. Combining haematological and
non-haematological responses can re-
sult in increased maximal oxygen up-
take (VO,max) and/or competition

performance at sea level”**.

For this reason, sojourns at ter-
restrial altitude have become popular
among endurance athletes to improve
their aerobic performance. Otherwise,
the effect of altitude on R has received
much less attention due to an associ-
ation between chronic exposure and
a deterioration in lean mass®’. These

different adaptations depend on the
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hypoxic type (e. g., hypobaric vs. nor-
mobaric), severity (e.g., high altitude vs.
moderate altitude) and training strate-

gies (e.g., living and training at altitude

vs. intermittent exposure). Thus, it is
important to overview the protocol
used when examining the training re-

sponses commonly used in elite sports.

Table 3 — The relationship between altitude (m) and barometric pressure (P,), equivalent of the
PiO2 in percent at sea level (Eq PiO:2) and the equivalent of the FiO2 at sea level (Eq FiO2). Adapted

. 262
from Leissner and Mahmood™".

m P, EqPiO:at sealevel EqFiO: % at sea level
Sea level 760 100 20.9
1000 679 89 18.5
2000 605 79 16.4
3000 S37 69 14.4
4000 475 60 12.6
5000 420 52 10.9
6000 369 46 9.5
7000 324 40 8.1
8000 284 34 6.9
9000 248 28 5.9
10000 215 24 4.9
1.2.1 Types generally considered from terrestrial

The hypoxia exposure typical-
ly used for research purposes can be
achieved by the ascent to high alti-
tudes (hypobaric hypoxia, HH; FiO:
= 0.209; PB < 760 mmHg) or by
breathing O,-depleted air (normobar-
ic hypoxia, NH; FiO2 < 0.209; PB =
760 mmHg)**. Hypobaric hypoxia is

altitudes higher than 1000 m*. Al-
though the proportions of oxygen and
nitrogen in the air are the same below
10.000 m of ascent, the progressive re-
duction in the air pressure leads to a
decrease in the partial pressure of oxy-
gen (PO,) which makes it difficult for
O, to diffuse into the lung capillaries

6l |



Introduction

(Table 3)***.On the other side normo-
baric hypoxia is produced by artificially
reducing the FiOz (nitrogen dilution or
oxygen filtration)**. The two main pro-
cedures to simulate hypoxia are the hy-
poxic chamber (altitude tents, rooms,
etc.) and the face mask connected to
a hypoxic air generator’”. The reduc-
tion in FiO2 by both methods induces
systemic hypoxia, called hypoxemia,
which in turn may reduce tissue oxy-
genation. During exercise, hypoxia can
also occur, but contrary to the previous
situations, the oxygen restriction is lim-

ited to the skeletal muscle involved*®.

Normobaric  and  hypobar-
ic hypoxia have been shown to in-
duce subtle different physiological
adaptations, such as differences in
ventilation®®, fluid balance®®, acute
mountain sickness (AMS)**, nitric
oxide metabolism*” and sport perfor-
mance*. Thus, both types of hypox-
ia cannot be used interchangeably*®.
HH seems to represent a more se-
vere physiological stimulus than NH

at the same effective FiO2"
1.2.2 Severity

Hypoxia classifications have
been developed to determine the lim-

its at which different physiological and

| 62

stressors changes are observed, although
the classification varies according to
different authors. Hypoxia is common-
ly classified in four levels: low (1000-
2000 m; FiO2: 19.8-16.7%), moderate
(2000-3000 m; FiOa: 16.7-14.8%), high
(3000-5500 m; FiO2: 14.8-10.9%) and
extreme (>5500 m; FiOa: <10.9%)*®.
The specific physiological and physical
responses depend on the combining ef-
fect of exposure duration and hypoxia

severity”**”°.

The exposure to a severe hypox-
ia (altitudes = 5000 m) has been asso-
ciated to mountaineering or alpinism.
There is a general agreement that expo-
sure to real or simulated altitude over
the periods of Himalayan expeditions
(5-6 weeks) leads to a 10% to 15% loss

1

of muscle volume®* and a concomi-

tant 20% to 25% decrease in muscle fi-
ber size*”* due to a decrease in muscle

273

protein synthesis . However, training

camps are usually performed at moder-

256,274

ate altitude , which is considered

an optimal level for training purpos-

268,275
€S .

At moderate altitude, athletes
seem to benefit from the hypoxic stim-
ulus, with subsequent performance im-

provements at sea level, while the main
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disadvantages associated, such as AMS
symptoms, are likely minimized*”®. As-
cent and permanent exposure to higher
altitudes can induce health alterations
(edema, pulmonary hypertension,
etc.), for which an acclimation process
is advisable over 2500 m*”**””. There are
several altitude training centers over the
world ranging between 1200 and 3600

m**. One of themislocated in Granada,

the High-Performance Center of Si-
erra Nevada, at 2320m asl. (Figure 7).
Moreover, the artificial hypoxic devices
allow combining hypoxic methods (ter-
restrial and simulated hypoxia) to elicit
different targets (aerobic, anaerobic,
muscular, etc.) along the periodization

74278 at the same time they can

process
be used just before, during and/or after

an altitude training camp™* .
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Figure 7 — Altitude training places around the world. Adapted from Fisiologfa del Ejercicio (p. 353) by
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Feriche, B ™.

1.2.3 Hypoxic training strategies

The
hypoxic types (i.e., hypobaric or nor-

combination  between

mobaric), and severity of the hypoxia

during the training and living periods
encourage the development of multiple
training strategies (Figure 8) aiming to
enhance performance or acclimatation

to perform at altitude.
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The most often hypoxic strategy
adopted by athletes is living and train-
ing for several weeks at terrestrial mod-
erate altitude in the lead up to com-
petition, termed “living high-training
high” (LHTH)*. Altitude training
has grown in popularity but traveling
and sojourn in a mountain center is
not always feasible and is costly and lo-
gistically difficult for a large number of
athletes.

The traditional LHTH altitude
training strategy was replaced or com-
plemented by the “live high-train low”
(LHTL) strategy**. The LHTL allows
to combine the beneficial effects of a
prolonged exposure to hypoxia (>12h/
day) with the maintenance of high in-
tensity trainings whilst avoiding the
detrimental effects of chronic hypoxia
(such as muscular mass loss, fatigue or
deteriorated aerobic performance®).
Levine’s research team first investigated
the LHTL method by transporting the
athletes from sea level or low altitude
(<1300 m) to train whilst spending the
rest of their time living and sleeping at
moderate altitude (1800-2500 m)**.

However, this method caused a large

64

amount of stress to the athletes as a re-
sult of travelling to and from training
sites, adapting to differences between
altitude and sea level or financial costs.
For this reason, the development of de-
vices to simulate altitude conditions for
longer periods (i.e., hypoxic sleeping
units or altitude tents) made it possible
to use artificial altitude without travel-

ling to the mountains™’.

Another way to benefit from hy-
poxic stimulus without the detrimental
effects of a prolonged exposure to hy-
poxia is to train under hypoxic condi-
tions and to remain at sea level for the
rest of the time**. “Live low-train high”
(LLTH) strategy or intermittent hypox-
ic training consist in an exposure to hy—
poxia (typically last <2 h at rest or while
training 2-5 times per week), that only
causes a slight disturbance to athletes’
usual daily routine™, and preserve the
sleep quality or recovery. Many studies
have reported information about the
hematological and muscular levels and
their consequences on performance.
However, the benefits may vary across
individuals, in particular when the fo-

cus of their training also differs (acrobic
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or anaerobic adaptations). This has
motivated the technological develop-
ment of new devices as tents, hypobaric
chambers, hypoxic masks and hypoxic

8 and renewed the interest in

rooms”’
LLTH interventions using either lo-
cal (BFR) or systemic hypoxia strate-
gies (interval hypoxic training (IHT),
repeated-sprint  training in hypoxia
(RSH) or RTH, among others) to elicit
metabolic and neural adaptations.
Therefore, the improvement of

hypoxic training strategies that have

Systemic Hypoxia
LLTH sT T

been traditionally focused on the en-
hancement of endurance are now ex-
tended to RTH’-* and RSH as a result
of the potential benefits favoring the

283_285

hypoxic environment . Neverthe-
less, the emerging literature evidence
about the potential benefits of hypoxia
should be carefully considered when
examining the training adaptative re-
sponse in terms of hypoxic type, severi-

ty and training strategy.
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Figure 8 — Hypoxic training strategies. Adapted from Girard et al,”’®** LHTH, ‘live high-
train-high’; LHTHL, ‘live high-train high and low’; LHTL, “live high-train low’; LHTLH, ‘live
high-train low and high’; LLTH, ‘live low-train high’; IHE, intermittent hypoxic exposure; CHT,
continuous hypoxic training; IHT, intermittent hypoxic interval training; RSH, repeated sprint
training in hypoxia; RTH, resistance training in hypoxia; IHIT, IHE + IHT; NH, normobaric

hypoxia; HH, hypobaric hypoxia.
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1.3.—Resistance training under bypoxic conditions

1.3.1 Acute response to RTH
1.3.2 Chronic responses to RTH
1.3.3 Differences between HH and NH

The effects of terrestrial hypoxia
on acutThe effects of natural hypox-
ia on acute and chronic responses to
strength training remain inconclusive
and limited to high altitudes exposures
or simulated conditions. Exposure to
higher altitudes has been presented
as a harmful environment for skeletal

muscle development®

due to a nega-
tive balance depicted between muscle
protein synthesis and degradation®.
However, higher altitudes differ from
the ones commonly used for sport
training camps (2000-3000 m) where
the availability of oxygen seems not to
affect the protein synthesis rate’*, and
nutrition, sleep and training condi-

tions are carefully controlled*”.

The use of the moderate hypox-
ia has been progressively introduced
to maximize muscle strength adapta-

tions®**®

- R, carried out under inter-
mittent hypoxic conditions seems to
maximize muscle adaptations™ and it

could be used to target other training
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goals that require longer adaptation
periods (i.c., strength training related).

7,8,10 and

The recent narrative reviews
meta-analysis” concluded that RTH
did not support a clear added benefit
for muscle mass and strength com-
pared to the same training in nomoxia.
However, discrepancies among train-
ing protocols (populations, training
protocols, muscles involved, hypoxic
dose) do not allow a good comparison
between studies and draw firm conclu-
sions. Moreover, it is expected that ter-
restrial altitude produces different and
more severe physiological adaptations
than simulated conditions™**, highlin-

ing the necessity to assess this gap.
1.3.1 Acute response to RTH

Skeletal muscle mass is regulated
by the balance between protein syn-
thesis/degradation®" and myogenesis
(satellite cell activation, proliferation,

differentiation and fusion (Figure 9))”.
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Figure 9. Skeletal muscle regeneration process.

Exercise under hypoxic condi-
tions is characterized by a greater mus-
cle oxygen desaturation, an increased
anaerobic metabolism, and therefore
a potential increase in the production
of metabolites (such as lactate, H*
and Pi**7******?) and changes in pH

levels*”

. All these apparently greater
responses could potentiate the myo-
genic activation, translated into sat-
ellite cell incorporation in the long-

294

term**. A higher metabolic stress also

seems to promote the recruitment of

64290 20d

high-threshold motor units
supports a benefit of training to en-
hance the hypertrophic response due
to the adaptation of increased muscle

*?* However,

fibers to the training stress
when examining the acute response of
hypoxia after a R session, the literature
displays hormonal and metabolic in-

consistent results.

Particularly, greater increments
in blood lactate®®”"*”, serum GH®-%,
1 and a decrease in
HCO,” have been reported after R

exercise at acute moderate and severe

serum cortiso

hypoxia compared to normoxia con-
ditions. Contrary, other studies have
failed to detect differences in post-ex-
ercise testosterone®”®, serum IGF-1%
and blood lactate®””***” between N
and H conditions, although they re-
mained higher than pre-exercise. More-
over, it is also expected that the hypoxic
condition improves the hypertrophic
response after a resistance exercise (i.e.,
8 sets x 8 reps at 80% 1RM, 14% FiO2)
by the myogenic activation and the in-
flammatory response through IL-6/
STAT3-dependent myogenesis and im-
mune cells-dependent muscle regener-

ation™.

67



Introduction

Some hypotheses could explain
the differences among the available re-
sults. For example, circulating IGF-1
may not be altered by exercise in both
conditions or even the production
could be autocrine and therefore un-
detectable in blood**. It is also possi-
ble that molecules such as lactate need

7 or more

more time under tension®
muscle groups recruited”. Even it is
possible that differences among the
protocols used (sets, repetitions, rest,
hypoxia severity, exercises, etc.) could
affect the metabolic and hormone re-

sponse”.

Therefore, although an increased
metabolic stress may occur, more exper-
iments need to be performed to identi-
fy the role of hormones, metabolites, or
signaling pathways related to hypertro-
phy among others when training under

acute or chronic hypoxic conditions.

1.3.2 Chronic responses to RTH

Based on the acute effects of
hypoxia-induced increases in metabol-
ic stress linked to the lack of oxygen
availability, and on the effect it has on
RTH-induced hypertrophy®¢7¢>?7%2%,

RTH could promote greater improve-

ments in muscle size and strength than
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the same training in normoxia®"**.

Moreover, it is suggested that these
improvements could be achieved in
a shorter time under hypoxic condi-

ti0n5299,300.

Previous systematic reviews
did not report substantial differences
compared to training in normoxia and
have highlighted discrepancies among
training protocols when comparing
both methods. The main discrepancies
found include: different training loads
(from 30 to 90% 1RM), inter-set rest
intervals (from 30 to 180 s), number
of sets (from 3 to 6), training period
lengths (from 3 to 8 weeks), severity of
hypoxia (from 12 to 16% of FiOz), par-
ticipant training levels (untrained, rec-
reational trained, recreational resistance
trained, strength trained, well-trained
in a sport discipline and professional
athletes) or session type and muscles
worked on (isolated small or big mus-
cles vs. full-body sessions) which makes

difficult to draw firm conclusions on
the potential benefit of RTH vs. RTN.

In particular, the meta-analysis
conducted by Ramos-Campo et al.,’
compared the effects of RTH vs. RTN
on muscle CSA, lean mass and strength

without finding an additional benefit
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in favor of the hypoxia condition (stan-
dardized mean differences (SMD)=0.24
[-0.19; 0.68] and 0.20 [-0.13; 0.53]
for CSA and 1RM, respectively). Al-
though the authors established differ-
ent subgroups in order to assess the
possible heterogeneity biases (upper
and lower limbs), they could not find
an added benefit of RTH on CSA and
1IRM and were unable to assess any
other methodological discrepancy due
to the reduced number of available re-

search to that date.

Since 2018, several studies on
the topic have been published, thereby
providing an opportunity to achieve
greater statistical power when meta-an-
alyzing data on the effects of RTH. The
recent narrative review by Deldicque’
includes 16 studies and extends the dis-
cussion of RTH to performance-based
outcomes such as velocity and muscu-
lar power. However, given its narra-
tive format, this review did not seek to
quantify the effect of RTH on muscu-
lar adaptations and its non-systematic
approach introduces the potential for
selection bias®”, thereby limiting the

veracity of its conclusions.

To address the gaps in the cur-

rent literature, it could be interesting to

analyse the potential impact of meth-
odological covariates, such as training
status, the training load, inter-set rest
interval, and the severity and type of
hypoxia used, among others. Future
investigations on altitude training as
a performance enhancing strategy for
elite endurance athletes should deter-
mine the long-term effects of accumu-
lated altitude training through repeat-
ed exposures, as well as the interactions
between altitude and other compo-
nents of a periodized approach to ath-
letic preparation at altitude, such as
recovery, nutrition, and psychological

skills training

1.3.3 Differences between HH and
NH

Although the physiological and
performance responses to NH versus
HH do appear minor when account-
ing for equivalent hypoxic dose®, there
are subtle differences. This “equiva-
lent air altitude model” has now been
criticized and a growing body of liter-
ature has reported physiological differ-
ences between acute exposures to NH
and HH*®. Specifically, exposures to
HH need a pre-acclimatation process

in order to reduce the AMS, whose

& |



Introduction

symptoms are less severe under NH*®.
However, the ascending to altitude en-
tails an acute acclimatization process
that does not occur in NH, where the
time spent between placing the device
or entering the room and the start of
the exercise is reduced to 5-10 minutes
of exposure. Moreover, it is not clear
whether the same effects would be seen
with or without an acclimatation pro-
cess between conditions.

NH and HH

could not “be used interchangeably”

Furthermore,

with HH representing a more severe
physiological stimulus than NH at the
same effective FiO2>*. The main differ-
ence between both types of hypoxia is
the PB, that could explain the differ-
ent physiological adaptations caused
by differences in ventilation, fluid bal-
ance, AMS, nitric oxide metabolism,
and sport performance. This would
also make the assumption that larger
physiological adaptations would occur
after prolonged hypoxic exposure un-
der HH compared to NH conditions.
However, this hypothesis still needs to

be demonstrated in research.
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Finally, the use of NH in R
could be beneficial to develop muscle
hypertrophy. Atleast, 8 weeks are neces-
sary to observe changes in CSA, which
limits its application in HH. The ben-
efit of hypoxia in hypertrophy training
is based on the potential intensification
of the metabolic stress response and the
mechanisms related to muscle growth.
But, as mentioned, the different physio-
logical responses between HH and NH
should not exclude HH as a more effi-
cient metabolic stress stimulus to R..
However, the presence of confounding
factors frequently not addressed in the
studies, such as acclimatization time
spent in hypoxia, temperature, carbon-
ic accumulation and humidity, and the
limited statistical power due to small
sample sizes, limits the conclusions that

can be drawn from these findings™.

Nonetheless, it should be noted
that strength training under hypoxic
conditions is still a topic of great inter-
est due to the inconclusive results re-
ported and the lack of the studies con-
ducted under terrestrial hypoxia. Thus,
it could be important to improve the
quality and quantity of future studies
in hypoxia to allow the comparability

of results.
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1.4.—Statement of the problem

The literature reviewed high-
lights the need for hypoxic training as
a new strategy to increase the stimulus
and outcomes in addition to tradition-
al training. The effect of the hypoxic
stimulus has been traditionally studied
to improve aerobic performance at ter-
restrial altitude due to the physiological
benefits associated with performance.
However, the development of new de-
vices to simulate the hypoxic stimulus
has increased the interest in RTH and
open a new area of research because
of the potential different physiological
responses between terrestrial and sim-
ulated hypoxia. Thus, controlling vari-
ables such as the type of hypoxia (sim-
ulated vs. terrestrial), the exposure time
(acute, chronic, or intermittent) or the
training methodology (load, sets, vol-
ume, exercises, etc.) has become an area
of research to determine the role of the
hypoxia on the success of a R period

with respect to normoxia.

Additionally, no research has
investigated the physiological and per-
formance-related responses of altitude
after a R period. The last systematic
reviews suggest the use of hypertro-

phy R, protocols (moderate loads and

intensity and short inter-set rest inter-
vals) combined with a moderate se-
verity of the hypoxia to maximize the
muscle adaptations. Nevertheless, the
increased number of studies on the
topic published in the last years make
it necessary to address the gaps in the
current literature and sub-analyze the
potential impact of methodological co-
variates on the results, such as the train-
ing load, inter-set rest interval, and the

severity of hypoxia.

Although the literature con-
siders metabolic stress and the subse-
quent metabolic pathways activation

(IGF1/PI3K/AKT/mTOR)
to muscle hypertrophy, the physio-

essential

logical adaptations are further for a
complete understanding. However,
the relative incipient discovery of new
molecules involved in these processes
(such as cytokines or miRNAs) could
elucidate the biomolecular responses
and their relevance for skeletal muscle
adaptations to R as well as the impact
of the hypoxia on these results (RTH).
Moreover, the literature suggests difter-
ences between HH and NH, although
any study has compared both types of

hypoxia on muscle mass and strength
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development. Therefore, comprehen-
sive comparative research on R carried
out in both terrestrial and simulated
hypoxia will allow to better understand
the hypertrophy and strength adapta-
tions and sets the main objective of this

thesis.
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Aims and hypothesis

2.1. General aim

The main aim of this doctoral

thesis was:

To analyze the effect of the resis-
tance training exercise under acute and
chronic moderate hypoxia conditions
of different types (terrestrial vs. sim-
ulated) on the physiological response
and muscle and strength performance

markers.

2.2. Specific aims

Specific objectives and hypothe-
ses have been targeted in four different

sections:

Section L. Systematic review

and meta-analysis.

Study 1. To perform an updated
systematic review and meta-analysis to
explore the effect of RTH on muscle
hypertrophy and strength development
and to sub-analyze the potential impact
of methodological covariates, such as
the training load, inter-set rest interval,
and the severity of hypoxia. The analy-
sis thus will enhance the ability to pro-
vide specific recommendations about
the effectiveness of RTH, as well as to
detect procedural gaps in the literature

that spurs future research on the topic.

| 76

Section IIL. Preliminary
studies on acute exposure
to hypobaric hypoxia.

Study 2. . To compare the acute
response of a hypertrophy-oriented R
session under normoxic conditions and
after the ascent to a moderate altitude
on exercise-induced stress variables as-
sociated with muscular gains (metabo-
lites, ions and anabolic hormones). We
hypothesized that the exposure to alti-
tude would produce an increased stress
response compared to the normoxia
condition and thus enhance acute fac-
tors associated with muscle hypertro-
phy.

Study 3. To compare the acute
effects of a hypertrophy-oriented R
session under normoxia and terrestrial
moderate hypoxia on exercise-induced
inflammatory cytokines and anabolic
hormones associated with muscular ad-
aptations; and to establish the influence
of acute altitude on the potential rela-
tionship between miR-378 and these
related variables. We hypothesized that
the acute hypertrophy-oriented R . ses-
sion would increase the inflammatory,
hormonal and miR-378 responses, and
that hypoxia would amplify these re-

sults.
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Aims and hypothesis

Section III. Acute effect
and comparison between

types of hypoxia.

Study 4. To compare the effect
of different types of acute hypoxia
(HH vs. NH) combined with different
inter-set rest configurations (60 s vs.
120 s) during a traditional hypertro-
phy-oriented R session on perceptual,
physiological and muscle performance
markers. We hypothesized that short
rest periods would produce higher per-
ceptual, cardiovascular and blood lac-
tate changes, and its combination with
terrestrial hypoxia would maximize this

response.

Study 5. To analyze the effect of
the hypoxic environment on hormon-
al and circulating ions responses after
performing high-intensity R with
different inter-set rest under HH and
NH. We hypothesized that high-in-
tensity resistance training with short
inter-set rest under HH conditions
produces a greater hormonal and met-
abolic responses than under NH, since
the reliance on anaerobic metabolism is

increased.
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Study 6. To compare the acute
myokine/miRNA response to a tradi-
tional hypertrophy session under two
different but equivalent types of mod-
erate hypoxia (terrestrial vs. simulat-
ed). We hypothesized that the hypoxia
would produce a fast increase in myok-
ine and miRNA expression compared
to sea level, and enhance acute media-
tors associated with muscle hypertro-
phy. The type of hypoxia will affect the

magnitude of the response.

Section IV. Chronic effect
and comparison between
types of hypoxia.

Study 7. To investigate the effect
of an 8-week R . period under terrestrial
and simulated hypoxia on muscle mass
and strength development with respect
to the same training in normoxia. We
hypothesize that the training period in
hypoxia will increase muscle hypertro-
phy and maximal strength more than in
normoxia. These changes will attend to
the metabolic stress and corresponded

myogenesis marker response.






Methods

Studies’ methodological overview

The present Doctoral Thesis
contains a total of 7 studies. They are
classified into four different sections
depending on the study aim and the
methodology used.

All the studies contain data
from healthy resistance-trained males,
although the training status analyzed
from the systematic review ranged be-
tween untrained to well-trained partic-
ipants. The data collection in the cur-
rent Doctoral Thesis was completed
through training session monitoring
(load, repetitions, inter-set rest inter-
vals, etc.) blood measurements (hor-
mones, metabolites, cytokines, genet-
ic markers, etc.) and perceptual and
cardiovascular responses (RPE, HR,
etc.). The measurements within each
study were taken acutely or chronically
depending on the aim of the study to

compare the effect of resistance training
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on hypoxia as well as the difference be-

tween types of hypoxia.

Each study was carried out fol-
lowing the current Spanish legal reg-
ulations that control human research.
Moreover, each study was approved
by the corresponding Research Eth-
ics Committee in accordance with the
Helsinki Declaration. All participants
were provided with information detail-
ing the purpose and requirements of
the research protocol of each study and

provided signed informed consent.

An overview of the design, par-
ticipants, variables and statistical anal-
ysis included in all studies is displayed
in Table S. After it, the method of
each study is presented separately by
sections, to better understand the fol-

lowed procedure.



*] J019F PMOIS NI-UINSUI : [-,[O] ©DIEVOGILII] £ODH UORLINIES UFLX0 APSNJY ZOWS Sy NYOIINW I
(007 X YOLW 2301 /YO, LW AT = YO,[W A1 0/,) upwedes 3o 198781 ULILWWEW 2A0E JO 0/, YO, LW 2ABIE 0/, £0 J0JILJ SISOIIIU JOWN 10, NI, ‘UR[NOFIUT ] DUOINS0I$I} I, {[OSHIOD 1) DUOWIOY [IMOI3 ([{£) fwnioped
1,280 “aprxorp uoqaed pmbiy 112y reydsoyd srueSzour 1 Orerse] ey tssaxd Lreaiu gy fssaxd youaq :qq enbs yoeq :gq ‘eare [euonds-ssom 1)) ‘suonnadas :sdas fwnwixew vonnadar (R Apmis oy 03 somd LPrerpawr
£30151y SUTUTER 9OULISISII SNONUNTOD JO SYIUOW 7] 158 38 pasdryde oym siuedpnred iy ur paures], {oad] eas 2A0qe :[st {UdSAX0 Jo uondes pasdsur 201 erxod{y sueqodiy :HH ‘erxod{y dueqowiou (N ®XOWIOU N

S2OUIFIP (1sv w 0zee-~)
§ 262 YW GLE-YIW ‘90T _ _ 2O %6°ST ¢ ‘SA SA o
uwow pozIpIpUTS S o WAS06X (NUSL 68T 0SL  TTFOIT o.w%w o\g omw oW €1 THN (N M.m mwew@ 3
UOXODIAN ,MOH& oau,ua o “T-TOT ‘LD 8) A9 XSS GELF 0L Y +87TC Ay Ul paueL], st w o,NmNc HH SO O *HH sdnoss 1 L m.
AN [e{SnIN] . S $9549%0 9 :APOq-[n. TLFOTL YeFLTT saEw O] N ,m
VAONV SSAUMII APPSO AU T (01 %12) Blielerig] M
ISt W 00L> N
SUIIIP T O Isor v X (e D)
UEOW PaZIPIEPUEIG B umm B ‘oow B ssdaz ] x s198 ¢ Unw g sA | 9
LE-\I “UNTISOATN ‘IS :
[PPOW 3233J3-PaxIN $5PI9X0 9 :APOq-[n. (15% W 0zeT~) (H sa N)
S2OUDIDIFIP o - O %6°S _EZ ) dnosSenur puv Web
VAONV urw-g 30 -1 X (NYZ1) +o T ? dnoiSioruy =
COw %12) =]
S2OUIDYT . _— -sdoz o] x s19s ¢ ) %1 g =
ueow EN_E%%% COUS HdY WH DUIW sa5p10%3 9 :4poq-{in.g [ 000> N EHS w I
(P SRS P (g pue S pro-ownjop V
8LE-YIW “0ANLL 0T “9-'1T
sis{[eue [puonePIIO)) D HO ‘L . (O v m.%m@ (HH s2 N) [ MS
m.uuﬁau&% iz g U XNYOL XSPS ¢ LI'6 FTEIL 65T+ 1€TC Ay vl paueL], 150 0ce “HH Soew ¢ dnosenuy g
uEaW PazZIPIEPULIS S “TO0 VT G o sipoqna 0w %12) oy 2
VAONY  (dIN ‘dd ‘Sd) prol-awnjop ’ 5% W 00L> N 4 =
ssew ULy | PaUrEn-[PA\ (se 1s0d-21g
s ; 8TLFL86  0SF06T ooure . (HN s N) &
sisA[eue-e1ay SSOWPI OPSIN Sururen souwisisoy o o) Y Ut pauIELL W 00€T ) 00S~) sarpnis /] dnoigroyu 1 g
: VSO o : = = [EECHERDSN O %91-C1 *HN : G ]
91 FT09 CEFTOT IS P sisieue-vow 5
N1 pauenun Ol %12 N PUE MI1AT DPEWNSAS
SPOYIW [EONISHEIS Pa1IpIIs SI[qELIEA SPOIdIN (3) ySroM  (sieak) 28y [oad] Surures], TQI] AN syuedpnaeg  uSrsop prwdwadxy  Apmig

“MITATIAO [e2130[OPOTIW SAIPIIG — G I[qE],



Methods

Section I. Systematic review and meta-analysis.
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Section I. Systematic review and meta-analysis.

Study 1. Efficacy of resistance training in hypoxia on muscle hypertro-

phy and strength development: a systematic review with meta-analysis.

Benavente, C., Schoenfeld, B. J., Padial, P., & Feriche, B. (2023). Efficacy of re-

sistance training in hypoxia on muscle hypertrophy and strength development: a

systematic review with meta-analysis. Scientific Reports, 13(1), 3676.

» Study Design

This meta-analysis followed the
recommendations described in the Pre-
ferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRIS-
MA) guidelines™ (see Tables S1 and
S2).

» Data sources and search strategy

A systematic search was per-
formed using PubMed-Medline, Web
of Science, Sport Discus and the Co-
chrane Library from database incep-
tion through 7 June 2022. The follow-
ing combination of terms was used for
the search: (“strength training” OR
“resistance training” OR “weight train-
ing”) AND (“hypoxia” OR “altitude”
OR “hypoxic training”) (see Table S3
for specific search strategies), without
a restriction of date of publication.
The search was performed individual-
ly by two authors. Full texts of studies
deemed potentially relevant based on

title and abstract were screened, and a

final decision was then made as to whe-
ther a study warranted inclusion. Any
discrepancies were resolved through
discussion; if needed, a third author ar-

bitrated to arrive at a final decision.

» Inclusion criteria

We included studies that (1) ex-
amined the effect of R . under intermit-
tent terrestrial or simulated hypoxia for
atleast 3 weeks ** on muscle hypertrophy
(CSA, lean mass or muscle thickness)
and strength development (1RM) in
healthy individuals between 18 and 65
years of age using a randomized design;
(2) included a normoxic control group;
(3) were published in English-language
peer-reviewed journals; and (4) provid-
ed information about outcomes both
at baseline and post-study. Research
studies were excluded if they (1) were
not original investigations published
in full; (2) did not specity the tests to
be evaluated; (3) applied hypoxia via

local techniques, such as blood flow
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restriction; (4) did not provide or spec-
ify numerical or graphic data; and (5)
examined only the acute effects of in-

terventions.

» Data extraction and

study outcomes

Data extraction of the included
studies was conducted in a standardised
manner by two authors independently.
To ensure the reliability of this pro-
cess, each author performed the data
extraction of all studies included in the
meta-analyses and separately entered
the data into a spreadsheet. The data
were then crosschecked and combined

into a single spreadsheet for analysis.

For each included study we ex-
tracted the following data: authors and
year of publication; sample size and
mean age and weight of participants
for each group; the type of hypoxic
environment; the FiOz; and the train-
ing status (in the absence of a specific
description of participant training sta-
tus, we defaulted to the description
provided by the authors). The infor-
mation extracted about the charac-
teristics of the R programs included:
training frequency (sessions/week),
relative load lifted, sets, proximity to

failure, inter-set rest interval, the type
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of exercise and the outcomes measured
(i.e., maximal strength, CSA and/or
lean mass and/or muscle thickness)
(Table 6). In cases where data were not
sufficiently reported, we contacted the
authors of the relevant studies for ad-
ditional information. In cases where an
article presented results using figures,
two authors extracted the values of the
outcomes using online software (Web-
PlotDigitizer)**. When disagreement
reached 3%, a third investigator extract-
ed the data with the online software.
The mean of the two closest derived

assessments was used for analysis.

To assess potential confounding
from covariates, we carried out sub-
analyses of data on the effects of train-
ing load (low < 50% 1RM); moderate =
60-80% 1RM; heavy >80% 1RM), in-
ter-set rest interval (short < 60s; mod-
erate > 60 to < 120s; long =120s) and
severity of hypoxia (moderate = 14.3 to
16 % FiOz; severe <14.3 to 11% FiO»).

» Evaluation of the methodology
of the studies selected.

All trials included in the me-
ta-analysis were assessed for method-
ological quality using relevant items

from the Cochrane’s risk of bias tool*”
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and the PEDro scale’® by two with a
third investigator in case of disagree-
ment. The assessment of the select-
ed studies included specification of
eligibility criteria, random sequence
generation, allocation concealment,
inter-group similarity in main study
outcomes at baseline, blinding of par-
ticipants, blinding of outcome, in-
complete outcome data and selective

reporting (Table S4).

» Statistical analysis

All studies were independently
analysed for each main outcome (CSA,
lean mass and 1RM) using pre- and
post-study results under hypoxic or
normoxic conditions with values ex-
pressed as standardised mean differ-
ences (SMD) and their 90% confidence
intervals (CIs). Subgroup analyses were
performed to determine possible con-
founding effects of load, inter-set rest
interval, and severity of the hypoxia.
Standardised

from RCTs were computed as the mean

effect size coefhicients

differences between the mean change
in hypoxic and normoxic groups from
baseline to post-intervention, divided
by the mean pooled baseline standard
deviation®”: In the intra-group pre-

post measurement, the mean change

from baseline to post-intervention, di-
vided by the pooled baseline standard
deviation, was used to calculate the
standardised effect size coefficient for
each intervention group: . Both co-
efficients included correction factors
for small samples and **°. The inverse
variance method was used in both cases
for the weighting of studies (Table S5).
Additionally, we calculated the raw
(unstandardised) mean difference for
pre-post studies and RCTs by using
the weights from our standardised me-
ta-analysis to estimate the pooled mean

difference in each outcome.

We

multi-level random effects model to

analysed data using a
account for multiple effects nested
within groups, studies and participants
(three-level analysis)*. This approach
allows to control for the bias of com-
bining several measures from the same
study (Figure S1). Independent effect
size coefficients from studies and out-
comes were combined and analysed
using the DerSimonian and Laird’s*
random effects model. The weight-
ed standardised mean change from
baseline to post-intervention was the

pooled effect size of each outcome.
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Table 6 — Continued...
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Consistent with previous me-
ta-analytic approaches™, we chose
to avoid drawing binary conclusions
via traditional null hypothesis signif-
icance testing given the documented
issues with this statistical method®***".
Rather, we considered the spectrum
of possible estimates from the lower
to upper limits of compatibility, plac-
ing the greatest inferential empha-
sis on the point estimate. Threshold
values for SMDs were interpreted as:
“trivial” (<0.20); “small” (0.21-0.50);
“medium” (0.51-0.80); and “large”
(>0.80)".

For SMDs with a positive value,
the reported result favors the RTH;

88

conversely, results with a negative val-
ue favor RTN. The Q test and /?index
were calculated to estimate potential
statistical heterogeneity. A threshold
from 30 to 60% represented a moder-
ate level of heterogeneity, p<0.10. Po-
tential small study bias was analysed
using Egger’s test’ as estimated from
a funnel plot (Figure S2). A sensitivity
analysis was performed to control for
the robustness in the outcomes that
included the studies eliminated for
undetermined inter-set rest periods™® .
All statistical analyses were performed
using the Metafor package® in the R

statistics program®*
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Section I1. Preliminary studies on acute exposure to hypobaric hypoxia.
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Section II. Preliminary studies on acute exposure to hypobaric hypoxia.

Studies 2 and 3 compared the
acute effects of a hypertrophy-orient-
ed R session under terrestrial hypoxia.
The following section is divided into
the common subheadings for both
studies (Experimental approach to the
problem, Participants, Hypertrophic
resistance training session and Blood
extractions) and the different measure-

ments performed on each study:

» Experimental Approach
to the Problem

In a counter-balanced order,
participants performed two traditional
hypertrophic-oriented R sessions, one
at moderate-altitude (HH; 2320 m asl)

and the other under normoxic condi-
tions (N; <700 m asl). One week before
the first R session, participants were
required to complete a preliminary ses-
sion to determine their 10-repetition
maximum (10RM) load in each exer-
cise at a normoxic environment. Then,
72 hours before the start of the study
and after 48 hours of rest at N, partic-
ipants attended the laboratory for an-
thropometric [height (Seca 202, Seca
Ltd., Hamburg, Germany), body mass
(Tanita BC 418 segmental, Tokyo, Ja-
pan)] and resting blood sample testing
(Figure 11).

Day 1 Day 2 ﬁ Day 3
BASAL GRANADA @ SIERRA NEVADA
=] ..
Lac, Pi, CO,-L, Ca®* <700 m asl Training at _8 Training at
Testosterone, GH, cortisol as NORMOXIA ~ 2320 m asl HYPOBARIC
;(2 11.-6, I1.-10, TNFa. g)( o~ HYPOXIA
3 | mir-378 =
o S 3x 10 RM (2 min rest) |:>
<= =i
=) N
< Anthropometric ~ Flat hat?h,ell press
o Barbell military press
measures
Wide grip lat pulldown
Seated cable row
Barbell back squat
Machine leg press 35 100 15 30

Figure 11 — Study design.

During the experimental period,
participants fasted after midnight of the
day before each training session. They

were provided with a meal replacement

supplement (610 calories; 31% pro-
tein, 41% carbohydrate and 12% fat)
1.5 hours prior to the start of the cor-

responding warm-up. Testing sessions

91 |



Methods

were conducted at the same time of
day, at a temperature of ~22° C and
~60% humidity, or ~22° C and ~28%
humidity for N and H conditions, re-
spectively. Participants travelled by car
to the altitude training center (32 km)
to perform each training session. Arriv-
als to altitude occurred ~30 min before
the training session and participants
returned to normoxia after completing
the session. Arterial oxygen saturation
(SpO,; Wristox 3100; Nonin, Plym-
outh, MN, USA) was evaluated before
the start of the warm-up of each train-
ing session to test the H condition. Par-
ticipants displayed a mean SpO, value
of 94.2+1.3 and 98.0£1.5% in H and
N, respectively (p<0.001).

» Participants

Thirteen male volunteers (age:
22.31 + 2.59 years; height: 178.31 +
4.96 cm; body mass: 76.92 £ 9.17 kg)
participated in the study. All partici-
pants had participated in a resistance
training regimen for a minimum of 3
times per week for at least 12 months.
Subjects had no health or muscular
disorders, reported to be free from con-
sumption of any agents associated with
increased muscle size during the previ-

ous month and had not been exposed
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to altitudes above 1500 m asl for more
than 3-4 consecutive days for at least
two months before the study onset.
Participants lived at a low altitude to
ensure that responses were specific to
acute hypoxia exposure. This study
was approved by the Local University
Research Ethics Committee and con-
ducted in accordance with the Helsinki
Declaration. Informed written consent
was obtained from all participants pri-

or to beginning the study.

» Hypertrophic Resistance

Training session

The R, sessions comprised six
exercises per session targeting major
muscle groups of the body (flat barbell
press, barbell military press, wide grip
lat pulldown, seated cable row, barbell
back squat, and machine leg press). A
standardized warm-up of 15 min was
completed at the beginning of each
session consisting of low intensity aer-
obic exercise and stretching exercises,
and a specific warm-up in which they
performed two sets of 10 repetitions
(the first with 20 kg and the second at
50% 1RM estimated from the prelimi-
nary test, 120 s rest) of the back squat,
seated cable row and bench press. The

routines for each session included 3 sets
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of 10 RM per exercise. Subjects rested 2
min between sets. Sets were carried out
to the point of momentary concentric
muscular failure (inability to perform
another concentric repetition while
maintaining proper form). Cadence
of repetitions was carried out in a con-
trolled fashion, with a concentric action
of approximately one second and an
eccentric action of approximately two
seconds. The load was adjusted for each
exercise as needed on successive sets to
ensure that subjects achieved failure in
the target repetition range (8-10 RM).
Barbell exercises were performed with
calibrated equipment (Eleiko) and used
for comparison between conditions.
All routines were directly supervised
by the research team to ensure proper
performance of the respective routines.
Participants were instructed to rest 72
hours between training sessions and to
refrain from performing any additional
resistance-type or high-intensity anaer-

obic training throughout the study.

» Blood extractions

Venous blood samples were tak-
en, after each training session. The
basal condition was established from a
blood analysis collected 2 days prior to
the first training session after 48 hours
of abstention from structured exercise.
All preliminary laboratory assessments
and basal blood testing were performed

in normoxia.

Immediately following the train-
ing session, the antecubital vein of the
arm of each participant was canalized
via a catheter. The catheter remained
permeable by using physiological saline
solution. 5 ml of blood was extracted
at minutes 3, 5, 10, 15 and 30 post-ex-
ercise. An amount of 2 ml of blood
before each extraction was discarded
to avoid dilution of the sample. In all
cases, blood samples were kept at cold
conditions and centrifuged in the fol-
lowing 4 hours during 10 min at 3000
rpm. Finally, S00ul aliquots were stored
at -70°C until use. Blood extractions
were performed at the same altitude
condition of the corresponding session

by specialized staft (Figure 12).
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Figure 12 — Blood extraction, storage and centrifugation.
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Study 2. Altitude-induced effects on muscular metabolic stress and hy-

pertrophy-related factors after a resistance training session.

Feriche, B., Schoenfeld, B. J., Bonitch-Géngora, J., de la Fuente, B., Almeida, F.,
Argiielles, J., Benavente, C., & Padial, P. (2019). Altitude-induced effects on mus-

cular metabolic stress and hypertrophy-related factors after a resistance training

session. European Journal of Sport Science, 18, 1-10.

» Measurements

Absolute training load by ex-
ercise (kg), repetitions to failure, and
ratings of perceived exertion (RPE)
were monitoring during and after each
training session respectively. RPE was
obtained by showing a graphical scale
to participants 30 min after completing

the training session **..

Metabolites/ions (lactate, inor-
ganic phosphate, liquid carbon diox-
ide and calcium) and hormones (tes-
tosterone and growth hormone) were
analyzed from venous blood samples.
Blood lactate concentration (Lac) was
assessed at minutes 3, 5, 10, 15 and 30
and analyzed by a photometric proce-
dure (Dr. Lange, LP 20 plus, Berlin,
Germany). Ions and hormone val-
ues were assessed at minutes 5, 10, 15
and 30 post-exercise and analyzed in a
COBAS C-311 System (Roche, Basel,

Switzerland). To minimize bicarbon-
ate loss, specimens were kept tightly

capped.

» Statistical analysis

Data are presented as mean *
standard deviation (SD). Normal dis-
tributions of the data were confirmed
using a Shapiro-Wilk test. A two-factor
ANOVA was used to assess the effect of
time during the recovery (within-par-
ticipant factor with 4 levels [minutes 5,
10, 15 and 30] and the environmental
condition (within-participant factor
with 2 levels [HH vs. NJ) on the ions
A Green-

house-Geisser correction was employed

and hormone variables.

when the sphericity assumption in
ANOVAs was violated (Mauchly’s
test). Post hoc comparisons, when ap-
propriate, were performed using Bon-
ferroni correction for multiple pairwise
comparisons. Generalized Eta-Squared

measures of effect size and thresholds
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were set as follow: <0.04 (small), >0.04
(medium) and >0.36 (large). Differenc-
es with respect to the basal conditions
of all blood variables and between con-
dition comparisons for maximal blood
lactate concentration, RPE and physi-
cal performance were analyzed through
paired samples t-tests. To quantify the
magnitude of the change, standardized
differences (i.e., Cohen’s d effect sizes)

were calculated as the mean change

divided by the pooled standard de-
viations on all dependent variables.
Threshold classifications were set as
follow: >0.2 (small), >0.6 (moder-
ate), >1.2 (large) and >2 (very large).
All analyses were performed using the
software package SPSS (version 24.0,
IBM Corp. IBM SPSS Statistics for
Windows, Armonk, NY, USA). Effects

were considered significant at p < 0.05.

Study 3. Hormonal and Inflammatory Responses to Hypertrophy-Ori-
ented Resistance Training at Acute Moderate Altitude.

Benavente, C., Ledn, J., Feriche, B., Schoenfeld, B. J., Bonitch-Géngora, J., Almei-
da, F., Perez-Regalado, S. & Padial, P. (2021). Hormonal and Inflammatory Re-
sponses to Hypertrophy-Oriented Resistance Training at Acute Moderate Alti-

tude. International Journal of Environmental Research and Public Health, 18(8),

4233.

» Blood Measurements

Venous blood samples were tak-
en for determination of hormones (tes-
tosterone, growth hormone and corti-
sol), cytokines (IL-6, IL-10 and TNFa)
and miR-378. Hormonal values were
assessed at minutes 5, 10, 15 and 30
post-exercise to determine recovery

peak values. Analyses were performed

in a COBAS C-311 System (Roche,
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Basel, Switzerland). Cytokine analyses
were assessed at minutes 15 and 30 of
the recovery by multiple immunoassay
kits (Procarta Multiplex immunoassay
kit, Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s in-
structions. Quantitative data were ob-
tained using the Luminex-200 system
(Luminex Corporation, Austin, TX,

USA), and data analysis was performed
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on Luminex 100™ IS v2.3 software.
Assay sensitivity for each cytokine
measured was (pg/mL): IL-10: 0.2466,
IL-6: 3.74 and TNFa: 0.835. Finally,
cell-free total RNA — primarily miR-
NA — was obtained at minute 30 of
recovery by miRNeasy Serum/ Plasma
Kit, according to the manufacturer’s
instructions (Qiagen, Hilden, Germa-
ny). A panel of 3 invariant miRNA:s,
two snoRNAs (SNORD95, SNOR-
D96A) and one snRNA (RNU6-2)
were used to normalize for variability in
sample loading and real-time RT-PCR
efficiency *****. Cycling was performed

under standardized conditions with 2x

QuantiTect® SYBR Green PCR Mas-
ter Mix on a CFX96 Real-Time PCR
Detection System (Biorad, California,
United States) (Figure 13). To deter-
mine the efficiency of RNA extractions
and/or the presence of inhibitors in
cDNA synthesis or in PCR, the levels
of the Spike-in Control were quanti-
fied (C. elegans miR-39 miRNA mim-
ic) and added before RNA extraction
by real-time PCR. The fold changes
of candidate miRNAs expression were
calculated by the equation 2-AA“", All
analysis were performed at normoxia

using the same equipment.

Figure 13 — miRNA quantification through RNA extraction, reverse transcription, and PCR.
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» Statistical Analyses

Data are presented as mean *
standard deviation (SD) or mean stan-
dard error (SEM). Normal distribu-
tions of the data were confirmed using
a Shapiro-Wilk test. Cytokines values
were dichotomized to 1 or 0 as detect-
ed or non-detected data, respectively,
with respect to the minimum detect-
able threshold established by the analy-
sis kit. Differences between conditions
(N vs. H) and time (basal vs. min 15 vs.
min 30) were interpreted through the
McNemar test. A paired sample t-test
was used to assess the session effect (bas-
al vs. maximal value) between exercise
conditions (N vs. H) in the peak value
of the hormones studied. To quantify
the magnitude of the change, standard-
ized differences (i.e., Cohen’s d effect
sizes) were also calculated as the mean
change divided by the pooled standard
deviations in all dependent variables.
Threshold classifications were set as
follows: >0.2 [small], >0.6 [moderate],
>1.2 [large] and >2 [very large].

The relationship between the
miRNA response and the higher value
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of the hormones variables was calcu-
lated through a Pearson or Spearman
correlation coefficient (r) in both con-
ditions. The corresponding Fisher’s
Z-transformed 7 coefficient was used
for N and H comparison by calculating
the Fisher’s F distribution. Previously,
the Spearman’s coefficients (rho) were
converted to Pearson’s coefficients (r)
when appropriate. For our sample size
(n=13), significance was determined as
follow: F>2.69 [p=0.05] and F>4.16
[p=0.01]. The inference analysis was
determined by the Cohen’s Q effect
size calculation (magnitudes were in-
terpreted as follows: <0.1: no effect; 0.1
to 0.3: small effect; 0.3 to 0.5: interme-
diate effect; >0.5: large effect). A binary
logistic regression was carried out to de-
fine the relationship between miRNA
and cytokines. An indication of the fit
of the model was given by Cox-Snell’s
R?* and an Omnibus test (Chi-Square).
All analyses were performed using the
software package SPSS (version 26.0,
IBM Corp. IBM SPSS Statistics for
Windows, Armonk, NY). Effects were
considered significant at p < 0.05.
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Section I11. Acute effect and comparison between types of hypoxia.
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Section III. Acute effect and comparison between types of hypoxia.

Studies 4, 5 and 6 compare the
acute effects of different types of hy-
poxia after a hypertrophy-oriented R
session. The following section is divid-
ed into the common subheadings for all
studies (Experimental approach to the
problem, Participants, Hypertrophic
resistance training session and Blood
extractions) and the different measure-

ments performed on each study:

» Experimental approach

to the problem

A repeated measures model was
applied in two independent groups
(G1 and G2), one for each type of hy-
poxia. All participants performed a
standard hypertrophic R session on
four different days, counterbalancing

the order in terms of environmental

Group 1

Training session with:

\
{ 1 1 1

1 min | | 2 min 1 min | | 2 min
rest rest rest rest
at normoxic at hypobaric
condition hypoxia condition

‘ Intra—group comparison ‘

condition (N, HH and NH) and type
of inter-set rest (60 and 120's). Each ses-
sion was separated by a rest period of 72
h. Thus, participants in G1 performed
each of the two inter-set rest types of
R sessions at normoxia (N) and at ter-
restrial hypoxia (HH: 2320 m asl; ~ 570
mmHg). Participants in G1 travelled
by car to the HH center (32 km), be-
gan the training session ~30 min after
arrival to altitude and then returned
to normoxia after completing the ses-
sion. Participants in G2 performed the
same routines as G1 under equivalent
simulated normobaric hypoxia (NH: <
700 m asl; inspired fraction of oxygen
[FiOz] = 16.9%). The study design is
illustrated in Figure 14.

Group 2

Training session with:

\
! l 1 l

2 min
rest

1 min

rest

1 min | | 2 min
rest rest

at normobaric
hypoaxia condition

at normoxic
condition

‘ Intra—group comparison ‘

’ Inter-group comparison using normoxia scores as baseline ’

* In each group the environmental condition and the inter-set recovery were randomly counterbalanced

Figure 14 — Study design.
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One week before the first R ses-
sion, subjects engaged in a preparatory
session to determine their training load
(70% of 1RM) for each exercise. This
load was the average between two at-
tempts with differentloads separated by
15 min. Two days before the beginning
of the study, participants attended the
laboratory for baseline anthropometric
measures (height [Seca 202, Seca Ltd.,
Hamburg, Germany] and body mass
[Tanita BC 418 segmental, Tokyo, Ja-
pan]). Preliminary assessments were
performed under normoxic conditions
and participants were instructed to ab-
stain from physical activity and alcohol
intake, and to maintain their custom-
ary sleep and diet habits for 48 h before
evaluations. To ensure standardized nu-
tritional intake for performance during
the R sessions, participants fasted after
midnight the evening prior to a train-
ing session and were provided with a
standardized breakfast (730 kcal) and a
protein bar (350 kcal) at 2 h and at 40
min prior to the start of the warm-up,
respectively. Exercise was conducted in
the morning at the same time of day for
all participants under the conditions
of ~22¢ C and ~60% humidity for the
N and NH conditions, or ~22¢ C and
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~28% humidity for the HH condition.
The hypoxic environmental condition
was assessed by the arterial oxygen satu-
ration (SpO,) measured before the start

of the warm-up.

» Participants

Sixteen active, resistance-trained
men (G1 [n=9]; age: 23.6+3.2 years;
height: 177.2£5.7 cm; body mass:
73.9t53 kg and G2 [n=7]; age:
26.0%3.0 years; height: 174.0£5.0 cm;
body mass: 73.917.8 kg) volunteered
to participate in the study. They had no
health or muscular disorders, had not
ingested substances to increase muscle
size for the previous year and were not
exposed to more than 3-4 consecutive
days of altitudes above 1500 m asl for
at least two months before the study.
Participants lived at a low altitude to
ensure that responses were specific to
acute hypoxia exposure. All subjects
had been consistently lifting weights
for atleast 12 months prior to the onset
of the study. Before the study, partici-
pants were provided with information
detailing the purpose and requirements
of the research protocol and provided
signed informed consent. This study
was approved by the Andalusian Gov-

ernment Research Ethics Committee
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(Ethical Application Ref: # 1540-n-18)
and conducted in accordance with the

Helsinki Declaration.

» Hypertrophic resistance

training session

Before the training sessions, par-
ticipants undertook a standard warm-
up protocol consisting of 15 min of low
intensity aerobic exercise and stretch-
ing exercises, and a specific warm-up
in which they performed 2 sets of 10
repetitions (the first with 20 kg and the
second at 50% 1RM estimated from
the preliminary test, 120 s rest) of the
back squat, seated cable row and bench
press. The R session included six ex-
ercises that targeted movement pat-
terns involving major muscle groups of
the body in the following order: back
squat, machine leg press, seated cable
row, wide grip lat pulldown, bench

press and barbell military press.

Each training session comprised
3 sets of 10 repetitions per exercise
with a load of 70% of 1IRM and 60 s
or 120 s of inter-set and inter-exercise
rest. Cadence of repetitions was carried
out in a controlled fashion, with a con-
centric action of approximately 1 s and

an eccentric action of approxirnately 2

s as determined by the supervising re-
searcher. The load was reduced by 5%
as needed in those cases where partici-
pants reached volitional failure before
achieving the target repetition range
(8-10 repetitions) with respect to the
previous set (i.e., in the 2" or 3™ set).
All routines were directly supervised by
the research team to ensure they were

properly performed.

Absolute training load by exer-
cise (kg) and repetitions were moni-
tored during each training session. Due
to differences in training machine mod-
els between locations, only the barbell
back squat and bench press were used
for comparison. Total volume-load was
calculated as the sum of the load lifted
x the repetitions x set of each exercise
*. Before the warm-up of each session
SpO, was measured in duplicate using
a pulse oximeter (Wristox 3100; No-
nin, Plymouth, MN, USA). Partici-
pants mean rest SpO, value equated
to 98.4%0.9 and 94.3£0.5% for G1 (N
and HH, respectively), and 98.5£0.5
and 90.7£1.0% for G2 (N and NH, re-
spectively).
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» Hypobaric-normobaric

hypoxia conditions

G1 performed the hypoxic train-
ing sessions under terrestrial hypoxic
conditions at the High-Performance
Center of Sierra Nevada (2320 m asl.,
Spain). The normobaric hypoxia con-
dition of G2 was carried out by con-
necting a facial mask to participants 5
min before the start of the warm-up
that maintained breathing at a reduced
FiO: (15.9%) during the hypoxic train-
ing sessions. FiO2 during exercise was
controlled using an electronic device
(HANDI+, Maxtec, Salt Lake City,
Utah, USA). The FiO:level was calcu-
lated according to the guidelines pro-
vided by the hypoxic generator manu-
facturer to equate an altitude of 2320
m. The low oxygen air was produced
by a hypoxic generator with a semi-per-
meable filtration membrane (nitrogen
filter technique; CAT 310, Louisville,
Colorado, USA).
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» Blood extractions

Venous blood samples were tak-
en, after each training session. The
basal condition was established from a
blood analysis collected 2 days prior to
the first training session after 48 hours
of abstention from structured exercise.
All preliminary laboratory assessments
and basal blood testing were performed

in normoxia.

Immediately following the train-
ing session, the antecubital vein of the
arm of each participant was canalized
via a catheter. The catheter remained
permeable by using physiological saline
solution. 5 ml of blood was extracted at
minutes 3, 5, 10 and 30 post-exercise.
An amount of 2 ml of blood before
each extraction was discarded to avoid
dilution of the sample. In all cases,
blood samples were kept at cold condi-
tions and centrifuged in the following
4 hours during 10 min at 3000 rpm.
Finally, 500ul aliquots were stored at
-70°C until use. Blood extractions were
performed at the same altitude condi-
tion of the corresponding session by

specialized staft.



Section III. Acute effect and comparison between types of hypoxia.

Study 4. Inter-set rest configuration effect on acute physiological and
performance-related responses to a resistance training session in terres-
trial vs. simulated hypoxia.

Benavente, C., Feriche, B., Olcina, G., Schoenfeld, B.]., Camacho-Cardefiosa, A.,
Almeida, F., Martinez-Guardado, 1., Timén, 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.

» Training session monitoring

o Metabolic and cardio-

vascular res, p07l5€5.

lactate  concentration

Blood
(Lac) was assessed before and immedi-
ately following the training session, at
minutes 3, 5, 10 and 30 using a Lactate
Pro 2 device (Arkray, Japan). Basic car-
diovascular response was quantified
from a heart rate (HR) cardiotachom-
eter (Polar s610i; Polar Electro Oy,
Kempele, Finlandia) during all training
sessions and over the course of the im-
mediate 30 min post-exercise period.
The mean value of HR recorded was
classified as working HR (work-HR),
rest time between sets HR (rest-HR)
and HR along the post-exercise recov-

ery period (HR,)

* Perceptual responses.

Sessional rating of perceived
exertion was obtained via a Category
Ratio-10 scale viewed by participants
30 min after completing the training
session (RPE-30) ***.

o Muscle oxygenation.

Muscle

(SmO,) was measured by near-infra-

oxygen  saturation
red spectroscopy (NIRS; Moxy, Forti-
ori Design, Minneapolis, Minnesota,
USA) during the first exercise (back
squat) of each training session. The
Moxy device measures the total hemo-
globin (Hb) present beneath the de-
vice, as well as calculates the percentage
of Hb containing O, (SmO,)*. SmO,
reflects the dynamic balance between
O, supply and consumption calculated
throughout the change in total tissue
oxy (+myo) hemoglobin (O,Hb) and
deoxyhemo- (+myo-) globin (HHb)**.
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The sampling rate of the sensor was 2
Hz. SmO, values were expressed in %

and calculated as follows by the device:
SmO, (%) = O,Hb / [O,Hb + HHb] x 100

During all testing, the system
was connected to a personal computer
via a software program (Seego: Real-
track Systems, Spain) that provided a
graphic display of the data. The sensor
was placed on the vastus lateralis of the
participant’s dominant leg, halfway be-
tween the greater trochanter and later-
al epicondyle of the femur, before the
warm-up. This position was marked

with a semi-permanent pen on the skin

to reproduce the exactlocation in subse-
quent tests. To avoid issues with move-
ment during exercise, the device was
fixed to the leg with tape and wrapped
with a dark elastic bandage. Maximal
and minimum values were recorded
for each set of the exercise (Figure 15).
The difference between maximal and
minimum values was used to calculate
the SmO, of the first (SmO,S)), second
(SmO.,S)) and third (SmO.S)) set. The
mean of the three sets was calculated
to express the total mean SmO, of the
exercise (SmO,T).

Figure 15 — Muscle oxygenation device placement and registration.

» Statistical analyses

Data are presented as mean *
standard deviation (SD). Normal dis-
tributions of the data were confirmed

using a Shapiro-Wilk test. A linear
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mixed-effects model with inter-set re-
covery (60 s vs. 120 s), environmental
condition (HH and NH), and their
interaction was applied for analysis.

Varied intercepts were permitted by
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treating the subject as a random effect.
This model was built for the phys-
iological variables. To ascertain the
eventual effect of training load on the
performance of 2 comparable exercis-
es among conditions (back squat for
the lower-limbs and bench press for
the upper-limbs), normoxia baseline
scores were included as a covariate of
no interest **’. Also, the adjusted be-
tween-group difference was calculat-
ed as the estimated marginal mean of
the difference between HH and NH
groups (HH group — NH group) after
adjusting for N baseline differences. To
quantify the magnitude of the change,
we calculated 90% confidence intervals

(CIs) of the adjusted effect.

The standardized mean differ-
ences (i.e., Cohen’s d effect sizes) were
calculated as the mean change (H-N or
120-60 s) divided by the pooled stan-

dard deviations of the change in all

dependent variables or as the adjusted
between-group difterence divided by
the pooled normoxia SD when com-
paring hypoxia types ***. Threshold
classifications were set as follows: >0.2
[small], >0.6 [moderate], >1.2 [large]

329

and >2 [very large]

Consistent with other research
in applied sports science™’, we used an
estimation-based approach to drawing
inferences from our data. Accordingly,
we interpreted each effect and its pre-
cision continuously331 rather than
relying on null hypothesis significance

34 This follows current statis-

testing
tical recommendations to eschew di-
chotomous interpretations of results in
favor of models that provide estimates
of practical meaningfulness®. All anal-
yses were performed using the software
package SPSS (version 26.0, IBM Corp.
IBM SPSS Statistics for Windows, Ar-

monk, NY).
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Study 5. Effects of resistance training in hypobaric vs. normobaric by-
poxia on circulating ions and bhormones.

Timén, R., Olcina, G., Padial, P., Camacho-Cardenosa, A., Bonitch-Géngora, J.,
Martinez-Guardado, 1., Camacho-Cardefiosa, M., Benavente, C., De la Fuente,
B., Feriche, B. (2022) Effects of Resistance Training in Hypobaric vs. Normobaric

Hypoxia on Circulating Ions and Hormones. International Journal of Environ-

mental Research and Public Health, 19(6), 3436.

» Measurements

Venous blood samples were tak-
en for determination of hormones
(growth hormone and cortisol), and
ions (Ca**, HCOs', Pi). Ions and hor-
mone values were assessed at minutes
5, 10 and 30 post-exercise. Ions were
analyzed in a COBAS C-311 System
(Roche, Basel, Switzerland), and hor-
mones were determined in a COBAS
E-411 System (Roche, Basel, Switzer-
land), which was calibrated daily. The
COBAS system includes calibration
systems for each batch of reagents, and
these are validated by comparison with
predefined limits for each analyte. The
kits or panels that were tested in CO-
BAS had previously been validated by
the commercial company and offered
the coefficient of variation (CV) of the
protocol (CV < 3%).
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Blood

from the antecubital vein was analyzed

lactate  concentration
by using Lactate Pro 2 (Arkray, Japan)
at 3-min post-exercise. The maximum

value was registered in mmol/L.

Rating of perceived exertion
(RPE) was obtained by showing a
graphical scale to participants 30 min
after completing the training session™”,

with a Category Ratio-10 scale.

» Statistical analyses

Statistical analyses were per-
formed using the Statistical Package
for Social Sciences (SPSS, version 27.0,
Chicago, IL, USA). The Shapiro-
Wilks test was applied to verify a nor-
mal distribution of data, and Levene’s
test was used to assess the homogeneity
of variance. A multifactorial ANOVA
of repeated measures (within-group
factor with four levels: baseline, 5,

10, and 30 min) was independently
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performed, analyzing the main effects
and interaction effects of inter-set rest
factor (1-min vs. 2-min) and hypoxic
environmental condition factor (HH
vs. NH) on the variables. Post-hoc
Bonferroni tests were performed when
appropriate for multiple comparisons.
The effect size (ES) was calculated for

all dependent variables, taking into

account the dispersion of the group
means during the different time points.
Additionally, a one-way ANOVA was
used to compare participant character-
istics and control variables. The signif-
icance level was set at p < 0.05, with a
confidence level of 95%. Means and
standard deviations (SD) were used as

descriptive statistics.

Study 6. Influence of the terrestrial vs. simulated hypoxia on biomolec-

ular anabolic signalling response to resistance exercise: A pilot study.

Feriche, B., Benavente, C., Olcina, G., Padial, P., Argiielles, J., Camacho-Carde-

nosa, M., Timdn, R., Ledn, J. (2023). Influence of the terrestrial vs. simulated

hypoxia on biomolecular anabolic signalling response to resistance exercise: A pi-

lot study. European Journal of Applied Physiology. [Submitted]. Impact factor:

3.346, Q2 in Sport Sciences.

» Blood measurements

Venous blood samples were tak-
en for determination of cytokines (iri-
sin and myostatin), hormones (growth
cortisol), miRNAs
(miR-378, miR-260 and miR-29¢) and

blood lactate. Cytokine values were

hormone and

assessed 5- and 30-min post-exercise.
ELISA kits were used for myokine anal-
ysis [Myostatin ELISA (R&D Systems)
and Irisin (Phoenix Pharmaceutical)
kits] (Figure 16).

Micro-RNAs were assessed 30
min post-exersice. total cell-free RNA
— mainly miRNA - was obtained at
minute 30 of recovery by miRNeasy
Serum/Plasma Kit, according to the
manufacturer’s instructions (Qiagen,
Hilden, Germany). Reverse transcrip-
tion was performed with an miScript
IT RT (Qiagen) kit. Quantitative PCR
was carried out under standardized con-
ditions with 2x QuantiTect® SYBR
Green PCR Master Mix (Qiagen)

in a real-time PCR detection system
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CEFX96 (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 equation 2-AA“". Hormonal
and blood lactate values were assessed
30 post-exercise. Hormones were an-
alyzed in a COBAS C-311 System
(Roche, Basel, Switzerland) and blood
lactate was analysed using a Lactate Pro

2 (Arkray, Japan).

Figure 16 — Myostatin and irisin analysis through ELISA kit.

» Statistical analysis

Data are presented as mean or
mean difference (MD) + standard error
of the mean (SEM). For mean differ-
ence calculation, corresponding base-
line scores were used (post — pre or HH
— NH or H — N). Normal distribu-

tions of the data were confirmed using
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a Shapiro—Wilk test. If needed, we ap-
plied a data transformation process on
non-normal variables (the square of the
natural logarithm in myostatin, miR-
378 and miR-29¢; natural logarithm in
GH). A linear mixed-effects model was
applied with the environmental con-
ditions as a fixed effect (N vs. HH vs.
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NH); the moment of sample collection
(rest vs. 5 min vs. 30 min) as a random
effect when corresponded; and their
interaction. Tukey’s test was applied as
post hoc analysis when significant dif-

ferences were noted.

The magnitude of the change
was calculated by using 90% compat-
ibility intervals (Cls) of the adjusted
effect. The adjusted standardized mean
differences (i.e., effect size) were also
calculated as the adjusted mean change
(HH — NH or H — N) divided by the
pooled standard deviationsin all depen-
dent variables. Values were adjusted by

the corresponding pre-exercise value.

Threshold classifications were set as fol-
lows: > 0.2 [small], > 0.6 [moderate], >
1.2 [large] and > 2 [very large]*.

Similar to previous work, we used
an estimation-based approach to draw
inferences from our data. Specifically,
rather than relying on null hypothesis
significance testing and drawing binary
conclusions as to the presence of an ef-
fect or no effect™, we interpreted each

effect and its precision continuously™®.

All analyses were performed us-
ing the software package SPSS (version
26.0, IBM Corp. IBM SPSS Statistics
for Windows, Armonk, NY, USA).
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Section IV. Chronic effect and comparison between types of hypoxia.
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Study 7. Strength and muscle mass development after a resistance-train-

ing period at terrestrial and simulated intermittent hypoxia.

Strength and muscle mass development after a resistance-training period at terres-

trial and simulated intermittent hypoxia. [Under writing process].

» Experimental approach

to the problem

A longitudinal design with in-
ter- and intra-group measurements was
employed to analyze the influence of
the type of moderate hypoxia (terres-
trial vs. simulated) on strength, mus-
cle mass and related serum biomarkers
response after an 8-week R program
with respect to the same training in
normoxia condition. Participants were
randomly assigned to normoxia (N;
FiO2 = 20.9%; ~760 mmHg), hypo-
baric hypoxia (HH; 2,320 m asl; ~570
mmHg) or normobaric hypoxia (NH;
FiO2 = 15.9%; ~760 mmHg). All par-
ticipants lived permanently under
normoxia conditions. The week be-
fore starting the training, participants
visited the laboratory to determine the
training load. Seventy-two hours be-
fore and after the study, and after 48
h of rest, participants were measured
for anthropometric (height [Seca 202,
Seca Ltd., Hamburg, Germany], body

weight [Tanita TBC-300, Tokyo, Ja-
pan], muscle thickness and resting
blood sample testing determination. In
addition, blood samples were also tak-
en throughout the initial 30 min after
the first (S1) and the last (S22) R, ses-

sion of the program.

During the study, all individu-
als agreed to adhere to the prescribed
R during the 8 weeks of the program,
with no intense or systemic exercise
performed other than prescribed. Par-
ticipants were instructed to maintain
their habits and regular dietary con-
sumption during the entire measure-
ment and training phases. They were
provided with a protein shake supple-
ment (111 kcal per serving) after each
session to ensure standardized nutri-

tional intake.

All the sessions were conduct-
ed at the same time of day. The hy-
poxic environmental conditions were
assessed by arterial oxygen saturation

during the S min before the start of
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the warning-up (SpO,; Wristox 3100;
Nonin, Plymouth, MN, USA). Partici-
pants mean rest SpO, value equated to
(97.2+1.3; 93.9+1.6 and 94.8+2.2%)
for S1 and (98.1£1.5; 94.6%£1.3 and
94.7+1.9%) for $22 (N, HH and NH

respectively).

» Subjects

Thirty-three  strength-trained
males participated in the study. The
subjects were assigned to one of the 3
training groups: the NR . 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 experience in strength training and
had participated in a R regimen for a
minimum of 3 times per week for at
least the previous 2 years. Subjects were
healthy, had no muscular disorders and
reported to be free from consuming any
agents associated with increased muscle
size during the previous month. All the

participants were sea-level residents and
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had not been exposed to an altitude or
hypoxia environment for more than
1500 m asl within the 2 months before
the study. This study was approved by
the Local Research Ethics Committee
and conducted following the Helsinki
Declaration. Informed written consent
was obtained from all participants be-

fore beginning the study.

» Hypoxic exposure

The HHR, group performed
the training sessions under terrestrial
hypobaric hypoxic conditions at the
High-Performance Center of Sierra
Nevada (2320 m asl., Spain). On every
training day, participants travelled by
car to the altitude center (32 km). Ar-
rivals occurred approximately half an
hour before the training session started
and they immediately returned to nor-
moxia after completing it. The NHR .
performed the training under simulat-
ed hypoxia in a normobaric tent (CAT
430, Colorado Altitude Training,
USA). The hypoxic generator system
pumped the air through a semi-per-
meable filtration membrane (nitrogen
filter technique; CAT 310, Louisville,
Colorado, USA) depleting the oxy-
gen content until reaching a FiO: =

15.9 %, according to the manufacturer
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guidelines to equate an altitude of 2320
m. Ambient O, was continuously mon-
itored by a digital controller (Handi+,
Maxtec, Salt Lake City, Utah, USA)

to maintain the hypoxic conditions in

Figure 17 — Training places for NRt, HHRr

» Resistance training program

Subjects  participated in an
8-week R program with 3 sessions/
week performed on nonconsecutive
days plus an extra rest day at the end of
the week. The manipulation of exercise
variables (exercise, repetition/set and
training load) was designed to elicit a
similar mechanical tension throughout
the study and greater metabolic stress.
Each training session comprised a full-
body routine of 3 sets of 6-12 repeti-
tions per exercise (2 additional repeti-
tions to momentary failure in the first
set)*** with a load ranging from 65-80%
1RM and 90 s of rest between sets and
exercises’”. According to the full-body

methodology, the 6 exercises of each

the tent. Consistent with conventional
routine® NHR_ participants entered
the tent and seated for 5 min to adapt
to the training environment before the

warming started (Figure 17).

and NHR groups.

session developed the same basic move-
ment patterns. The training load and
repetition/set modulates throughout
the week (i.e., 10 rep/set at 70% 1RM
was used in each first session week, 6
rep/set at 80%1RM in the second and
12 rep/set at 65% 1RM in the third).
The training load was individually ad-
justed when participants exceeded the
target repetition range while using a
proper technique by increasing the
training load in accordance (~5%)*. A
detailed description of the training pro-
gram (i.e., exercises, sets, repetitions,
load, rest periods, etc.) is shown in Ta-
ble 7. All routines were directly super-

vised by the research team.
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» One Repetition maximum

One RM was determined for
each exercise according to the Nation-
al Strength and Conditioning Associ-
ation®. In brief, prior to the testing,
participants performed a warming-up
consisting of light cardiovascular exer-
cise lasting 5-10 minutes followed by a
set of 5 repetitions at ~50% of the per-
ceived 1R M and after, 1-2 sets more of
2-3 repetitions at a load corresponding
to ~60-80% of the perceived 1IRM of
the exercise. Three sets of 3-6 repeti-
tions at increasing loads were complet-
ed before performing 1 set of 2-3 repe-
titions to failure. The 2-3RM load was
used for IRM estimation from the vali-
dated Brzycki’s equation®”***. Between
each successive attempt participant
rested for 5 minutes. All IRM determi-
nations were made within 3 attempts.
After the R program, subjects repeat-
ed the same procedure for the back
squat (1IRMSQ) and the bench press
(IRMBP) for upper- and lower-body

comparison.

» Muscle thickness

Individual muscle thickness of
the quadriceps’ dominant leg was mea-

sured using ultrasound equipment
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(GE-LOGICQ-E portable model; GE
Healthcare, Little Chalfont, UK) be-
fore and after the training period. Ac-

1.,*’ the max-

cording to Miyatani et a
imum thickness of the rectus femoris
(RF) and vastus lateralis (VL) was ob-
tained 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 circum-
ference in the lateral direction. With
the subject 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 specialist adjusted
the depth of the image until the femur
and muscle boundaries were visible on
the screen. Three images were alterna-
tively taken of each muscle and saved
in an identified format for subsequent
analysis. The average of the measures
from the 3 images was used for analy-
sis. The images were retrieved from the
ultrasound unit in Digital Imaging and
Communications in Medicine (DI-
COM) format. The thickness of the
VL and RF was defined as the distance
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from the subcutaneous adipose tis-
sue-muscle interface to either the apo-
neurosis or the muscle-bone interface.
The same expert carried out all ultra-

sound measurements (CV < 1,8%).

» Blood measurements

Participants attended to the lab-
oratory 72 h before the first training
session and 48 h after the last train-
ing session under fasting conditions
for resting blood sample collection
in normoxia conditions. In addition,
immediately after the first and the last
training session at the corresponding
environmental condition (S1 and S22),
the antecubital vein of the arm of each
participant was canalized via a cathe-
ter for blood collection. The catheter
remained permeable by using a physi-
ological saline solution. Five millilitres
of blood were extracted at minutes 5,
10, and 30 post-exercise. We discarded
2 mL of blood before each extraction
to avoid dilution of the sample. In all
cases, blood samples were kept at cold
conditions and centrifuged in the fol-
lowing 4 h for 10 min at 3000 rpm.
Finally, 500pl aliquots were stored at
—70 °C until use. Venous blood sam-
ples were taken for determination of

growth hormone (GH), insulin-like
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growth factor 1 (IGF-1), mammalian
target of rapamycin (mTOR), tumor
necrosis factor a (TNF-a), interleukin
6 (IL-6) and miR-378/206/29c. All
blood extractions were performed by

specialized staft.

The analyses followed the man-
ufacturer's instructions using the same
equipment. Blood lactate was deter-
mined at minutes 3, 5, 10 and 30 of
recovery using a Lactate Pro 2 (Arkray,
Japan). Growth hormone, IGF-1 and
cortisol were assessed at minutes 5,
10, and 30 of the recovery in a CO-
BAS C-311 System (Roche, Basel,
IL-6 and TNF-a were

assessed at minutes S and 30 of the

Switzerland).

recovery using the Milliplex Human
High Sensitivity T Cell Panel (HST-
CMAG-28SK) from Sigma-Aldrich
(Darmstadt, Germany). mTOR, phos-
phor-mTOR (Ser2448) and cell-free
total RNA—primarily miRNA—were
assessed 30 min post-exercise. mMTOR
and phosphor-mTOR were measured
in a Luminex machine using the Pro-
cartaplex™ Multiplex Immunoassay
from Thermo Fisher Scientific (Vi-
enna, Austria). Briefly, 25 uL of se-
rum were tested in single replicates in

96-well plates. Each plate contained



Section IV. Chronic effect and comparison between types of hypoxia.

duplicated serial dilutions (1:4) of a
standard sample of known concentra-
tion for each analyte provided by the
vendor, as well as two blank controls
and a reference sample control in du-
plicate for quality control purposes.
Standard curves were used to extrapo-
late the concentration of the samples,
after fitting into a S-parameter curve
algorithm with the LEGENDplex™
Data Analysis Software. The percent-
age of the active mTOR with respect
to the total mTOR was calculated (%
active mTOR = phospo mTOR/total
mTOR x 100) and used in the analysis.
Finally, cell-free total RNA—primarily
miRNA—was obtained by miR Neasy
Se-rum/Plasma Kit (Qiagen, Hilden,
Germany). Reverse transcription was
performed with a miRCURY LNA RT
kit (Qiagen). Quantitative PCR was
carried out under standardized condi-
tions with 2xmiRCURY LAN® Mas-
ter Mix SYBR Green (Qiagen) in a re-
al-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
equation 2-AA“,

» Statistical analysis

Data are presented as mean *
standard deviation (SD) or mean stan-
dard error (SEM). Before analyzing
the study’s variables, data normality
assumption was tested using the Sha-
piro—Wilk test (p > 0.05). Those vari-
ables that showed rates of rejection of
normality were subjected to a transfor-

mation process.

A repeated measures ANOVA
was used to assess the effect of time
(i.e., A week 8 [week 8 - pretraining]
vs. A week 6 [week 6 - pretraining] or
AS1 [session 1- pretraining] vs. AS22
[session 22 - pretraining]), the envi-
ronmental condition (N vs. HH vs.
NH), and the interaction between the
time x environmental condition on
1RM, muscle thickness, GH, IGF-1,
blood lactate, mTOR, IL-6, TNF-a
and miR-206. Effect sizes through
the partial eta-squared (vfp) value and
thresholds (0.02 [small], 0.13 [medi-
um] and 0.26 [large]) were calculated
along with ANOVA effects (Bakeman,
2005). Non-normally distributed vari-
ables (miR-378 and miR-29c) were
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Methods

compared similarly but using the Kru-
skal-Wallis (within-subjects) or Wilcox-
on test (between-subjects) **°. Effect
sizes through the epsilon squared (¢)
value and thresholds (0.04 [weak], 0.16
[moderate], 0.36 [relatively 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 com-

parisons.

Cohen’s effect size (ES) was
calculated according to the formu-
la 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):

\/(nz— 1)s7 + (n;—1)st
spooled =

n + ny— 2
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ES and the mean difference with
90% confidence intervals (CI) were
determined for all pairwise compari-
sons and interpreted as: < 0.20, trivial;
0.20 to 0.59, small; 0.60 to 1.19, mod-
erate; 1.20 to 1.99, large; and > 2.0, very

large®”

. All analyses were performed
using the software package SPSS (ver-
sion 26.0, IBM Corp. IBM SPSS Statis-
tics for Windows, Armonk, NY, USA)

341

and Jamovi**. Effects were considered

significant at p < 0.10.
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Results and Discussion

Section I. Systematic review and meta-analysis.
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Section I. Systematic review and mcta-analysis.

Study 1. Efficacy of resistance training in hypoxia on muscle hypertro-

phy and strength development: a systematic review with meta-analysis.

RESULTS

» Study selection

The systematic search returned
743 studies. After removal of duplicates
and screening by title and abstract, 49
full-text documents were selected for
possible inclusion in the meta-analysis.

342343 were found

Two of these studies
to be redundant since they came from
the same experiment-i.e., the Manim-
manakorn et al.>** and Martinez-Guar-
dado et al.** studies, respectively, pro-
vided the same data. Another study
was subsequently included because it
reported additional muscle thickness

343

data®”. Ultimately, 17 studies (9 from
the previous meta-analysis and 8 new
studies) met the pre-determined inclu-
sion criteria. A PRISMA flowchart of
the search process is shown in Figure

18.

» Study characteristics

The total sample comprised 348
participants (n = 164 for RTN and n
= 184 for RTH). These 17 studies as-
sessed changes in muscle hypertrophy
(n=83 for CSA»***; n=184 for lean

347_349

mass and n=60 for muscle thick-

ness”******%) and/or strength develop-

ment (n=232 for IRM7%3034531)

Three studies reported different
rest intervals between sets and exer-

cises343,344,352

and 1 did not specify the
inter-set rest interval®; thus, all were
excluded from the subanalysis of the
inter-set rest factor. One study dis-
played 2 different levels of hypoxia (se-
vere and moderate)” and both hypoxia
comparisons to normoxia were includ-
ed in the subanalysis of the severity of

the hypoxia.
All included studies employed

a live low-train high (live in normox-
ia-train in hypoxia) strategy, were pub-
lished between 2003 and 2022, and had
sample sizes ranging from 12 to 37 par-
ticipants. The mean age of participants
ranged from 20.2+3.3** t0 29.0£5.0°”
years old, with body weights ranging
from 60.2£16* to 98.7+12.8 kg351.

344 348

Only 2 studies totally*** or partially
included women in their samples. The
hypoxic condition was simulated in all

studies.
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Results and Discussion

Figure 18 — Flow diagram of the search and selection of studies.

The training status of the sam-
ple varied widely across studies with in-
consistent terminologies ranging from
untrained, recreational, recreation-
ally trained, recreationally strength
trained, trained and strength trained
to well-trained in a sport discipline

and professional context. Given the

| 124

ambiguity in terminology, we were
unable to subanalyze the potential ef-
fects of training status on outcomes.
Exercise program periods ranged from
3! to 8 weeks®>***** with a mean
training frequency of 2-4 sessions per
week. Seven studies used lower limb

70,300,344,346,350,354,355 2
bl

exercises studies



Section I. Systematic review and meta-analysis.

used single-joint arm flexion and ex-
g

292,299

tension exercises , 3 studies em-

ployed a combination of multi-joint
upper and lower body exercises™”***%,
and 5 studies used a full-body rou-

tine3+3:345:348,351,352

Nine studies were conducted at

moderate hypoxia70,299,300,343,349,351_353,355

and 9 at severe hypoxia’®*?**#-348:330:35%,
Four studies employed the use of low-
loads (20-50% of 1 RM)saoasass
and 3 implemented heavy-load train-
ing programs (>80% of 1 RM)*****"%%
the remainder of the studies employed
moderate-load  programs  (60-80%
1RM)7****_ Seven studies used short
inter-set rest intervals (<60s)”**?*%%*

346348334 3 used moderate inter-set rest

intervals (>60-<120s)****** and 4

used long inter-set rest intervals (=120

S)300,347,350,355

» Meta-analyses

o Effect of RTH on muscle bypertrophy

In the basic analysis, trivial dif-
ferences in CSA favored RTH over
RTN conditions (SMD=0.17 [-0.07;
0.42]; Figure 19). Subanalysis indicat-
ed a small effect on CSA benefiting
RTH with the use of moderate hypox-
ia (SMD=0.32 [-0.08, 0.73]; Figure
20A) and moderate loads (SMD=0.32
[-0.08, 0.73]; Figure 20B) and a small
effect for short inter-set rest intervals
(SMD=0.21 [-0.05; 0.47]; Figure 20C).

H group N group Std. MD

Study AH n AN n AH-AN  Spre Weight Random [90%CI]
Fashi (2020) Thigh muscle 16 7 11 7 0.5 21 — 12% 0.24 [-0.47, 0.94]
Friedman (2003) Quadriceps 0.2 10 1.0 9 -0.8 12.7 — 17% -0.06 [-0.66, 0.54]
Kon (2014) Femoral region 9.2 9 10.8 7 -1.6 25.2 L — 14% -0.06 [-0.72, 0.60]
Manimmanakorn (2013) Quadriceps 1.7 10 15 10 0.2 9.1 ——— 18% 0.02 [-0.56, 0.60]
Manimmanakorn (2013) Hamstrings 17 10 0.8 10 0.9 44 — 18% 0.20[-0.39, 0.78]
Nishimura (2010) Elbow Extension 1.9 7 0.1 7 1.8 3.6 e —— 1% 0.47 [-0.25, 1.19]
Nishimura (2010) Elbow Flexion 13 7 0.2 7 11 16 — 1% 0.66 [-0.08, 1.40]
RE Model for All Studies Q = 2.60, df = 6, p = 0.86; I* = 0.0%, =% = 0.00 L— 0.17 [-0.07, 0.42]
Test for overall effect: Z=1.17, p=0.24

T 11

-1 0 1 2

Standardized Mean Difference

Figure 19 — Forest plot of the standardized mean differences of the total effect of the resistance
training program between-conditions (hypoxic [H] group vs. normoxic [N] group) on CSA. A:
mean differences between post-pre in H and N or between H-N; n: sample size; Spre: mean ba-
seline standard deviation; Std. MD: standard mean difference; RE: random effect’s model; CI;
confidence interval; Q: test statistic for the test of heterogeneity; df: degrees of freedom; p; p value;

12: I2 test; 2: tau” test; Z: z value.
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H group N group Std. MD
Study AH n AN n AH-AN  Spre Weight Random [90%CI]
Moderate (14.3 - 16 %FiO,)
Kon (2014) Femoral region 9.2 9 10.8 7 -1.6 252 — 14% -0.06 [-0.72, 0.60]
Nishimura (2010) Elbow Extension 19 7 01 7 18 36 —_— 1% 0.47[-0.25, 1.19]
Nishimura (2010) Elbow Flexion 13 7 0.2 7 1.1 16 — 1% 0.66 [-0.08, 1.40]
Heterogenity: Q = 1.60, df = 2, p = 0.45; 1> = 0.0%, t* = 0.00 — 0.32[-0.08, 0.73]
Test for overall effect: Z = 1.31, p = 0.19
High (<14.3 - 11 %FiO,)
Fashi (2020) Thitgh muscle 16 7 1.1 7 05 21 B —] 12% 0.24[-0.47,0.94]
Friedman (2003) Quadriceps 0.2 10 1.0 9 0.8 127 —— 17% -0.06 [-0.66, 0.54]
Manimmanakorn (2013) Quadriceps 17 10 15 10 02 9.1 — 18% 0.02[-0.56, 0.60]
Manimmanakorn (2013) Hamstrings 17 10 08 10 09 44 —— 18% 0.20 [-0.39, 0.78]
Heterogenity: Q = 0.42, df = 3, p = 0.94; I” = 0.0%, t* = 0.00 B 0.09 [-0.22, 0.39]
Test for overall effect: Z = 0.48, p = 0.63
RE Model for All Studies Q = 2.60, df = 6, p = 0.86; I = 0.0%, t* = 0.00 - 0.17 [-0.07, 0.42]
Test for overall effect: Z=1.17, p= 0.24
| I I |
-1 0 1 2
Standardized Mean Difference
H group N group Std. MD
Study AH n AN n AH-AN  Spre Weight Random [90%Cl]
Low (<50% 1RM)
Fashi (2020) Thigh muscle 16 7 11 7 0.5 21 —_— 12% 0.24 [-0.47,0.94]
Friedman (2003) Quadriceps 0.2 10 1.0 9 0.8 12.7 — 17% -0.06 [-0.66, 0.54]
Manimmanakorn (2013) Quadriceps 1.7 10 15 10 0.2 9.1 — 18% 0.02 [-0.56, 0.60]
Manimmanakorn (2013) Hamstrings 1.7 10 0.8 10 0.9 44 — 18% 0.20 [-0.39, 0.78]
Heterogenity: Q = 0.42, df = 3, p = 0.94; I* = 0.0%, ©> = 0.00 - 0.09 [-0.22, 0.39]
Test for overall effect: Z = 0.48, p = 0.63
Moderate (60 - 80% 1RM)
Kon (2014) Femoral region 9.2 9 108 7 -16 252 —— 14% -0.06 [-0.72, 0.60]
Nishimura (2010) Elbow Extension 19 7 0.1 7 18 36 —_ 1% 0.47 [:0.25,1.19]
Nishimura (2010) Elbow Flexion 1.3 7 02 7 1.1 1.6 e 11% 0.66 [-0.08, 1.40]
Heterogenity: Q = 1.60, df = 2, p = 0.45; I* = 0.0%, % = 0.00 B 0.32[-0.08, 0.73]
Test for overall effect: Z = 1.31, p = 0.19
RE Model for All Studies Q = 2.60, df = 6, p = 0.86; I = 0.0%, * = 0.00 - 0.17 [-0.07, 0.42)
Test for overall effect: Z=1.17, p = 0.24
T T 1
-1 0 1 2
Standardized Mean Difference
H group N group Std. MD
Study AH n AN n AH-AN  Spre Weight  Random [90%Cl]
Short (s60 s)
Fashi (2020) Thigh muscle 16 7 1.1 7 05 21 ——— 12% 0.24[-0.47,0.94]
Friedman (2003) Quadriceps 0.2 10 1.0 9 0.8 12.7 —— 17% -0.06 [-0.66, 0.54]
Manimmanakorn (2013) Quadriceps 1.7 10 15 10 0.2 9.1 . ] 18% 0.02 [-0.56, 0.60]
Manimmanakorn (2013) Hamstrings 1.7 10 0.8 10 0.9 44 — 18% 0.20[-0.39, 0.78]
Nishimura (2010) Elbow Extension 1.9 7 0.1 7 1.8 36 . 1% 0.47 [-0.25, 1.19]
Nishimura (2010) Elbow Flexion 1.3 7 0.2 7 1.1 1.6 H———— 11% 0.66 [-0.08, 1.40]
Heterogenity: Q = 2.21, df = 5, p = 0.82; 12=0.0%, t% = 0.00 - 0.21[-0.05, 0.47]
Test for overall effect: Z = 1.32, 0.19
Moderate (>60 - <120 s)
Kon (2014) Femoral region 9.2 9 10.8 7 -16 252 —— 14% -0.06 [-0.72, 0.60]
RE Model for All Studies Q = 2.60, df = 6, p = 0.86; I* = 0.0%, < = 0.00 - 0.17 [-0.07, 0.42]
Test for overall effect: Z = 1.17, p = 0.24
T 717 1
-1 0 1 2

Figure 20 — Forest plot of the standardized mean differences of the resistance training program
between-conditions (hypoxic [H] group vs. normoxic [N] group) on CSA, subanalysed by: A)
severity of the hypoxia; B) training load; and C) interset rest interval. A: mean differences between
post-pre in H and N or between H-N; n: sample size; Spre: mean baseline standard deviation; Std.
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Section I. Systematic review and meta-analysis.

MD: standard mean difference; RE: random effect’s model; CI; confidence interval; FiOa: fraction
of inspired oxygen; 1RM; 1 repetition maximum; Q: test statistic for the test of heterogeneity; df:

degrees of freedom; p; p value; 12: I2 test; 12: tau’ test; Z: z value.

No differences in lean mass were
detected between RTH and RTN
(SMD=0.02 [-0.17; 0.21]; Figure 21);
subanalyses did not indicate any effects

of the studied covariates (Figures 22A,

thickness were observed between en-
vironmental conditions (SMD=-0.06
[-0.69; 0.57]); there were an insufficient
number of studies to carry out subanal-

yses on this variable (Figure 23).

22B, 22C). No differences in muscle

H group N group Std. MD

Study AH n AN n AH-AN Spre Weight Random [90%CI]
Chycki (2016) 2.0 6 0.1 6 19 46 —_— 6% 0.38 [-0.40, 1.16]
Ho (2014) 0.1 9 0.0 9 01 89 — 9% 0.01[-0.60, 0.62]
Honda (2020) 1.1 9 1.6 7 05 63 —— 8% -0.08 [-0.73, 0.58]
Kon (2014) 1.3 9 2.0 7 07 59 —_— 8% -0.11[-0.77, 0.55]
Martinez-Guardado (2019) 1.1 15 0.7 13 04 6.7 —— 15% 0.06 [-0.43, 0.55]
Martinez-Guardado (2020) 08 16 0.5 16 02 23 — 17% 0.10 [-0.36, 0.55]
Torpel (2020) 1.0 20 0.0 17 -1.0 9.0 —— 20% -0.11[-0.53, 0.32]
Yan (2016)_High 15 8 0.9 8 06 177 — 8% 0.03 [-0.62, 0.68]
Yan (2016)_Moderate 17 9 0.9 8 08 172 — 9% 0.04 [-0.59, 0.68]
RE Model for All Studies Q = 1.11, df = 8, p = 1.00; I? = 0.0%, < = 0.00 - 0.02[-0.17, 0.21]
Test for overall effect: Z=0.17, p = 0.87

T !

2 0 2

Standardized Mean Difference

Figure 21 — Forest plot of the standardized mean differences of the total effect of the resistance
training program between-conditions (hypoxic [H] group vs. normoxic [N] group) on lean mass.
A: mean differences between post-pre in H and N or between H-N; n: sample size; Spre: mean
baseline standard deviation; Std. MD: standard mean difference; RE: random effect’s model; CI;
confidence interval; Q: test statistic for the test of heterogeneity; df: degrees of freedom; p; p value;
12: 12 test; 12: tau” test; Z: z value. Yan et al. *** study provides a group with moderate hypoxia and
another with high hypoxia.
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H group N group Std. MD
Study AH n AN AH-AN  Spre Weight Random [90%Cl]
Moderate (14.3 - 16 %FiO,)
Ho (2014) 0.1 9 0.0 9 01 8.9 — 9% 0.01[-0.60, 0.62]
Honda (2020) 1.1 9 1.6 7 -0.5 6.3 —_— 8% -0.08 [-0.73, 0.58]
Kon (2014) 13 9 2.0 7 07 5.9 — 8% -0.111-0.77, 0.55]
Martinez-Guardado (2019) 1.1 15 0.7 13 04 6.7 —— 15% 0.06 [-0.43, 0.55]
Yan (2016)_Moderate 1.7 9 0.9 8 08 17.2 e 9% 0.04 [-0.59, 0.68]
Heterogenity: Q = 0.17, df = 4, p = 1.00; I* = 0.0%, 1% = 0.00 - -0.00 [-0.27, 0.26]
Test for overall effect: Z = -0.01 p=0. 99
Severe (<14.3 - 11 %FiO,)
Chycki (2016) 2.0 6 0.1 6 19 4.6 ——— 6% 0.38 [-0.40, 1.16]
Martinez-Guardado (2020) 0.8 16 0.5 16 0.2 2.3 —a— 17% 0.10 [-0.36, 0.55]
Torpel (2020) -1.0 20 0.0 17 -1.0 9.0 —— 20% -0.11[-0.53, 0.32]
Yan (2016)_High 15 8 0.9 8 06 177 —_— 8% 0.03 [-0.62, 0.68]
Heterogenity: Q = 0.90, df = 3, p = 0. 83 1?=0.0%, * = 0.00 - 0.04 [-0.22, 0.30]
Test for overall effect: Z = 0.25, p = 0.8
RE Model for All Studies Q = 1.11, df = 8, p = 1.00; I = 0.0%, t2 = 0.00 - 0.02 [-0.17, 0.21]
Test for overall effect: Z =0.17, p = 0.87
T
-2 0
Standardized Mean Difference
B) H group N group Std. MD
Study AH n AN n AH-AN  Spre Weight Random [90%Cl]
Low (<50% 1RM)
Torpel (2020) -1.0 20 0.0 17 -1.0 9.0 —— 20% -0.11[-0.53, 0.32]
Moderate (60 - 80% 1RM)
Chycki (2016) 2.0 6 0.1 6 1.9 46 —_— 6% 0.38 [-0.40, 1.16]
Ho (2014) 0.1 9 0.0 9 0.1 8.9 — 9% 0.01[-0.60, 0.62]
Honda (2020) 1.1 9 1.6 7 -0.5 6.3 — 8% -0.08 [-0.73, 0.58]
Kon (2014) 1.3 9 2.0 7 0.7 5.9 —— 8% -0.11[-0.77, 0.55]
Martinez-Guardado (2020) 0.8 16 05 16 0.2 2.3 i 17% 0.10 [-0.36, 0.55]
Yan (2016)_High 15 8 0.9 8 06 17.7 — 8% 0.03 [-0.62, 0.68]
Yan (2016)_Moderate 1.7 9 0.9 8 08 172 — 9% 0.04 [-0.59, 0.68]
Heterogenity: Q = 0.80, df = 6, p = 0.99; I? = 0.0%, t2 = 0.00 P 0.05 [-0.18, 0.28]
Test for overall effect: Z = 0. 34,p=0. 73
High (>80% 1RM)
Martinez-Guardado (2019) 1.1 15 0.7 13 0.4 6.7 —— 15% 0.06 [-0.43, 0.55]
RE Model for All Studies Q = 1.11, df 8 p =1.00; ¥ = 0.0%, v* = 0.00 - 0.02 [-0.17, 0.21]
Test for overall effect: Z=0.17,p =
T
-2 0
Standardized Mean Difference
H group N group Std. MD
Study AH n AN n AH-AN ~ Spre Weight Random [90%Cl]
Short (<60 s)
Torpel (2020) 0 20 0.0 17 -1.0 9.0 ——— 23% -0.11 [-0.53, 0.32]
Yan (2016)_High 1.5 8 0.9 8 0.6 17.7 —_—— 10% 0.03 [-0.62, 0.68]
Yan (2016)_Moderate 1.7 9 0.9 0.8 17.2 — 10% 0.04 [-0.59, 0.68]
Heterogenity: Q = 0.15, df = 2, p 0.93; |2 =0.0%, 1 =0.00 - -0.04 [-0.35, 0.27]
Test for overall effect: Z =-0. 21 =0.8
Moderate (60 - <120 s)
Honda (2020) 1.1 9 16 7 0.5 6.3 [e——— 10% -0.08 [-0.73, 0.58]
Kon (2014) 1.3 9 2.0 7 -0.7 5.9 [ 10% -0.11[-0.77, 0.55]
Martinez-Guardado (2020) 0.8 16 0.5 16 0.2 23 —-— 20% 0.10 [-0.36, 0.55]
Heterogenity: Q = 0.24,df =2, p = 089 1 =0.0%, t* = 0.00 - 0.00 [-0.32, 0.33]
Test for overall effect: Z = 0.02, p
Long (2120's)
Chycki (2016) 2.0 6 1 6 1.9 4.6 —_— 7% 0.38[-0.40, 1.16]
Ho (2014) 0.1 9 0 9 0.1 8.9 —— 11% 0.01 [-0.60, 0.62]
Heterogenity: Q = 0.38, df = 1 0.54; I = 0.0%, t* = 0.00 —~— 0.15 [-0.33, 0.63]
Test for overall effect. 2 = 0,55 p = 0.60 e’ L !
RE Model for All Studies Q = 1.08, df = 7, p = 0.99; 1> = 0.0%, t* = 0.00 - 0.01[-0.19, 0.21]
Test for overall effect: Z = 0.09, p = 0.92
l
2 0

Standardized Mean Difference

Figure 22 — Forest plot of the standardized mean differences of the resistance training program
between-conditions (hypoxic [H] group vs. normoxic [N] group) on lean mass subanalysed by: A)
severity of the hypoxia; B) training load; and C) interset rest interval.A: mean differences between
post-pre in H and N or between H-N; n: sample size; Spre: mean baseline standard deviation; Std.
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Section I. Systematic review and meta-analysis.

MD: standard mean difference; RE: random effect’s model; CI; confidence interval; FiOa: fraction
of inspired oxygen; 1RM; 1 repetition maximum; Q: test statistic for the test of heterogeneity;
df: degrees of freedom; p; p value; 12: 12 test; 72: tau’ test; Z: z value. Yan et al. *** study provides a
group with moderate hypoxia and another with high hypoxia.

H group N group Std. MD

Study AH n AN n AH-AN  Spre Weight Random [90%CI]
Kurobe (2015) Upper arm 5.1 6 33 7 18 34 —_— 22% 050 [-0.26, 1.25]
Ramos-Campo (2019) VLD 14 15 03 13 11 29 —— 27% 0.36 [-0.13, 0.86]
Ramos-Campo (2019) VLP 11 15 0.8 13 03 35 — . 27% 0.08[-0.41, 0.57]
van Doorslaer de ten Ryen (2021) VL 03 10 13 9 T 12 ——— 23% -1.27 [1.98, -0.56]
RE Model for All Studies Q = 11.40, df = 3, p < .01; I = 77.4%, 2 = 0.44 —— -0.06 [-0.69, 0.57)
Test for overall effect: Z = -0.16, p = 0.87

T 1

2 0 2

Standardized Mean Difference

Figure 23 — Forest plot of the standardized mean differences of the total effect of the resistance
training program between-conditions (hypoxic [H] group vs. normoxic [N] group) on muscle
thickness. A: mean differences between post-pre in H and N or between H-Nj n: sample size; Spre:
mean baseline standard deviation; Std. MD: standard mean difference; Random: random effect’s
model; CI; confidence interval; Q: test statistic for the test of heterogeneity; df: degrees of freedom;
ps p value; 12: 12 test; 72: tau’ test; Z: z value; VL: vastus lateralis; VLD: vastus lateralis distal; VLP:

vastus lateralis proximal.

Heterogeneity between studies
was found to be low for CSA and lean
mass (I’=0%), and high (I* = 77.4%) for

muscle thickness.

* Effect of RTH on stren-
gth development

Twelve studies examined the ef-
fect of RTH on strength development.
Trivial differences in maximal strength
favoring RTH over RTN conditions
(SMD=0.13 [-0.0; 0.27]; Figure 24).

Subanalysis of the length of the inter-set
rest interval showed a medium effect fa-
voring RTH with the use of longer in-
ter-set rest intervals (SMD=0.63 [0.14;
1.12]; Figure 25C). A trivial effect was
observed favoring RTH with the use
of moderate loads (SMD=0.20 [0.01,
0.40]; Figure 25B) and severe hypoxia
(SMD=0.24 [-0.11, 0.58]; Figure 25A).
Heterogeneity between studies was
found to be low for 1IRM between en-

vironmental conditions (I* = 13.2%).

129



Results and Discussion

H group N group Std. MD
Study AH n AN n AH-AN  Spre Weight Random [90%Cl]
Fashi (2020) Back squat 18.9 7 10.1 7 88 213 | 3.1% 0.39[-0.33, 1.10]
Ho (2014) Squat 20.4 9 15.6 9 48 147 —— 3.9% 0.31[-0.31, 0.93]
Honda (2020) Leg press 108 9 8.5 7 23 576 s 3.4% 0.04 [-0.62, 0.69]
Honda (2020) Bench press 9.2 9 11.1 7 -1.9 206 = 3.4% -0.09 [-0.74, 0.57]
Inness (2016) Squat 270 10 163 10 107 267 - 43% 0.38[-0.21, 0.97]
Kon (2014) Leg press 55.9 9 54.8 7 12 476 [ 3.4% 0.02[-0.63, 0.68]
Kon (2014) Bench press 75 9 8.5 7 1.0 199 - 3.4% -0.05[-0.70, 0.61]
Kurobe (2015) Elbow extensions 10.0 6 10.0 7 0.0 26 — 3% 0.00 [-0.73, 0.73]
Martinez-Guardado (2019) Bench press 156 15 173 13 1.7 144 —— 4% -0.11[-0.60, 0.38]
Martinez-Guardado (2019) Calf raises 161 15 248 13 87 165 —a—] 3.8% -0.51[-1.01,-0.01]
Martinez-Guardado (2019) Deadlift 232 15 132 13 10.0  20.1 —a— 3.8% 0.48[-0.02, 0.99]
Martinez-Guardado (2019) Front pull down 71 15 111 13 4.0 112 - 3.9% -0.34[-0.84, 0.15]
Martinez-Guardado (2019) Leg extension 22.7 15 221 13 0.6 124 ] 4% 0.05 [-0.44, 0.54]
Martinez-Guardado (2019) Preacher curl 6.4 15 6.2 13 0.3 5.1 —a— 4% 0.05 [-0.44, 0.54]
Martinez-Guardado (2020) Bench press 132 16 179 16 47 115 —— 4.5% -0.40[-0.86, 0.07]
Martinez-Guardado (2020) Bicep's curl 9.1 16 49 16 42 61 —a— 4.3% 0.66[0.19, 1.14]
Martinez-Guardado (2020) French press 92 16 101 16 08 72 —— 4.6% -0.11[-0.56, 0.35]
Martinez-Guardado (2020) Half squat 30.9 16 33.8 16 28 13.0 Pom 4.6% -0.21[-0.67, 0.25]
Martinez-Guardado (2020) Pendlay row 11.9 16 10.4 16 15 7.2 [ 4.6% 0.20 [-0.25, 0.66]
Mayo (2018) Back squat 11.0 8 9.0 9 2.0 241 ] 3.4% 0.08 [-0.55, 0.71]
Mayo (2018) Bench press 8.0 8 3.0 9 50 163 e 34% 0.29[-0.35, 0.93]
Mayo (2018) Weighted chin-up 6.0 8 3.0 9 30 148 b 34% 0.19[-0.44, 0.83]
Nishimura (2010) Elbow Extension 7.8 7 53 7 25 35 e 2.8% 0.66 [-0.08, 1.40]
Nishimura (2010) Elbow Flexion 8.2 7 4.9 7 33 32 P 25% 0.96[0.17, 1.75]
van Doorslaer de ten Ryen (2021) Leg press 185 10 12.8 9 57 41 [ — 3.1% 1.31[0.60, 2.03]
Yan (2016) Back squat_High 337 8 319 8 1.8 55.1 —— 3.6% 0.03 [-0.62, 0.68]
Yan (2016) Back squat_Moderate 35.8 9 319 8 39 606 —— 3.8% 0.06 [-0.57, 0.69]
RE Model for All Studies Q = 31.94, df = 26, p = 0.20; I = 13.2% * 0.13[-0.00, 0.27]
Test for overall effect: Z = 1.62, p = 0.11
I 1
2 0 25

Standardized Mean Difference

Figure 24 — Forest plot of the standardized mean differences of the total effect of the resistance
training program between-conditions (hypoxic [H] group vs. normoxic [N] group) on RM. A:
mean differences between post-pre in H and N or between H-N; n: sample size; Spre: mean ba-
seline standard deviation; Std. MD: standard mean difference; RE: random effect’s model; CI;
confidence interval; Q: test statistic for the test of heterogeneity; df: degrees of freedom; p; p value;

12: 12 test; Z: z value. Yan et al.*** study provides a group with moderate hypoxia and another with

high hypoxia.
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Section I. Systematic review and meta-analysis.

A)
H group N group Std. MD

Study AH n AN n AH-AN  Spre Weight Random [90%Cl]
Moderate (14.3 - 16 %Fi02)

Ho (2014) Squat 204 9 156 9 48 147 = 3.9% 0.31[-0.31, 0.93]
Honda (2020) Leg press 108 9 85 7 23 576 s 3.4% 0.04 [-0.62, 0.69]
Honda (2020) Bench press 92 9 1.1 7 19 206 e 3.4% -0.09[-0.74, 0.57)
Inness (2016) Squat 27.0 10 16.3 10 107 267 ——a 4.3% 0.38[-0.21, 0.97]
Kon (2014) Leg press 559 9 54.8 7 12 476 —— 3.4% 0.02[-0.63, 0.68]
Kon (2014) Bench press 75 9 85 7 10 199 i 3.4% -0.05[-0.70, 0.61]
Martinez-Guardado (2019) Bench press 156 15 173 13 17 144 — 4% -0.11[-0.60, 0.38]
Martinez-Guardado (2019) Calf raises 161 15 248 13 87 165 [ 3.8% -0.51[-1.01,-0.01]
Martinez-Guardado (2019) Deadlift 232 15 13.2 13 100 201 = 3.8% 0.48 [-0.02, 0.99]
Martinez-Guardado (2019) Front pull down 74 15 111 13 40 112 —.— 3.9% -0.34 [-0.84, 0.15]
Martinez-Guardado (2019) Leg extension 227 15 221 13 06 124 —a— 4% 0.05[-0.44, 0.54]
Martinez-Guardado (2019) Preacher curl 64 15 6.2 13 0.3 5.1 - 4% 0.05 [-0.44, 0.54]
Mayo (2018) Back squat 11.0 8 9.0 9 20 241 - 3.4% 0.08 [-0.55, 0.71]
Mayo (2018) Bench press 80 8 30 9 50 163 ——t 3.4% 0.29-0.35, 0.93]
Mayo (2018) Weighted chin-up 60 8 30 9 30 148 —— 3.4% 0.19 [-0.44, 0.83]
Nishimura (2010) Elbow Extension 78 7 53 7 25 35 —— 2.8% 0.66 [-0.08, 1.40]
Nishimura (2010) Elbow Flexion 82 7 49 7 33 32 [ 25% 0.96[0.17, 1.75]
Yan (2016) Back squat_Moderate 358 9 31.9 8 39 606 —— 3.8% 0.06 [:0.57, 0.69]
Heterogenity: Q = 14.78, df = 17, p = 0.61; I = 0.0% ¢ 0.12[-0.04, 0.29]
Test for overall effect: Z = 1.21, p = 0.22

High (<14.3 - 11 %Fi02)

Fashi (2020) Back squat 189 7 10.1 7 88 213 i 3.1% 0.39[-0.33, 1.10]
Kurobe (2015) Elbow extensions 10.0 6 10.0 7 00 26 —— 3% 0.00[-0.73, 0.73]
Martinez-Guardado (2020) Bench press 132 16 179 16 47 115 - 4.5% -0.40 [-0.86, 0.07]
Martinez-Guardado (2020) Bicep's curl 91 16 49 16 42 61 . 43% 0.66[0.19, 1.14]
Martinez-Guardado (2020) French press 92 16 10.1 16 -0.8 72 —— 4.6% -0.11[-0.56, 0.35]
Martinez-Guardado (2020) Half squat 309 16 33.8 16 28 130 - 4.6% -0.21[-0.67, 0.25)
Martinez-Guardado (2020) Pendlay row 19 16 104 16 15 72 - 46% 0.20 0.25, 0.66]
van Doorslaer de ten Ryen (2021) Leg press 185 10 128 9 57 41 ——  31% 1.31[0.60, 2.03]
YYan (2016) Back squat_High 337 8 31.9 8 18 55.1 P 3.6% 0.03 [-0.62, 0.68]
Heterogenity: Q = 17.09, df = 8, p = 0.03; I = 32.4% 0.24[-0.11, 0.58)
Test for overall effect: Z = 1.12, p = 0.26

RE Model for All Studies Q = 31.94, df = 26, p = 0.20; I = 13.2% > 0.13[-0.00, 0.27)
Test for overall effect: Z = 1.62, p = 0.11

1
2 0 25
Standardized Mean Difference
B)
H group N group Std. MD

Study AH n AN n AH-AN  Spre Weight  Random [90%CI]
Low (<50% 1RM)

Fashi (2020) Back squat 189 7 10.1 7 88 213 3.1% 0.39[-0.33, 1.10]
Moderate (60 - 80% 1RM)

Ho (2014) Squat 204 9 15.6 9 48 147 3.9% 0.31[-0.31, 0.93]
Honda (2020) Leg press 10.8 9 85 7 23 576 3.4% 0.04[-0.62, 0.69]
Honda (2020) Bench press 92 9 111 7 1.9 206 3.4% -0.09 [-0.74, 0.57]
Inness (2016) Squat 270 10 163 10 107 267 4.3% 0.38[-0.21, 0.97]
Kon (2014) Leg press 55.9 9 54.8 7 12 476 3.4% 0.02 [-0.63, 0.68]
Kon (2014) Bench press 75 9 85 7 -1.0 199 3.4% -0.05[-0.70, 0.61]
Kurobe (2015) Elbow extensions 100 6 100 7 00 26 3% 0.00 [-0.73, 0.73]
Martinez-Guardado (2020) Bench press 132 16 179 16 47 115 4.5% -0.40[-0.86, 0.07]
Martinez-Guardado (2020) Bicep's curl 91 16 49 16 42 61 4.3% 0.66[0.19, 1.14]
Martinez-Guardado (2020) French press 92 16 10.1 16 -0.8 7.2 4.6% 11[-0.56, 0.35]
Martinez-Guardado (2020) Half squat 309 16 33.8 16 -28 130 4.6% 21[-0.67, 0.25]
Martinez-Guardado (2020) Pendlay row 19 16 104 16 15 7.2 4.6% 0.20[-0.25, 0.66]
Nishimura (2010) Elbow Extension 78 7 53 7 25 35 2.8% 0.66 [-0.08, 1.40]
Nishimura (2010) Elbow Flexion 82 7 49 T 3.3 3.2 2.5% 0.96 [0.17, 1.75]
van Doorslaer de ten Ryen (2021) Leg press 185 10 12.8 9 57 4.1 31% 1.31[0.60, 2.03]
Yan (2016) Back squat_High 337 8 31.9 8 18 551 3.6% 0.03 [-0.62, 0.68]
Heterogenity: Q = 22.47, df = 16, p = 0.13; I = 19.1% 0.20[0.01, 0.40]
Test for overall effect: Z=1.75, p = 0.08

High (>80% 1RM)

Yan (2016) Back squat_Moderate 358 9 319 8 60.6 3.8% 0.06 [-0.57, 0.69]
Martinez-Guardado (2019) Bench press 156 15 173 13 14.4 4% -0.11[-0.60, 0.38]
Martinez-Guardado (2019) Calf raises 161 15 248 13 16.5 3.8% -0.51[-1.01,-0.01]
Martinez-Guardado (2019) Deadlift 232 15 13.2 13 20.1 3.8% 0.48 [-0.02, 0.99]
Martinez-Guardado (2019) Front pull down 71 15 1.1 13 11.2 3.9% -0.34 [-0.84, 0.15]
Martinez-Guardado (2019) Leg extension 227 15 221 13 124 4% 0.05[-0.44, 0.54]
Martinez-Guardado (2019) Preacher curl 64 15 6.2 13 5.1 4% 0.05[-0.44, 0.54]
Mayo (2018) Back squat 11.0 8 9.0 9 241 3.4% 0.08 [-0.55, 0.71]
Mayo (2018) Bench press 80 8 3.0 9 16.3 3.4% 0.29 [-0.35, 0.93]
Mayo (2018) Weighted chin-up 6.0 8 3.0 9 14.8 3.4% 0.19[-0.44, 0.83]
Heterogenity: Q = 7.68, df 0.47; 17 =2.3% -0.00 [-0.18, 0.18]
Test for overall effect: =0.97

RE Model for Al Studies Q = 31.94, df = 26, p = 0.20; I = 13.2% * 0.13 [-0.00, 0.27]
Test for overall effect: Z = 1.62, p = 0.11

1
2 0 25

Standardized Mean Difference
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Results and Discussion

)
H group N group Std. MD
Study AH n AN n AH-AN Spre Weight Random [90%CI]
Short (<60 s)
Fashi (2020) Back squat 18.9 7 10.1 7 88 213 i —— 5.1% 0.39[-0.33, 1.10]
Kurobe (2015) Elbow extensions 10.0 6 10.0 7 00 26 [ 5% 0.00[-0.73, 0.73]
Nishimura (2010) Elbow Extension 7.8 7 5.3 7 25 35 b 4.5% 0.66 [-0.08, 1.40]
Nishimura (2010) Elbow Flexion 8.2 7 4.9 7 3.3 32 — 41% 0.96[0.17,1.75]
Yan (2016) Back squat_High 33.7 8 31.9 8 18 551 et 5.9% 0.03 [-0.62, 0.68]
Yan (2016) Back squat_Moderate 35.8 9 31.9 8 39 606 —— 6.2% 0.06 [-0.57, 0.69]
Heterogenity: Q = 3.91, df = 5, p = 0.56; I° = 0.0% e = 0.30 [ 0.00, 0.60]
Test for overall effect: Z = 1.65, p = 0.10
Moderate (>60 - <120 s)
Honda (2020) Leg press 10.8 9 85 7 23 576 —— 5.4% 0.04[-0.62, 0.69]
Honda (2020) Bench press 9.2 9 11.1 7 19 206 I ] 5.3% -0.09 [-0.74, 0.57]
Kon (2014) Leg press 55.9 9 54.8 7 12 476 —— 5.4% 0.02 [-0.63, 0.68]
Kon (2014) Bench press 7.5 9 85 7 -1.0  19.9 —— 54% -0.05[-0.70, 0.61]
Martinez-Guardado (2020) Bench press 132 16 179 16 47 115 —— 5.9% -0.40 [-0.86, 0.07]
Martinez-Guardado (2020) Bicep's curl 91 16 49 16 42 641 —a— 5.6% 0.66 [ 0.19, 1.14]
Martinez-Guardado (2020) French press 9.2 16 10.1 16 08 72 —— 6% -0.11[-0.56, 0.35]
Martinez-Guardado (2020) Half squat 30.9 16 33.8 16 -28  13.0 —— 6% -0.21 [-0.67, 0.25]
Martinez-Guardado (2020) Pendlay row 119 16 104 16 15 72 . 6% 0.20[-0.25, 0.66]
Heterogenity: Q = 8.55, df = 8, p = 0.38; I = 14.3% < 0.01[-0.19, 0.21]
Test for overall effect: Z = 0.09, p = 0.93
Long (2120 s)
Ho (2014) Squat 20.4 9 15.6 9 48 147 —— 6.4% 0.31[-0.31,0.93]
Inness (2016) Squat 270 10 163 10 107 26.7 H—— 6.8% 0.38[-0.21,0.97]
van Doorslaer de ten Ryen (2021) Leg press 18.5 10 12.8 9 57 41 Peooe 5.1% 1.31[0.60, 2.03]
Heterogenity: Q = 3.64, df = 2, p = 0.16; I = 22.6% - 0.63[0.14, 1.12]
Test for overall effect: Z = 2.10, p = 0.04
RE Model for All Studies Q = 22.74, df = 17, p = 0.16; I = 16.3% > 0.21[0.03, 0.39]
Test for overall effect: Z = 1.90, p = 0.06
T 1
2 0 25

Standardized Mean Difference

Figure 25 — Forest plot of the standardized mean differences of the resistance training program
between-conditions (hypoxic [H] group vs. normoxic [N] group) on RM, subanalysed by: A) se-
verity of the hypoxia; B) training load; and C) interset rest interval. A: mean differences between
post-pre in H and N or between H-N; n: sample size; Spre: mean baseline standard deviation; Std.
MD: standard mean difference; RE: random effect’s model; CI; confidence interval; FiOa: fraction
of inspired oxygen; IRM; 1 repetition maximum; Q: test statistic for the test of heterogeneity; df:
degrees of freedom; p; p value; 12: 12 test; Z: z value. Yan et al.?*? study provides a group with mo-

derate hypoxia and another with high hypoxia.

* Risk of bias assessment

The risk of bias/methodological
quality of primary studies ranged from
medium to high quality (mean quality
scores = 5.1/5.3) (Table S4). The risk
of bias was unclear for concealment
of participant randomization and the
blinding of outcome data. All the in-

cluded studies in this meta-analysis
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indicated a random sequence genera-
tion but did not describe the method
used. Egger's test suggested a risk of
small study bias for muscle strength
outcomes (p=0.001); no risk of small
study bias was apparent in regard to
muscle hypertrophy outcomes (Egger’s
test: p>0.05).



Section I. Systematic review and mcta-analysis.

DISCUSSION

This systematic review and me-
ta-analysis synthesised and quantified
data on studies that directly compared
the effects of R in hypoxia vs. normox-
ia on muscle hypertrophy and strength
development. Our analysis included 17
studies, almost twice as many as in pre-
vious reviews on the topic™**#*##8-27%%4,
The inclusion of more recent research
(8 additional studies) provided the abil-
ity to draw stronger conclusions about
the use of RTH for enhancing muscu-

lar adaptations.

Similar to previous findings’™”,
a simple pooled analysis without con-
trolling for covariates did not provide
compelling support for a potential
benefit of RTH vs. RTN on muscle hy-
pertrophy (see Figures 19, 21 & 23) and
strength development (see Figure 24).
However, subanalyses of data, which
considered previously identified poten-
tial biases (training load, inter-set rest
interval and severity of the hypoxia),
suggest a trivial to medium advantage
in the use of moderate training loads
and short to longer inter-set rest period
in R at moderate hypoxia on muscular
adaptations (see Figures 20, 22 & 25).

Other potential confounding factors,

such as training status or the type of ex-
ercise (one or several exercises, monoar-
ticular or polyarticular, large or small
muscle groups, among others), could
not be subanalysed due to a lack of suf-
ficient representative data. In this re-
gard, our findings indicate that the use
of moderate training loads and longer
inter-set rest intervals show a trivial to
medium beneficial effect of RTH on
strength development compared to the
same training protocol under normox-
ic conditions. However, the inter-set
rest period impact on CSA was highly
influenced by the fact that only one
study employed rest intervals longer
than 60s*’; thus, this finding should be
interpreted with some caution. More-
over, the use of moderate loads and hy-
poxia showed a small beneficial effect
on CSA compared to low loads and se-
vere hypoxia. Alternatively, changes in
lean mass and muscle thickness chang-
es were similar between normoxia and

hypoxia irrespective of covariates.

» Effect of RTH on
muscle hypertrophy

R, is purported to induce mus-
cle hypertrophy through mechanical,
metabolic and hormonal processes™.

The use of multiple sets of moderate
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loads and relatively short inter-set rest
intervals (60-120 s) between sets has
been shown to maximize metabolic
stress during R **. Accordingly, the use
of an intermittent hypoxic environ-
ment (moderate or severe) during R
conceivably may elicit a heightened an-
abolic response compared to normoxic
conditions due to the greater accumu-
lation of metabolic byproducts™®***.
Contrarily, evidence shows that chron-
ic exposure (>3 days) to severe hypoxia
could contribute to the loss of muscle

mass™®’

. To date, there is no longitudi-
nal research on the effect of strength
training performed in intermittent or
chronic hypoxia at moderate terrestrial
altitude. All the studies included in this
meta-analysis were carried out in nor-

mobaric systemic hypoxia.

A pooled analysis of all stud-
ies did not show a beneficial effect for
RTH on muscle hypertrophy com-
pared to equivalent training in nor-
moxia (SMD<0.17). Subanalysis of
studies indicated that the use of short-
er inter-set rest intervals with RTH
had a small benefit on CSA changes
(SMD=0.21 [-0.05; 0.47]). However,
longer inter-set rest periods (>120s)

also are proposed to extend the capacity
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to maintain intensities of load and vol-

»%%6 which in turn

ume during training
could supersede any potential benefits
of metabolic stress on hypertrophic
adaptations. The paucity of studies
with moderate and long inter-set rest
intervals in this meta-analysis clouds
interpretation of the interaction be-
tween environmental conditions and
rest period length. Further research
is needed to elucidate the underlying

mechanisms.

The relatively low number of
included studies that assessed lean

70,345,347_349,352,353,3
0,345,347_349,352,353,355 and muscle

mass
thickness****?**° did not allow us to
draw strong conclusions on these out-
comes. No appreciable effects were
observed between RTH and RTN
(SMD=0.02 [CI —0.17, 0.21]) in re-
gard to lean mass. Bioelectrical imped-
ance was used in 3 of the studies®*****>°,
while the other 4 employed dual-ener-
gy x-ray absorptiometry”********; these
methods may lack the ability to detect
subtle changes in muscle mass™’. Fi-
nally, differences in the composition of
exercises in the training protocols (i.e.,
focused to a specific muscle, body re-

gion or full-body) may have also influ-

enced the interpretation of the changes



Section I. Systematic review and mcta-analysis.

in lean mass. In particular, 3 of the in-
cluded studies employed full-body rou-
tines™******, 3 employed 1 exercise for

347,349,353

each body region and only 2

used a single compound leg exercise

)70,355

(back squat

Muscle thickness was the least-
used method for estimating changes in
muscle size in RTH. Among the 3 avail-
able studies on this outcome, only one
% found a detrimental effect of RTH
under severe hypoxia in untrained par-
ticipants (13.5% FiOz). Conversely,

Kurobe et al. **

and Ramos-Campo et
al. * reported no significant changes
between conditions under severe and
moderate hypoxia in untrained and
trained populations, respectively. Ad-
ditionally, differences in the training
loads and inter-set rest intervals used
among studies compromised the sta-
tistical power of the meta-analysis and
thus made it difficult to draw strong
conclusions about the effect of RTH

on muscle thickness.

» Effect of RTH on

strength development

The

strength was evaluated via the pre-post

maximum muscular

study change in IRM. Pooled analysis

of all studies did not indicate that RTH
increased maximal strength to a great-
er magnitude than the same training
under normoxia; although the direc-
tion of the interaction favored RTH,
the point estimate indicated minimal
benefits on this outcome (SMD=0.13
[-0.00; 0.27]). Conversely, subgroup
analysis of the data identified long in-
ter-set rest intervals (SMD=0.63 [0.14;
1.12]) and moderate loads (SMD=0.20
[0.01; 0.40]) as positive modulators
of strength development in RTH, re-
gardless of the severity of hypoxia. Hy-
poxic conditions varied considerably
between studies (ranging from 12 to
16% FiO2) and did not seem to mean-
ingfully influence 1IRM outcomes; this
finding is in opposition with that of
hypertrophy, where moderate hypoxia
showed a favorable effect on CSA in-
creases. The underlying mechanisms
for the observed discrepancy are not
readily apparent and warrant future in-
vestigation.

The potential of RTH to im-
prove muscle strength is thought to be
largely mediated by hypertrophic ad-
aptations™’. Hypoxia-mediated neural
adaptations, generally linked to the use
of heavy loads (>85% 1RM)’, remain
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poorly elucidated. Nevertheless, as pre-
viously mentioned, the observed ben-
efit of moderate loads during hypoxic
training could be limited by inconsis-
tencies between experimental designs
and participant training level. In this
regard, differences in the frequency of
weekly sessions and duration of the
training protocols confound the ability
to draw strong inferences, since neural
alterations start during the early phase
of training in untrained subjects™**.
Finally, it could be argued that hypox-
ia per se may not confer a favorable
environment for neural adaptations in
strength training compared to RTN.
This hypothesis should be further in-
vestigated in future research.

The body of research that in-
cluded training protocols specific to
muscular strength improvements (e.g.,
higher loads with longer inter-set rests)
did not show a benefit to conditions
of systemic hypoxia®®. Only 1 of the
3 included studies that employed long
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inter-set rest intervals®® showed a clear
benefit of hypoxia for strength develop-
ment (Figure 8.C), which only would
partially support this beneficial effect.
Indeed, recovery periods =120 s seem
to mitigate any additive benefit from
the hypoxic stimulus®?, while shorter
inter-set rest periods could entail more
challenging metabolic conditions for
muscle development®. In contrast, our
results revealed that longer rest periods
produced moderate gains in 1RM after
RTH compared to RTN (SMD=0.63
[0.14; 1.12]). This discrepancy may be
due to the use of untrained samples in
2 of the studies ****. Grgic et al.*** pro-
posed the use of inter-set rest intervals
>120 s in trained subjects and from
<60 to <120s in untrained individuals
to maximize gains in muscular strength
in normoxia. Hence, the results of our
meta-analysis could be influenced by
the fact we were not able to subanalyse
data based on the participants’ training

status.
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Section I1. Preliminary studies on acute exposure to hypobaric hypoxia.
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Section II. Preliminary studies on acute exposure to hypobaric hypoxia.

Study 2. Altitude-induced effects on muscular metabolic stress and hy-

pertrophy-related factors after a resistance training session.

RESULTS

All participants reached muscu-
lar failure between 8 to 12 repetitions
during both training sessions. Training
load, number of repetitions and to-
tal-volume load during the 3 sets of the
3 free barbell exercises in both training
conditions are showed in Table 8. Slight
differences in the load or in repetitions
to failure were observed due to the
load adjustment on successive sets to
ensure maintenance of the target rep-
etition range. Small to moderate mean
variations of less than 1 repetition per
set were observed between conditions
in both the flat barbell press and the

20

|

barbell back squat exercises, while the
absolute load showed a non-significant
mean increase from 0.24 to 1.54 kg re-
spectively. H and N training sessions
showed similar RPE values 30 minutes
after the end of the training (8.5 1.4
vs. 8.6+0.8 respectively for N and H;
p=0.603; 95%IC [-1.00; 0.5]; ES=0.14).
Maximal blood lactate presented no
differences between N and H (16.08
+ 3.73 vs. 15.52 = 2.66 mMolI" in N
and H; p= 0.322; 95%IC [-1.73; 0.62];
ES=0.17) and the lactate recovery curve
was similar between conditions (Figure
26).

;\16
=14 T
% 12
Q
£ 0331 [o.18)
= 8 [-0,11]
E 6 [-0,05]
m
4 [-0,18]
2
0
0 1 2 3 4 5 6

ANORMOXIA OHYPOXIA
Figure 26 — Blood lactate concentration throughout the recovery period in normoxia and hypoxia

condition. No significant differences between conditions; [ES]: effect size calculated as (H mean-N

mean)/ (pooled standard deviation).
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No differences between the basal
condition and at S minutes of the re-
covery were observed in testosterone.
However, there was a main effect of
time (F = 14.37, p = 0.001, *, = 0.59)
due to a progressive reduction in testos-
terone throughout the recovery. This
behavior was similar in both altitude
conditions (F = 2.50, p=0.145, ’, =
0.20) (Figure 28). No recovery time or

environmental condition main effect

800

was observed (F = 0.38, p=0.603, »’,
= 0.04 F = 1.02, p=0.339, #, = 0.10
respectively) for GH and an increase
by more than 82 times after the train-
ing session compared to basal values
was observed. No interaction recovery
time x environmental condition effect
was observed in any of the studied hor-
mones (F=2.03,p=0.131,%° =0.17; F
=0.39, p= 0.654, . = 0.04 respectively
for testosterone and GH) (Figure 28).
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DISCUSSION

The aim of this study was to in-
vestigate the effect of acute moderate
altitude on the metabolic stress and as-
sociated responses induced by a hyper-
trophy-oriented R session. Contrary
as expected, the results did not display
differences in RPE, maximal blood lac-
tate, Ca’" and anabolic hormones (tes-
tosterone and GH) responses when a
similar R (3 sets x 10RM, 2 min rest)
was performed in both environmental
conditions. Even post-exercise Pi dis-
played lower values in H when com-
pared to N. Thus, the results of this
study do not support the theory that
R combined with acute terrestrial hy-
poxia enhances factors linked to muscle

growth.

Based on the possibility of ad-
ditional high-threshold motor units’
recruitment due to the augmented
anaerobic metabolism in hypoxic con-
ditions, an increase in performance
during R at moderate altitude could

be eXpected64,290,293,295

. In the present
study, although some differences were
detected in the training load and in
the number of repetitions to failure
between N and H, the absolute values

amounted to less than 1 repetition or

1.6 kg in exercises such as bench press
and back squat. The interpretation of
training load magnitude must jointly
consider the modulation of the load
and the number of repetitions to fail-
ure accumulated. In back squat and
bench press exercises, a mean reduction
of 0.36 and of 0.95 repetitions per set
was observed in H, consistent with the
small but nonsignificant increase in
the workload (between 0.2 [~0.5%]
and 1.5 kg [~2%] respectively for each
exercise). In addition, all participants
reached muscular failure between 8
and 12 repetitions and kept a constant
cadence, which allows direct compar-
ison of the training response in both

conditions (see Table 8).

A mean s-RPE value of — 8.5
was observed in this study, consistent
with previous studies that employed a
hypertrophy-oriented training routine
(6-12 RM; 8-10 RPE)*. No differenc-
esin s-RPE were detected between con-
ditions. This result is consistent with

Scott et al.**

who reported no chang-
es in RPE after a traditional heavy R
session between moderate (FiO2 =16%)
and severe (FiO2 =13%) hypoxia com-
pared to N. Conversely, significant in-

crements in RPE between high (FiO2=
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13%) and moderate (FiO2= 16%) hy-
poxia and N conditions have been ob-
served after a high-intensity resistance
circuit® or several all-out sets of con-
tinuous jumps®®. The way that RPE
was collected (immediately after the
training bout vs. after each set vs. 30
min after the end of the training bout
[s-RPE]), the exercise protocols (jump-
ing vs. traditional vs. high-intensity re-
sistant circuit) and the implicit differ-
ences in the loads used (body weight vs.
moderate vs. heavy load). could explain
the contradictory RPE response after
R, under hypoxic conditions. Some
studies hypothesize that recovery times
longer than 90 s could compromise
hypoxic effects and thus mitigate the
potential anabolic impact of metabolic
stress””>*”>*° Therefore, the somewhat
longer inter-set rest intervals employed
in this study (2 min) could favor PCr

363364 and also the

re-phosphorylation
degree to which metabolic byproducts
are removed from the muscle before the
ensuing set*”. This is compatible with
the absence of change in blood lactate
and circulating Ca® between condi-
tions in our results. Some studies have
reported similar blood lactate results at

moderate hypoxia after a high intensity
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R circuit™, high load traditional R *7,
explosive strength session*** or high-in-
tensity intermittent exercise®. While
others found higher blood lactate levels
after low to high intensity R at mod-

erate?®>36

and severe hypoxia R “7-**%,
The participants training status and R .
protocol design (i.e., muscles involved,
number of exercises, intensity and vol-
ume) could affect the magnitude of
this response, since our results report-
ed maximal blood lactate above that
reached in all the aforementioned stud-
ies (— 16 vs. 5 to 8 mmol-I"). However,
the lower CO-L levels detected in H,
also shown in other studies®, clearly
indicate a higher muscle buffering re-
sponse at this condition, which could
reduce the net blood lactate measured
in H. Moreover, lactate enters the
bloodstream via concentration gradi-
ent differences and by the use of carbon

monoxide transporters™****’

reducing
the effectiveness of both mechanisms
while lactate concentration increases.
A possible explanation for the simi-
lar maximal lactate values observed
in both sessions could be the greater
buffering activity and the slow lactate
release from muscle in H, that limits

the ability to differentiate an increase
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in glycolytic pathway in H**. Thus,
lactate levels may have been higher in
H, but this hypothesis requires further
study.

As noted above, we observed an
unexpected reduction in Pi after the
R in H (—~20% minor in H along the
30 min of recovery) compared to N.
The maximal aerobic capacity of single
muscles is more limited by peripheral
factors than central ones during ATP
production under no O, limitations ***.
Thus, throughout the initial hours of
exposure to moderate hypoxia, there is
an increase in ventilation, submaximal
heart rate and cardiac output **’, which
act as compensatory mechanisms to
increase muscle buffering capacity, O,
availably and PCr restauration rate **.
Moreover, the shift to the right of the
oxyhemoglobin curve (O,-Hb) during
exercise in H (Bohr Effect, the increase
in 2,3-bisphosphoglycerate and pH ele-
vation), improves the oxygen release in
active muscles *°. Taken together, the
acute improvements in cardiac func-
tion and the O-Hb curve, combined
with the non-predominant aerobic
pathway during the R methodology
assessed, could favor recovery between

sets, accelerating the regeneration of

ATP and PCr in acute H. According
with the Pi results the Ca** levels did
not change after the training session
. Ramos-Campos et al. . also found
similar serum Ca** during R at nor-
moxia, moderate or severe acute hypox-
ia. Further research is needed to estab-
lish the role of the oxygen availability
on ATP and PCr resynthesis during

intervening rest periods.

The results obtained did not
reflect a significant altitude effect on
testosterone and GH after the train-

ing sessions. The GH levels seems to
be mediated by blood lactate and H*

2% Qur results showed similar ele-
vated maximal lactate and GH levels
in both conditions. Indeed, increases
in blood lactate and GH after low to
moderate R sessions have been detect-
ed in other studies under acute hypoxic
conditions “~°. When analyzing tes-
tosterone, several studies have reported
increases after a hypertrophy-oriented
R, session"*'”. But, similar to our re-
sults, other researchers have failed to
detect differences in post-exercise tes-
tosterone secretion under N and H

conditions®**7%***

, finding the maxi-
mal value occurs immediately after the

R, session”. A relationship between
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testosterone response and metabolic
stress has not been well-established’”
and other factors related to the training
protocol (i.e. muscle mass implicated,
intensity or volume) could be more in-
fluential ***”*. It therefore can be specu-
lated that the acute serum testosterone
response to R may not be significant-

ly affected by hypoxia . We would

note that although chronic anabolic
hormonal levels have been considered
as key factors for skeletal muscle devel-
opment, the role of the acute endocrine
response to exercise on muscle growth
in this regard remains dubious ***”.
Thus, additional research is needed to
elucidate the role of these hormones

for hypertrophy in R...

Study 3. Hormonal and Inflammatory Responses to Hypertro-
phy-Oriented Resistance Training at Acute Moderate Altitude.

RESULTS

Cytokine results are displayed in
Figure 29. The kit used for these anal-
yses proved not to be sensitive enough
to determine interleukin changes in
healthy trained athletes (i.c., the thresh-
old for a detected value was too high so
that changes that may have occurred
went undetected). Thus, we employed
a non-parametric dichotomous sta-
tistical analysis (McNemar test) on
these measures to compare detected vs.
non-detected values (i.e., compare the
change from 0 to 1 or 1 to 0 from pre-
to post-exercise in both environmental
conditions). The McNemar test did
not show statistical significance at any

condition or recovery time in the three
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cytokines analyzed. However, large in-
creases were observed in the detected
IL-6 values after the training session
at both environmental conditions
(ES=1.68 and ES=1.77 for N and H,
respectively). The highest detected IL-6
value was reached earlier in N (min 15)
compared to the H condition (min 30)
(mean £ SEM: min 15 [7.55£3.21 vs.
5.44%2.68 pg/ml]; min 30 [2.93£0.01
vs. 10.10£0.22 pg/ml] for N and H,
respectively) (Figure 29A). Moderate
to large increases in IL-10 also were
observed after R, in N (ES=0.80, IC
[-0.39;1.98]) and H (ES=1,52, IC
[0.17;2.88]) (Figure 29B). The mag-
nitude of the change displayed larger
peaks values in IL-10 throughout the
30 min of recovery in H (1.02£0.19 vs.
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2.31+0.44 pg/ml, for N vs. H, respec-
tively maximum values). The TNFa
reached the maximal value in min 15
of the recovery in both conditions al-
though moderate increases favoring
H were also depicted (ES=1.01, IC
[-1.18;3.21] pg/ml) (Figure 29C).

Figure 30 shows the hormonal
results. Cortisol (C) and growth hor-

mone (GH) significantly increased after

the training session (Fig 30A and 30B).
Although no statistical differences be-
tween environmental conditions were
found in the three hormones studied,
testosterone displayed a tendency to be
reduced post-exercise in H compared
to N (7.52+2.25, 6.87£2.09 ng/ml for
N and H, respectively; p=0.06) (Figure
30Q).
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p=0.25 [1.77] ; /'=0-§25 [1.52] p=0.99 [0.64]
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Figure 29 — Analysis of the distribution of detected vs. non-detected values of IL-6 (A), IL-10
(B) and TNF-alpha (C) in N and H through the 30 min of recovery period. Inference analysis for
detected cytokines. Blood samples were taken at rest and 15 minutes (T15) and 30 minutes (130)
after exercise in both N and H conditions. Mean and SEM was represented only for detected sig-
nal. p-value (p) and effect size [ES] are represented for each variable. ES was expressed as H-N or
post-pre divided by pooled standard deviation; ND: non-detected.
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Figure 30 — Comparison of the training session effect on maximum post-exercise circulating

growth hormone (GH-A), cortisol (B) and testosterone (C) in N and H conditions. Data are pre-
sented as median, 25th and 75th percentile and maximum and minimum values. The point clouds
are also included. The P values are displayed as differences between basal and the corresponding
training session. Effect size [ES] is calculated as the mean change (H-N) or (post-pre) divided by
the pooled standard deviation.

Neither environmental condi- the 30-minute recovery period in both
conditions (1.75 + 1.58 vs. 1.88 £ 1.32
arbitrary units in N and H; p=0.854;

95%IC [-1.33; 1.59]; ES=0.09) (Figure

tion affected the circulating level of
miR-378 after R (p=0.78, p=0.54 for
N and H, respectively). Trivial non-sig-

nificant increases were achieved after 31).
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Figure 31 — Comparison of the training session effect on maximum post-exercise circulating

miR-378 in N and H conditions. Data are presented as median, 25th and 75th percentile and
maximum and minimum values. The point clouds are also included. The P values are displayed as
differences between basal and the corresponding training session. Effect size [ES] is calculated as
the mean change (H-N) or (post-pre) divided by the pooled standard deviation.
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The correlation analysis dis-
played only a moderate association
between miR-378 with GH and C in
N and H (GH: r=0.654; p=0.03 and
r=-0.591; p=0.05; C: r=0.61; p=0.03
and r=0.75; p=0.005 respectively) (Ta-
ble 9). However, a large effect of the
environment on the relationship with
miR-378 was observed with GH and

testosterone. The logistic regression
between cytokines and miR-378 did
not show a significant relationship in
N (IL-6: R*=0.20; p=0.637; IL-10:
R?=0.40; p=0.116and TNFa: R*=0.21;
p=0.174) and H (IL-6: R’=0.11;
p=0.279; IL-10: R*=0.01; p=0.839;
and TNFa: R*=0.19; p=0.241).

Table 9 — Relationship between the miRNA-378 response and the peak value of the hormone’s

serum concentrations in both altitude condition.

miR-378
Nvs H
N H
p [F>2.69] =0.05
r P r z p [F>4.16] =0.01 Q

[©95 IC]
GH - p=0.01 1.461
(pg'ml?) 0.654 0.026 0.591 0.051 4621 [-2.081; -0.841] Large
Testosterone - p=0.05 0.993
(ng-ml?) 0462 0128 0.456 0133 3139 [-1.613;-0.373] Large
Cortisol - 0.263
(nmol-1) 0.606 0.035 0.747 0.005 0.833 [:0.356; 0.883] Small

. Pearson correlation coefficient; p: p-value; Z: value of the statistic in the Fisher’s Z-transformed r coefficient
comparison; F: value of Fisher's F distribution only for p=0.05 or p=0.01. Non-significant values are not
expressed; Q: Cohen’s q effect size; N: normoxia; H: hypoxia; miR: microRNA.

DISCUSSION

The aim of this study was to
investigate the influence of the acute
ascent to a moderate hypoxic envi-
ronment on the response induced by
a hypertrophy-oriented R session on
inflammatory, hormonal and miR-378

markers. Exercise increased maximal

values in GH and C, while testoster-
one and miR-378 remained similar to
those observed under basal conditions.
The observed post- R response on in-
flammatory markers suggests an inten-
sification of these cytokines in N and
H; however, differences did not rise to
statistical significance due to the lack of

sensitivity of the analysis kit, limiting
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our ability to draw a strong conclusion
on this outcome The magnitude of
the change in the detected values also
seems to indicate a hypoxia-related ef-
fect on IL-6, IL-10 and TNFa release
into the bloodstream throughout the
recovery period. Moreover, IL-6 dis-
played a larger, albeit delayed, increase
in H compared to N. Despite the lack
of changes in circulating levels of miR-
378, the moderate association with
GH and C agrees with the research
hypothesis and may indirectly indicate
a relationship with the expression of
other target genes involved in muscle

hypertrophy *.
The results displayed a rapid

R -induced inflammatory response,
which has been attributed to an acute
potentiation of myogenesis through
the circulating TNFa and IL-6 **°. The
magnitude inference analysis of the re-
sults showed a delay in the increase of
IL-6 in H compared to N after exercise.
IL-6 is both a pro- and anti-inflamma-
tory cytokine 150, released in an expo-
nential fashion into the blood stream
in response to damaging exercise and
depletion of muscle glycogen stores *°.
It can be hypothesized that the greater

stabilization in pH observed in N in

| 150

several studies *¢*”

allows greater glu-
cose resynthesis *’*, which may explain
the early increase in IL-6 in this con-
dition and the limited TNFa produc-
tion, highly dependent on O, availabil-
ity. Conversely, it is known that during
exercise in H, an increase in reactive ox-
ygen species (ROS) associated with the
rise in the expression of hypoxia-induc-
ible factor-1 (HIF-1) *”’, in conjunction
with the high buffering activity that
limits the ability to resynthesize glucose
*7, could help to explain the progressive
and delayed increase in IL-6 through
TNFo overexpression ****'. Anincrease
in circulating IL-6 potentially enhances
anabolic signaling via STAT3, which is
required for the increase in the myogen-
ic regulatory factors (such as MyoD),
as well as by inhibiting the apoptotic
pathways of TNFa through SOCS1
expression (Figure 1) 150,382,383. As
has been observed in other studies **°,
the net IL-6 production is intensified
in H. The progressively larger increas-
es in IL-10 release throughout the re-
covery period with respect to the N
values achieved could also emphasize
this response ******. Moreover, although
a positive association between IL-10

and C levels was expected, it was not
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observed, probably due to the afore-
mentioned limitation in the IL-analysis
procedure. The present results failed
to clearly show that the same R ses-
sion performed under H conditions
enhances the hormonal, inflammato-
ry and circulating miR-378 responses
compared to normoxia. However, it is
possible that hypoxia may prolong the
duration of time that various cytokines
circulate post-exercise compared to N,
which potentially could enhance the
hypertrophic response.

R produced large post-exercise
increases in circulating GH and C, al-
though altitude did not statistically af-
fect the magnitude of their peak values.
This may be explained by the similar
metabolic stress response (i.e., maximal
blood lactate and serum Ca®") observed
for both environmental conditions *”.
Consistent with this hypothesis, C dy-
namics reflect the global stress and met-

5 GH release also

abolic requirements
seems to be mediated by blood lactate
and H" levels ®**°. However, despite the
general increase in lactate production
during hypoxic R . described in the lit-

68,69,295

erature , some studies have failed

to observe statistical differences in peak
lactate 7 and GH levels after R, under

hypoxic conditions compared to N **.
The type of hypoxia alters the physio-
logical response of systems, such as the
ventilatory system, affecting the behav-
ior of variables sensitive to changes in
the ventilatory pattern 11. Therefore,
the hypocapnic response throughout
the initial hours of exposure to terres-
trial hypoxia found in other studies
2377 seems to increase the pre-exercise
pH and potentially helps to explain the
physiological reduction of GH release
during acute exercise at terrestrial H vs.

at normobaric hypoxia ***.

The results do not reveal a signif-
icant change in circulating testosterone
after the acute hypertrophic strength
session and hypoxia does not seem to
affect it "*”7. Although H revealed a
small decrement in the peak circulat-
ing post-exercise testosterone response
compared to N, the absence of differ-
ences in this hormone with respect to
basal conditions when contrasted with
the changes in GH and C blood values,
highlights the complexity of the acute

hormonal response to strength exercise.

In addition to the inflamma-
tory and hormonal response, the ef-
fects of hypoxia on miR-378, which is

linked to protein synthesis regulation,
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potentially could elucidate the miR-
NA relationship with other muscle
building agents in trained individuals
**7_The overexpression of miR-378 has
an inhibitory effect on its target gene
expression that, in some way, regulates
the processes that lead to muscle hyper-
trophy by allowing the MyoD factor
to be expressed, as also IL-6 does **.
Contrary to our expectations, circu-
lating miR-378 levels showed similar
values between basal conditions and
after acute R in N (p=0.776; 95%
IC [-1.236,0.945]) and H (p=0.543;
IC95% [-1.214; 0.067]) and did not
display any relationship with IL-6.
Under N conditions, increases in cir-
culating miR-378, miR-21 and miR-
940 are described immediately after
acute aerobic exercise in chronic heart
failure patients ***. To our knowledge,
only one study **” has investigated this
outcome in healthy individuals during
R although, unlike in our study, the
researchers measured the expression
of miR-378 and other miRNAs from
muscle biopsies rather than serum
samples. Davidsen et al. **” observed el-
evations in miR-378 expression and re-
ported a positive relationship between
the abundance of this miRNA and
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muscle mass gains after a 12-week R
program. miR-378 displayed a down-
regulation in those classified as low re-
sponders for lean mass gains (linked to
a reduced miRNA profile for IGF-1),
whereas high responders exhibited no
changes from baseline to post-exercise.
The fact that miR-378 is not expressed
specifically in muscle tissue could ex-
plain its relevance as a biomarker of
exercise adaptations in clinical popula-
tions ** and with sedentary individuals
7, while limiting its applicability to
trained individuals. Thus, the variabil-
ity between subjects could corroborate
the presence of responding and non-re-
sponding participants. This hypothesis

warrants further investigation.

Hypoxia seems to produce tran-
sient increases in IGF-1 mRNA after
a R, *° Currently, 3 different IGF1
isoforms are described, all of them ex-
pressed in muscle tissue. In particular,
the IGF1-Ec isoform, also known as
mechano growth factor (MGF), is ex-
pressed immediately post-exercise to fa-
cilitate the repair of local muscle dam-
age through a signaling pathway that
includes mTOR (PI3K-Akt-mTOR)
and other calcium-dependent path-
ways. The link between GH and IGF1
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is also documented in the literature 34.
Our study did not measure IGF1, but
the relationship between GH and miR-
378 observed in N could indirectly in-
dicate the activation of the protein syn-
thesis pathway linked to the miR-378
response. The association observed be-
tween GH and miR-378 is consistent
with our research hypothesis, although
the weakness of the association, as well
as the absence of a relationship with
other markers related to muscle growth
(such as testosterone or IL-6) raises
skepticism as to potential conclusions.
The interaction displayed between H
and GH ", and also indirectly with

testosterone (Table 9), could conceiv-
ably help to explain the H effect on
the association between miR-378 and
these hormones. However, the absence
of activation of the mTOR pathway
after an isolated R session *** at acute
hypoxia may question the influence of
the IGF1, GH and mR-378 activation
pathway in the early adaptations of
skeletal muscle to resistance exercise.
Longer duration studies are required
to clarify the role of these mediators in
muscle hypertrophy in response to R,
in hypoxia.
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Section III. Acute effect and comparison between types of hypoxia.

Study 4. Inter-set rest configuration effect on acute physiological and

performance-related responses to a resistance training session in terrves-

trial vs. simulated hypoxia.

RESULTS

» Resistance training session

Table 10 displays the mean to-
tal volume-load accumulated during
the 3 sets of the 2 free barbell exer-
cises across conditions. The adjust-
ed between-group effects showed no
meaningful differences in volume-load
between both types of hypoxia at
each of the inter-set rest intervals in
the 2 analyzed exercises (adjusted be-
tween-group effect from -7.64 to 51.75
kg [90% CIs from -135 to 238.53 kg]
and from -43.05 to -15.55 kg [90% CIs
from -110.03 to 51.21 kg], respectively
for 60 and 120 s inter-set rest intervals).
However, trivial to moderate increases
in the total volume-load were achieved
at longer inter-set rest periods in the
bench press at HH (5.9%, ES=0.35,
p=0.027).

» Cardiovascular, metabolic

and perceptual responses

Heart rate, blood lactate and
RPE-30 responses are presented in Ta-
ble 11. The results showed moderately

lower mean work and rest-HR values
with 120 s inter-set rest periods at
normoxia (ES: from 1.01 to 1.08) and
both types of hypoxia (ES: from 0.58 to
0.92). A similar work-HR response was
observed between HH and NH condi-
tions. However, we detected a lower
mean rest-HR in NH during both in-
ter-set rest intervals than in HH (adjus-
ted between-group effect of 13.56 bpm
[90% ClIs: -0.85, 27.97 bpm] and 16.12
bpm [90% Cls: -1.73, 33.98 bpm], res-
pectively for 60 and 120 s inter-set rest

intervals).

Maximal blood lactate concen-
tration displayed a moderate decrease
as inter-set rest intervals increased in
all studied conditions (ES: from 0.6 to
0.9). Compared to HH, NH displayed
a moderate to large reduction of the
blood lactate accumulation after both
types of training sessions (adjusted
between-group effect of 4.29 mMolI™
[90% Cls: 1.24, 7.33 mMol"] and
3.48 mMol* [90% Cls: 0.44, 6.52
mMol "], respectively for 60 and 120 s

inter-set rest intervals).
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Section III. Acute effect and comparison between types of hypoxia.

As expected, ratings of perceived
exertion displayed much higher values
in 60 s of inter-set rest intervals with
respect to 120 s in all conditions (ES:
1.43, 1.33 and 1.26 for N, HH and
NH, respectively). There were no dif-
ferences in the perception of the effort

between both modalities of hypoxia.

» Muscle oxygenation

Similar mean SmO, T values were
detected for N and HH at both in-
ter-set rest intervals (ES [p-value]: -0.36
[0.525] and -0.33 [0.494], respectively
for 60 and 120 s). NH results displayed

amoderate reduction in SmO, T during
120 sinter-set rest intervals with respect
to 60 s (ES=-0.85) (Table 2). Com-
pared to HH, moderate to very large
reductions in SmO,T were observed
in NH during both training sessions
due to the reduced value in maximal
SmO, reached in the NH group for all
sets (adjusted between-group effect of
18.72% [90% Cls: 11.42, 26.03%] and
11.32% [90% Cls: -1.38, 24.01%)], re-
spectively for 60 and 120 s inter-set rest
intervals) (Figure 32).

Figure 32 — Muscle re-oxygenation (max) and de-oxygenation (min) values and the difference
between them (total) across the three sets for the barbell back squat. Mean and SD are represented
in both hypoxic conditions (HH and NH) for 60 and 120 s inter-set rest. Significant differences
(p< 0.10) are displayed between inter-set rest at the same environmental condition (a) and between

HH and NH (b).

DISCUSSION

The aims of this study were to as-
sess the acute effects of different types
of hypoxia (terrestrial vs. simulated)
during a hypertrophy-oriented resis-

tance training session on physiological

and performance markers, and to
determine whether these responses
are affected by alterations in the in-
ter-set rest configuration. As expected,
shorter inter-set rest periods increased
perceived exertion and produced a

moderate increase on cardiovascular
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Results and Discussion

and metabolic responses while main-
taining muscle performance capacity.
Total volume-load for upper- and low-
er-limbs was similar in both types of
hypoxia at each rest condition. For the
same inter-set rest configuration, NH
considerably decreased the availabili-
ty of muscle oxygenation among sets
and displayed a reduced maximal blood
lactate concentration and mean rest-
HR compared to HH. These results
corroborate previous research ** and
highlight differences between types of
acute hypoxic exposure on the phys-
iological response to R exercise 11.
There were no changes in the muscle
work capacity among environmental
conditions during the R session, al-
though the change in the cardio-ven-
tilatory pattern induced by the acute
ascent in altitude seems to favor a more
immediate recovery in HH compared
to NH. Shorter inter-set rest periods
produce a more stressful stimulus that,
either combined or not combined with
hypoxia, affect the acute response to
R session and conceivably could max-
imize hypertrophic adaptations in lon-

ger periods of training.

Mechanical and metabolic stress

are purported influential factors in

| 160

training-induced development of mus-

cle mass *

“*, Inter-set rest configura-
tion, in combination with volume and
intensity, can influence the effectiveness
of an acute response or chronic adapta-
tion to a R program **”. Moderate rest
intervals (60-90 s) have been proposed
as a viable option for maintaining a
balance between mechanical and met-
abolic factors for gains in strength **
and muscle size *. The present research
compares the potential effect of a mod-
erate rest interval (60 s) to a longer rest
interval (120 s) during a traditional
non-failure R . program, that preserved
mechanical stress between conditions.
This outcome was verified by the fact
that the total volume-load accumu-
lated during the R sessions was quite
similar in all environmental conditions
and remained almost unaffected by the
inter-set recovery periods. The trivial to
moderate differences in the total vol-
ume-load of the main compared exer-
cises (back squat and bench press) im-
ply alack of difference in the magnitude
of mechanical stress between types of
inter-set rest sessions, showing a mean
difference ranged from 0.83 to 1.46 kg
xsetand from 0 to 0.28 repetitions x set

in all conditions. Considering that the



Section III. Acute effect and comparison between types of hypoxia.

level of recruitment seemingly cannot
provide a mechanistic explanation for
the physiological differences between
the inter-set rest periods, other factors,
such as the observed metabolic effect
linked to shorter rest intervals, may be
at least partially responsible for these
differences **. Indeed, during the short-
er rest intervals, perceptual, metabolic
and cardiovascular responses displayed
small to large increases across all con-
ditions. As suggested in some studies,
it thus is feasible that under relatively
equal mechanical load, 60 s-rest inter-
vals provide a more stressful physiolog-
ical stimulus " that potentially could
maximize the potential hypertrophic
response to R under hypoxic condi-
tions. Longitudinal research is needed

to test the veracity of this hypothesis.

In contrast to the similarity in
the performance between HH and
NH in response to both R sessions,
we observed substantial physiological
effects on blood lactate accumulation,
rest-HR and SmO,T. Current evidence
challenges the traditional assumption
that the same inspired partial pressure
of O, produced artificially or by a fall
in barometric pressure produces sim-

ilar physiological responses 11,388.

Differences detected between HH and
NH suggest an independent baromet-
ric pressure effect to the equated par-
tial oxygen pressure, although as noted
subsequently, the available acclimatiza-
tion time to each type of hypoxia con-
dition before exercise could also affect

the physiological response.

Throughout the initial hours of
exposure to moderate hypoxia there
is an increase in ventilation 388,389,
submaximal HR and cardiac output
369. Changes in ventilation induce
hypocapnia and develop an alkalotic
environment favoring the activation of
the glycolytic pathway during exercise.
Indeed, the reduction in circulating
bicarbonate after a R session under
hypoxic conditions ™ is interpreted as a
higher buffering capacity >**°. The buft-
ering response may be even more pro-
nounced in HH than in NH due to the
differences in the acute hypoxic ventila-
tory response 388, which may at least
partially help to explain the differenc-
es observed in maximal blood lactate
between both hypoxic environmental
conditions. Ventilatory frequency is
known to be greater in HH while the
CO, end-tidal partial pressure is initial-

ly lower than in NH **. Preliminary
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non-published results from our group
are in accordance with this finding,
showing a 4.98% higher reduction in
blood bicarbonate concentration in
moderate HH compared to the equiva-
lent NH after a similar R session using
60 s of inter-set rest recovery (ES: 0.46;
CI [-0.44, 1.36]). Note that the upper
limit of the compatibility interval dis-

plays a large positive value.

Somewhat counterintuitive, but
consistent with some previous research
7293377 - our results showed a similar
maximal blood lactate in N and both
types of hypoxia. Blood lactate con-
centration conceivably should have
been higher in H as result of the gly-
colytic pathway compensation for the
reduction in O, availability in H ***,
but remained similar to N due to the
slower lactate release from muscle as-
sociated with an enhanced buffering
response. Otherwise, at NH, maximal
lactate concentration displayed a large
reduction compared to HH. This de-
crease could be related to differences in
exposure time to the hypoxic stimulus.
Consistent with customary practice
%71 acclimatization to NH only lasted
5 min before the training session. This

limited time could constrain adequate

| 162

activation of the cardio-ventilatory
compensation mechanisms and, there-
fore, of the buffering response, limiting
the hypoxic effect on maximal lactate
accumulation. The large lower SpO,
reached at moderate NH compared to
HH just before the start of the training
session is consistent with this approach
(SpO,: 94.3 and 90.7%, respectively for
HH and NH, ES=-3.29, p=0.001) dis-
playing differences in the severity of in-
ternal hypoxia achieved in each group
for the same external hypoxia (FiO2 of
16,9%) **. The short connection time
to the hypoxic system in NH before
the start of the training sessions (most
frequent connection times are ranged
between 5 and 10 min) could cause a
greater work of breathing in the par-
ticipants due to the abrupt increase
in flow rates and the higher gas densi-
ty, reducing the acclimatization of the
ventilatory response in comparison to
the HH group 388. After longer ex-
posures (~1h), and according to the
SpO, observed at the end of the 30 min
of recovery (SpO,: 91.7 and 94.5%, re-
spectively for HH and NH, ES=1.35,
p=0.002), desaturation is usually great-
erin HH **.
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To our knowledge, there current-
ly are no data in the literature on the
impact of the type of hypoxia (terres-
trial vs. simulated) on muscle oxygen-
ation. Compared to normoxia, severe
NH (FiO2 = 13%) reduces muscle oxy-
genation from the vastus lateralis when
performing the leg press (5x10 rep; 70%
1RM; 60 s rest) ©* and from the triceps
brachii after performing shoulder press
and bench press (3-6 x 10 rep; ~ 75%
1RM; 60 s rest) **. Contrarily, similar
mean relative values from the vastus

lateralis oxygenation between moder-
ate NH (FiO2 = 15-16%) and N have
been observed in other studies **>**
after 3-5 sets x 10 repetitions (60-70%
1RM; 60 to 180 s rest) of lower-limb
exercises (leg press, back squat or dead-
lift). These discrepancies among stud-
ies could be due to differences in the
muscle assessed, type and/or severity
of hypoxia when the training session is
performed at simulated hypoxia. In our
results, the minimum, maximum and
total SmO, changes from the vastus lat-
eralis were not affected by the inter-set
rest duration at any environmental

condition.

Compared to HH and N, mod-

erate to very large reductions in the

muscular maximal reoxygenation re-
sponse during the back squat exercise
were observed in NH. Surprisingly, the
muscle reoxygenation capacity during
the HH sets was similar to N. The ac-
centuated increase in cardiac output
and buftering capacity described in
acute terrestrial hypoxia, compared to
simulated hypoxia, is likely to improve
glycolytic ATP production and pro-
mote muscle perfusion during recovery
368,377,388. Moreover, the oxygen
release in active muscles is favored by a
rightward shift of the oxyhemoglobin
curve (Bohr Effect) during exercise in
H *°, which can also enhance the re-
oxygenation of muscle tissue at HH
due to the large reduction in pH after
exercise 388. Research suggests 15-16%
of FiO:2 as the minimum threshold for
inducing changes in the muscle oxy-
genation ****. Our results in NH do
not support this hypothesis, although
future studies are necessary to clarify
the influence of the severity, type and
time of exposure to hypoxia on muscle
oxygenation ina similar RT session con-

figuration
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Study 5. Effects of resistance training in hypobaric vs. normobaric

hypoxia on circulating ions and bormones.

RESULTS

» Control Variables

Table 12 shows the control vari-
ables (SpO,, lactate, and RPE) that
were measured after training sessions.
% SpO, values were significantly lower
in HH than in NH, but without signif-
icant within-group differences between
one- and two-minute inter-set rest.
Lactate values (mmol/L) after training
were significantly higher in all condi-
tions when comparing HH with NH.
There were no significant differences
between-groups (HH vs. NH) in RPE,
although significantly higher values

were observed when a one-minute in-

ter-set rest was used.

» Hormones and Circulating Ions

Table 13 shows the circulating
ions and hormones at baseline and af-
ter training under HH and NH condi-
tion. Cortisol increased after training
sessions with one-minute rest, both in
HH (p < 0.015, ES: 0.428) and in NH
(p < 0.047, ES: 0.495), with elevated
concentrations even 30 min post-ex-
ercise. This catabolic response was ac-
companied by a significant increase in
GH under HH (p < 0.007, ES: 0.568)
and NH (p < 0.003, ES: 0.734) as well

Table 12 — Control variables after training sessions.

(&)

Lactate
Groups Inter-Set Rest (min) SpO:2 (%) RPE
(mmol/L)
Hypobatic hypoxia 1 9244 £ 20 19.55 £ 3.5 8.22 £ 1.09
HH) (»=9) 2 9277 £ 1.5 1598 £3.890 644+ 158+
Total 92.61 £1.7%* 177 £4.0%* 733116
Normobaric hypoxia 1 95.01 £ 1.9 1530 £ 3.3 7.8 £1.21
(NH) (»=7) 2 935+ 2.1 12.47 £3.2 6.0+ 173+
Total 94.28 £ 2.0 * 13.8 £34* 6.92+ 1.7
p-value 0.020 * 0.007 * 0.500

* p < 0.05. Significant differences between-groups HH vs. NH. + p < 0.05. Significant differences whitin-group

(1 min vs. 2 min).
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Results and Discussion

Inter-set rest factor had a main
effect on C (p < 0.006) and GH (p <
0.049). No significant main effect was
observed for hypoxic environmental

condition factor.

The Ca™ level increased signifi-
cantly in all conditions at every time
point after training compared to base-
line. A significant main effect was ob-
served for hypoxic environmental con-
dition factor (p < 0.038).

The HCOs level decreased af-
ter five minutes post-exercise, and the
levels remained significantly lowered
up to 30 minutes post-exercise in all
conditions with a moderate-large ef-
fect (>0.90). Concentrations in NH

were significantly higher than under
HH (p < 0.034), and the values after
two-minute rest were higher than after

one-minute rest (p < 0.003).

Pi increased at five minutes
post-exercise after training sessions
with one-minute rest, both in HH (p
< 0.001, ES: 0.818) and in NH (p <
0.001, ES: 0.974). Then, the values
began to decrease progressively and sig-
nificantly until reaching the baseline at
30 min post-exercise. Both inter-set rest
and hypoxic environmental condition
factors had a main effect on Pi; values
in HH were higher than in NH (p <
0.001) and with one-minute than with

two-minute rest (p < 0.001) as well.

Figure 33. Hormones after resistance training sessions. Hypobaric hypoxia (HH) vs. Normobaric
hypoxia (NH) with different inter-set rest (1 vs. 2 min). NH2 and NH1: Normobaric Hypoxia
with 2-min inter-set rest and 1-min rest. HH2 and HH1: Hypobaric Hypoxia with 2-min inter-set
rest and 1-min rest. + p <0.05, ++ p < 0.01 comparing 1-min inter-set rest vs. 2 min rest over time.
No significant differences were observed between HH vs. NH over time.
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Figure 33 (hormones) and Fig-
ure 34 (circulating ions) specifically
show the significant differences that
exist over time in both factors (inter-set
rest and hypoxic environmental con-
dition). Regarding the inter-set rest
factor, the one-minute rest compared
to the two-minute rest showed signifi-

cantly higher values of C (at 5, 10, and

30 min), GH (at 30 min), and of Pi (at
S and 10 min), and significantly lower
of HCO,— (at 5, 10, and 30 min). Re-
garding the hypoxic environmental
condition factor, the HH condition
showed significantly higher values of
Ca®" (at S, 10, and 30 min) and Pi (at
S and 10 min), and significantly lower
values of HCO — (at 10 min).

Figure 34 — Ca’", HCOs', and Pi after resistance training sessions. Hypobaric hypoxia (HH)
vs. Normobaric hypoxia (NH) with different inter-set rest (1 vs. 2 min). NH2 and NH1: Nor-
mobaric Hypoxia with 2-min inter-set rest and 1-min rest. HH2 and HH1: Hypobaric Hypoxia
with 2-min inter-set rest and 1-min rest. + p < 0.05, ++ p < 0.01, +++ p < 0.001 comparing 1-min
inter-set rest vs. 2 min rest over time. * p < 0.05, ** p < 0.01, *** p < 0.001 comparing HH vs. NH

over time.
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DISCUSSION

HH at terrestrial altitude seems
to alter circulating ions related to the
muscle contraction more than simu-
lated NH, especially when the inter-set
rest intervals are shorter. These find-
ings show that in the design and peri-
odization of high-intensity resistance
training in hypoxic environments, it is
necessary to pay special attention to the

inter-set rest intervals.

High-intensity resistance train-
ing causes a signiﬁcant acute response
from serum anabolic and catabolic hor-
mones 34,394. The results of our study
are consistent with these conclusions
since an increase in GH levels was ob-
served after training, especially signifi-
cant when the one-minute inter-set rest
was used. The accumulation of lactate
and hydrogen ions caused by resistance
training stimulates anabolic hormone
secretion **. Likewise, a significant in-
crease in C was observed, although only
after training with one-minute inter-set
rest. Previous studies have concluded
that the use of short inter-set rest caused
an increase in metabolic stress 395. Ra-
himi et al. *** concluded that serum C
at 30 minutes post-exercise was signiﬁ—

cantly higher after one-minute inter-set

| 168

rest than after two-minute rest. In the
present research, the use of a hypox-
ic environment (HH or NH) did not
produce any added effect on increas-
ing GH and C levels. Woods et al. *’
stated that performing exercise in HH
compared with NN produced a similar
pattern of response in C. Similarly, pre-
vious studies also did not observe a sig-
nificant effect of moderate hypoxia on
GH and C, either in terrestrial altitude

77 or in a sim-

with high-intensity loads
ulated altitude with low-intensity loads
*. The physiological mechanisms be-
hind the hormonal response to hypoxia
is unclear and remain speculative. The
hormonal changes that occur during
acute exercise in hypoxia do not seem
to be determined by alterations in the
hypothalamic-pituitary axis, but rather
by factors related to the workload of
the training and the increase in lactate

during exercise ***.

Circulating Ca** levels also in-
creased after resistance training, spe-
cifically at five minutes post-exercise,
without any differences between train-
ing with rest periods of one or two
minutes. Resistance training is char-
acterized by repeated skeletal muscle

contractions that cause the Ca*" release
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ions from the sarcoplasmic reticulum
into the cytoplasm. This elevation of
Ca™ is a consequence of the increase
in the concentration of Pi that contrib-
utes to its exit from the sarcoplasmic
reticulum and reduces the sensitivity of
the myofilaments to Ca** during a first
phase of acute fatigue 399,400. Addi-
tionally, it has been shown that inter-
mittent exposure to hypobaric hypoxia
can produce a reduction in Ca*" related
to the maintenance of calcium homeo-
stasis via activation of protein kinase C

isoforms *

*. However, in the present
study no differences were observed in
Ca”" concentrations between HH and
NH. In this sense, factors such as the
type, duration, and intensity of exer-
cise play an important role in the dis-

turbance of calcium levels **

, and may
be more decisive than the hypoxic envi-

ronmental factor.

Contrary to what was observed
for calcium levels, HCOs™ levels de-
creased after training in any hypoxic
environment and with both short and
long inter-set rest intervals, with a ten-
dency to return to baseline levels after
30 minutes. During intense muscular
exercise, there is a significant increase

in H" ions. To cope with this acidosis,

the cells and fluids of the body have
the bicarbonate buffer system, which
minimizes the anaerobic production
of H* *®. Therefore, the decrease in
HCO,- levels indicates a muscle buft-
ering response, especially when the
inter-set rest interval is shorter. Addi-
tionally, the results also showed that
training in HH caused higher decreases
in HCO:s' than training in NH. Com-
pared to NH, HH leads to a greater
hypoxemia, blood alkalosis, and a lower
SpO, **. Likewise, plasma pH appears
to be higher in HH than NH **. These
physiological differences, combined
with the exercise-induced metabolic ac-
idosis, could cause changes in acid-base
homeostasis and increase the muscle

buffering response ***.

Serum Pi increased five minutes
after performing both training ses-
sions, in HH and NH, although only
after training sessions with one-min-
ute inter-set rest. During exercise, the
muscles need energy that is obtained
from ATP and cellular phosphocre-
atine (PCr), whose hydrolysis increas-
es the serum Pi concentration *”. As
in our research, Luhker et al. *** found
elevated Pi levels compared to baseline

up to six minutes after exercise in NH
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conditions (FiO2: 0.12). The resynthe-
sis of ATP and the decrease in Pi con-
centrations appeared to be much fast-
er after training with the longest rest
periods (2 min), where at five minutes
post-exercise, the levels were even be-
low baseline. These results suggest that
the one-minute inter-set rest interval
was not sufficient to replenish ATP and
PCr, as has been concluded in previous
studies ****. Regardless of the inter-set
rest interval used, the Pi concentration
after training in HH was higher com-
pared to NH training, especially at five
minutes post-exercise, but that dif-

ference was even maintained until 10

minutes post-exercise. Several studies
have observed a greater decrease in min-
ute ventilation, alveolar ventilation and

oxygen saturation *****

as well as great-
er oxidative systemic stress 11,407 with
short-term exposure to HH compared
to NH. These differences could be the
consequence of an increased dead space
ventilation, altered fluid permeability
or changes in chemo-sensitivity, prob-
ably related to the barometric pressure
reduction ***. All these factors could
have increased the demands of the re-
sistance training under HH, causing
greater fatigue and greater release of Pi

in the muscle fiber

Study 6. Influence of the tervestrial vs. simulated hypoxia on biomole-

cular anabolic signalling response to resistance exercise: A pilot stud)y.

RESULTS

Irisin (A) and myostatin (B)
changes from pre-exercise to 5 and 30
min during the recovery period are
shown in Figure 35 and Table 14. The
results only displayed an environmental
effect in the irisin response (p = 0.031).
R, produced an immediate moderate
reduction in irisin under HH condi-
tions (ES = —1.02 [CI: -1.94; —0.11])
and a small non-significant increment

in NH (ES = 0.56 [CL: —0.30; 1.42]).
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All conditions revealed small to large re-
ductions in circulating irisin through-
out the recovery, reaching the lowest
values at minute 30. Circulating irisin
displayed lower values in H, reaching
an almost significant large decrement
in HH with respect to NH at 5 minutes
of the recovery period (ES = —1.10 [CI:
-2.04; —0.15]; p = 0.048). A progres-
sive moderate non-significant decrease
below pre-exercise myostatin levels was

found in both hypoxic conditions after
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R (Figure 35B). Trivial differences in
myostatin between NH and HH were
observed throughout the recovery pe-
riod (ES < 0.28 [CL: -0.69; 1.18]; p
> 0.209). The high variability in the

magnitude of the myostatin response
made it difficult to identify changes in
this variable. No time effect or interac-

tion was observed in either myokine.

Figure 35 — Mean difference of irisin (A) and myostatin (B) 5 and 30 min into the recovery
period after exercise in hypobaric hypoxia (HH) and normobaric hypoxia (NH). The p values

are displayed as differences between conditions and recovery periods. * Differences to pre-exercise
values (p < 0.10). Bars represent mean difference (MD) + SEM.

The mean difference between
30 min post-exercise and pre-exercise
levels of circulating miR-378 (Figure
36A), miR-206 (Figure 36B) and miR-
29c (Figure 36C) are shown in Figure
36. R revealed moderate to large signif-
icant increments in miR-378 and miR-
29c in all environmental conditions
(ES between 0.66 and 2.30; p < 0.10).
Compared to N, standardized mean
differences indicated a rise in miR-378
for both hypoxias (ES from 0.19 to
1.55 [CI: —0.87; 2.46]), displaying only

slight changes between hypoxia types.
NH showed a large increase in miR-
29c¢ with respect to N (ES =1.03 [CI:
0.11; 1.94]) and HH (ES = —1.36 [CL:
—2.34; —0.38]). On the contrary, miR-
206 decreased slightly in N and HH
after exercise to below the pre-exercise
values (ES < —0.82) while displaying a
clear moderate increment in NH (ES =
0.73 [CL: —0.29; 1.76] and ES = —0.96
[CI: —1.89; —=0.03] compared to N and
HH) (Figure 36; Table 14).
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Figure 36 — Mean differences (30 min post-exercise — pre-exercise value) of (A) miR-378, (B)
miR-206 and (C) miR-29¢ in hypobaric hypoxia (HH) and normobaric hypoxia (NH). The p va-
lues are displayed as differences between conditions. * Differences to pre-exercise (p < 0.10). Bars
represent mean difference (MD) £ SEM.
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Figure 37 — Mean differences in growth hormone (GH) (A), cortisol (B) and maximal blood
lactate concentration (C) 30 min into the recovery period in hypobaric hypoxia (HH) and normo-
baric hypoxia (NH). The p values are displayed as differences between conditions. * Differences to
pre-exercise values (p < 0.10). Bars represent mean difference (MD) + SEM.
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Results and Discussion

Hormonal changes induced by
the different study conditions are pre-
sented in Figure 37 and Table 14. Cir-
culating GH levels and blood lactate 30
min post-exercise increased in all con-
ditions (p < 0.001) (Figure 37A). HH
condition displayed a similar post-exer-
cise GH release compared to NH (ES =
~0.40 [CI: —1.29; 0.49]; p = 0.385). In
NH, circulating blood lactate at min-
ute 30 resulted in a large concentration
increment compared to HH (ES = 1.06
[CIL: 0.11; 1.99]; p = 0.147). Cortisol
results are also shown in Figure 37B.
R displayed moderate non-significant
increments in C in all conditions (ES =
0.57 [CI: =1.48; 1.57]; p > 0.10). No
differences in hormone response were

observed between the types of hypoxia.

DISCUSSION

This study aimed to investigate
the influence of a traditional hypertro-
phy session under different types of
acute moderate hypoxia (terrestrial vs.
simulated) on the myokine/miRNA re-
sponse. The exercise revealed a moder-
ate to large early decrement of irisin in
HH with respect to N and NH. Com-
pared to N, both hypoxias moderately

accentuated the reduction of myostatin

174

by a similar proportion. In all condi-
tions, the R . also produced increments
in the studied circulating hormones,
miR-378 and miR-29c. Compared to
HH, increments in miR-29¢ and miR-
206 were favoured in NH. Consider-
ing all the results together, the small
to large ES detected in circulating hor-
mones, irisin and miRNAs (29¢ and
206) between the two types of hypox-
ia could indicate differences in muscle
signalling pathway activation. This hy-
pothesis should be further investigated

in future research.

R is largely related to mechani-
cal- and metabolic-induced activation
of muscle growth mechanisms. The
hypoxic environment combined with
R was expected to induce greater ho-
meostasis deviation according to the
reduced muscle oxygen availability
646229239 which could intensify the
acute response of several modulator
factors associated with muscle growth
processes (such as hormones, cyto-
kines, ROS or cellular swelling). Our
results only displayed small differences
in GH and C between hypoxic condi-
tions after the exercise. Although GH
release seems to be mediated by blood
69,360

lactate and H* accumulation | it
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was not affected by the higher maximal
blood lactate concentration reached in
HH. The pre-exercise exposure peri-
od to the hypoxic environment could
affect the ventilatory response™® and,
therefore, activation of the buffer re-

sponse ***

which could explain the
largest increment in circulating blood
lactate under this condition (the NH
group was exposed for the usual stan-
dard time of 5 min while the trip to the
mountain in the HH group increased
the pre-exercise exposure to the hypox-
ic environment in ~1 h).The response
of several proteins/hormones main-
ly linked to muscle development and
metabolic homeostasis is produced by
exercise-induced cytokines *”. In this
regard, myostatin acts as a negative reg-
ulator of muscle growth, playing an
essential role in myogenesis™****"* by
the inbition of the Akt/mTOR path-
way and downregulation of MyoD
transcription factors*?. Literature on
research on myostatin’s response to
exercise in hypoxia is quite scarce. In
our study, joined to the great inter-in-
dividual variability, there was a signifi-
cant moderate reduction in myostatin
in hypoxic conditions throughout the

recovery period. This result agrees with

other studies in which myostatin fell
below the pre-exercise value from 3 to
24 h after a similar single*”
R, periods in N conditions"***. Con-

versely, the effect of hypoxia on the

or longer

myostatin dynamic should be expected
to maintain it at a reduced level during
extended R programmes, which could
support the potential and expected in-
teraction of FiO2 on the relationship
between myostatin and activation of
the Akt/PKB-mTOR signalling cas-
cade although this hypothesis needs to

be investigated.

Irisin mainly acts in muscle-de-
rived energy expenditure, ensuring
the energy balance during exercise and
probably reflecting activation of the
AMPK pathway. Thus, irisin/myosta-
tin could reflect a balance between the
AMPK/Akt-mTOR pathway transi-
tion from exercise to recovery, respec-
tively, though their relationship is intri-
cate and not exclusive *”. It is generally
accepted that irisin increases during the
first hours after acute metabolic or R

181409416~ Our results showed

exercise
similar irisin values after the R session
compared to pre-exercise in N and NH,
while in HH there was a significantly

faster and more progressive drop just
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from the end of the exercise. Other
studies also found irisin values similar
to pre-exercise 30 min after an isolated
or full-body R exercise"**”, with a pre-
dominance to increase throughout the
subsequent hours*’. Although HH is
commonly presented as a metabolically
more stressful context than NH *%, the
better acute cardio-ventilation adapta-
tion described in HH seems to facilitate
immediate recovery from high-intensi-

ty R . exercise

the muscle impact of the exercise and

377,408 which could reduce

therefore AMPK phosphorylation *.
The large individual variability, the in-
fluence of the type of exercise *” and
the fitness level ' in addition to the
low response of irisin after R exercise
described in the literature **; also could
modulate its dynamics after acute exer-
cise. Nevertheless, studies conducted
under hypoxic conditions on irisin re-
sponse are scarce. In our research, the
high fitness level of participants com-
pared to the low ones or the lack of in-
formation in this regard in others **>**
could also partially explain discrepan-
cies among both types of hypoxia. This
early drop in circulating irisin in HH
matches with myostatin behaviour and

reflects the expected balance between

| 176

the AMPK/Akt-mTOR pathway tran-
sition from exercise to recovery, respec-
tively. However, the difference between
HH and NH in the dynamics of irisin/
myostatin is controversial and further
research on the physiological conse-
quences of their downregulation in
myogenesis after acute and long train-

ing programmes in hypoxia is needed.

Currently, several miRNAs are
recognized as regulators of signalling
pathways such as the IGF1/PI3K/Akt/
mTOR axis, relevant to exercise adap-
tation. miR-378, miR-206 and miR-
29c are non-coding RNAs allowing the
expression of myogenic differentiation,
producing activated satellite cell myo-
genesis and/or favouring protein syn-

thesis™’

. Hypoxia seems to favour in-
crements in all the examined miRNAs
after the R exercise. In addition, the
moderate to large effect of the type of
hypoxia only affected circulating levels
of miR-29¢ and miR-206 in favour of
NH. Although miR-378 has been re-
lated to muscle gains after R in healthy

7 it is not

recreational populations
specifically expressed in muscle tissue,
and the nature of the stimulus (exer-
cise and hypoxia) may be a non-spe-

cific factor in the observed response **’
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in this type of participants **. On the
contrary, miR-29¢ seems to be affected
by the type of hypoxia, resulting in a
large increment in NH with respect to
HH despite being non-muscle-specific.
Moreover, in murine models, miR-29¢
is currently considered an important
repressor of the expression and func-
tion of genes involved in muscle atro-
phy such as MuRF1 **. Finally, miR-
206, specifically expressed in muscle
cells, has an important role in myoblast
differentiation. Previous research de-
scribed an acute reduction in circulat-
ing miR-206 after R , remaining below
pre-exercise values 24 h later *?. Our
results displayed a slight tendency of
a decrease in miR-206 in N and HH
after exercise, which contrasts with

the clear moderate increment in NH.

This unexpected response clearly in-
terferes with this research’s hypothesis
and with the miR-29¢ response in the
NH group. NH seems to negatively af-
fect the specific muscular proliferation
cell process by miR-206 overexpression
(reduces the expression of Pax7, Pax3
and IGF1 signalling agents) which
may favour muscle cell differentiation

#2921 Other uncon-

and regeneration
trolled factors, such as the magnitude
of the inflammatory response or mus-
cle damage, could also interfere with
these results *°. The major impact on
miR-206 and miR-29c response in NH
compared to HH needs additional in-
vestigation to address complementary
factors associated with the NH condi-

tion not analysed in this study.
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Section IV. Chronic effect and comparison between types of hypoxia.
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Study 7. Strength and muscle mass development after a resistance-train-

ing period at terrestrial and simulated intermittent hypoxia.

RESULTS

Table 15 displayed back squat
and bench press 1RM and muscle
thickness changes from pre-train-
ing to week 8 and week 6 of the R,
program. The results of the repeated
measures ANOVA for 1 RM showed
a statistically significant effect of time
(p=0.001;  72,>0.317),
(p<0.088; ‘V]ZP>0.150) for both exercis-
es, and the interaction time x condition
for IRMBP (p=0.063; 1, =0.169). Al
though both exercises 1IRM increased
after the R program (p>0.001), NH
showed a large significant effect com-
pared to N in 1IRMSQ (ES=1.20).
Both periods studied (weeks 1 to 6 and

condition

weeks 6 to 8) displayed similar and con-
tinuous improvements in the IRMSQ
gains (ES ranged from 0.45 to 1.01;
p<0.030). For IRMBP, the N group
only displayed improvement in the last
2 training weeks (from the week 6 to
8; p=0.014) while the HH group only
found gains in the first 6 weeks (from 1
to the week 6; p=0.001). The repeated
measures ANOVA for muscle thickness

showed a statistically significant effect

of time (p=0.005; v]zp=0.041), condi-
tion (p<0.017; V]2P=0.237) and the in-
teraction time x condition (p=0.032;
nzp=0.205). Muscle growth similarly
improved in N and HH groups after
the R program (ES= -0.14; p=1.0). N
and NH groups reached this gain in
the first 6 weeks (ES>0.46; p<0.024),
displaying a slight non-significant in-
crease or reduction respectively for N
(ES=0.14, p=0.229) and NH (ES=-
0.17, p=0.326) groups during the last 2

weeks of the training period.

The serum GH, IGF-1 and %
active mTOR changes of the adjusted
to pre-training peak value in the first
(S1) and the last session (S22) of the
R, program are presented in Table 16.
The repeated measures ANOVA for
circulating GH and IGF-1 did not dis-
play changes of interest except for the
interaction time x condition in GH
(p=0.044; 7’ =0.188). Post-exercise GH
increased in all conditions and sessions
monitored (p<0.001). In S1, post-exer-
cise GH release similarly favored NH
and N groups (p=0.666; ES=0.17),
reaching a large higher value in NH
with respect to the HH condition
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0.354) and

U

interaction time x condition (p

=0.001;

condition (p

ES=-1.30). Despite the IGF-
1 displayed large individual variability,

>

(p=0.041

0.039;

0.195). HH group showed a mod-

P

2

no signi

ficant changes were detected 7

erate to large significant increment in

in serum at any moment. The results
of the repeated measures ANOVA for

% active mTOR showed a significant

% active mTOR after S1 with respect

1.04) and NH

=0.017; ES=
ES=1.34).

to N (p

>

(p=0.002

0.119),

=0.053; V]Zp=

effect of time (p
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0.215) and

U

interaction time x condition (p

bl

0.026

condition (p

mean

Adjusted  pre-exercise
change of miR-206, miR-378 and

miR-29¢ in S1 and $22 are displayed in
Figure 38A, 38B and 38C respectively.

b

0.009

0.272). Despite not detecting a

2

Ty

in-

ffect, a moderate to large

time ¢

crease in serum miR-206 was observed

from S1 to S22 in N (ES

Repeated measures ANOVA for miR-

206 revealed a significant effect of the

0.76) and
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HH (ES=1.65) showing no differenc-
es among groups in S$22. Compared
to N and HH, the NH group dis-
played the highest serum miR-206 val-
ue in S1 (p<0.020). The results of the
non-parametric tests (Kruskal Wallis
or Wilcoxon) showed a time and con-
dition effect in miR-378 (p<0.066) and

p=0.020 [1.03]
p=0.794 [-1.80] p=0.001 [-1.48]
p=0.088 [-0.35]
—

3- *
g 24 p=0.008 [1.65] =
—
& p=0.358 [0.76] o
g 1 == i
e 0
5 L
D)
2 4 *
E _p=1.000 [0.22] , p=1.000 [-0.19],
p=1.000 [0.33]
2 r ; T
N HH NH

Time effect: Fy 55=1.83; p=0.186; n°,=0.057
Con. effect: F, 3,=14.56; p=0.026; n°,;=0.215

Time x Con. effect: F, 3,=7.2; p=0.009; n~°,=0.272

miRNA-29¢ (p=0.001). Compared to
N and HH, the NH condition revealed
moderate to large elevation of serum
miR-29¢ in S1 and §22 (p=0.001). N
and HH conditions favored a slight re-

duction below pre-exercise value from
$1 to $22 (p<0.08).

B p=0.772 [0.77]
$=0.071 [-0.97] p=0.027 [-1.05]

29 p=0.422 [-0.16]
—

g 14 p-0.027 [-0.80] p=0.002 [-0.80]

< — —

= L

s IO

=

g o1 %

< *

£ o

E p=0.021 [-1.42]7 p=0.013 |-1.12]

. p=0.895 [0.70]
-3 T - -

N HH NH

Con. effect S1: 1%,=5.43; p=0.066; £’=0.523
Con. effect $22: %>,=7.52; p=0.023; £=0.235
Time effect: W=106; p=0.002

p=0.001 [1.53]
C p=0.908 [-0.15] p=0.001 [-1.55]
p=0.040 [-0.76]
—
4 * /4 s1
p=0.084 [-0.48] p=0.002 [-0.59] B S22
24 %

B

0 L:J! ITI-

miR-29¢ MD (222

27 p=0.660 [-0.60] " p=0.001 [-1.91],
p-0.001 [1.76]
-4 T : :
N HH NH

Con. effect S1: %%,=16.7; p=0.001; £°=0.523
Con. effect $22: 1%,=19.4; p=0.001; £=0.607

Time effect: W=76; p=0.001
Figure 38 — Adjusted pre-exercise mean difference of miR-206 (A), miR-378 (B) and miR-29¢
(C) at session 1 (S1) and session 22 (S22) of the training program in normoxia (N), hypobaric
hypoxia (HH) and normobaric hypoxia (NH). p values are displayed as differences between con-
ditions or sessions. * Difference to pre-exercise values (p < 0.10). Bars represent mean difference

(MD) + SEM.
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Figure 39 — Adjusted pre-exercise mean difference of lactate (A), IL-6 (B) and TNFa (C) at ses-
sion 1(S1) and session 22 (§22) of the training program in normoxia (N), hypobaric hypoxia (HH)
and normobaric hypoxia (NH). The p values are displayed as differences between conditions or ses-
sions. * Differences to pre-exercise values (p < 0.10). Bars represent mean difference (MD) = SEM.

Adjusted to pre-exercise mean
difference between peak values of
blood lactate, IL-6 and TNFain S1 and
$22 are shown in Figures 39A, 39B and
39C respectively. Similar blood lactate
increments were found after S1 and
§22in all groups (p=0.895; 17,=0.001).

Pairs comparison showed significant
measurements between N and NH in
both testing sessions favoring N group
(p<0.032; ES <-1.19). The results of the
repeated measures ANOVA showed
a significant effect of time (p<0.06;

nzp>0.113), condition  (p<0.02;
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V]2P>O.305) and interaction time x con-
dition (p<0.019; ¥ >0.231) for IL-6
and TNFa. Compared to N, HH and
NH groups increased these two cyto-
kines in S1 (p<0.022; ES >1.12). §22
displayed a moderate to large reduction
of IL-6 and TNF« in both hypoxia to

near pI'C—CXCI‘CiSC values.

DISCUSSION

This study aimed to analyze the
effect of an 8-week R period at terres-
trial and simulated hypoxia on both
muscle hypertrophy and maximal
strength development with respect to
the same training in normoxia. Main
findings displayed the highest incre-
ments in % active mTOR in the HH
group and the greatest inflammatory
response (IL-6 and TNF-a) and cir-
culating miRNAs linked to muscle
growth (miR-206, miR-378 and miR-
29c¢) throughout the training period in
the NH group. However, main gains in
muscle thickness favored N and HH
groups over NH, which do not sup-
port the expected additional benefit
of RTH over RTN on muscle growth.
Differences between both types of hy-
poxia were found and place the NH
condition as the most disadvantageous

position for muscle growth, although it
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seems to favors strength development
by factors not assessed in this study.
RTH is expected to enhance
muscle growth and strength®*****,
Contrary, the results of this study show
an increase in muscle thickness of the
lower limbs in N (8.03%) and HH
(5.49%), while the NH group hard-
ly found a change (1.83%) (Table 15).
Available research reveals unclear mus-
cle growth results after training periods
in moderate to severe NH, regardless of
the assessment method (CSA, muscle
thickness, or lean mass)”***. The ben-
efit of hypoxia in muscle hypertrophy
is associated with a higher metabolic

stress during exercise®”*

, triggering sev-
eral mechanisms related to protein syn-
thesis and the activation, proliferation
and differentiation of muscle satellite
cells #>***** Moreover, the rise in H*
augments the frequency of discharge
of group III/IV muscle afferents®**’
enhancing the type II fibers recruit-
ment, more susceptible to hypertrophy
and strength development, to protect
against conduction to failure and com-
pensate for the loss of force and veloc-
ity****. In this regard, our three study
groups largely increased post-exercise

blood lactate. The NH group registered
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moderate to large values below the
reached in the HH and N groups re-
spectively (Figure 39), probably by the
incomplete adaptation of the ventila-
tory system in NH before the exercise
and its impact on lactate dynamics (i.e.,
glucose metabolism, oxyhemoglobin
dissociation curve and buffer activity)
widely described in other studies™.
However, although the NH group
also revealed the lowest muscle growth,
this condition displayed the largest
1RMSQ improvement after the train-
ing (Table 15). Some studies also found
significant improvements in maximal
strength gains after 3 to 7 weeks of R,
under simulated hypoxic conditions
300330331 - while others not**¥****, Re-
cent meta-analysis and systematic re-
views have repeatedly failed to demon-
strate an additional benefit of RTH
compared to RTN"-****, Discrepancies
among studies’ training protocols are
suggested as the main cause of incon-
sistent results. The results of this study
support this benefit neither. An ad-
vantage of RTH has only been found
in improving strength, regardless of
muscle structure changes, due to caus-
es probably linked to neuromuscular

adaptations not analyzed in this study.

Moreover, all the available literature on
the topic was conducted under NH,
being this research, to our knowledge,
the first of these characteristics con-
ducted under terrestrial and simulated

hypoxia for comparative purposes.

The first (S1) and the last (S22)
session of the R period show elevated
blood lactate and circulating GH in all
groups. Consistent with previous re-
search, S1 in HH displayed moderate
to large lower increments of GH com-
pared to N and NH*”7****7 The release
of H" into the bloodstream highly af-
fects the GH response™***. The elevat-
ed ventilatory response in hypoxia®****
induces hypocapnia and develops and
alkalotic environment reducing the
pH. The longest pre-exercise exposure
time in HH could settle the hypocap-
nic response and increase the pre-exer-
cise pH compared to NH"*”’, which
potentially can explain the physiologi-
cal reduction of GH release after S1"*°.
Otherwise, circulating GH was similar
between conditions at the end of the
R, program, showing a good adaptive
response to exercise training (see Table
16).

Although GH primarily potenti-

ates the release of IGF-1'*, our results
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did not show changes in this hormone
by the training program in any group.
Post-exercise IGF-1 response shows
inconsistent results in the literature
displaying increases™” or no change®
in simulated hypoxia and similar in-
creases between hypoxia and normoxia
conditions”. The IGF-1 production
from the liver and active muscle can be
autocrine and therefore, undetectable
in blood™, almost explaining these
discrepancies among studies and the
lack of consistency found between GH
and IGF-1. Moreover, the IGF-1 carries
out signaling through multiple ana-
bolic cascades, including IGF-1/PI3K/
AKT/mTOR” and directly mediate
synthesis of muscle proteins. The re-
sults displayed a % active mTOR large-
ly upregulated at the beginning of the
R period in HH condition, although
this difference concerning N and NH
seems not to be enough to discrimi-
nate the net muscle mass gains between
groups at the end of the training peri-
od. Other mTOR signaling pathway
research found a downregulation®***
or unaltered values 3 hours after a R,
exercise in severe simulated hypoxia®®.
We do not have references data from

a shorter time window as used in this
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study. Nevertheless, the role and contri-
bution of single measurements of IGF-
1 and mTOR remains speculative due
to the multiple targets and mechanisms
involved in the signaling processes'”.

In agreement with previous

studies®****°

the results displayed a fast
R -induced inflammatory response
(IL-6 and TNFea) in both hypoxic con-
ditions after the first training session
(S1) while remained downregulated
or near to pre-training in N and after
the last one (S22) in all conditions. The
increase in ROS production and HIF-
la expression*’, joined to accentuated
anaerobic metabolism during the exer-
cise in hypoxia*, could limit the ability
to resynthesize glucose and explain the
acute TNFa overexpression found in
HH and NH after S1. Moreover, the
high systems stimulation to unaccus-
tomed conditions (such as a hypoxic
environment) may impair sustained el-
evations in the inflammatory response
and reduce it when muscle adapts to
training, as was detected in S22 in all
conditions®!. The maintenance of se-
rum IL-6 above the pre-training values
in NH contrasts again with the small
increase in muscle thickness recorded in

this group. Therefore, the time-course
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exploration of the inflammatory re-
sponse and the relationship between
inflammatory cytokines and muscle
adaptations in both hypoxia type need

further exploration.

Finally, overexpression of miR-
206, 378 and 29¢ have been associated
to muscle differentiation, activation of
satellite cells, myogenesis and/or pro-

24419421 T

h212,427

tein synthesis promotion
accordance with other researc s
the beginning of the trained period dis-
played a large increment of circulating
miR-206 in NH and displayed a pro-
gressive increase throughout the train-
ing period in the rest of groups until
reaching similar above pre-exercise val-
ues at the end of the program. The NH
condition was the only one that main-
tained high circulating miR-29¢ values
throughout the training period. MiR-
206 overexpression in NH could neg-
atively affects muscular satellite cells
proliferation, although it may favor
muscle cell differentiation and regen-
eration*™”**'. Moreover, the unexpected
progressive decrease of miR-378 and
29¢ in N and HH with respect to the
exacerbated elevation in NH condition
refers to an impact of the type of hypox-

ia to a similar R program. Increments

in circulating miR-378 has been linked
to muscle growth after a R routine in

untrained subjects™’.

However, this
rise may reflect a global body response
in low physical condition population to
whatever exercise rather than specifical-
ly to muscle hypertrophy, since similar
responses are observed after other types
of exercise””**. Therefore, changes in
miR-378 may not be aligned with mus-
cle mass development in trained popu-

lations as the used in this study.

It should be noted that differenc-
es between hypoxic stimulus (i.e., HH
vs. NH) can produce the greatest cir-
culating miRNAs (miR-29¢ and miR-
206) in NH and promote non-hyper-
trophy-directed changes, but instead
a potentiated muscle repair-oriented
process. We considered the possibility
that some not assessed air quality fac-
tors linked to the NH-generating de-
vice used in this study could affect net
stress supported by participants of this
group in addition to the reduced FiO..
The NH tent is a quite reduced space
susceptible to accumulating big rises
of carbon dioxide (CO,), temperature
and humidity inside during high-inten-
sity exercise*, affecting the SpO, for the

same FiO2=*+, We measured the relative
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humidity (%RH) and CO, on different
occasions before and after the train-
ing sessions during the study. Inside
the NH tent, the % RH ranged from
60 to 90%, and the CO, from 1488 to
6374 ppm; which contrast with the
<1100 ppm of CO,and the ~28% RH
measured in the HH gym, without
affecting the expected work capacity
in any case. Future studies should en-

sure or, at least, describe the air quality

188

to avoid the impact of uncontrolled
stressors when using NH devices on
the outcomes. Moreover, the individ-
ual sensibility to the hypoxia®™* and to
the hypertrophy training (low or high

responders)*’

type of muscle fiber
predominance®’, or even the miRNA
time-course of the response could en-
tail an additional stimulus to the R
program that should be further inves-

tigated.
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General Discussion and Conclusions

5. 1. General discussion

The aim of this thesis was to
analyze the acute and chronic effect
of the R under two types of hypoxia
conditions (terrestrial vs. simulated)
on muscle mass and strength perfor-
mance. Accordingly, the set of studies
conducted have helped to improve our
understanding of the role of the type of
hypoxia on serum biomarkers associ-
ated with muscle growth and strength
development. Several studies were car-
ried out to 1) analyze the acute effect of
different types of hypoxia and inter-set
rest configurations on serum and mus-
cle performance markers (Section III),
and 2) to analyze the chronic effect of
different types of hypoxia on serum
markers and muscle performance (Sec-
tion IV). Other preliminary studies
(Section II) and a systematic review
and metanalysis on the topic (Section
I) allowed to determine the current sta-
tus of knowledge of RTH on muscle
hypertrophy and to refine the method-
ological procedures employed concern-
ing the structure of the sessions, blood
extraction and measurements proce-

dures.

The acute response (Section

III) suggests that the metabolic and
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physiological responses of a hypertro-
phic R exercise in hypoxia are medi-
ated by rest intervals between sets and
the type of hypoxia. Shorter intaer-set
rest periods are linked to an increased

metabolite accumulation>3¢

that po-
tentially could maximize the hyper-
trophic response to R under hypoxic
conditions. Indeed, during the shorter
rest intervals (60 s), perceptual, met-
abolic and cardiovascular responses
displayed small to large increases across
all conditions compared to longer
inter-set rest intervals (120 s). More-
over, the combination of R with a
hypoxic environment was expected to
induce greater homeostasis deviation
according to the reduced muscle oxy-
gen availability**¢>*>*% which could
intensify the acute response of sever-
al modulator factors associated with
muscle growth mechanisms (such as
hormones, cytokines, ROS or cellular
swelling). Accordingly, the results dis-
played an intensification in the pro-/
anti-inflammatory response joined to
an accentuated anaerobic metabolism
during the acute R exercise in hypox-
ia*. The marked and early reduction

in myostatin in hypoxia could reflect



the expected activation of the AKT-
mTOR pathway in benefit to muscle
growth. In contrast to the similarity
in the performance between HH and
NH in response to the same R session,
data revealed substantial differences in
blood lactate accumulation, rest-HR,
SmO,, testosterone, Ca®*, Pi and miR-
NAs (miR-378, miR-206 and miR-
29¢) between groups*®*'®. Although
HH seems to develop greater muscular
fatigue and metabolic than NH*'%, this
last condition shows higher circulat-
ing values of specific markers related
to muscle differentiation (i.e., miR-
206)*. Therefore, hypoxia condition
seems to favor the mechanisms linked
to muscle growth more than normox-
ia. However, differences between both
types of hypoxia could affect net mus-
cle growth at the end of a training pe-
riod. These results support the current
evidence that challenges the traditional
assumption that the same FiO: pro-
duced artificially or by a fall in baro-
metric pressure produces the similar
physiological response’**. The avail-
able acclimatization time to each type
of hypoxia condition before exercise
could also affect the physiological re-

sponse favoring HH condition*®.

The chronic response obtained
after a R period of 8-weeks (Section
IV) does not support the expected add-
ed benefit of RTH compared to RTN
on muscle mass development, although
it seems to favour gains in strength. The
benefit of hypoxia in muscle hypertro-
phy is associated with higher metabolic
stress during exercise””*, enhancing the
type II fibers recruitment, more sus-
ceptible to hypertrophy and strength
The NH group

registered moderate to large blood lac-

development®**°.

tate values below the reached in HH
and N groups, which could indicate a
limitation in the net metabolic stress
response and the associated hyper-
trophy mechanisms, placing the NH
condition in a more disadvantageous
position for muscle growth than HH.
A higher inflammatory response (IL-6
and TNF-a) and circulating miRNAs
(miR-206, miR-378 and miR-29c¢) re-
lated to muscle growth have been found
in the NH group. However, miR-206
overexpression in NH could negatively
affect muscular satellite cell prolifera-
tion, although it may favor muscle cell

differentiation and regeneration™***.
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It should be noted that these re-
sults apply to an intermittent moderate
hypoxic strategy in resistance-trained
males, thus the outcomes cannot be
extrapolated to continuous periods,
more severe hypoxic stimulus, differ-
ent training status or populations. It
should also be kept in mind that some
variables related to air quality linked to
the NH-generation device used could
affect the net stress of the NH group
and the results. Future research should
elucidate the impact of R . and the role
of hypoxia on serum biomarkers as-
sociated with muscle growth and the
adaptation of other non-structure fac-
tors related to muscle strength develop-

ment.

The findings of this thesis should
be interpreted taking these two aspects
into account. On the one hand, the
outcomes remain as close as possible to
real-life R situations to which athletes
are exposed daily, so they have a high
ecological value. On the other hand,
the windows time used for blood ex-
tractions after the training sessions is
a limitation. Moreover, the complexi-
ty of the activation signaling pathways
involved in myogenesis entails other

limitations when understanding the
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mechanisms by which the expected
extra increase in muscle mass does not
occur under hypoxic conditions. The
current work may serve as a basis for fu-
ture research aiming to address the dif-
ferences between types of hypoxia on
R and estate basic rules in the correct
use of different O, content environ-

ments on R in sports populations.

5.2. Conclusions

» Study 1

Consistent with previous re-
views, the overall pooled results re-
mained inconclusive as to the use of
RTH compared to RT'N for muscular
adaptations, despite the inclusion of
a substantial body of new research on
the topic. The findings of this system-
atic review and meta-analysis provide
insights for the prescription of resis-
tance training at intermittent systemic
hypoxia exposure to promote muscu-
lar hypertrophy and strength develop-
ment. The subgroup analysis revealed
2 conditions under which the use of
R, in hypoxia may be of benefit: 1)
training programs that employ loads
between 60-80%1RM, inter-set rest in-
tervals of <60 s and moderate hypoxia

show greater increases in muscle CSA;



2) training programs that employ loads
between 60-80%1RM and inter-set rest
intervals =120s show greater increases
in strength; however, the severity of hy-
poxia does not appear relevant to gains
in 1IRM..

» Study 2.

In conclusion, the exposure
to acute moderate terrestrial hypoxia
during a whole-body hypertrophy-ori-
ented R session does not appear to
differentially affect the metabolic stress
response compared to RT in normoxia.
The acute response observed in this
study therefore cannot necessarily be
extrapolated to longer periods of expo-
sure, raising the possibility that a more
stressful response to the same exercise
occurs after the initial acclimatization
phase. Future studies should seck to
identify the mechanisms involved in
the hypertrophic response and clarify
the effect of prolonged continuous or
intermittent exposure to moderate al-
titude combined with longitudinal R

programs on muscular adaptations

» Study 3.

In conclusion, a traditional hy-
pertrophic R program performed at

acute moderate hypoxia does not seem

to provide a more potent hormonal or
inflammatory response that could en-
hance the muscle growth stimulus to
a greater extent than equivalent train-
ing in normoxia. However, the stan-
dardized mean difference values in the
myokines studied point to an intensifi-
cation of the inflammatory response in
H that should be further investigated
in relation to the assessment of athletes’
health and the role they have on acti-
vating muscle adaptations to strength
training. Although the acute muscle
adaptative response to this type of R
seems not to be mediated by changes in
circulating levels of miR-378, the link
observed with the GH and C could in-
directly indicate the miR-378 relation-
ship with the expression of other target
genes involved in R -induced muscle
hypertrophy. The response observed
cannot necessarily be extrapolated to
longer time periods and types of hypox-

ia (e.g., terrestrial vs. simulated).

» Study 4.

In conclusion, shorter session’s
inter-set rest intervals (60 s) provide a
more potent cardiovascular and met-
abolic stimulus and intensify the per-
ceptual response in all environmental

conditions. For an equivalent FiO2, the

193 |



General Discussion and Conclusions

type of hypoxia (terrestrial vs. simulat-
ed) affects the physiological response to
a traditional hypertrophy-oriented R
session. The improvement in buffering
capacity and rest-HR at HH favors a
better inter-set recovery compared to
NH, with findings more prominent as
the rest intervals shorten. In addition, it
is possible that the S min of pre-exercise
acclimatization time provided in NH
constrained the activation of the phys-
iological compensation mechanisms

affecting the muscle oxygen saturation.

» Study 5.

High—intensity resistance train-
ing with one-minute inter-set rest caus-
es greater hormonal stress (C and GH)
than with two-minute inter-set rest
interval, although HH does not seem
to have a significant effect on these hor-
mones. Furthermore, HH at terrestrial
altitude seems to alter circulating ions
related to the muscle contraction more
than simulated NH, especially when
the inter-set rest intervals are shorter.
These results must be taken into ac-
count when planning resistance train-
ing in hypoxia, since the inter-set rest
interval and the hypoxic environmen-

tal condition could be decisive to elicit
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different metabolic and physiological

responses during the training sessions.

» Study 6.

The type of hypoxia affects the
response of circulating hormones, iri-
sin and specific miRNAs after a hy-
pertrophic R . exercise, which could
indicate differences in muscle signal-
ling pathway activation, with no effect
on muscle mechanic capacity. From
a general point of view, the response
of myostatin and miR-29¢ in hypoxia
clearly seems to stimulate expression
of genes linked to myogenic processes.
However, the overexpression of miR-
206 under NH conditions reveals a
potential influence of this type of hy-
poxia on muscle signalling pathways,
which could be almost interpreted as
a tendency to more pronounced mus-
cle preservation because of the type of
hypoxia that could limit muscle growth
after longer periods. Further research is
needed to clarify the impact of the type
of hypoxia on biomolecular response
linked to muscle growth and remodel-

ling over extended training periods

» Study 7.

In conclusion, 8 weeks of R

do not support the hypothesis of the



potential additional benefit of RTH on
muscle growth, although seems to fa-
vor strength gains. The greater muscle
growth achieved in HH over NH con-
firms differences between both types of
hypoxia, which is also reflected in the
acute and chronic response of some
biomarkers, such as miR-206 and miR-
29¢ without affecting performance.
Some variables related to air quality and
linked to the NH-generating device
used in this study could affect the net
stress of the NH group, added to the re-
duced FiOs, affecting these results. Fu-
ture research needs to elucidate further
the impact of R and the role of the
type of hypoxia on serum biomarkers
associated with muscle growth, as well
as in the adaptation of other factors not
linked to the muscle structure related

to the gain of muscular strength.

5.3. Conclusiones

» Estudio 1.

De acuerdo con las revisiones
anteriores, y a pesar de la inclusién de
nuevas investigaciones sobre el tema,
los resultados no son concluyentes en
relacién a las adaptaciones musculares
producidas por el entrenamiento de

fuerza en hipoxia en comparacién con

el mismo tipo de entrenamiento en
normoxia. Los hallazgos de esta revisién
sistemdtica y metaandlisis permiten dar
informacién para la prescripcién del
entrenamiento de fuerza en hipoxia in-
termitente con el objetivo de mejorar la
hipertrofia muscular y el desarrollo de
la fuerza. El andlisis por subgrupos re-
velé 2 condiciones por las cuales podria
mejorarse el entrenamiento de fuerza
en hipoxia: 1) programas de entrena-
miento con cargas entre 60-80% 1RM,
intervalos de descanso entre series de
<60 s e hipoxia moderada muestran
mayores aumentos en la seccién trans-
versal del musculo; 2) los programas
de entrenamiento que emplean cargas
entre 60-80% 1RM e intervalos de des-
canso entre series =120 s muestran ma-
yores aumentos en la fuerza; sin embar-
go, la severidad de la hipoxia no parece

relevante para las ganancias en 1IRM.

» Estudio 2.

La exposicién aguda en HH mo-
derada durante una sesién de entrena-
miento orientada a la hipertrofia (full-
body con 6 ejercicios: 3 series x 10 RM;
2 min de recuperacién) no parece afec-
tar a la respuesta de estrés metabdlico
de manera diferente a ese mismo entre-

namiento en normoxia. Sin embargo,
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la respuesta aguda observada no debe
necesariamente extrapolarse a periodos
mds largos de exposicion, en los que es
posible que se intensifique la repuesta
de estrés una vez pasada la fase de acli-

matacidn inicial.

» Estudio 3.

Una sesién de entrenamiento
orientada a la hipertrofia en HH mo-
derada no parece proporcionar una
respuesta hormonal o inflamatoria que
indique una mejora del estimulo de
crecimiento muscular con respecto a la
condicién de normoxia. Sin embargo,
las diferencias de medias estandarizadas
obtenidas paralas mioquinas estudiadas
sugieren que esta respuesta inflamato-
ria es mds intensa en HH, lo que podria
suponer un papel fundamental en la ac-
tivacién de las adaptaciones musculares
al entrenamiento de fuerza. Aunque la
respuesta aguda de adaptacién muscu-
lar a este tipo de entrenamiento parece
no estar mediada por cambios en los
niveles circulantes de miR-378, la re-
lacién observada de este miRNA con
la GH y el cortisol podria indicar una
asociacion de la expresion del miR-378
con otros genes diana implicados en la
hipertrofia muscular inducida por el

entrenamiento. La respuesta observada
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no deberfa extrapolarse a un periodo de
entrenamiento o entre diferentes tipos

de hipoxia (terrestre frente a simulada).

» Estudio 4.

Intervalos de descanso entre
series mds cortos (60 s vs. 120 s) in-
tensifican la respuesta perceptiva, car-
diovascular y metabdlica en todas las
condiciones ambientales (N, HH y
HN). Para una FiO: equivalente, el
tipo de hipoxia (terrestre vs. simulada)
afecta a la respuesta fisioldgica de una
sesion de entrenamiento orientada a la
hipertrofia. La mejora en la capacidad
“buffer” y en la FC de descanso en HH
parece mejorar la recuperacién entre
series en comparacién con HN, obte-
niendo resultados mds elevados cuando
los intervalos de descanso son mds cor-
tos. Ademis, es posible que durante los
primeros 5 min de aclimatacién en HN
haya una limitacién en la activacién de
los mecanismos de compensacién fi-
siolégica que afectan a la saturacién de

oxigeno muscular.

» Estudio S.

Las respuestas metabdlicas y fi-
siolégicas del entrenamiento de fuerza
orientado a la hipertrofia estin media-

das por el intervalo de descanso entre



series (60 s vs. 120 s) y la condicién
ambiental (HH vs. HN). Aunque la
respuesta del cortisol y de la GH a este
tipo de esfuerzo no parece afectarse por
el tipo de hipoxia, la HH parece alterar
en mayor medida la concentracién de
iones circulantes relacionados con la
contraccién muscular en comparacién
a la HN, especialmente con intervalos
cortos de descanso. Estos resultados
deben tenerse en cuenta al planificar
el entrenamiento de fuerza en hipoxia,
ya que el intervalo de descanso entre
series y el tipo de hipoxia podrian ser
determinantes para provocar diferen-
tes respuestas metabdlicas y fisioldgicas
durante las sesiones de entrenamiento
pudiendo afectar al resultado en perio-

dos de tiempo mds largos.

» Estudio 6.

El tipo de hipoxia (HH vs. HN)
afecta la respuesta hormonal, de irisina
y miRNAs especificos de una sesién de
entrenamiento de hipertrofia, lo que
podria indicar diferencias en la activa-
cién de la via de sefializaciéon muscular.
Desde un punto de vista general, los
niveles de miostatina y miR-29¢ en hi-
poxia parecen estimular la expresion de
genes relacionados con procesos miogé-

nicos. Sin embargo, la sobreexpresién

de miR-206 en HN revela una influen-
cia potencial sobre las vias de sefializa-
cién muscular que podria interpretarse
como una tendencia a una mayor pre-
servacién del musculo asociada al tipo
de hipoxia, pudiendo limitar el creci-
miento muscular en periodos mds lar-
gos. Se necesita mds investigacién para
aclarar el impacto del tipo de hipoxia
en la respuesta biomolecular relaciona-
da con el crecimiento y la remodelacién
muscular durante periodos de entrena-

miento prolongados.

» Estudio 7.

Ocho semanas de entrenamiento
de fuerza orientado a la hipertrofia no
respaldan la hipétesis del beneficio po-
tencial del entrenamiento de fuerza en
hipoxia sobre el crecimiento muscular,
aunque parece favorecer la ganancia de
fuerza. El mayor crecimiento muscular
alcanzado en HH con respecto a HN
confirma que hay diferencias con res-
pecto al tipo de hipoxia, lo que también
se refleja en la respuesta aguda y crénica
de algunos biomarcadores evaluados ta-
les como el miR-206 y miR-29c¢, sin que
su modulacién afecte al rendimiento.
Establecemos la hipétesis de que varia-
bles relacionadas con la calidad del aire

y vinculadas al dispositivo generador
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de HN utilizado en este estudio po-
drian afectar al estrés neto soportado
por el grupo de HN como afiadido a la
reducida FiOz. La investigacién futura
debe dilucidar atin més el impacto del

entrenamiento de fuerza y el papel de
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la hipoxia en los biomarcadores séricos
asociados con el crecimiento muscular,
asf como en la adaptacién de otros fac-
tores no relacionados con la estructura
vinculados con la ganancia de fuerza

muscular.
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Limitations

Limitations of these studies can be addressed:

» The duration of the post-exercise
recovery period lasted only 30 min,
thus limiting the ability to draw con-

clusions beyond this acute time frame.

» A double-blind design could not
be employed in the HH group due to
the intrinsic characteristic of the terres-
trial altitude. To reduce the potential
for confounding, participants were not
informed about the expected hypoxic

effect on performance.
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»  Our sample size was relatively low,
which may have compromised the abil-
ity to detect statistical significance in

some outcomes.

»  Some variables related to air quali-
ty and linked to the NH-generating de-
vice used in the studies could affect the
net stress of the NH group, added to
the reduced FiO», affecting the results.
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Future Research

Suggestions for future research directions in the field of hypoxia and R.

could comprise:

» Promote greater standardization
of training protocols that better reflect
applicability to participant’s training

status.

» Explore the effect of R under con-
tinuous or intermittent exposure to
terrestrial hypoxia, whose physiological
responses differs from breathing O,-de-

pleted air (normobaric hypoxia).

» Clarify the impact of the type
of hypoxia on biomolecular response
linked to muscle growth and remod-
eling over extended training periods
under continuous or intermittent ex-

posure.
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» Corroborate the impact of the
type of hypoxia on muscle adaptations,
biomolecular and genetic responses af-

ter and during a R program.

» Include women in the samples to
better representation of the popula-

tion.

» Isolate the impact of additional
stressors associated to the air quality
linked to NH devices to better under-
stand the influence of hypoxia in neu-

romuscular and structural adaptations

toR..
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Table S1. PRISMA for abstract checklist.

. . s Reported

Section and Topic Checklist item (Yes/No)

TITLE

Title Identify the report as a sys- Yes
tematic review.

BACKGROUND

Objectives Provide an explicit state- Yes
ment of the main objecti-
ve(s) or question(s) the re-
view addresses.

METHODS

Eligibility criteria Specify the inclusion and Yes
exclusion criteria for the re-
view.

Information sources Specify the information Yes
sources (e.g. databases, re-
gisters) used to identify stu-
dies and the date when each
was last searched.

Risk of bias Specify the methods used Yes
to assess risk of bias in the
included studies.

Synthesis of results Specify the methods used Yes
to present and synthesise
results.

RESULTS

Included studies Give the total number of Yes

included studies and par-
ticipants and summarise
relevant characteristics of
studies.
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Synthesis of results

Item #

8
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Present results for main
outcomes, preferably in-
dicating the number of
included studies and par-
ticipants for each. If me-
ta-analysis was done, report
the summary estimate and
confidence/credible inter-
val. If comparing groups,
indicate the direction of
the effect (i.e. which group

is favoured).

Reported

(Yes/No)

Yes

DISCUSSION

Limitations of evi-
dence

Provide a brief summary
of the limitations of the
evidence included in the re-
view (e.g. study risk of bias,
inconsistency and impreci-
sion).

Yes

Interpretation

10

Provide a general interpre-
tation of the results and im-
portant implications.

Yes

OTHER

Funding

11

Specify the primary source
of funding for the review.

Yes

Registration

12

Provide the register name
and registration number.

N/A
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Table S2. PRISMA checklist.

Location
Section and Topic  Item # Checklist item where item
is reported
TITLE
Title 1 Identify the report as a systematic Yes
review.
ABSTRACT
Abstract 2 See the PRISMA 2020 for Abs-| TableS1
tracts checklist. Yes
INTRODUCTION
Rationale 3 Describe the rationale for the re-
view in the context of existing Yes
knowledge.
Objectives 4 Provide an explicit statement of
the objective(s) or question(s) the Yes
review addresses.
METHODS
Eligibility criteria ) Specify the inclusion and exclu-
sion criteria for the review and
. Yes
how studies were grouped for the
syntheses.
Information sources 6 Specify all databases, registers,
websites, organizations, reference
lists and other sources searched
. . . Yes
or consulted to identify studies.
Specify the date when each sour-
ce was last searched or consulted.
Search strategy 7 Present the full search strategies
for all databases, registers and Yes
websites, including any filters and | Figure 18
limits used.
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Location

Section and Topic  Item # Checklist item where item
is reported

Selection process 8 Specify the methods used to de-
cide whether a study met the
inclusion criteria of the review,
including how many reviewers Yes
screened each record and each re-| Table S3
port retrieved, whether they wor-
ked independently, and if appli-
cable, details of automation tools
used in the process.

Data collection pro- 9 Specify the methods used to co-
cess llect data from reports, including
how many reviewers collected
data from each report, whether
they worked independently, any Yes

processes for obtaining or con-| Figure 18
firming data from study investi-
gators, and if applicable, details

of automation tools used in the

process.
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Location

Section and Topic  Item # Checklist item where item
is reported

Data items 10a | List and define all outcomes for
which data were sought. Specify
whether all results that were com-
patible with each outcome do-
main in each study were sought | Table 6
(e.g. for all measures, time points,
analyses), and if not, the methods
used to decide which results to
collect.

10b | List and define all other varia-
bles for which data were sought
(e.g. participant and intervention
characteristics, funding sources).
Describe any assumptions made
about any missing or unclear in-
formation.

Table S3
Yes

Study risk of bias as-| 11 | Specify the methods used to as-
sessment sess risk of bias in the included
studies, including details of the
tool(s) used, how many reviewers
assessed each study and whether
they worked independently, and
if applicable, details of automa-
tion tools used in the process.

Table S4

Effect measures 12 | Specify for each outcome the
effect measure(s) (e.g. risk ratio, Yes

mean difference) used in the syn-| Table S5
thesis or presentation of results.
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Location

Section and Topic Checklist item where item
is reported

Synthesis methods 13a | Describe the processes used to
decide which studies were eligible
for each synthesis (e.g. tabulating
the study intervention characte- Yes
ristics and comparing against the
planned groups for each synthesis
(item #5)).

13b | Describe any methods required to
prepare the data for presentation
or synthesis, such as handling of Yes
missing summary statistics, or
data conversions.

13¢c | Describe any methods used to ta-
bulate or visually display results of Yes
individual studies and syntheses.

13d | Describe any methods used to
synthesize results and provide a
rationale for the choice(s). If me-
ta-analysis was performed, des-
cribe the model(s), method(s) to
identify the presence and extent
of statistical heterogeneity, and
software package(s) used.

Yes

13e | Describe any methods used to
explore possible causes of hetero-
geneity among study results (e.g. Yes
subgroup analysis, meta-regres-
sion).

13f | Describe any sensitivity analyses
conducted to assess robustness of Yes

the synthesized results.
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Section and Topic

Checklist item

Location
where item
is reported

Reporting bias assess-
ment

14

Describe any methods used to
assess risk of bias due to missing
results in a synthesis (arising from
reporting biases).

Yes

Certainty assessment

15

Describe any methods used to as-
sess certainty (or confidence) in
the body of evidence for an out-
come.

Yes

RESULTS

Study selection

16a

Describe the results of the search
and selection process, from the
number of records identified in
the search to the number of stu-
dies included in the review, ideally
using a flow diagram.

Yes

16b

Cite studies that might appear to
meet the inclusion criteria, but
which were excluded, and explain

why they were excluded.

Yes

Study characteristics

17

Cite each included study and pre-

sent its characteristics.

Yes

Risk of bias in studies

18

Present assessments of risk of bias
for each included study.

Table S4

Results of individual
studies

19

For all outcomes, present, for
each study: (a) summary statistics
for each group (where appropria-
te) and (b) an effect estimate and
its precision (e.g. confidence/cre-
dible interval), ideally using struc-
tured tables or plots.

Yes
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Section and Topic

Checklist item

Location
where item

Results of syntheses 20a

For each synthesis, briefly sum-
marise the characteristics and risk
of bias among contributing stu-
dies.

is reported

Yes

20b

Present results of all statistical
syntheses conducted. If me-
ta-analysis was done, present for
each the summary estimate and
its precision (e.g. confidence/cre-
dible interval) and measures of
statistical heterogeneity. If com-
paring groups, describe the direc-
tion of the effect.

Yes

20c

Present results of all investiga-
tions of possible causes of hetero-
geneity among study results.

Yes

20d

Present results of all sensitivity
analyses conducted to assess the
robustness of the synthesized re-
sults.

Yes

Reporting biases 21

Present assessments of risk of bias
due to missing results (arising
from reporting biases) for each
synthesis assessed.

N/A
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Location

Section and Topic  Item # Checklist item where item
is reported

Certainty of evidence | 22 | Present assessments of certainty Yes
(or confidence) in the body of evi-
dence for each outcome assessed.

DISCUSSION
Discussion 23a Provide a general interpretation Yes
of the results in the context of
other evidence.
23b Discuss any limitations of the evi- Yes
dence included in the review.
23¢ Discuss any limitations of the re- Yes
view processes used.
23d Discuss implications of the results Yes
for practice, policy, and future re-
search.
OTHER INFOR-
MATION
Registration and pro- | 24a Provide registration information N/A
tocol for the review, including register

name and registration number,
or state that the review was not
registered.

24b Indicate where the review proto- N/A
col can be accessed, or state that a
protocol was not prepared.

24c Describe and explain any amend- N/A
ments to information provided at
registration or in the protocol.
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Location

Section and Topic Checklist item where item
is reported

Support 25 Describe sources of financial or Yes
non-financial support for the re-
view, and the role of the funders
or sponsors in the review.

Competing interests | 26 Declare any competing interests Yes
of review authors.

Availability of data, | 27 Report which of the following | Appendi-
code and other mate- are publicly available and where ces

rials they can be found: template data
collection forms; data extracted
from included studies; data used
for all analyses; analytic code; any
other materials used in the review.
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Table S3. Search strategy used in each database.

Database Search strategy

Pubmed-Medline ("strength training"[All Fields] OR "resistance
training"[All Fields] OR "weight training"[A-
Il Fields]) AND ("hypoxia"[MeSH Terms]
OR "hypoxia"[All Fields] OR "hypoxia s"[All
Fields] OR "hypoxias"[All Fields] OR ("altitu-
de"[MeSH Terms] OR "altitude"[All Fields]
OR "altitudes"[All Fields]) OR (("hypoxia"[-
MeSH Terms] OR "hypoxia"[All Fields] OR
"hypoxic"[All Fields] OR "hypoxical"[All
Fields] OR "hypoxically’[All Fields]) AND
("education"[MeSH Subheading] OR "edu-
cation"[All Fields] OR "training"[All Fields]
OR "education"[MeSH Terms] OR "train"[A-
Il Fields] OR "train s"[All Fields] OR "trai-
ned"[All Fields] OR "training s"[All Fields]
OR "trainings"[All Fields] OR "trains"[All
Fields])))

Web of Science (TS=((("strength training") OR ("resistance
training”) OR ("weight training")))) AND
TS=(((hypoxia) OR (altitude) OR (hypoxic
training)))

Sport Discuss (("strength training”) OR ("resistance tra-
ining") OR  ("weight training")) AND
((hypoxia) OR (altitude) OR (hypoxic trai-
ning))

Scopus TITLE-ABS-KEY ((("strength training") OR
("resistance training") OR ("weight training"))
AND ((hypoxia) OR (altitude) OR (hypoxic
AND training )))
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Table S4. Risk of bias and quality assessment.
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Table S5. Equations used for the calculation of effect sizes.

Figure S1. R code for the statistical analysis and forest plot.

#forest plot (subanalysis example, severity of hypoxia in RM)
forest(res, xlim=c(-15, 6.5), ylim=c (-2, 38),
at=(c (-2, 0, 2.5)),
order = dat$Severity,
header = FALSE,
cex = 0.85,
xlab="Standardized Mean Difference",
rows=c(4:12, 17:34),
slab = dat$Author,
ilab=cbind(format (round(dat$ak, 1)),
format (round(dat$n E, 1)),
format (round(dat$acC, 1)),
format (round(dat$n C, 1)),
format (round (dat$aCambio, 1)),
format (round(dat$Spre, 1)) ,dat$weights),
ilab.xpos=c(-8.5, =-7.5, =6, =5, =3.5, =2.5, 3),
mlab=mlabfun ("RE Model for All Studies", res))

text(c(-8.5, -7.5, -6, =5, =-3.5, =2.5, 3), 37, c("AH", "n",
"AN", "n", "AH-AN", "Spre", "Weight"))

text (c(-8,-5.5), 38, c("H group", "N group"))

text (=15, 37, "Study", pos=4)

text (4.5, 38, "Std. MD", pos=4)

text (6.5, 37, "Random [90%CI]", pos=2)

text (=15, 35, "Moderate (14.3 - 16 %$FiO2)", pos=4, font = 4,
cex = 0.95)
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text (=15, 13, "High (<14.3 - 11 %FiO2)", pos=4, font = 4, cex
= 0.95)

#Use in case of multilevel analysis in subanalysis
res.m <- rma.mv(yi, vi, level=90, subset=(Severity=="Mid"),
random = ~ 1 | studyid/esid, data=dat)
res.h <- rma.mv(yi, vi, level=90, subset=(Severity=="High"),
random = ~ 1 | studyid/esid, data=dat)
I2m <- (res.m$sigma2[2])/(res.m$sigma2[l]+res.
m$sigma2[2]+mean (dat$vi, subset=(Severity=="Mid")))*100
I2h <- (res.h$sigma2[2])/(res.h$sigma2[l]+res.
h$sigma2[2]+mean (dat$vi, subset=(Severity=="High")))*100
mlabfunm <- function(text, res) {

list (bgquote(paste(. (text),

" Q =", .(formatC(res$QE, digits=2,
format="£")),

", df =", .(res$k - res$p),

", p ", .(metafor:::.pval (res$QEp,
digits=2, showeg=TRUE, sep=" ")), "; ",

I~2, " =", .(formatC(I2m, digits=1,

format="£")), "% ")))}
mlabfunh <- function(text, res) {
list (bgquote(paste(. (text),

"Q =", .(formatC(res$QE, digits=2,
format="£")),

", df =", .(res$k - res$p),

", p ", .(metafor:::.pval (res$QEp,
digits=2, showeg=TRUE, sep=" ")), "; ",

I~2, " =", .(formatC(I2h, digits=1,

format="£")), "% ")))}

addpoly(res.m, level=90, row=15.5, cex=0.85, efac=1.5,
width=c(4,5,4), mlab=mlabfunm("Heterogenity:", res.m))
addpoly(res.h, level=90, row= 2.5, cex=0.85, efac=1.5,
width=c(4,5,4), mlab=mlabfunh ("Heterogenity:", res.h))
text (=15, 14.5, pos=4, cex=0.85, bquote(paste("Test for
overall effect: ",

Z, " =",
. (formatC(res.m$zval, digits=2, format="f")),

", p ="
. (formatC(res.m$pval, digits=2, format="f")))))
text (=15, 1.5, pos=4, cex=0.85, bquote(paste("Test for
overall effect: ",

. (formatC(res.h$zval, digits=2, format="f")),
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n’ p = n,
. (formatC(res.h$pval, digits=2, format="f")))))

text (=15, =2, pos=4, cex=0.85, bquote(paste("Test for overall
effect: ",

no_n
ZI - 4

. (formatC(res$zval, digits=2, format="f")),

n’ p = n,
. (formatC(res$pval, digits=2, format="f")))))

Figure S2. Funnel plot of the analyzed variables.

p=0.230 p=0.715

p=0.605 p=0.012
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