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Abstract
Cumulative evidence supports the hypothesis that hypoxia acts as a regulator of 
muscle mass. However, the underlying molecular mechanisms remain incom-
pletely understood, particularly in human muscle. Here we examined the effect of 
hypoxia on signaling pathways related to ribosome biogenesis and myogenic ac-
tivity following an acute bout of resistance exercise. We also investigated whether 
hypoxia influenced the satellite cell response to resistance exercise. Employing a 
randomized, crossover design, eight men performed resistance exercise in nor-
moxia (FiO2 21%) or normobaric hypoxia (FiO2 12%). Muscle biopsies were col-
lected in a time- course manner (before, 0, 90, 180 min and 24 h after exercise) and 
were analyzed with respect to cell signaling, gene expression and satellite cell 
content using immunoblotting, RT- qPCR and immunofluorescence, respectively. 
In normoxia, resistance exercise increased the phosphorylation of RPS6, TIF- 1A 
and UBF above resting levels. Hypoxia reduced the phosphorylation of these tar-
gets by ~37%, ~43% and ~ 67% throughout the recovery period, respectively (p < .05 
vs. normoxia). Resistance exercise also increased 45 S pre- rRNA expression and 
mRNA expression of c- Myc, Pol I and TAF- 1A above resting levels, but no differ-
ences were observed between conditions. Similarly, resistance exercise increased 
mRNA expression of myogenic regulatory factors throughout the recovery period 
and Pax7+ cells were elevated 24 h following exercise in mixed and type II muscle 
fibers, with no differences observed between normoxia and hypoxia. In conclu-
sion, acute hypoxia attenuates ribosome signaling, but does not impact satellite 
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1  |  INTRODUCTION

Reduced oxygen (O2) availability is commonly referred to 
as hypoxia, a state that can be encountered at high alti-
tude, in clinical settings, and during physical exercise.1– 3 
Regardless of its origin, hypoxia represents a physiological 
challenge, which stimulates adaptive responses in many 
tissues and cell types. It is well described that chronic 
hypoxia is associated with detrimental effects on skeletal 
muscle, including loss of mass, growth impairment and 
loss of regenerative capacity.3– 7 This effect is consistent 
across experimental models and further supported by data 
from high- altitude expeditions where substantial loss of 
lean mass has been reported.8,9 However, in contrast to 
chronic exposure, the effects of acute hypoxia are much 
less well- defined and conflicting data exist. Whereas our 
group and others have recently demonstrated that hypoxia 
during contractile activity impairs exercise- induced ana-
bolic signaling,10 and rates of muscle protein synthesis,11,12 
others have suggested that hypoxia during resistance exer-
cise training is advantageous for muscle hypertrophy and 
strength development.13,14 The discrepant findings war-
rant further investigations on the impact of hypoxia on 
mechanisms regulating skeletal muscle mass.

The hypertrophic response to resistance exercise train-
ing is not solely determined by acute changes in rates of 
muscle protein synthesis, that is, translational efficiency, 
but also dependent on the number of ribosomes avail-
able to support the protein synthetic machinery, that is, 
translational capacity.15,16 Emerging evidence indicates 
that addition of new ribosomes (ribosome biogenesis) is 
a crucial cellular event that precedes load- induced hyper-
trophy.17– 19 Ribosome biogenesis is an intricate multistep 
process including rRNA synthesis, processing and the as-
sembly of rRNAs into a functional ribosome.16 Among the 
three RNA polymerases, (RNA Pol I, II and II), Pol I has a 
pivotal role as it synthesizes the 45 S pre- rRNA transcript, 
a step considered rate limiting for the production of new 
ribosomes.20 The activity of Pol I is in turn controlled by 
the assembly of several transcription factors at the rDNA 
promotor region, including c- Myc and upstream binding 
factor (UBF).21 The latter has emerged as a central regu-
lator of load- induced ribosome biogenesis as UBF protein 
levels were strongly predictive of increases in total RNA 
in response to exercise training.17 Activation of UBF by 

phosphorylation leads to the recruitment of transcription 
factor IA (TIF- 1A) and selectivity factor 1 (SL1), which 
together forms the preinitiation complex required for 
activating the transcriptional machinery of Pol I.22 Also, 
phosphorylation of TIF- 1A at Ser649 and Ser633 promotes 
interaction with Pol I to induce pre- rRNA synthesis,23,24 
and is shown to increase robustly following an acute bout 
of resistance exercise.18 To date, no study has investigated 
whether hypoxia influences signaling related to ribosome 
biogenesis in human muscle following resistance exercise.

Another integral part of the adaptive response of mus-
cle to loading and unloading is the muscle resident stem 
cells, that is, satellite cells. After being activated by injury 
or exercise, these cells can either fuse with each other to 
regenerate myofibers, fuse with existing myofibers to do-
nate their nucleus, or revert to a quiescent state to replen-
ish their cell pool.25 Progression of satellite cells through 
the myogenic program is governed by a set of transcrip-
tion factors collectively termed the myogenic regulatory 
factors (MRFs).26 Hypoxia has been put forward as a stim-
ulus that may alter satellite cell- dependent adaptations in 
skeletal muscle,27 but few studies have directly assessed 
this in vivo in humans. Whereas some have shown a re-
duction of the satellite cell pool following high- altitude 
expeditions,7,28 such observations might be a consequence 
of extreme changes in activity levels and poor nutrition. 
On the other hand, intermittent hypoxia did not alter 
Pax7+ cell counts after a 4- week training intervention at 
sea level.14 Further work from Deldicque's laboratory have 
shown that cell differentiation markers are upregulated in 
response to acute hypoxia,11 but the same stimulus also 
increased the expression of well- known myogenic inhib-
itors, that is, myostatin and BHLHE40.29 Unfortunately, 
neither of these studies provided relevant biopsy time-
points for assessing satellite cell content. A key step to 
gain more comprehensive understanding of the role of hy-
poxia in human muscle is, therefore, to measure satellite 
cell content in the early recovery phase after a single bout 
of hypoxic resistance exercise.

The aim of the present study was to examine molec-
ular and cellular adaptive responses in human skeletal 
muscle to an acute bout of resistance exercise performed 
under normobaric hypoxic conditions. Specifically, in 
a time- course dependent manner, we studied the phos-
phorylation of UBF and TIF- 1A, key regulators of rDNA 

cell pool expansion and myogenic gene expression following a bout of resistance 
exercise in human skeletal muscle.

K E Y W O R D S

muscle fiber, myogenesis, Pax7, resistance exercise, ribosome biogenesis
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transcription, as well as markers of ribosome biogenesis, 
including 45 S pre- rRNA. We also investigated fiber type- 
specific satellite cell pool dynamics using immunoflu-
orescence and measured the expression levels of genes 
regulating the myogenic program.

2  |  MATERIALS AND METHODS

2.1 | Subjects

Eight healthy males volunteered in this study. Their mean 
age was 31 ± 2 years, height 184 ± 3 cm, weight 88 ± 3 kg, 
1RM leg extension 116 ± 4  kg, type II fiber distribution 
55 ± 3%, and peak power output 12 ± 0.6 W/kg body weight, 
as reported elsewhere.10 Participants were all accustomed 
to exercise and performed resistance and endurance ex-
ercise on a weekly basis (4– 7 times/week). They were in-
formed about the design of the study and the associated 
risks prior to providing their written consent to participate. 
The study was approved by the Swedish Ethical Review 
Board in Stockholm (2017/2496– 31) and all procedures ad-
hered to the standards set by the Declaration of Helsinki.

2.2 | Study design

The design of the present study has been described else-
where.10 Briefly, the study was performed in a rand-
omized, crossover fashion, where each subject completed 
two acute bouts of unilateral leg extension exercise under 
normoxic or hypoxic conditions, separated by 7– 10 days. 
Subjects refrained from exercise two days prior to the ex-
perimental days but were instructed to maintain their ha-
bitual activity pattern and dietary regimen over the course 
of the study period. In total, the study period included 
three preliminary sessions and two experimental days. On 
the first visit, subjects undertook a general health screen-
ing, a 30- s Wingate test to estimate anaerobic capacity and 
a maximal one repetition strength test (1RM). The 1RM 
test was conducted separately for both legs using a leg 
extension machine (Cybex Eagle, IL, USA) according to 
standardized procedures.10 On the second and third visit, 
subjects were familiarized with the exercise protocol (de-
scribed below) and practiced the correct lifting tempo, first 
under normoxic conditions and then under moderate hy-
poxic conditions (FiO2 15%). These sessions were sched-
uled one week apart to allow for appropriate recovery.

On the experimental days, subjects reported to the lab-
oratory at 07:00 AM in a fasted state. After baseline mus-
cle sampling, subjects were equipped with a face mask 
connected to an altitude generator (MAG- 20, HigherPeak, 
MA, USA) and exposed to either normoxia (FiO2 21%) or 

normobaric hypoxia (FiO2 12%). After a brief warm- up, 
subjects started the exercise session by performing 3 sets 
of 10 repetitions at 0, 25 and 50% of their 1RM, inter-
spersed by 2 min of rest, followed by 6 sets at 70% of their 
1RM, interspersed by 3 min of rest. The load was progres-
sively decreased to allow for at least 8, but no more than 
10 repetitions to be performed. Peripheral oxygen satura-
tion measured by LNCS TF- I forehead sensor (Masimo, 
Switzerland) decreased to as low as 77 ± 3.8% (SD) with 
Hypoxia but was stable during Normoxia. Immediately 
after completing the last set, the face mask was removed, 
and another muscle biopsy was collected. For the remain-
ing part of the trial, subjects stayed in the supine position 
and additional biopsies were collected at 90-  and 180 min. 
After the recovery period, subjects were provided a nutri-
tional supplement (34 g of protein, 21 g of carbohydrate 
and 7 g of fat) and left the laboratory. The next morning, 
subjects returned to the laboratory in a fasted state for the 
collection of the 24 h biopsy.

Muscle biopsies were collected from the vastus lateralis 
muscle using the Bergström needle with manual suction 
after administration of local anesthesia.30 The first biopsy 
was taken 15 cm above the patellae and incisions for sub-
sequent biopsies were spaced by ~2 cm. All biopsies in one 
trial were taken from the same leg in a randomized counter-
balanced fashion. Each biopsy was divided into two pieces, 
with one piece rapidly blotted free of excess blood and fro-
zen in liquid nitrogen. For the other piece, muscle fiber 
bundles appropriate for immunofluorescence were aligned, 
embedded in OCT- medium and frozen in isopentane cooled 
by liquid nitrogen. All samples were stored in −80°C until 
further processing. Muscle samples directly frozen in liquid 
nitrogen were later freeze- dried overnight and subsequently 
dissected free of any remaining blood and connective tissue 
using a stereo microscope. Samples were mixed thoroughly 
and split into aliquots for subsequent analyses.

2.3 | Immunoblotting sample 
preparation

Protein extraction and subsequent immunoblotting was 
performed as described elsewhere.10,31 In short, freeze- 
dried muscle tissue (3.5 mg) was homogenized in ice- cold 
CHAPS buffer using a BulletBlender (NextAdvance, New 
York, USA). The supernatant was collected after centrifu-
gation at 10 000g for 10 min at 4°C and protein concen-
tration was measured using the Pierce 660 nm protein 
assay (Thermo Scientific, Rockford, USA). Samples were 
thereafter diluted to a protein concentration of 1.5 μg μL−1 
in Laemmli sample buffer and homogenization buffer, 
heated at 95°C for 5 min and stored at −20°C until separa-
tion by SDS- PAGE.
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2.4 | Immunoblotting

Samples (22.5  μg of protein) were separated on 26- well 
Criterion TGX gradient gels (Bio- Rad Laboratories, 
Richmond, USA) at 300 V for 30 min and transferred to 
PVDF membranes (Bio- Rad Laboratories) using a con-
stant current of 300 mA for 3 h at 4°C. Membranes were 
stained with MemCode Reversible Protein Stain kit 
(Thermo Scientific) to confirm even transfer of proteins. 
After blocking, the membranes were cut and assembled 
into strips specific for each protein target, and incubated 
overnight with primary antibodies at 4°C. The antibod-
ies used in this study were RPS6 (Ser240/244, #2215; total 
#sc- 74 459), UBF (Ser484, #ab182583; total #sc- 13 125), 
and TIF- 1A (Ser649, #ab138651; total #ab112052). All 
primary antibodies were purchased from Cell Signaling 
Technology (Beverly, USA), Abcam (Cambridge, UK) 
or Santa Cruz Biotechnology (Heidelberg, Germany). 
The next day, membranes were washed in TBS sup-
plemented with 0.1% Tween (TBS- T) and probed with 
HRP- conjugated secondary antibodies (antimouse #7076 
and antirabbit #7074, Cell Signaling Technology) for 1 h 
at room temperature. Following TBS- T washes, mem-
branes were incubated with Super Signal West Femto 
Chemiluminescent Substrate (Thermo Scientific) prior to 
imaging in the molecular imager (ChemiDoc MP). Protein 
bands were quantified using Image Lab software (Bio- Rad 
Laboratories) and all phospho- proteins were related to 
their corresponding total protein levels.

2.5 | RNA extraction

RNA was extracted from 3 mg of freeze- dried muscle fol-
lowing homogenization in PureZol RNA isolation rea-
gent (Bio- Rad Laboratories) using 0.5 mm RNAse- free 
ZrO beads (NextAdvance, USA) and a BulletBlender 

(NextAdvance, USA), according to the manufacturer's 
instructions. RNA concentration (ng × mL−1) and pu-
rity (260/280 absorbance ratio) was determined using a 
NanoDrop Lite (Thermo Scientific).

2.6 | Reverse transcription

Two micrograms of isolated RNA were reverse transcribed 
using iScript cDNA synthesis kit (Bio- Rad Laboratories) 
to produce 20 μL of complementary DNA (cDNA) for gene 
expression analysis. After performing standard curves 
from pooled cDNA, as recently described,32,33 the cDNA 
was diluted 1:5 for most gene targets, but for 45 S pre- 
rRNA, c- MYC, POL1RA and TAF- 1A the cDNA was di-
luted 1:25.

2.7 | Real- time quantitative PCR

rRNA and mRNA targets were quantified using real- 
time quantitative PCR (RT- qPCR) and thermal cycling 
was performed in a Bio- Rad CFX96 Touch (Bio- Rad 
Laboratories) under the following conditions: 95°C 
for 2  min followed by 40 cycles at 95°C for 5  s, and 
60°C for 30 s. All samples were loaded in triplicates on 
96- well plates (one subject and four genes per plate). 
The 10 μL PCR reactions contained 5.0 μL SYBR Green 
Supermix (Bio- Rad Laboratories), 4.6 μL of cDNA di-
luted in RNAse- free water, and 0.2 μL of 10 μmol L−1 
forward and reverse primers (Cybergene, Stockholm, 
Sweden). Primers used for the specific genes are listed 
in Table 1. The Ct values of each target gene was nor-
malized to the Ct values of the housekeeping gene 
18 S and the results are presented as 2−∆Ct. The house-
keeping gene remained unchanged across the biopsy 
timepoints.

T A B L E  1  RT- qPCR primer details.

Gene target Forward sequence Reverse sequence

5.8 S ribosomal RNA ACTCT TAG CGG TGG ATC ACTC GTGTC GAT GAT CAA TGT GTCCTG

45 S preribosomal RNA ETS GCCTT CTC TAG CGA TCT GAGAG CCATA ACG GAG GCA GAGACA

c- MYC GGTAG TGG AAA ACC AGC AGCC TCTCC TCC TCG TCG CAGTA

POL1RA CCTCA AGG TAT CGC CCAGTC GGCAA CTT CTG TTC TTGGGC

TAF- 1A AGGTT TAG CGC CTG CTCATA CTGAA ATC ACT CAT ACC CGCCT

MyoD GGTCC CTC GCG CCC AAA AGAT CAGTT CTC CCG CCT CTC CTAC

MRF4 CCCCT TCA GCT ACA GAC CCAA CCCCC TGG AAT GAT CGG AAAC

Myf5 ATGGA CGT GAT GGA TGGCTG GCGGC ACA AAC TCG TCC CCAA

Myogenin CAGTG CAC TGG AGT TCAGCG TTCAT CTG GGA AGG CCA CAGA

Myostatin TGGTC ATG ATC TTG CTG TAAC TGTCT GTT ACC TTG ACC TCTA

Pax7 GCTCC GGG GCA GAA CTACC GCACG CGG CTA ATC GAACTC
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2.8 | Immunofluorescence

Muscle cross- sections (7  μm) were prepared from the 
OCT- embedded samples, air- dried for 1  h at room tem-
perature and stored in −80°C. Immunofluorescent meth-
ods were adapted from previous publications from our 
laboratory.34,35 In short, slides were stained overnight 
with antibodies against Pax7 (199 010, Abcam, GBR), 
MyHC- I (BA- F8, Developmental Studies of Hybridoma 
Bank (DSHB), Iowa, USA) and laminin (D18, DSHB). 
The next day, slides were washed in PBS and stained with 
species-  and subclass- specific secondary antibodies (Alexa 
Fluor, Invitrogen, USA). Nuclei were stained with mount-
ing media containing 4′,6- diamidino- 2- phenylindole 
(DAPI). Representative images of this staining are shown 
in Figure 4D– I.

Digital images were captured using a ×10 air objec-
tive on a widefield fluorescent microscope (Celena S, 
Logos Biosystems, South Korea) and analyzed using 
ImageJ (National Institutes of Health, USA). Pax7+ cells 
located inside the basal lamina were in case of costain-
ing with DAPI considered satellite cells and counted as 
type I (MyHC- I positive) or type II (MyHC- I negative) 
based on the staining pattern of the “parent fiber” (see 
Figure  4D,E). An average of 468 ± 106 (SD) fibers from 
each biopsy were included for analysis, of which 180 ± 77 
(SD) were type I fibers and 272 ± 92 (SD) were type II fi-
bers. Immunofluorescent analyses were carried out by a 
blinded investigator.

2.9 | Statistical analyses

Data are presented as mean ± standard error of mean 
(SEM) unless indicated otherwise. The Shapiro– Wilk test 
was applied to test the normality of the data and variables 
that did not meet the assumption of normality were log 
transformed. A two- way repeated measures ANOVA was 
used to evaluate changes over time and differences be-
tween conditions (Hypoxia and Normoxia). In case of a 
significant interaction effect or main effect, a Bonferroni 
post hoc test was performed to correct for multiple com-
parisons. Statistical significance was set at p < .05. All 
calculations were performed in TIBCO Statistica 13 for 
Windows (TIBCO Software Inc, Palo Alto, USA).

3  |  RESULTS

3.1 | Trial performance

The two trials were equal in terms of load, total number 
of repetitions and time under tension. Peripheral oxygen 

saturation levels were lower and pulse rates were higher 
during exercise in Hypoxia compared to Normoxia, as pre-
viously reported in Ref. [10].

3.2 | Ribosome biogenesis- related 
protein signaling

In Normoxia, RPS6Ser240/244 phosphorylation increased 
above resting levels rapidly after exercise, ranging 
from ~80-  to 110- fold throughout the recovery phase 
(Figure 1A). In Hypoxia, these exercise- induced increases 
were reduced by ~37% across all timepoints (p  =  .0389 
vs. Normoxia). Phosphorylation of TIF- 1ASer649 followed 
a similar pattern and was elevated at all timepoints (77– 
199%) in Normoxia (Figure  1B), but to a smaller extent 
in Hypoxia (~43%, p  =  .0150 vs. Normoxia). Similarly, 
UBFSer484 phosphorylation increased above resting levels 
after exercise in Normoxia, ranging from ~170-  to 270% 
throughout the recovery period (Figure 1C). As for RPS6 
and TIF- 1A, these increases were reduced by ~67% across 
all timepoints with Hypoxia (p = .0037 vs. Normoxia). Full 
blots can be found in Supplementary Figure S1.

3.3 | Gene expression

No differences between Normoxia and Hypoxia were ob-
served for ribosome biogenesis associated gene expression. 
The expression of 45 S pre- rRNA (24 h), c- Myc mRNA (90, 
180 min and 24 h) Pol I mRNA (180 min and 24 h) and 
TAF- 1A mRNA (24 h) were increased above resting levels 
in the recovery phase (Figure 2A– D).

In similarity with the ribosome genes, no differences 
between the two trials were observed for the expression 
of myogenic regulatory factors. The mRNA expression of 
MyoD (180 min), MRF4 (90 and 180 min), Myf5 (24 h) and 
myogenin mRNA (180 min and 24 h) were increased above 
resting levels as a result of resistance exercise (Figure 3A– 
D). The expression of myostatin mRNA was reduced 
across all timepoints in the recovery phase, whereas Pax7 
mRNA expression remained unchanged throughout 
(Figure 3E,F).

3.4 | Pax7+ cell response

We analyzed Pax7+ cells only at the 24 h post- exercise 
timepoint as no changes were identified when analyzing 
a subset of participants at the 3 h post- exercise timepoint 
(n = 4, pre; 0.09 ± 0.01, post; 0.08 ± 0.01 (SD)). The number 
of Pax7+ cells increased 24 h after exercise in mixed fibers 
(26%, p = .005), type II fibers (21%, p = .009), and tended 
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to increase also in type I fibers (37%, p = .0503). However, 
no differences between Normoxia and Hypoxia were ob-
served for the number of Pax7+ cells (Figure 4A– C).

4  |  DISCUSSION

In this study, we provide novel data demonstrating that 
hypoxia has a suppressing effect on signaling pathways 
involved in ribosome biogenesis in human skeletal mus-
cle. More specifically, exercise- induced increases in 
RPS6, TIF- 1A, and UBF phosphorylation were markedly 
reduced in the recovery period in the hypoxic trial. The 
suppressing effect of hypoxia was, however, not evident at 
the transcriptional level for ribosome biogenesis or myo-
genic activity, nor did hypoxia alter the exercise- induced 

expansion of the satellite cell pool. Overall, our data sug-
gest that attenuated ribosomal signaling is a putative 
mechanism by which hypoxia may blunt adaptive re-
sponses to muscle loading.

A considerable amount of data supports an important 
role of ribosome biogenesis for loading induced hypertro-
phy.16,36 However, while there is evidence to support an 
inhibitory role of hypoxia on exercise- induced protein 
synthesis and hypertrophy,4,5,11,12 the mechanistic stud-
ies exploring this notion have predominantly focused of 
AMPK- mTORC1 signaling and the satellite cell response. 
However, the functional and mechanistic influence of 
hypoxia on ribosome biogenesis and related signaling 
processes remain largely unexplored, especially in skele-
tal muscle. Data from nonmuscle, in vitro systems indi-
cate that sustained hypoxic exposure elevates RNA Pol 

F I G U R E  1  Phosphorylation of (A) RPS6Ser240/248, (B) TIF- 1ASer649 and (C) UBFSer484 before (Pre) and immediately after exercise (Post) 
and following 90-  and 180- min of recovery, presented as ratio between phosphorylation and corresponding total protein. D, E, F and G, H, 
I shows unrelated phosphorylation and total levels of each protein, respectively. Representative immunoblots from two subjects are shown 
above the graphs and represent both the phosphorylated and total form of the target protein. Data presented in the bars are mean ± SEM 
(n = 8). Red bars represent Normoxia, and black bars represent Hypoxia. Dots represent individual data points. *p < .05 versus Pre, #p < .05 
versus normoxia.
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I activity in cultured epithelial cells.37 Regarding most 
hypoxia models in vitro, regardless of mechanistic inter-
est a critical point needs to be recognized. In cell culture 
models normoxia usually is set to ~20% O2 while hypoxic 
conditions usually represent O2- levels of 1%,27 which ac-
tually more closely resembles intramuscular O2- levels at 
normoxia.38 This notion critically argues for the necessity 
of in vivo models when studying the influence of hypoxia 
on molecular mechanisms in skeletal muscle tissue.

The phosphorylation of both UBF and TIF- 1A are 
crucial for the assembly of the preinitiation complex and 
thus stimulation of RNA Pol I transcriptional activity of 
rRNA.23,39,40 In this context, our findings suggest an im-
pairment of resistance exercise- induced ribosome bio-
genesis. Based on this notion one could expect that 45 S 
pre- rRNA transcription, the primary readout of RNA Pol I 
activity, would have been impaired by hypoxia. However, 
while there were numerical differences between trials in 
45 S pre- rRNA levels at 180 min post- exercise no signif-
icant difference was noted at 24 h. It must, however, be 
noted that the 3 to 24 h recovery period could be regarded 
as a “black box” where we might have missed to detect 
difference between conditions. Regardless, it is somewhat 
difficult to estimate what the reduction evoked by hypoxia 
on ribosome biogenesis signaling in the present model 
would have on the magnitude of ribosomal rRNA/protein 
synthesis. This as the approximate 50% reduction in ribo-
some biogenesis signaling here is distinctly different from 

in vitro models of mutated UBF and TIF- 1A. Nevertheless, 
in close relation to this, post- exercise cold water im-
mersion was shown to completely abolish resistance 
exercise- induced increases in 45 S pre- rRNA levels, which 
coincided with inhibition of UBF, but not TIF- 1A, phos-
phorylation.41 The importance of magnitude of signaling 
for the preinitiation complex assembly and RNA Pol I 
activity for changes in ribosome rRNA/protein synthesis 
needs to be further elucidated in vivo.

One key question that arises is; which is the up-
stream mechanism responsible for the hypoxia- induced 
inhibition of RPS6Ser240/244, UBFSer484 and TIF- 1ASer649 
phosphorylation. While UBFSer484 could be mediated by 
augmented cyclin dependent kinase4/cyclin d1 activ-
ity,39 that site is also shown to be phosphorylated in an 
mTORC1- S6K1 dependent manner,42 which also the case 
for RPS6S40/244 phosphorylation.43 In the case of TIF- 1A 
the Ser199 and Thr200 sites are regulated by mTORC1 and 
c- JUN N- terminal kinase (JNK), respectively, but the im-
portant Ser649 site is regulated by RSK2/p90 in an extracel-
lular signal- regulated kinase (ERK)- dependent manner.44 
Based on our previous findings of a hypoxia- induced 
inhibition of mTORC1- signaling in this group of sub-
jects,10 RPS6Ser240/244 and UBFSer484 inhibition seems to be 
a direct consequence of the inhibited mTORC1 response. 
The effect on TIF- 1ASer649 nevertheless also suggest that 
ERK- signaling following exercise is negatively affected by 
hypoxia. Given the close resemblance between the two 

F I G U R E  2  Levels of (A) 45 S pre- rRNA, (B) c- Myc mRNA, (C) POL1RA mRNA and (D) TAF- 1A mRNA before (Pre) and 90 min, 
180 min and 24 h after exercise. Data presented in the bars are mean ± SEM (n = 8). Red bars represent Normoxia, and black bars represent 
Hypoxia. Dots represent individual data points. *p < .05 versus Pre, **p < .01 versus Pre.
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mitogen- activated kinases ERK and JNK, which we also 
previously found to be inhibited by hypoxia,10 this notion 
seems logical. In our previous paper we also provided evi-
dence against the involvement of the commonly described 
negative regulators AMPK, TSC2, REDD1 and HIF- 1α.10 
Collectively our data suggests that the acute inhibitory ef-
fects of hypoxia on anabolic signaling following resistance 
exercise may be caused by one or several systemic factors 
yet to be identified.

Previous studies in both rodent and human muscle18,19 
have illustrated an exercise- induced increase in tran-
scription of c- Myc, Pol I and TAF- 1A. In this aspect our 
data conform with the previous literature of an exercise- 
dependent induction of these genes. The expression of c- 
Myc, Pol I and TAF- 1A are, in contrast to 45 S pre- rRNA, 
not under direct control of Pol I, and thus not a potential 
readout of the reduced UBF and TIF- 1A phosphorylation, 
which would reduce Pol I activity. Changes in abundance 

of TAF- 1A and c- Myc would, however, potentially lead 
to changes in RNA Pol I activity but in a more delayed 
manner. Collectively, this suggests that more subacute 
exercise- stimulated regulation of ribosome biogenesis is 
not altered by acute hypoxia. Based on our findings the 
effect of hypoxia seems to mainly involve preinitiation 
complex factors, in turn influencing RNA Pol I activity. 
However, future studies need to explore whether repeated 
bouts of resistance exercise in hypoxia alters training in-
duced ribosome biogenesis and accumulation of rRNA, 
that is, altered translational capacity.

The ability to activate and expand the satellite cell 
pool in response to increased loading represents an im-
portant adaptive mechanism of skeletal muscle. Several 
reports in human muscle have previously shown that a 
single bout of exercise stimulates satellite cell pool ex-
pansion, an effect commonly detected 48– 72 h after ex-
ercise, but some reports have demonstrated an effect as 

F I G U R E  3  Levels of (A) MyoD mRNA, (B) MRF4 mRNA, (C) Myf5 mRNA, (D) myogenin mRNA, (E) myostatin mRNA and (F) Pax7 
mRNA before (Pre) and 90 min, 180 min and 24 h after exercise. Data presented in the bars are mean ± SEM (n = 8). Red bars represent 
Normoxia, and black bars represent Hypoxia. Dots represent individual data points. *p < .05 versus Pre, **p < .01 versus Pre.
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early as 12 h after exercise.45,46 In the present study, we 
show that the number of Pax7+ cells in whole muscle 
was elevated by 26% at the 24 h post- exercise timepoint. 
The magnitude of change observed was lower than some 
other studies showing substantial increases (~130%) 
after leg extension exercise using a comparable proto-
col.47 Differences that may be explained by the training 
status of the subjects48 or methodological issues such as 
immunohistological staining, satellite cell rating or bi-
opsy quality. Moreover, in the current study, we found 

a greater numerical increase of Pax7+ cells associated 
with type I fibers (37%) than type II fibers (21%). This 
observation is consistent with prior work suggesting 
that type I fibers respond more rapidly to a nondamag-
ing contractile stimulus.45,46 The acute satellite cell re-
sponse is although rather similar between the two fiber 
types at later timepoints (≥48 h) and some evidence even 
suggest that the type II fibers possess a greater ability to 
expand the stem cell pool in response to chronic load-
ing.49,50 Nonetheless, this highlights the importance of 

F I G U R E  4  Number of Pax7+ cells in (A) mixed muscle fibers, (B) type I muscle fibers and (C) type II muscle fibers before and 24 h 
after exercise. Representative picture of fiber type- specific Pax7+ cell staining showing (D) a merged image taken at ×20 magnification 
of Pax7+ cells, DAPI+ cells and muscle fibers (E) same image at ×40 magnification, (F) single channel DAPI, (G), single channel 
Pax7, (H) merged image of DAPI, MyHC- I and laminin and (I) merged image of Pax7, MyHC- I and laminin. Yellow locus in the fiber 
periphery are Pax7+ cells and fibers colored in cyan and black are type I and type II fibers, respectively. Data presented in the bars are 
mean ± SEM (n = 8). Red bars represent Normoxia, and black bars represent Hypoxia. Dots represent individual data points. **p < .01 versus 
Pre.
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addressing satellite cell- related research questions in a 
fiber type- dependent manner.

Cumulative evidence suggest that mild hypoxia (3– 
6% O2) is favorable for inducing myogenic differentiation 
and myotube formation in cell cultures,27 but it remains 
to be determined if acute hypoxia is a relevant strategy 
to alter myogenic activity also in more developed mus-
cle tissue. On this matter, two previous studies have re-
ported that acute hypoxic exposure alters the myogenic 
program at the mRNA level in human muscle.11,29 In ad-
dition, this effect was recently confirmed by a study in 
which intermittent hypoxia during 4- weeks of strength 
training potentiated MyoD and Myf5 gene expression.14 
However, despite the upregulation of these genes, satel-
lite cell- related outcomes remained unchanged, that is, 
Pax7+/MyoD+ cells and total Pax7+ cells,14 thus bringing 
into question whether acute hypoxia can alter in vivo 
satellite cell activity. In the present study, we did not 
find support for this claim since satellite cell content 
and myogenic gene expression were altered to a similar 
degree in both trials. Collectively, it thus appears that 
acute hypoxic exposure, in combination with resistance 
exercise, does not modulate the satellite cell pool in 
human muscle to great extent, be it in relation to a single 
session as described in here, or in response to cumulative 
sessions as previously reported.14 We would, therefore, 
argue that altered satellite cell activity is not a plausible 
mechanism by which acute hypoxia could alter remod-
eling or growth of human muscle. However, whether 
hypoxia may impact satellite cell activity following other 
types of contractile stimulus, for example, eccentrically 
overloaded contractions, remains unknown at present 
and should be investigated in future studies.

Our data showing no effect of hypoxia on satellite cell 
activity contrast some studies reporting improved prolif-
erative capacity of primary muscle cells when cultured 
at low (1– 2%) compared to high (20– 21%) O2- levels.51,52 
However, the literature is not consistent on this matter, 
and some reported negative effects on rates of proliferation 
in conditions of low O2- levels.53 Contradictory findings 
are potentially confounded by other factors than O2- levels 
per se, for example, differences in cell line, medium, days 
in culture etc. Regardless, as discussed earlier, cell culture 
models are unable to fully recapitulate the hypoxic state of 
human muscle, hence it is difficult to put in vitro data into 
context of human physiology.

Satellite cell progression through the myogenic pro-
gram is orchestrated in a coordinated fashion by a set 
of transcription factors known to regulate proliferation, 
differentiation and fusion of satellite cells.26 In line 
with previous time- course analyses of the myogenic 
factors,54,55 we reported that whole muscle mRNA ex-
pression of MyoD and Myf5, two markers of satellite 

cell activation/proliferation, were increased above rest-
ing levels at 180 min and 24 h post- exercise, respectively. 
No further increase was, however, observed in the hy-
poxic trial, providing further support to our immuno-
fluorescence data showing no added effect of hypoxia 
on satellite cell activity. These data align with previous 
work in human muscle showing that a single bout of 
acute hypoxia is not sufficient to drive changes in MyoD 
and Myf5 gene expression.11 Recurrent exposures to a 
hypoxic stimulus on the other hand seems to be a pos-
sible model for inducing such changes.14 Furthermore, 
hypoxia has in some studies been shown to upregulate 
the expression of MRF4 and myogenin (cell differenti-
ation markers) through an inflammatory pathway.11,29 
Interestingly, some of these hypoxia- induced effects 
were found independent of exercise, which raises the 
possibility that exposure to hypoxia might provide a rel-
evant recovery strategy to promote satellite cell differ-
entiation. The present study design precluded us from 
answering whether hypoxia itself had an effect on these 
markers, and it is possible that small but potentially rel-
evant effects of hypoxia were overridden by the potent 
exercise stimulus.

To conclude, we report that acute normobaric hypoxia 
negatively affects resistance exercise- induced stimulation 
of UBF and TIF- 1A phosphorylation. Thus, hypoxia po-
tentially impairs the typical increase in the ribosome pool 
seen following repeated bouts of loading. This could ac-
cordingly be ascribed as one contributing mechanisms by 
which hypoxia may impair muscle growth. This notion, 
however, needs to be further studied in a long- term con-
text. Our data also highlights a potential link between 
impaired ribosomal signaling and muscle wasting in con-
ditions associated with hypoxia. The impaired ribosome 
biogenesis- related signaling seems to be a direct conse-
quence of inhibited mTORC1-  and ERK- signaling, but the 
upstream mechanism evoking this response remains to be 
determined. Moreover, in contrast to what has been sug-
gested previously, we found no evidence for an influence 
of hypoxia on resistance exercise- induced myogenic gene 
expression or expansion of the satellite cell pool.

AUTHOR CONTRIBUTIONS
M.M. and F.v.W designed the research; M.M. and W.A. 
performed the experiments; O.H., M.M, and F.N. ana-
lyzed the data; O.H., M.M, and F.v.W. interpreted the 
data; M.M. and O.H. drafted the manuscript. All authors 
contributed with important intellectual content and have 
read and approved the final version of the manuscript.

ACKNOWLEDGMENTS
This project has been funded by internal grants to Dr. 
Moberg from the Swedish School of Sport and Health 

 15306860, 2023, 3, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202202065R

R
 by G

ih, W
iley O

nline L
ibrary on [06/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



HORWATH et al.    | 11 of 12

Sciences. Dr. Moberg was also funded through an Early 
Career Research Fellowship from the Swedish National 
Centre for Research in Sports (#D2017- 0012). Dr. Apró 
is funded through an Early Career Research Fellowship 
from the Swedish National Centre for Research in Sports 
(#D2019- 0050). Dr. von Walden is funded through an 
Early Career Research Fellowship from the Swedish 
National Centre for Research in Sports (#D2019- 0035).

DISCLOSURES
The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author.

ORCID
Oscar Horwath   https://orcid.org/0000-0002-3500-2896 
Ferdinand von Walden   https://orcid.
org/0000-0003-1134-2252 
Marcus Moberg   https://orcid.org/0000-0003-3747-0148 

REFERENCES
 1. Richardson RS, Noyszewski EA, Kendrick KF, Leigh JS, Wagner 

PD. Myoglobin O2 desaturation during exercise. Evidence of 
limited O2 transport. J Clin Invest. 1995;96:1916- 1926.

 2. Hoppeler H, Vogt M. Muscle tissue adaptations to hypoxia. J 
Exp Biol. 2001;204:3133- 3139.

 3. Eliason G, Abdel- Halim S, Arvidsson B, Kadi F, Piehl- Aulin K. 
Physical performance and muscular characteristics in different 
stages of COPD. Scand J Med Sci Sports. 2009;19:865- 870.

 4. Narici MV, Kayser B. Hypertrophic response of human skele-
tal muscle to strength training in hypoxia and normoxia. Eur J 
Appl Physiol Occup Physiol. 1995;70:213- 219.

 5. Chaillou T, Koulmann N, Simler N, et al. Hypoxia tran-
siently affects skeletal muscle hypertrophy in a functional 
overload model. Am J Physiol Regul Integr Comp Physiol. 
2012;302:R643- R654.

 6. Favier FB, Costes F, Defour A, et al. Downregulation of Akt/
mammalian target of rapamycin pathway in skeletal muscle 
is associated with increased REDD1 expression in response 
to chronic hypoxia. Am J Physiol Regul Integr Comp Physiol. 
2010;298:R1659- R1666.

 7. Mancinelli R, Pietrangelo T, La Rovere R, et al. Cellular and mo-
lecular responses of human skeletal muscle exposed to hypoxic 
environment. J Biol Regul Homeost Agents. 2011;25:635- 645.

 8. MacDougall JD, Green HJ, Sutton JR, et al. Operation Everest 
II: structural adaptations in skeletal muscle in response to ex-
treme simulated altitude. Acta Physiol Scand. 1991;142:421- 427.

 9. Hoppeler H, Kleinert E, Schlegel C, et al. Morphological ad-
aptations of human skeletal muscle to chronic hypoxia. Int J 
Sports Med. 1990;11(Suppl 1):S3- S9.

 10. Moberg M, Apro W, Horwath O, van Hall G, Blackwood SJ, Katz 
A. Acute normobaric hypoxia blunts contraction- mediated 
mTORC1-  and JNK- signaling in human skeletal muscle. Acta 
Physiol (Oxf). 2022;234:e13771.

 11. Gnimassou O, Fernandez- Verdejo R, Brook M, et al. Environmental 
hypoxia favors myoblast differentiation and fast phenotype but 
blunts activation of protein synthesis after resistance exercise in 
human skeletal muscle. FASEB J. 2018;32:5272- 5284.

 12. Etheridge T, Atherton PJ, Wilkinson D, et al. Effects of hypoxia 
on muscle protein synthesis and anabolic signaling at rest and 
in response to acute resistance exercise. Am J Physiol Endocrinol 
Metab. 2011;301:E697- E702.

 13. Nishimura A, Sugita M, Kato K, Fukuda A, Sudo A, Uchida A. 
Hypoxia increases muscle hypertrophy induced by resistance 
training. Int J Sports Physiol Perform. 2010;5:497- 508.

 14. van Doorslaer de Ten Ryen S, Warnier G, Gnimassou O, et al. 
Higher strength gain after hypoxic vs normoxic resistance train-
ing despite no changes in muscle thickness and fractional pro-
tein synthetic rate. FASEB J. 2021;35:e21773.

 15. Figueiredo VC. Revisiting the roles of protein synthesis during 
skeletal muscle hypertrophy induced by exercise. Am J Physiol 
Regul Integr Comp Physiol. 2019;317:R709- R718.

 16. von Walden F. Ribosome biogenesis in skeletal muscle: coordi-
nation of transcription and translation. J Appl Physiol (1985). 
2019;127:591- 598.

 17. Hammarstrom D, Ofsteng SJ, Jacobsen NB, Flobergseter KB, 
Ronnestad BR, Ellefsen S. Ribosome accumulation during 
early phase resistance training in humans. Acta Physiol (Oxf). 
2022;235:e13806.

 18. Figueiredo VC, Caldow MK, Massie V, Markworth JF, Cameron- 
Smith D, Blazevich AJ. Ribosome biogenesis adaptation in re-
sistance training- induced human skeletal muscle hypertrophy. 
Am J Physiol Endocrinol Metab. 2015;309:E72- E83.

 19. Nakada S, Ogasawara R, Kawada S, Maekawa T, Ishii N. 
Correlation between ribosome biogenesis and the magni-
tude of hypertrophy in overloaded skeletal muscle. Plos One. 
2016;11:e0147284.

 20. Panov KI, Friedrich JK, Zomerdijk JC. A step subsequent to 
preinitiation complex assembly at the ribosomal RNA gene pro-
moter is rate limiting for human RNA polymerase I- dependent 
transcription. Mol Cell Biol. 2001;21:2641- 2649.

 21. von Walden F, Casagrande V, Ostlund Farrants AK, Nader GA. 
Mechanical loading induces the expression of a pol I regulon 
at the onset of skeletal muscle hypertrophy. Am J Physiol Cell 
Physiol. 2012;302:C1523- C1530.

 22. Lin CH, Platt MD, Ficarro SB, et al. Mass spectrometric identifica-
tion of phosphorylation sites of rRNA transcription factor upstream 
binding factor. Am J Physiol Cell Physiol. 2007;292:C1617- C1624.

 23. Zhao J, Yuan X, Frodin M, Grummt I. ERK- dependent phos-
phorylation of the transcription initiation factor TIF- IA is re-
quired for RNA polymerase I transcription and cell growth. Mol 
Cell. 2003;11:405- 413.

 24. Mayer C, Zhao J, Yuan X, Grummt I. mTOR- dependent activa-
tion of the transcription factor TIF- IA links rRNA synthesis to 
nutrient availability. Genes Dev. 2004;18:423- 434.

 25. Snijders T, Nederveen JP, McKay BR, et al. Satellite cells in 
human skeletal muscle plasticity. Front Physiol. 2015;6:283.

 26. Perry RL, Rudnick MA. Molecular mechanisms regulating 
myogenic determination and differentiation. Front Biosci. 
2000;5:D750- D767.

 27. Chaillou T, Lanner JT. Regulation of myogenesis and skeletal 
muscle regeneration: effects of oxygen levels on satellite cell ac-
tivity. FASEB J. 2016;30:3929- 3941.

 15306860, 2023, 3, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202202065R

R
 by G

ih, W
iley O

nline L
ibrary on [06/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-3500-2896
https://orcid.org/0000-0002-3500-2896
https://orcid.org/0000-0003-1134-2252
https://orcid.org/0000-0003-1134-2252
https://orcid.org/0000-0003-1134-2252
https://orcid.org/0000-0003-3747-0148
https://orcid.org/0000-0003-3747-0148


HORWATH et al.12 of 12 |   

 28. Mancinelli R, Di Filippo ES, Verratti V, et al. The regenerative 
potential of female skeletal muscle upon hypobaric hypoxic ex-
posure. Front Physiol. 2016;7:303.

 29. Britto FA, Gnimassou O, De Groote E, et al. Acute environmen-
tal hypoxia potentiates satellite cell- dependent myogenesis in 
response to resistance exercise through the inflammation path-
way in human. FASEB J. 2020;34:1885- 1900.

 30. Ekblom B. The muscle biopsy technique. Historical and 
methodological considerations. Scand J Med Sci Sports. 
2017;27:458- 461.

 31. Liegnell R, Apro W, Danielsson S, et al. Elevated plasma 
lactate levels via exogenous lactate infusion do not alter 
resistance exercise- induced signaling or protein synthesis 
in human skeletal muscle. Am J Physiol Endocrinol Metab. 
2020;319:E792- E804.

 32. Davids CJ, Naess TC, Moen M, et al. Acute cellular and molec-
ular responses and chronic adaptations to low- load blood flow 
restriction and high- load resistance exercise in trained individ-
uals. J Appl Physiol (1985). 2021;131:1731- 1749.

 33. Jonsson WO, Ponette J, Horwath O, et al. Changes in plasma con-
centration of kynurenine following intake of branched- chain 
amino acids are not caused by alterations in muscle kynurenine 
metabolism. Am J Physiol Cell Physiol. 2022;322:C49- C62.

 34. Horwath O, Apró W, Moberg M, et al. Fiber type- specific hyper-
trophy and increased capillarization in skeletal muscle follow-
ing testosterone administration in young women. J Appl Physiol 
(1985). 2020;128:1240- 1250.

 35. Horwath O, Moberg M, Larsen FJ, Philp A, Apró W, Ekblom B. 
Influence of sex and fiber type on the satellite cell pool in human 
skeletal muscle. Scand J Med Sci Sports. 2020;31:303- 312.

 36. Figueiredo VC, McCarthy JJ. Regulation of ribosome biogen-
esis in skeletal muscle hypertrophy. Physiology (Bethesda). 
2019;34:30- 42.

 37. Metge BJ, Kammerud SC, Pruitt HC, Shevde LA, Samant RS. 
Hypoxia re- programs 2'- O- me modifications on ribosomal 
RNA. iScience. 2021;24:102010.

 38. Richardson RS, Duteil S, Wary C, Wray DW, Hoff J, Carlier PG. 
Human skeletal muscle intracellular oxygenation: the impact 
of ambient oxygen availability. J Physiol. 2006;571:415- 424.

 39. Voit R, Hoffmann M, Grummt I. Phosphorylation by G1- 
specific cdk- cyclin complexes activates the nucleolar transcrip-
tion factor UBF. EMBO J. 1999;18:1891- 1899.

 40. Stefanovsky VY, Pelletier G, Hannan R, Gagnon- Kugler T, 
Rothblum LI, Moss T. An immediate response of ribosomal tran-
scription to growth factor stimulation in mammals is mediated 
by ERK phosphorylation of UBF. Mol Cell. 2001;8:1063- 1073.

 41. Figueiredo VC, Roberts LA, Markworth JF, et al. Impact of re-
sistance exercise on ribosome biogenesis is acutely regulated by 
post- exercise recovery strategies. Physiol Rep. 2016;4:e12670.

 42. Hannan KM, Brandenburger Y, Jenkins A, et al. mTOR- 
dependent regulation of ribosomal gene transcription requires 
S6K1 and is mediated by phosphorylation of the carboxy- 
terminal activation domain of the nucleolar transcription fac-
tor UBF. Mol Cell Biol. 2003;23:8862- 8877.

 43. Ruvinsky I, Meyuhas O. Ribosomal protein S6 phosphoryla-
tion: from protein synthesis to cell size. Trends Biochem Sci. 
2006;31:342- 348.

 44. Jin R, Zhou W. TIF- IA: an oncogenic target of pre- ribosomal 
RNA synthesis. Biochim Biophys Acta. 2016;1866:189- 196.

 45. Snijders T, Verdijk LB, Smeets JS, et al. The skeletal muscle sat-
ellite cell response to a single bout of resistance- type exercise is 
delayed with aging in men. Age (Dordr). 2014;36:9699.

 46. Snijders T, Verdijk LB, McKay BR, et al. Acute dietary protein 
intake restriction is associated with changes in myostatin ex-
pression after a single bout of resistance exercise in healthy 
young men. J Nutr. 2014;144:137- 145.

 47. Walker DK, Fry CS, Drummond MJ, et al. PAX7+ satellite cells 
in young and older adults following resistance exercise. Muscle 
Nerve. 2012;46:51- 59.

 48. Damas F, Libardi CA, Ugrinowitsch C, et al. Early-  and later- 
phases satellite cell responses and myonuclear content with 
resistance training in young men. PLoS One. 2018;13:e0191039.

 49. Abou Sawan S, Hodson N, Babits P, Malowany JM, Kumbhare 
D, Moore DR. Satellite cell and myonuclear accretion is related 
to training- induced skeletal muscle fiber hypertrophy in young 
males and females. J Appl Physiol (1985). 2021;131:871- 880.

 50. Verdijk LB, Gleeson BG, Jonkers RA, et al. Skeletal muscle 
hypertrophy following resistance training is accompanied by 
a fiber type- specific increase in satellite cell content in elderly 
men. J Gerontol A Biol Sci Med Sci. 2009;64:332- 339.

 51. Koning M, Werker PM, van Luyn MJ, Harmsen MC. Hypoxia 
promotes proliferation of human myogenic satellite cells: a 
potential benefactor in tissue engineering of skeletal muscle. 
Tissue Eng Part A. 2011;17:1747- 1758.

 52. Urbani L, Piccoli M, Franzin C, Pozzobon M, De Coppi P. 
Hypoxia increases mouse satellite cell clone proliferation main-
taining both in vitro and in vivo heterogeneity and myogenic 
potential. PLoS One. 2012;7:e49860.

 53. Launay T, Hagstrom L, Lottin- Divoux S, et al. Blunting effect 
of hypoxia on the proliferation and differentiation of human 
primary and rat L6 myoblasts is not counteracted by Epo. Cell 
Prolif. 2010;43:1- 8.

 54. Psilander N, Damsgaard R, Pilegaard H. Resistance exercise al-
ters MRF and IGF- I mRNA content in human skeletal muscle. 
J Appl Physiol (1985). 2003;95:1038- 1044.

 55. Yang Y, Creer A, Jemiolo B, Trappe S. Time course of myo-
genic and metabolic gene expression in response to acute 
exercise in human skeletal muscle. J Appl Physiol (1985). 
2005;98:1745- 1752.

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Horwath O, Nordström 
F, von Walden F, Apró W, Moberg M. Acute 
hypoxia attenuates resistance exercise-induced 
ribosome signaling but does not impact satellite 
cell pool expansion in human skeletal muscle. The 
FASEB Journal. 2023;37:e22811. doi:10.1096/
fj.20220 2065RR

 15306860, 2023, 3, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202202065R

R
 by G

ih, W
iley O

nline L
ibrary on [06/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1096/fj.202202065RR
https://doi.org/10.1096/fj.202202065RR

	Acute hypoxia attenuates resistance exercise-induced ribosome signaling but does not impact satellite cell pool expansion in human skeletal muscle
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Subjects
	2.2|Study design
	2.3|Immunoblotting sample preparation
	2.4|Immunoblotting
	2.5|RNA extraction
	2.6|Reverse transcription
	2.7|Real-time quantitative PCR
	2.8|Immunofluorescence
	2.9|Statistical analyses

	3|RESULTS
	3.1|Trial performance
	3.2|Ribosome biogenesis-related protein signaling
	3.3|Gene expression
	3.4|Pax7+ cell response

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DISCLOSURES
	DATA AVAILABILITY STATEMENT

	REFERENCES


