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Abstract 

Episodic hypoxaemia is associated with muscle dysfunction in respiratory insufficiencies, but 

its effects depend on the hypoxia/reoxygenation pattern. Sustained Intermittent Hypoxemia 

(SIH) characterizes a large subgroup of COPD patients, yet muscle adaptations to SIH remain 

poorly known. We used a mouse model of SIH (FiO₂: 10%, 8h/day) and analysed myofibre 

structural, muscle mass regulators, and myogenic markers in fast and slow-twitch hindlimb 

muscles. SIH induced an increase in haematocrit. At 35 days, Soleus cross-sectional area 

increased predominantly in slow-twitch fibres, but not in the fast Tibialis Anterior (TA) muscle. 

HIF1 target gene expression was increased at early timepoints with muscle-type-specific 

differences. While myostatin plasma levels were decreased, myostatin receptor and atrogene 

expression differed between muscles at baseline and upon SIH. Myod1 and Myog expression 

decreased over time in the TA only. In conclusion, SIH induces muscle-type-specific 
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adaptations, promoting hypertrophy in slow-twitch muscle while impairing myogenic 

regulation in fast-twitch muscle. 

 

 

 

Graphical abstract  
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Background 

Respiratory insufficiencies represent a major public health issue due to their high frequency 

and severe impact on patient survival and quality of life (1,2). These diseases are associated 

with numerous comorbidities, including muscle dysfunction. The etiology of muscle 

dysfunction in respiratory diseases is multifactorial and notably includes genetic factors, 

systemic inflammation, medications, malnutrition, muscle deconditioning, and hypoxaemia 

(3,4). Hypoxaemia is a condition characterised by reduced haemoglobin oxygen saturation, 

leading to tissue hypoxia (5). Because of confounding factors existing in clinical studies, animal 

models of hypoxaemia are used to decipher its muscle-specific effects. 

Among respiratory insufficiencies, Chronic Obstructive Pulmonary Disease (COPD) is a 

frequent, poorly reversible respiratory disorder that is a leading cause of morbidity and 

mortality worldwide (3). COPD includes chronic obstructive bronchiolitis and emphysema, 

leading to airflow obstruction, pulmonary hyperinflation, air trapping, and gas exchange 

abnormalities (6). Numerous co-morbidities, including cardiovascular diseases, metabolic 

syndrome, osteoporosis, and muscle dysfunction, were reported in COPD (6). It is worth 

mentioning that COPD-associated muscle dysfunction occurs both in respiratory and 

locomotor muscles and contributes to a reduction of exercise capacity. Reported molecular 

changes in locomotor muscles include oxidative stress, signs of structural damage, and an 

imbalance between proteolysis and protein synthesis (7). A shift towards anaerobic pathways 

and a less fatigue-resistant phenotype were also described (8,9).  

Most animal studies aiming to decipher the effect of the hypoxaemic component of COPD use 

models of continuous exposure to hypoxaemia (24h/24).  However, in a large subgroup of 

patients with COPD, the progressive decline in respiratory function leads to hypoxaemia that 

is first characterised by episodes of nocturnal desaturations (affecting 38% of patients with 

moderate-to-severe COPD who do not qualify for home oxygen therapy based on daytime 

PaO₂) (10) and exercise-induced desaturations (61% of patients) before becoming persistent 

(11,12). Since the effect of this specific pattern is poorly known, our group has developed a 

murine model of Sustained Intermittent Hypoxaemia (SIH, 10% FiO₂, 8 h/24) to mimic 

moderate and episodic desaturations occurring in a large subgroup of COPD patients, as we 

described in (13). With this pattern, our objective was to reproduce one component of an 
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intermediate stage of the disease rather than advanced COPD. Indeed, at early stages, patients 

do not exhibit continuous hypoxaemia but instead experience intermittent desaturations, 

particularly during sleep or physical exercise (for example, when climbing stairs). A 8hour 

exposure to SIH during the light phase (resting phase in animals) was designed to reproduce a 

typical night of sleep, during which desaturation episodes are sustained and stable. To 

investigate the effect of hypoxaemia on skeletal muscle using this model and to limit biases, 

mouse movement restriction and excess dietary antioxidants must be avoided while 

maintaining a homogenous FiO2 within the device. In line with these features, and even if the 

SIH model was not designed to capture the entire complexity of COPD pathophysiology, it has 

been specifically optimised to properly assess hypoxaemia-mediated skeletal muscle 

alterations.  

Hypoxaemia results in cell adaptations to cope with the low oxygen availability (14). When 

breathing room air (Fraction of inspired Oxygen (FiO₂) 21%, normoxia), oxygen partial pressure 

in resting muscles (physioxia) is around 40 mmHg or 5% oxygen atmospheric pressure. In this 

condition, the protein Hypoxia-Inducible Factor (HIF)-1α is constitutively synthesised but 

continuously degraded by the proteasome due to its hydroxylation and ubiquitination (15). 

However, when oxygen partial pressure decreases, the HIF1α protein is stabilised, it dimerises 

with the beta subunit, and the transcription factor HIF1 acts as the master switch of the 

compensatory response to hypoxia, inducing the expression of genes such as PDK1, DDIT4, 

VEGFA, and genes encoding glycolysis enzymes (16). Compensatory responses include a PDK1-

mediated metabolic switch, VEGFA-mediated stimulation of angiogenesis, EPO-mediated 

increased erythropoiesis and DDIT4-mediated cell growth arrest (15).  

In healthy humans, the effect of hypoxaemia on skeletal muscle strongly depends on the 

depth, duration and pattern of hypoxia/reoxygenation phases (reviewed in (17)). For example, 

after acute exposure to high altitude (hypobaric hypoxaemia), muscle mass loss is associated 

with reduced Cross-Sectional Area (CSA) and reduced oxidative capacity of the vastus lateralis 

muscle (17,18). Severe and prolonged hypoxaemia (normobaric and hypobaric) has been 

shown to be detrimental for muscle function, resulting in impaired strength produced by 

locomotor muscles in response to sustained high-intensity exercise (19,20). The adaptation of 

locomotor muscles to hypoxia is often described as accompanied by an atrophy linked to a 

disruption of protein synthesis and degradation pathways (16,17,21). The level of myostatin — 
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a negative regulator of skeletal muscle mass—has been shown to be increased by hypoxia in 

both humans and mice in the plasma, and at the muscle mRNA level (22,23). However, studies 

conducted on murine models exposed to hypoxia revealed contradictory results depending on 

the experimental conditions, with effects that may be harmful or beneficial (24,25).  As well, 

to the best of our knowledge, the specific effects of SIH at the muscular level have not been 

investigated yet. 

Myofibre type composition is primordial in the investigation of hypoxemia consequences on 

locomotor muscle. Indeed, skeletal muscle myofibres can be classified as slow-twitch (type I), 

fast-twitch (type IIb) and intermediate (IIa and IIx) based on their contractile and metabolic 

profile (26). Sensitivity to hypoxia and hypoxia-mediated alterations are susceptible to differ 

according to myofibre type due to their differential metabolism and HIF1α basal level (27). 

When investigating the myofibre-type specific effects of hypoxaemia, studies report different 

results depending on the pathological or physiological context, as well as the pattern of 

hypoxia episodes, as reviewed in (28). Notably, a study exposing mice to continuous 

normobaric hypoxaemia (FiO₂: 8%) demonstrated a decrease in total CSA of the fast-twitch 

EDL (Extensor Digitorum Longus) muscle, primarily observed in type IIa and IIb fibres, but not 

in type IIx, suggesting fibre type-specific effects (29). In this study, the authors reported that 

hypoxia-mediated muscle atrophy was more prominent in the EDL than in the Soleus muscle 

and that their adaptive responses differed (29). However, the impact of SIH according to fibre 

type has not yet been elucidated. On the other hand, myofibre composition is also adaptable 

in response to physiological and pathological conditions through a process known as fibre type 

switching, which is associated with modifications in both metabolic properties and myofibre 

size (28). However, studies also report conflicting results regarding the mechanism of muscle 

fibre type switching, which is highly dependent on muscle types (fast/slow), myofibre 

composition (30) and the pattern of hypoxia exposure (acute/chronic, normobaric/hypobaric 

hypoxia, duration, depth, age of animals) (31–33). In COPD patients, fibre type switching is also 

observed and depends on the stage of disease progression (34). Reported effects highlighted 

that atrophy is associated with a switch from a slow to a fast phenotype (35,36). However, 

studies on COPD patients include confounding factors such as inflammation, age, and 

sedentary lifestyle, which complicate data interpretation regarding the specific effects of 

hypoxemia (34). 
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Hypoxaemia was also described to induce alterations in muscle regenerative potential (37–39) 

reviewed in (40)), a process involving Satellite Cells (SCs). SCs are resident adult “stem” cells 

located between the sarcolemma and the basal lamina of myofibres. These cells are the main 

mediators of muscle regeneration (41,42). Indeed, quiescent SCs express paired-box 

transcription factor 7 (Pax7). Once activated, a SC divides asymmetrically: (i) one daughter cell 

expresses the myogenic factor Myod1 and differentiates into a myoblast which proliferates, 

yielding myocytes that fuse with a pre-existing fibre; (ii) the other daughter cell loses Myod1 

expression and returns to a quiescent-like state to mediate SC self-renewal. As most stem cells, 

SCs reside in a hypoxic niche (reviewed in (41)). This microenvironment favours SC self-renewal 

and maintenance in an undifferentiated state by mechanisms involving O2-sensitive pathways 

(HIF1, NOTCH, WNT). In muscle stem cells, HIF1 controls pluripotency gene expression, 

promotes glycolytic metabolism and inhibits mitochondrial biogenesis and myogenic factor 

expression (43,44). By contrasts, stem cell differentiation is associated with HIF1α degradation 

(45) and a metabolic shift towards increased oxidative phosphorylation (OxPhos) (reviewed in 

(46)). Hypoxaemia impact on muscle regeneration potential is still poorly understood, 

especially when considering the sustained intermittent pattern observed in many COPD 

patients. 

In the present study, we aimed to decipher whether SIH induces muscle-specific alterations 

depending on muscle type and fibre composition.  We used our SIH model to delineate the 

alterations induced by SIH in two locomotor muscles with different phenotypes: the slow-

twitch Soleus muscle and the fast-twitch Tibialis Anterior (TA) muscle. We hypothesised that 

SIH could differentially alter those muscles. To further understand the mechanisms underlying 

these alterations, we investigated several regulators of muscle fibre differentiation and fibre 

type switching. This approach will lead to a better understanding of the specific effect of 

hypoxia on muscle alterations observed in hypoxemic COPD patients. 

Materials & methods 

Ethics Statement 

All procedures met the Belgian national standard requirements regarding animal care and 

were conducted in accordance with the Ethics and Welfare Committee of the University of 

Mons (reference number of the approved protocol: LE021/03).  
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Animals 

Male C57BL/6 mice were purchased from Charles River Laboratories (France). Mice were 

housed in a conventional animal facility in cages with ad libitum access to water and food. 

Mice were maintained at a 35–40% relative humidity and a constant room temperature (RT) 

of 21°C in a natural 12h/12h light–dark cycle. All experimental procedures were performed so 

that all mice were 14 weeks old at the time of sacrifice. Two weeks before the beginning of the 

experiment, mice were fed using a specific diet (D10012M AIN-93M Mature Rodent Diet, 

Research Diet) containing the recommended amounts of antioxidants (tert-butylhydroquinine 

tBHQ 0.01g per 1000g of weight, Mineral mix S10022M containing Zinc carbonate (52,1% Zn), 

Cupric Carbonate (57,5% Cu) and Sodium selenate (41,8% Se) and Vitamin mix V10037 

containing Vitamin C and Vitamin E acetate). This food was used to ensure that hypoxaemia-

related effects were not masked by dietary antioxidants, this point being particularly important 

as mice are inherently more resistant to oxidative stress due to their endogenous vitamin C 

production. Animals were subjected to an acclimatisation to the experimental room for a 

period of 7 days. At the beginning of the protocol, mice were randomly assigned to two 

experimental groups: mice submitted to sustained intermittent hypoxaemia (SIH, n = 5-12) and 

control mice (CTL, n = 4-12). SIH mice were exposed to SIH (10% FiO₂, 8 h/day, 7 d/week during 

light cycle) for 1 hour, 8 hours, 3, 5, 7, or 35 days in a device previously developed and validated 

(47). This device was optimised to avoid movement restrictions using larger cages (39 x 25 x 

15 cm) where oxygen flow was maintained uniformly across all areas of the cage 

(Supplemental Figure S1). CTL mice were exposed to ambient air in an identical cage and 

placed near hypoxic device housing SIH mice to reproduce similar noises. Body weight and 

food intake were monitored every day from the acclimatisation period to the end of the 

protocol. The day following the end of the protocol, mice were sacrificed, and the slow-twitch 

Soleus muscles, the fast-twitch Tibialis Anterior (TA) muscles, blood, and tissues were collected 

for immunofluorescence labelling, RT-qPCR, and ELISA analysis. Haematocrit measurement 

was performed in the blood samples by using a haemocytometer.  

Tissue preparation and immunofluorescence labelling 

TA and Soleus muscles were embedded in OCT (Optimal Cutting Temperature) compound 

(VWR International) and frozen in liquid-nitrogen-cooled isopentane. Cryostat sections (8 µm 

thick) were prepared using a Leica cryotome. Entire transverse muscle cryosections were 
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blocked with 10% Goat-serum/PBS (VWR, S2000-100) for 1 hour at RT. Cryosections were then 

incubated for 2 hours at RT with the following antibodies in blocking solution: Myosin Heavy 

Chain 7 (MyHC7) (type I fibres, IgG2b, clone BA-D5, 1:50, DSHB, RRID: AB_2235587), MyHC2 

(type IIa fibres, IgG1, clone SC-71, 1:100, DSHB, RRID: AB_2147165), MyHC4 (type IIb fibres, 

IgM, clone BF-F3, 1:10, DSHB, RRID: AB_2266724), MyHC1 (type IIx fibres, IgM, clone 6H1-Xi, 

1:10, DSHB, RRID: AB_3696610) and laminin (rabbit IgG, ab 11,575, 1:50, Abcam, RRID: 

AB_298179). Slides were washed 3 times in PBS and incubated for 1 hour with secondary 

antibodies directed against mouse IgG2b (Alexa 647 anti-mouse IgG2b, A-21242, 1:100, 

Thermofisher), mouse IgG1 (Alexa 488, anti-mouse IgG2b, A-21121, 1:100, Thermofisher), 

mouse IgM (Alexa 555, anti-mouse IgM, A-21426, 1:50, Thermofisher), and rabbit IgG (Alexa 

405 anti-rabbit IgM, ab17652, 1:50, Abcam) to label respectively type I (Cy5 channel), type IIa 

(FITC channel), and type IIb/IIx (TRITC channel) myofibres as well as laminin (DAPI channel). 

Slides were washed 3 times in PBS and mounted with ProLongTM Gold Antifade Mountant 

(P36934, Invitrogen). Whole muscle images were taken using the CellDiscoverer 6 (10x 

magnification, Zeiss, Morph-Im Platform, UNamur).  

Image processing and measurements 

Images were analysed using the ImageJ software. Cross-sectional area (CSA) of each myofibre 

was assessed manually using the Freehand ROI tool. The area measured in pixels was then 

converted into µm² using the image calibration settings. Myofibres were then classified into 

clusters according to their area (<500 μm² and every 500 μm² until 4500 μm² for the Soleus 

muscle and <1000 μm² and every 1000 μm² until 8000 μm² for the TA muscle) to evaluate 

changes in myofibre CSA distribution. CSA and distribution analysis were performed on muscle 

sections before performing fibre-type-specific analyses. 

RNA Extraction – Reverse Transcription and Real-Time PCR 

The total RNA from frozen TA and Soleus muscles was extracted using the Trizol reagent 

(Invitrogen) according to the manufacturer’s instructions. A DNAse I (amplification grade, 

Thermo Fisher Scientific) treatment of RNA was then performed. The retrotranscription was 

performed using 500 ng of RNA that were reverse transcribed into cDNA using the Maxima 

First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). All qPCR reactions were performed 

with Lightcycler 480 Real-Time PCR II (F. Hoffmann Roche R ©, Ltd., Basel, Switzerland) using 
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SYBR Green FastStart Essential DNA Green Master (Roche, Basel, Switzerland) and 

corresponding primers (Eurogentec, Seraing, Belgium) (Supplemental Table S2). Cycling 

conditions were as follows: initial denaturation step at 95 °C for 10 min, followed by 40 cycles 

of 15 s at 95 °C and 60 s at primer Tm. qPCR results were analysed with LightCycler 96 software 

(Roche). The gene cycle threshold (Ct) of the gene of interest was normalised to the expression 

of the housekeeping gene Rplp0, and gene expression was calculated using the 2−∆∆Ct method. 

ELISA 

Myostatin plasmatic concentrations were measured using the Human, Mouse, & Rat GDF-

8/Myostatin Quantikine ELISA Kit according to the manufacturer’s instructions (DGDF80, R&D 

Systems, Minneapolis, MN, United States). 

Statistical Analyses 

Statistical analyses were performed using SigmaPlot software, version 14. For comparison, 

depending on normality and equal variance tests, we used: (i) Two-Way ANOVA Repeated 

Measure (body weight evolution), (ii) Two-Way ANOVA Analysis of Variance, Holm-Sidak 

method (haematocrit level, myostatin plasmatic level), (iii) Student’s t-test (myofibre CSA), (iv) 

Chi-square test (myofibre CSA distribution in the Soleus and TA muscles), (v) Mann-Whitney 

Rank Sum test (Mstn, Acvr2b and Fbxo32 mRNA for TA vs Soleus analysis) or (vi) Kruskal-Wallis 

One-Way Analysis of Variance on Ranks (Pdk1, Ddit4, Vegfa, Mstn, Acrv2b, Fbxo32, Trim63, 

Pax7, Myf5, Myod1 and Myog mRNA). Differences were considered statistically significant for 

a p-value < 0.05. According to normality and equal variance test results, the graphical 

representations were performed as follows. Haematocrit, CSA, myofibre area distributions, 

and myostatin plasmatic level were expressed as mean ± SEM and presented as histograms. 

Myofibre type proportions were represented as stacked histograms. Pdk1, Ddit4, Vegfa, Mstn, 

Acrv2b, Fbxo32, Trim63, Pax7, Myf5, Myod1 and Myog mRNA were represented as boxplots 

(median, 25th and 75th percentiles). 
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Figure 1: SIH exposure timeline and model validation. (A) Mice were exposed to SIH for 8 hours, 3, 5, 7 or 

35 days. (B) Effect of SIH on mouse body weight for 3 days; Two-Way ANOVA Repeated Measures: NS, SIH vs CTL 

(n=6 for CTL, n=6 for SIH). (C) Effect of SIH on mouse body weight for 5 days; Two-Way ANOVA Repeated 

Measures: NS, SIH vs CTL (n=6 for CTL, n=6 for SIH). (D) Effect of SIH on mouse body weight for 7 days; Two-Way 

ANOVA Repeated Measures: NS, SIH vs CTL (n=10 for CTL, n=10 for SIH). (E) Effect of SIH on mouse body weight 

for 35 days; Two-Way ANOVA Repeated Measures: NS, SIH vs CTL (n=12 for CTL, n=12 for SIH). (F) Haematocrit 

level. Data represented as mean ± SEM; Two-Way ANOVA: ***: p < 0.001, SIH vs CTL (n=4-12 for CTL, n=5-12 for 

SIH).  
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Results 

SIH induced a secondary erythrocytosis  

To decipher the specific effect of episodic hypoxaemia on skeletal muscle, we used a mouse 

model of Sustained Intermittent Hypoxaemia (SIH). Mice were exposed to a FiO₂ of 10%, 

(8h/day) for 8 hours, 3, 5, 7 and 35 days, in a device optimised to avoid movement restriction 

and to ensure a homogeneous distribution of gas flow. Control mice (CTL) were kept in a similar 

device while exposed to ambient air (FiO2: 21%) (Fig. 1A). Body weight was measured daily 

throughout the whole protocol. The results showed that SIH did not affect this parameter 

when compared to the CTL group (Fig.1B-E). Hypoxaemia is known to induce a secondary 

erythrocytosis (48). As a control of tissue compensatory response to hypoxia, haematocrit was 

measured directly after sampling. From 5 days of exposure, the haematocrit was increased in 

the mice of the SIH group as compared to CTL mice (Fig. 1F). 
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Figure 2: Effects of 35 days of SIH on mouse Soleus muscle (Cross-Sectional Area (CSA) and myofibre 

size distribution). (A) Soleus muscle cryosections of SIH and CTL mice were labelled using antibodies directed 

against MyHC7 (type I fibres), MyHC2 (type IIa fibres), MyHC4 (type IIb fibres), MyHC1 (type IIx fibres) or laminin. 
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Scale bar = 100 µm. (B) Myofibre type proportions. Data presented as stacked bars; groups compared using a t-

test: NS. (C, F, I, L) Each myofibre CSA was measured by using the Image J software. Data represented as mean ± 

SEM. (D, G, J, M) Myofibres were classified in clusters according to their area (µm²). (E, H, K, N) Cumulative 

percentage. (C) CSA on the whole Soleus muscle; t-test: p = 0.056 (n=11 for CTL, n=10 for SIH). (D, E) Whole Soleus 

fibre size distribution; Chi²: NS (n=11 for CTL, n=10 for SIH). (F) Soleus type I myofibre CSA; t-test: *: p < 0.05, SIH 

vs CTL (n=11 for CTL, n=10 for SIH). (G, H) Soleus type I fibre size distribution; Chi²: ***: p < 0.001, SIH vs CTL 

(n=11 for CTL, n=10 for SIH). (I) Soleus type IIa myofibre CSA; t-test: NS (n=11 for CTL, n=10 for SIH). (J, K) Soleus 

type IIa fibre size distribution; Chi²: NS (n=11 for CTL, n=10 for SIH). (L) Soleus type IIx myofibre CSA; t-test: NS 

(n=11 for CTL, n=10 for SIH). (M, N) Soleus type IIx fibre size distribution; Chi²: NS (n=11 for CTL, n=10 for SIH).  

SIH induced a type-I fibre hypertrophy in the Soleus muscle 

Since hypoxaemia is reported to induce a myofibre type switch (49), fibre type composition 

was assessed after 35 days of exposure to SIH. As expected, type I, type IIa and type IIx 

myofibres were detected in CTL and SIH slow Soleus muscles (Fig. 2A). In the CTL group, the 

percentages of type I, type IIa and type IIx myofibres in the Soleus muscle were 32.7 ± 1.8 %; 

47.4 ± 1.8%, and 19.8 ± 3%, respectively. These proportions were not significantly modified 

upon SIH (Fig. 2B). We then assessed the impact of SIH on the Cross-Sectional Areas (CSA) of 

Soleus muscle fibres. Considering all Soleus myofibres, muscle fibre CSA (Fig. 2C) and myofibre 

CSA distribution (Fig. 2D-E) were not significantly different in mice submitted to SIH as 

compared to control mice. However, considering myofibre-type specific analysis, SIH induced 

a higher type I fibre CSA compared to the CTL group, with a mean of 1443.4 ± 201.5 µm² for 

the CTL and 1654.6 ± 204 µm² for the SIH group (Fig. 2F). This result was also evidenced in the 

CSA distribution (Fig. 2G) and cumulative percentage (Fig. 2H) graphs. Indeed, they were more 

fibres in smaller area clusters in the CTL group (500-1000 µm²) and more fibres in higher area 

clusters in the SIH group (1500-3000 µm²). No change was observed in IIa and IIx myofibre CSA 

when mice were submitted to SIH (Fig. 2I-K and Figure 2L-N, respectively). Taken together, 

these results highlight that SIH has a weak hypertrophic effect on the Soleus muscle, mostly 

affecting type I myofibres. 
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Figure 3: Effects of 35 days of SIH on the mouse tibialis anterior (TA) muscle (Cross-Sectional Area 

(CSA) and myofibre size distribution). (A) TA muscle cryosections of SIH and CTL mice were labelled using 

antibodies directed against MyHC7 (type I fibres), MyHC2 (type IIa fibres), MyHC4 (type IIb fibres), MyHC1 (type 

IIx fibres), or laminin. Scale bar = 100 µm. (B) Myofibre type proportions. Data presented as stacked bars; groups 
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compared using a t-test: NS. (C, F, I, L) Each myofibre CSA was measured by using the Image J software. Data 

represented as mean ± SEM. (D, G, J, M) Myofibres were classified in clusters according to their area (µm²). (E, H, 

K, N) Cumulative percentage. (C) CSA on the whole TA muscle section; t-test: NS (n=11 for CTL, n=10 for SIH). (D, 

E) Whole TA fibre size distribution; Chi²: NS (n=11 for CTL, n=10 for SIH). (F) TA type IIa myofibre CSA; t-test: NS 

(n=11 for CTL, n=10 for SIH). (G, H) TA type IIa fibre size distribution; Chi²: NS (n=11 for CTL, n=10 for SIH). (I) TA 

type IIb myofibre CSA; t-test: NS (n=11 for CTL, n=10 for SIH). (J, K) TA type IIb fibre size distribution; Chi²: NS 

(n=11 for CTL, n=10 for SIH). (L) TA type IIx myofibre CSA; t-test: NS (n=11 for CTL, n=10 for SIH). (M, N) TA type 

IIx fibre size distribution; Chi²: NS, (n=11 for CTL, n=10 for SIH). 

SIH induced no morphometrical modification in the TA muscle 

To assess whether the impact of SIH depends on muscle type, morphometrical analyses were 

also performed on the fast Tibialis Anterior (TA) muscle after 35 days of SIH. As expected, type 

IIa, type IIb and type IIx fibres were detected in the TA muscle (Fig. 3A). In the CTL group, the 

percentages of type IIa, type IIb, and type IIx myofibres were 12.2 ± 3.6 %; 56.5 ± 4%, and 31.3 

± 2.5%, respectively. These proportions were not significantly modified upon SIH (Fig. 3B). SIH 

did not impact either the mean CSA (Fig. 3C) or distribution (Fig. 3D-E) of the whole TA muscle 

when compared to the CTL group. The fibre-type specific analysis (IIa: Fig. 3F-H; IIb: Fig. 3I-K; 

and IIx; Fig. 3L-N) showed no effect of SIH on mean CSA or myofibre distribution. These results 

suggest that SIH did not impact the TA myofibre CSA after 35 days of exposure. 
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Figure 4: Effects of SIH exposure over time on the expression of HIF1 target genes and modulators of 

cellular response to hypoxia in the Soleus (A-C) and the TA (D-F) muscles. (A-C) RT-qPCR were performed 

on the Soleus muscle and the expression of several genes is expressed by using the ΔΔCt method (housekeeping 

gene: Rplp0; data normalized to CTL). (A) Pdk1 (encoding PDK1) expression; One-Way ANOVA: ***: p < 0.001, 1h 

and 8h vs CTL (n=4 for CTL, n=3 for 1h, n=5 for 8h). (B) Ddit4 (encoding REDD1) expression; One-Way ANOVA: *: 

p < 0.05, 8h vs CTL (n=4-12 for CTL, n=5-12 for SIH). (C) Vegfa (encoding VEGF) expression; One-Way ANOVA: *: 

p < 0.05, 1h vs CTL (n=4 for CTL, n=3 for 1h, n=5 for 8h). (D-F) RT-qPCR were performed on the Tibialis Anterior 

(TA) muscle, and the expression of several genes was expressed by using the ΔΔCt method (housekeeping gene: 

Rplp0; data normalised to CTL). (D) Pdk1 (encoding PDK1) expression; One-Way ANOVA: *: p < 0.05, 1h vs CTL 

(n=4 for CTL, n=3 for 1h, n=4 for 8h). (E) Ddit4 (encoding REDD1) expression; One-Way ANOVA: *: p < 0.05, 8h vs 

CTL (n=4-12 for CTL, n=5-12 for SIH). (F) Vegfa (encoding VEGF) expression; One-Way ANOVA: *: p < 0.05, 8h vs 

1h (n=4 for CTL, n=3 for 1h, n=4 for 8h). 

SIH induced HIF1 target gene expression in Soleus and TA muscles 

The hypoxia-inducible factor-1α (HIF1α) is a protein stabilised in low oxygen concentrations. 

Upon dimerization with HIF1ß, it forms the transcription factor HIF1, which acts as the master 

switch of the compensatory response to hypoxia (15). HIF1 induces the transcription of target 

genes involved in tissue metabolic adaptation to the lack of oxygen, notably Pdk1, Ddit4 and 

Vegfa (50,51). We thus evaluated the mRNA levels of Pdk1, Ddit4 and Vegfa at early timepoints 

of exposure to SIH. For this analysis, an additional group of mice exposed to 1 hour of hypoxia 

Jo
ur

na
l P

re
-p

ro
of



 17 

was included to assess the early transcriptional activation of HIF1 target genes in response to 

SIH. 

In the Soleus muscle, we observed an increased Pdk1 gene expression at both 1h and 8h of 

exposure to SIH (Fig. 4A). Regarding Ddit4 (encoding REDD1) gene expression, it was increased 

in the Soleus muscle at both 1h and 8h of exposure to SIH (Fig. 4B). Vegfa gene expression was 

enhanced after 1h of SIH (Fig. 4C), then it returned to the basal level. 

In the TA muscle, we observed a decreased Pdk1 gene expression after 1h of exposure to SIH 

(Fig. 4D), which was no longer detected at 8h. Ddit4 gene expression was increased upon SIH 

after 1h and 8h of exposure (Fig. 4E). Regarding Vegfa gene expression, there was a marked 

increase in its expression at 1h (Fig. 4F), then it returned to basal level.  

At later time points, no change was observed in either of the two muscles regarding the 

expression of these genes upon SIH (Fig. S4). 

These results show a strong increase in the expression of HIF1 target genes after acute 

exposure to SIH, particularly marked in the slow Soleus muscle. This increase was also 

observed in the TA but to a lower extent. 
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Figure 5: Effects of SIH exposure over time on the expression of protein degradation regulators in 

plasma, Soleus, and TA muscles. (A) Plasma myostatin levels measured by ELISA. Data presented as Mean ± 

SEM. Two-Way ANOVA:, p < 0.01, 8h vs 7d and 35d, *p < 0.05, SIH 35d vs CTL 35d (CTL: n=12; SIH: n=12). (B-I) RT-

qPCR were performed on the Soleus and TA muscles. Gene expression was analysed by using the ΔΔCt method 

(housekeeping gene: Rplp0; data normalised to CTL). (B) Mstn (encoding Myostatin) expression in the Soleus 

muscle; One-Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (C) Acvr2b (encoding ActRIIB) expression in the Soleus 

muscle; One-Way ANOVA: ***: p < 0.001, 5d and 35d vs CTL (CTL: n=4-12; SIH: n=5-12). (D) Mstn (encoding 

Myostatin) expression in the TA muscle; One-Way ANOVA: *: p < 0.05, 5d vs CTL (CTL: n=4-12; SIH: n=5-12). (E) 

Acvr2b (encoding ActRIIB) expression in the TA muscle; One Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (F) 

Fbxo32 (encoding Atrogin-1) expression in the Soleus muscle; One-Way ANOVA: *: p < 0.05, 5d vs CTL (CTL: n=4-

12; SIH: n=5-12). (G) Trim63 (encoding MuRF1) expression in the Soleus muscle; One-Way ANOVA: *: p < 0.05, 5d 

vs CTL (CTL: n=4-12; SIH: n=5-12). (H) Fbxo32 (encoding Atrogin-1) expression in the TA muscle; One-Way ANOVA: 

***: p < 0.001, 8h and 35d vs CTL (CTL: n=4-12; SIH: n=5-12). (I) Trim63 (encoding MuRF1) expression in the TA 

muscle; One-Way ANOVA:  *: p < 0.05, 8h vs CTL (CTL: n=4-12; SIH: n=5-12). 
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SIH induced alterations in the expression of protein degradation modulators 

Myostatin is a major regulator of muscle mass, favouring skeletal muscle wasting (52). Since 

we observed a modification of type I fibre CSA in the Soleus muscle, we assessed the 

expression of Mstn (encoding Myostatin) and its receptor, Acrv2b (encoding ActRIIB). 

We first compared the Mstn (encoding Myostatin) and Acrv2b (encoding ActRIIB) expressions 

in both TA and Soleus in CTL mice to better delineate possible differential expression of the 

two genes in both muscles at the basal level. Mstn expression was 27-fold higher in TA muscle 

when compared to Soleus muscle (Fig. S5A). Upon 35 days of SIH exposure, the myostatin 

expression was still higher in the TA muscle than in the Soleus muscle (Fig. S5C). The myostatin 

receptor, ActRIIB, exhibited a similar expression in the two muscles (Fig. S5B). Interestingly, 

when mice were submitted to SIH, ActRIIB was more expressed in the Soleus muscle compared 

to TA muscle at 35 days (Fig. S5D). However, myostatin plasma level decreased in SIH mice at 

35 days of SIH (65445.6 ± 1371.7 µg/ml) compared to CTL mice (85345.6 ± 4965.4 µg/ml) (Fig. 

5A). We also noticed an increased myostatin plasmatic level with time, regardless of whether 

the mice were exposed or not to SIH (ANOVA Two-Way: p<0,01; Fig. 5A). We then assessed 

the muscle-specific effects of SIH on Mstn and Acrv2b at 8h as well as after 1, 3, 5, 7, and 37 

days of exposure (Fig. 5B-E). In the Soleus muscle, SIH did not affect myostatin expression (Fig. 

5B). However, ActRIIB expression was increased both at 5 days and 35 days of exposure to SIH 

(Fig. 5C). On the other hand, TA myostatin expression was decreased at 5 days of SIH (Fig. 5D) 

with no effect observed on ActRIIB (Fig. 5E). Taken together, we observed differential 

responses to SIH depending on the muscle of interest. In particular, ActRIIB expression was 

upregulated in the Soleus muscle, whereas Mstn expression was slightly decreased in the TA 

muscle. It should also be noted that these two muscles display very different expression levels 

for these two genes. 

We also investigated the expression of two atrogenes encoding muscle-specific ubiquitin-

ligases: Fbxo32 (encoding Atrogin-1) and Trim63 (encoding MuRF1). First, basal expression of 

Fbxo32 did not differ between TA and Soleus muscles in CTL mice (Fig. S5E). Interestingly, 

Fbxo32 was less expressed in the Soleus when compared to TA after 8h of SIH (Fig. S5F). This 

difference was no longer observed at 35 days of SIH (Fig. S5G). We then assessed the muscle-

specific effect of SIH on atrogene expression over time (Fig. 5F-I). In the Soleus muscle, SIH 

increased Fbxo32 expression, but only at 5 days of SIH (Fig. 5F). On the contrary, at the same 
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time point, Trim63 expression was decreased in SIH mice (Fig. 5G). Regarding the TA muscle, 

Fbxo32 expression increased after 8 hours of exposure to SIH, then returned to the basal level 

and decreased at 35 days (Fig. 5H). Trim63 expression was also increased at 8 hours of SIH 

when compared to CTL mice and then returned to basal level at later time points (Fig. 5I). 

Taken together, the kinetics of atrogene expression differed among the muscles of interest, 

with later changes in the Soleus and earlier changes in the TA muscle. Furthermore, Fbxo32 

exhibited lower expression in the Soleus compared to the TA when the mice were exposed to 

acute SIH.

 

Figure 6: Effect of SIH exposure on myogenic marker expression in Soleus and TA muscles over time. 

(A-D) RT-qPCR were performed on the Soleus muscle. Gene expression was analysed by using the ΔΔCt method 

(housekeeping gene: Rplp0; data normalised to CTL). (A) Pax7 (encoding PAX7) expression in the Soleus muscle; 

One-Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (B) Myf5 (encoding MYF5) expression in the Soleus muscle; One-

Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (C) Myod1 (encoding MYOD1) expression in the Soleus muscle; One-

Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (D) Myog (encoding MYOG) expression in the Soleus muscle; One-

Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (E-H) RT-qPCR were performed on the TA muscle. Gene expression 

was analysed by using the ΔΔCt method (housekeeping gene: Rplp0; data normalised to CTL). (E) Pax7 (encoding 

PAX7) expression in the TA muscle; One-Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (F) Myf5 (encoding MYF5) 

expression in the TA muscle; One-Way ANOVA: NS (CTL: n=4-12; SIH: n=5-12). (G) Myod1 (encoding MYOD1) 

expression in the TA muscle; One-Way ANOVA: ***: p < 0.001, 5d and 35d vs CTL (CTL: n=4-12; SIH: n=5-12). (H) 

Myog (encoding MYOG) expression in the TA muscle; One-Way ANOVA: ***: p < 0.001, 5d vs CTL (CTL: n=4-12; 

SIH: n=5-12). 
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SIH induced myogenic factor expression alterations in the TA muscle but not in the Soleus 

muscle 

To assess the effect of hypoxaemia on the regeneration potential of the two muscles, we 

investigated the effect of SIH on myogenic marker expression. Indeed, the myogenic process 

involves SCs, which are the main mediators of muscle regeneration and are characterised by 

the expression of specific myogenic factors within well-established expression windows. Pax7 

(encoding PAX7) is a marker of quiescent SCs while Myf5 (encoding MYF5), Myod1 (encoding 

MYOD1) and Myog (encoding MYOG) are commonly considered as markers of specific 

differentiation stages (53). Indeed, Myf5 is expressed by activated SCs, Myod1 is expressed at 

the myoblast stage and finally Myog at the myocyte stage inducing fusion into myotubes (54).  

Regarding the Soleus muscle, we observed no effect of SIH on the expression of these different 

markers when compared to the CTL group (Fig. 6A-D). 

In the TA muscle, no change was observed regarding the expression of Pax7 and Myf5 (Fig. 6E-

F). However, a decrease in Myod1 and Myog expression was evidenced at 5 days of exposure 

to SIH (Fig. 6G-H). This decrease was also highlighted at 35 days of exposure for Myog 

expression when compared to CTL group (Fig. 6G). Our results suggest an alteration of 

myogenic marker expression over time in the TA muscle, which was not observed in the Soleus 

muscle. 

Discussion 

Numerous animal studies have investigated the effects of chronic hypoxaemia at the muscle 

level (16,37,49,55). However, the impact of episodic hypoxaemia, which is found in many 

respiratory insufficiencies such as COPD, is rarely studied. Indeed, while continuous 

hypoxaemia seems to be a main characteristic observed in patients with advanced-stage COPD 

(56,57), a subgroup of patients presents episodes of desaturation and reoxygenation during 

sleep or exercise training (58,59). Our murine SIH model was designed to more closely mimic 

the sustained intermittent hypoxaemia found in this pathological condition. A period of 

acclimatisation of the mice to the experimental environment helped to minimise body weight 

loss. Unlike some studies that chose to carry out an acclimatisation week to hypoxaemia before 

the start of the protocol to reduce effects on body weight and food intake (37), we chose to 

avoid acclimating mice to hypoxia before the beginning of the protocol, but only to the 
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environment to which the animals would be exposed. Furthermore, this acclimatisation period 

allowed the mice to get used to food restriction (8 hours/day). As a result, we did not observe 

any body weight loss during the acclimatisation week, nor during the exposure to SIH, 

compared to the CTL group. The exposure device was also optimised to limit movement 

restriction compared to our previous study, which was not focused on skeletal muscle (60). 

This optimisation, using large cages where the mice were free to move, prevented the increase 

in cortisol levels observed when mice were kept in smaller cages, indicating a reduction of 

stress (Supplemental Figure S3). This feature is important for the interpretation of our results 

since movement restriction could also be responsible for a disuse muscle atrophy (61). While 

we did not perform quantitative recording of locomotor activity during exposure, we observed 

that SIH and control animals exhibited a similar behavior consistent with their normal activity 

pattern during the resting period (light phase). An unenriched antioxidant diet was also used 

during the protocol to minimise the naturally occurring antioxidants in regular food that could 

interfere with the muscle-level signalisation and protect skeletal muscle from the hypoxia-

induced alterations (17).  

SIH led to an increase in haematocrit. This reflects the EPO synthesis at the renal level, induced 

by HIF1, resulting in secondary erythrocytosis (60,62–65). This elevation was also observed in 

numerous studies following exposure to hypoxia (60,66,67). The latency of the increase (from 

5 days) can be explained by the time required for the production and maturation of sufficient 

new red blood cells to detect an increase (68,69). This increase in red blood count evidenced 

that hypoxaemia was indeed induced in mice by our model of SIH. 

SIH leads to distinct morphological and metabolic effects depending on the muscle fibre 

composition 

We chose to analyse TA and soleus muscles in this study due to their distinct metabolic and functional 

properties, allowing to investigate muscle-specific responses to SIH. The Soleus is an oxidative muscle, 

whereas the TA is a mainly glycolytic muscle that is highly responsive to hypoxic stress and widely used 

in experimental models. We also have to mention that in rodents,  the TA muscle exhibits regional 

heterogeneity, with the presence of oxidative fibres preferentially located in a defined area,  as shown 

in Fig. S6) (70). 

In our SIH model, we observed a hypertrophy of type I myofibres in the Soleus muscle under 

hypoxic conditions. Such a hypertrophic effect of hypoxia has already been described by using 
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models in vitro. Indeed, while severe hypoxia (5% O₂) inhibited the muscle cell differentiation 

process,  moderated hypoxia (10-15% O₂) led to muscle C2C12 cell hypertrophy (71). In our 

study, the hypertrophy was only observed in the slow-twitch type I (oxidative) fibres of the 

Soleus muscle, but not in the fast-twitch TA muscle. These results are consistent with literature 

data reporting that myofibres respond differently to hypoxaemia depending on their 

predominant metabolism (49). Indeed, slow fibres, which contain a larger number of 

mitochondria, primarily function through oxidative phosphorylation (20). This type of 

metabolism makes them more vulnerable to oxygen deficiency (21,22). In contrast, fast fibres 

function mainly through the glycolytic pathway (20). The Soleus muscle, rich in type I (slow) 

and IIa (slow intermediate) fibres, was reported to exhibit a higher basal expression of HIF1 

markers and a greater activation of compensatory mechanisms in response to hypoxia than 

glycolytic muscles (25). Contrary to the results obtained in our study, the literature mainly 

reports an atrophic effect on muscles exposed to hypoxic conditions (20,55,72)To our 

knowledge, very few studies have conducted fibre type-specific morphometric analyses in 

mice exposed to intermittent hypoxaemia, and no previous study has performed this 

comparison in the context of the SIH pattern which mimics a periodic and moderated 

hypoxemia. Moreover, studies primarily reported the effects of hypoxaemia on glycolytic 

muscles, which have a lower capacity to adapt to oxygen variations (73), due to their lower 

mitochondrial content, reduced vascularization and low levels of antioxidant enzymes (27,74). 

We can thus hypothesise that type I fibre hypertrophy at late timepoint reflects a 

compensatory response to SIH which does not occur—or at least occurs less efficiently—in 

fast-type fibres.  

SIH mice did not exhibit a significant variation of myofibre type proportion, neither in the 

soleus muscle nor in the TA. In this regard, discrepancies remain in the literature depending 

on the hypoxemic pattern. Indeed, in a model of continuous normobaric hypoxaemia (FiO₂: 

10%, 24 h/day for 4 weeks), mice presented a shift in myofibre composition in the 

Gastrocnemius (mixed fibre type muscle) and Soleus muscles, characterised by a transition 

from type IIx and IIb fibres in favour of type IIa fibres, while type I fibres remained unaffected 

(30). In another study performed in a rat model, chronic hypoxaemia (FiO₂: 12.5%, 24h/24 for 

10 weeks) was shown to affect locomotor muscles, via a slow-to-fast myofibre shift associated 

to oxidative stress (33). In our study, we cannot exclude an ongoing myofibre switch in SIH 
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conditions. Indeed, if myofibres are commonly classified into major subtypes, they form a 

highly dynamic continuum where MyHC expression can adapt in response to different stimuli 

(75). To confirm this hypothesis, a quantification of hybrid I/IIa and IIa/IIb myofibres would be 

informative to confirm such a myofibre-type transition.  

The response to hypoxia also diverges with respect to HIF1 target genes, particularly when 

focusing on genes involved in metabolism. We chose to evaluate the expression of well-known 

HIF1 target genes, which are widely used as functional readouts of HIF1 transcriptional activity 

(76). Pdk1, a metabolic switch regulator through inhibition of pyruvate dehydrogenase, would 

promote glycolysis and thereby decrease oxygen consumption in the muscle (77). Consistent 

with our results obtained in the SIH model, its expression was shown to be increased in the 

Soleus in response to acute hypoxia conditions, but not in the TA (29). This effect could be 

explained by the predominantly glycolytic basal metabolism of the TA, which is less dependent 

of oxygenation levels (29). Vegfa, whose expression increases in response to hypoxia via HIF1, 

plays a key role in angiogenesis to maintain sufficient oxygen supply to tissues (78). Ddit4 is 

expressed in cellular stress conditions, such as hypoxia, and leads to mTORC inhibition 

suppressing protein synthesis (51). Under SIH condition, Vegfa and Ddit4 were upregulated in 

both Soleus and TA muscles. However, the magnitude of the increase was greater in the Soleus, 

likely due to its higher oxygen dependence (29). It is also important to note that differences in 

resting blood flow between the TA and the Soleus muscles exist, as well as within TA subregions  (79). 

Here, we observed, in the entire muscle, that Vegfa expression, a key hypoxia-response gene involved 

in angiogenesis, displayed a higher increase in the Soleus compared to the TA muscle upon SIH 

exposure. This is consistent with the notion that muscles with higher oxidative capacity and blood flow 

exhibit a more pronounced adaptive response to hypoxaemia.  

Regarding muscle atrophy observed in COPD patients (80) it is important to emphasize that 

this muscle mass loss is multifactorial and cannot be explained only by SIH. Indeed, reduced 

exercise capacity, physical inactivity, systemic inflammation, and nutritional alterations all 

contribute to the atrophic phenotype described in patients (3). In the present study, we aimed 

to specifically isolate one hypoxemic component of the COPD pathophysiology using the SIH 

model, thereby reproducing only one aspect of the disease in a reductionist approach. SIH 

alone may be insufficient to induce muscle wasting in the absence of other systemic and 

behavioral factors mentioned hereabove. Furthermore, the intermittent, slow cycling, 
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sustained, and moderate pattern of the hypoxic exposure reflects an intermediate stage of the 

disease rather than advanced COPD, where muscle atrophy is more pronounced (80). 

Therefore, while this model allows the characterization of specific effects of the SIH pattern, it 

does not fully represent the complex pathophysiological phenotype of COPD patients. 

SIH modulates muscle mass regulators in a muscle-type dependent manner 

Myostatin is a well-known negative regulator of muscle mass, produced by skeletal muscle and 

acting on its receptor ActRIIB (81,82). Myostatin specifically inhibits the phosphorylation of 

Akt and induces the expression of atrophy-related genes via FOXO transcription factors, 

leading to muscle atrophy (81). Myostatin level was shown to be increased at mRNA and 

protein levels in Soleus and Gastrocnemius muscles of rats exposed to hypobaric hypoxaemia 

(simulated altitude of 4500m for 5 weeks) (22). Myostatin serum levels are also increased in  

patients with COPD (23), even if the role of hypoxemia in this effect remains to be 

demonstrated, given confounding factors. Here, our data revealed that SIH is associated to  

decrease in myostatin plasma level after 35 days, compared to the control group. This might 

potentially be attributed to the early decrease of Mstn expression in the TA fast-twitch muscle, 

one of the main sites of myostatin production (83). However, such a decrease was only 

observed at the mRNA level after 5 days of SIH but was no longer observed at later timepoints. 

This plasmatic decrease in myostatin levels without changes in the expression within muscles 

suggests the involvement of post-transcriptional and/or post-translational regulatory 

mechanisms. Myostatin is synthesized as an inactive pre-proprotein that undergoes several 

steps of proteolytic maturation before being secreted as an active form (84). Variations in the 

activity of these proteases can influence the amount of circulating active myostatin 

independently of changes in mRNA levels. Moreover, circulating myostatin is strongly 

regulated, notably by the myostatin propeptide, follistatin, or GASP-1, which can modulate its 

bioavailability (85). An increase in the amount of these inhibitors could thus contribute to the 

decrease in measured plasma levels. Myostatin is also produced by other tissues, such as 

muscles other than the ones studied in this work, as well as by adipose tissue, which can 

contribute to circulating levels. Differential regulation according to the tissues could explain 

the absence of local mRNA variation despite a systemic decrease in the amount of the protein. 

We should also note an increase of plasmatic myostatin over time in both the SIH and control 
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groups, likely due to a prolonged exposure to baseline experimental conditions, but without 

affecting SIH and control group comparability. 

Regarding the expression of genes encoding myostatin (Mstn) and its receptor (Acrv2b),  they 

have been reported to be predominantly expressed in fast-twitch type IIb fibres (IIb > IIx > IIa 

> I), which exhibit a larger cross-sectional area (82,83,86). In our CTL group, similar results 

were observed for Mstn expression, which was higher in the TA muscle (fast-twitch) than in  

the Soleus muscle (slow-twitch). In contrast, the Acvr2b receptor appears to have the same 

expression level in both muscles under basal conditions. When comparing Mstn expression in 

the two muscles after 35 days of SIH exposure, we once again observed a higher Mstn 

expression in the TA compared to the Soleus muscle, this time accompanied by an increased 

Acvr2b receptor expression in the Soleus compared to the TA.   

The decrease in plasma myostatin level at 35 days could, per se, supports the hypertrophic 

effects on type I fibres observed in the Soleus muscle of SIH mice (83), but concomitantly, an 

increase in Acvr2b expression was observed in the same muscle.This observation could reflect 

a compensatory mechanism in response to the decrease in circulating myostatin. Indeed, a 

reduction in the ligand could induce an up-regulation of its receptor in order to maintain tissue 

sensitivity to this signal (87). Therefore, even if not investigated in our study, myostatin 

receptor protein level, location, and downstream pathways might be interesting to better 

decipher the relative sensitivity of Soleus and TA muscles to myostatin circulating levels.  

Skeletal muscle adaptive response to hypoxaemia is often associated to modifications in the 

expression and/or activity of protein synthesis and degradation regulators (16,17,21). 

However, this response is highly dependent on the exposure pattern used, the type of muscle 

studied, and the animal model employed (24,49,86).  In the SIH model, we observed muscle-

specific effects when investigating the expression of genes encoding ubiquitin ligases Atrogin-

1 (Fbxo32) and MURF1 (Trim63). First, Fbxo32 was investigated as it is known to be responsible 

for the degradation of protein components involved in protein synthesis (MYOD1, eIF3-f) (88). 

The baseline Fbxo32 expression appeared similar in the two muscles. However, upon exposure 

to hypoxaemia at an early time point (8 hours), a higher expression was observed in the TA 

muscle when compared to the Soleus. This increase seems delayed in the soleus muscle. This 

is consistent with other studies reporting an attenuated response in the Soleus muscle 

regarding Fbxo32 expression due to its more oxidative basal metabolism (89). On the other 
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hand, Trim63 was investigated as a marker of muscle contractile protein degradation (proteins 

involved in ATP generation and myofibrillar proteins) (88). The expression of this gene 

significantly increased in the TA muscle at early timepoint, but not in the Soleus muscle. These 

data are in accordance with the hypertrophic phenotype observed in the Soleus muscle, but 

not in the TA muscle, where the early increase in the expression of both atrogenes supports 

an early activation of proteolysis in response to hypoxia, as it is often reported under these 

conditions (72,90). Indeed, mice exposed to normobaric hypoxia (FiO2 8%, 24h/24) showed 

an increase in Fbxo32 expression after 2 and 4 days of exposure in the Gastrocnemius muscle. 

This early degradation of contractile proteins via Trim63 and protein synthesis factors via 

Fbxo32 reinforces the absence of morphological effects observed at 35 days in the TA muscle. 

SIH differentially affects myogenic marker expression according to muscle type 

In our model, the expression of myogenic markers appears altered in the TA, but not in the 

Soleus muscle. This result is consistent with a previous study showing that hypobaric 

hypoxaemia did not impact the protein levels of MYOD1 and MYOG in the Soleus muscle of 

rats when compared to normoxia (37). Our results suggest an impairment of the regenerative 

capacity of the TA muscle of SIH mice, that have to be further confirmed in a lesional context. 

The fact that the Soleus muscle does not show any alteration in these markers indicates that 

the myogenic process was not affected in this muscle, suggesting that such an alteration would 

not limit its growth upon hypoxemic conditions. On the contrary, the altered expression of 

myogenic markers observed in the TA muscle could potentially limit muscle growth (91), a 

result in accordance with the absence of muscle hypertrophy in this muscle upon hypoxemia.    

Conclusion 

In conclusion, we developed a murine model of Sustained Intermittent Hypoxaemia to mimic 

the hypoxemic component of COPD patients and better understand its specific effect on 

skeletal muscle. We highlighted that SIH effects are muscle-type specific. Notably, slow type-I 

Soleus fibres presented a hypertrophy at the late timepoint, together with an early 

upregulation of HIF1 target genes, indicating a compensatory response to SIH. In the fast TA 

muscle, SIH did not impact myofibre CSA. Contrary to the Soleus, this muscle did not exhibit 

any increase of the HIF1 target gene Pdk1, suggesting distinct metabolic adaptations. The TA 

muscle was also characterized by an earlier and greater upregulation of two atrogenes, 
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consistent with the absence of hypertrophy. Importantly, this muscle showed altered myogenic 

marker expression, suggesting an altered regenerative capacity that remains to be assessed in 

a lesional context. In addition, myostatin plasmatic level was reduced upon SIH and could 

potentially be involved in muscle-type-specific effects observed, given the differential receptor 

expression in both muscles at baseline and upon SIH. Further investigations are now needed, 

notably at the protein levels, to decipher pathways involved in the muscle-type-specific effects 

of SIH and, particularly, to determine molecular mechanisms underlying the differential 

adaptive responses depending on myofibre type. 

List of abbreviations 

ACVR2B: Activin A Receptor Type IIB 

Akt: Protein Kinase B 

COPD: Chronic Obstructive Pulmonary Disease 

CSA: Cross-Sectional Area 

CTL: Control 

DDIT4: DNA Damage-Inducible Transcript 4 

EDL: Extensor Digitorum Longus 

eIF3-f: Eukaryotic Initiation Factor 3 subunit f 

ELISA: Enzyme-Linked Immunosorbent Assay 

EPO: Erythropoietin 

FBXO32: F-box Protein 32 

FIO2: Fraction of Inspired Oxygen 

FOXO: Forkhead box O 

HIF1: Hypoxia-Inducible Factor 1 

MSTN:  Myostatin 

mTORC: mTOR Complex 

Jo
ur

na
l P

re
-p

ro
of



 29 

MYF5: Myogenic Factor 5 

MyHC: Myosin Heavy Chain 

MYOD1: Myogenic Differentiation 1 

MYOG: Myogenin 

NS: Non-Significant 

NOTCH: Notch signaling pathway 

OCT: Optimal Cutting Temperature compound 

OxPhos: Oxidative Phosphorylation 

PAX7: Paired Box 7 

PBS: Phosphate-Buffered Saline 

PDK1: Pyruvate Dehydrogenase Kinase 1 

RT: Room Temperature 

RTQPCR: Reverse Transcription Quantitative PCR 

SCs: Satellite Cells 

SIH: Sustained Intermittent Hypoxaemia 

TA: Tibialis Anterior 

TRIM63: Tripartite Motif Containing 63 

VEGFA: Vascular Endothelial Growth Factor A 

WNT: WNT signaling pathway – Wingless-related integration site signaling pathway 

Declarations 

Ethics approval  

All procedures met the Belgian national standard requirements regarding animal care and 

were conducted in accordance with the Ethics and Welfare Committee of the University of 

Mons (reference number of the approved protocol: LE026/01).  

Jo
ur

na
l P

re
-p

ro
of



 30 

Availability of data and materials 

All data supporting the findings of this study are included in the article and its supplementary 

information files.  

Competing interests 

The authors declare they have no conflict of interest, financial or otherwise.  

Funding  

L.P. hold a UMONS Research Council PhD fellowship and a UMONS-UNamur PhD grant. The 

authors acknowledge the funding from Research Institute for Health Sciences and Technology 

(Grant call 2023-2025) and Fondation Raoul Warocqué (Grant call 2025).  

Author’s contribution  

L.P., A.L., C.M., A.T. conceived and designed the research; L.P., and V.J. performed the 

experiments; L.P. analyzed the data; L.P., C.M. and A.T. interpreted results of experiments; L.P., 

C.M. and A.T. prepared figures; L.P., C.M. and A.T. drafted the manuscript. L.P., V.J., A.L., C.M., 

and A.T. approved this version of the manuscript. 

Acknowledgements 

We thank Bernard Blairon for his technical assistance during optimization and utilisation of the 

hypoxic exposure device. We thank all co-authors of the Chodzyński et al., 2013 (PLoS One. 

8(4): e59973) for their collaboration in the initial conception of the hypoxic device. We thank 

Yamina Gourari for her contribution in the optimization of the hypoxic exposure device. We 

also thank Sarah Hennuy and Jérôme Francq for their precious advice and suggestions 

regarding animal welfare throughout the protocol. The authors are thankful to the Morph-Im 

technological platform (confocal microscopy – UNamur – Belgium). We finally thank 

BioRender, which was used for the graphical abstract (https:// BioRender.com).  

  

Jo
ur

na
l P

re
-p

ro
of



 31 

References 

1. Viegi G, Maio S, Fasola S, Baldacci S. Global Burden of Chronic Respiratory Diseases. J Aerosol 
Med Pulm Drug Deliv. août 2020;33(4):171‑7. doi:10.1089/jamp.2019.1576 PubMed PMID: 
32423274. 

2. Chen Y, Chen L. The impact of respiratory diseases on quality of life since the pandemic: a dual 
perspective based on objective consumption upgrading and subjective well-being. BMC Public 
Health. 26 nov 2025;25(1):4160. doi:10.1186/s12889-025-25300-9 

3. Evans RA, Morgan MDL. The systemic nature of chronic lung disease. Clin Chest Med. juin 
2014;35(2):283‑93. doi:10.1016/j.ccm.2014.02.009 PubMed PMID: 24874124. 

4. Gea J, Casadevall C, Pascual S, Orozco-Levi M, Barreiro E. Respiratory diseases and muscle 
dysfunction. Expert Rev Respir Med. févr 2012;6(1):75‑90. doi:10.1586/ers.11.81 PubMed PMID: 
22283581. 

5. Sarkar M, Niranjan N, Banyal P. Mechanisms of hypoxemia. Lung India. 2017;34(1):47‑60. 
doi:10.4103/0970-2113.197116 PubMed PMID: 28144061; PubMed Central PMCID: 
PMC5234199. 

6. Vogelmeier CF, Criner GJ, Martinez FJ, Anzueto A, Barnes PJ, Bourbeau J, et al. Global Strategy for 
the Diagnosis, Management, and Prevention of Chronic Obstructive Lung Disease 2017 Report: 
GOLD Executive Summary. Am J Respir Crit Care Med. 1 mars 2017;195(5):557‑82. 
doi:10.1164/rccm.201701-0218PP PubMed PMID: 28128970. 

7. Gea J, Pascual S, Casadevall C, Orozco-Levi M, Barreiro E. Muscle dysfunction in chronic 
obstructive pulmonary disease: update on causes and biological findings. J Thorac Dis. oct 
2015;7(10):E418-438. doi:10.3978/j.issn.2072-1439.2015.08.04 PubMed PMID: 26623119; 
PubMed Central PMCID: PMC4635259. 

8. Puig-Vilanova E, Martínez-Llorens J, Ausin P, Roca J, Gea J, Barreiro E. Quadriceps muscle 
weakness and atrophy are associated with a differential epigenetic profile in advanced COPD. Clin 
Sci (Lond). juin 2015;128(12):905‑21. doi:10.1042/CS20140428 PubMed PMID: 25628226. 

9. Torres SH, Montes de Oca M, Loeb E, Mata A, Hernández N. Gender and skeletal muscle 
characteristics in subjects with chronic obstructive pulmonary disease. Respir Med. janv 
2011;105(1):88‑94. doi:10.1016/j.rmed.2010.05.010 PubMed PMID: 20580542. 

10. Lacasse Y, Sériès F, Vujovic-Zotovic N, Goldstein R, Bourbeau J, Lecours R, et al. Evaluating 
nocturnal oxygen desaturation in COPD--revised. Respir Med. sept 2011;105(9):1331‑7. 
doi:10.1016/j.rmed.2011.04.003 PubMed PMID: 21561753. 

11. Lewis CA, Fergusson W, Eaton T, Zeng I, Kolbe J. Isolated nocturnal desaturation in COPD: 
prevalence and impact on quality of life and sleep. Thorax. févr 2009;64(2):133‑8. 
doi:10.1136/thx.2007.088930 PubMed PMID: 18390630. 

12. van Gestel AJR, Clarenbach CF, Stöwhas AC, Teschler S, Russi EW, Teschler H, et al. Prevalence and 
prediction of exercise-induced oxygen desaturation in patients with chronic obstructive 
pulmonary disease. Respiration. 2012;84(5):353‑9. doi:10.1159/000332833 PubMed PMID: 
22269699. 

Jo
ur

na
l P

re
-p

ro
of



 32 

13. Pierard M, Tassin A, Legrand A, Legrand A. Chronic hypoxaemia and gender status modulate 
adiponectin plasmatic level and its multimer proportion in severe COPD patients: new endotypic 
presentation? BMC Pulm Med. 1 oct 2020;20(1):255. doi:10.1186/s12890-020-01288-3 PubMed 
PMID: 32998721; PubMed Central PMCID: PMC7528580. 

14. Michiels C. Physiological and Pathological Responses to Hypoxia. The American Journal of 
Pathology. 1 juin 2004;164(6):1875‑82. doi:10.1016/S0002-9440(10)63747-9 

15. Semenza GL. Hypoxia-Inducible Factors in Physiology and Medicine. Cell. 3 févr 
2012;148(3):399‑408. doi:10.1016/j.cell.2012.01.021 

16. Favier FB, Britto FA, Freyssenet DG, Bigard XA, Benoit H. HIF-1-driven skeletal muscle adaptations 
to chronic hypoxia: molecular insights into muscle physiology. Cell Mol Life Sci. 23 août 
2015;72(24):4681‑96. doi:10.1007/s00018-015-2025-9 PubMed PMID: 26298291; PubMed 
Central PMCID: PMC11113128. 

17. Hoppeler H, Vogt M. Muscle tissue adaptations to hypoxia. J Exp Biol. sept 2001;204(Pt 
18):3133‑9. doi:10.1242/jeb.204.18.3133 PubMed PMID: 11581327. 

18. Green HJ, Sutton JR, Cymerman A, Young PM, Houston CS. Operation Everest II: adaptations in 
human skeletal muscle. J Appl Physiol (1985). mai 1989;66(5):2454‑61. 
doi:10.1152/jappl.1989.66.5.2454 PubMed PMID: 2745306. 

19. Romer LM, Haverkamp HC, Amann M, Lovering AT, Pegelow DF, Dempsey JA. Effect of acute 
severe hypoxia on peripheral fatigue and endurance capacity in healthy humans. Am J Physiol 
Regul Integr Comp Physiol. janv 2007;292(1):R598-606. doi:10.1152/ajpregu.00269.2006 
PubMed PMID: 16959862. 

20. D’Hulst G, Deldicque L. Human skeletal muscle wasting in hypoxia: a matter of hypoxic dose? J 
Appl Physiol (1985). 1 févr 2017;122(2):406‑8. doi:10.1152/japplphysiol.00264.2016 PubMed 
PMID: 27742801. 

21. de Theije C, Costes F, Langen RC, Pison C, Gosker HR. Hypoxia and muscle maintenance 
regulation: implications for chronic respiratory disease. Curr Opin Clin Nutr Metab Care. nov 
2011;14(6):548‑53. doi:10.1097/MCO.0b013e32834b6e79 PubMed PMID: 21934612. 

22. Hayot M, Rodriguez J, Vernus B, Carnac G, Jean E, Allen D, et al. Myostatin up-regulation is 
associated with the skeletal muscle response to hypoxic stimuli. Molecular and Cellular 
Endocrinology. janv 2011;332(1‑2):38‑47. doi:10.1016/j.mce.2010.09.008 

23. Ju CR, Chen RC. Serum myostatin levels and skeletal muscle wasting in chronic obstructive 
pulmonary disease. Respiratory Medicine. 1 janv 2012;106(1):102‑8. 
doi:10.1016/j.rmed.2011.07.016 

24. Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, et al. Akt/mTOR pathway is a 
crucial regulator of skeletal muscle hypertrophy and can prevent muscle atrophy in vivo. Nat Cell 
Biol. nov 2001;3(11):1014‑9. doi:10.1038/ncb1101-1014 PubMed PMID: 11715023. 

25. de Theije CC, Langen RCJ, Lamers WH, Schols AMWJ, Köhler SE. Distinct responses of protein 
turnover regulatory pathways in hypoxia- and semistarvation-induced muscle atrophy. Am J 
Physiol Lung Cell Mol Physiol. 1 juill 2013;305(1):L82-91. doi:10.1152/ajplung.00354.2012 
PubMed PMID: 23624791. 

Jo
ur

na
l P

re
-p

ro
of



 33 

26. Fiber Types in Mammalian Skeletal Muscles [Internet]. [cité 28 oct 2025]. Disponible sur: 
https://journals.physiology.org/doi/epdf/10.1152/physrev.00031.2010 
doi:10.1152/physrev.00031.2010 

27. Pisani DF, Dechesne CA. Skeletal muscle HIF-1alpha expression is dependent on muscle fiber 
type. J Gen Physiol. août 2005;126(2):173‑8. doi:10.1085/jgp.200509265 PubMed PMID: 
16043777; PubMed Central PMCID: PMC2266573. 

28. Chaillou T. Skeletal Muscle Fiber Type in Hypoxia: Adaptation to High-Altitude Exposure and 
Under Conditions of Pathological Hypoxia. Front Physiol. 2018;9:1450. 
doi:10.3389/fphys.2018.01450 PubMed PMID: 30369887; PubMed Central PMCID: PMC6194176. 

29. de Theije CC, Langen RC, Lamers WH, Gosker HR, Schols AM, Koehler SE. Differential sensitivity of 
oxidative and glycolytic muscles to hypoxia-induced muscle atrophy. Journal of Applied 
Physiology. 15 janv 2015;118(2):200‑11. doi:10.1152/japplphysiol.00624.2014 

30. Shin J, Nunomiya A, Kitajima Y, Dan T, Miyata T, Nagatomi R. Prolyl hydroxylase domain 2 
deficiency promotes skeletal muscle fiber-type transition via a calcineurin/NFATc1-dependent 
pathway. Skelet Muscle. 5 mars 2016;6:5. doi:10.1186/s13395-016-0079-5 PubMed PMID: 
26949511; PubMed Central PMCID: PMC4779261. 

31. Nguyen DD, Kim G, Pae EK. Modulation of Muscle Fiber Compositions in Response to Hypoxia via 
Pyruvate Dehydrogenase Kinase-1. Front Physiol. 15 déc 2016;7:604. 
doi:10.3389/fphys.2016.00604 PubMed PMID: 28018235; PubMed Central PMCID: PMC5156708. 

32. Sillau AH, Banchero N. Effects of hypoxia on capillary density and fiber composition in rat skeletal 
muscle. Pflugers Arch. 16 sept 1977;370(3):227‑32. doi:10.1007/BF00585531 PubMed PMID: 
563053. 

33. Itoh K, Moritani T, Ishida K, Hirofuji C, Taguchi S, Itoh M. Hypoxia-induced fibre type 
transformation in rat hindlimb muscles. Histochemical and electro-mechanical changes. Eur J 
Appl Physiol Occup Physiol. 1990;60(5):331‑6. doi:10.1007/BF00713495 PubMed PMID: 
2369905. 

34. Gosker HR, Zeegers MP, Wouters EFM, Schols AMWJ. Muscle fibre type shifting in the vastus 
lateralis of patients with COPD is associated with disease severity: a systematic review and meta‑
analysis. Thorax. nov 2007;62(11):944‑9. doi:10.1136/thx.2007.078980 PubMed PMID: 
17526675; PubMed Central PMCID: PMC2117111. 

35. Gosker HR, Mameren H van, Dijk PJ van, Engelen MPKJ, Vusse GJ van der, Wouters EFM, et al. 
Skeletal muscle fibre-type shifting and metabolic profile in patients with chronic obstructive 
pulmonary disease. European Respiratory Journal. 1 avr 2002;19(4):617‑25. 
doi:10.1183/09031936.02.00762001 PubMed PMID: 11998989. 

36. Jeffery Mador M, Bozkanat E. Skeletal muscle dysfunction in chronic obstructive pulmonary 
disease. Respir Res. 2 mai 2001;2(4):216. doi:10.1186/rr60 

37. Chaillou T, Koulmann N, Meunier A, Pugnière P, McCarthy JJ, Beaudry M, et al. Ambient hypoxia 
enhances the loss of muscle mass after extensive injury. Pflugers Arch. mars 2014;466(3):587‑98. 
doi:10.1007/s00424-013-1336-7 PubMed PMID: 23974966; PubMed Central PMCID: 
PMC4878136. 

Jo
ur

na
l P

re
-p

ro
of



 34 

38. Chaillou T, Koulmann N, Meunier A, Chapot R, Serrurier B, Beaudry M, et al. Effect of hypoxia 
exposure on the recovery of skeletal muscle phenotype during regeneration. Mol Cell Biochem. 
mai 2014;390(1‑2):31‑40. doi:10.1007/s11010-013-1952-8 PubMed PMID: 24385110. 

39. Jash S, Adhya S. Effects of Transient Hypoxia versus Prolonged Hypoxia on Satellite Cell 
Proliferation and Differentiation In Vivo. Stem Cells Int. 2015;2015:961307. 
doi:10.1155/2015/961307 PubMed PMID: 25788948; PubMed Central PMCID: PMC4348605. 

40. Nguyen TH, Conotte S, Belayew A, Declèves AE, Legrand A, Tassin A. Hypoxia and Hypoxia-
Inducible Factor Signaling in Muscular Dystrophies: Cause and Consequences. Int J Mol Sci. 5 juill 
2021;22(13):7220. doi:10.3390/ijms22137220 PubMed PMID: 34281273; PubMed Central 
PMCID: PMC8269128. 

41. Zammit PS, Golding JP, Nagata Y, Hudon V, Partridge TA, Beauchamp JR. Muscle satellite cells 
adopt divergent fates: a mechanism for self-renewal? J Cell Biol. 2 août 2004;166(3):347‑57. 
doi:10.1083/jcb.200312007 PubMed PMID: 15277541; PubMed Central PMCID: PMC2172269. 

42. Ceafalan LC, Popescu BO, Hinescu ME. Cellular players in skeletal muscle regeneration. Biomed 
Res Int. 2014;2014:957014. doi:10.1155/2014/957014 PubMed PMID: 24779022; PubMed 
Central PMCID: PMC3980925. 

43. Sinha KM, Tseng C, Guo P, Lu A, Pan H, Gao X, et al. Hypoxia-inducible factor 1α (HIF-1α) is a 
major determinant in the enhanced function of muscle-derived progenitors from MRL/MpJ mice. 
FASEB J. juill 2019;33(7):8321‑34. doi:10.1096/fj.201801794R PubMed PMID: 30970214; PubMed 
Central PMCID: PMC6593884. 

44. Wang C, Liu W, Liu Z, Chen L, Liu X, Kuang S. Hypoxia Inhibits Myogenic Differentiation through 
p53 Protein-dependent Induction of Bhlhe40 Protein. J Biol Chem. 11 déc 
2015;290(50):29707‑16. doi:10.1074/jbc.M115.688671 PubMed PMID: 26468276; PubMed 
Central PMCID: PMC4706003. 

45. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, et al. HIFalpha targeted for VHL-mediated 
destruction by proline hydroxylation: implications for O2 sensing. Science. 20 avr 
2001;292(5516):464‑8. doi:10.1126/science.1059817 PubMed PMID: 11292862. 

46. Wanet A, Arnould T, Najimi M, Renard P. Connecting Mitochondria, Metabolism, and Stem Cell 
Fate. Stem Cells Dev. 1 sept 2015;24(17):1957‑71. doi:10.1089/scd.2015.0117 PubMed PMID: 
26134242; PubMed Central PMCID: PMC4543487. 

47. Chodzyński KJ, Conotte S, Vanhamme L, Van Antwerpen P, Kerkhofs M, Legros JL, et al. A new 
device to mimic intermittent hypoxia in mice. PLoS One. 2013;8(4):e59973. 
doi:10.1371/journal.pone.0059973 PubMed PMID: 23565179; PubMed Central PMCID: 
PMC3615002. 

48. Haase VH. Regulation of erythropoiesis by hypoxia-inducible factors. Blood Rev. janv 
2013;27(1):41‑53. doi:10.1016/j.blre.2012.12.003 PubMed PMID: 23291219; PubMed Central 
PMCID: PMC3731139. 

49. Chaillou T. Skeletal Muscle Fiber Type in Hypoxia: Adaptation to High-Altitude Exposure and 
Under Conditions of Pathological Hypoxia. Front Physiol. 2018;9:1450. 
doi:10.3389/fphys.2018.01450 PubMed PMID: 30369887; PubMed Central PMCID: PMC6194176. 

Jo
ur

na
l P

re
-p

ro
of



 35 

50. Lindholm ME, Rundqvist H. Skeletal muscle hypoxia-inducible factor-1 and exercise. Experimental 
Physiology. 2016;101(1):28‑32. doi:10.1113/EP085318 

51. Britto FA, Dumas K, Giorgetti-Peraldi S, Ollendorff V, Favier FB. Is REDD1 a metabolic double 
agent? Lessons from physiology and pathology. Am J Physiol Cell Physiol. 1 nov 
2020;319(5):C807‑24. doi:10.1152/ajpcell.00340.2020 PubMed PMID: 32877205. 

52. Durieux AC, Amirouche A, Banzet S, Koulmann N, Bonnefoy R, Pasdeloup M, et al. Ectopic 
expression of myostatin induces atrophy of adult skeletal muscle by decreasing muscle gene 
expression. Endocrinology. juill 2007;148(7):3140‑7. doi:10.1210/en.2006-1500 PubMed PMID: 
17395701. 

53. Hernández-Hernández JM, García-González EG, Brun CE, Rudnicki MA. The myogenic regulatory 
factors, determinants of muscle development, cell identity and regeneration. Semin Cell Dev Biol. 
déc 2017;72:10‑8. doi:10.1016/j.semcdb.2017.11.010 PubMed PMID: 29127045; PubMed 
Central PMCID: PMC5723221. 

54. Zammit PS. Function of the myogenic regulatory factors Myf5, MyoD, Myogenin and MRF4 in 
skeletal muscle, satellite cells and regenerative myogenesis. Semin Cell Dev Biol. déc 
2017;72:19‑32. doi:10.1016/j.semcdb.2017.11.011 PubMed PMID: 29127046. 

55. de Theije CC, Schols AMWJ, Lamers WH, Neumann D, Köhler SE, Langen RCJ. Hypoxia impairs 
adaptation of skeletal muscle protein turnover- and AMPK signaling during fasting-induced 
muscle atrophy. PLoS One. 2018;13(9):e0203630. doi:10.1371/journal.pone.0203630 PubMed 
PMID: 30212583; PubMed Central PMCID: PMC6136752. 

56. Lewis P, O’Halloran KD. Diaphragm Muscle Adaptation to Sustained Hypoxia: Lessons from Animal 
Models with Relevance to High Altitude and Chronic Respiratory Diseases. Front Physiol. 
2016;7:623. doi:10.3389/fphys.2016.00623 PubMed PMID: 28018247; PubMed Central PMCID: 
PMC5149537. 

57. Tkacova R, Ukropec J, Skyba P, Ukropcova B, Pobeha P, Kurdiova T, et al. Effects of hypoxia on 
adipose tissue expression of NFκB, IκBα, IKKγ and IKAP in patients with chronic obstructive 
pulmonary disease. Cell Biochem Biophys. mai 2013;66(1):7‑12. doi:10.1007/s12013-012-9391-9 
PubMed PMID: 22798194. 

58. Stolz D, Boersma W, Blasi F, Louis R, Milenkovic B, Kostikas K, et al. Exertional hypoxemia in stable 
COPD is common and predicted by circulating proadrenomedullin. Chest. août 
2014;146(2):328‑38. doi:10.1378/chest.13-1967 PubMed PMID: 24722847. 

59. Okur HK, Pelin Z, Yuksel M, Yosunkaya S. Lipid peroxidation and paraoxonase activity in nocturnal 
cyclic and sustained intermittent hypoxia. Sleep Breath. mars 2013;17(1):365‑71. 
doi:10.1007/s11325-012-0703-5 PubMed PMID: 22528954. 

60. Pierard M, Tassin A, Conotte S, Zouaoui Boudjeltia K, Legrand A. Sustained Intermittent 
Hypoxemia Induces Adiponectin Oligomers Redistribution and a Tissue-Specific Modulation of 
Adiponectin Receptor in Mice. Front Physiol. 2019;10:68. doi:10.3389/fphys.2019.00068 PubMed 
PMID: 30800074; PubMed Central PMCID: PMC6376175. 

61. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke BA, et al. Identification of ubiquitin 
ligases required for skeletal muscle atrophy. Science. 23 nov 2001;294(5547):1704‑8. 
doi:10.1126/science.1065874 PubMed PMID: 11679633. 

Jo
ur

na
l P

re
-p

ro
of



 36 

62. Intermittent Hypoxia-Hyperoxia Conditioning Improves Cardiorespiratory Fitness in Older 
Comorbid Cardiac Outpatients Without Hematological Changes: A Randomized Controlled Trial - 
PubMed [Internet]. [cité 7 nov 2025]. Disponible sur: 
https://pubmed.ncbi.nlm.nih.gov/30251879/ 

63. Conotte S, Tassin A, Conotte R, Colet JM, Zouaoui Boudjeltia K, Legrand A. Metabonomic profiling 
of chronic intermittent hypoxia in a mouse model. Respir Physiol Neurobiol. oct 
2018;256:157‑73. doi:10.1016/j.resp.2018.02.015 PubMed PMID: 29522877. 

64. Schreier DA, Hacker TA, Hunter K, Eickoff J, Liu A, Song G, et al. Impact of increased hematocrit on 
right ventricular afterload in response to chronic hypoxia. J Appl Physiol (1985). 15 oct 
2014;117(8):833‑9. doi:10.1152/japplphysiol.00059.2014 PubMed PMID: 25170068; PubMed 
Central PMCID: PMC4199994. 

65. Kang J, Li Y, Hu K, Lu W, Zhou X, Yu S, et al. Chronic intermittent hypoxia versus continuous 
hypoxia: Same effects on hemorheology? Clin Hemorheol Microcirc. 12 sept 2016;63(3):245‑55. 
doi:10.3233/CH-151973 PubMed PMID: 26444604. 

66. De Galan C, De Vos M, Hindryckx P, Laukens D, Van Welden S. Long-Term Environmental Hypoxia 
Exposure and Haematopoietic Prolyl Hydroxylase-1 Deletion Do Not Impact Experimental Crohn’s 
Like Ileitis. Biology. sept 2021;10(9):887. doi:10.3390/biology10090887 

67. Arias-Reyes C, Soliz J, Joseph V. Mice and Rats Display Different Ventilatory, Hematological, and 
Metabolic Features of Acclimatization to Hypoxia. Front Physiol. 12 mars 2021;12:647822. 
doi:10.3389/fphys.2021.647822 PubMed PMID: 33776799; PubMed Central PMCID: 
PMC7994900. 

68. Suliman HB, Ali M, Piantadosi CA. Superoxide dismutase-3 promotes full expression of the EPO 
response to hypoxia. Blood. 1 juill 2004;104(1):43‑50. doi:10.1182/blood-2003-07-2240 PubMed 
PMID: 15016652. 

69. Wang H, Liu D, Song P, Jiang F, Chi X, Zhang T. Exposure to hypoxia causes stress erythropoiesis 
and downregulates immune response genes in spleen of mice. BMC Genomics. 5 juin 
2021;22(1):413. doi:10.1186/s12864-021-07731-x 

70. Armstrong RB, Phelps RO. Muscle fiber type composition of the rat hindlimb. Am J Anat. nov 
1984;171(3):259‑72. doi:10.1002/aja.1001710303 PubMed PMID: 6517030. 

71. Sakushima K, Yoshikawa M, Osaki T, Miyamoto N, Hashimoto T. Moderate hypoxia promotes 
skeletal muscle cell growth and hypertrophy in C2C12 cells. Biochemical and Biophysical Research 
Communications. 14 mai 2020;525(4):921‑7. doi:10.1016/j.bbrc.2020.02.152 

72. Song J, Jaklofsky M, Carmone C, Boer V de, Wever N, Keijer J, et al. Six-hour hypoxia induced 
protein degradation in M. gastrocnemius of 24-day-old mice by activating FOXO1 and suppressing 
AKT-mTORC1. American Journal of Physiology-Endocrinology and Metabolism. 3 janv 2025. 
Located at: Rockville, MD. doi:10.1152/ajpendo.00508.2024 

73. Qaisar R, Bhaskaran S, Van Remmen H. Muscle fiber type diversification during exercise and 
regeneration. Free Radic Biol Med. sept 2016;98:56‑67. 
doi:10.1016/j.freeradbiomed.2016.03.025 PubMed PMID: 27032709. 

Jo
ur

na
l P

re
-p

ro
of



 37 

74. Slot IGM, Schols AMWJ, Vosse BAH, Kelders MCJM, Gosker HR. Hypoxia differentially regulates 
muscle oxidative fiber type and metabolism in a HIF-1α-dependent manner. Cell Signal. sept 
2014;26(9):1837‑45. doi:10.1016/j.cellsig.2014.04.016 PubMed PMID: 24794533. 

75. Pette D, Staron RS. Myosin isoforms, muscle fiber types, and transitions. Microsc Res Tech. 15 
sept 2000;50(6):500‑9. doi:10.1002/1097-0029(20000915)50:6<500::AID-JEMT7>3.0.CO;2-7 
PubMed PMID: 10998639. 

76. Yfantis A, Mylonis I, Chachami G, Nikolaidis M, Amoutzias GD, Paraskeva E, et al. Transcriptional 
Response to Hypoxia: The Role of HIF-1-Associated Co-Regulators. Cells. janv 2023;12(5):798. 
doi:10.3390/cells12050798 

77. Zhang S, Hulver MW, McMillan RP, Cline MA, Gilbert ER. The pivotal role of pyruvate 
dehydrogenase kinases in metabolic flexibility. Nutrition & Metabolism. 12 févr 2014;11(1):10. 
doi:10.1186/1743-7075-11-10 

78. Ramakrishnan S, Anand V, Roy S. Vascular Endothelial Growth Factor Signaling in Hypoxia and 
Inflammation. J Neuroimmune Pharmacol. 1 mars 2014;9(2):142‑60. doi:10.1007/s11481-014-
9531-7 

79. Armstrong RB, Laughlin MH. Exercise blood flow patterns within and among rat muscles after 
training. Am J Physiol. janv 1984;246(1 Pt 2):H59-68. doi:10.1152/ajpheart.1984.246.1.H59 
PubMed PMID: 6696089. 

80. Maltais F, Decramer M, Casaburi R, Barreiro E, Burelle Y, Debigaré R, et al. An official American 
Thoracic Society/European Respiratory Society statement: update on limb muscle dysfunction in 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 1 mai 2014;189(9):e15-62. 
doi:10.1164/rccm.201402-0373ST PubMed PMID: 24787074; PubMed Central PMCID: 
PMC4098112. 

81. Rodriguez J, Vernus B, Chelh I, Cassar-Malek I, Gabillard JC, Hadj Sassi A, et al. Myostatin and the 
skeletal muscle atrophy and hypertrophy signaling pathways. Cell Mol Life Sci. nov 
2014;71(22):4361‑71. doi:10.1007/s00018-014-1689-x PubMed PMID: 25080109; PubMed 
Central PMCID: PMC11113773. 

82. Hoogaars WMH, Jaspers RT. Past, Present, and Future Perspective of Targeting Myostatin and 
Related Signaling Pathways to Counteract Muscle Atrophy. Adv Exp Med Biol. 
2018;1088:153‑206. doi:10.1007/978-981-13-1435-3_8 PubMed PMID: 30390252. 

83. Carlson CJ, Booth FW, Gordon SE. Skeletal muscle myostatin mRNA expression is fiber-type 
specific and increases during hindlimb unloading. Am J Physiol. août 1999;277(2 Pt 2):R601-606. 
doi:10.1152/ajpregu.1999.277.2.r601 PubMed PMID: 10444569. 

84. Baig MH, Ahmad K, Moon JS, Park SY, Ho Lim J, Chun HJ, et al. Myostatin and its Regulation: A 
Comprehensive Review of Myostatin Inhibiting Strategies. Front Physiol. 23 juin 2022;13:876078. 
doi:10.3389/fphys.2022.876078 PubMed PMID: 35812316; PubMed Central PMCID: 
PMC9259834. 

85. Rodgers BD, Garikipati DK. Clinical, Agricultural, and Evolutionary Biology of Myostatin: A 
Comparative Review. Endocr Rev. août 2008;29(5):513‑34. doi:10.1210/er.2008-0003 PubMed 
PMID: 18591260; PubMed Central PMCID: PMC2528853. 

Jo
ur

na
l P

re
-p

ro
of



 38 

86. McPherron AC, Lee SJ. Double muscling in cattle due to mutations in the myostatin gene. Proc 
Natl Acad Sci U S A. 11 nov 1997;94(23):12457‑61. doi:10.1073/pnas.94.23.12457 PubMed PMID: 
9356471; PubMed Central PMCID: PMC24998. 

87. Shi CL, Wu L. Ligand-deprivation activates receptor signaling. Mol Plant. 1 nov 2022;S1674-
2052(22)00405-1. doi:10.1016/j.molp.2022.11.005 PubMed PMID: 36371637. 

88. Bodine SC, Baehr LM. Skeletal muscle atrophy and the E3 ubiquitin ligases MuRF1 and 
MAFbx/atrogin-1. Am J Physiol Endocrinol Metab. 15 sept 2014;307(6):E469‑84. 
doi:10.1152/ajpendo.00204.2014 PubMed PMID: 25096180; PubMed Central PMCID: 
PMC4166716. 

89. Okamoto T, Torii S, Machida S. Differential gene expression of muscle-specific ubiquitin ligase 
MAFbx/Atrogin-1 and MuRF1 in response to immobilization-induced atrophy of slow-twitch and 
fast-twitch muscles. J Physiol Sci. nov 2011;61(6):537‑46. doi:10.1007/s12576-011-0175-6 

90. Downregulation of Akt/mammalian target of rapamycin pathway in skeletal muscle is associated 
with increased REDD1 expression in response to chronic hypoxia [Internet]. [cité 27 oct 2025]. 
Disponible sur: https://journals.physiology.org/doi/epdf/10.1152/ajpregu.00550.2009 
doi:10.1152/ajpregu.00550.2009 

91. Loss of MyoD and Myf5 in Skeletal Muscle Stem Cells Results in Altered Myogenic Programming 
and Failed Regeneration - PMC [Internet]. [cité 26 nov 2025]. Disponible sur: 
https://pmc.ncbi.nlm.nih.gov/articles/PMC5918368/?utm_source=chatgpt.com 

 

 

 

Declaration of interests 
  

☐ The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 
  

☒ The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests: Alexandra Tassin reports financial support was provided 
by Fondation Raoul Warocque. Alexandra Tassin reports financial support was provided by Research 
Institute for Health Sciences and Technology (UMONS). Lise Paprzycki reports financial support was 
provided by UMONS-UNAMUR Research Councils. Lise Paprzycki reports financial support was 
provided by UMONS Research Council. If there are other authors, they declare that they have no 
known competing financial interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of




