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Acute environmental hypoxia potentiates satellite cells-dependent myogenesis in response to resistance exercise through the inflammation pathway in human
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Nonstandard Abbreviations
FiO2: Fraction of inspired oxygen
MRF: myogenic regulatory factors
Pax7: paired box 7:
Myf5: myogenic factor 5
MyoD: myogenic differentiation
IGF: insulin-like growth factor
Il: Interleukin
STAT3: signal transducer and activator of transcription 3
HIF-1: hypoxia-inducible factor-1
BHLHE40: basic helix-loop-helix family member E40
NF-κB: nuclear factor kappa B
Pmp22: peripheral myelin protein 22
YAP: yes associated protein
TAZ: Taffazin
Cyr61: cysteine rich angiogenic inducer 61
CTGF: connective tissue growth factor
TNFα: tumor necrosis factor alpha
IFNγ: Interferon Gamma 
GM-CSF: granulocyte macrophage colony stimulating factor
ADAMTS5: ADAM metallopeptidase with thrombospondin type 1 motif 5
Gulp1: GULP PTB domain containing engulfment adaptor 1
IKzf2: IKAROS family zinc finger 2


ABSTRACT
Purpose: Acute environmental hypoxia may potentiate muscle hypertrophy in response to resistance training but the mechanisms are still unknown.
Method: Twenty subjects performed a 1-leg knee extension session (8 sets of 8 repetitions at 80% 1 repetition maximum, 2-min rest between sets) in normoxic or normobaric hypoxic conditions (FiO2 14%). Muscle biopsies were taken 15 min and 4 hours after exercise in the vastus lateralis of the exercised and the non-exercised legs. Blood samples were taken immediately, 2h and 4h after exercise.
Findings: In vivo, hypoxic exercise fostered acute inflammation mediated by the TNFα/NF-κB/IL-6/STAT3 (+333%, +194%, + 163% and +50% respectively) pathway, which has been shown to contribute to satellite cells myogenesis. Inflammation activation was followed by skeletal muscle invasion by CD68 (+63%) and CD197 (+152%) positive immune cells, both known to regulate muscle regeneration. The role of hypoxia-induced activation of inflammation in myogenesis was confirmed in vitro. Acute hypoxia promoted myogenesis through increased Myf5 (+300%), MyoD (+88%), myogenin (+1816%) and MRF4 (+489%) mRNA levels in primary myotubes and this response was blunted by siRNA targeting STAT3.
Conclusion: Our results suggest that hypoxia could improve muscle hypertrophic response following resistance exercise through IL-6/STAT3-dependent myogenesis and immune cells-dependent muscle regeneration.
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INTRODUCTION
Being mainly composed of proteins, skeletal muscle mass is largely regulated by the balance between protein synthesis and degradation (1). However, several studies had proposed that skeletal muscle growth could also require satellite cells activation, proliferation, differentiation and fusion (2). This process also called myogenesis would be crucial during muscle hypertrophy to keep constant myonuclei domains, which is defined as the ratio between cells volume and nuclei number (3). Moreover, satellite cells activation is also important for muscle fibers regeneration following exercise-induced micro-injuries (4). Myogenic program is controlled by several transcription factors named myogenic regulatory factors (MRF) such as paired box 7 (Pax7), myogenic factor 5 (Myf5), myogenic differentiation (MyoD), myogenin and myogenic regulatory factor 4 (MRF4) (5). Myogenic differentiation is also regulated by the cyclin protein family (6). Resistance training is a well-known strategy to induce skeletal muscle hypertrophy notably through protein synthesis activation, proteolysis inhibition and activation of the myogenic program (7). At a molecular level, resistance training promotes insulin-like growth factor-1 (IGF1), interleukin-6 (IL-6)/ signal transducer and activator of transcription 3 (STAT3) and Hippo cellular pathways, which are known to foster myogenesis through direct regulation of MRF (8-13).
Although chronic hypoxia induces skeletal muscle wasting (14), intermittent hypoxia has recently been identified as an efficient stimulus to promote satellite cells proliferation and muscle protein accretion (15, 16). Based on these observations, several studies have demonstrated that intermittent hypoxia potentiates muscle hypertrophy and/or strength induced by resistance training (17-20) (even if other authors showed equivocal results (21)), however the mechanisms involved in this process are largely unknown. In our previous study, we did not observed any impact of acute hypoxia (FiO2=14%) on protein synthesis after resistance exercise (22). Moreover, proteolysis marker FOXO3a was activated only in the hypoxic exercised group, discrediting a beneficial effect of acute hypoxia on protein balance in our conditions (22). Nevertheless, our results showed that acute hypoxia potentiated resistance exercise-induced myogenic program activation (22). Cyclin D1, myogenin and MRF4 mRNA levels were increased after exercise only in the hypoxic group (22). Altogether, our previous results suggested that acute hypoxia would potentiate resistance training-induced hypertrophy through activation of satellite cells-dependent myogenesis rather than improvement in protein balance. However, the cellular pathways regulating this myogenesis remain to be identified. 
In vitro, the effect of hypoxia on satellite cell activation, proliferation and differentiation is controversial as it depends on the severity and duration of hypoxic exposure (23). In addition, the role of hypoxia-inducible factor-1 alpha (HIF-1α) in those events is still unclear. On the one hand, chronic hypoxia is known to increase the expression of the myogenesis inhibitors myostatin and basic helix-loop-helix family member E40 (BHLHE40) (24, 25). On the other hand, acute hypoxia promotes myogenic differentiation and induces nuclear factor kappa B (NF-κB)/IL-6/STAT3 and Hippo pathway activation, which are both known to activate the myogenic program (26-28). Mechanistically, IL-6 is responsible for STAT3 translocation in the nucleus (29). In turn, STAT3 regulates expression of proteins involved in skeletal muscle and other tissue differentiation, such as cyclin D1, Myf5, myogenin and peripheral myelin protein 22 (pmp22) (29-32). The Hippo pathway fosters myogenesis through its two effectors yes associated protein (YAP) and tafazzin (TAZ) transcription factors (12). YAP promotes satellite cells activation, migration and proliferation (12). In contrast, TAZ is responsible for muscle satellite cell differentiation and fusion (12).Interestingly, in addition to hypoxia, both IL-6/STAT3 and Hippo pathways are activated by resistance training (9, 10). Based on our previous experiment and the results observed in other studies, we hypothesize that IL-6/STAT3 and Hippo pathways contribute to the additive effect of hypoxia on the activation of myogenesis by resistance exercise in human. Therefore, the present study aims at determining the activation of those 2 pathways by different hypoxic conditions coupled or not to exercise in both human skeletal muscle samples and in primary myogenic cell cultures.


MATERIALS AND METHODS
Subjects
Twenty young physically active men gave their consents to participate in the study (mean±SEM; body mass index, 22.2±0.3kg/m2; age 22.2±0.4y). The experiment was approved by the Ethical Committee of the Université catholique de Louvain and conducted in accordance with the Declaration of Helsinki. The exclusion criteria were cardiovascular or pulmonary disease, chronic medication, any contraindication to resistance training, or having been exposed to an altitude above 1500 M during the month before the experiment. Here, we used the remaining muscle and blood samples of a previous study (22) to investigate the effect of acute hypoxic exercise on the activation of the myogenic program. All results reported here are original and not reported previously.
Protocol
The protocol was detailed in our previous study (22). Briefly, the subjects were randomly distributed into 2 groups, hypoxia (Hyp, n = 10) or normoxia (Norm, n = 10). Normobaric hypoxia was achieved following azote injection in a confined room to dilute oxygen content in the air (High altitude system B-Cat, Tiel, The Netherlands). A week before the experiment, height and weight were determined. The 1-repetition maximum of the right leg was determined on a knee extension device (Pro-Dual; Body-Solid, Forest Park, IL, USA). The day of the experiment, the subjects came to the laboratory in a fasted state. After blood collection, they received a standardized breakfast, complemented with 10g essential amino acids. One hour after consumption of the meal, the 1-leg knee extension exercise session began (8 sets of 8 repetitions at 80% 1 repetition maximum, 2-min rest between sets) either in normoxic or hypoxic (FiO2: 14%) conditions. Each set lasted for 25s. In total, the whole session, and thereby the exposition to hypoxia or normoxia, lasted for 30min. Blood samples were collected immediately and 4 h after exercise. Muscle biopsies were taken from the vastus lateralis of the exercised and nonexercised (control) legs within 15min after exercise and 4h after exercise.
Tissue collection
Blood. Blood was taken from an antecubital vein in tubes containing EDTA and immediately put on ice. Plasma was separated from hematocrit via 10min of 3000g centrifugation at 4°C. Then plasma was stored at -80°C.
Muscle biopsies. Vastus lateralis muscle biopsies were taken according to the modified Bergström technique with suction. After local anesthesia (xylocaine 2% without adrenaline; Astra Zeneca, Cambridge, United Kingdom), an incision was made with a scalpel, and pressure was applied for 10min to reduce blood flow. The Bergström needle was then gently inserted into the incision beyond the muscle fascia and 3 successive cuts were performed to obtain about 150mg of tissue/sample. The samples were immediately frozen in liquid nitrogen or included in Optimal Cutting Temperature compound and stored at -80°C. 
RNA isolation and real-time qPCR
Approximately 20-25mg of muscle sample was homogenized in 1 ml Trizol reagent (Thermo Fisher Scientific) with a Polytron mixer (Kinematica, Lucerne, Switzerland). RNA isolation was achieved according to the manufacturer’s instructions. RNA quality and quantity were assessed by Nanodrop (Thermo Fisher Scientific) spectrophotometry. Reverse transcription was assessed on 1ng RNA using the iScriptcDNA Synthesis Kit (Bio-Rad Laboratories). The PCR protocol was: 3min at 95°C, followed by 35 cycles of 30s at 95°C, 30s at 60°C, and 30s at 72°C. All samples were measured in duplicate in 10-μl solution containing 4.8μl IQ SybrGreen SuperMix (Bio-Rad Laboratories), 0.1μl of each primer (100 nM final), and 5μl cDNA at the appropriate dilution. Melting curves were systematically performed for quality control. Quantification was assessed using the delta delta CT method, reporting target gene expression to housekeeping gene (RPL19 for in vivo experiments and GAPDH for in vitro experiments.) All results are presented relative to individual T15min normoxic control leg mRNA levels, which was previously set to 1.0. 
Total Protein isolation
Approximately 20-25 mg of muscles samples was homogenized with a Polytron mixer in an ice-cold lysis buffer [20mM Tris–HCl (pH 7.0), 270 mM sucrose, 5 mM EGTA, 1 mM EDTA, 1mM sodiumorthovanadate, 50mM beta-glycerophosphate, 5mM sodium pyrophosphate, 50mM sodium fluoride, 1mM DTT, 1% Triton X-100, and a complete protease inhibitor tablet], centrifuged at 10,000g for 10min at 4°C. Then supernatant was portioned into aliquots and stored at -80°C. 
Nuclear protein isolation
Subcellular fractionation was performed on frozen muscles. Briefly, approximately 20-25mg of muscle biopsy was homogenized in STM buffer (250mM sucrose, 50mM Tris HCl (pH 7.4), 5mM MgCl2, protease/phosphatase inhibitor cocktail). Muscle lysate was centrifuged at 800g to separate nuclear enriched fraction (pellet) from others (supernatant). Nuclear enriched fraction was successively washed and centrifuged 3 times in STM buffer, then resuspended in NET buffer (20mM HEPES (pH 7.9), 1.5mM MgCl2, 0.5M NaCl, 0.2mM EDTA, 20 % Glycerol, 1 % triton X100, protease/phosphatase inhibitor cocktail). Protein of the other fractions were precipitated with acetone and centrifuged at 12,000 g. Finally, the supernatant was discarded and the proteins precipitated in the pellet were re-suspended in STM buffer. 
Western blotting
For Western blotting, 15-70mg of protein was separated by SDS-PAGE (8-15% gels) and transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk for 1 h and incubated overnight at 4°C with primary antibody antibodies: NF-κb, STAT3, β-Catenin, phospho-YAP ser127, eEF2 and HIF-1α (dilution 1/500 or 1:1000, all from Cell Signaling Technology, Danvers, MA,USA), fibrillarin (dilution 1/1000, from Abcam, Cambridge, UK) and tubulin (dilution 1/1000, from Sigma-Aldrich, Saint Louis, MI, USA). Then membranes were incubated in secondary anti-mouse (1:5000) or anti-rabbit (1:1000) antibodies conjugated to horseradish peroxidase. Chemiluminescent HRP substrate was then added to the membranes and membranes were thereafter scanned with GeneSnap software and tools (Syngene, Cambridge, United Kingdom). All results are presented relative to individual T15min normoxic control leg protein expression, which was previously set to 1.0.
Skeletal muscle cryosection immunofluorescence
Six-µm muscle sections were obtained from biopsies included in OCT and conserved at -80°C. Sections were performed with a cryostat cryotome (Thermo scientific). After PBS washing, muscle sections were saturated in PBS 20% normal goat serum during 30min. Then, muscle sections were incubated in primary antibodies (CD68, cell signaling and Laminin, Novus, Saint Charles, MI, USA) diluted at 1/300 in PBS 20% normal goat serum overnight at 4°C. After washing, secondary antibodies (Alexa fluor 568 anti-mouse IgG1 and Alexa fluor 488 anti-rabbit IgG both from Invitrogen) diluted in PBS 20% normal goat serum at 1/500 were added in muscle sections during 1h at room temperature. Finally, mounting medium containing dapi was added on muscle sections. Pictures were acquired with a fluorescent microscope (Zeiss Axio a1, from Zeiss, Oberkochen, Germany).
IGF1 and cytokine plasma concentration measurement 
Plasma concentrations of IGF-1 and cytokines (GM-CFS, INFγ, IL-2, IL-4, IL-6, IL-8, IL-10 and TNFα) were measured by ELISA method using Human IGF1 ELISA kit (Abcam) and Bio-Plex Precision Pro Human Cytokine 10-Plex Panel (Biorad), respectively.
Cell culture 
Myoblasts were purified from muscle biopsies and were grown in DMEM/F12 with 20% foetal bovine serum (FBS), 0.2% Ultroser G and 1% penicillin/streptomycin for proliferation experiments and in 2% FBS 1% penicillin/streptomycin for differentiation experiments. Cell counting and cellular fractionation were performed in cells in proliferation. The differentiation index was calculated and the mRNA levels were quantified in cells in differentiation. One percent O2 conditions were achieved using a hypoxic chamber (GP Campus, Jacomex SAS, Dagneux, France). Acute hypoxia corresponded to a 1-h or 24-h single exposure to 1% O2, chronic hypoxia corresponded to 24-h exposure to 1% or 0.1% O2 per day and intermittent hypoxia to 1-h exposure to 1% or 0.1% O2 per day. Immunofluorescence analyses as well as protein and mRNA extraction in all conditions was done just after the 1-h exposure in the intermittent hypoxic group. 
siRNA experiments
Five nmol of siRNA STAT3 (ON-TARGET plus Human STAT3 siRNA-SMARTpool, Dharmacon, Lafayette, Colorado) and cyclophilin B control (ON-TARGET plus Human Cyclophilin B control siRNA-SMARTpool) were diluted in 1ml of RNAse and DNAse free water to obtain a 5µM solution of siRNA. Then siRNA were diluted at 1/20 in serum free differentiation medium (250nM), which were further diluted 2 times in serum free differentiation medium containing 1% of transfection reagent (DharmaFECT 1 transfection reagent, Dharmacon). After 20-min incubation at room temperature, siRNA solutions (125nM, 0.5% transfection reagent) were diluted at 1/5 in antibiotic free differentiation medium to obtain a final siRNA solution of 25nM and 0.1% of transfection reagent. Lastly, after PBS washing, cells were incubated with the final siRNA solution for 24h, 48h or 72h after the beginning of the differentiation phase as specified in the legend of Figure 5.
Cell RNA isolation
Cells were collected in 400µl of Trizol. For subsequent steps, refer to RNA extraction and real-time qPCR section above.
Cell nuclear protein isolation
Culture medium was removed and cells were washed 2 times with PBS and 1 time with hepes buffer (HEPES 20mM, NaF 5mM, Na2MO4 1mM, EDTA 0.1mM and protease inhibitors cocktail). Then cells were lysed with lysis buffer composed of the hepes buffer plus NP-40 0.5%. Lysate was centrifuged at 15,000g during 2min. The pellet contained crude nuclei and the supernatant contained cytosolic and other fraction proteins. Then the pellet was re-suspended in a buffer composed of the hepes buffer, 20% glycerol, protease and phosphatase inhibitors cocktail. The volume of the resuspended pellet was measure and an equal volume of saline buffer, composed of hepes buffer, 20% glycerol, NaCl 0.8M, protease and phosphatase inhibitors cocktail, was added. Finally, samples were gently shaken for 30min at 4°C, then centrifuged at 15,000g to removed nuclear membrane debris and DNA. The supernatant contained nuclear proteins and was stored at -80°C.
Cell immunofluorescence and fusion index
Cells were fixed 5min at room temperature with PBS 3.7% paraformaldehyde, then washed 3 times with PBS. Cells were permeabilized 5min at room temperature with PBS containing 0.5% triton 100X, then washed 2 times with PBS and 1 time with PBS containing 0.5% BSA to saturate antibodies nonspecific liaison sites. Cells were incubated 1h at 37°C in an anti-desmin solution (Agilent Technologies, Santa Clara, CA, USA) diluted at 1/1000 in PBS containing 0.5% BSA. After 3 washes with PBS, cells were incubated 30min at 37°C in secondary antibody (Alexa fluor 488 anti-Mouse IgG) diluted at 1/100 in PBS 0.5% BSA. Finally, after 3 washes, montage medium containing Dapi was added and cells were conserved in darkness at 4°C. Pictures were realized with fluorescence microscope (Zeiss). Fusion index was obtained by the ratio between myotubes nuclei and total nuclei (all cells containing minimum 3 nuclei were considered as myotubes) 
Statistics
All values are expressed as means + SEM. Two-way repeated-measures ANOVA was performed for in vivo experiments considering groups (HYP or NOR) as the intergroup factor, and time (15min postexercise and 4h postexercise) and condition (rest and exercise) as intragroup factors. Two-way ANOVA was performed for in vitro qPCR analysis and one-way ANOVA for the other in vitro analyses. LSD Fisher post hoc analyses were performed to compare all groups and statistical significance was fixed at P≤0.05. A statistical power analysis was performed to determine the optimal number of subjects needed to find a difference in the mean of 50% with a SD corresponding to 35% of the means with a power of 80%, i.e 10 subjects/group.
RESULTS
Acute hypoxic exercise induced contradictory effects on the IGF-1 pathway
Insulin-like growth factor (IGF)-1/2 and myostatin are antagonist master factors involved in muscle growth promoting hypertrophy or atrophy through both protein synthesis up regulation or down regulation and myogenic program activation or inhibition, respectively (38, 39). Thus, we tested whether hypoxic exercise regulated IGF-1 or myostatin expression in skeletal muscle, which could have contributed to the increase in myogenesis in our previous study (22). We observed that resistance exercise induced an early up-regulation of IGF-1 mRNA levels in skeletal muscle only in the hypoxic group (+47%, p=0.03) (Fig 1A). In contrast to IGF-1, IGF-2 mRNA levels were higher in muscle 15min (+79%, p=0.02) and 4h (+109%, p=0.001) after exercise only in the normoxic group (Supplemental data 1A). Intriguingly, acute hypoxic exercise also induces an increase in myostatin mRNA both 15min (+127%, p=0.006) and 4h (+261%, p=0.007) after exercise in comparison to normoxic exercise (Fig. 1B). Accordingly to myostatin regulation, we observed that hypoxia increased myogenic inhibitor BHLHE40 mRNA levels 4h after exposure independently of exercise (+177% p=0.002 and +96%, p=0.04) (Supplemental data 1B). 
Acute hypoxic exercise promoted the inflammation pathway in skeletal muscle
The inflammation pathway promotes myogenesis after resistance exercise notably through muscle autocrine and immune cells paracrine IL-6 secretion (10), the latter paracrine secretion being also driven by hypoxia (26). Therefore, we hypothesized that the increase in myogenic program observed in our last study could be due to inflammation activation. Our results showed that acute environmental hypoxia potentiated resistance exercise-induced TNFα mRNA expression 15min after exercise (Norm +317%, p=0.0005; Hyp +333%, p≤0.0001; ANOVA interaction p=0.0001) (Fig 1C). This acute and transitory increase in TNFα mRNA level 15min after exercise was associated with an increase in skeletal muscle IL-6 mRNA level only in the hypoxic group (+194%, p=0,03) (Fig 1D). No effect of exercise was observed on IL-8 expression in either group (Fig. 1E). Following acute and transitory muscle TNFα and IL-6 mRNA up-regulation, we observed an increase in the mRNA levels of the macrophages/neutrophils marker CD68 (+63%, p=0.002) and a trend to increase for CD197 (+152%, p=0.06) in muscle 4h after exercise only in the hypoxic group (Fig. 1F and 1G). Skeletal muscle invasion by immune cells 4h after exercise was confirmed by CD68 localization by immunofluorescence (Fig. 2A and 2B). Independently of exercise, hypoxia increased the protein expression of NF-κB (+163%, ANOVA hypoxia effect p=0.002) and STAT3 (+50%, ANOVA hypoxia effect p=0.04) in muscle nuclear enriched fraction, confirming the activation of the inflammation pathway by hypoxia (Fig. 1I, 1J and 1K). In contrast, we failed to observe nuclear accretion of HIF-1α after hypoxic exposure (Fig. 1I).
Acute hypoxic exercise increased IL-6 blood concentration
The increase in IGF-1 mRNA in skeletal muscle observed in Figure 1A was not associated with an increase in IGF-1 plasma concentration, which was not modified by exercise in either group (Fig 3A). Acute transitory inflammation activation (T15min) and immune cells invasion of skeletal muscle (T4h) induced by hypoxic exercise was associated with an increase in the plasma concentrations of the inflammation markers IL-6 (+696%, p=0.03) and interferon gamma (IFNg, statistical trend p=0.09) (Fig. 3B and 3C). No effect of normoxic exercise was measured on these specific inflammation markers. Exercise tended to increase plasma concentration of IL-4 independently of O2 conditions (ANOVA time factors p=0.06) (Fig. 3D). IL-10 plasma concentration was lower before and tended to be lower at T4h in the hypoxic group in comparison to the normoxic group without any influence of exercise or hypoxic exposure (Fig. 3E). Like the mRNA level in skeletal muscle (Fig. 1B), TNFα plasma concentration was differently regulated by exercise in function of O2 conditions (ANOVA interaction factor p=0.01) (Fig. 3F). We did not observe any effect of exercise on the other inflammation markers granulocyte macrophage colony stimulating factor (GM-CSF), IL-2 or IL-8 (Fig. 3G, 3H and 3I).
Acute hypoxia promoted STAT3 nuclear localization and myogenic factors expression in vitro
[bookmark: OLE_LINK1]To confirm that acute hypoxia could promote myogenesis and inflammation, we challenged myoblasts and myotubes by exposing them acutely (1h), chronically (24h/day) or intermittently (1h/day) to 1% O2. We showed that 1% O2 for 1h induced HIF-1α translocation in the nucleus (Fig. 4A and supplemental data 1E). Nuclear HIF-1α translocation in response to hypoxia was transient as, after 24h, HIF-1α in the nuclear enriched fraction was not more detectable. HIF-1α translocation to the nucleus was associated with an increase in STAT3 protein expression in the nuclear enriched fraction after 1h at 1% O2 (+145%, Fig. 4A and supplemental data 1E). In contrast to our in vivo observations (Fig. 1I and J), acute hypoxia alone failed to promote nuclear localization of NF-κb (supplemental data 1E). Intermittent hypoxia did not change IL-6 mRNA expression in skeletal muscle during the first 3 days of differentiation (Fig. 4B). However, intermittent hypoxia alone promoted the myogenic factors expression. During the first day of differentiation, 1h at 1% O2 tended to increase mRNA expression of Myf5 (+300%, p=0.06, Fig. 4C) and MRF4 (+489%, p=0.06, Fig. 4D) in primary muscle cells. Intermittent hypoxia increased myogenin mRNA expression during the third day of differentiation (+1816%, p=0.01, Fig. 4E). Finally, chronic hypoxia increased MyoD mRNA expression during the second day of myotubes differentiation (+88%, p=0.05, Fig. 4F). To confirm the effect of hypoxia on myotubes differentiation, we quantified by immunofluorescence the number of myotubes (all cells with minimum 3 nuclei), the number of nuclei per myotube and the fusion index (number of nuclei in the myotubes/total number of nuclei on the picture) (Fig. 4G, 4H, 4I and 4J) after 5 days of differentiation in both groups. Intermittent hypoxia did not change any of the aforementioned parameters (Fig. 4G, 4H, 4I and 4J). Chronic hypoxia reduced the number of myotubes (-31%, p=0.001, Fig. 4H) but increased the number of nuclei/myotube (+138%, p=0.0009, Fig. 4I). We also measured makers of myotube differentiation during the first three days of differentiation. We observed that the mRNA levels of troponin T1 (TNNT1) tended to be up-regulated the first day of differentiation in intermittent hypoxia in comparison to normoxia or chronic hypoxia (+220%, p=0.09) (supplemental data 2E). The mRNA levels of myosin heavy chain 2 and 7a (MYH2 and MYH7a) were increased the second day of differentiation in comparison to the first day only in intermittent hypoxia (MYH2: +140%, p=0.05; MYH7a: +58%, p=0.05) (supplemental data 2B and C). No differences were observed in the regulation of the mRNA levels of myosin heavy chain 1 (MYH1) and troponin I1 (TNNI1) between normoxia and intermittent hypoxia (supplemental data 2 A and D). Finally, the mRNA levels of MYH1, MYH2, MYH7a and TNNI1 were identically increased the third day of differentiation in both normoxia and intermittent hypoxia in comparison to all other conditions (supplemental data 2A, B, C and D).
STAT3 is required for acute intermittent hypoxia-induced myogenesis
We observed that intermittent hypoxia promoted MRF genes expression associated with STAT3 nuclear translocation both in vivo and in vitro (Fig. 1E, 4A, 4C, 4D, 4E and 4F, (22)). To test if STAT3 regulated the activation of the myogenic program by intermittent hypoxia, we silenced STAT3 protein expression in primary muscle cells during differentiation using siRNA transfection. We observed that siSTAT3 repressed STAT3 protein expression at 24h (-50%, p=0.0005), 48h (-86%, p≤0.0001) and 72h (-95%, p≤0.0001) after transfection in comparison to siCTRL (Cyclophilin B) (Fig. 5A and 5B). STAT3 silencing did not change the increase in Myf5 but blunted the increase in MyoD (-48%) and MRF4 (-35%) mRNA expression observed at 24h of differentiation in the cells exposed to intermittent hypoxia in comparison to normoxia (Fig. 5C, 5D and 5E). Finally, siSTAT3 did not modify the regulation of MYH1, MYH2, MYH7a, TNNT1 and TNNI1 mRNA levels in both normoxia and hypoxia (supplemental data 3A, B, C, D and E).

Acute hypoxia did not potentiate resistance exercise-induced activation of the Hippo pathway 
The Hippo pathway also regulates myogenesis and is activated by both mechano-transduction and hypoxia, two stresses induced by exercise as well (27, 40, 41). Therefore we tested if the Hippo pathway could be involved in the enhanced activation of myogenesis observed in response to hypoxic training. Here, YAP phosphorylation in skeletal muscle decreased 4h following resistance exercise only in hypoxic group (-38%, P=0.05, Fig. 6A and 6B). However, we failed to observe protein expression of YAP or TAZ in the nuclear enriched fraction (data not shown). Resistance exercise induced an early and transient increase in YAP mRNA level only in the normoxic group (+74%, P=0.01, Fig. 6C). TAZ mRNA levels were not modified by any conditions (Fig. 6D). To confirm the activation of YAP by acute hypoxia coupled with resistance exercise, we measured the expression of YAP responsive genes (Fig. 6E, 6F, 6G and 6H). The mRNA levels of YAP targets CTGF and Cyr61 were elevated in skeletal muscle 15min after resistance exercise in both groups (CTGF Norm +73%, P=0.03, Hyp +101%, P=0.003; Cyr61 Norm +1264%, P≤0.0001, Hyp +1790%, P≤0.0001). Independently of the FiO2, exercise globally increased the mRNA levels of the satellite cells activator Ki67 at both 15min and 4h after exercise (+58%, ANOVA exercise factor p=0.02). Accordingly, the mRNA levels of the satellite cells quiescence marker Pax7 tended to be reduced 4h after exercise (-13%, ANOVA time factor p=0.08, supplemental data 1C). Finally, the mRNA level of the YAP target LAT1 was increased in skeletal muscle 15min after exercise only in the hypoxic group (+153%, p=0.0003). LAT1 mRNA level was increased in the normoxic (+121%, p=0.01) and tended to be increased in the hypoxic group (+68%, p=0.06) 4h after exercise. As TAZ is involved in myogenic differentiation, we measured the expression of several TAZ skeletal muscle targets (12) (Fig. 6I, 6J, 6K and 6L). ADAM metallopeptidase with thrombospondin type 1 motif 5 (ADAMTS5) mRNA was decreased 15min following exercise only in the hypoxic group (-55%, p=0.03) and at 4h in both groups (Norm -61%, p=0.001; Hyp -45%, p=0.03). Independently of exercise, hypoxia reduced GULP PTB domain containing engulfment adaptor 1 (Gulp1) mRNA 15min after exposure (-43%, p=0.0005 and p=0.02). Independently of hypoxia, Gulp1 mRNA level was reduced 4h after exercise (-35%, ANOVA time factor p≤0.0001). No effect of hypoxia or exercise was observed on TAZ target IKAROS family zinc finger 2 (IKzf2). Finally, acute hypoxia increased the expression of TAZ and STAT3 target pmp22 in response to exercise at T4hours (+98%, p=0.0004).


DISCUSSION
Hypoxic resistance training has been shown to favor skeletal muscle hypertrophy but the mechanisms are still poorly understood (17, 42). Most of the mechanisms proposed in the literature are based on hormones and cytokines blood concentrations performed after a single bout of exercise or after several weeks of training. The goal of our precedent and current study was to determine the mechanisms involved in the acute skeletal muscle adaptations following resistance exercise performed in normobaric hypoxia. 
Acute hypoxia fosters myogenesis in response to resistance exercise
We previously found that acute hypoxia potentiated skeletal muscle hypertrophic response after resistance exercise through myogenic program activation rather than protein balance alteration (22). Exercise increased Cyclin D1, myogenin and MRF4 mRNA levels only in the hypoxic group (22). The effect of hypoxia on myogenesis is controversial and depends on the percentage of O2, species and time of hypoxic exposure (23). On the one hand, severe hypoxia (≤1% O2) seems to inhibit mouse and human myoblast differentiation (25, 43). On the other hand, 1% O2 favors bovine myoblast differentiation (16). Here, we found that acute hypoxia activated several myogenic factors in human skeletal muscle after exercise. Resistance exercise regulated Pax7, Ki67, CTGF and Cyr61 mRNA levels and β-catenin nuclear translocation identically in both groups, suggesting that satellite cells activation and migration were positively regulated by exercise independently of FiO2 conditions. In addition, we demonstrated in vitro that intermittent hypoxia (1h/day at 1% O2) had no effect on myoblast proliferation and that chronic hypoxia (24h/day) was detrimental for myogenic proliferation (supplemental data 1F). In contrast and in agreement with our previous study, intermittent hypoxia increased the mRNA levels of the myogenic master regulators Myf5, MyoD, MRF4 and myogenin in cultured myotubes during differentiation in comparison to control conditions. In vivo, the tissue differentiation marker pmp22 was up-regulated 4h after exercise only in the hypoxic group. In vitro, chronic, but not intermittent, hypoxia increased the number of nuclei per myotube in comparison to control cells. The lack of effect of intermittent hypoxia on proliferation and the differentiation index could be due to a too low hypoxic dose, i.e. 5 times 1h in total, compared to our chronic conditions. Altogether, our results suggested that hypoxia could have distinct effects on the different stages of myogenesis, in response to resistance exercise. Even it is difficult to conclude, our results suggest that hypoxia could foster early differentiation processes rather than satellite cells activation or proliferation. Our results on myotube differentiation markers suggest that acute hypoxia did not deeply alter the differentiation status during the first three days of differentiation. Indeed, we found that intermittent hypoxia did not up-regulate the mRNA levels of MYH1 or Troponin I 1 while only tended to increase the mRNA levels of Troponin T 1 during the first day of differentiation. Moreover, even if we observed an increase in the mRNA levels of MYH2 and MYH7a in intermittent hypoxia during the second day of differentiation in comparison to their control (int. hypoxia 24h), the levels were not different from the normoxic group. More studies are needed to specifically identify the effects of hypoxia on processes involved in myogenesis.
Role of the IGF-1 pathway
A few studies reported an elevation of blood concentration of growth hormone (GH) in response to normobaric hypoxia in the first hour after a single bout of exercise (42, 44, 45). An increase in GH, testosterone and IGF-1 after 5 or 6 weeks of normobaric hypoxic training has been reported as well (19, 42). These data suggest that the potentiation of exercise-induced hypertrophy by hypoxia could be mediated by growth factors. The role of GH is notably to induce liver and skeletal muscle IGF-1/2 production (8, 46, 47). Therefore, we hypothesized that hypoxia could promote exercise-dependent IGF-1 production in the liver and/or skeletal muscle. Here we show that plasma IGF-1 concentration was not altered by exercise in both the normoxic and hypoxic groups, suggesting that IGF-1 secretion by the liver and the muscle in response to exercise was not increased in our conditions, or that IGF-1 production by these organs was autocrine and undetectable in blood. Corroborating this last hypothesis, IGF-1 mRNA was transiently elevated in skeletal muscle following exercise only in the hypoxic group. However, the lack of activation of the mTOR pathway by hypoxia in our previous study indicates that the increment in IGF-1 mRNA following exercise in the hypoxic group did not result in an autocrine activation of the IGF-1 pathway. Altogether, these results question about any influence of the IGF-1 pathway on skeletal muscle early adaptations to hypoxic exercise in our conditions. More experiments need to be performed to clearly identify the role of IGF-1 in skeletal muscle hypertrophy in response to resistance exercise coupled to normobaric hypoxia.
Role of the inflammation pathway
Intermittent hypobaric hypoxia is known to activate the inflammation pathway in immune cells (26). Here, in skeletal muscle, TNFα and IL-6 mRNA levels were transiently increased 15min after exercise only in the hypoxic group. TNFα is responsible for NF-κB nuclear translocation, which controls IL-6 transcription (48, 49). In turn, IL-6 activates STAT3 and its nuclear localization (29). Accordingly, the acute and transient expression of TNFα and IL-6 observed in the hypoxic group was associated with NF-κB and STAT3 nuclear translocation. The activation of the STAT3 pathway was corroborated by the elevated mRNA levels of the STAT3 targets cyclin D1 and pmp22 only in the hypoxic group (22). Interestingly, we failed to observed HIF-1α stabilization and nuclear localization in our hypoxic conditions (22), suggesting that the activation of the inflammation pathway in skeletal muscle was due to hypoxemia rather than intramuscular hypoxia or that we missed HIF-1α stabilization due to extremely rapid degradation. At least in vitro, we found that intermittent hypoxia promoted both HIF-1α and STAT3 nuclear localization associated with STAT3-dependent myogenic factors expression in isolated primary myoblasts. HIF-1α seems therefore to contribute to the induction of intramuscular inflammation. Whether this occurs in vivo would require repeated muscle sampling and varying the hypoxic dose and is therefore very difficult to investigate.
Our results showed that exercise performed in hypoxia induced a quick inflammation response in skeletal muscle which could explain the acute potentiation of myogenesis. Indeed, inflammation contributes to the activation, differentiation and proliferation of satellite cells through the action of the IL-6/STAT3 pathway (11). In addition, the IL-6/STAT3 pathway promotes skeletal muscle tissue regeneration after damaging exercise, in part by participating in the recruitment of neutrophil, monocytes, and lymphocytes, which phagocytize debris materials (50). Confirming this hypothesis, STAT3 nuclear localization 15min after hypoxic exercise was followed by skeletal muscle invasion by immune cells 4h after exercise only in the hypoxic group. Immune cells are also known to secrete IL-6 and other cytokines in response to exercise and to participate to muscle regeneration and hypertrophy (50). We showed that the increase of immune cells 4h after exercise was associated with an augmentation of IL-6 and INFγ plasmatic concentration only in hypoxic group. Altogether, these results suggested that hypoxic resistance exercise promoted acute and transient activation of the TNFα/NF-κb/IL-6/STAT3 pathway, leading to late immune cells skeletal muscle invasion and possibly IL-6 secretion. These processes could be at the origin of satellite cells myogenic program activation in response to hypoxic exercise and could explain the potentiation of resistance training-induced hypertrophy by hypoxia. Strongly supporting this hypothesis, we found that STAT3 was required for the increase in MyoD and MRF4 mRNA levels induced by intermittent hypoxia in cultured human primary myotubes. This result evidenced that the inflammation pathway is involved in hypoxia-induced myogenic program activation. 
Role of the Hippo pathway
	Here we showed that the inhibitory phosphorylation of YAP was decreased only in the hypoxic group 4h after exercise. Dephosphorylation of YAP at Ser127 is known to promote its nuclear translocation and its activation (51). However, YAP targets were similarly up-regulated by exercise, independently of FiO2 conditions, indicating that YAP was not specifically regulated by hypoxia. Similar results were found for TAZ targets, which were regulated by exercise but not by hypoxia, with the exception of pmp22. The latter is involved in tissue differentiation (32) and was up-regulated in response to exercise only in the hypoxic group. As pmp22 is also regulated by the IL-6/STAT3 pathway (31), it is difficult to distinguish which of the Hippo of the IL-6/SAT3 pathway induced this up-regulation of pmp22. Taking together, our results showed that resistance exercise, independently of O2 availability, promoted YAP activation while repressing TAZ. Interestingly, YAP is known to regulate satellite cells activation and proliferation (12). Thus, our results suggest that YAP could be involved in resistance exercise-induced satellite cells activation and proliferation independently of O2 conditions.
CONCLUSION
We previously found that acute hypoxia potentiated skeletal muscle hypertrophic response after resistance exercise through myogenic program activation rather than protein balance alteration (22). Here we provide evidence that hypoxia promotes an acute and transient activation of the inflammation pathway in skeletal muscle followed by muscle immune cells invasion. As inflammation and immune cells are important for satellite cells myogenesis and skeletal muscle regeneration, we propose that normobaric hypoxia could improve regeneration and satellite cells-dependent hypertrophy after resistance exercise/training through inflammation activation. Further experiments focusing on muscle regeneration in hypoxic conditions will be required to confirm our results and hypothesis.
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Figure 1: Regulation of growth and inflammation markers by exercise and hypoxia. mRNA levels of (A and B) growth markers (IGF-1 and myostatin), (C, D and E) inflammation markers (TNFα, IL-6 and IL-8) and (F and G) immune cells markers (CD68 and CD197) in skeletal muscle T15min and T4h after exercise in normoxia or hypoxia (n=10/group). (H) Muscle biopsy cellular fractionation, quality and purity test of nuclear enriched fraction measured by protein expression of nuclear protein fibrillarin and cytosolic protein tubulin. (I, J and K) HIF-1α, NF-κb and STAT3 nuclear localization measured by western blot in the nuclear enriched fraction 15 min and 4 hours after exercise in normoxia or hypoxia. *P≤0.05, **P≤0.01, ***P≤0.005 different from the respective control group; #P≤0.05, ##P≤0.01, ###P≤0.005 different from the normoxic control group; £P≤0.05, ££P≤0.01, £££P≤0.005 different from the normoxic exercised group; $P≤0.05, $$P≤0.01, $$$P≤0.005 time point difference within the same group (n=10/group).
Figure 2: Skeletal muscle invasion by immune cells after resistance exercise in normoxia or hypoxia. Immunofluorescence targeting membrane protein laminin (red signal), nucleus (Dapi, blue signal) and CD68 positive immune cells (green signal) on 6-µm skeletal muscle cryosections from (A) normoxic control and exercised legs or (B) hypoxic control and exercised legs 15min and 4 hours after exercise. 
Figure 3: IGF-1 and cytokines plasma concentration regulation by exercise performed in normoxia or hypoxia. Plasma concentrations measured by ELISA of: (A) IGF-1, (B) IL-6, (C) INFγ, (D) IL-4, (E) IL-10, (F) TNFα, (G) GM-CSF, (H) IL-2 and (I) IL-8. Blood samples were taken before, T15min and T4h after exercise in both normoxic and hypoxic groups. *P≤0.05, **P≤0.01, ***P≤0.005 different from the respective control group; #P≤0.05, ##P≤0.01, ###P≤0.005 different from the normoxic control group; £P≤0.05, ££P≤0.01, £££P≤0.005 different from the normoxic exercised group; $P≤0.05, $$P≤0.01, $$$P≤0.005 time point difference within the same group (n=10/group). ND was for signal non detected.
Figure 4: Effect of intermittent and chronic hypoxia on primary myoblasts/myotubes differentiation in vitro. (A) Primary myoblast subcellular fractionation, measures of HIF-1α and STAT3 protein expression in the cytosolic (controlled by tubulin) and the nuclear enriched fractions (controlled by fibrillarin) in response to 1 hour or 24 hours exposure to 1% O2 (n=3/group). (B,C,D,E and F) mRNA levels of the MRF MyF5, MyoD, myogenin and MRF4 as well as IL-6 in primary myotubes after 24h, 48h or 72h of differentiation in response to 1h/day or 24h/day exposure to 1% O2 (n=4/group). (G,H,I and J) Immunofluorescence targeted membrane protein desmin (green signal) and nucleus (Dapi, blue signal) in primary myotubes after 5 days of differentiation in normoxia (21% O2) or intermittent hypoxia (1h/day 1% O2) or chronic hypoxia (24h/day 1% O2). The fusion index was defined as the amount of nuclei included in myotubes on the total amount of nuclei (n=3 experiments and 27 pictures analysed/group). For panel (B) aP≤0.05 different from normoxia 24h diff; bP≤0.05, bbP≤0.01 different from normoxia 48h diff; cP≤0.05, ccP≤0.01 different from normoxia 72h diff; dP≤0.05, ddP≤0.01 different from intermittent hypoxia 24h diff; eP≤0.05 different from intermittent hypoxia 48h diff; fP≤0.05 different from intermittent hypoxia 72h diff; gP≤0.05 different from chronic hypoxia 24h diff; hP≤0.05 different from chronic hypoxia 48h diff; iP≤0.05 different from chronic hypoxia 72h diff. For panel (C) **P≤0.01, ***P≤0.005 different from normoxia; $P≤0.05, $$P≤0.01 different from intermittent hypoxia.
Figure 5
STAT3 is required for hypoxia-induced myogenesis. (A and B) Measure of STAT3 protein expression in human primary myotubes following siRNA treatment targeting STAT3 (siSTAT3) or cyclophilin B (siCTRL) during 24h, 48h and 72h of differentiation. (C, D, E and F) MRF mRNA levels in hypoxia (1% O2) or normoxia (21% O2) following siRNA treatment targeting STAT3 (siSTAT3) or cyclophilin B (siCTRL). Expression measures were done at 24h of differentiation for Myf5, MyoD and MRF4 and 72h of differentiation for myogenin accordingly to the results observed in figure 4. For panel (A) ***P≤0.005 different from the respective siCTRL group. For panel (B) #P≤0.05, ##P≤0.01 different from the normoxic siCTRL group; £P≤0.05 different from the normoxic siSTAT3 group.
Figure 6: Effect of exercise in normoxia or hypoxia on the Hippo pathway. (A) and (B) Quantification of YAP phosphorylation normalized by eEF2 protein expression in muscle biopsy total lysate in the normoxic and hypoxic groups 15 min and 4 hours after exercise. mRNA levels of (C) YAP, (D) TAZ, (E, F;G and H) YAP responsive genes (CTGF, Cyr61, Ki67 and LAT1) and (I, J, K and L) TAZ responsive genes (ADAMTS5, Gulp1, IKzf2 and pmp22) in skeletal muscle 15 min and 4 hours after exercise in normoxia or hypoxia. *P≤0.05, **P≤0.01, ***P≤0.005 different from the respective control group; #P≤0.05, ##P≤0.01, ###P≤0.005 different from the normoxic control group; £P≤0.05, ££P≤0.01, £££P≤0.005 different from the normoxic exercised group; $P≤0.05, $$P≤0.01, $$$P≤0.005 time point difference within the same group (n=10/group).
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