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Aim: The aim of this study was to determine whether a 14-day trekking expeditions, in high altitude hypoxic environment, triggers redox disturbance at the level of satellite cells (adult stem cells) in young women.

Methods: We collected muscle biopsies from Vastus Lateralis muscle for both single fiber analysis and satellite cells isolation. The samples collected before (PRE-Hypoxia) and after (POST-Hypoxia) the trekking in the Himalayas were compared. Satellite cells were investigated for oxidative stress (oxidant production, antioxidant enzyme activity, and lipid damage), mitochondrial potential variation, gene profile of HIF, and myogenic transcription factors (Pax7, MyoD, myogenin), and miRNA expression (miR-1, miR-133, miR-206).

Results: The nuclear domain analysis showed a significant fusion and consequent reduction of the Pax7+ satellite cells in the single mature fibers. The POST-Hypoxia myoblasts obtained by two out of six volunteers showed high superoxide anion production and lipid peroxidation along with impaired dismutase and catalase and mitochondrial potential. The transcription profile and miRNA expression were different for oxidized and non-oxidized cells.

Conclusions: The present study supports the phenomenon of hypobaric-hypoxia-induced oxidative stress and its role in the impairment of the regenerative capacity of satellite cells derived from the V. Lateralis muscle of young adult female subjects.
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INTRODUCTION

The hypobaric hypoxia created by environmental conditions as during high altitude exposure, provides a strenuous oxygen supply restriction that affects human skeletal muscle, and leads to its specific adaptation. The decreased oxygen supply become exacerbated when physical exercise is performed during high altitude exposure (Verratti et al., 2015).

It is known that chronic local hypoxia in skeletal muscle leads to a negative regulation of gene and protein balance and to a loss of muscle mass by means of hypoxia inducible factor (HIF) that initiates transcription of HIF-responsive genes (Chandel et al., 2000).

Concerning the muscle mass loss in hypoxia, there are other opposite evidence that sojourn at 5000 m along with moderate physical activity determined a switch of fiber phenotype from fast to slow in male and female lower limb with positive adaptation on muscle mass (Mancinelli et al., 2011; Tam et al., 2016). Other studies, suggested that a male muscle remodeling could depend on fusion of activated human myoblasts with the mature fibers (Doria et al., 2011; Mancinelli et al., 2011).

Indeed, the skeletal muscle tissue remodeling is due to the satellite cells, adult stem cells, that upon activation are able to fuse with existing fibers, or to form new ones. Moreover, once activated, these cells proliferate (myoblasts), and differentiate (myotubes) rebuilding the muscle tissue (Ceafalan et al., 2014; Verdijk, 2014; Verdijk et al., 2014). This process, named myogenesis, occurs both in vivo and in vitro conditions.

Different stimuli can both negatively or positively regulate the regenerative capacity of satellite cells, such as hypoxia, oxidative stress, and physical exercise (Di Carlo et al., 2004; Pietrangelo et al., 2015).

Mitochondria and oxygen are particularly involved in skeletal muscle adaptation to stimuli as hypobaric hypoxia and exercise (Hoppeler et al., 2003). Indeed, mitochondria, the cellular oxygen sensors, manage the reactive oxygen species production and their detoxification (Kietzmann et al., 2000).

Paradoxically, it has been proposed that hypobaric-hypoxia provokes alteration of mitochondrial activity that results an accumulation of reactive oxygen species (ROS) and oxidative stress (Vanden Hoek et al., 1998; Abele et al., 2002; Barbieri and Sestili, 2012; Barbieri et al., 2014). ROS production in hypobaric hypoxia is still a challenging process to be investigated (Archer and Michelakis, 2002) on satellite cell pool that can be at the same time the source and the target of oxidative stress. In both cases the result is an impaired muscle regeneration.

It has been demonstrated that oxidative stress impairs the ability of satellite cells to differentiate by damaging macromolecules as lipids, proteins, and nucleic acids (Fulle et al., 2005; Beccafico et al., 2007; Pietrangelo et al., 2009; Di Filippo et al., 2016).

Furthermore, recent literature suggests that micro-(mi)RNAs, the post-transcriptional RNAs, can be regulated by oxidative stress (Magenta et al., 2013). The muscle specific miRNAs regulate gene expression during skeletal muscle adaptation by influencing cell proliferation, apoptosis, and differentiation (Eisenberg et al., 2009; Huang et al., 2012; La Rovere et al., 2014).

Evidence of physiological adaptation to high altitude has largely been investigated on men despite female subjects even if a sex as well as an individual dependent-response variability to hypobaric hypoxia seems to exist (Chapman et al., 1998; Tam et al., 2016).

Considering all of these aspects, we asked whether the satellite cell pool of female subjects is affected by the oxidative imbalance that might be caused by hypobaric hypoxia, as during Gokio Kumbu/Amadablam 2012 expedition, and the involvement of miRNA regulation.

MATERIALS AND METHODS

We enrolled in the Laboratory of Functional Evaluation seven healthy sedentary female subjects (#1–7) of childbearing age (mean age, 36.3 ± 7.1 years old, body weight 65.8 ± 11.7 kg, body mass index 24.3 ± 4.0 kg m−2) who were generally used to a sedentary life-style to serve as subjects to the study known as GOKYO KHUMBU/AMA DABLAM TREK 2012, carried out during the same expedition (details of the expedition are reported in Tam et al., 2016). The women 4 months previously were engaged in a specific trekking at low altitude in Abruzzo Mountains, to familiarize, and exercise them to trek at high altitude (Tam et al., 2016) and before this experience, we performed tiny percutaneous needle biopsy of Vastus lateralis muscle.

The subjects provided their written informed consent, and the study was conducted according to the Helsinki Declaration (as amended in 2000) and approved by the Ethics Committee of the “G. d'Annunzio” University of Chieti–Pescara, Italy (protocol no. 773 COET).

Skeletal Muscle Needle Biopsy

Tiny percutaneous needle biopsies from the V. Lateralis muscle were performed as described by Pietrangelo et al. (2011). The experimental time points were at the beginning of the study, before initiating any exercise training (PRE-Hypoxia), and 5 days after the return from the 14 days of moderate exercise training at high altitude (POST-Hypoxia) performed in the Himalayas during the Gokio Kumbu expedition. We obtained three tiny muscle samples each dedicated to single experimental set: one bioptic sample was dedicated to analysis of immunohistochemistry on single fiber, another bioptic sample for obtaining satellite cell populations as described in the current work. Of note, we obtained a third bioptic sample used to perform muscle fiber high-resolution respirometry data already published in Tam et al. (2016).

Satellite Cell Populations and Myogenicity

The human adult myogenic precursor cells, also named myoblasts, were obtained in cultures after their migration from muscle explants in which they resided as satellite cells. The myoblasts were expanded and differentiated in appropriate medium, as described previously (Fulle et al., 2005; Di Filippo et al., 2016). The percentages of myogenicity of cell cultures were determined using immunocytochemistry assays, with desmin as the marker (a cytoskeleton protein of the intermediate filaments of myogenic populations), and the LSAB+ System-AP Universal kits (Cat. No. K0678; DAKO, Dakocytomation, Glostrup, Denmark). The percentages of desmin-positive myoblasts were calculated as the ratio between the number of desmin-positive cells and the total number of cells. Differentiation was determined by counting the numbers of nuclei in myotubes after 7 days of differentiation, as percentages with respect to the total number of nuclei, with the ratio between these two values (nuclei in myotubes/ total nuclei × 100) giving the Fusion Index (Pietrangelo et al., 2009). We considered uniquely the myotubes positive to the primary antibody against myosin heavy chain (MyHC, MF20 monoclonal antibody; diluted 1:50; from Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA) that contained at least three nuclei.

Immunohistochemistry on Single Fiber

Muscle sample from each subject, well-preserved considering the fiber ultrastructural properties (Pietrangelo et al., 2013), were manually dissected to obtain single fibers (about 100 fibers equally obtained by each biopsy). Unfortunately, the fibers obtained from subject #3 were not suitable.

The myonuclei on single fiber were counted to determine the nuclear domain. On 61 of these fibers were also counted Pax7+ nuclei by immune fluorescence technique. The fibers, lying in plate coated with Sylgard, blocked well-aligned, were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature and then permeabilized with 0.1% Triton X-100 in PBS. To avoid unspecific antibody binding, the fibers were incubated in 10% normal goat serum for 30 min and then with Mouse anti Pax-7 (RandD System) monoclonal antibody in PBS (1:400) applied at 4°C overnight. After 3 washes with PBS (10 min each), the fluorescent secondary Alexa-568 anti-mouse antibody (Molecular Probes) was incubated for 2 h at room temperature. To localize the nuclei, single fibers were stained with Hoestch (25 μg/ml; SIGMA) for 10 min. The confocal microscope (VICO; Nikon) was used to acquire fluorescent images. The myonuclear density was determined as number of nuclei in constant fiber volume (106 μm3). The nuclear domain was calculated by dividing fiber volume for the number of nuclei; the satellite cells with Pax7+ nuclei were expressed as percentage referred to 100 nuclei. The data were reported as mean ± standard error.

Reactive Oxygen Species Production

We used the assay based on the dye nitroblue tetrazolium chloride (NBT, Cat.No. N6639; Sigma-Aldrich) and its reduction by the [image: image] into formazan, using a spectrophotometer for the absorbance at 550 nm (Microplate 257 spectrometer; SPECTRAmax 190, Molecular Devices, Sunnyvale, CA, USA), such that the greater the [image: image] level, the greater the absorbance. The cells (1 × 106) were detached, centrifuged at 170 × g for 5 min, resuspended in 1 mL NBT at 1 mg ml−1 in 0.9% aqueous NaCl, and incubated for 3 h at 37°C. Then, the cells were centrifuged at 100 × g for 10 min, resuspended in 1 ml DMSO, and left for 20 min at 37°C; finally, the NBT absorbance was determined. Unfortunately, the muscle biopsy obtained from subject #7 did not produce sufficient numbers of satellite cells for the superoxide anion ([image: image]) determination.

The analysis of the ROS was conducted using the dye 2,7-dichlorofluorescein diacetate (DCFH-DA, Cat. No. D6883; Sigma). The cells (1000 per well) were plated and grown in 96-well microplates, and incubated with 10 μM DCFH-DA for 30 min at 37°C in sterile normal external solution (140 mM NaCl, 2.8 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, 10 mM Hepes, pH 7.3). The fluorescence of the dye accumulated in the cytoplasm (DCF) was determined at 530 nm (excitation, 490 nm) using a SPECTRAmax fluorometer (Gemini XS; Molecular Devices Toronto, ON, Canada). The analysis was conducted using the SOFTmax Pro software. We stimulated the cells with 100 nM H2O2 to evaluate their responses to an oxidant (Menghini et al., 2011).

Antioxidant Enzyme Activity

The antioxidant enzymes analyzed were superoxide dismutase and catalase. The assays were performed using the cytosolic fraction.

Superoxide Dismutase

The activity of superoxide dismutase (SOD) is direct against [image: image]. SOD catalyzes a disproportionation reaction where a first [image: image] is oxidized and the second molecule is reduced, turning two molecules of superoxide into O2 and H2O2. The enzymatic activity was determined according to Fulle et al. (2000). The final assay volume was 1 ml and contained 20 mM Na2CO3 buffer pH 10, 10 mM Cytochrome c, 1 mM Xanthine and Xanthine Oxidase. Xanthine-xanthine oxidase is the [image: image] generation system. As the xanthine oxidase activity varies, the amount used for the assay was such that produced a rate of cytochrome c reduction, at 550 nm, of 0.025 per min without SOD addiction. The assay was performed at 550 nm for 10 min. The SOD units were calculated considering that 1 SOD unit is defined as the quantity that inhibits the rate of cytochrome c reduction by 50%.

Catalase

The reaction for which catalase (Cat) is best known is the “catalatic” reaction, in which H2O2 oxidizes the heme iron of the resting enzyme to form an oxyferryl group with a π-cationic porphyrin radical (Kirkman and Gaetani, 2007). This step is followed by oxidation of a second molecule of H2O2. Catalase forms two molecules of H2O and O2, starting from two molecules of H2O2. Catalase activity was determined, according to Greenwald (1985), by the decrease in absorbance due to H2O2 consumption (ε = −0.04 mM−1 cm−1) measured at 240 nm. The final reaction volume was 1 ml and contained 100 mM Na-phosphate buffer pH 7.0, 12 μM H2O2, and 70 μg of sample proteins. The reaction was followed for 1 min and the Cat activity was expressed in μmol/minute/mg proteins.

Lipid Peroxidation Assay

Malondialdehyde (MDA) forms an adduct with thiobarbituric acid (TBA), which is measurable using a spectrophotometer. For lipid peroxidation analysis, we used the OXItek TBARS Assay Kit (ZeptoMetrix Corporation, Buffalo, NY). We mixed 100 μl of SDS and 100 μl of samples obtained from sonicated myoblasts (in PBS) and then added 2.5 ml of TBA Buffer Reagent. Samples were incubated at 95°C for 1 h. The reaction was stopped by cooling in an ice bath for 10 min. After centrifugation at 3000 rpm for 15 min, the supernatant absorbance was read at 532 nm. The amount of MDA was calculated using a standard curve. Results are expressed as nmol of MDA per mg of protein.

Variations in the Transmembrane Mitochondrial Potential

The mitochondrial membrane potential was determined using the JC-1 dye (5,5′,6, 6′-tetracloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocianine iodide/ chloride; Molecular Probes), which is a cationic dye that accumulates in the mitochondria. When the mitochondrial potential is high, as in normal cells, JC-1 aggregates into dimers that emit red fluorescence (aggregated J: excitation/ emission, 560/595 nm). When the membrane potential is low, as in the presence of oxidative stress, JC-1 forms monomers that emit green fluorescence (excitation/emission, 488/522 nm), with decreased red fluorescence. The ratio of the red/green fluorescence depends exclusively on the mitochondrial potential, with no effects of other factors (such as dimension, volume, shape, mitochondrial density). The cells were plated into 96-well plates, incubated with 10 μg ml−1 JC-1 for 15 min at 37°C, and read using a Fluorometer SPECTRAmax equipped with SoftMax Pro (Gemini XS, Molecular Devices Toronto, ON, Canada) (Nuydens et al., 1999). The acquired fluorescence values are reported as means ± SEM of the red/ green fluorescence ratios of samples with respect to control: f(r/g)/f(r/g)c (Morabito et al., 2010). The JC-1 dye ratio between the inner and outer mitochondrial membrane potentials relates to the mitochondrial depolarization after an oxidant insult, such as H2O2.

Quantitative Gene Profile of Myogenic Transcription Factors and Expression of Hypoxia Inducible Factor

We investigated undifferentiated and 7 day differentiated cells. Total RNA was purified using standard protocols with Trizol (#T9424; Sigma-Aldrich, Milan, Italy). After spectrophotometric and electrophoretic quantification and analysis, 1 μg pure RNA was processed to obtain cDNA (High Capacity cDNA Reverse Transcription, #4368814; Applied Biosystems), and 100 ng cDNA was used for the real-time PCR.

We evaluated the following genes: paired box (Pax) 7 (#4331182, Hs 00242962_m1); myogenic differentiation (MyoD) 1 (#4331182, Hs 00159528_m1), myogenin (#4331182, Hs 01072232 GEX per-design_m1), and hypoxia-inducible factor (HIF; #4331182, Hs00153153_m). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; #4331182, Hs99999905_m1) was used as the internal control.

An Applied Biosystems Prism 7900HT Sequence Detection System was used, with the Sequence Detector Software (SDS version 2.0; Applied Biosystems). The relative quantification of the target gene derive from the 2−ΔΔCt method.

miRNA Expression (miR-1, miR-133, miR-206)

PureLink miRNA Isolation kits were used for the miRNA extractions (Cat. No. K1570-01, Invitrogen, Life Technologies, Molecular Devices, Sunnyvale, USA). About 800,000 cells were resuspended in 300 μl binding buffer (the buffers were present in the PureLink miRNA kit), and 300 μl 70% alcohol was added to the lysate. This was forced into the spin cartridges of PureLink miRNA Isolation kits, which were then centrifuged at 12,000 × g for 1 min; after washing with 100% alcohol, these were centrifuged again, as before. Then 500 μl wash buffer was added to the spin cartridges, which were centrifuged again at 12,000 × g for 1 min. This procedure was performed twice, and then the spin cartridges were centrifuged at 12,000 × g for 3 min, to remove residual buffer. Finally, they were eluted with 50 μL RNase-free sterile water. The RNA concentrations were determined using a NanoDrop™ spectrophotometer. Retro-transcription and real-time PCR were carried out according to the Applied Biosystems TaqMan miRNA assay kit protocols. Briefly, the retro-transcription involved 20 ng of a “small” RNA, as the “stem loop” primer specific for each miRNA, dNTPs and inverse transcriptase RNAse inhibitors (according to the Applied Biosystems High capacity cDNA reverse transcription kit, part N° 4368814), using a Thermocycler (30 min at 16°C, 30 min at 42°C, 5 min at 85°C, then at 4°C). Then, real-time PCR for the miRNA expression levels was performed using the TaqMan probes and the specific TaqMan® Universal Master Mix II, no UNG, in 96-well plates (Part No.: 4440040, Applied Biosystems) with an Applied Biosystems PRISM 7900 HT Sequence Detection System, in triplicate. MiR-16 was used as the endogenous control. The specific miRNA sequence probes used (Applied Biosystems) were:

(i) has-miR-1 (UGGAAUGUAAAGAAGUAUGUAU; #002222);

(ii) has-miR-206 (UGGAAUGUAAGGAAGUGUGUGG; #000510);

(iii) has-miR-133b (UUUGGUCCCCUUCAACCAGCUA; #002247);

(iv) has-miR-16-5p (UAGCAGCACGUAAAUAUUGGCG; #000391).

The relative quantification of the miRNA targets was carried out using the ΔCt formula, according to the Ct method.

STATISTICAL ANALYSIS

The statistical analysis was carried out using GraphPad Prism Software, version 5 (GraphPad Software, La Jolla, CA, USA). Some of the data are reported as means ± standard deviation or standard error, as mentioned where relevant. Unpaired t-tests were used to reveal statistical differences. The statistical significances indicated are *p ≤ 0.05, **p ≤ 0.005, and ***p ≤ 0.0001.

RESULTS

Myogenic Characteristics of Female Human Myoblasts

The myoblasts were obtained from all of the muscle samples, as PRE-Hypoxia and POST-Hypoxia samples. The desmin-positive myoblasts decreased in all POST-Hypoxia samples compared to PRE-Hypoxia ones except for subject #3 (Table 1).

Table 1. The myogenicity of satellite cell population.

[image: image]

Immunohistochemistry on Single Fiber

The myonuclei number measured on a constant volume (106 μm3) were 77.7 ± 3.3 on PRE-Hypoxia (n = 56) and 93.5 ± 5.4 POST-Hypoxia (n = 59) fibers (p = 0.049; Figure 1A). The nuclear domain was decreased in POST-Hypoxia with respect to PRE-Hypoxia, 12.5 ± 0.7 × 103 and 14.7 ± 0.9 × 103 μm3, respectively (p = 0.048; Figure 1B). The myonuclear density analysis for single subject showed an increased number of nuclei for #1, #2, and #6 POST-Hypoxia fibers, whereas maintained similar number for #4, #5, and #7 POST-Hypoxia fibers with respect to PRE-Hypoxia ones (Figure 1C).


[image: image]

FIGURE 1. Analysis of myonuclei on single fibers. The number of myonuclei (N) in 106 μm3 fiber volume, (A), increased on POST-Hypoxia samples. The Nuclear Domain (ND), the fiber volume 103 micron3 containing the nuclei, (B), decreased at POST-Hypoxia samples. In (C) has been reported the myonuclear density counted in single fiber of each subject. The data are expressed as means and standard errors. Empty bars represent PRE-Hypoxia while dark bars POST-Hypoxia samples. *p ≤ 0.05.



Moreover, we found 1.27 ± 0.27 percentage of Pax7+ nuclei (n = 29) on PRE-Hypoxia and 0.75 ± 0.2 (n = 32) on POST-Hypoxia fibers (p = 0.045), a depletion on Pax7+ nuclei number on satellite cells (Figure 2).
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FIGURE 2. The graph in (A) shows the percentage of Pax7+ nuclei as mean and standard error while in (B) the percentage of Pax7+ nuclei on single dissected fibers in each subject. Empty bars represent PRE-Hypoxia while dark bars POST-Hypoxia samples. *p ≤ 0.05.



The number of nuclei referred to single subject showed a little variation in #1, #6, and #7 samples, and a remarkable reduction (90–100% less than control) of Pax7+ cells in #2, #4, and #5 POST-Hypoxia samples.

Superoxide Anion and ROS Production, SOD, and Catalase Antioxidant Enzymatic Activity

We measured the myoblast production of the [image: image] (Table 2): subjects #1 and #6 did not show [image: image] production alteration; subjects #3 and #4 had decreased the [image: image] production, while subjects #2 and #5 had increased [image: image] production comparing POST- vs. PRE-Hypoxia. The myoblast populations isolated from subjects #2 and #5 are named oxidized myoblats through the text.

Table 2. The superoxide anion production.

[image: image]

We investigated the H2O2 detoxification ability in #2 and #5 cell populations. The PRE-Hypoxia myoblasts were able to detoxify the added H2O2 in 5 min (Figure 3A), the POST-Hypoxia myoblasts were no (Figure 3B). The activity of antioxidant enzyme superoxide dismutase and catalase on oxidized myoblasts did not significantly change comparing POST- vs. PRE-Hypoxia (SOD: 27.9 ± 0.4 and 27.2 ± 0.5 U/ng protein; Cat: 7.7 ± 5.9 and 2.9 ± 2.2 U/ng protein; data not shown).


[image: image]

FIGURE 3. Kinetics of DCF fluorescence in the control (PRE-Hypoxia; A) and POST-Hypoxia (B) satellite cells obtained from skeletal muscle of female subjects. Both PRE- and POST-Hypoxia myoblasts were stimulated with 100 nM H2O2 (as indicated). The fluorescence of PRE- and POST-Hypoxia satellite cells at 0 min, that is without stimulation (point not shown), was considered as 100%. The fluorescence of PRE- and POST-Hypoxia cell control, without stimulation, remained stable during the time recording, and still reported as 100%. After stimulation, the cells showed a significant transient fluorescence increase reverted in 5 min only by PRE-Hypoxia cells. ***p ≤ 0.0001 vs. no H2O2-treated cells.



Lipid Peroxidation Assay

We investigated the oxidative damage measuring the malondialdehyde concentration as marker of lipid peroxidation. The analysis revealed a significant increase of lipid damage on oxidized POST-Hypoxia cells with respect of both oxidized PRE-Hypoxia cells and non-oxidized PRE- and POST-Hypoxia cells (Figure 4).


[image: image]

FIGURE 4. The graph shows the increase of malondialdehyde values as maker of the lipid damage in oxidized POST-Hypoxia cells (dotted bars, ox POST). **p ≤ 0.01.



Analysis of Differentiation

The differentiation of cells showed a significant decreased percentage of the fusion index comparing PRE–vs. POST–Hypoxia (46 ± 15 vs. 19 ± 12, p = 0.004). This result was particularly evident in oxidized myoblasts (#2: 60 PRE vs. 8 POST and #5: 45 PRE vs. 14% POST, data not shown).

Analysis of Transmembrane Mitochondrial Potential

We analyzed the transmembrane mitochondrial potential of the living differentiated oxidized myoblasts. The JC-1 time course analysis showed that in PRE-Hypoxia cells after H2O2 stimulation the transmembrane mitochondrial potentials was initially hyperpolarized and at the experimental end point almost recovered the basal level. In contrast, the POST-Hypoxia cells were significantly and stably depolarized (Figure 5).


[image: image]

FIGURE 5. Kinetics of the percentage variation of transmembrane mitochondrial potential (ΔΨ) of PRE- and POST-Hypoxia differentiated cells after stimulation with 100 nM H2O2. The fluorescence of control cells for both PRE- and POST-Hypoxia conditions, were fixed as 0% and not showed in the graph. The PRE-Hypoxia cells after H2O2 stimulation showed a significant hyperpolarization of the transmembrane mitochondrial potentials while the POST-Hypoxia cells a significant depolarization. **p ≤ 0.01, ***p ≤ 0.0001 vs. no H2O2-treated cells.



Quantitative Gene Expression

We tested the gene expression of Pax7, Myo, myogenin, and HIF in undifferentiated and differentiated cells, except for Myogenin (data not shown).

Pax7 gene, tested in undifferentiated cells, was highly up-regulated in non-oxidized cells (3.11 log10 RQ) while it resulted slightly up-regulated in the oxidized ones (0.17 log10 RQ).

In undifferentiated non-oxidized cells MyoD gene expression was up-regulated (3.2 log10 RQ) while it was down-regulated (−0.42 log10 RQ) in oxidized ones. Moreover, MyoD expression also decreased comparing non-oxidized undifferentiated vs. differentiated conditions (3.2 vs. 0.4 log10 RQ), while it increased comparing undifferentiated vs. differentiated in oxidized conditions (−0.42 vs. 3.11 log10 RQ).

Myogenin gene, which analysis was restricted to differentiated cells, was highly up-regulated in non-oxidized cells (3.45 log10 RQ) while it was down-regulated in the oxidized ones (−0.35 log10 RQ).

HIF expression was down-regulated in non-oxidized cells, both in undifferentiated and differentiated conditions (−0.007 and −0.38 log10 RQ, respectively); the same in oxidized undifferentiated cells (−0.03 log10 RQ) while in the differentiated the HIF was up-regulated (3.14 log10 RQ).

Epigenetic Profile Induced by Hypobaric Hypoxic Conditions

We analyzed the most important myo-miRNAs in terms of their regulation in the muscle cells: miR-1, miR-133b, and miR-206, while using miR-16 as the internal control. These myo-miRNAs are involved in proliferation/apoptosis (miR-1, miR-133b) and in differentiation (miR-206) of myogenic cells. We thus determined the expression of these miRNAs in the myoblasts during proliferation and differentiation.

The Figure 6A, shows the miRNA regulation on oxidized POST-Hypoxia cells demonstrating a significant down-regulated expression of miR-133b in both undifferentiated and differentiated cells, with respect to the PRE-Hypoxia controls. The expression of miR-1 was significantly up-regulated in the undifferentiated POST-Hypoxia cells, while it was down-regulated in the differentiated POST-Hypoxia cells. The miR-206 expression in the undifferentiated and differentiated POST-Hypoxia cells were significantly down-regulated with respect to the control.
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FIGURE 6. The graphs show the relative expression of miR-1, miR-133b, and miR-206 before (PRE) and after (POST) Hymalaia expedition in cells with increased (A) and reduced (B) superoxide production. The analysis were performed on undifferentiated and differentiated cells. (A) In oxidized cells, both in undifferentiated and differentiated conditions, the cells showed a down-regulation of miRNA 133b and miRNA 206. miRNA-1 was down-regulated in POST-Hypoxia differentiated cells while up-regulated in undifferentiated cells, comparing to PRE-Hypoxia. (B) In non-oxidized cells both in undifferentiated and differentiated conditions POST-Hypoxia cells showed an up-regulation of all tested miRNAs compared to PRE-Hypoxia cells. The independent experiments were performed in triplicates. *p < 0.05 and ***p < 0.0001.



The Figure 6B shows the miRNA regulation on non-oxidized cell populations. We can observe that miR-1, miR-133b, and miR-206 were up-regulated in both undifferentiated and differentiated phenotype comparing POST- vs. PRE-Hypoxia.

DISCUSSION

To the best of our knowledge, there have been few studies conducted on skeletal muscle regeneration of women conditioned by a hypobaric hypoxic environment. We previously reported interesting data on skeletal muscle and satellite cell adaptation to hypobaric hypoxia for male climbers (Mancinelli et al., 2011). However, no similar studies have been published on sedentary females exposed to hypobaric hypoxia conditions, such as during the Himalayan Gokio Kumbu/Amadablam 2012 expedition. Evidence of physiological adaptation to high altitude has largely been investigated on men despite female subjects even if a sex as well as an individual dependent-response variability to hypobaric hypoxia seems to exist (Chapman et al., 1998; Mariggiò et al., 2010; Morabito et al., 2015; Tam et al., 2016).

In our previous study (Mancinelli et al., 2011), we demonstrated that after exercise under hypobaric hypoxia conditions, the yield of satellite cells from needle biopsies was nullified, except for the youngest climber. Specifically, the number of cells fused with existing fibers were increased after the expedition than before. In the present work, the yields of satellite cells from needle biopsies of female subjects after hypobaric hypoxia exposure revealed a significant decrease and also in this case the number of nuclei fused with existing fibers significantly increased. In fact, the number of Pax7+ nuclei, typical of activated satellite cells, decreased on POST-Hypoxia fibers. The increased myonuclear density and the decreased nuclear domain in POST-Hypoxia fibers indicate that satellite cells fusion into mature fibers occurred. Interestingly the oxidized POST-Hypoxia samples showed the most significant reduction of Pax7+ nuclei. This result is in accordance with data on male climbers, confirming that satellite cells support the demand of mature fiber for new nuclei in hypobaric-hypoxic condition.

These results might derive from the different genders, whereby hormonal condition of childbearing females could have influenced it (Fanò et al., 2001). Indeed, we analyzed the hormonal profile of female volunteers observing that they were all in the follicular phase of the menstrual cycle except one (non-oxidized sample) who was in the luteal phase (personal communication). So they were basically under the same hormonal asset and in our opinion this means that oxidation could not depend on it.

Hypobaric hypoxia exposure affects skeletal muscle metabolism from several points of view, and in particular, mitochondrial functions can be severely impaired (Magalhaes et al., 2005; Li et al., 2007).

The electron transfer for complete reduction of oxygen by mitochondrial complexes I and III-IV could be the main source of ROS, and specifically [image: image] (Muller et al., 2004). We have demonstrated that following the hypobaric hypoxia exposure the POST-Hypoxia samples responded differently in terms of the [image: image] production, surprisingly two out of six subjects showed an increase of 60 and 300% (oxidized cells) while the other did not (non-oxidized cells). We think that the exercise performed during the ascending could have had a beneficial role in managing oxidation, but further evidences need to be collected in favor of this hypothesis.

It is worth mentioning that trekking performed by the same subjects and at a similar intensity but at low altitude, did not produce so huge amount of [image: image] (Pietrangelo et al., 2015). Normally, the mitochondrial and cytoplasmatic superoxide dismutase activity converts the radical superoxide to H2O2, and then it is reduced by catalase (Jackson et al., 2007); however, we demonstrated that in the oxidized POST-Hypoxia myoblasts, both the superoxide dismutase and catalase activities did not vary and as a consequence a [image: image] and H2O2 could be accumulated within the cells that undergo oxidation. In fact, when we stimulated oxidized POST-Hypoxia cells using H2O2, they were not able to reduce it in 5 min. Moreover, the [image: image] accumulation provoked a significant lipid peroxidation in oxidized POST-Hypoxia cells.

The other important source of [image: image] production is the NADH oxidase activity that is linked to cytosolic NAD(H) redox (Mohazzab-H et al., 1997). Even if we cannot exclude a contribution from this source, based on our present data, we believe that the mitochondria have the main role in the oxidation of these myoblasts. It has been proposed that mitochondrial uncoupling represents a source for mitochondrial production of ROS (Negre-Salvayre et al., 1997; Sibille et al., 2001). Moreover, hypoxia induces the respiratory chain components into the maximally reduced redox state, due to a lower rate of reduction of oxygen at complex III (Abele et al., 2002). In this condition the mitochondrial uncoupling could be linked to marked decrease in the mitochondrial transmembrane electrical potential with alterations to the ATP/ADP ratio that in turn could further increase oxidation of the cell. Indeed, mitochondria are both the source and the target of the oxidation status. The analysis of mitochondrial transmembrane electrical potential in oxidized living myotubes revealed that POST-Hypoxia cells were significantly depolarized by acute H2O2 administration.

However, albeit we do not know the mechanism by which hypobaric hypoxia determines this mitochondria uncoupling and/or damage in cells, small depression in state III mitochondrial respiration and significant mitochondrial leakage on fibers of the same women has been demonstrated (Tam et al., 2016).

Here we investigated the effect of hypoxia on the ability of human myogenic cells to differentiate in culture. The inhibition of mouse myogenic differentiation under hypoxic conditions was already reported in literature. Di Carlo et al. (2004) demonstrated that hypoxia inhibited myogenic differentiation through acceleration of MyoD degradation by the ubiquitin-proteasome pathway that in turn blocked accumulation of Myogenin.

Furthermore, we demonstrated that exposure to hypoxia strongly inhibited also human myotube formation. We analyzed the expression of differentiation markers in our samples distinguishing between oxidized and non-oxidized cell populations. We found a specific effect linked to [image: image] accumulation. In fact, our results in MRF gene expression were in accordance with the normal myogenic process in non-oxidized POST-Hypoxia samples, while they were dysregulated in oxidized POST-Hypoxia samples.

We also analyzed the HIF expression, a known regulator factor that under normal oxygen tension is subject to oxygen-dependent ubiquitinylation and degradation by the 26S proteasome. On the other hand, under low oxygen tension, HIF-1α escapes degradation, and associates with nuclear HIF and, upon binding to specific coactivators, initiates transcription of HIF-responsive genes (Chandel et al., 2000). We supposed to find HIF expression not dysregulated in all our POST-Hypoxia samples do to the fact that we cultured them in vitro under normal oxygen tension. Unexpectedly, we found HIF up-regulated in oxidized POST-Hypoxia myotubes suggesting that the increase of [image: image] could affect the HIF expression. There is evidence that ROS and cytosolic H2O2 levels are involved in the stabilization/activation of HIF-1α (Chandel et al., 2000).

In our previous study, we have emphasized the role of miRNAs as novel post-transcriptional superoxide anion-sensible modulators (Pietrangelo et al., 2015). In fact, the increased [image: image] production down-regulated miR-133b and miR-206 expression both in differentiated and undifferentiated POST-hypoxia cells, in accordance with the miRNA results on myoblasts of the same subjects after trekking at low altitude, except for miR-1 that was up-regulated in present oxidized POST-hypoxia myoblasts. The specific miR-1 and miR-133b regulation could suggest the activation of apoptosis in the POST-Hypoxia oxidized myoblasts (Xu et al., 2007). Moreover, we think that this specific miR-1 and miR-133b expression is linked to [image: image] accumulation independently from the condition that trigger it. Indeed, similar epigenetic signature is in accordance with data collected both in human and canine myoblasts for which the oxidative stress was due to aging process (Sciancalepore et al., 2012; Fulle et al., 2013; La Rovere et al., 2014).

The miRNA expression in non-oxidized cells confirmed our hypothesis. In fact, all tested miRNA were found up-regulated both in undifferentiated and differentiated POST-hypoxia vs. PRE-Hypoxia cells as already found in the cells of the same subjects after similar trekking performed at low altitude (Pietrangelo et al., 2015).

The expression of miR-206 was in agreement with normal cell differentiation in all of the samples analyzed, which revealed that there was no modulation by the hypobaric hypoxia environment and by the superoxide production. However, the correct expression of miR-206 was not sufficient to promote correct POST-Hypoxia cell differentiation.

This is the first report that links female myogenic populations with hypobaric hypoxia-dependent and indipendent [image: image] production. In particular, our data suggest that it exists a personal adaptive capacity to oxidant balance. Of note, the understanding of the cellular adaptation to hypoxia-dependent oxidative stress, could be useful to highlight the dysregulated pathways found also in human diseases where etiopathology depend on hypoxia.

CONCLUSIONS

In the present study, we have distinguished two adaptive phenomena for female human satellite cell populations under hypobaric hypoxia, responders, and non-responder female subjects have been identified in terms of [image: image] production and consequent oxidative stress. In particular, hypobaric-hypoxia increased the satellite cells fusion into mature fibers and impaired the differentiation process, with the oxidized cells resulted more affected. Moreover, the altered expression of muscle-specific transcription factors with specific expression of miR-1 and miR-133 revealed a specific genetic and epigenetic signature dependent on the oxidative status.
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