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ABSTRACT

We hypothesized that inflammatory events and reactive oxygen species (ROS) production
may be differentially expressed in respiratory and limb muscles, and blood of a chronic
intermittent hypoxia (CIH) experimental model and that antioxidants and TNF-alpha blockade
may influence those events. In blood, diaphragm, and gastrocnemius of rats non-invasively
exposed to CIH (10% hypoxia, two hours/day, 14 consecutive days) with/without
concomitant treatment with either anti-TNF-alpha antibody (infliximab) or N-acetyl cysteine
(NAC), inflammatory cytokines, superoxide anion production, muscle structural
abnormalities, and fiber-type composition were assessed. Compared to non-exposed controls,
in CIH-exposed rats, body weight gain was reduced, TNF-alpha, IL-lbeta, IL-6, and
interferon-gamma levels were increased in diaphragm, TNF-alpha and IL-1 beta plasma levels
were greater, systemic and muscle superoxide anion production was higher, diaphragm and
gastrocnemius inflammatory cells and internal nuclei were higher, and muscle fiber-type and
morphometry remained unmodified. CIH rats treated with infliximab further increased TNF-
alpha, IL-1beta, IL-6, and interferon-gamma diaphragm levels, whereas NAC induced a
reduction only in TNF-alpha and IL-1beta levels in diaphragm and plasma. Infliximab and
NAC elicited a significant decline in superoxide anion production in diaphragm,
gastrocnemius, and plasma, while inducing a further increase in inflammatory cells and
internal nuclei in both muscles. Proinflammatory cytokines are differentially expressed in
respiratory and limb muscles and plasma of CIH-exposed rats, while superoxide anion
production increased in both muscle types and blood. Infliximab and NAC exerted different
effects. These findings may help understand the biology underlying CIH in skeletal muscles

and blood of patients with chronic respiratory diseases. Word count: 249
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INTRODUCTION

Patients with chronic respiratory diseases such as obstructive sleep apnea syndrome (OSAS)
(Martinez et al, 2015) and patients with chronic obstructive pulmonary disease (COPD)
during exercise may experience periods of chronic intermittent hypoxia (CIH) (Garcia-
Talavera et al, 2015). Interestingly, in OSAS recurrent episodes of complete or partial
collapse of the upper airway during sleep induce apnea or hypopnea, respectively, with
recurrent episodes of intermittent hypoxia (IH) during the night (Eckert et al, 2009;Garvey et
al, 2009;Martinez-Garcia et al, 2015), which may lead to the development of systemic
oxidative stress, as shown in several investigations (Lavie, 2008;Lavie et al, 2010;Lavie,
2012).

Importantly, similar features were demonstrated in experimental models of CIH such as
increased vascular production of reactive oxygen species (ROS) (Troncoso Brindeiro et al,
2007), myocardial dysfunction with increased oxidative stress levels (Chen et al, 2005),
increased platelet reactivity (Dunleavy et al, 2005), prolonged inflammatory response in the
cerebral microcirculation (Altay et al, 2004), and increased atherosclerotic plaques (Gautier-
Veyret et al, 2013). In chronic respiratory conditions (Barreiro et al, 2015;Maltais et al, 2014),
skeletal muscles may also be affected by CIH. As such, the diaphragm of rodents exposed to
hypoxia showed increased fatigue and reduced recovery time (McGuire et al, 2003), a slow-
to-fast muscle fiber transition (Shortt et al, 2013), and increased production of ROS that
mediated diaphragm contractile failure (Shortt et al, 2014). Inflammatory parameters were
also abundantly expressed in the larynx and soft palate tissues of rats in an experimental
model of OSAS (Almendros et al, 2008). Moreover, a rise in oxidative stress and
modifications in muscle structure were also shown in the external intercostal muscles
(predominantly inspiratory muscles) of patients with OSAS, who concomitantly exhibited a

reduction in respiratory muscle endurance (Barreiro et al, 2007).
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Recently, studies exploring the effects of chronic hypoxia on limb muscles in animal
models have been conducted. For instance, hypoxia-induced atrophy was less prominent in
oxidative than glycolytic limb muscles of mice exposed to chronic severe hypoxia (de Theije
et al, 2015;Slot et al, 2016). Interestingly, in these animals, loss of muscle and fat tissues
together with poor oxidative metabolism were observed along with a rise in proteolytic and
autophagy markers following a three-week period of exposure to severe hypoxia (8%).
Importantly, short-term severe IH (6%, four days) induced a differential expression profile of
mechanisms involved in muscle atrophy in the diaphragm and tibialis anterior in another
mouse model (Giordano et al, 2015). In this study, significant atrophy and increased lipid
metabolism and autophagy markers were seen in the respiratory muscle, leading to the
concept that those events may render the diaphragm more prone to fatigue (Giordano et al,
2015). Hence, these findings may have implications in patients with acute respiratory and
cardiac conditions.

As most of the studies published so far have focused on models of relatively long or
very short exposures to CIH of certain severity (Almendros et al, 2008;de Theije et al,
2015;McGuire et al, 2003;Shortt et al, 2013;Shortt et al, 2014;Slot et al, 2016;Giordano et al,
2015), elucidation of whether a short and less severe exposure to CIH may also modify the
muscle phenotype and the inflammatory pattern is also of scientific interest. On this basis, we
hypothesized that several inflammatory events and ROS production may be differentially
expressed in the diaphragm and a limb muscle of similar fiber type composition and in blood
of an experimental model (rats) of CIH. Additionally, we also hypothesized that concomitant
treatment with either anti-tumor necrosis factor (TNF)-alpha antibody or the antioxidant N-
acetyl cysteine may attenuate the effects induced by CIH in the study muscles and blood
compartment of the exposed animals. Accordingly, the study objectives were to explore: 1)
levels of inflammatory cytokines, 2) superoxide anion production, 3) muscle structural

abnormalities, and 4) fiber type composition in the diaphragm, gastrocnemius, and blood of
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rats exposed to a non-invasive model of moderate CIH (10% hypoxia) for 14 consecutive
days (including the weekend), with and without concomitant treatment with either anti-TNF-

alpha antibody or NAC.

METHODS

Animal experiments and study design

Animals. Pathogen-free male Wistar rats (Harlan, Horst, Netherlands) of identical age (8
weeks, 250-300 g) at baseline were used in the investigation. Food and water was supplied ad
libitum during the study period. In all rats, total body weight was determined by the same
investigators twice: at baseline and at the end of the two-week study period.

Pharmacological agents. NAC powder (kindly provided by Dr. A. Esteras, Zambon SA,
Barcelona, Spain) was dissolved in distilled water and prepared in order to obtain a final dose
of 3 mmol/kg. In the treated rats, NAC was administered daily using a 14-mm gauge needle
(oral gavage). The NAC dose was chosen on the basis of previous studies (Barreiro et al,
2005;Barreiro et al, 2006;Dominguez-Alvarez et al, 2014). The anti-TNF-alpha antibody
Infliximab was administered intraperitoneally (0.01mg/g in 0.3mL volume) on days 1 and 7
of the study protocol, also following previous studies in which the same compound was
administered to rats and mice (Dominguez-Alvarez et al, 2014;Grounds and Torrisi, 2004).
Infliximab is a chimeric immunoglobin (IgG1) containing 25% mouse-derived amino acids,
the variable region, which is linked to a human constant region by disulphide bonds.
Infliximab is produced in cell cultures using Chinese hamster ovary cells (Ordas et al, 2012).
After subcutaneous injection, infliximab is absorbed slowly, probably via lymphatic drainage,
reaching maximum concentrations between 8-10 days after administration.

Experimental protocol. The animals were first placed, fully awake, in a polyurethane
plethysmographic chamber, the anterior part of which contained a two-way threshold valve

(Hans Rudolph, model 2200, Kansas City, MO, USA), whose inspiratory branch was
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connected to a Douglas’s bag which was coupled to a gas source (10% O,). All the animals
were exposed to either 10% O, or room air for two hours/day for 14 consecutive days
(including the weekends). Saturation of oxyhemoglobin (pulse oximeter), heart rate,
expiratory fraction of CO, (end-tidal CO,, to prevent rebreathing) were also monitored
throughtout the entire study period. In the animals exposed to intermittent hypoxia, arterial
blood gas analysis was conducted from the tail to verify that PaO, levels were indeed below
60 mmHg in all rats. All the animals were exposed to the same dietary conditions. The
animals were given food and water ad libitum and no differences were observed between the
groups.

Study groups and protocol. Thirty-two rats were studied in the investigation. All rats were
randomly assigned to the different experimental groups (N=8/group). The following groups
were established in the study: 1) non-exposed control group, in which animals were not
exposed to hypoxia, but lived in identical environmental conditions as the other groups
(exposed to the chamber in a normal atmosphere for two consecutive hours/24 hours for 14
consecutive days), in order to control for stress-related factors, 2) CIH group, animals were
exposed to 10% O, for two consecutive hours/24 hours for 14 consecutive days, 3) anti-TNF-
alpha-hypoxia group, in which animals exposed to identical hypoxia conditions received
concomitant treatment with anti-TNF-alpha antibody/7days for 14 consecutive days (two
intraperitoneal injections in total on days 0 and 7), and 4) NAC-hypoxia group in which
animals concomitantly received treatment with 3 mmol/kg NAC/24h (oral gavage) for 14
consecutive days. None of the animals died during the study period. On day 14 of the study
protocol, after finishing the hypoxia or the control exposures, animals from the different
experimental groups were sacrificed. Animals were exsanguinated and blood was collected
from the cardiac cavities and stored at -80°C until further use. The diaphragm and
gastrocnemius were then quickly excised. All muscle samples were either immediately frozen

in liquid nitrogen and subsequently stored at —80°C until further use (molecular analyses) or
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immersed in an alcohol-formol bath for two hours to be thereafter embedded in paraffin
(tissue analyses).

Ethical approval

All animal experiments were conducted in the animal facilities at Parc de Recerca Biomédica
de Barcelona (PRBB, Spain). This controlled study was designed in accordance with both the
ethical standards on animal experimentation (EU 609/86 CEE, Real Decreto 1201/05 BOE
252, Spain) at PRBB and the European Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes (1986). The study conforms to the
current international ethical guidelines for animal research. Ethical approval was obtained by

the Animal Research Committee at PRBB (JGG-13-1540).

Muscle biology analyses

Detection of superoxide anion radicals in muscle compartments. The reagents used in these
experiments were all purchased from Sigma (Sigma, Saint Louis, MO, USA). Frozen muscle
specimens from diaphragm and gastrocnemius of all groups were fractionated into cytosolic,
membrane, and mitochondria compartments following previous reports by some of us
(Dominguez-Alvarez et al, 2014;Fermoselle et al, 2012;Marin-Corral et al, 2009). The entire
procedure was done at 4°C (on ice). In brief, frozen muscle samples were homogenized in 6
v/w  ice-cooled  homogenization buffer A [50 mM  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 0.1 mM Dithiothreitol (DTT), 2 png/ml leupeptin, 100
pg/ml phenylmethylsulfonyl fluoride (PMSF), 2 pg/ml aprotinin, 1 mg/100 ml pepstatin A,
5% glycerol, pH 7.4]. Samples were then centrifuged at 1,000 g for 10 minutes. The pellet
(P1) was discarded, whereas the supernatant (S1) was designated as crude homogenates.
These homogenates were then centrifuged at 12,000 g for 20 minutes to yield supernatant
(S2) and pellet (P2). Pellet (P2) was then re-suspended in buffer B [10 mM tris-maleate, 0.1
mM ethylenediaminetetraacetic acid (EDTA), and 135 mM KCI] and then centrifuged at

12,000 g for 20 minutes to yield S3 and P3. The resulting pellet (P3) was re-suspended in
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buffer A and designated as the mitochondrial fraction. Both S2 and S3 fractions were pooled
and were used to separate the membrane and cytosolic fractions by centrifugation for one
hour at 100,000 g. The resulting supernatant (S4) was designated as the cytosolic fraction,
whereas the pellet (P4) was re-suspended in buffer C (10 mM HEPES, 300 mM sucrose, pH
7.2), treated for one hour with 600 mM KCI and then centrifuged again at 100,000 g for
another hour. Pellet was re-suspended in buffer A and designated as the membrane fraction.

After a 10-minute preincubation period of the samples at 37°C, baseline measurements
of the different muscle fractions were made in a luminometer (Lumat LB 9507, Berthold
Technologies GmbH, Bad Wildbad, Germany) by adding 250 uM lucigenin for five minutes.
Moreover, in order to confirm the contribution to superoxide anion production of each muscle
compartment, additional groups of muscle fractions were further incubated for 20 minutes at
37°C with 250 uM rotenone (inhibitor of mitochondrial complex I activity) in the
mitochondrial fraction, 200 puM apocynin (specific inhibitor of NADPH oxidase) in the
membrane fraction, and 300 uM oxypurinol (inhibitor of xanthine oxidase) in the cytosolic
fraction. Incubation with the corresponding inhibitors significantly reduced the luminometer
output in each muscle fraction of all the samples.

The specificity of the method was tested by preincubation of a group of muscle
fractions (mitochondria, membrane, and cytosol) from control and hypoxia rats with and
without the pharmacological treatments with 0.33 U/ml superoxide dismutase (SOD) for
twenty minutes at 37°C, to which 250 uM lucigenin was added and the luminometer output
was recorded for five minutes. Preincubation of the samples with superoxide dismutase
significantly diminished the production of superoxide anion in all the muscle fractions
compared to baseline measurements. Intra-assay coefficients of variation for these
methodologies ranged from 2% to 4%, while inter-assay coefficients of variation ranged from

7% to 10%.
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Detection of superoxide anion radicals in blood. The reagents employed in these
methodologies were all purchased from Sigma. In order to quantify superoxide anion
production, lucigenin-derived chemiluminescence (LDCL) signals were determined in all
blood (serum) samples using a luminometer (Lumat LB 9507, Berthold Technologies GmbH,
Bad Wildbad, Germany) as formerly described (Dominguez-Alvarez et al, 2014;Fermoselle et
al, 2012;Marin-Corral et al, 2009). Briefly, 50 pL of each serum sample was poured in a tube
containing 950 uL Krebs-HEPES buffer. The mixture was incubated for 10 minutes at 37°C
in a water bath. Lucigenin (0.1 mM) was immediately added after the 10-minute incubation
period and the tubes were subsequently placed in the luminometer. The luminometer output
was read during 10 minutes in all the samples. LDCL signals were measured in the presence
of lucigenin alone (baseline levels) and in the presence of 0.5 U/mL SOD.

Cytokine Enzyme-linked Immunosorbent Assay (ELISA). Protein expression of the cytokines
TNF-alpha, IL-lbeta, IL-6, and interferon-gamma was quantified in the diaphragm,
gastrocnemius and plasma of all the experimental groups using specific-species sandwich
ELISA kits (Bender Medsystems GmbH, Vienna, Austria) following similar previously
published methodologies (Barreiro et al, 2008;Barreiro et al, 2010;Chacon-Cabrera et al,
2014a;Dominguez-Alvarez et al, 2014). Frozen muscle sample specimens were homogenized
and protein concentration calculated as described above. For all the sample specimens equal
amounts of total protein from muscle homogenates were always loaded in triplicates (15 pg in
200 pL total volume each singlet for all the triplicates of all the study samples) onto the
ELISA plates. All samples were incubated with the specific primary antibodies and were
always run together in each assay. Before commencing the assay, samples and reagents were
equilibrated to room temperature. A standard curve was always run with each assay run.
Standards (200 uL) and the protocols were prepared according to the manufacturer’s
instructions for each cytokine. Absorbances were read at 450 nm using as a reference filter

that of 655 nm. Intra-assay coefficients of variation for the different cytokines and studies
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ranged from 4.5% to 10%. Inter-assay coefficients of variation for the same cytokines ranged
from 8% to 12%.

Muscle fiber counts and morphometry. On 3-micrometer muscle paraffin-embedded sections
of both diaphragms and gastrocnemius muscles from all animal groups, myosin heavy chain
(MyHC)-I and-II isoforms, were identified using anti-MyHC-I (clone NOQ7.5.4D, Sigma,
Saint Louis, MO, USA), anti-MyHC-II (clone MY-32, Sigma, Saint Louis, MO), as published
elsewhere (Barreiro et al, 2008;Barreiro et al, 2010;Chacon-Cabrera et al, 2014a;Dominguez-
Alvarez et al, 2014). The cross-sectional area, mean least diameter, and proportions of type |
and type II fibers were assessed using a light microscope (Olympus, Series BXS50F3,
Olympus Optical Co., Hamburg, Germany) coupled with an image-digitizing camera (Pixera
Studio, version 1.0.4, Pixera Corporation, Los Gatos, CA, USA) and a morphometry program
(NIH Image, version 1.60, Scion Corporation, Frederick, MD, USA). In order to explore
muscle fiber types and sizes at least 100 fibers were measured and counted in each muscle
specimen from all animals.

Muscle structure abnormalities. The area fractions of normal and abnormal muscle (abnormal
cellular events taking place in the muscle fibers) was evaluated on three-micrometer paraffin-
embedded sections of diaphragms and gastrocnemius of all rats following similar
methodologies published elsewhere (Chacon-Cabrera et al, 2014a;Dominguez-Alvarez et al,
2014). Briefly, normal and abnormal tissue was quantified using computer-assisted point
counting in all the muscle sections, previously stained with hematoxylin-eosin. A grid of 63
point-intercepts (7 x 9 rectangular pattern), built by means of the software Imaging Cell-B
(Olympus Corporation), was superimposed onto the image of the muscle cross section at a
magnification of 400x under a light microscope (Olympus BX 61, Olympus Corporation)
using an image digitizing camera (Olympus DP 71, Olympus Corporation). Thirty images
were measured in each muscle sample of all animal groups. Each point-intercept (field) was

assigned to a specific category and entered into the software. A total of 1,890 fields were
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analyzed in each muscle sample. Categories for point counting were defined as follows: 1)
normal muscle, 2) internal nuclei, 3) inflammatory cells, 4) lipofuscin, 5) abnormal viable, 6)
inflamed/necrotic, 7) vessel, and 0) no count. The area fraction for each category was defined
as the proportion of points that fell on each of these traits relative to the total number of points
superimposed on all viable fields (all features except for categories 0 and 7) of each cross
section. The area fraction of normal muscle was equivalent to the proportion of points falling
in category 1, while the area fraction of abnormal muscle was determined by calculating the
proportion of points in categories 2, 3, 4, 5, and 6.

Statistical analysis

Results are expressed as mean and standard deviation. Physiological variables (body weight)
were analyzed as follows: 1) comparisons were made between baseline, and post-hypoxia
period in each experimental group of rats; 2) comparisons were made between non-exposed
control group and any of the experimental hypoxia groups; and 3) comparisons were made
between rats exposed to hypoxia treated with either NAC or anti-TNF-alpha antibody and

those exposed to hypoxia-only (control group) for this set of comparisons.

All biological variables (from muscles and blood) were analyzed at the end of the
study period and comparisons were made as follows: 1) between the non-exposed controls
and any of the experimental hypoxia groups, and 2) between rats exposed to hypoxia treated
with either NAC or anti-TNF-alpha antibody and animals exposed to hypoxia-only, which

was the control group in this type of analysis.

Comparisons of physiological variables between post-hypoxia and baseline time-
points were explored using parametric paired T-test. At the end of the study period,
differences in both physiological and biological variables (muscle and blood compartments)
between the different study groups were assesed using one-way analysis of variance, and
Dunnett’s post-hoc analysis was used to adjust for multiple comparisons. The sample size
chosen was based on previous studies, where very similar approaches were employed

John Wiley & Sons, Inc. 1
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(Barreiro et al, 2005;Barreiro et al, 2006;Chacon-Cabrera et al, 2014a;Chacon-Cabrera et al,
2014b;Chacon-Cabrera et al, 2015;Dominguez-Alvarez et al, 2014) and on assumptions of
80% power to detect an improvement of more than 20% in measured outcomes at a level of

significance of P< 0.05.

RESULTS

Physiological characteristics

As shown in Table 1 and Figure 1, only the non-exposed control group gained a significant
amount of body weight after the two-week study period compared to baseline. At the end of
the two-week study period, the gain in total body weight was significantly smaller in all
hypoxia groups than in the non-exposed control animals (Table 1 and Figure 1). Treatment
with either NAC or anti-TNF-alpha antibody did not significantly improve body weight gain

in the rats at the end of the study period (Table 1 and Figure 1).

Systemic and muscle inflammatory markers

After the two-week study period, protein levels of TNF-alpha were significantly greater in the
diaphragm of hypoxia rats than in the non-exposed controls (Figure 2, top panel).
Interestingly, treatment of hypoxia rats with anti-TNF-alpha antibody elicited a further
increase in protein levels of the cytokine TNF-alpha in their diaphragms compared to
hypoxia-only rodents and the non-exposed controls (Figure 2, top panel). Hypoxia animals
treated with NAC experienced a significant decline in TNF-alpha levels in their diaphragm
compared to hypoxia-only rodents (Figure 2, top panel). In the gastrocnemius, TNF-alpha
protein levels did not differ among any of the study groups (Figure 2, medium panel). In
plasma, TNF-alpha protein levels showed a significant increase in CIH-exposed rats
compared to non-exposed controls (Figure 2, bottom panel). Treatment with anti-TNF-alpha
antibody did not significantly modify TNF-alpha levels in plasma compared to either hypoxia

rats or the non-exposed controls (Figure 2, bottom panel). Concomitant treatment of these
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animals with NAC elicited a significant decline in plasma TNF-alpha levels compared to
hypoxia-only rats but not to the non-exposed controls.

Protein levels of IL-1beta were significantly greater in the diaphragm of hypoxia rats
than in the non-exposed controls (Figure 3, top panel). Protein levels of such a
proinflammatory cytokine were further increased in the diaphragm of anti-TNF-alpha-
hypoxia rodents compared to hypoxia-only and non-exposed control rats (Figure 3, top
panel). Nonetheless, treatment with NAC elicited a decrease in diaphragm IL-1beta levels
compared to hypoxia-only animals, whereas a significant increase was observed compared to
the non-exposed controls (Figure 3, top panel). Protein levels of IL-1beta did not significantly
differ in the limb muscle among any of the study groups (Figure 3, medium panel). In plasma,
IL-1 beta protein levels showed a significant increase in the hypoxia group compared to non-
exposed controls (Figure 3, bottom panel). Plasma levels of such a cytokine exhibited a
significant decline in both anti-TNF-alpha-hypoxia and NAC-hypoxia groups of rodents
compared to hypoxia-only animals, with similar levels to those detected in the non-exposed
controls (Figure 3, bottom panel).

Protein levels of IL-6 were significantly increased in the diaphragm of hypoxia rats
compared to the non-exposed controls (Figure 4, top panel). Moreover, IL-6 protein levels
were even greater in the diaphragm of rats treated with the anti-TNF-alpha antibody than in
hypoxia-only rats and non-exposed controls (Figure 4, top panel). Concomitant treatment
with NAC only elicited a significant increase in IL-6 levels compared to the non-exposed
controls, but not to hypoxia-only rats (Figure 4, top panel). In the limb muscle and blood
compartment, no significant differences were observed in IL-6 protein levels among the study
groups (Figure 4, medium and bottom panels).

Protein levels of interferon-gamma were increased in the diaphragm of the hypoxia rats
compared to the non-exposed controls (Figure 5, top panel). In the same muscle, no

significant differences were observed between NAC-hypoxia and hypoxia only groups, while
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treatment with anti-TNF-alpha antibody induced a further increase in TNF-alpha levels
compared to hypoxia-only rats and the non-exposed controls (Figure 5, top panel). Protein
levels of interferon-gamma did not significantly differ in either gastrocnemius muscle or
plasma compartment among any of the study groups (Figure 5, medium and bottom panels,
respectively).

Systemic and muscle oxidant production

Generation of superoxide anion was greater within the mitochondrial and membrane
compartments in the diaphragm of hypoxia rats than in the non-exposed controls (Figure 6A,
top and medium panels, respectively). Interestingly, in the diaphragm of both anti-TNF-alpha-
hypoxia and NAC-hypoxia rats a significant decline in superoxide anion levels was observed
within the mitochondrial and membrane compartments compared to hypoxia-only rodents,
while levels were similar to those detected in the non-exposed controls (Figure 6A, top and
medium panel, respectively). In the cytosolic fraction of the diaphragm, superoxide anion
levels were very low and did not significantly differ among the study groups (Figure 6A,
bottom panel). In the gastrocnemius of hypoxia rats, levels of superoxide anion were higher
within the mitochondrial compartment compared to those detected in the non-exposed control
group (Figure 6B, top panel). As in the diaphragm, in the gastrocnemius of anti-TNF-alpha-
hypoxia and NAC-hypoxia rats, a significant reduction in superoxide anion levels was
detected within the mitochondrial compartment compared to hypoxia-only rodents (Figure
6B, top panel). Nevertheless, no differences in superoxide anion production were detected
among the study groups within the membrane or cytosolic fractions in the gastrocnemius
muscle (Figure 6B, medium and bottom panels, respectively). As in both study muscles,
plasma levels of superoxide anion production were greater in hypoxia group of rats than in
the non-exposed controls (Figure 6 C). Interestingly, in anti-TNF-alpha-hypoxia and NAC-

hypoxia groups, superoxide anion levels were significantly reduced in plasma compared to
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hypoxia-only group, and were similar to those detected in the non-exposed controls (Figure
6C).

Muscle structure

In diaphragm and gastrocnemius muscles of all groups of rats no significant differences were
observed in either muscle fiber-type composition or sizes (Table 2).

Proportions of total structural abnormalities were increased within the diaphragm and
gastrocnemius muscles of hypoxia rats compared to the non-exposed controls (Table 3).
Interestingly, treatment of hypoxia rats with either anti-TNF-alpha antibody or NAC elicited a
further increase in structural abnormalities in their diaphragms and gastrocnemius compared
to hypoxia-only rodents and the non-exposed controls, as a result of a significant rise in the

number of both inflammatory cells and internal nuclei (Table 3).

DISCUSSION

In the study, the hypothesis has been confirmed to a great extent. A differential pattern of
inflammatory events was observed in the blood and the main respiratory muscle compared to
the gastrocnemius in rats exposed to CIH for two consecutive weeks. Moreover, concomitant
treatment with either the antioxidant or anti-TNF-alpha antibody elicited relevant
modifications in the levels of ROS production and the inflammatory parameters analyzed in
the study that are discussed below. Interestingly, CIH reduced body weight gain compared to
non-exposed controls, and treatment with either infliximab or NAC did not modify those
effects on whole body weight in the animals. These findings are also discussed in the next
paragraphs.

Profile of inflammatory events in respiratory and limb muscles and blood: effects of
infliximab and NAC

Inflammatory cytokines were differentially expressed in the diaphragm, gastrocnemius and

blood study compartments of the rats exposed to CIH. Moreover, the cytokine response to
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each of the pharmacological agents also differed among the three compartments. As such,
levels of TNF-alpha were significantly greater in the diaphragm and blood of the rats
chronically exposed to CIH than in non-exposed animals. Importantly, concomitant treatment
with anti-TNF-alpha antibody of the hypoxia rats induced a further increase in TNF-alpha
levels only in the diaphragm, while inducing no significant differences in the systemic levels
of this cytokine. These findings are in line with previous results (Dominguez-Alvarez et al,
2014), in which the antibody infliximab elicited a larger increase in TNF-alpha protein levels
in the diaphragm of rats exposed to high-inspiratory loads. We concluded that infliximab most
likely blocked systemic TNF-alpha but not that synthesized within the fibers of the respiratory
muscle, whose levels were even greater after treatment with the pharmacological agent in
response to both high-inspiratory loading (Dominguez-Alvarez et al, 2014) and hypoxia in the
current study.

Protein levels of IL-1beta were significantly larger in the diaphragm and blood of the
CIH-exposed rats than in the non-exposed controls. Importantly, concomitant treatment with
infliximab also induced a further increase in IL-lbeta in the respiratory muscle, while a
significant decline was detected in the blood compartment of the same animals. In keeping
with, a rise in the levels of the cytokines IL-6 and interferon-gamma was also observed in the
diaphragm of the animals exposed to CIH compared to non-exposed rats, and concomitant
treatment with the anti-TNF-alpha antibody induced a further increase in the levels of those
cytokines in the respiratory muscle. Systemic levels of IL-6 and interferon-gamma, however,
were not modified by infliximab in the CIH-exposed animals. These results suggest that the
effects of the anti-TNF-alpha antibody differ between blood and the respiratory muscle
compartments in this model of CIH of relatively short duration (15 days). Taken together,
these findings indicate that infliximab may trigger a process of muscle regeneration (as
demonstrated by the increased internal nuclei counts) in response to moderate CIH in the

diaphragm characterized by a significantly greater increase in several cytokines such as TNF-
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alpha, IL-1 beta, IL-6, and interferon-gamma than in hypoxia rats without the treatment.
Nonetheless, systemic levels of the proinflammatory cytokines were significantly decreased
(IL-1 beta) in response to infliximab or were not modified in the CIH-exposed rats. As
abovementioned, all these results suggest again that the antibody rather blocks the production
of systemic proinflammatory cytokines than those synthesized within the muscle fibers.
Indeed, similar findings were found in a previous study, in which infliximab also elicited a
significant reduction in blood levels of several cytokines in animals exposed to high-intensity
inspiratory loads, while inducing an increase of proinflammatory cytokines in the loaded
muscle (diaphragm) (Dominguez-Alvarez et al, 2014).

Importantly, no significant differences in cytokine levels were observed in the limb
muscle among the study groups, implying that hypoxia or any of the pharmacological agents
did not modify the cytokine profile in the gastrocnemius. The activity of the respiratory
muscle, as opposed to the limb muscle, most likely accounts for the differential expression
profile of cytokines between the two muscles. In fact, previous investigations have also
demonstrated a rise in inflammatory cytokines only in the respiratory muscle following
resistive breathing (Sigala et al, 2012;Vassilakopoulos et al, 2004) and high-inspiratory
threshold loading (Dominguez-Alvarez et al, 2014) in rats.

The antioxidant NAC elicited a significant decrease in TNF-alpha levels in the
diaphragm and blood of the rats exposed to CIH compared to non-treated hypoxia animals.
Similarly, levels of IL-1 beta were also significantly lower in the respiratory muscle and
blood of rodents receiving treatment with NAC than in non-treated hypoxia rats. NAC did not
induce any significant reduction in levels of IL-6 or interferon-gamma in any of the study
muscles or blood compartment of CIH-exposed rats compared to non-treated hypoxia
animals. Collectively, these results imply that the antioxidant effects of NAC may be
mediated through an antiinflammatory mechanism (TNF-alpha and IL-1 beta) both in the

respiratory muscle and blood. It is likely that muscle activity influences to a great extent the
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profile of proinflammatory cytokines such as TNF-alpha and IL-1 beta in the diaphragm of
the CIH-exposed rats in response to the antioxidant treatment. In fact, recent observations
from experimental models have also demonstrated that NAC induced its beneficial effects on
several tissues and muscles through a TNF-alpha dependent mechanism (de Senzi Moraes et
al, 2013;Lin et al, 2015;Moraes et al, 2015).

The findings encountered in this study are also in agreement with those previously
shown, in which resistive breathing induced a rise in several proinflammatory cytokines in the
rat diaphragm mediated by major signaling pathways such as nuclear factor (NF)-kB and
mitogen-activated protein kinases (MAPKSs), and pretreatment of the animals with NAC
completely blunted the production of those inflammatory cytokines (Sigala et al, 2011). The
authors concluded that oxidative stress was a main trigger for the increased activity-induced
upregulation of cytokines seen in the diaphragm (Sigala et al, 2011). Other studies have also
shown that oxidative stress may play a significant role in the inflammatory response induced
by increased muscle activity. In this regard, treatment with NAC was shown to attenuate the
activity-induced increase in systemic levels of proinflammatory cytokines in healthy humans
following general exercise (Vassilakopoulos et al, 2003), strenuous resistive breathing
(Vassilakopoulos et al, 2002), and in monocytes (Toumpanakis et al, 2009). Finally, it should
be mentioned that NAC did not elicit any significant change in the levels of the study
cytokines in the limb muscle. As abovementioned activity of the target muscle determines the
expression profile of cytokines.

Oxidative stress profile in respiratory and limb muscles and blood compartment: effects
of infliximab and NAC

A significant rise in superoxide anion production levels was observed in the mitochondrial
and membrane fractions of the diaphragm in rats exposed to CIH. Moreover, a significant
increase in superoxide anion levels was also observed in the mitochondrial fraction of the

limb muscle in the same animals. These findings suggest that mitochondria are major targets
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of hypoxia-induced oxidative stress as superoxide anion release from this specific
compartment was observed in both types of muscles as also shown to occur in other
conditions (Taivassalo and Hussain, 2016). Moreover, mitochondria was the most relevant
contributor to oxidant production as levels were larger than in the other cell compartments
and were, indeed, increased in both respiratory and limb muscles of the CIH-exposed animals.
These results are in agreement with former investigations, in which increased oxidant
production was also shown in the muscles of COPD patients with severe hypoxia (Koechlin et
al, 2005), in diaphragm of rats exposed to high-inspiratory loading (Dominguez-Alvarez et al,
2014), and in both respiratory and limb muscles of mice exposed to very short [H (Giordano
etal, 2015). Systemic levels of superoxide anion were also significantly greater in the animals
exposed to CIH compared to non-exposed control rats. Collectively, these results imply that
hypoxia induced systemic effects on ROS production as it enhanced oxidant production
systemically and in both muscle types of the rats.

Interestingly, treatment with infliximab elicited a significant decline in systemic
superoxide anion production, in both mitochondria and membrane compartments of the
respiratory muscle, and in the mitochondrial fraction of the gastrocnemius in rats exposed to
CIH. As inflammatory cell counts were actually further increased in response to infliximab in
both diaphragm and gastrocnemius, superoxide anion production levels were probably
reduced as a result of a mechanism relying on the actual myofibers (mitochondrial and
membrane-ROS producing enzymes) of the CIH-exposed animals treated with infliximab
rather than to an inflammatory cell-dependent mechanism (de Senzi Moraes et al,
2013;Langen et al, 2002).

Importantly, levels of superoxide anion were significantly lower in the mitochondrial
fraction of both diaphragm and gastrocnemius and in the membrane compartment of the
former muscle in hypoxia rats treated with NAC than in hypoxia-only animals. Additionally,

systemic levels of superoxide anion were also significantly reduced in the plasma of hypoxia
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rodents treated with the antioxidant compared to those without the treatment. In line with this,
plasma and diaphragm superoxide anion production levels also decreased in rats exposed to
inspiratory threshold loading that were concomitantly treated with NAC (Dominguez-Alvarez
et al, 2014). As abovementioned treatment with NAC also elicited a significant reduction in
systemic and muscle oxidative stress and inflammatory cytokine levels in several human
studies (Toumpanakis et al, 2009;Vassilakopoulos et al, 2002;Vassilakopoulos et al, 2003)
and animal models of resistive breathing (Sigala et al, 2011;Sigala et al, 2012). Collectively,
these results suggest that NAC is a potent antioxidant that exerts its effects in all body
compartments.

Similar structural abnormalities in respiratory and limb muscles and body weight:
effects of infliximab and NAC

The proportions of structural abnormalities and those of internal nuclei and inflammatory
cells were greater in both diaphragm and gastrocnemius of CIH-exposed animals compared to
non-exposed control animals. These findings imply that exposure to moderate levels of CIH
induced a process of muscle regeneration in the rats. Furthermore, concomitant treatment with
either infliximab or NAC elicited a significant rise in total muscle abnormalities characterized
by an increase in the number of inflammatory cells and internal nuclei in both respiratory and
limb muscles of rats exposed to CIH compared to non-treated hypoxia animals. These are
very interesting findings, which are in line with previous studies in which chronic respiratory
patients with hypoxia also exhibited a larger increase in inflammatory cell counts in the study
muscles (Barreiro et al, 2010;Koechlin et al, 2005).

On the other hand, NAC and infliximab may have also triggered a repair process
(increased internal nuclei counts) in response to hypoxia, which could be partly mediated
through the rise in inflammatory cells observed in both study muscles. Interestingly, a decline
in levels of several markers of oxidative stress and damage was also observed in myotubes of

distrophic mice that had been treated with the antioxidant NAC (Moraes et al, 2015).
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Moreover, levels of muscle damage (necrosis) in the diaphragm also decreased in distrophic
mice treated with NAC as a result of a decline in TNF-alpha and oxidative stress levels (de
Senzi Moraes et al, 2013). All these findings indicate that NAC antioxidant effects alleviate
muscle damage, while promoting muscle repair and regeneration of respiratory and limb
muscles in several experimental models.

It should be underscored that fiber-type composition or morphometry were not modified
by exposure to CIH in any study muscle or by the administration of either pharmacological
agent. These results are not totally in agreement with those reported in previous
investigations, in which a smaller size of fast-twitch fibers was demonstrated in patients with
advanced COPD and cachexia (Fermoselle et al, 2012;Puig-Vilanova et al, 2015b;Puig-
Vilanova et al, 2015a), in animals with cancer cachexia (Chacon-Cabrera et al,
2014a;Chacon-Cabrera et al, 2015), in mice exposed to chronic continuous severe hypoxia (de
Theije et al, 2015;Slot et al, 2016), and in mice exposed to short [H (Giordano et al, 2015).
Differences in the study models (intensity of hypoxia, duration, and continuous versus
intermittent) may account for the discrepancies of the results observed in the different study
models.

Finally, it is worth mentioning that CIH exposure induced a significantly lower body
weight gain in the rats than that observed in the non-exposed animals. These findings are
consistent with those previously reported in experimental models of chronic continuous
severe hypoxia or CIH (de Theije et al, 2015;Giordano et al, 2015;Shortt et al, 2014;Slot et al,
2016). Several biological mechanisms may underlie the body weight loss induced by hypoxia.
For instance, hypoxia was shown to inhibit protein synthesis (Preedy et al, 1985), to alter
mitochondrial enzymes and muscle mass (Bigard et al, 1991), to induce an aerobic to
anaerobic shift due to mitochondrial loss (Howald et al, 1990), to reduce mitochondrial
protein synthesis (Kwast and Hand, 1996), and to increase leptin concentrations while

reducing those of metabolic parameters (sugar and cholesterol) in experimental models (Ling
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et al, 2008). As the sizes of the fibers were not reduced in any of the study muscles, we
propose that metabolic and mitochondrial alterations are probably the most relevant
contributors to the decrease in body weight observed in the CIH-exposed rats. Inflammatory
cytokines or ROS were probably not involved in the body weight loss of the hypoxia animals,
since treatment with either infliximab or NAC did not significantly improve this parameter.
Conclusions

Proinflammatory cytokines are differentially expressed in the respiratory and limb muscles
and plasma of rats exposed to non-invasive CIH, while superoxide anion production was
increased in both muscle types and blood. The anti-TNF-alpha antibody and NAC probably
triggered muscle regeneration, which was characterized by a rise in inflammatory cell counts
and internal nuclei in both diaphragm and gastrocnemius of rats exposed to CIH, while no
modifications in muscle morphometry or fiber type composition were observed among the
study groups. Concomitant treatment of the hypoxia animals with infliximab induced a further
increase in levels of proinflammatory cytokines in the diaphragm, whereas NAC elicited a
significant decline in superoxide anion levels in all compartments. These findings may help
understand the biology underlying CIH in skeletal muscles and blood of patients with chronic

respiratory diseases.

John Wiley & Sons, Inc. 22



©CoO~NOUTA,WNPE

Journal of Cellular Physiology

LIST OF ABBREVIATIONS

CIH, chronic intermittent hypoxia; COPD, chronic obstructive pulmonary disease; DTT,
Dithiothreitol; EDTA, Ethylenediaminetetraacetic  acid; ELISA, enzyme-linked
immunosorbent assay; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IL,
interleukin; IgG, immunoglobin G; IH, intermittent hypoxia; LDCL, lucigenin-derived
chemiluminescence; MyHC, myosin heavy chain; NAC, N-acetyl cysteine; OD, optical
densities; OSA, obstructive sleep apnea, PMSF, phenylmethylsulfonyl fluoride; ROS, reactive

oxygen species; SOD, superoxide dismutase; TNF, tumor necrosis factor.
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FIGURE LEGENDS

Figure 1: Schematic representation of mean values of body weights in all study groups of rats
(non-exposed control, hypoxia, anti-TNF-alpha-hypoxia, NAC-hypoxia) on days 0, 7 and 14.
Figure 2: Mean values and standard deviation of TNF-alpha protein levels measured in the
diaphragm, gastrocnemius, and plasma compartments (top, medium, and bottom panels,
respectively, N=8/ group all groups). In the diaphragm, protein levels of TNF-alpha were
significantly increased in rats exposed to hypoxia compared to the non-exposed controls (**%*,
p<0.001). Additionally, the respiratory muscle of rats treated with anti-TNF-alpha antibody
exhibited a larger increase (Y], p<0.05) in TNF-alpha protein levels compared to rats exposed
to hypoxia-only and non-exposed controls (*, p<0.05), while a significant decrease was
observed in animals treated with NAC (4, p<0.01). In the limb muscles no significant
differences were found in any of the groups (n.s., non-significant). In plasma, TNF-alpha was
significantly greater (*, p<0.05) in rats exposed to hypoxia, while no differences (n.s., non-
significant were seen in the group of hypoxia anti-TNF-alpha rats compared to the non-
exposed controls, and a significant decline was observed in animals treated with NAC
compared to hypoxia only rats (, p<0.05).

Figure 3: Mean values and standard deviation of IL-1beta protein levels measured in the
diaphragm, gastrocnemius, and plasma compartments (top, medium, and bottom panels,
respectively, N=8/ group all groups). Protein levels of IL-1beta were significantly increased
(**, p<0.01) in the diaphragm of hypoxia rats compared to the non-exposed controls.
Moreover, protein levels of this cytokine were even greater (Y, p<0.05) in the diaphragms of
rats treated with anti-TNF-alpha antibody than in hypoxia-only rats and the non-exposed
controls (*, p<0.05). A significant decrease was observed in animals treated with NAC
compared to hypoxia-only group (Y, p<0.05), although these were significantly greater
compared to controls rodents. No significant differences were observed among any of the

study groups in IL-1beta protein levels in the limb muscle (n.s., non-significant). In plasma,

John Wiley & Sons, Inc. 29

Page 30 of 43



Page 31 of 43

©CoO~NOUTA,WNPE

Journal of Cellular Physiology

IL-1beta was significantly greater (*, p<0.05) in rats exposed to hypoxia than in the non-
exposed controls, while a significant decrease was observed in animals treated with either
anti-TNF-alpha antibody or NAC (Y, p<0.05).

Figura 4: Mean values and standard deviation of IL-6 protein levels measured in the
diaphragm, gastrocnemius, and plasma compartments (top, medium, and bottom panels,
respectively, N=8/ group all groups). In the respiratory muscle, IL-6 levels were significantly
greater (**, p<0.01) in hypoxia rats compared to the non-exposed controls. Additionally, a
greater increase (Y, p<0.05) in IL-6 protein levels was observed in the diaphragms of rats
treated with anti-TNF-alpha antibody compared to rats exposed to hypoxia and the non-
exposed controls (***, p<0.001). Concomitant treatment with NAC did not elicit any
significant difference in IL-6 levels compared to hypoxia rats, although IL-6 levels were
significantly higher than in non-exposed control rats No significant differences were observed
among any of the estudy groups in IL-6 protein levels in either limb muscles or plasma (n.s.,
non significant).

Figure 5: Mean values and standard deviation of interferon-gamma protein levels measured
in the diaphragm, gastrocnemius, and plasma compartments (top, medium, and bottom panels,
respectively, N=8/ group all groups). 6 A) In the respiratory muscle, interferon-gamma levels
were significantly greater in hypoxia rats compared to the non-exposed controls (*, p<0.05).
Moreover, protein levels of this cytokine were even greater (Y, p<0.05) in the diaphragm of
rats treated with anti-TNF-alpha antibody compared to hypoxia-only rats and the non-exposed
controls (**, p<0.01). Concomitant treatment with NAC did not elicit any significant
difference in interferon-gamma levels compared to hypoxia-only rats. No significant
differences were observed among any of the study groups in interferon-gamma protein levels
in either limb muscles or plasma (n.s., non significant).

Figure 6: Mean values and standard deviation of superoxide anion levels measured in the

diaphragm, gastrocnemius, and plasma compartments (Figure 6A, Figure 6B, Figure 6C,
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respectively, N=8/ group all groups). 6A) In both mitochondrial and membrane diaphragm
muscle compartments, levels of superoxide anion were significantly increased in the hypoxia
group of rats compared to the non-exposed controls (*, p<0.05), while a significant decrease
was observed in the treated groups with either anti-TNF-alpha antibody or NAC in both
muscle fractions (Y, p<0.05 for all groups, except for the membrane compartment treated with
anti-TNF-alpha antibody: 9], p<<0.01). No significant differences were observed in superoxide
anion levels produced within the cytosol compartment among any of the study groups (n.s.,
non-significant). 6B) In the gastrocnemius, levels of superoxide anion were significantly
increased in the mitochondrial compartment of the hypoxia group of rats compared to the
non-exposed controls (*, p<0.05), while concomitant treatment with either anti-TNF-alpha
antibody or NAC induced a significant decline in superoxide anion levels compared to
hypoxia only-rodents (1, p<0.001; and |, p<0.05, respectively). No significant differences
were observed among any of the study groups in superoxide anion levels in either membrane
or cytosolic compartments (n.s., non-significant). 6C) In plasma, levels of superoxide anion
were significantly increased in the hypoxia group of rats compared to the non-exposed
controls (*, p<0.05), while concomitant treatment with anti-TNF-alpha antibody or NAC
induced a significant decrease in superoxide anion levels compared to hypoxia-only rats (9,

p<0.01; and 1, p<0.05, respectively).
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Table 1. Body weight changes in the different study groups of animals at baseline
and at the end of the study period (14 days).

Non- . .
exposed Hypoxia Hypoxia-anti-TNF- Hypoxia-NAC
controls alpha
Initial body weight, g
(day 0) 252 (5) 276 (12) 263 (9) 292 (5)
Final body weight, g 279 (7) t11 | 272 (10), n.s. 261 (7), n.s. 290 (26), n.s.
(day 14)
Percentage of +9.80% -1.50% *** -0.80% *** -1.51% **
body weight gain

Values are expressed as mean (standard desviation).

Definition of abbreviations: NAC, N-acetyl cysteine; TNF, tumor necrosis factor; g, grams.
Statistical significance: n.s.: non significant; {1 p < 0.001 between day 14 and baseline time-points; ** p <
0.01 and *** p < 0.001 between any of the hypoxia experimental groups of rats and the non-exposed control

animals.
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Table 2. Fiber type composition in the diaphragm and gastrocnemius muscles of all

study groups of rats at the end of the study period (day 14)

Non- . .
exposed Hypoxia Hypox1;—alrll:-TNF- Hypoxia-NAC
controls p
Diaphragm
33 (5) 31 (7), n.s. 32 (4), n.s. 33 (7), n.s.
Type I fibers (%) Gast :
astrocnemius - 55 () 23 (6), n.s. 23 (4), n.s. 20 (4), n.s.
Diaphragm 67 (5) 69 (7), n.s. 68 (4), n.s. 67 (7), ns.
Type II fibers (%) :
Gastrocnemius | 5 o) 77 (7), n.s. 77 (4), n.s. 80 (4), n.s.
Diaphragm 678 (148) | 585 (91), n.s. 669 (104), n.s. 635 (132), n.s.
Cross-sectional area
type I fib ? '
ype Lfibers (um') - { Gastrocnemius | | |75 33g) | 1132 440 ns. | 1,042 (124), n.s. 917 (180), n.s.
Diaphragm 823 (190) | 837 (130, ns. 838 (112), n.s. 834 (167), n.s.
Cross-sectional area
type II fib ? i
ype I fibers (um) | Gastrocnemius | | 5o 281) | 1,392 (172), ns. 1,211 (81), n.s. 1,235 (48), n.s.

Values are expressed as mean (standard desviation).
Definition of abbreviations: NAC, N-acetyl cysteine; TNF, tumor necrosis factor
Statistical significance: n.s.: non significant.
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Table 3. Structural abnormalities in the diaphragm and gastrocnemius muscles of
all study groups of rats at the end of the study period (day 14)

Non-exposed
controls

Hypoxia -anti-TNF-

alpha Hypoxia-NAC

Hypoxia

Diaphragm 12.21 (2.6)% 99, ***

©CoO~NOUTA,WNPE

4.02(13)% | 5.49(0.9) % * 10.55 (1.8)% 91

Total

10 abnormalities (%) Gastrocnemius
11 36059% | 6181L6)%*| 911 09% L= | 816(04)%.*>

Diaphragm 36.37 (12) 62.8 (25) * 130.8 (37) qq,*** 129.5 (25) L, ***

14 Internal nuclei Gastr -
15 astrocnermius 26 (3) 53.5(19) * 81 (30) g, 72.25 (16) ,**

Diaphragm 40 31) 70.6 (21) * 144 (30) qq;*** 103.25 (24) g,
Inflammatory

19 cells Gastrocnemius [ 55 1) 77.5 (26) * 102.25 (15) . #* 104.2 (11) q,**

Values are expressed as mean (standard desviation).

Definition of abbreviations: NAC: N-acetyl cysteine; TNF, tumor necrosis factor.

Values in the different categories are expressed as absolute values of the total amount of each item
25 counted in the analyzed fields (1,890) of the muscles. However, total abnormalities are expressed as the
26 percentage of items considered to be abnormal within the total number of fields (1890, normal and
27 abnormal) examined in the muscles of all study animals.

28 Statistical significance: n.s.: non-significant *p: <0.05 between any of the hypoxia groups and the non-
29 exposed control animals, and ] p: <0.05, ] p: <0.01, 4] p: <0.001 between any of the pharmacologically
30 treated groups exposed to hypoxia and hypoxia-only rats.
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Dominguez-Alvarez et al. Figure 1
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Dominguez-Alvarez et al. Figure 2
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Dominguez-Alvarez et al. Figure 3
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Dominguez-Alvarez et al. Figure 4
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Dominguez-Alvarez et al. Figure 5
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Dominguez-Alvarez et al. Figure 6 C
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