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ABSTRACT  25 

Peripheral muscle weakness and mass loss are characteristic features in severe COPD. We 26 

hypothesized that the phosphodiesterase-4 inhibitor roflumilast-induced cAMP may 27 

ameliorate proteolysis and metabolism in skeletal muscles of COPD patients with severe 28 

muscle wasting. In myogenic precursor cells (isolated from muscle biopsies and cultured up 29 

to obtain differentiated myotubes) from 10 severe COPD patients and 10 healthy controls, 30 

which were treated with 1 microM roflumilast N-oxide (RNO) for three time-cohorts (1h, 6h, 31 

and 24h), genes of antioxidant defense and oxidative stress marker, myogenesis and muscle 32 

metabolism, proteolysis (tyrosine release assay) and ubiquitin-proteasome system markers, 33 

autophagy, and myosin isoforms were analyzed using RT-PCR and immunoblotting. In 34 

COPD patients, at 6h-RNO treatment, myotube tyrosine release, total protein ubiquitination, 35 

and TRIM32 levels were significantly lower than healthy controls, whereas at 24h-RNO 36 

treatment, myotube MyHC-I and MyHC-IIx expression levels were upregulated in both 37 

patients and controls. In the 6h-RNO cohort, in patients and controls, myotube expression of 38 

NRF2 and its downstream antioxidants, Sirtuin-1, FN14, and IGF-I was upregulated, while 39 

that of MEF2C, MYOD, Myogenin, Myostatin, Atrogin-1, and MuRF-1 was downregulated. In 40 

myotubes of severe COPD patients with cachexia, roflumilast-induced cAMP signaling exerts 41 

beneficial effects by targeting muscle protein breakdown (tyrosine release) along with 42 

reduced expression of proteolytic markers of the ubiquitin-proteasome system and that of 43 

myostatin. In both patients and controls, roflumilast also favored antioxidant defense through 44 

upregulation of NRF2 pathway and that of the histone deacetylase Sirtuin-1, while it 45 

improved the expression of slow- and fast-twitch myosin isoforms. These findings show that 46 

muscle dysfunction and wasting may be targeted by roflumilast-induced cAMP signaling in 47 

COPD. These results have potential therapeutic implications as this PDE4 inhibitor is 48 

currently available for the treatment of systemic inflammation and exacerbations in patients 49 

with severe COPD. Word count: 289  50 
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NEW & NOTEWORTHY 53 

In myotubes of cachectic COPD patients, c-AMP signaling exerted beneficial effects by 54 

targeting muscle proteolysis and reducing gene expression of proteolytic markers of 55 

ubiquitin-proteasome system and that of Myostatin. In myotubes of patients and controls, 56 

roflumilast also favored antioxidant defense through upregulation of NRF2 pathway, that of 57 

Sirtuin-1, and upregulated gene expression of slow- and fast-twitch isoforms. These findings 58 

have potential clinical implications for the treatment of muscle wasting in patients with 59 

COPD and cachexia.  60 

Word count: 75 61 
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INTRODUCTION 86 

Chronic obstructive pulmonary disease (COPD) is a highly prevalent condition, which 87 

represents a major cause of mortality worldwide (35; 36; 55). Patients with COPD usually 88 

have systemic manifestations that involve reduced physical activity and exercise capacity, 89 

nutritional abnormalities, weakness of muscles of the lower limbs along with muscle mass 90 

loss (2; 3; 32; 34-36; 50; 55). Importantly, all these systemic manifestations of COPD are 91 

reliable predictors of mortality independently of the severity of the airways obstruction (2; 3; 92 

32).  93 

In the multifactorial etiology of COPD skeletal muscle weakness, factors such as 94 

cigarette smoking, hypoxia and hypercapnia, frequent exacerbations, and deconditioning are 95 

counted among the most relevant players (3; 32). Moreover, several biological mechanisms 96 

have also been demonstrated to underlie skeletal muscle dysfunction and mass loss in patients 97 

with COPD such as structural abnormalities, reduced oxidative metabolism and other 98 

metabolic disruptions, epigenetic alterations, and increased oxidative stress, proteolytic 99 

activity and autophagy (2; 3; 32; 39-42). Despite the progress achieved in understanding the 100 

etiology and underlying biology of COPD muscle dysfunction, implementation of therapeutic 101 

strategies specifically targeted to alleviate muscle weakness and mass loss in these patients is 102 

still at its infancy.  103 

Roflumilast is a potent selective inhibitor of the enzyme phosphodiesterase-4 (PDE4) 104 

used in clinical settings that leads to increased levels of cyclic adenosine monophosphate 105 

(cAMP) in cells. The rise in cAMP exerts anti-inflammatory actions by targeting immune 106 

cells, which has been shown to benefit lung function in patients with moderate-to-severe 107 

COPD (7; 43). Furthermore, roflumilast has been recently demonstrated to modify the shift 108 

from the frequent to the more infrequent exacerbator state in patients with severe COPD as 109 

classified by the Global Initiative for COPD (GOLD) strategy (55).  110 

On the other hand, most of the effects of roflumilast may be attributed to the actions 111 
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of the well-characterized signaling molecule cAMP. In skeletal muscles, acute cAMP 112 

signaling has been shown to regulate several key processes such as contractility and both 113 

calcium and glycogen metabolism, which translate into increased force generation and a faster 114 

recovery of ion balance during prolonged contractions as in exercise (5). Increased production 115 

of cAMP leads to activation of protein kinase A (PKA), which has been associated with the 116 

inhibition of proteolytic pathways along with increased protein synthesis (48). Muscle 117 

proteolysis can be blocked through inhibition of either calcium-dependent proteolysis or 118 

adenosine triphosphate (ATP)-dependent proteolysis cellular processes (48). Importantly, 119 

cAMP/PKA signaling promotes protein synthesis as a result of the initiation of protein 120 

transcription (48). PKA may diffuse passively into the nucleus thus regulating the expression 121 

of target genes via phosphorylation of cAMP response element-binding (CREB) (31). 122 

Specifically, improvements in muscle function and atrophy were seen in animal models of 123 

disuse, denervation, aging, and muscular dystrophy in response to cAMP signaling induced 124 

by pharmacological agents (5). In cultured myotubes obtained from rat skeletal muscles, 125 

treatment with the phosphodiesterase inhibitor isobutylmethylxanthine increased cAMP levels 126 

which induced a reduction in ubiquitin-proteasome activity and in the expression of markers 127 

of this proteolytic pathway (23). Transcription factors involved in muscle mass loss and 128 

atrophy such as forkhead box O (FoxO)3 were also inactivated by the 129 

isobutylmethylxanthine-induced accumulation of cAMP in the rat cultured myotubes (23). 130 

Whether increased cAMP may improve metabolism and proteolysis in atrophying myotubes 131 

of patients with COPD remains an open question.  132 

On this basis, we hypothesized that roflumilast-induced cAMP signaling increased 133 

levels may ameliorate proteolysis and metabolism in skeletal muscles of COPD patients with 134 

severe muscle wasting. The present investigation was conducted in cultured myotubes directly 135 

obtained from cachectic COPD patients. This experimental approach enabled us to control for 136 

the potential systemic effects induced by roflumilast in organs other than skeletal muscles. 137 
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Moreover, the potential contribution of factors associated with the muscle niche 138 

(environment) characteristic of in vivo models was avoided in the cultured myotubes. 139 

Accordingly, our objectives were as follows: 1) to assess levels of markers of the ubiquitin-140 

proteasome system and proteolysis (tyrosine release) and 2) to determine markers and 141 

transcription factors involved in muscle metabolism and regeneration in response to treatment 142 

with roflumilast (similar to the dose administered in patients) of human primary cultured 143 

myotubes at different time-points (to explore short-, medium-, and long-term effects of 144 

roflumilast). Myotubes from biopsies of healthy control subjects were also studied.  145 

 146 

METHODS  147 

Study subjects  148 

Ten patients with severe COPD according to currently available guidelines (35; 36; 55) and 149 

altered body composition (muscle wasting and cachexia) together with 10 age-matched 150 

sedentary controls with normal respiratory function were enrolled in a cross-sectional study 151 

from the COPD Clinic at Hospital del Mar (Barcelona). Muscle wasting was defined as a 152 

body mass index (BMI)  21 kg/m
2 

and a fat-free mass index (FFMI)  18 kg/m
2
, cut-off 153 

value established for a Mediterranean population in accordance with both previously 154 

published criteria (18; 41; 42) and the international consensus on the definition of cachexia 155 

(16; 17). Control subjects were non-smokers (50% ex-smokers and 50% never-smokers) 156 

sedentary control subjects recruited from the general population (patient’s relatives or friends) 157 

at Hospital del Mar, while patients were active smokers or ex-smokers (40% and 60%, 158 

respectively). All patients were on inhaled bronchodilators. They were clinically stable at the 159 

time of the study entry, without episodes of exacerbation or oral steroid treatment in the 160 

previous four months. None of them presented significant comorbidities. Both patients and 161 

healthy controls were Caucasian.  162 

Exclusion criteria. Exclusion criteria for COPD patients and control subjects included the 163 



8 

 

presence of other chronic respiratory or cardiovascular disorders, acute exacerbations in the 164 

last 3 months, limiting osteoarticular condition, chronic metabolic diseases, suspected para-165 

neoplastic or myopathic syndromes, and/or treatment with drugs known to alter muscle 166 

structure and/or function including systemic corticosteroids. COPD patients and healthy 167 

controls were qualified as sedentary after being specifically inquired about whether they were 168 

conducting any regular outdoor physical activity, going regularly to the gymnasium, or 169 

participating in any specific training program. Specifically, sedentarism was defined on the 170 

basis of the following criteria: 1) if subjects were not engaged in one or more of these 171 

activities: walking, running, bike riding, swimming, dancing, gardening, or weight lifting 172 

more than five times per week, 2) not performing at least 3 hours/week of endurance-type 173 

physical activity, and/or 3) inactive general state in which leisure time physical activity was 174 

minimal (44).  175 

The current cross-sectional investigation was designed in accordance with both the 176 

ethical standards on human experimentation in our institutions and the World Medical 177 

Association guidelines (Helsinki Declaration of 2008) for research on human beings. 178 

Approval was obtained from the institutional Ethics Committee on Human Investigation 179 

(project number 2014/5504/I, IMIM-Hospital del Mar, Barcelona). Informed written consent 180 

was obtained from all individuals.  181 

Anthropometrical and functional assessment 182 

Anthropometrical evaluation included BMI and determination of the FFMI using bioelectrical 183 

impedance (41; 42). Nutritional parameters were also evaluated through conventional blood 184 

tests. Lung function was evaluated through determination of spirometric values, static lung 185 

volumes, diffusion capacity, and blood gases using standard procedures and established 186 

reference values (45-47). Exercise capacity was assessed through the measurement of the six-187 

minute walking distance following current guidelines (1; 3).  188 
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In both patients and controls, quadriceps muscle strength was evaluated through the 189 

determination of isometric maximum voluntary contraction (QMVC) of the dominant lower 190 

limb as formerly described (41; 42).  191 

Muscle biopsy and blood samples 192 

With the aim to prevent potentially exhausting physical exercise that could interfere with the 193 

results obtained in muscles, all study subjects were recommended to maintain their regular 194 

daily physical activity as usually 10-14 days before undergoing the surgical biopsy procedures 195 

on outpatient basis. Additionally, patients and healthy subjects rested for one hour on a chair 196 

with legs half-flexed, time at which blood samples were obtained, right before initiation of the 197 

surgical procedures (19; 41; 42). Specimens from the vastus lateralis (VL) portion of the 198 

quadriceps muscle were obtained from all subjects using the open biopsy technique as 199 

previously described (2; 40-42). Primary myogenic cultures were conducted on the muscle 200 

biopsy specimens obtained from both patients and healthy controls.  201 

Blood samples were drawn at 8:00h am after an overnight fasting period in both patients and 202 

healthy controls.  203 

Myogenic precursor cell isolation and cultures  204 

Muscle samples were placed on sterile petri dishes in Dulbecco’s modified Eagle's medium 205 

(DMEM) and trimmed of connective and fat tissues. Muscle specimens were minced finely 206 

and digested in 0.2 % collagenase type I (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 207 

one hour with occasional agitation. The resulting suspension of particles was further digested 208 

with 0.05 % trypsin at 37 °C for 30 minutes. Samples were then filtered through a 100-209 

micrometer cell strainer. Cell suspensions were cultured on 1.5 % gelatin-coated petri-dishes 210 

in proliferation medium (PM) consisting of 3:1 mixture of DMEM/Medium-199 and 211 

supplemented with the following compounds: 20% fetal bovine serum (FBS), 2 mM L-212 

glutamine, 1% penicillin/streptomicin/fungizone-solution (PSF), 2.5 ng/mL recombinant 213 

human basic fibroblast growth factor (bFGF), 10 microgram/mL recombinant human insulin, 214 

https://en.wikipedia.org/wiki/Renato_Dulbecco
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and 10 ng/mL recombinant human epidermal growth factor (EGF). All the study experiments 215 

described below were performed on muscle cells between passages 4-6 of the primary 216 

cultures, time at which the number of cells needed to perform all the experiments was reached 217 

and the myotubes still preserved their differentiating features (as seen under light microscopy, 218 

fusion of myoblasts to form multinucleated myotubes).  219 

Myogenic purity assessment. Previously published procedures were followed (13).To evaluate 220 

the myogenic purity, cell monolayers grown on chamber culture slides were fixed with 1:1 221 

methanol-acetone at -20ºC for 10 minutes before immunocytochemical characterization. 222 

Myoblasts were identified using anti-desmin antibody (Thermo Scientific, Waltham, MA, 223 

USA). After a 30-minute incubation with the antibody, slides were washed and incubated for 224 

30 minutes with biotinylated universal secondary antibody followed by another 30-minute 225 

incubation with horseradish-conjugated streptavidin and diaminobenzidine for 5 minutes (kit 226 

LSAB+HRP Dako Cytomation Inc., Carpinteria, CA, USA) as a substrate. Slides were 227 

counterstained with hematoxylin for two more minutes, dehydrated and mounted for 228 

conventional microscopy. Images were captured under light microscopy (x200, Olympus BX 229 

61, Olympus Corporation, Tokyo, Japan) in 20 randomly selected fields of each muscle 230 

specimen. In all samples from both patients and controls more than 94 % desmin positive 231 

cells were identified (13) (Figures E1A-1C).  232 

Experimental procedures and groups 233 

For the culture of myotubes, myogenic differentiation was induced by plating cells at a high 234 

density (10
4
 cells / cm

2
) and allowing them to adhere in PM overnight. After a 24-hour period 235 

of cell attachment in PM, cells were washed twice in phosphate-buffered saline (PBS) and 236 

induced to differentiate over a five-day period in differentiation medium (DMEM/Medium-237 

199, 3:1 mixture) supplemented with 2% horse serum (HS), which contained 2 mM L-238 

glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin in the presence of 0.1% 239 

dimethyl sulfoxide (DMSO).  240 
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Roflumilast N-oxide (RNO), the active metabolite of roflumilast accounting for > 90% 241 

of PDE4 inhibition was provided by the pharmaceutical company Takeda (Chuo-ku, Osaka, 242 

Japan) for experimental in vitro use only. One hundred mM RNO was dissolved in DMSO at 243 

a 10 mM stock solution which was stored at -20ºC. RNO stock solution was sterilized in a 244 

MILLEX syringe filter (0.22 microm x 33 mm, Millipore Iberica, Darmstadt, Germany), and 245 

was diluted 1:10 in 100% DMSO, resulting in a 1 mM RNO / 100% DMSO solution. 246 

Moreover, this solution was further diluted 1:100 in the cell culture medium to obtain the 247 

desired final concentration of 1 microM in 0.1% DMSO solution. The final concentration 248 

used (1 microM RNO) was the minimum concentration required to inhibit PDE4 activity 249 

according to a previous pilot study conducted on human cells (unpublished observations). 250 

This concentration (1 microM RNO) was equivalent to dosage used in clinical settings: 500-251 

mg tablets of the active compound roflumilast administered every 24h in COPD patients.  252 

The differentiated myotube sets of cultures were divided into the following groups: 1) 253 

baseline group (myotubes in 0.1% DMSO), 2) 24h-RNO group (myotubes treated with 1 254 

microM RNO for 24 hours, 3) 6h-RNO group (myotubes treated with 1 microM RNO for six 255 

hours, and 4) 1h-RNO group (myotubes treated with 1 microM RNO for one hour). Graphical 256 

representation of these experimental groups is shown in Figure 1. Internal experimental 257 

controls consisting of independent sets of myotubes that were only treated with the vehicle 258 

(0.1% DMSO) were also conducted. The molecular biology experiments required to fulfill the 259 

study objectives were performed in the muscle differentiated cells, while proliferating cells 260 

(myoblasts) were used only as internal controls in order to validate the model. Representative 261 

images of differentiated cells (myotubes) are shown in Figure 2, together with proliferating 262 

cells (myoblasts) to check the differences in phenotype between the two types of cells. 263 

Molecular biology analyses 264 

At the end of either RNO or DMSO treatments, the cultured cells from differentiated cells 265 

were immediately processed in order to obtain isolated RNA or protein extracts, which were 266 



12 

 

then preserved frozen at -80ºC until further use.  267 

RNA isolation. Total RNA was isolated from cultured cells using the Trizol reagent and 268 

following the manufacturer’s instructions (Life Technologies, Carlsbad, CA) and previous 269 

studies (8; 10; 40; 41). Total RNA concentrations were determined spectrophotometrically 270 

using the NanoDrop 1000 (Thermo Scientific, Waltham, MA, USA).  271 

Quantitative real time-PCR amplification (qRT-PCR). TaqMan-minor groove binder (MGB) 272 

moiety (TaqMan® primers, fluorescein amidite (FAM) dye labelled,  Life Technologies) 273 

based real-time polymerase chain reaction (qPCR) reactions were performed using the ABI 274 

PRISM® 7900HT Sequence Detector System (Applied BioSystems, Foster City, CA, USA), 275 

together with commercially available
 
predesigned primers and probes as shown in Table 1. 276 

All the study samples were run in triplicates for all the analyses of each marker.  277 

Protein extraction. Cultured cells were washed with Hanks medium two times and digested 278 

with 0.05% trypsin at 37ºC for 10 minutes.  279 

Immunoblotting of 1D electrophoresis. Protein levels of oxidative stress and protein 280 

catabolism were explored in the myotubes of both patients and controls using immunoblotting 281 

as previously described (8-11; 39-42).  282 

Four fresh 10-well mini-gels were always simultaneously loaded (containing all the study 283 

samples) for each of the antigens. Experiments were confirmed twice for the antigens 284 

analyzed in the investigation. Proteins were then separated by electrophoresis, transferred to 285 

polyvinylidene difluoride (PVDF) membranes, blocked with BSA and incubated overnight 286 

with selective primary antibodies. Protein content of different muscle proteins were identified 287 

using specific primary antibodies: total malondialdehyde (MDA)-protein adduct formation 288 

(1:4000, anti-MDA protein adduct antibody, MD20A-G1b, Academy Bio-Medical Company, 289 

Inc., Houston, TX, USA), total ubiquitinated proteins (1:5000, anti-ubiquitin protein antibody, 290 

A-100, Boston Biochem, Cambridge, MA, USA), and GAPDH (1:2000, anti-GAPDH 291 

antibody, FL-335, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Negative control 292 
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experiments in which the primary antibodies were omitted were also conducted in order to 293 

assess the specificity of the corresponding antibodies (Figure E2). Accordingly, the bands that 294 

did not appear in the negative control immunoblots were measured as the modified proteins 295 

(either bound to MDA or ubiquitinated) for the purpose of the study (Figure E2).  296 

Protein degradation, tyrosine release assay. Protein degradation was explored on the basis of 297 

the rate of production of free tyrosine from myotube cultures using the specific tyrosine 298 

release assay as previously described in tissues (4; 9; 11; 12).  299 

Statistical Analysis 300 

Statistical power was calculated using specific software (StudySize 2.0, CreoStat HB, 301 

Frolunda, Sweden). FFMI and QMVC were selected as the target variables to estimate the 302 

statistical power in the study. On the basis of a standard power statistics established at a 303 

minimum of 80% and assuming an alpha error of 0.05, the statistical power was sufficiently 304 

high to detect a minimum difference of eight points between groups (N=9 minimum number 305 

of subjects in each group) in the sample size and standard deviation.  306 

Normality of the study variables was checked using the Shapiro-Wilk test. In order to 307 

normalize all the results corresponding to gene expression (RT-PCR experiments), a 308 

mathematical transformation consisting of the conversion of the actual results into the 309 

naperian logarithm was performed for all the experimental groups of myotubes. Clinical and 310 

physiological data are expressed as mean (standard deviation) in tables, whereas biological 311 

results are represented as linear graphics for each study group and time-point. Several sets of 312 

comparisons were performed in the myotubes as described below. Comparisons of the 313 

different cohorts of myotubes (non-treated and 1h-, 6h-, and 24h- RNO treatment) between 314 

COPD patients and healthy controls were assessed using the unpaired T-test. Furthermore, 315 

comparisons between each of the time-cohort (1h, 6h, and 24h) and their respective non-316 

treated controls were also explored for each study group separately (COPD patients and 317 

healthy controls) using the paired T-test. Finally, the potential influence of the treatment 318 
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effect and the interaction between treatment and disease status was assessed using the 319 

analyses of variance (ANOVA) of two factors: disease (COPD patients versus healthy 320 

controls) and treatment with RNO in the corresponding experimental groups (time-cohorts: 321 

1h, 6h, and 24h). 322 

 323 

RESULTS 324 

Clinical characteristics 325 

Table 2 shows all clinical and functional variables of controls and COPD patients recruited in 326 

the study. Age did not significantly differ between patients and healthy controls. Body 327 

composition as measured by BMI and FFMI was significantly reduced in COPD patients. 328 

Importantly, smoking history did not differ between COPD patients and healthy controls. 329 

Compared to healthy controls, COPD patients exhibited severe airflow limitation, functional 330 

signs of emphysema, and reduced both exercise capacity and quadriceps strength (Table 2). 331 

Moreover, levels of C-reactive protein and fibrinogen were higher in the COPD patients than 332 

in healthy controls (Table 2).   333 

Redox signaling in myotubes at baseline and in response to RNO at different time-points 334 

At baseline. No significant differences were observed in the mRNA expression levels of the 335 

genes nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) 2 and 4, 336 

nuclear factor (erythroid-derived 2)-like 2 (NRF2), or NADPH dehydrogenase quinone 337 

(NQO)1 in the myotubes between patients and healthy controls (Figures 3A-3D). 338 

Interestingly, levels of MDA-protein adducts were significantly increased in the myotubes of 339 

COPD patients compared to the controls (Figure 4). At baseline, no differences were observed 340 

in the levels of mRNA expression of heme oxygenase (HO)-1, glutamate-cysteine ligase 341 

catalytic (GCLC) and GCL modifier (GCLM) between patients and controls (Figures 5A-5C). 342 

Among the patients a significant positive association was observed between GCLC myotube 343 

mRNA expression and total blood protein levels (Table 3A).   344 
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Effects of RNO treatment. Compared to baseline, mRNA levels of NOX4 were upregulated in 345 

the myotubes of patients at the three time-points (1h, 6h, and 24h), as well as in those of the 346 

controls after 6 and 24h of treatment with RNO (Figure 3B), while no differences were seen 347 

in NOX2 mRNA expression (Figure 3A).  Interestingly, NFR2 mRNA expression was also 348 

upregulated at 1h- and 6h-time points in the myotubes of the patients, whereas in the control 349 

subjects, it was upregulated only after 6h of RNO treatment (Figure 3C). Levels of mRNA 350 

expression of NQO1 was significantly upregulated at 6h-time point compared to baseline in 351 

the myotubes of both groups of subjects (Figure 3D). Treatment with RNO for 6h did not 352 

induce any significant effect on MDA-protein adducts in the myotubes of either patients or 353 

the controls compared to baseline (Figure 4). HO-1 and GCLC mRNA expression was 354 

upregulated in the myotubes of both COPD patients and healthy controls after treatment with 355 

RNO for 6h (Figures 5A and 5B). Compared to baseline, RNO did not induce any significant 356 

effect on GCLM mRNA expression in the myotubes of any study group (Figure 5C).  357 

Muscle anabolism signaling in myotubes at baseline and in response to RNO at different 358 

time-points 359 

At baseline. No significant differences were observed in the mRNA expression levels of 360 

insulin-like growth factor (IGF)1, mitochondrial transcription factor A (TFAM), myocyte-361 

specific enhancer factor (MEF)2C, Myogenin, or Myogenic differentiation (MYOD) in the 362 

myotubes between patients and control subjects (Figures 6A-6E), while mRNA expression 363 

levels of peroxisome proliferator-activated receptor-gamma coactivator (PGC)1-alpha were 364 

significantly reduced in the myotubes of the patients (Figure 6F). Myotube mRNA expression 365 

levels of Sirtuin-1, fibroblast growth factor inducible (FN)14, and fibronectin type III 366 

domain-containing protein (FNDC)5 did not differ between patients and controls (Figures 367 

7A-7C). Significant positive correlations were found between several lung function 368 

parameters and myotube mRNA expression levels of MEF2C, Myogenin, and FNDC5 among 369 

the patients (Table 3A).  370 
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Effects of RNO treatment. Compared to baseline, IGF-1 mRNA expression was upregulated 371 

in the myotubes of the 6h-cohort in both patients and control subjects, and the effect was 372 

significantly greater in the latter group (Figure 6A). Compared to baseline, MEF2C mRNA 373 

expression was downregulated in the myotubes treated with RNO for 6h and 24h in both 374 

study groups (Figure 6C), whereas no differences were observed in TFAM mRNA expression 375 

(Figure 6B). Myogenin mRNA expression was significantly downregulated in the myotubes 376 

after treatment with RNO for 1h, 6h, and 24h in both groups of subjects (Figure 6D). 377 

Moreover, in the cells of both patients and controls, MYOD mRNA expression was also 378 

downregulated after 6h treatment with RNO (Figure 6E). Levels of PGC-1-alpha mRNA 379 

expression remained significantly lower in the myotubes of the patients after 1h treatment 380 

with RNO (Figure 6F). Interestingly, compared to baseline, Sirtuin-1 and FN14 mRNA 381 

expression levels were upregulated after 6h treatment with RNO in the myotubes of both 382 

controls and COPD patients (Figures 7A and 7B). Nonetheless, mRNA expression levels of 383 

FNDC5 were downregulated in the myotubes of both controls and COPD patients after 6h 384 

and 24h treatment with RNO, and in the latter group also at 1h time-point (Figure 7C). 385 

Among the patients, lung parameters positively correlated with Myogenin and MEF2C 386 

mRNA expression in the myotubes exposed to RNO for 6h (Table 3B).  387 

Muscle catabolism in myotubes at baseline and in response to RNO at different time-388 

points 389 

At baseline. Tyrosine release levels were significantly greater in the myotubes of the patients 390 

than in the controls (Figure 8A). Compared to the controls, mRNA expression of Follistatin 391 

was significantly lower in the myotubes of the patients, while those of Myostatin were 392 

increased (Figures 8B and 8C, respectively). No significant differences were observed in the 393 

myotube mRNA expression levels of Atrogin-1, muscle RING-finger protein (MuRF)-1, or 394 

tripartite motif-containing protein (TRIM)32 between patients and control subjects at baseline 395 

(Figures 8D-8F). Total protein ubiquitination levels were significantly higher in the myotubes 396 
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of COPD patients than in the controls (Figure 8G). Levels of mRNA expression of the 397 

autophagic markers Microtubule-associated protein 1A/1B-light chain (LC)3B or Beclin-1 did 398 

not differ between patients and controls (Figures 9A and 9B).  399 

Effects of RNO treatment. After 6h treatment with RNO levels of tyrosine release 400 

(proteolysis) were significantly decreased only in the myotubes of the patients compared to 401 

baseline, while no differences were detected in the controls (Figure 8A). Compared to 402 

baseline, no differences were observed in the mRNA expression levels of Follistatin after 403 

RNO treatment in either patients or healthy controls (Figure 8B). Furthermore, myotube 404 

mRNA expression levels of Follistatin were significantly lower in COPD patients than those 405 

in the controls in all three time-points (1h, 6h, and 24h) (Figure 8B). Interestingly, mRNA 406 

expression levels of Myostatin, Atrogin-1, and MuRF-1 were significantly downregulated in 407 

the myotubes of both COPD patients and healthy controls after 6h treatment with RNO 408 

(Figures 8C-8E). Additionally, MuRF-1 mRNA expression was also downregulated at 24h 409 

time-point in the myotubes of the patients compared to both baseline and the control subjects 410 

(Figure 8E). Interestingly, in the 6h-cohort, mRNA expression of TRIM32 was also 411 

significantly downregulated in the myotubes of the patients (Figure 8F). Treatment with RNO 412 

for 6h induced a significant decline in total protein ubiquitination levels only in the myotubes 413 

of COPD patients compared to baseline, while no differences were seen in those of the 414 

control subjects (Figure 8G). After 1h of RNO treatment, LC3B mRNA expression was 415 

upregulated in the myotubes of patients and control subjects, and in the latter group, its levels 416 

remained higher at the 6h time-point, while no effects were seen in mRNA expression of 417 

Beclin-1 in any of the study groups (Figure 9).  418 

Myosin isoforms in myotubes at baseline and in response to RNO at different time-419 

points 420 

At baseline. Levels of mRNA expression of myosin heavy chain (MyHC)-I did not differ 421 

between control subjects and COPD patients (Figures 10A-10C), whereas MyHC-IIa and 422 
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MyHC-IIx mRNA expression levels were significantly downregulated in the myotubes of the 423 

latter group (Figures 10B and 10C, respectively).  424 

Effects of RNO treatment. Interestingly, compared to baseline, treatment with RNO for 24h 425 

induced a significant upregulation of MyHC-I and MyHC-IIx mRNA expression in the 426 

myotubes of both patients and controls (Figure 10A). Moreover, myotube mRNA expression 427 

of the latter isoform was also significantly upregulated in the 1h- and 6h-cohorts of patients 428 

(Figure 10C), whereas no significant effects of RNO treatment on MyHC-IIa mRNA 429 

expression were seen in the myotubes of any study group (Figure 10B). A significant positive 430 

correlation was found between MyHC-I myotube mRNA expression and diffusion capacity 431 

among the COPD patients at 6h time-point (Table 3B).  432 

 433 

DISCUSSION  434 

First of all, it should be underscored that relevant findings of part of the study markers 435 

analyzed in the study were observed in the myotubes of both COPD patients and healthy 436 

subjects as if cAMP signaling induced changes in the expression of genes involved in the 437 

regulation of muscle redox balance and metabolism in a rather general fashion irrespective of 438 

the underlying disease. Collectively, the findings encountered in the investigation imply that 439 

cAMP signaling (roflumilast treatment) for different time-points, especially the 6h-cohort, 440 

induced important beneficial effects on muscle metabolism and proteolysis in myotubes of 441 

cachectic COPD patients and to some extent also in those of the healthy controls. A 442 

discussion of the most important study findings follows below.  443 

In the current investigation, COPD patients exhibited a very severe airway obstruction 444 

and functional signs of lung emphysema. Their body composition was severely altered, and 445 

they also showed poor exercise capacity and reduced quadriceps muscle strength compared to 446 

the control subjects. From a molecular standpoint, the most remarkable findings detected in 447 

the myotubes of the cachectic COPD patients were that levels of Myostatin and proteolysis as 448 
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measured through tyrosine release assay significantly decreased in response to increased 449 

cAMP signaling for 6 hours, probably as a result of a decline in total protein ubiquitination 450 

levels, while oxidative stress (MDA-protein adducts) remained elevated in the myotubes of 451 

COPD patients following treatment with roflumilast. Indeed, the significant reduction in 452 

muscle proteolysis observed in the myotubes of the COPD patients after six hours of 453 

treatment with the PDE4 inhibitor was one of the most striking results in the investigation. 454 

Importantly, these results were accompanied by a significant decline in the expression of 455 

proteolytic markers such as the atrogenes: Atrogin-1, MuRF-1, TRIM32, total protein 456 

ubiquitination levels, and Myostatin in the myotubes of COPD patients following 6 hours of 457 

treatment with roflumilast. These findings suggest that increased cAMP levels targeted 458 

ubiquitin-proteasome pathway leading to lower levels of tyrosine release in the muscles of the 459 

patients as a result of the treatment. Another interesting finding was the rise in expression 460 

levels of the histone deacetylase Sirtuin-1 within the myotubes after treatment with 461 

roflumilast for six hours. A wide range of beneficial effects are observed in tissues following 462 

Sirtuin-1 protein deacetylase activity through the action of mediators, namely activation of the 463 

transcription factors PGC-1alpha (21; 28; 29) and inhibition of FoxO1 and FoxO3 activities 464 

(29), which in turn, prevent the activation of atrogenes and autophagy genes. Taken together, 465 

it would be possible to conclude that Sirtuin-1 activity also acts as a major player in the 466 

roflumilast-induced reduced proteolysis that was detected in the myotubes of patients with 467 

advanced COPD. These are very relevant findings with potential clinical applicability in 468 

muscles of patients with severe COPD. 469 

Similar findings to results reported herein have also been shown in experimental 470 

models of muscle wasting and atrophy. As such cAMP-inducing agents were demonstrated to 471 

promote an adaptive response in skeletal muscles characterized by an increase in fiber sizes 472 

(5). Improvements in muscle function and atrophy were also seen in animal models of disuse, 473 

denervation, aging, and muscular dystrophy in response to cAMP signaling induced by 474 
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pharmacological agents (5); (25; 26). A decline in ubiquitin-proteasome activity and in the 475 

expression of markers of this proteolytic pathway was seen in cultured myotubes obtained 476 

from rat skeletal muscles, treated with the phosphodiesterase inhibitor isobutylmethylxanthine 477 

(23). In the same cells, isobutylmethylxanthine-induced accumulation of cAMP inactivated 478 

transcription factors involved in muscle mass loss and atrophy such as forkhead box O 479 

(FoxO)3 (23).  480 

A relevant factor that may have contributed to muscle wasting is hypoxia, especially in 481 

the patients. In fact, body and muscle mass loss were identified in experimental models of 482 

chronic continuous or intermittent hypoxia (14; 15; 22; 51; 52). Biological mechanisms such 483 

as protein synthesis inhibition (38), mitochondrial enzyme alterations (6);(27), aerobic to 484 

anaerobic shift due to mitochondrial loss (24), a rise in leptin concentrations, and a decrease 485 

in metabolic parameters (sugar and cholesterol) (30) mediate hypoxia-induced body and 486 

muscle mass loss as demonstrated in those animal models. On this basis, it is likely that 487 

metabolic and mitochondrial alterations through increased oxidative stress levels were 488 

important contributors to body and muscle mass loss in the muscles of the patients.  489 

Roflumilast-induced cAMP signaling also favored antioxidant defense through 490 

upregulation of the NRF2 pathway in muscles of both patients and healthy controls. A 491 

significant increase in the expression of the redox signaling enzyme NADPH oxidase subunit 492 

NOX4 was observed in the cultured myotubes treated with roflumilast for six hours in both 493 

cachectic COPD patients and healthy controls. NOX4 produces both superoxide anion and 494 

hydrogen peroxide within skeletal muscle fibers. Reactive oxygen species (ROS) synthesized 495 

by NOX4 may act as signaling molecules of muscle growth and regeneration (20).  496 

Interestingly, expression levels of the transcription factor NRF2 were also significantly higher 497 

in response to roflumilast treatment for six hours. This is a very relevant finding as NRF2 498 

regulates the expression of key antioxidant enzymes in skeletal muscles and other cells. 499 

Under oxidative stress conditions, it translocates to the nucleus where it binds to a DNA 500 



21 

 

promoter to start transcription of antioxidant genes such as NQO1, GCLC, GCLM, and HO-1 501 

(54). In keeping with this, myotube expression levels of the oxidoreductase NQO1 and that of 502 

the NRF2 targets HO-1, GCLC, and GCLM were also significantly greater in the 6-hour time-503 

cohort of roflumilast treatment compared to baseline in both cachectic patients and healthy 504 

controls. Importantly, these enzymes have been shown to scavenge ROS in several models 505 

(56; 58; 59). For instance, NQO1 has been shown to scavenge superoxide anion in 506 

cardiovascular and smooth muscle cells in animals and patients (59). They also exert 507 

beneficial effects in several experimental models and other cell types (56).  508 

Moreover, activation of NRF2 is of biological relevance as it plays a crucial role in 509 

the detoxification of cells from the damaging effects of oxidants (54). Interestingly, the rise in 510 

NRF2 and its antioxidant targets was seen in the 6h-time cohort of myotubes. In fact, levels of 511 

those antioxidant systems were similar to baseline after 24 hours of treatment with 512 

roflumilast. These findings suggest that in the current in vitro model, activity of roflumilast 513 

active metabolite achieved its peak after six hours of treatment. Indeed, these observations are 514 

in line with those reported in patients with COPD, in whom the once-daily dosage (500- 515 

microgram tables) reached the maximum concentration of the active N-oxide metabolite in 516 

eight hours approximately (57). Taken together, these results imply that the effects of 517 

roflumilast are best achieved within the range six- to eight-hour treatment in both in vivo and 518 

in vitro models. Whether treatment with roflumilast may improve skeletal muscle mass and 519 

function in in vivo models with patients with COPD remains to be elucidated. Trials 520 

specifically designed to target this relevant systemic manifestation of COPD should be 521 

conducted in the near future.  522 

Another relevant finding was the rise in IGF-1 expression in the 6h-cohort myotubes. 523 

IGF-1 is a highly preserved signaling pathway that mediates protein synthesis and muscle 524 

growth. Since patients in the study were severely depleted, treatment with roflumilast appears 525 

of interest as IGF-1 stimulates muscle cell proliferation. In fact, MyoD and Myogenin levels 526 
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were decreased at 6h-time point compared to baseline in the myotubes of both patients and 527 

healthy controls. These findings imply that roflumilast is likely to exert its beneficial effects 528 

in the early phases of muscle regeneration rather than in late stages.  529 

A switch to a less fatigue-resistant phenotype has been consistently shown in skeletal 530 

muscles of the lower limbs in patients with chronic conditions such as COPD (18; 41; 42), in 531 

models of disuse muscle atrophy (10; 11), and in cachectic muscles of mice (8; 9; 12). 532 

Furthermore, atrophy of muscle fibers, especially of the fast-twitch fibers has been 533 

consistently demonstrated in the vastus lateralis of patients with COPD and in muscles of 534 

mice exposed to hindlimb unloading (10; 11). In the current investigation, gene expression of 535 

the slow- (MyHC-I) and fast-twitch (MyHC-IIx) myosin isoforms was upregulated in response 536 

to roflumilast treatment (24h both isoforms) in the myotubes of severe COPD patients and 537 

healthy control subjects. Levels of MyHC-IIa were not modified by treatment with the PDE4 538 

inhibitor at any time-point. These are very interesting observations, since muscle atrophy and 539 

loss of contractile protein is a major problem in the lower limb muscles of patients with 540 

advanced COPD with and without muscle wasting (18; 33; 42). Again, it is likely that the 541 

downregulated expression of atrogenes and of other proteolytic markers, including tyrosine 542 

release observed as a result of cAMP signaling treatment may account for the increase in 543 

MyHC-I and MyHC-IIx gene expression. As a matter of fact, contractile myosin is a major 544 

target for increased muscle protein breakdown in models of muscle atrophy (8-12; 19; 37; 42; 545 

49; 53). These mechanisms may prove useful to preventing lower limb muscles from 546 

undergoing further proteolysis in patients with COPD.  547 

Conclusions 548 

In myotubes of severe COPD patients with cachexia, roflumilast-induced cAMP signaling 549 

exerts beneficial effects by targeting muscle protein breakdown along with reduced 550 

expression of proteolytic markers of the ubiquitin-proteasome system and that of myostatin. 551 

Moreover, roflumilast also favored antioxidant defense through upregulation of NRF2 and 552 
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Sirtuin-1 pathways, while it improved the expression of slow- and fast-twitch myosin 553 

isoforms in myotubes of patients and controls. These results have potential therapeutic 554 

implications as this PDE4 inhibitor is currently available for the treatment of systemic 555 

inflammation and exacerbations in patients with severe COPD.  556 

 557 

  558 
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FIGURE LEGENDS 785 

Figure 1 786 

 Schematic representation of the different experimental groups performed in the myotubes 787 

cultures of both control subjects and COPD patients. Definition of abbreviations: DM, 788 

differentiation medium; DMSO, dimethyl sulfoxide; RNA, ribonucleic acid; RNO, 789 

Roflumilast N-oxide. 790 

Figure 2 791 

 Representative phase-contrast images of myotubes at 5 days after induction of differentiation 792 

(top panel). Black arrows indicate multinucleated myotubes. Proliferating myoblasts are 793 

represented in the bottom panel. Scale bar: 100 micrometers (4x, left panel) and 50 794 

micrometers (10x, right panel). 795 

Figure 3 796 

A) Linear graphical representation of NOX2 mRNA levels expressed as the naperian 797 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 798 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 799 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; NOX2, nicotinamide 800 

adenine dinucleotide phosphate (NADPH) oxidase 2; COPD, chronic obstructive 801 

pulmonary disease. The statistical analyses (ANOVA test of two factors) 802 

corresponding to the treatment and interaction effects are also indicated as actual P 803 

values in each figure. 804 

B) Linear graphical representation of NOX4 mRNA levels expressed as the naperian 805 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 806 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 807 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; NOX4, nicotinamide 808 

adenine dinucleotide phosphate (NADPH) oxidase 4; COPD, chronic obstructive 809 

pulmonary disease. Statistical significance is represented as follows: §:p<0.05, and 810 

https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
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§§:p<0.01 for comparisons between each time-cohort of cells treated with RNO (1h, 811 

6h, 24h) and their respective baseline group. The statistical analyses (ANOVA test of 812 

two factors) corresponding to the treatment and interaction effects are also indicated as 813 

actual P values in each figure. 814 

C) Linear graphical representation of NRF2 mRNA levels expressed as the naperian 815 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 816 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 817 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; NRF2, nuclear factor 818 

erythroid 2-related factor 2; COPD, chronic obstructive pulmonary disease. Statistical 819 

significance is represented as follows: §:p<0.05, §§:p<0.01, and §§§:p<0.001 for 820 

comparisons between each time-cohort of cells treated with RNO (1h, 6h, 24h) and 821 

their respective baseline group. The statistical analyses (ANOVA test of two factors) 822 

corresponding to the treatment and interaction effects are also indicated as actual P 823 

values in each figure. 824 

D) Linear graphical representation of NQO1 mRNA levels expressed as the naperian 825 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 826 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 827 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; NQO1, nicotinamide 828 

adenine dinucleotide phosphate (NAD(P)H) dehydrogenase quinone 1; COPD, 829 

chronic obstructive pulmonary disease. Statistical significance is represented as 830 

follows: §:p<0.05, and §§§:p<0.001 for comparisons between each time-cohort of 831 

cells treated with RNO (1h, 6h, 24h) and their respective baseline group. The 832 

statistical analyses (ANOVA test of two factors) corresponding to the treatment and 833 

interaction effects are also indicated as actual P values in each figure. 834 

Figure 4  835 

https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide_phosphate
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Representative immunoblots of MDA-protein adduct levels (left panel) in the 836 

myotubes of two different time-point groups (baseline and 6h-RNO) in both healthy 837 

controls and COPD patients. Arrows indicate the measured bands. GAPDH is shown 838 

as the loading control. Mean values and standard deviation of total MDA-protein 839 

adducts (right panel) as measured by optical densities in arbitrary units (OD, a.u.). 840 

Definition of abbreviations: MDA, malondialdehyde; MW, molecular weights; kDa, 841 

kilodaltons; RNO, Roflumilast N-oxide; COPD, chronic obstructive pulmonary 842 

disease; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OD, optical densities; 843 

a.u., arbitrary units; n.s., non-significant. Statistical significance is represented as 844 

follows: *:p<0.05, and ***:p<0.001 between COPD patients and healthy controls.  845 

Figure 5 846 

A) Linear graphical representation of HO-1 mRNA levels expressed as the naperian 847 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 848 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 849 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; HO-1, heme oxygenase-1; 850 

COPD, chronic obstructive pulmonary disease. Statistical significance is represented 851 

as follows: §§§:p<0.001 for comparisons between each time-cohort of cells treated 852 

with RNO (1h, 6h, 24h) and their respective baseline group. The statistical analyses 853 

(ANOVA test of two factors) corresponding to the treatment and interaction effects 854 

are also indicated as actual P values in each figure. 855 

B) Linear graphical representation of GCLC mRNA levels expressed as the naperian 856 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 857 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 858 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; GCLC, glutamate-cysteine 859 

ligase catalytic; COPD, chronic obstructive pulmonary disease. Statistical significance 860 

is represented as follows: §:p<0.05 and §§§:p<0.001 for comparisons between each 861 
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time-cohort of cells treated with RNO (1h, 6h, 24h) and their respective baseline 862 

group. The statistical analyses (ANOVA test of two factors) corresponding to the 863 

treatment and interaction effects are also indicated as actual P values in each figure. 864 

C) Linear graphical representation of GCLM mRNA levels expressed as the naperian 865 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 866 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 867 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; GCLM, glutamate-cysteine 868 

ligase modifier; COPD, chronic obstructive pulmonary disease. The treatment and 869 

interaction effect statistical analyses from the ANOVA test of 2 factors is also 870 

indicated in each figure as actual p-values. 871 

Figure 6 872 

A) Linear graphical representation of IGF-1 mRNA levels expressed as the naperian 873 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 874 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 875 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; IGF-1, insulin-like growth 876 

factor-1; COPD, chronic obstructive pulmonary disease. Statistical significance is 877 

represented as follows: *:p<0.05 for comparisons between COPD patients and the 878 

controls for each time-point; §§§:p<0.001 for comparisons between each time-cohort 879 

of cells treated with RNO (1h, 6h, 24h) and their respective baseline group. The 880 

statistical analyses (ANOVA test of two factors) corresponding to the treatment and 881 

interaction effects are also indicated as actual P values in each figure. 882 

B) Linear graphical representation of TFAM mRNA levels expressed as the naperian 883 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 884 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 885 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; TFAM, transcription factor 886 

A mitochondrial; COPD, chronic obstructive pulmonary disease. The statistical 887 
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analyses (ANOVA test of two factors) corresponding to the treatment and interaction 888 

effects are also indicated as actual P values in each figure. 889 

C) Linear graphical representation of MEF2C mRNA levels expressed as the naperian 890 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 891 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 892 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; MEF2C, myocyte 893 

enhancer factor-2; COPD, chronic obstructive pulmonary disease. Statistical 894 

significance is represented as follows: §:p<0.05, and §§:p<0.01 for comparisons 895 

between each time-cohort of cells treated with RNO (1h, 6h, 24h) and their respective 896 

baseline group. The statistical analyses (ANOVA test of two factors) corresponding to 897 

the treatment and interaction effects are also indicated as actual P values in each 898 

figure. 899 

D) Linear graphical representation of Myogenin mRNA levels expressed as the naperian 900 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 901 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 902 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; COPD, chronic obstructive 903 

pulmonary disease. Statistical significance is represented as follows: §:p<0.05, 904 

§§:p<0.01, and §§§:p<0.001 for comparisons between each time-cohort of cells 905 

treated with RNO (1h, 6h, 24h) and their respective baseline group. The statistical 906 

analyses (ANOVA test of two factors) corresponding to the treatment and interaction 907 

effects are also indicated as actual P values in each figure. 908 

E) Linear graphical representation of MYOD mRNA levels expressed as the naperian 909 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 910 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 911 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; MYOD, myogenic 912 

differentiation; COPD, chronic obstructive pulmonary disease. Statistical significance 913 
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is represented as follows: §:p<0.05, and §§:p<0.01 for comparisons between each 914 

time-cohort of cells treated with RNO (1h, 6h, 24h) and their respective baseline 915 

group. The statistical analyses (ANOVA test of two factors) corresponding to the 916 

treatment and interaction effects are also indicated as actual P values in each figure. 917 

F) Linear graphical representation of PGC-1-alpha mRNA levels expressed as the 918 

naperian logarithm in the myotubes of the different time-cohorts obtained from the VL 919 

of both healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 920 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; PGC-1-alpha, peroxisome 921 

proliferator-activated receptor-gamma coactivator-1alpha; COPD, chronic obstructive 922 

pulmonary disease. Statistical significance is represented as follows: *:p<0.05 for 923 

comparisons between COPD patients and the controls for each time-point. The 924 

statistical analyses (ANOVA test of two factors) corresponding to the treatment and 925 

interaction effects are also indicated as actual P values in each figure. 926 

Figure 7 927 

A) Linear graphical representation of Sirtuin-1 mRNA levels expressed as the naperian 928 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 929 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 930 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; COPD, chronic obstructive 931 

pulmonary disease. Statistical significance is represented as follows: §§:p<0.01 for 932 

comparisons between each time-cohort of cells treated with RNO (1h, 6h, 24h) and 933 

their respective baseline group. The statistical analyses (ANOVA test of two factors) 934 

corresponding to the treatment and interaction effects are also indicated as actual P 935 

values in each figure. 936 

B) Linear graphical representation of FN14 mRNA levels expressed as the naperian 937 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 938 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 939 
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logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; FN14, fibroblast growth 940 

factor inducible 14; COPD, chronic obstructive pulmonary disease. Statistical 941 

significance is represented as follows: §:p<0.05 for comparisons between each time-942 

cohort of cells treated with RNO (1h, 6h, 24h) and their respective baseline group. The 943 

statistical analyses (ANOVA test of two factors) corresponding to the treatment and 944 

interaction effects are also indicated as actual P values in each figure. 945 

C) Linear graphical representation of FNDC5 mRNA levels expressed as the naperian 946 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 947 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 948 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; FNDC5, fibronectin type 949 

III domain containing 5; COPD, chronic obstructive pulmonary disease. Statistical 950 

significance is represented as follows: §§:p<0.01, and §§§:p<0.001 for comparisons 951 

between each time-cohort of cells treated with RNO (1h, 6h, 24h) and their respective 952 

baseline group. The statistical analyses (ANOVA test of two factors) corresponding to 953 

the treatment and interaction effects are also indicated as actual P values in each 954 

figure. 955 

Figure 8 956 

A) Mean values and standard deviation of tyrosine release (tyrosine release assay, 957 

nmol/2h) measurements in the baseline and six-hour RNO cohort myotubes of both 958 

COPD patients and healthy controls. Definition of abbreviations: nmol, nanomole; h, 959 

hour; n.s., non-significant; COPD, chronic obstructive pulmonary disease; RNO, 960 

Roflumilast N-oxide. Statistical significance is represented as follows: ***:p<0.001 961 

between COPD patients and healthy controls; §§:p<0.01 between 6h-RNO treatment 962 

and their respective baseline group. 963 

B) Linear graphical representation of Follistatin mRNA levels expressed as the naperian 964 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 965 
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healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 966 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; COPD, chronic obstructive 967 

pulmonary disease. Statistical significance is represented as follows: *:p<0.05, and 968 

**:p<0.01 for comparisons between COPD patients and the controls for each time-969 

point. The statistical analyses (ANOVA test of two factors) corresponding to the 970 

treatment and interaction effects are also indicated as actual P values in each figure. 971 

C) Linear graphical representation of Myostatin mRNA levels expressed as the naperian 972 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 973 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 974 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; COPD, chronic obstructive 975 

pulmonary disease. Statistical significance is represented as follows: *:p<0.05 for 976 

comparisons between COPD patients and the controls for each time-point; §:p<0.05, 977 

and §§§:p<0.001 for comparisons between each time-cohort of cells treated with RNO 978 

(1h, 6h, 24h) and their respective baseline group. The statistical analyses (ANOVA 979 

test of two factors) corresponding to the treatment and interaction effects are also 980 

indicated as actual P values in each figure. 981 

D) Linear graphical representation of Atrogin-1 mRNA levels expressed as the naperian 982 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 983 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 984 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; COPD, chronic obstructive 985 

pulmonary disease. Statistical significance is represented as follows: §§§:p<0.001 for 986 

comparisons between each time-cohort of cells treated with RNO (1h, 6h, 24h) and 987 

their respective baseline group. The statistical analyses (ANOVA test of two factors) 988 

corresponding to the treatment and interaction effects are also indicated as actual P 989 

values in each figure. 990 
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E) Linear graphical representation of MuRF-1 mRNA levels expressed as the naperian 991 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 992 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 993 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; MuRF-1, muscle RING-994 

finger protein-1; COPD, chronic obstructive pulmonary disease. Statistical 995 

significance is represented as follows: *:p<0.05 for comparisons between COPD 996 

patients and the controls for each time-point; §:p<0.05, §§:p<0.01, and §§§:p<0.001 997 

for comparisons between each time-cohort of cells treated with RNO (1h, 6h, 24h) and 998 

their respective baseline group. The statistical analyses (ANOVA test of two factors) 999 

corresponding to the treatment and interaction effects are also indicated as actual P 1000 

values in each figure. 1001 

F) Linear graphical representation of TRIM32 mRNA levels expressed as the naperian 1002 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 1003 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 1004 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; TRIM32, tripartite motif-1005 

containing protein 32; COPD, chronic obstructive pulmonary disease. Statistical 1006 

significance is represented as follows: *:p<0.05 for comparisons between COPD 1007 

patients and the controls for each time-point. The statistical analyses (ANOVA test of 1008 

two factors) corresponding to the treatment and interaction effects are also indicated as 1009 

actual P values in each figure. 1010 

G) Representative immunoblots of total protein ubiquitination (right panel) in the 1011 

myotubes of two different time-point groups (baseline and 6h-RNO) in both healthy 1012 

controls and COPD patients. GAPDH is shown as the loading control. Arrows indicate 1013 

the measured bands. Mean values and standard deviation of total protein 1014 

ubiquitination (left panel) as measured by optical densities in arbitrary units (OD, 1015 

a.u.). Definition of abbreviations: MW, molecular weights; kDa, kilodaltons; RNO, 1016 
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Roflumilast N-oxide; COPD, chronic obstructive pulmonary disease; GAPDH, 1017 

glyceraldehyde-3-phosphate dehydrogenase; OD, optical densities; a.u., arbitrary 1018 

units; n.s., non-significant. Statistical significance is represented as follows: *:p<0.05 1019 

between COPD patients and healthy controls; §:p<0.05 between 6h-RNO treatment 1020 

and their respective baseline group. 1021 

Figure 9 1022 

A) Linear graphical representation of LC3B mRNA levels expressed as the naperian 1023 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 1024 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 1025 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; LC3B, microtubule-1026 

associated protein 1A/1B-light chain 3; COPD, chronic obstructive pulmonary 1027 

disease. Statistical significance is represented as follows: §:p<0.05, §§:p<0.01, and 1028 

§§§:p<0.001 for comparisons between each time-cohort of cells treated with RNO (1h, 1029 

6h, 24h) and their respective baseline group. The statistical analyses (ANOVA test of 1030 

two factors) corresponding to the treatment and interaction effects are also indicated as 1031 

actual P values in each figure. 1032 

B) Linear graphical representation of Beclin-1 mRNA levels expressed as the naperian 1033 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 1034 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 1035 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; COPD, chronic obstructive 1036 

pulmonary disease. The statistical analyses (ANOVA test of two factors) 1037 

corresponding to the treatment and interaction effects are also indicated as actual P 1038 

values in each figure. 1039 

Figure 10 1040 

A) Linear graphical representation of MyHC-I mRNA levels expressed as the naperian 1041 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 1042 
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healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 1043 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; MyHC-I, myosin heavy 1044 

chain type I; COPD, chronic obstructive pulmonary disease. Statistical significance is 1045 

represented as follows: §:p<0.05, and §§§:p<0.001 for comparisons between each 1046 

time-cohort of cells treated with RNO (1h, 6h, 24h) and their respective baseline 1047 

group. The statistical analyses (ANOVA test of two factors) corresponding to the 1048 

treatment and interaction effects are also indicated as actual P values in each figure. 1049 

B) Linear graphical representation of MyHC-IIa mRNA levels expressed as the naperian 1050 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 1051 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 1052 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; MyHC-IIa, myosin heavy 1053 

chain type IIa; COPD, chronic obstructive pulmonary disease. Statistical significance 1054 

is represented as follows: *:p<0.05 for comparisons between COPD patients and the 1055 

controls for each time-point. The statistical analyses (ANOVA test of two factors) 1056 

corresponding to the treatment and interaction effects are also indicated as actual P 1057 

values in each figure. 1058 

C) Linear graphical representation of MyHC-IIx mRNA levels expressed as the naperian 1059 

logarithm in the myotubes of the different time-cohorts obtained from the VL of both 1060 

healthy subjects and COPD patients. Definition of abbreviations: Ln, naperian 1061 

logarithm; a.u., arbitrary units; RNO, Roflumilast N-oxide; MyHC-IIx, myosin heavy 1062 

chain type IIx; COPD, chronic obstructive pulmonary disease. Statistical significance 1063 

is represented as follows: *:p<0.05 for comparisons between COPD patients and the 1064 

controls for each time-point; §:p<0.05 for comparisons between each time-cohort of 1065 

cells treated with RNO (1h, 6h, 24h) and their respective baseline group. The 1066 

statistical analyses (ANOVA test of two factors) corresponding to the treatment and 1067 

interaction effects are also indicated as actual P values in each figure.  1068 
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Table 1. Probes used for the quantitative analyses of the target genes in the myotube 1069 

samples obtained from both COPD patients and healthy controls. 1070 
 1071 
 1072 

 Gene symbol Assay ID Genbank accession  number Target gene 

Redox 

signaling 

markers 

CYBB Hs00166163_m1 NM_000397.3 NOX2 

NOX4 Hs00418356_m1 NM_016931.3 NOX4 

NFE2L2 Hs00232352_m1 NM_001145412.2 NRF2 

NQO1 Hs00168547_m1 NM_001025433.1 NQO1 

HMOX1 Hs00157965_m1 NM_002133.2 HO-1 

GCLC Hs00155249_m1 NM_001197115.1 GCLC 

GCLM Hs00157694_m1 NM_002061.2 GCLM 

Muscle repair 

and anabolism 

markers 

IGF1 Hs00153126_m1 NM_001111283.1 IGF-1 

TFAM H200273372_s1 NM_001270782.1 TFAM 

MEF2C Hs00231149_m1 NM_001131005.1 MEF2C 

MYOG Hs01072232_m1 NM_002479.5 Myogenin 

MYOD1 Hs00159528_m1 NM_002478.4 MYOD 

PPARGC1A Hs01016719_m1 NM_013261.3 PGC-1-alpha 

SIRT1 Hs01009005_m1 NM_001142498.1 Sirtuin-1 

TNFRSF12A Hs00171993_m1 NM_016639.2 FN14 

FNDC5 Hs00401006_m1 NM_153756.2 FNDC5 

Muscle 

catabolism 

markers 

FST Hs00246256_m1 NM_013409.1 Follistatin 

MSTN Hs00976237_m1 NM_005259.2 Myostatin 

FBXO32 Hs01041408_m1 NM_148177.2 Atrogin-1 

TRIM63 Hs00261590_m1 NM_032588.3 MuRF-1 

TRIM32 Hs00705875_s1 NM_001099679.1 TRIM32 

MAP1LC3B Hs00917683_m1 BC045759.1 LC3B 

AMBRA1 Hs00387943_m1 NM_017749.3 Beclin-1 

Muscle 

phenotype 

markers 

MYH7 Hs00165276_m1 NM_000257.2 MyHC-I 

MYH2 Hs00430042_m1 NM_017534.5 MyHC-IIa 

MYH1 Hs00428600_m1 NM_005963.3 MyHC-IIx 

Housekeeping 

gene 
GAPDH Hs99999905_m1 NM_002046.4 GAPDH 

 1073 

Abbreviations: ID, identification; hsa, homo sapiens; miR, microRNA; MIMAT, mature microRNA; 1074 
snRNA, small nuclear RNA; NR, non-coding RNA RefSeq database category; Hs, homo sapiens; m1, 1075 
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multi-exonic gene assay does not detect genomic DNA; NM, mRNA RefSeq database category; 1076 
CYBB, cytochrome b-245, beta polypeptide; NOX, NADPH oxidase; NFE2L, nuclear factor, 1077 
erythroid 2-like; NQO, NAD(P)H dehydrogenase, quinone; HMOX, heme oxygenase; GCLC, 1078 
glutamate-cysteine ligase, catalytic subunit; GCLM, glutamate-cysteine ligase, modifier subunit; IGF, 1079 
insulin-like growth factor; TFAM, mitochondrial transcription factor A; s1, single-exon gene assay 1080 
may detect genomic DNA if present in the sample; MEF, myocyte-enhancer factor; MYOG, 1081 
myogenin; MYOD, myogenic differentiation; PPARGC1A, Peroxisome proliferator-activated receptor 1082 
gamma coactivator 1-alpha; SIRT, sirtuin; TNFRSF12A, tumor necrosis factor receptor superfamily, 1083 
member 12A; FNDC5, fibronectin type III domain containing protein 5; FST, follistatin; MSTN, 1084 
myostatin; FBXO32, F-Box Protein 32; TRIM, Tripartite motif-containing protein; MAP1LC3B, 1085 
microtubule-associated protein 1 light chain 3 beta; AMBRA, autophagy/beclin-1 regulator; MYH, 1086 
myosin heavy chain; and GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 1087 
 1088 
 1089 
 1090 
 1091 
 1092 
 1093 
 1094 
 1095 
 1096 
 1097 
 1098 
 1099 
 1100 
 1101 
 1102 
 1103 
 1104 
 1105 
 1106 
 1107 
 1108 
 1109 
 1110 
 1111 
 1112 
 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
 1119 
 1120 
 1121 
 1122 
 1123 
 1124 
 1125 
 1126 
 1127 
 1128 
 1129 
 1130 
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Table 2. Clinical characteristics of cachectic COPD patients and healthy controls. 1131 

 1132 

Values are expressed as mean (standard deviation). 1133 

Abbreviations: COPD, chronic obstructive pulmonary disease; N, number of patients; kg, 1134 

kilograms; cm, centimeters; m, meters; BMI, body mass index; FFMI, fat-free mass index; 1135 

FEV1, forced expiratory volume in one second; pred, predicted; FVC, forced vital capacity; RV, 1136 

residual volume; TLC, total lung capacity; DLco, carbon monoxide transfer; KCO, Krough 1137 

transfer factor; PaO2, arterial oxygen partial pressure; PaCO2, arterial carbon dioxide partial 1138 

pressure; QMVC, quadriceps maximal velocity contraction; g, grams; dL, deciliter; mg, 1139 

miligrams.; CRP, C-reactive protein; GSV, globular sedimentation velocity; mm, millimeters; h, 1140 

hour. 1141 

 1142 

Statistical significance: *, p≤0.05, **, p≤0.01, ***, p≤0.001 between COPD patients and control 1143 

subjects. 1144 

 1145 

 1146 

 Controls COPD 

 N = 10 N = 10 

Anthropometry   

Age (years) 61 (7) 66 (10)  

BMI (kg/m
2
) 27 (2) 19 (2) *** 

FFMI (kg/m
2
) 19 (2) 15 (1) *** 

Smoking History 

     Active, N, % 

     Ex-smoker, N, % 

     Never smoker, N, % 

     Pack-years 

 

0,0 

5,50 

5,50 

60 (18) 

 

4,40 

6,60 

0,0 

60 (21) 

Lung function   

FEV1 (% pred) 95 (8) 35 (14) *** 

FVC (% pred) 93 (7) 62 (19) *** 

FEV1/FVC (%) 75 (3) 42 (13) *** 

RV (% pred) 115 (15) 211 (63) ** 

TLC (% pred) 105 (11) 119 (18) 

RV/TLC (%) 42 (3) 65 (12) *** 

DLco (% pred) 100 (16) 48 (17) *** 

KCO (% pred) 92 (14) 59 (17) *** 

PaO2 (kPa) 11.3 (0.4) 9.4 (1.7) ** 

PaCO2 (kPa) 5.6 (0.6) 5.8 (0.7)  

   

Exercise capacity & muscle force   

Six-minute walking test (m) 526 (47) 400 (142)* 

QMVC (kg) 42 (11) 30 (10)* 

 

Blood parameters 
  

Albumin (g/dL) 4.5 (0.4) 4.9 (0.9)  

Total proteins (g/dL) 6.2 (1.6) 6.5 (1.4)  

CRP (mg/dL) 0.2 (0.06) 5.3 (5.2)*  

Fibrinogen (mg/dL) 348 (95) 498 (100)* 

GSV (mm/h) 15 (8) 15 (7) 
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Ta Table 3. Significant correlations of study variables in the myotubes of the cachectic COPD 1147 

pat patients. 1148 

 1149 

A. Non-treated myotubes (baseline group) 

 FEV1 DLco Kco Total proteins 

MEF2C 
r=0.725 

p=0.018 

r=0.763 

p=0.017 

  

Myogenin   
r=0.762 

p=0.017 

 

FNDC5   
r=0.714 

p=0.031 

 

GCLC   
 r=0.715 

p=0.030 

 1150 

 1151 

B. Myotubes exposed to 6h-RNO treatment 

 FEV1 DLco 

MEF2C 
r=0.706 

p=0.022 
 

Myogenin  
r=0.691 

p=0.039 

MyHC-I  
r=0.787 

p=0.012 

 1152 
For the sake of clarity in the table, units have been omitted as they are already being shown in the 1153 
corresponding figures and tables. 1154 
  1155 
Abbreviations: COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in one 1156 
second; DLco, carbon monoxide transfer; KCO, Krough transfer factor; MEF, myocyte enhancer factor; 1157 
FNDC5, fibronectin type III domain containing protein 5; GCLC, glutamate-cysteine ligase, catalytic; RNO, 1158 
roflumilast N-oxide; MyHC-I, myosin heavy chain – type I. 1159 
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