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ABSTRACT

Muscle mass loss and wasting are characteristic features of patients with chronic conditions
including cancer. Beta-adrenoceptors attenuate muscle wasting. We hypothesized that specific
muscle atrophy signaling pathways and altered metabolism may be attenuated in cancer
cachectic animals receiving treatment with the beta, agonist formoterol. In diaphragm and
gastrocnemius of tumor-bearing rats (intraperitoneal inoculum, 10® AH-130 Y oshida ascites
hepatoma cells, 7-day study period) with and without treatment with formoterol (0.3 mg/kg
body weight/day/7days, subcutaneous), atrophy signaling pathways (NF-xB, MAPK, FoxO),
proteolytic markers (ligases, proteasome, ubiquitination), autophagy markers (p62, beclin-1,
LC3), myostatin, apoptosis, muscle metabolism markers, and muscle structure features were
analyzed (immunaoblotting, immunohistochemistry). In diaphragm and gastrocnemius of
cancer cachectic rats, fiber sizes were reduced, levels of structura aterations, atrophy
signaling pathways, proteasome content, protein ubiquitination, autophagy, and myostatin
were increased, while those of regenerative and metabolic markers (myoD, mTOR, AKT, and
PGC-lalpha) were decreased. Formoterol treatment attenuated such alterations in both
muscles. Muscle wasting in this rat model of cancer-induced cachexia was characterized by
induction of significant structural aterations, atrophy signaling pathways, proteasome
activity, apoptotic and autophagy markers, and myostatin, along with a significant decline in
the expression of muscle regenerative and metabolic markers. Treatment of the cachectic rats
with formoterol partly attenuated the structural aterations and atrophy signaling, while
improving other molecular perturbations similarly in both respiratory and limb muscles. The
results reported in this study have relevant therapeutic implications as they showed beneficid
effects of the beta, agonist formoterol in the cachectic muscles through several key biological

pathways. Word count: 250
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Cancer-cachexia rats compared to non-cachexia controls Cancer-cachexia-Formoterol compared to cancer-cachexia rats
in diaphragm and gastrocnemius muscles: in diaphragm and gastrocnemius muscles:
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ABSTRACT

Muscle mass loss and wasting are characteristtaries of patients with chronic conditions
including cancer. Beta-adrenoceptors attenuate lmusasting. We hypothesized that specific
muscle atrophy signaling pathways and altered moéitab may be attenuated in cancer
cachectic animals receiving treatment with the batgonist formoterol. In diaphragm and
gastrocnemius of tumor-bearing rats (intraperitbimeaculum, 16 AH-130 Yoshida ascites
hepatoma cells, 7-day study period) with and withoeatment with formoterol (0.3 mg/kg
body weight/day/7days, subcutaneous), atrophy bignaathways (NR<B, MAPK, FoxO),
proteolytic markers (ligases, proteasome, ubigaiitom), autophagy markers (p62, beclin-1,
LC3), myostatin, apoptosis, muscle metabolism nrarkend muscle structure features were
analyzed (immunoblotting, immunohistochemistry). dimphragm and gastrocnemius of
cancer cachectic rats, fiber sizes were reduceggldeof structural alterations, atrophy
signaling pathways, proteasome content, proteimuitination, autophagy, and myostatin
were increased, while those of regenerative andlmoét markers (myoD, mTOR, AKT, and
PGC-lalpha) were decreased. Formoterol treatmeaehuated such alterations in both
muscles. Muscle wasting in this rat model of caticduced cachexia was characterized by
induction of significant structural alterations,ragthy signaling pathways, proteasome
activity, apoptotic and autophagy markers, and rnagws along with a significant decline in
the expression of muscle regenerative and metabwikers. Treatment of the cachectic rats
with formoterol partly attenuated the structuraleedtions and atrophy signaling, while
improving other molecular perturbations similantyboth respiratory and limb muscles. The
results reported in this study have relevant thewtip implications as they showed beneficial
effects of the betaagonist formoterol in the cachectic muscles thhosgveral key biological
pathwaysWord count: 250

KEY WORDS: cancer-induced cachexia; diaphragm and gastrocisemiormoterol

treatment; muscle atrophy signaling; proteolytid antophagy markers; metabolic pathways
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LIST OF ABBREVIATIONS

AKT: serine/threonine kinase 1

ANOVA: analysis of variance

ATP: adenosine triphosphate

BAX: BCL2 associated X protein

BCL-2: B-Cell CLL/Lymphoma 2

cAMP: cyclic adenosine monophosphate
COPD: chronic obstructive pulmonary disease
ERK: extracellular signal-regulated kinases
FoxO: forkhead box O

GAPDH: glyceraldehyde 3-phosphate dehydrogenase

IkB: nuclear factor of kappa light polypeptide geardancer in B-cells inhibitor

LC: lung cancer

LC3B: microtube-associated protein 1 light chain 3
MAPK: mitogen-activated protein kinases

MTOR: mammalian target of rapamycin

MuRF-1: muscle ring finger protein-1

MyHC: myosin heavy chain

MYOD: myoblast determination protein 1

NF: nuclear factor

P62: nucleoporin p62

PGC: peroxisome proliferator-activated receptor ig@ncoactivator
PPAR: peroxisome proliferator-activated receptor
SPSS: statistical Package for the Social Science

TRIM32: tripartite motif-containing protein 32



75

76

77

78

TUNEL: terminal deoxynucleotidyl transferase-meeédatridine 5’-triphosphate nick-end
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1. INTRODUCTION

Muscle mass loss and dysfunction are common systemainifestations in patients with

chronic conditions such as chronic obstructive muary disease (COPD), heart and renal
failure, diabetes, and cancer [1-3,21-23,61,62pbdtients with critical illness, severe muscle
wasting also takes place very rapidly, impairing tmatients’ outcome [21]. Importantly,

muscle wasting and atrophy of the lower limb mus&atails a reduction of the patients’
quality of life and has been shown to predict mditlpi and mortality regardless of the

underlying condition [3,22,23,34,37,42,52,55].

Biological mechanisms such as increased oxidatitress epigenetic regulation,
metabolic derangements, sarcomere disruptionstamii¢ protein loss, autophagy, enhanced
proteolysis, and specific signaling pathways hagenbdemonstrated to be involved in the
pathophysiology of muscle wasting associated witiowmic diseases including cancer [2,4-
6,8,14-17,24-27,35,36,43-46]. Mitogen-activatedi@rokinases (MAPK) and nuclear factor
(NF)-xB are central regulators of a great variety ofutatl processes including adaptive and
maladaptive responses to cellular stress in sketatacles [32]. Activation of MAPK, NF-
kB, and forkhead box O (FoxO) transcription factwes shown to mediate muscle wasting in
an experimental model of cancer-induced cachex®1B40]. Indeed, treatment of the
cachectic mice with either NEB or MAPK inhibitors significantly improved musclaass
loss as a result of an attenuation of muscle phggeo[15].

The ubiquitin-proteasome system has been shownegrade muscle proteins in
experimental models of cancer-induced cachexiabf,59,60] and disuse muscle atrophy
[16]. Interestingly, the proteasome inhibitor badmib was shown to restore diaphragm
muscle contractile function and myosin heavy chaontent (MyHC) following coronary
heart failure [59] and elastase-induced emphysé&if mice. In a model of cancer-induced
cachexia, however, bortezomib did not significargtienuate muscle mass or function loss

[15].
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In skeletal muscles, other cellular pathways dao be targeted for the treatment of
cachexia. For instance, canonical beta-agonisaBignimproves muscle metabolism through
the conversion of adenosine triphosphate (ATP)thcadenosine monophosphate (CAMP),
that activates protein kinase A [49]. In skeletalsties, the proportions of bet@ceptors are
significantly more abundant than those of betnd betgadrenoceptors [63]. Part of the
beneficial effects induced by beta-agonist sigmglimvolves a decrease in protein
degradation, an increase in protein anabolism @h p49]. Interestingly, skeletal muscle
growth can be achieved following treatment with abatlrenoceptor agonists when
administered at higher doses than those normaétig @@ the treatment of airways diseases
such as COPD [49]. In this regard, the long-ackiatg agonist formoterol, which has a rapid
onset of action, while maintaining a long duratioh action, has been shown to induce
significant beneficial effects on skeletal musdl@®ugh several biological mechanisms [10-
12,57]. Whether atrophy signaling may be attenubietteatment with formoterol as another
beneficial effect of betaadrenoceptor therapy in muscles deserves furthemten in models
of cachexia.

On this basis, we hypothesized that signaling paylswhat lead to muscle mass loss
and altered metabolism may be attenuated in catamrectic animals receiving treatment
with the beta agonist formoterol. In the current investigatierperiments on the diaphragm
muscle have also been conducted as the main resgirauscle. This approach enabled us to
elucidate whether the profile of the target biobtadievents may be influenced by the activity
of the muscles. Accordingly, the study objectivesravdefined as follows: 1) to analyze
levels of expression of signaling pathways sucNisB, MAPK, and FoxO and proteolytic
markers, 2) to determine expression levels of d&agp markers, 3) to assess levels of
transcription factors involved in muscle mass naiahce and metabolism, and 4) to

investigate structural features in both diaphragmh gastrocnemius muscles of cachectic rats
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bearing the Yoshida ascites hepatoma cells [106]27257,58] in response to treatment with

formoterol.

2. MATERIALS AND METHODS

(Detailed information on all methodologies is ddsed in the online supplementary material)
2.1.Animal experiments

2.1.1. Experimental design.

Male Wistar rats (5 weeks, 130-165 grams, Intedauarcelona, Spain) were used for the
purpose of the investigation. Animals were randonsiybdivided into four groups
(N=10/group): 1) non-cachexia controls, 2) non-exth controls treated with formoterol
(non-cachexia control-F), 3) cancer-cachexia ratg] 4) cancer-cachexia rats treated with
formoterol (cancer-cachexia-F). Cachexia was induas a result of an intraperitoneal
inoculum of 18 AH-130 Yoshida ascites hepatoma cells, which vebtained from tumors in
exponential growth as previously described [56]rnfaterol treatment was administered
daily during the study period (seven days) subagasly (0.3 mg/kg body weight/24 hours,
dissolved in physiological solution) and the nogated animals received the corresponding

volume of physiological solution subcutaneously.

All animal experiments were conducted Racultat de Biologia, Universitat de
Barcelona (Barcelona)This was a controlled study designed in accoredamith both the
ethical standards on animal experimentation iniostitution (EU 2010/63 CEE anReal
Decreto53/2013 BOE 34, Spain) and the Helsinki conventarthe use and care of animals.
All experiments were approved by the InstitutioAaimal Research Committe&iversitat
de Barcelona

2.2. In vivo measurements in the animals



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

Food and water were administered to the rats ferditire duration of the study. All the
animals were maintained at a temperature of 22& With a regular light-dark cycle (lights
were on from 08:00 a.m. to 08:00 p.m.) and had &&sess to food and water. Body weight
was determined in all animals on day 0 and immedbigbrior to their sacrifice on day 7.
Tumor weights were determined in all animals upaerifice. The percentage of body weight
gain at the end of the study period was calculatgetbllows: [(body weight on day 7 — tumor
weight on day 7) — body weight on day 0]/ body va¢ign day 0 x 100.

2.3. Sacrifice and sample collection

On day 7 after tumor transplantation, the rats weeghed and anesthetized with an
intraperitoneal injection of 3:1 ketamine/xylazimexture (Imalgene 1000, Rhone Merieux,
France and Rompun®, Bayer AG, Leverkusen, Germeespectively). In all animals, the
pedal and blink reflexes were evaluated in ordereify total anesthesia depth. Each tumor
was harvested from the peritoneal cavity, and thlarae and cellularity were evaluated. The
diaphragm and gastrocnemius muscles were obtairmed &ll the rats. In all samples, a
fragment of the muscle specimens was immediatebzefn in liquid nitrogen and
subsequently stored at -80°C, while the remainpecisnen was immersed in an alcohol-
formol bath to be thereafter embedded in paraffitil further use. Frozen tissues were used
to assess the expression of the target moleculdkensa whereas paraffin-embedded tissues
were used for the histological studies.

2.4. Muscle biology analyses

All the muscle biological experiments were perfodire the same laboratory dbspital del

Mar-IMIM -Universitat Pompeu FabréBarcelona).

2.4.1. Muscle fiber counts and morphometry
Muscle fibers of diaphragm and gastrocnemius weeatified on three-micrometer paraffin-

embedded sections of all groups of mice. MyHC-b\stwitch fibers) and MyHC-II (fast-
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twitch fibers) isoforms were identified using amMiHC-1 and anti-MyHC-II antibodies
(Sigma- Aldrich, Saint Louis, MO, USA), respectiyehs previously described [14-18,50].
2.4.2. Muscle structural abnormalities
The area fraction of normal and abnormal muscle wealuated on three-micrometer
paraffin-embedded sections of the diaphragm anttagammius muscles in all study groups
following previously published methodologies [14;4%46,50].
2.4.3. Terminal deoxynucleotidyl transferase-mediatedingdb’-triphosphate (UTP) nick-

end labeling (TUNEL) assay

In muscle paraffin-embedded sections, apoptotidenwgere identified using the TUNEL
assay (In Situ Cell Death Detection Kit, PCRoche Applied Science, Mannheim, Germany)
in both diaphragm and gastrocnemius muscles fromstldy groups following the

manufacturer’s instructions and previously publéktudies [4,15,17,50].

2.4.4. Immunoblotting
Protein levels of the different molecular markeralgzed in the study were explored by
means of immunoblotting procedures as previoustgideed [14-18,25,45,46,50,51].

The following primary antibodies were used: antimmaalian target of rapamycin
(mTOR; 1:1000, #2972S), anti-serine/threonine kends (AKT; 1:1000, #9272S), anti-
phospho-AKT (1:750, 9271S), and anti-microtube-asded protein 1 light chain 3 (LC3;
1:1000, #2775S) antibodies from Cell signaling @as MA, USA), anti-20S proteasome
subunit C8 antibody (1:5000, BML-PW8110-0100) fr@iomol (Plymouth Meeting, PA,
USA), anti-protein ubiquitination antibody (1:50004-100) from Boston Biochem
(Cambridge, MA, USA), anti-nucleoporin p62 (p621a00, P0067) antibody from Sigma-
Aldrich (St. Louis, MO, USA), anti-myostatin (1:200A300-401A) antibody from Bethyl
(Montgomery, TX, USA), anti-muscle ring finger peot-1 (MuRF-1; 1:2000, sc-27642),

anti-atrogin-1 (1:1000, sc-166806), anti-tripartieotif-containing protein 32 (TRIM32;
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1:500, sc-49265), anti-spectrin (1:500, sc-4669)ti-beclin-1 (1:200, sc-11427), anti-
myoblast determination protein 1 (myoD; 1:500, 66)/ anti-peroxisome proliferator-
activated receptor (PPAR)-alpha (1:500, sc-900&j;RPAR-gamma (1:500, sc-7196), anti-
peroxisome proliferator-activated receptor gammactiweator (PGC) 1l-alpha (1:500, sc-
13067), anti-nuclear factor kappa-light-chain-erdeanof activated B cells (NF-kB) p65
(1:500, sc-8008), anti-phospho- NF-kB p65 (1:5688,101749), anti-nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibi{¢kB) —alpha (1:500, sc-847), anti-
phospho-lkB-alpha (1:500, sc-7977), anti-phosph&kead box protein O1 (FoxO-1; 1:750,
sc-7977), anti-extracellular signal-regulated kesas(ERK)1/2 (1:1000, sc-157), anti-
phospho-ERK1/2 (1:500, sc-16982), anti-p38 (1:10€07149), anti-phospho-p38 (1:1000,
sc-101759), anti- B-Cell CLL/Lymphoma 2 (BCL-2; 0 sc-7382), anti-BCL2 associated
X protein (BAX; 1:500, sc-526), and anti-glyceraigde 3-phosphate dehydrogenase
(GAPDH; 1:2000, sc-25778) antibodies from SantazG&anta Cruz, CA, USA), anti-FoxO-
1 (1:1000, 04-1005) antibody from Millipore (Billea, MA, USA), anti-FoxO-3 antibody
(1:500, AP20683PU-N) from Acris (Aachen, Germarand anti-phospho-FoxO-3 antibody
(1:500, BS5019) from Bioworld Technology (St. Lqui$O, USA).

Optical densities of specific proteins were quaedifusing the software Image Lab
version 2.0.1 (Bio-Rad Laboratories). Final optidahsities obtained in each specific group
of animals corresponded to the mean values of iffiereht samples (lanes) of each of the
study antigens. Values of total protein ubiquitioatin a given sample were calculated by
addition of optical densities (arbitrary units)inflividual protein bands in each case. Values
of optical densities (arbitrary units) of the aated proteins: NF-kB p65, IkB-alpha, ERK
1/2, p38 and AKT were calculated as the ratio ef phosphorylated protein to total protein
content for each of these signaling markers. Vabiexptical densities (arbitrary units) of the
activated proteins FoxO-1 and FoXO-3 were calcdlaas the ratio of total protein to

phosphorylated protein content in each case. Valtieptical densities (arbitrary units) of the

10
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ratio of calpain-cleaved alpha ll-spectrin werecadted as the ratio of calpain (145 kDa) to
alpha ll-spectrin (250 kDa). To validate equal pmotloading across lanes, the glycolytic
enzyme GAPDH was used as the protein loading cbimtrall immunoblots (Figures S3-S6
and S8-S9).

2.4.5. RNA extraction
Total RNA was first isolated from snap-frozen skallenuscle specimens using Trizol reagent
following the manufacturer’'s protocol (Life techogles, Carlsbad, CA, USA). Total RNA
concentrations were determined spectrophotomdiricaing the NanoDrop 1000 (Thermo
Scientific, Waltham, MA, USA) as previously desenib[14,16,43-45].

2.4.6. Gene expression was assessed using gqRT-PCR.
A single RT was performed from which all the targehes of the study were analyzed. First-
strand cDNA was generated from mRNA using oligo{gIgprimers and the Super-Script 11l
reverse transcriptase following the manufacturarssructions (Life technologies). TagMan
based qPCR reactions were performed using the ABEM 7900HT Sequence Detector
System (Life technologies) together with commetgialailable gene expression assays. The
probes corresponding to the following genes invblveproteolytic system were testedurf-
1 (Rn00590197_m1, Life technologiea}rogin-1 (Rn00591730_m1, Life technologies), and
trim32 (Rn01764787_m1, Life technologies). The housekegpigene gapdh
(Rn01775763 g1, Life technologies) served as th#ogenous control for mRNA gene
expression. Reactions were run in triplicates, anBNA data were collected and
subsequently analyzed using the Expression Suitera® v1.1 (Applied Biosystems, Foster
City, CA, USA), in which the comparativer@ethod (2**°") for relative quantification was
employed. Results are shown as the relative expresd that in the non-cachexia control

group, which was set to equal to 1.

11
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2.5. Statistical Analysis

The normality of the study variables was verifiezing the Shapiro-Wilk test. Equality of
variance for the study variables was tested ugieg evene’s test. As established results are
represented as mean (standard deviation) [41]. @dasgns between all study groups were
analyzed using the two-way analysis of variance QMA\). SubsequentlyTukey post-hoc
analysis was used to adjust for multiple compagsamong the different study groups. The
sample size chosen was based on previous studles8[45,46,50] and on assumptions of
80% power to detect an improvement of more than 20%heasured outcomes at a level of
significance ofp< 0.05. All statistical analyses were performed ggime Statistical Package
for the Social Science (Portable SPSS, PASW stai$8.0 version for Windows, SPSS Inc.,

Chicago, IL, USA).

3. RESULTS

3.1. Physiological characteristics of the study amals

At the end of the study period, cancer-cachexis eahibited a significant reduction in final
body weight and body weight gain parameters contpiraon-cachexia controls (Table 1).
Treatment with formoterol induced a significant moypement in body weight gain of cancer-
cachectic rats (Table 1). The weights of diaphragnd gastrocnemius muscles were
significantly reduced in cancer-cachexia rats camghdo non-cachexia controls (Table 1).
Treatment with formoterol elicited a significant provement in the weight of the
gastrocnemius (similar to that in non-tumor corgyolvhile it did not significantly ameliorate
the weight of the diaphragm in the cancer-cacheatic (Table 1). No significant differences
were observed in the tumor cell content or weigbtween cancer-cachexia rats with or

without treatment with formoterol (Table 1).
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3.2. Effects of formoterol on muscle phenotype

The proportions of slow- and fast- twitch fibersd diot significantly differ in the study
muscles between cancer-cachectic rats and nonsdaatentrol animals (Table 2 and Figure
S1). The fiber cross-sectional areas significantdgcreased in both diaphragm and
gastrocnemius muscles of cancer-cachexia rats gechga non-cachexia controls (Table 2
and Figure S1). Specifically, in the cachectic @mpared to non-cachectic control animals,
the sizes of slow- and fast-twitch fibers were by 23% and 32%, respectively, in the
diaphragm and by 28% and 21%, respectively, irgstrocnemius (Table 2 and Figure S1).
Treatment of the cachectic rats with formoterolicgd a significant improvement of the sizes
of the slow- and fast-twitch fibers in the study soles: 19% and 30% (diaphragm,
respectively) and 78% and 26% (gastrocnemius, ctispé/), compared to non-treated
control animals (Table 2 and Figure S1). Recovérijber sizes reached levels observed in
the non-cachectic control animals following treattnewith formoterol only in the
gastrocnemius, particularly in the slow-twitch fib€Table 2 and Figure S1).

Muscle structural abnormalities were significantlyreater in both diaphragm and
gastrocnemius muscles of cancer-cachexia rats ithaon-cachexia controls (Table 3 and
Figure S2). Treatment with formoterol significanthgproved the structural abnormalities in
both muscles, especially in the diaphragm, of thehectic rats, and levels were similar to
those found in the non-cachectic control animat(& 3 and Figure S2).

3.3. Effects of formoterol on atrophy signaling patways in muscles

Activated NF-kB p65 levels significantly increaseddiaphragm and gastrocnemius muscles
of cancer-cachexia rats compared to non-cachexiarais, and formoterol treatment
attenuated such an increase in both muscles, weesls were similar to those in the control
animals (Figures 1A and S3-4). Activated I|kB-alplezels were significantly lower in
respiratory and limb muscles of cancer-cachectg ttgan in non-cachexia controls (Figures

1B and S3-4). Protein levels of activated FoxOghiicantly increased in both muscles of

13
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cancer-cachexia rats compared to non-cachexiaatsr(ffigures 1C and S3-4). Formoterol
treatment did not induce any significant effect activated IkB-alpha or FoxO-3 protein
levels in the study muscles of the cancer-cachext® and in the latter marker levels were
similar to the controls (Figures 1B, 1C, and S3MQ. significant differences were observed
in the levels of activated FoxO-1, ERK1/2, or p38any study muscle between cancer-
cachexia rats and non-cachexia controls in any lmasonong study groups (Figures 1D-F and
S3-4).

3.4. Effects of formoterol on proteolytic markers n muscles

In diaphragm and gastrocnemius muscles, gene expnesf MuRF-1 significantly increased
in both muscles of cancer-cachexia rats comparechai-cachexia controls, while no
significant differences were observed in MuRF-1t@iro levels in any muscle among study
groups (Figures 2A and S5). Expression of atrogiwvels only significantly increased in
gastrocnemius muscles of cancer-cachexia rats aaahpa non-cachexia controls, but again
no significant differences were observed in atrahiprotein levels in muscles among the
study groups (Figures 2B and S5). No significaffitedences were observed in either gene
expression or protein levels of TRIM32 in any maschmong study groups (Figures 2C and
S5). Total protein ubiquitination and C8-20S subimvels were significantly higher in both
muscles of cancer-cachexia rats than in non-cagharimals (Figures 2D-E and S5).
Treatment with formoterol induced a significant ese in C8-20S protein levels of
diaphragm and gastrocnemius muscles in the camofrectic rats, whose levels were similar
to those in the controls, while protein ubiquitinat was not modified by the begtagonist
(Figures 2D and S5).

3.5. Effects of formoterol on autophagy markers irmuscles

Protein levels of P62 and beclin-1 significantlgr@ased in the diaphragm of cancer-cachexia
rats compared to non-cachexia controls (FiguresB3&ad S6). A significant rise in LC3

protein levels was also detected in diaphragm astkrgcnemius muscles of cancer-cachexia
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rats compared to non-cachexia controls, and tredtmigh formoterol of the former animals
significantly attenuated such an increase in batisates (similar to control rats) (Figures 3C
and S6). Myostatin protein levels significantlgieased in both muscles of cancer-cachectic
rats compared to non-cachexia controls and forrabtexratment significantly attenuated such
an increase (similar to controls, Figures 3D anyl Bévels of calpain-cleaved ll-spectrin in
diaphragm and gastrocnemius did not significantffed between cancer-cachexia rats and
non-cachexia controls (Figures 3E and S6).

3.6. Effects of formoterol on apoptosis markers imuscles

TUNEL positively-stained nuclei were significantiygher in diaphragm and gastrocnemius
muscles of cancer-cachexia rats than in non-caatwntrols (Figures 4A and S7). Treatment
of cancer-cachexia rats with formoterol signifitgnteduced TUNEL positively-stained
nuclei in the diaphragm (similar to controls), Imat in the limb muscle (Figures 4A and S7).
In cancer cachectic rats, BAX protein levels waneréased only in the diaphragm, and
formoterol treatment significantly reduced thoseels in the respiratory muscle of the
cachectic animals (Figures 4B and S8). ProteinlsedEBCL-2 did not differ among any of
the study muscles (Figures 4C and S8).

3.7. Effects of formoterol on markers of muscle masmaintenance and metabolism

In diaphragm and gastrocnemius muscles of canadreg rats, levels of mMTOR were
significantly reduced compared to non-cachexiarods(Figures 5A and S9). Activated AKT
levels only significantly decreased in gastrocnenmuscles, but not in diaphragm, of cancer-
cachexia rats compared to non-cachexia controtgi(Es 5B and S9). Protein levels of MyoD
and PGC-lalpha were significantly reduced in diaghr and gastrocnemius muscles in
cancer-cachexia rats compared to non-cachexia aien{fFigures 5C-D and S9). No
significant differences were observed in levelsP6fAR-alpha or PPAR-gamma in either
diaphragm or gastrocnemius muscles of cancer-cachets compared to non-cachexia

animals (Figures 5E-F and S9). Formoterol treatrda@hnot induce any significant effects in
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markers of muscle mass maintenance and metabolish®R, AKT, MyoD, PGC-1lalpha,

PPAR-alpha, PPAR-gamma, Figures 5A-F and S9).

4. DISCUSSION

In the current study, the hypothesis has been rmoall: administration of the begtagonist
for seven days attenuated the activation of atragtpyaling pathways and myostatin system,
while improving the expression of proteolytic madkkend muscle structural alterations in
both diaphragm and gastrocnemius muscles of theecarachectic rats. Levels of markers
involved in muscle repair and maintenance were aftécted by formoterol treatment,
suggesting that the betagonist rather prevented proteolysis than favonedcle repair and
protein anabolism. Interestingly, formoterol treatrhdid not elicit any significant differences
in tumor weights or number of cells in the cancachectic rats. The most relevant findings
observed in the study are discussed below.

The Yoshida AH-130 ascites hepatoma is a suitgipeoach to study the underlying
biological events of muscle wasting in cancer-iretlcachexia, as already demonstrated in
several investigations [10-12,26-28,51]. In thedgtuexpression levels of activated XB-
p65 and FoxO3 were significantly increased in babpiratory and limb muscles. These
findings are consistent with previous reports, ihick expression of these transcription
factors was upregulated in skeletal muscles of tdmearing mice [15,18]. Furthermore,
levels of total protein ubiquitination and contemthe proteasome subunit C8-20S were also
significantly greater in both respiratory and linmbuscles of the cancer cachectic rats
compared to the non-cachectic controls. Thesetsearé also in line with previous studies, in
which levels of protein ubiquitination and protea&content were increased in muscles of
rodents with cancer cachexia [15,18], with disushiced muscle atrophy [17], and in

patients with lung cancer cachexia and COPD [46].
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The novelty in the present study was the attenoairoeven the improvement in the
atrophy signaling pathways analyzed in the muszie¢lke cancer cachectic rats in response to
treatment with formoterol for seven days. Impotgrievels of the proteolytic markers total
protein ubiquitination and proteasome content wase significantly attenuated, especially
the latter, in both respiratory and limb musclesh# cancer cachectic rats treated with the
beta agonist for one week. These findings suggestftratoterol attenuate ATP-dependent
proteolysis through inhibition of the ubiquitin-peasome proteolytic pathway. In fact, a
previous study demonstrated a significant downi@gn of the expression of proteasome
subunits in limb muscles of cancer cachectic naatéd with formoterol [10]. It should be
mentioned that in this model of cancer cachexiasateuprotein levels of MAPK signaling
pathway and those of the E3 ligases MuRF-1, atrigiand TRIM32 did not significantly
differ between cachectic and non-cachectic conisti@nd formoterol treatment did not have
any significant effect on those muscles. Nonetlselgene expression levels of MuRF-1 were
upregulated in both diaphragm and gastrocnemiusiewthose of atrogin-1 were only
upregulated in the cachectic limb muscle. Moreogene and protein expression levels of
TRIM32 did not significantly differ among study gnes for any of the muscles. Collectively,
these results imply a potential transcriptionalufagion of the atrogenes in this model as
previously reported [9]. On the other hand, speaifiaracteristics of experimental models,
type of tumors, or duration of the study period raagount for differences encountered in the
levels of expression of the proteolytic markerdha target muscles across studies [15,18].
Indeed, a recent study from our group showed tiatubiquitin-proteasome system was not
involved in the process of muscle wasting assogiatiéh lung cancer carcinogenesis in mice
[50].

As expected, body and muscle weights were sigmifigareduced in the cancer
cachectic rats and formoterol treatment attenuateth alterations. Interestingly, atrophy of

both slow- and fast-twitch fibers was also obsenvetthe respiratory and limb muscles of the
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cancer cachectic rats, as shown in other modeld §130]. Interestingly, formoterol therapy
for seven days significantly reversed (to contesels or even better in the limb muscle) the
atrophy of the muscle fibers, especially of thewstwitch fibers in the gastrocnemius, in
which the improvement was substantial. Indeed, iptesvresults have already demonstrated
that beta agonists particularly improved the function andisture of the slow-twitch fibers
[38]. These observations also reinforce the vabaadf the model and the effects of treatment
with beta-adrenoceptors, as also previously dematest in other experimental conditions
[10-12,38].

A significant rise in several structural abnormastsuch as inflammatory cell and
internal nuclei counts was also observed in thpldegm and gastrocnemius muscles of the
cancer cachectic rats. Importantly, treatment vietimoterol significantly attenuated all the
structural alterations, especially in the diaphraginthe cachectic rats. These results also
suggest that a damage-repair mechanism may take giailarly in the fibers of both
respiratory and limb muscles during the muscle wggtrocess. As a matter of fact, the rise
in inflammatory cells and internal nuclei imply tbgistence of an underlying repair process
following injury of the cachectic muscles duringtinuscle wasting process.

Moreover, as previously shown in muscles of cacbeatimals [7,14] and in patients
with COPD [4,46] and LC [46], the number of apotohuclei was also significantly
increased in the respiratory and limb muscles eftthimor-bearing rats. A significant rise in
protein levels of BAX was only observed in the dieggm muscle of the cancer cachectic
rats, and formoterol significantly attenuated sachincrease in the respiratory muscle. It is
likely that differences in the activity of each &pf muscle may account for the differences in
the levels of expression of the apoptotic markerXBas the diaphragm must maintain
continuously its activity in the animals. Levelstbg antiaopoptotic BCL-2 did not differ in

any muscle among the study groups of rats.
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A relevant finding in the study was the specifiaitfythe effects of the betagonist
formoterol on skeletal muscles but not on tumomgho(cell numbers) or size of the cancer
cachectic rats. Interestingly, it has been sugdetitat beta-adrenergic signaling regulate
tumor growth among other cellular processes andlita-blockers may be used as adjuvant
therapies in the management of patients with cafit@0,39]. In the study, formoterol
treatment did not induce any significant effectstamor growth in the cancer cachectic rats,
implying that the betsagonist exerted selective effects on the musbkxgiof the animals.

A novel finding in the study was the significangaiin the levels of the autophagy
markers p62, beclin-1, and LC3 in the limb muscid diaphragm, especially the latter, of the
cancer cachectic rats compared to the non-cachestitrol animals. These results are in
keeping with a previous study conducted on a manedel of carcinogenesis induced by
urethane administration [50], in which autophagyrkees were also increased in both
diaphragm and gastrocnemius of mice with lung caneehexia. Indeed, in that study [50]
autophagy and apoptosis were the most relevantilbotdrs to muscle atrophy in both
respiratory and limb muscles.

In the current investigation, beclin-1 and p62 wagmnificantly increased only in the
diaphragm of the cancer cachectic rats, while@ind.C3-Il/I ratio levels were seen in both
respiratory and limb muscles of these rodents. &ludservations suggest that autophagy is
differentially regulated in the diaphragm in thisodel of cancer cachexia probably to
maintaining the turnover of cell components as joesly implied in the pathophysiology of
muscular dystrophies, in which autophagy was defecf[29]. A novel finding in the
investigation was the significant reduction in L@3-ratio levels induced by formoterol
therapy in both diaphragm and gastrocnemius musEthesse results were partly in agreement
with those previously reported in a model of fagité¢h muscle hypertrophy [30], in which
the kinetics of anabolic and catabolic markers antbphagy were studied in response to

treatment with formoterol at several time-pointapbrtantly, formoterol therapy for several
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days also reduced the expression of autophagy msaikehe rats with muscle hypertrophy
[30].

Interestingly, protein levels of myostatin werensiigantly greater in both respiratory
and limb muscles of cancer cachectic rats. Thesbnis are similar to previous reports, in
which myostatin system was also upregulated in fisodiecancer-induced cachexia [11,15].
Furthermore, formoterol also induced a downregoifatif the myostatin levels as a result of
an upregulation of follistatin expression, thuspioving muscle mass in the cachectic rats
[11]. The current observations are also in agre¢mwéh the previous findings [11] as to the
effects of treatment with the betagonist in the cachectic rats.

Levels of mMTOR as a marker of protein synthesiseveggnificantly decreased in the
diaphragm and gastrocnemius of the cancer cachettic Importantly, in these muscles of
tumor-bearing rats treated with formoterol for sewdays, mTOR levels did not differ from
those seen in the non-treated cachectic animatgeiRrlevels of activated AKT were also
reduced in the gastrocnemius, but not the respyraibscle, of the cancer cachectic rats, and
formoterol did not elicit a significant improvementits levels in any of the study muscles.
These findings are in contrast with previous resift which AKT-mTOR pathway was
activated in response to formoterol therapy inltid muscles of rats, especially in the early
phases of the treatment [30]. Differences in expental design and models may account for
the discrepancies among studies.

Alterations in the levels of muscle regeneratiomemareviously reported in cancer-
cachexia models [58]. Similarly, in the presentdgtuprotein levels of myoD were also
significantly lower in both respiratory and limb sules of the cancer cachectic rats than in
the controls. Importantly, formoterol treatmentv@eted a further decline in myoD in the
cachectic muscles. PPARs are powerful regulatorsskafletal muscle metabolism and
mitochondrial biogenesis [31,33]. Moreover, thegoaplay a role in the fiber type shift

towards a more resistant phenotype in skeletal l@sidd7]. Signaling of muscle atrophy
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may also be mediated by PPARSs in cachectic comditjd8]. In the present study, levels of
PGC-1lalpha, but not those of PPAR-alpha or PPARAgamwere significantly lower in
respiratory and limb muscles of the cachectic tfaés control rodents. These findings are in
line with previous investigations, in which PPARédés were altered in muscles of cachectic
rats [28] and mice [50,53] and lower limb musclépatients with respiratory cachexia [48].
Treatment with the betaagonist prevented a further decline in PGC-1laliglvals of both
study muscles of the cancer cachectic rats, asqusly shown to occur in a rat model of
hypertrophy [30]. Collectively, these findings impghat important metabolic alterations took
place in both respiratory and limb muscles thatewmartly attenuated by treatment with the
beta agonist formoterol in this experimental model ahcer-induced cachexia.

4.1. Conclusions

We conclude that muscle wasting in this vivo model of cancer-induced cachexia is
characterized by the induction of significant stmsal alterations, atrophy signaling
pathways, proteasome activity, autophagy markend, myostatin system, along with a
significant decline in the expression of muscleereggative and metabolic markers of both
respiratory and limb muscles in a similar fashidmeatment of the cachectic rats with
formoterol for seven days partly attenuated thecttiral alterations, while improving atrophy
signaling pathways and other molecular perturbationboth diaphragm and gastrocnemius.
The results reported in this study have relevaetapeutic implications as they showed
beneficial effects of the betaagonist formoterol in respiratory and limb musctdsthe

cachectic rats through several key biological patysin a similar manner.

21



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

ACKNOWLEDGEMENTS

The authors are thankful to Dr. Ester Puig-Vilanémaher technical assistance with part of
the biological experiments and to Mr. Xavier Durfan his support with all the statistical
analyses and study design. The current researchdes supported binstituto de Salud
Carlos-1ll, contract grant numbers, CIBERES, FIS 14/00713DEE); Spanish Ministry of
Science and Innovation, contract grant number SAE126091; Spanish Respiratory
Society (SEPAR)contract grant numbers, SEPAR 2013 and SEPAR ;2@d&alan
Foundation of Pulmonology (FUCAP), contract gramtibers, FUCAP 2011, FUCAP 2012,
and 2016.

Editorial support: None to declare.

CONFLICT OF INTEREST

The authors declare no conflict of interest intielato this study.

AUTHOR CONTRIBUTIONS

Anna Salazar-Degracia: molecular biology, data analyses and interpretaticasults
preparation including graphical and tabular repnegeon, and manuscript draft writing
Silvia Busquets: study design, animal experiments, data analysesirgedoretation, and
manuscript draft writing

Josep M. Argilés: study design, data analyses and interpretati®gultse preparation, and
manuscript draft writing

Nuria Bargall6-Gispert: molecular biology experimerts and results preparation in the
revised manuscript

Francisco J. Lopez-Soriano: study design, data analyses and interpretationultses
preparation, and manuscript draft writing

Esther Barreiro: study design, data analyses and interpretationyltsepreparation, and

manuscript writing final version

22



536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

551
552

553
554
555
556
557

558
559
560
561

562
563
564

565
566
567
568

569
570
571
572
573

574
575
576

577
578
579

Reference List

1. F.V. Alvarez, I.M. Trueba, J.B. Sanchis, L.Mopez-Rodo, P.M. Rodriguez Suarez,

J.S. de Cos Escuin, E. Barreiro, P.M. Henar Borrég®. Vicente, J.F.
Aldeyturriaga, G.P. Gamez, L.P. Garrido, A.P. Ledm. Izquierdo Elena,
N.M. Novoa Valentin, J.J. Rivas de Andres, |.R.Spe A.S. Velazquez, L.M.
Seijo Maceiras, S.S. Reina, D.A. Bujanda, R.J. &WMlartinez, J.I. de Granda
Orive, E.H. Martinez, V.D. Gude, R.E. Flor, J.Lekinet Gilart, M.D. Garcia
Jimenez, F.H. Alarza, S.H. Sarmiento, A.F. Hongudestinez, C.A. Jimenez
Ruiz, I.L. Sanz, A.A. Mariscal de, V.P. Martinez,.® Menal, L.M. Perez,
M.E. Olmedo Garcia, C.A. Rombola, I.S. Arregui, G.Blomiedo, V, A.L
Trivino Ramirez, J.C. Trujillo Reyes, C. Vallejo,\W Lozano, G.V. Simo, and
J.J. Zulueta, Recommendations of the Spanish §oofefPneumology and
Thoracic Surgery on the diagnosis and treatmenbofsmall-cell lung cancer,
Arch. Bronconeumol. 52 Suppl 1 (2016) pp. 2-62.

. Barreiro, Skeletal Muscle Dysfunction in Novelties in The Last Decade,

Arch. Bronconeumol. 53 (2017) pp. 43-44.

. Barreiro, V. Bustamante, P. Cejudo, J.Bld@aJ. Gea, L.P. de, J. Martinez-

Llorens, F. Ortega, L. Puente-Maestu, J. Roca,Jakld Rodriguez-Gonzalez
Moro, Guidelines for the evaluation and treatmehtmaoscle dysfunction in
patients with chronic obstructive pulmonary diseaseh. Bronconeumol. 51
(2015) pp. 384-395.

. Barreiro, D. Ferrer, F. Sanchez, J. Minigydl. Marin-Corral, J. Martinez-Llorens,

J. Lloreta, and J. Gea, Inflammatory cells and &g in respiratory and limb
muscles of patients with COPD, J. Appl. Physiolg39) 111 (2011) pp. 808-
817.

. Barreiro, J. Gea, J.M. Corominas, and $ilssain, Nitric oxide synthases and

protein oxidation in the quadriceps femoris of @ats with chronic obstructive
pulmonary disease, Am. J. Respir. Cell Mol. Bi&.(2003) pp. 771-778.

. Barreiro, V.l. Peinado, J.B. Galdiz, E.reerJ. Marin-Corral, F. Sanchez, J. Gea,

and J.A. Barbera, Cigarette smoke-induced oxidatiwess: A role in chronic
obstructive pulmonary disease skeletal muscle aysion, Am. J. Respir. Crit
Care Med. 182 (2010) pp. 477-488.

. Barreiro, E. Puig-Vilanova, J. Marin-Corral. Chacon-Cabrera, A. Salazar-

Degracia, X. Mateu, L. Puente-Maestu, E. GarcianfirtA.L. Andreu, and L.
Molina, Therapeutic Approaches in Mitochondrial Bysction, Proteolysis,
and Structural Alterations of Diaphragm and Gastencius in Rats With
Chronic Heart Failure, J. Cell Physiol 231 (201p) p495-1513.

. Barreiro, A.M. Schols, M.l. Polkey, J.B. |@a, H.R. Gosker, E.B. Swallow, C.

Coronell, and J. Gea, Cytokine profile in quadreepuscles of patients with
severe COPD, Thorax 63 (2008) pp. 100-107.

S.C. Bodine and L.M. Baehr, Skeletal musclepdty and the E3 ubiquitin ligases

MuRF1 and MAFbx/atrogin-1, Am. J. Physiol Endoctindetab 307 (2014)
p. E469-E484.

23



580
581
582
583

584
585
586
587

588
589
590
591

592
593
594
595

596
597
598
599

600
601
602
603

604
605
606

607
608
609
610

611
612
613
614

615
616
617

618
619

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

S

A.

A

A.

A

. Busquets, M.T. Figueras, G. Fuster, V.&dro, R. Moore-Carrasco, E. Ametller,
J.M. Argiles, and F.J. Lopez-Soriano, Anticacheetfects of formoterol: a
drug for potential treatment of muscle wasting, €anRes. 64 (2004) pp.
6725-6731.

. Busquets, M. Toledo, E. Marmonti, M. Orgi, Capdevila, A. Betancourt, F.J.
Lopez-Soriano, and J.M. Argiles, Formoterol treatmdownregulates the
myostatin system in skeletal muscle of cachectisowr-bearing rats, Oncol.
Lett. 3 (2012) pp. 185-189.

. Busquets, M. Toledo, S. Sirisi, M. Orpi, $erpe, J. Coutinho, R. Martinez, J.M.
Argiles, and F.J. Lopez-Soriano, Formoterol ancceamuscle wasting in rats:
Effects on muscle force and total physical activiixp. Ther. Med. 2 (2011)
pp. 731-735.

. Cai, J.D. Frantz, N.E. Tawa, Jr., P.A. ételez, B.C. Oh, H.G. Lidov, P.O.
Hasselgren, W.R. Frontera, J. Lee, D.J. GlassSaBdShoelson, IKKbeta/NF-
kappaB activation causes severe muscle wastingaa, rGell 119 (2004) pp.
285-298.

Chacon-Cabrera, C. Fermoselle, I. Salmdla,Yelamos, and E. Barreiro,
MicroRNA expression and protein acetylation pattermespiratory and limb
muscles of Parp-1(-/-) and Parp-2(-/-) mice witmducancer cachexia,
Biochim. Biophys. Acta 1850 (2015) pp. 2530-2543.

. Chacon-Cabrera, C. Fermoselle, A.J. Udrelyl. Mateu-Jimenez, M.J. Diament,
E.D. De Kier Joffe, M. Sandri, and E. Barreiro, Fhacological strategies in
lung cancer-induced cachexia: effects on muscleeplgsis, autophagy,
structure, and weakness, J. Cell Physiol 229 (2p04)1660-1672.

Chacon-Cabrera, J. Gea, and E. BarreitmrtS and Long-Term Hindlimb
Immobilization and Reloading: Profile of Epigendfigents in Gastrocnemius,
J. Cell Physiol (2016).

. Chacon-Cabrera, H. Lund-Palau, J. Gea,E&anBarreiro, Time-Course of Muscle
Mass Loss, Damage, and Proteolysis in Gastrocnefoilesving Unloading
and Reloading: Implications in Chronic Diseasesp®.LOne. 11 (2016) p.
e0164951.

. Chacon-Cabrera, M. Mateu-Jimenez, K. LamgG. Fermoselle, E. Garcia-Arumi,
A.L. Andreu, J. Yelamos, and E. Barreiro, Role @ Activity in Lung
Cancer-induced Cachexia: Effects on Muscle Oxigat8tress, Proteolysis,
Anabolic Markers and Phenotype, J. Cell PhysiolL{20

W. Chow, C.N. Amaya, S. Rains, M. Chow, EDBkerson, and B.A. Bryan, Growth

S

Attenuation of Cutaneous Angiosarcoma With Propl@rdediated beta-
Blockade, JAMA Dermatol. 151 (2015) pp. 1226-1229.

.W. Cole and A.K. Sood, Molecular pathwdyasta-adrenergic signaling in cancer,
Clin. Cancer Res. 18 (2012) pp. 1201-1206.

24



620
621
622

623
624
625
626
627

628
629
630
631
632

633
634
635
636

637
638
639

640
641
642
643
644
645

646
647
648
649
650

651
652
653
654
655

656
657
658
659
660

661
662

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

M.C. Diaz, G.A. Ospina-Tascon, and C.B. SalaRespiratory muscle dysfunction: a
multicausal entity in the critically ill patient dergoing mechanical
ventilation, Arch. Bronconeumol. 50 (2014) pp. 7R-7

W.J. Evans, J.E. Morley, J. Argiles, C. BadsBaracos, D. Guttridge, A. Jatoi, K.
Kalantar-Zadeh, H. Lochs, G. Mantovani, D. Marks,.BEW Mitch, M.
Muscaritoli, A. Najand, P. Ponikowski, F.F. Rogdi, Schambelan, A. Schols,
M. Schuster, D. Thomas, R. Wolfe, and S.D. Ankegcl@&xia: a new
definition, Clin. Nutr. 27 (2008) pp. 793-799.

K. Fearon, F. Strasser, S.D. Anker, |. BosaBuBruera, R.L. Fainsinger, A. Jatoi, C.
Loprinzi, N. MacDonald, G. Mantovani, M. Davis, Mluscaritoli, F. Ottery,
L. Radbruch, P. Ravasco, D. Walsh, A. Wilcock, $a&a, and V.E. Baracos,
Definition and classification of cancer cachexia: iaternational consensus,
Lancet Oncol. 12 (2011) pp. 489-495.

C. Fermoselle, E. Garcia-Arumi, E. Puig-Vdaa, A.L. Andreu, A.J. Urtreger, E.D.
De Kier Joffe, A. Tejedor, L. Puente-Maestu, andB&rreiro, Mitochondrial
dysfunction and therapeutic approaches in respyaand limb muscles of
cancer cachectic mice, Exp. Physiol 98 (2013) Bg911365.

C. Fermoselle, R. Rabinovich, P. Ausin, BgR(ilanova, C. Coronell, F. Sanchez, J.
Roca, J. Gea, and E. Barreiro, Does oxidative stresdulate limb muscle
atrophy in severe COPD patients?, Eur. Respil0 J2@12) pp. 851-862.

C.C. Fontes-Oliveira, S. Busquets, G. FusieAmetller, M. Figueras, M. Olivan, M.
Toledo, F.J. Lopez-Soriano, X. Qu, J. Demuth, RRv&its, A. Varbanov, F.
Wang, R.J. Isfort, and J.M. Argiles, A differentgttern of gene expression in
skeletal muscle of tumor-bearing rats reveals dydetion of excitation-
contraction coupling together with additional mesalterations, Muscle Nerve
49 (2014) pp. 233-248.

C.C. Fontes-Oliveira, S. Busquets, M. ToledoPenna, A.M. Paz, S. Sirisi, A.P.
Silva, M. Orpi, A. Garcia, A. Sette, G.M. Ines, Rlivan, F.J. Lopez-Soriano,
and J.M. Argiles, Mitochondrial and sarcoplasmitictdum abnormalities in
cancer cachexia: altered energetic efficiency?cldm. Biophys. Acta 1830
(2013) pp. 2770-2778.

G. Fuster, S. Busquets, E. Ametller, M. Qliv&l. Almendro, C.C. de Oliveira, M.
Figueras, F.J. Lopez-Soriano, and J.M. Argiles, peeoxisome proliferator-
activated receptors involved in skeletal muscletiwgsduring experimental
cancer cachexia? Role of beta2-adrenergic agodats;er Res. 67 (2007) pp.
6512-6519.

P. Grumati, L. Coletto, P. Sabatelli, M. GescA. Angelin, E. Bertaggia, B. Blaauw,
A. Urciuolo, T. Tiepolo, L. Merlini, N.M. MaraldiP. Bernardi, M. Sandri, and
P. Bonaldo, Autophagy is defective in collagen Miswular dystrophies, and
its reactivation rescues myofiber degeneration, Nitd. 16 (2010) pp. 1313-
1320.

O.R. Joassard, A. Amirouche, Y.S. Gallot, M.Besgeorges, J. Castells, A.C.
Durieux, P. Berthon, and D.G. Freyssenet, Reguiatad Akt-mTOR,

25



663
664
665

666
667
668
669
670

671
672

673
674
675
676

677
678
679

680
681
682
683

684
685
686

687
688
689
690

691
692
693
694

695
696
697
698
699
700

701
702
703
704

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

ubiquitin-proteasome and autophagy-lysosome patbway response to
formoterol administration in rat skeletal musclet, U. Biochem. Cell Biol. 45
(2013) pp. 2444-2455.

T.R. Koves, P. Li, J. An, T. Akimoto, D. StenO. llkayeva, G.L. Dohm, Z. Yan,
C.B. Newgard, and D.M. Muoio, Peroxisome proliferaactivated receptor-
gamma co-activator lalpha-mediated metabolic refmgeof skeletal
myocytes mimics exercise training and reversesHipiduced mitochondrial
inefficiency, J. Biol. Chem. 280 (2005) pp. 3358898.

H.F. Kramer and L.J. Goodyear, Exercise, MARIKd NF-kappaB signaling in
skeletal muscle, J. Appl. Physiol (1985. ) 103 2Q8p. 388-395.

S. Luquet, J. Lopez-Soriano, D. Holst, A.demrich, J. Melki, M. Rassoulzadegan,
and P.A. Grimaldi, Peroxisome proliferator-activhteeceptor delta controls
muscle development and oxidative capability, FASER7 (2003) pp. 2299-
2301.

M.J. Mador, E. Bozkanat, and T.J. Kufel, Qicaps fatigue after cycle exercise in
patients with COPD compared with healthy contrdijects, Chest 123 (2003)
pp. 1104-1111.

J. Marin-Corral, C.C. Fontes, S. Pascual-@aarF. Sanchez, M. Olivan, J.M.
Argiles, S. Busquets, F.J. Lopez-Soriano, and Erdda, Redox balance and
carbonylated proteins in limb and heart musclegawfhectic rats, Antioxid.
Redox. Signal. 12 (2010) pp. 365-380.

J. Marin-Corral, J. Minguella, A.L. RamireafBiento, S.N. Hussain, J. Gea, and E.
Barreiro, Oxidised proteins and superoxide aniadpction in the diaphragm
of severe COPD patients, Eur. Respir. J. 33 (2pp9)1309-13109.

K. Marquis, R. Debigare, Y. Lacasse, P. LaBJa. Jobin, G. Carrier, and F. Maltais,
Midthigh muscle cross-sectional area is a bettediptor of mortality than
body mass index in patients with chronic obstriecipalmonary disease, Am.
J. Respir. Crit Care Med. 166 (2002) pp. 809-813.

C. McCormick, L. Alexandre, J. Thompson, aBd Mutungi, Clenbuterol and
formoterol decrease force production in isolatedanmouse skeletal muscle
fiber bundles through a beta2-adrenoceptor-indegr@nchechanism, J. Appl.
Physiol (1985.) 109 (2010) pp. 1716-1727.

A. Montoya, C.N. Amaya, A. Belmont, N. Did®, Trevino, G. Villanueva, S. Rains,
L.A. Sanchez, N. Badri, S. Otoukesh, A. Khammang/db. Liss, S.T. Baca,
R.J. Aguilera, E.B. Dickerson, A. Torabi, A.K. Dwagi, A. Abbas, K.
Chambers, B.A. Bryan, and Z. Nahleh, Use of noeetrle beta-blockers is
associated with decreased tumor proliferative eslin early stage breast
cancer, Oncotarget. 8 (2017) pp. 6446-6460.

R. Moore-Carrasco, S. Busquets, V. AlmenditoPalanki, F.J. Lopez-Soriano, and
J.M. Argiles, The AP-1/NF-kappaB double inhibitoP0030 can revert
muscle wasting during experimental cancer cachémnia,J. Oncol. 30 (2007)
pp. 1239-1245.

26



705
706
707

708
709
710
711
712

713
714
715

716
717
718

719
720
721
722

723
724
725
726

127
728
729

730
731
732

733
734
735

736
737
738
739

740
741
742

743
744

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

P. Nagele, Misuse of standard error of themm(&EM) when reporting variability of a
sample. A critical evaluation of four anaesthesiarpals, Br. J. Anaesth. 90
(2003) pp. 514-516.

M.S. Patel, S.A. Natanek, G. Stratakos, Sca, J. Martinez-Llorens, L. Disano, G.
Terzis, N.S. Hopkinson, J. Gea, |. Vogiatzis, F.ltsla, and M.l. Polkey,
Vastus lateralis fiber shift is an independent pted of mortality in chronic
obstructive pulmonary disease, Am. J. Respir. Cate Med. 190 (2014) pp.
350-352.

E. Puig-Vilanova, R. Aguilo, A. Rodriguez-fars J. Martinez-Llorens, J. Gea, and E.
Barreiro, Epigenetic mechanisms in respiratory reudgsfunction of patients
with chronic obstructive pulmonary disease, PLoBe ® (2014) p. e111514.

E. Puig-Vilanova, P. Ausin, J. Martinez-Llose J. Gea, and E. Barreiro, Do
epigenetic events take place in the vastus lasep@lpatients with mild chronic
obstructive pulmonary disease?, PL0S. One. 9 (2014}02296.

E. Puig-Vilanova, J. Martinez-Llorens, P. Ays]. Roca, J. Gea, and E. Barreiro,
Quadriceps muscle weakness and atrophy are assbaiath a differential
epigenetic profile in advanced COPD, Clin. Sci.r{tlp 128 (2015) pp. 905-
921.

E. Puig-Vilanova, D.A. Rodriguez, J. Llore®, Ausin, S. Pascual-Guardia, J.
Broquetas, J. Roca, J. Gea, and E. Barreiro, Qx&latress, redox signaling
pathways, and autophagy in cachectic muscles of patients with advanced
COPD and lung cancer, Free Radic. Biol. Med. 790142 pp. 91-108.

P. Puigserver and B.M. Spiegelman, Peroxis@r@iferator-activated receptor-
gamma coactivator 1 alpha (PGC-1 alpha): transonpt coactivator and
metabolic regulator, Endocr. Rev. 24 (2003) pp908-

A.H. Remels, P. Schrauwen, R. BroekhuizenVillems, S. Kersten, H.R. Gosker,
and A.M. Schols, Peroxisome proliferator-activatedeptor expression is
reduced in skeletal muscle in COPD, Eur. RespB0J2007) pp. 245-252.

J.G. Ryall and G.S. Lynch, The potential tepitfalls of beta-adrenoceptor agonists
for the management of skeletal muscle wasting, rRaeol. Ther. 120 (2008)
pp. 219-232.

A. Salazar-Degracia, D. Blanco, M. Vila-Uba&hG. de, C.O. de Solorzano, L.M.
Montuenga, and E. Barreiro, Phenotypic and metabi@atures of mouse
diaphragm and gastrocnemius muscles in chronic leagcinogenesis:
influence of underlying emphysema, J. Transl. Med(2016) p. 244.

A. Salazar-Degracia, S. Busquets, J.M. AsgileJ. Lopez-Soriano, and E. Barreiro,
Formoterol attenuates increased oxidative streslsnayosin protein loss in
respiratory and limb muscles of cancer cachectg; ReerJ. 5 (2017) p. e4109.

J.M. Seymour, M.A. Spruit, N.S. HopkinsonASNatanek, W.D. Man, A. Jackson,
H.R. Gosker, A.M. Schols, J. Moxham, M.l. PolkendeE.F. Wouters, The

27



745
746

747
748
749
750
751

752
753
754

755
756
757
758

759
760
761

762
763
764
765
766

767
768
769

770
771
772
773

774
775
776

777
778
779
780
781
782
783
784
785
786
787

53.

54.

55.

56.

S7.

58.

59.

60.

61.

prevalence of quadriceps weakness in COPD ancetagonship with disease
severity, Eur. Respir. J. 36 (2010) pp. 81-88.

N. Sullo, F. Roviezzo, M. Matteis, G. SpapiaB.S. Del, A. Lombardi, M. Lucattelli,
F. Polverino, G. Lungarella, G. Cirino, F. RossidaB. D'Agostino, Skeletal
muscle oxidative metabolism in an animal model alimpnary emphysema:
formoterol and skeletal muscle dysfunction, AmR@&spir. Cell Mol. Biol. 48
(2013) pp. 198-203.

G.S. Supinski, J. Vanags, and L.A. Callahafiect of proteasome inhibitors on
endotoxin-induced diaphragm dysfunction, Am. J. gidblyLung Cell Mol.
Physiol 296 (2009) p. L994-L1001.

E.B. Swallow, D. Reyes, N.S. Hopkinson, WNban, R. Porcher, E.J. Cetti, A.J.
Moore, J. Moxham, and M.I. Polkey, Quadriceps gjtlempredicts mortality in
patients with moderate to severe chronic obstracipulmonary disease,
Thorax 62 (2007) pp. 115-120.

L. Tessitore, P. Costelli, G. Bonetti, aniFBaccino, Cancer cachexia, malnutrition,
and tissue protein turnover in experimental anignatsh Biochem. Biophys.
306 (1993) pp. 52-58.

M. Toledo, S. Busquets, F. Penna, X. ZhouMBrmonti, A. Betancourt, D. Massa,
F.J. Lopez-Soriano, H.Q. Han, and J.M. Argiles, @tate reversal of muscle
wasting in experimental cancer cachexia: Addititieats of activin type Il
receptor inhibition and beta-2 agonist, Int. J. €anl138 (2016) pp. 2021-
2029.

M. Toledo, S. Busquets, S. Sirisi, R. SeieOrpi, J. Coutinho, R. Martinez, F.J.
Lopez-Soriano, and J.M. Argiles, Cancer cachexiaysjal activity and
muscle force in tumour-bearing rats, Oncol. Rep(ZZa.1) pp. 189-193.

H.W. van Hees, Y.P. Li, C.A. Ottenheijm, Bn,JC.J. Pigmans, M. Linkels, P.N.
Dekhuijzen, and L.M. Heunks, Proteasome inhibitioproves diaphragm
function in congestive heatrt failure rats, Am. Qy$tol Lung Cell Mol. Physiol
294 (2008) p. L1260-L1268.

H.H. van, C. Ottenheijm, L. Ennen, M. LinkeR. Dekhuijzen, and L. Heunks,
Proteasome inhibition improves diaphragm functionan animal model for
COPD, Am. J. Physiol Lung Cell Mol. Physiol 301 (A) p. L110-L116.

A.F. Villar, T. Muguruza, I, S.J. Belda, L.d\hs Lopez-Rodo, P.M. Rodriguez
Suarez, E.J. Sanchez de Cos, E. Barreiro, M.H.egorPintado, V.C. Disdier,
A.J. Flandes, G.P. Gamez, L.P. Garrido, A.P. LebN. Izquierdo Elena,
N.M. Novoa Valentin, J.J. Rivas de Andres, C. Rdy¥,.A. Salvatierra, L.M.
Seijo Maceiras, R.S. Solano, B.D. Aguiar, R.J. AWartinez, J.I. de Granda
Orive, M.E. de Higes, G. Diaz-Hellin, V, F.R. EmbuhL. Freixinet Gilart,
M.D. Garcia Jimenez, A.F. Hermoso, S.S. Hernand&Z. Honguero
Martinez, C.A. Jimenez Ruiz, S. Lopez, |, A.A. Maal de, V.P. Martinez,
M.P. Menal, P.L. Mezquita, M.E. Olmedo Garcia, CRlambola, M.A. San, |,
G.M. de Valle Somiedo, A.l. Trivino Ramirez, J.Qujillo Reyes, C. Vallejo,
L.P. Vaquero, S.G. Varela, and J.J. Zulueta, Exeesummary of the SEPAR

28



788
789

790
791

792
793
794
795
796

797

recommendations for the diagnosis and treatmennhasf-small cell lung
cancer, Arch. Bronconeumol. 52 (2016) pp. 378-388.

62. H.S. von and S.D. Anker, Cachexia as a majulerestimated and unmet medical
need: facts and numbers, J. Cachexia. Sarcopenscli&l (2010) pp. 1-5.

63. R.S. Williams, M.G. Caron, and K. Daniel, &kal muscle beta-adrenergic receptors:

variations due to fiber type and training, Am. bystol 246 (1984) p. E160-
E167.

29



798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

FIGURE LEGENDS

Figure 1: Mean values and standard deviation of the followrarkers:(A) activated NF-kB
p6, (B) activated IkB-alpha(C) activated FoxO-3(D) activated FoxO-1(E) activated
ERK1/2, and(F) activated p38 activated in diaphragm (black bans) gastrocnemius (grey
bars) muscles as measured by optical densitieshbitraay units (OD, a.u.)Definition of
abbreviations: NF-kB p65, nuclear factor kappa-light-chain-entenof activated B cells
p65; IkB-alpha, nuclear factor kappa polypeptideegenhancer in B-cells inhibitor, alpha;
FoxO, forkhead box protein; ERK1/2, extracellulgnsl-regulated kinase 1/2; F, formoterol.
Statistical significance * p< 0.05 and **p< 0.01 between non-cachexia controls and cancer-
cachexia rats; < 0.05 between cancer-cachexia rats and cancerxdactas treated with
formoterol.

Figure 2. Mean values and standard deviation of the followimgrkers:(A) MuRF-1 (B)
atrogin-1, andC) TRIM32 expressed as a relative mRNA levels (lefbgd) and a protein
content (right panelXD) C8-20S, andE) total ubiquitinated expressed only protein content
in diaphragm (black bars) and gastrocnemius (grags)bmuscles. Protein content as
measured by optical densities in arbitrary unitD(@.u.). Definition of abbreviations:
MuRF-1, muscle ring finger protein-1; TRIM32, triit,e motif-containing protein 32; C8-
20S, 20S proteasome alpha subunit C8; F, formot8tatistical significance:* p< 0.05, **

p< 0.01, and ***p< 0.001 between non-cachexia controls and cancéregécrats; $< 0.05
and 88 p< 0.01 between cancer-cachexia rats and cancerxdachiats treated with
formoterol.

Figure 3: Mean values and standard deviation of the follgwimarkers(A) P62,(B) beclin-

1, (C) ratio of LC3-1I/LC3-I,(D) myostatin, andE) ratio of calpain-cleaved alpha ll-spectrin
protein content in diaphragm (black bars) and gasgmius (grey bars) muscles as measured
by optical densities in arbitrary units (OD, a.uDefinition of abbreviations: P62,

nucleoporin p62; LC3, microtube-associated prolelight chain 3; F, formoterobtatistical
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significance: * p< 0.05 and **p< 0.01 between non-cachexia controls and canceregach
rats; §p< 0.05, 88p< 0.01, and 88%< 0.001 between cancer-cachexia rats and cancer-
cachexia rats treated with formoterol.

Figure 4. Mean values and standard deviation(&j the percentage of positively stained
nuclei for the TUNEL assay and the following ma&kgB) BAX, and (C) BCL-2 protein
content in diaphragm (black bars) and gastrocnerfgusy bars) muscles as measured by
optical densities in arbitrary units (OD, a.uDefinition of abbreviations: BAX, BCL2
associated X protein; BCL-2, B-Cell CLL/Lymphoma Z, formoterol. Statistical
significance: * p< 0.05, ** p< 0.01 and *** p< 0.001 between non-cachexia controls and
cancer-cachexia rats; & 0.05, and 88%< 0.001 between cancer-cachexia rats and cancer-
cachexia rats treated with formoterol.

Figure 5: Mean values and standard deviation of the followmnarkers:(A) mTOR, (B)
activated AKT, (C) myOD, (D) PGC-lalpha(E) PPAR-alpha, andF) PPAR-gamma in
diaphragm (black bars) and gastrocnemius (grey) bamsscles as measured by optical
densities in arbitrary units (OD, a.uDefinition of abbreviations: mMTOR, mammalian target

of rapamycin; AKT, serine/threonine kinase 1; myaBDyogenic differentiation 1; PGC-
lalpha, peroxisome proliferator-activated recepg@mma coactivator 1l-alpha; PPAR,
peroxisome proliferator-activated receptor; F, fotemol. Statistical significance * p< 0.05,

** p< 0.01, and ***p< 0.001 between non-cachexia controls and cancérezacrats.
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Table 1. Total body and muscle weightsin rats of the study groups.

Non-cachexia Non-cachexia . Cancer-cachexia-
Cancer-cachexia

control control-formoterol formoterol
Initial body weight (g) 128.1 (6.4) 124.4 (8.1) 12611.8) 124.4 (7.1)
Tumor weight (g) - - 45.3 (5.8) 41.3 (7.7)
Tumor cell content : : 3.6x10 (4-16)  3.4x10 (6-10)
Final body weight (g) 164.0 (11.3) 161.3(8.7) B1@.0.0)***  124.8 (8.0)
Body weight gain (%) +279(3.7) +29.7(2.8) _BA68) *x* +0.4 (4.1)°
Diaphragm weight

290.2 (31.9) 319.6 (49.2) 126.7 (13.9)***  128.6 @)
(mg/ 100g IBW)
Gastrocnemius weight 5§

693.3(36.8) 708.0 (13.1) 512.4 (34.7) *** 636.3 (3.1)§

(mg/ 100g IBW)

Values are expressed as mean (standard deviation). Definition of abbreviations: g, gram; mg, milligram; IBW,
initial body weight.Statistical significance: *** p<0.001 between the non-cachexia controls and caragrexia rats;
§ p< 0.05 and888p< 0.001 between cancer-cachexia rats and canceexiactats treated with formoterol.



Table 2. Musclefiber type composition and mor phometry in diaphragm and gastrocnemius of all

study groups.
Non-cachexia Non-cachexia . Cancer -cachexia-
Cancer-cachexia
control control-formoterol formoterol
Diaphragm
Type | fibers (%) 34.9 (5.30) 31.5(3.90) 33.3 8.4 32.1(3.99)
Type Il fibers (%) 65.1 (5.30) 68.5 (3.90) 66.748). 67.9 (3.99)

Type | fibers areaufr?)

Type Il fibers areay(m?)

Gastrocnemius
Type | fibers (%)
Type Il fibers (%)

Type | fibers areaufr?’)

Type Il fibers areay(m?)

566.4 (66.2) 570.9 (121.2)

677.4 (55.1) 718.2 (154.4)

225(3.84)  21.8(5.24)
77.5(3.84)  78.2(5.24)

588.2 (90.5)  523.7 (208.1)

849.2 (156.2) 850.9 (154.4)

438.0 (69.8) ** 519.3 (63.5)

461.9 (90.8) *** 599.5 (75.7)"

22.9 1.2 21.6 (8.08)
77.20). 78.4 (8.08)

424.8 (120.5) *756.2 (231.1)"

669.2 (152.3) * 844.2 (110.2)°

Values are expressed as mean (standard deviation). Definition of abbreviations: um, micrometer Statistical
significance: * p<0.05, ** p<0.01 and ***p<0.001 between the non-cachexia controls and caramdrexia rats; B<
0.05 and 8%< 0.01 between cancer-cachexia rats and cancerxiacdfags treated with formoterol.



Table 3. Structural abnormalitiesin diaphragm and gastrocnemius of all study groups.

Non-cachexia

Non-cachexia

) Cancer-cachexia-
Cancer-cachexia

control control-formoter ol formoterol

Diaphragm

Abnormal fraction area (%) 5.29 (0.87) 4.90 (0.78) 10.14 (1.94) **  5.43 (L44P>
Internal nuclei (%) 3.02 (1.19) 2.93 (1.34) 2(2.56)p=0.100 2.43 (1.20)§
Cellular inflammation (%) 1.64 (1.58) 1.36 Q)4 4.39 (2.14) * 2.45 (2.15)0.067
Other items (%) 0.63 (0.66) 0.61 (0.46) 1.593D* 0.55 (0.39)°

Gastrocnemius

Abnormal fraction area (%) 259 (0.52) 251 (0.46) 4.15(0.81) **  3.02 (0.91)
Internal nuclei (%) 1.32 (0.70) 1.08 (0.15) @173) * 1.51 (0.82)=0.075
Cellular inflammation (%) 1.13 (0.25) 1.35 (8)6 1.89 (0.70) * 1.31 (0.66)
Other items (%) 0.14 (0.12) 0.08 (0.20) 0.163) 0.20 (0.23)

Values ar e expressed as mean (standard deviation). Statistical significance: * p<0.05 and ***p<0.001 between the
non-cachexia controls and cancer-cachexia raps; 8.05, §8p< 0.01 and 88%< 0.001 between cancer-cachexia rats
and cancer-cachexia rats treated with formoterol.
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Figure 3. Salazar-Degracia A. et al.
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Figure 4. Salazar-Degracia A. et al.
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Figure 5. Salazar-Degracia A. et al.
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Figure 5. Salazar-Degracia A. et al.
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HIGHLIGHTS

EFFECTS OF THE BETA, AGONIST FORMOTEROL ON ATROPHY
SIGNALING, AUTOPHAGY, AND MUSCLE PHENOTYPE IN RESPIRATORY
AND LIMB MUSCLESOF RATSWITH CANCER-INDUCED CACHEXIA

Muscle mass loss and wasting are characteristic features of patients with cancer
Beta-adrenoceptors attenuate muscle wasting

Muscle atrophy signaling pathways and altered metabolism attenuated in cancer
cachectic animals treated with beta, agonist formoterol

Treatment of the cachectic rats with formoterol attenuated structural alterations and
atrophy signaling and other molecular perturbations

Beneficia effects of formoterol demonstrated in cancer cachectic muscles involved
severa key biologica pathways



