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Several pathophysiological mechanisms such as oxidative stress, systemic inflammation, increased proteolysis,

autophagy and apoptosis, and signaling pathways were shown to be involved in the process of muscle mass loss in limb

muscles of cachectic patients with chronic conditions and in animal models.

Whether prolonged periods of immobilization may impair to a greater extent the muscle mass loss and dysfunction elicited

by cancer-induced cachexia needs to be further investigated. Investigation of to what extent each particular condition:

either cancer cachexia or prolonged immobilization contributes to the wasting process of muscle mass also remains to be

clarified. 
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1. Introduction

Skeletal muscle wasting is associated with chronic diseases including cancer. Cancer-induced cachexia is an invalidating

condition that negatively influences the patients’ prognosis regardless of the status of the underlying tumor .

Muscle mass loss also takes place during periods of immobilization such as prolonged bed rest, microgravity, denervation,

and critical illness . The loss of muscle mass impairs muscle contractile function and atrophy mainly

characterized by muscle weakness. Poor muscle performance entails an impairment in the patients’ daily life activities

with a negative impact on their quality of life . Furthermore, muscle mass loss due to cancer may be

further aggravated by periods of muscle disuse. The specific contribution of each condition to the final muscle loss

remains to be fully elucidated.

Several pathophysiological mechanisms such as oxidative stress, systemic inflammation, increased proteolysis,

autophagy and apoptosis, and signaling pathways were shown to be involved in the process of muscle mass loss in limb

muscles of cachectic patients with chronic conditions  and in animal models . On the other hand,

mechanisms related to muscle protein synthesis and regeneration may also be altered in cancer-induced cachexia and

muscle wasting.

Our group and others have demonstrated that in the gastrocnemius of mice exposed to different time-points of unilateral

hindlimb immobilization, markers of muscle proteolysis and injury were increased . Moreover, a decline in the

number of progenitor muscle cells along with an upregulation of markers of activated satellite cells during a 7-day period

of unloading of the limb muscles in mice was also demonstrated . Whether the prolonged periods of immobilization

may impair to a greater extent the muscle mass loss and dysfunction elicited by cancer-induced cachexia needs to be

further investigated. Investigation of to what extent each particular condition—either cancer cachexia or prolonged

immobilization—contributes to the wasting process of muscle mass also remains to be clarified.

2. Results

2.1. Non-immobilized Controls versus Either Unloading or LC-Cachexia Conditions

Compared to NI-control animals, in unloaded and LC-cachexia mice, plasma troponin I levels significantly increased

(Figure 1). Levels of MuRF-1 and proteasome were significantly greater in the 15-day I unloaded and LC 30-days animals

than in NI-control mice (Figure 2A–C). No significant differences were seen in mice of the 7-day I and LC 21-days groups

compared to NI-control mice for any of these markers (Figure 2A–C). Also, beclin-1, p62, LC3-II/I, and cleaved caspase-3

protein levels did not significantly differ (Figure 3A-3E). Moreover, beclin-1, LC3-II/I, and cleaved caspase-3 protein levels

were significantly higher in muscles of the LC 30-days than in NI-controls, while no differences were detected in p62

protein levels between them (Figure 3A-3E).
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Figure 1. Mean values and standard deviation of the variable plasma troponin I (ng/mL) of the different study groups of

mice. Definition of abbreviations: ng, nanogram; ml, milliliter; NI, non-immobilized; I, immobilization; LC, lung cancer.

Statistical significance is represented as follows: * p < 0.05 between 7-day I, 15-day I, LC 21-days, LC 30-days animals,

and the NI-control mice; # p < 0.05 between any group of LC-cachexia mice and their respective group of mice bearing

the two conditions (LC-cachexia and unloading);  p < 0.05 between any group of unloaded mice and their respective

group of mice bearing the two conditions (LC-cachexia and unloading).

Figure 2. (A) Representative immunoblots of MuRF-1, 20S proteasome alpha subunit C8, and GAPDH proteins in the

gastrocnemius muscle of all study groups of mice. (B) Mean values and standard deviation of MuRF-1 protein content in

the gastrocnemius muscle of the different study groups of mice, as measured by optical densities in arbitrary units (OD,

a.u.). Statistical significance is represented as follows: * p < 0.05 between 7-day I, 15-day I, LC 21-days, LC 30-days

animals, and the NI-control mice;  p < 0.05 between any group of LC-cachexia mice and their respective group of mice

bearing the two conditions (LC-cachexia and unloading). (C) Mean values and standard deviation of 20S proteasome c8

subunit protein content in the gastrocnemius muscle of the different study groups of mice, as measured by optical

densities in arbitrary units (OD, a.u.). Statistical significance is represented as follows: * p < 0.05 between 7-day I, 15-day

I, LC 21-days, LC 30-days animals, and the NI-control mice;  p < 0.05 between any group of LC-cachexia mice and their

respective group of mice bearing the two conditions (LC-cachexia and unloading). Definition of abbreviations: MuRF-1,

muscle RING-finger protein-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MW, molecular weight; kDa,

kilodalton; C+, positive control; NI, non-immobilized; I, immobilization; LC, lung cancer.

2.2. LC-Cachexia+Unloading versus Unloading Conditions

Compared to unloaded (7-day I and 15-day I) mice, in gastrocnemius of animals with the two conditions (LC-cachexia and

unloading), plasma troponin I levels were significantly higher in LC 30-days + 15-day I animals than in 15-day I mice

(+67% change, Figure 1). Levels of MuRF-1 and proteasome did not significantly differ between LC-cachexia+unloaded
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animals compared to non-cachectic unloaded mice (Figure 2A–C). Also, beclin-1, p62, LC3-II/I and cleaved caspase-3

protein levels did not significantly differ, while LC3-II/I levels (only in LC 30-days + 15-day I) significantly increased (+80%

change, Figure 3A-3E). Also, the levels of the markers beclin-1, p62, LC3-II/I protein, and cleaved caspase-3 did not

significantly differ among the study groups (Figure 3A-3E).

2.3. LC-Cachexia + Unloading versus LC-Cachexia

Compared to LC-cachexia animals, in mice with the two conditions (LC-cachexia and unloading), plasma troponin I levels

were significantly increased in LC 30-days + 15-day I mice compared to LC 30-days rodents (+36% change, Figure 1).

MuRF-1 and proteasome levels were significantly greater (only in LC 21-days + 7-day I, +72% change and +30% and

+25% change in LC 21-days + 7-day I and LC 30-days + 15-day I, respectively for each marker) in both groups of LC-

cachexia+unloaded rodents compared to both groups of LC-cachexia animals (Figure 2A–C).

Figure 3. (A) Representative immunoblots of beclin-1, p62, LC3B, cleaved caspase-3 and GAPDH proteins in the

gastrocnemius muscle of all study groups of mice. (B) Mean values and standard deviation of beclin-1 protein content in

the gastrocnemius muscle of the different study groups of mice, as measured by optical densities in arbitrary units (OD,

a.u.). Statistical significance is represented as follows: *, p < 0.05 between 7-day I, 15-day I, LC 21-days, LC 30-days

animals and the NI-control mice. (C) Mean values and standard deviation of p62 protein content in the gastrocnemius

muscle of the different study groups of mice, as measured by optical densities in arbitrary units (OD, a.u.). (D) Mean

values and standard deviation of LC3B protein content in the gastrocnemius muscle of the different study groups of mice,

as measured by optical densities in arbitrary units (OD, a.u.). Statistical significance is represented as follows: *, p < 0.05

between 7-day I, 15-day I, LC 21-days, LC 30-days animals and the NI-control mice; §, p < 0.05 between any group of

unloaded mice and their respective group of mice bearing the two conditions (LC-cachexia and unloading). (E) Mean

values and standard deviation of cleaved caspase-3 protein content in the gastrocnemius muscle of the different study

groups of mice, as measured by optical densities in arbitrary units (OD, a.u.). Statistical significance is represented as

follows: *, p < 0.05 between 7-day I, 15-day I, LC 21-days, LC 30-days animals and the NI-control mice. Definition of

abbreviations: p62, nucleoporin 62; LC3B, light chain 3 isoform B; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

MW, molecular weight; kDa, kilodalton; NI, non-immobilized; I, immobilization; LC, lung cancer.



3. Dicussion

Further studies will have to disentangle the biological mechanisms whereby disuse muscle atrophy enhances the loss of

muscle mass and function in cancer cachexia models, both in patients and animals. As far as we are concerned, the

current investigation addresses a novel relevant question that has been answered using novel experimental approaches

in mice. Besides, the experimental conditions carried out herein reproduce to a great extent clinical scenarios of cancer-

induced cachectic patients who may be exposed to prolonged periods of bed rest to receive different therapies (surgery,

chemotherapy, etc.).

A significantly greater decline in gastrocnemius weight and limb strength was also observed in the cachectic mice

exposed to hindlimb unloading than in non-immobilized cachectic mice. In addition, atrophy of fast-twitch myofibers along

with higher levels of muscle damage including systemic troponin levels were also seen in cancer cachectic mice exposed

to hindlimb unloading (especially the 15-day cohort). Moreover, protein levels of E3 ligases, particularly atrogin-1,

proteasome content, total protein ubiquitination, and autophagy were also significantly larger in the cancer cachectic mice

exposed to unloading, even in animals bearing to the shorter cohort.
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