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Abstract

Critical illness myopathy (CIM) is associated with severe muscle atrophy and fatigue in affected 

patients. Apoptotic signaling is involved in atrophy and is elevated in muscles from patients with 

CIM. In this study we investigated underlying mechanisms of apoptosis-related pathways in 

muscles with different fiber type composition in a rat model of CIM using denervation and 

glucocorticoid administration (denervation and steroid-induced myopathy, DSIM). Soleus and 

tibialis anterior (TA) muscles showed severe muscle atrophy (40–60% of control muscle weight) 

and significant apoptosis in interstitial as well as myofiber nuclei that was similar between the two 

muscles with DSIM. Caspase-3 and −8 activities, but not caspase-9 and −12, were elevated in TA 

and not in soleus muscle, while the caspase-independent proteins endonuclease G (EndoG) and 

apoptosis inducing factor (AIF) were not changed in abundance nor differentially localized in 

either muscle. Anti-apoptotic proteins HSP70, −27, and apoptosis repressor with a caspase 

recruitment domain (ARC) were elevated in soleus compared to TA muscle and ARC was 

significantly decreased with induction of DSIM in soleus. Results indicate that apoptosis is a 

significant process associated with DSIM in both soleus and TA muscles, and that apoptosis-

associated processes are differentially regulated in muscles of different function and fiber type 

undergoing atrophy due to DSIM. We conclude that interventions combating apoptosis with CIM 

may need to be directed towards inhibiting caspase-dependent as well as -independent 

mechanisms to be able to affect muscles of all fiber types.
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Introduction

Critically ill patients in the intensive care unit (ICU) suffer frequently from a myopathy in 

which there is severe muscle atrophy, a syndrome now known as critical illness myopathy 

(CIM) (Bolton 2005; Lacomis et al. 2000; Stevens et al. 2009) This myopathy is one 

contributor to a syndrome of ICU acquired weakness (ICUAW), which causes severe long-

term disability (Batt et al. 2013). Some of the muscle wasting and weakness associated with 

this syndrome may be the result of the primary disease of the patients, but interventions and 

treatments used in the ICU are likely important contributors. Treatments which likely 

contribute to development of CIM include prolonged mechanical ventilation, 

immobilization, and treatment with corticosteroids (Bolton 2005; Latronico and Bolton 

2011; Stevens et al. 2009).

Pathological mechanisms contributing to weakness in affected patients include selective loss 

of myosin, severe muscle atrophy, disorganization of sarcomeres, and a lack of electrical 

excitability of the muscles. The underlying cellular mechanisms that lead to these 

abnormalities are the subject of current investigations and are thought to involve the 

activation of the major proteolytic pathways in skeletal muscle (ubiquitin/proteasome, 

autophagy/lysosome, calpain), as well as the TGF-β/MAPK cascade (Banduseela et al. 2009; 

Di Giovanni et al. 2004; Helliwell et al. 1998; Llano-Diez et al. 2011; Showalter and Engel 

1997). Another process that has been shown to be elevated in CIM is that of apoptosis, since 

apoptotic morphological features as well as increases in the caspase cascade have been 

observed in afflicted muscles (Di Giovanni et al. 2000; Di Giovanni et al. 2004; Llano-Diez 

et al. 2011; Mozaffar et al. 2007). Even though the importance of apoptosis in the loss of 

myonuclei during disuse atrophy has recently been challenged (Bruusgaard et al. 2012; 

Bruusgaard and Gundersen 2008; Gundersen and Bruusgaard 2008), the involvement of 

apoptosis-associated pathways with muscle breakdown during aging, cancer, cachexia, 

haemolysis, obesity, and burn-related atrophy is becoming more accepted (Boivin et al. 

2010; Sakuma and Yamaguchi 2012; Sishi et al. 2011; Smuder et al. 2010; van Royen et al. 

2000; Yasuhara et al. 2000). In particular, caspase-3 activation has been shown to be an 

early mediator of muscle degradation and to work synergistically with the ubiquitin-

proteasome system to induce muscle breakdown (Du et al. 2004; Wang et al. 2010). 

Moreover, caspase-3 and calpain are both involved in diaphragm muscle atrophy observed 

during mechanical ventilation (Nelson et al. 2012), and caspase activation is also responsible 

for muscle wasting induced by the proinflammatory cytokine TWEAK (Bhatnagar et al. 

2012). In addition, caspase-8 has been shown to be involved in muscle atrophy in response 

to high glucose, TNFα and angiotensin II administration, supposedly through the activation 

of RNA-dependent protein kinase PKR (Eley et al. 2008; Russell et al. 2009). This indicates 

that caspase-dependent pathways likely play a role in muscle wasting; indeed, inhibition of 

caspases protects from muscle damage and atrophy (Talbert et al. 2013; Teng et al. 2011). In 

addition to caspase-dependent apoptotic processes, there are also caspase-independent 

pathways implicated in the loss of muscle mass. Endonuclease G (EndoG) and apoptosis 

inducing factor (AIF) are mitochondrial proteins capable of inducing apoptosis when 

released from the mitochondria and translocating from the cytoplasm to the nucleus 

(reviewed in (Dupont-Versteegden 2005; Quadrilatero et al. 2011)) and EndoG has been 
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shown to be specifically involved in myonuclear apoptosis (Dupont-Versteegden et al. 

2006). On the other hand, skeletal muscle also contains anti-apoptotic proteins, such as heat 

shock proteins (HSPs) and apoptosis repressor with CARD domain (ARC), which increase 

in muscle during differentiation and are thought to protect the muscle from apoptosis during 

caspase activation (Xiao et al. 2011). The balance of these pathways will determine the 

extent of apoptotic signaling in a particular muscle and consequently the loss of muscle 

protein and fibers.

To investigate the role of apoptosis in CIM we utilized a well documented and accepted rat 

model which was first developed over 20 years ago and involves pairing loss of muscle 

activity (by denervation) with systemic administration of corticosteroids: denervation and 

steroid-induced myopathy (DSIM) (Massa et al. 1992; Rouleau et al. 1987). The model was 

established to mimic the situation in patients given systemic neuromuscular blocking agents, 

in conjunction with high doses of corticosteroids and it recreates all pathological findings 

present in CIM in patients: 1) dramatic atrophy of muscle fibers (Kraner et al. 2011; Massa 

et al. 1992; Mozaffar et al. 2007; Rouleau et al. 1987), 2) selective loss of myosin (Kraner et 

al. 2011; Massa et al. 1992; Mozaffar et al. 2007; Rouleau et al. 1987), 3) disorganization of 

sarcomeres (Kraner et al. 2011; Massa et al. 1992), and 4) electrical inexcitability (Rich and 

Pinter 2001; Rich and Pinter 2003; Rich et al. 1998). In addition, the use of glucocorticoids 

is independently associated with apoptosis, which is the focus of our investigation (Lee et al. 

2005; Orzechowski et al. 2003). The purpose of this study was to evaluate the role of 

apoptosis in skeletal muscle atrophy associated with DSIM, and to identify contributing 

cellular pathways in different muscles; we hypothesized that apoptosis is a major contributor 

of skeletal muscle atrophy in this model for CIM.

Materials and Methods

Animal procedures and tissue collection

All procedures on animals were performed in accordance with institutional guidelines for 

the care and use of laboratory animals and all protocols were approved by the Institutional 

Animal Care and Use Committee (IACUC) at Wright State University (Dayton, OH). Adult 

female Wistar rats (250–350 g body weight) were used; CIM (n=8) was induced by 

denervation of the hind limbs and administration of dexamethasone as described previously 

(Kraner et al. 2011; Rich and Pinter 2003). Briefly, rat hind limb muscles were denervated 

by removing a 10 mm segment of the sciatic nerve while under inhaled isoflurane 

anesthesia. Buprenorphine was given subcutaneously for postoperative analgesia. 

Dexamethasone (5 mg/kg) was administered by i.p. injections daily starting at the day of 

surgery and continued for 7–10 days. Control rats (n=9) were subjected to sham surgery and 

received daily placebo injections for 7 days. Rats were euthanized by carbon dioxide 

inhalation. Soleus and tibialis anterior (TA) muscles were dissected, weighed, flash frozen in 

liquid nitrogen, and stored at −80C until further analysis. A second set of rats (n=8) treated 

similarly as above was used for the immunoprecipitation experiments.
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Preparation of subcellular fractions

Cytosolic and nuclear fractions from soleus and tibialis muscles were obtained using the 

method described (Siu et al. 2005). Briefly muscles were pulverized, and added to ice-cold 

lysis buffer (10 mM NaCl, 1.5 mM MgCl2, 20mM HEPES, pH 7.4, 20% glycerol, 

0.1%Triton X-100, 1mM DTT, 1µg/mL leupeptin, and 1mM PMSF) at 1:5 w/v ratio. The 

solution was then homogenized and centrifuged at 800G for 3 min at 4°C and the 

supernatant was respun twice at 3,500G for 5 min at 4C, collected and stored at −80°C for 

use as cytosolic fraction (CF) which contains also mitochondrial proteins. Pellets from all 

spins were collected, washed with ice cold lysis buffer, and pooled pellets were spun at 

3,500g for 5 min. Supernatant was discarded and pellet resuspended in 300 µl lysis buffer 

and 80 µl 5M NaCL with leupeptin (1 ng/ml), aprotinin (1 ng/ml), pepstatin (2 ng/ml) and 

PMSF (100 ng/ml). The nuclear pellet resuspension was rotated for 1h at 4C to lyse the 

nuclei, and centrifuged at 20,100g for 15 min at 4C. The supernatant was collected and 

stored at −80C, for use as nuclear fraction (NF). Protein concentrations were determined by 

Bradford assay (BioRad, Hercules, CA) and purity of the nuclear and cytosolic fractions was 

confirmed with histone and CuZn SOD antibodies, respectively (not shown).

Cell Death ELISA

To determine DNA fragmentation, mono- and oligonucleosomal fragments were measured 

using the cell death ELISA kit (Roche Applied Sciences, Indianapolis, IN) as described 

previously (Leeuwenburgh et al. 2005; McMullen et al. 2009). Briefly, each well contained 

equal volumes of CF from TA or soleus muscle and the assay was performed according to 

the manufacturer’s instructions. Colorimetric differences were measured at a wavelength of 

405 nm using Spectra Max M2 Microplate reader (Molecular Devices, Sunnyvale, CA) and 

normalized to the amount of protein present in the sample; therefore, the apoptotic index is 

expressed as arbitrary density units per µg protein.

TdT-mediated dUTP nick end labeling (TUNEL) and dystrophin staining

TUNEL assay was used to identify nuclei undergoing DNA fragmentation characteristic of 

nuclear apoptosis and this was preceded by dystrophin staining to distinguish myofiber from 

interstitial nuclei, including satellite cells. Experiments were performed according to the 

manufacturer’s instructions for the Cell Death kit (Roche Molecular Biochemicals, 

Pleasanton, CA) and modified as described previously (Dupont-Versteegden et al. 1999; 

Leeuwenburgh et al. 2005). In brief, TA and soleus muscle cross sections were cut on a 

cryostat (7 µm), air dried and rehydrated in phosphate buffered saline (PBS). Sections were 

incubated in dystrophin antibody (1:100, Vector, Burlingame, CA) overnight, followed by 

incubation in AlexaFluor488 goat anti-mouse secondary antibody (1:500, Invitrogen, 

Carlsbad, CA). Sections were further fixed in 4% paraformaldehyde at room temperature, 

blocked at room temperature in 3% hydrogen peroxide in methanol, and permeabilized in 

0.1% sodium citrate/0.1% Triton X. Each section was further incubated in 1:7.5 dilution 

TUNEL reaction mix, at 37°C for 1h followed by incubation with streptavidin-POD enzyme 

conjugate at 37°C for 30 min. After washes in PBS, Tyramide Signal Amplification was 

administered and incubated in the dark for 30 min, followed by staining with 4',6-

diamidino-2-phenylindole (DAPI) to identify nuclei. TUNEL positive nuclei inside and 
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outside the dystrophin stain were counted using a Zeiss Observer.D1 microscope with 

Axiovision image analysis software (Zeiss, Thornwood, NY). Nuclei were considered 

positive when the TUNEL stain overlapped with DAPI and were considered inside the fiber 

when the largest part of the DAPI stain was inside the dystrophin outline. Apoptotic nuclear 

number was presented as the number of TUNEL positive nuclei per 100 muscle fibers.

Caspase Activity

Enzymatic activities of caspase-3, −8, −9 and −12 were measured in the cytosolic fraction as 

described previously (Leeuwenburgh et al. 2005; McMullen et al. 2009; Xiao et al. 2011). 

Caspase −3, −8, −9 activities were measured using 7-Amino-4-methlcoumarin (AMC) 

fluorogenic substrates: Ac-IETD-AMC (caspase-8), Ac-LEHD-AMC, (caspase-9) and Ac-

DEVD-AMC (caspase-3), (Peptides International, Louisville, KY). Caspase −12 activity 

was measured using 7-Amino-4-(trifluoromethyl) coumarin (AFC) fluorogenic substrate Ac-

ATAD-AFC (MBL International, Louisville, KY). The substrates are cleaved proteolytically 

by the corresponding caspases and the fluorescence of free AMC (caspase-3, −8, and −9) 

and AFC (caspase-12) was measured and compared to a standard curve for free AMC 

(Sigma, St. Louis, MO) and AFC (Calbiochem, San Diego, CA), respectively. For each 

reaction, equal amounts of protein were mixed with 1 µM of specific caspase substrate and 

assay buffer (100 mM HEPES (pH 7.4), 10 mM DTT, 0.1% CHAPS, and 10% sucrose) 

followed by incubation at 37C for 3 hrs. Liberation of free AMC or AFC from the 

fluorogenic substrates was detected using a Spectra Max fluorescent microplate reader 

(Molecular Devices), with an excitation wavelength of 380 nm and an emission wavelength 

of 460 nm for AMC and excitation of 400 and emission 505nm for AFC. Caspase activity 

for caspase-12 was measured using 200 µg of protein while the other caspases were assessed 

using 100 µg. Therefore, caspase activities were expressed as nmoles AMC or AFC per unit 

of protein.

Western Blotting

Western blot analysis was performed as described previously with minor modifications 

(McMullen et al. 2009). Western blots were used to measure protein abundance of heat 

shock proteins 27 and 70 (HSP27 and HSP70), endonuclease G (EndoG), Apoptosis 

Repressor with CARD domain (ARC), and apoptosis inducing factor (AIF). Protein from CF 

and/or NF (40µg for HSPs, AIF, ARC; 100µg for EndoG) was loaded and separated on 4–

15% Tris-HCl acrylamide gel (BioRad, Hercules, CA); protein was transferred to PVDF 

membrane (Millipore, Billerica, MA), blocked overnight at 4C in blocking buffer (Li-Cor, 

Lincoln, NE), and incubated in primary antibody as follows: ARC (1:200; ProSci 

Incorporated, Poway, CA), HSP27 (1:2000; Enzo Life Sciences, Plymouth, PA), HSP70 

(1:500; Cell Signaling, Danvers, MA), EndoG (1:500; Millipore, Billerica, MA), or AIF 

(1:200; Santa Cruz Biotechnologies, Santa Cruz, CA) overnight at 4C. Membranes were 

then incubated with highly cross-absorbed infra red-labeled secondary antibodies (1:30,000; 

Li-Cor) for 20 min at room temperature. Membranes were scanned using Odyssey infrared 

imaging system (Li-Cor) to detect specific antibody binding and quantification was 

performed using Odyssey software. Since no single protein could be used to ensure equal 

loading between the cytosolic and nuclear fractions from the different samples, we used 

Ponceau S on every gel (data not shown, Sigma-Aldrich, St. Louis, MO).
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Immunoprecipitations (IP)

IP were performed according to the manufacturer’s protocol using the Immunoprecipitation 

kit-Dynabeads Protein G (Invitrogen). Briefly, Dynabeads Protein G were bound to 10 µg 

HSP70 antibody (Cell Signaling, Danvers, MA) for 40 min at room temperature. 

Crosslinking of Dynabeads to the antibody was performed using BS3 Crosslinkers to prevent 

elution of Ig from the complex (Thermo Scientific, Rockford, IL). After crosslinking 25 µg 

of soleus or TA cytosolic fractions were added to the Dynabeads and incubated with rotation 

for 90 min. Dynabeads were then collected with a magnet and the supernatant was 

discarded. Protein from the Dynabeads was eluded using Elution Buffer, supplied in the kit, 

with equal amounts of Laemlli and SDS buffer. Sample was placed in a heat block 5 min at 

95°C, supernatant was separated by magnet and loaded onto a gel for Western blot analysis 

for detection of cleaved and uncleaved caspase-3 (Cell Signaling, Boston, MA).

Statistics

All statistical analyses were performed using SigmaStat software. Comparisons between two 

groups were performed using a Student’s t-test. A rank sum test was applied when the equal 

variance test failed (which was the case for caspase activities for TA muscle). When 

warranted for the comparison of between muscles and treatment groups a Two-way 

ANOVA was performed and main effects as well as interaction effects are reported as 

appropriate. In case of statistically significant differences the Holm-Sidak pairwise multiple 

comparison procedure was employed to determine which groups were different. All values 

reported are means ± SE and statistical significance was assumed at p<0.05.

Results

Muscle weights for TA and soleus were decreased significantly by 56% and 47%, 

respectively, in rats subjected to DSIM when averaged over the two sets of rats (Table 1). 

To investigate whether apoptosis was increased in muscles undergoing severe atrophy in 

response to DSIM two indicators of DNA fragmentation were measured: cytosolic mono-

and oligonucleosomal content (apoptotic index, Figure 1A) and TUNEL staining (Figure 

1B–E). The apoptotic index was increased 4.2- and 3.6-fold in TA and soleus, respectively, 

(Figure 1A) as measured by ELISA. TUNEL positive nuclei outside the muscle fibers 

(interstitial cells) were increased 3.6-and 4.8-fold for TA and soleus, respectively, and 

TUNEL positive myofiber nuclei were increased by 6.1- and 2.3-fold for TA and soleus 

muscle, respectively. These data show that apoptosis inside muscle fibers as well as in the 

interstitial space is elevated in muscles undergoing atrophy associated with DSIM. To 

investigate which apoptotic pathways are involved with the observed apoptosis in TA and 

soleus muscles in response to DSIM, we examined caspase-3, −8, −9, and −12 activities in 

cytosolic fractions. Caspase −3, and −8, but not caspase-9 and −12 activities were elevated 

significantly in TA muscle with DSIM (Figure 2A), indicating that the extrinsic pathway of 

apoptosis is activated in this muscle. By contrast, activities of caspase-3, −8, −9, and −12 

were not changed in soleus muscles undergoing atrophy in response to DSIM (Figure 2B), 

although it is interesting to note that caspase-8 activity was higher in soleus in control soleus 

muscle compared to TA. These results indicate that caspase-dependent apoptotic signaling 

plays a role in TA, but not in soleus muscle. Since caspase activity was not increased in 
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soleus muscle despite an increase in apoptosis, we investigated known inhibitors of caspases 

for their abundance in both muscles. We examined the protein abundance of two heat shock 

proteins (HSP27 and HSP70), which have been shown to inhibit caspase activity (Garrido et 

al. 2001; Voss et al. 2007). DSIM was not associated with a change in protein abundance of 

HSP27 or HSP70 in either muscle, but the abundance of HSP27 and HSP70 protein was 5.3- 

and 11.1-fold greater, respectively, in soleus than in TA muscle (Figure 3A, B, & C). This 

suggests that the high levels of HSPs in soleus may inhibit caspases in this muscle, 

specifically. To examine whether a physical interaction exists between HSP70 and the main 

executioner caspase, caspase-3, an immunoprecipitation (IP) assay was performed using 

HSP70 antibody followed by immunoblotting with cleaved (data not shown) and uncleaved 

caspase-3 antibody in both TA and soleus muscles (Figure 3D). We detected uncleaved, but 

not cleaved, caspase-3 after IP with HSP70 in both TA and soleus (Figure 3D), indicating 

HSP70 is directly associated with caspase-3. We further investigated the protein abundance 

of ARC, a muscle specific inhibitor of caspase-3 and −8 in particular, which was not 

statistically different between TA and soleus, overall. There was, however, a statistically 

significant decrease in ARC protein abundance following DSIM in soleus muscle (Figure 4). 

Since no change in caspases was observed in soleus muscle this decrease with DSIM might 

indicate a caspase-independent mechanisms of ARC action. In light of increased apoptosis, 

but no change in caspase activities in soleus muscles, we investigated whether caspase-

independent mechanisms were involved in the induction of apoptosis in either TA or soleus. 

EndoG and AIF protein abundance was measured in cytosolic and nuclear fractions as both 

proteins translocate from the cytosol to the nucleus upon induction of apoptosis (Kim et al. 

2005; Quadrilatero et al. 2011). EndoG abundance did not change with DSIM in either 

nuclear or cytosolic fractions of TA or soleus muscle indicating that it is likely not involved 

in the elevation of apoptosis (Figure 5A, B). AIF protein abundance was decreased in the 

cytosolic fraction of TA muscles with DSIM treatment, but there was no concomitant 

increase in nuclear AIF, indicating that there is an overall decrease of AIF, but it is not 

involved in the induction of apoptosis in TA (Figure 5A, C). Similarly, AIF does not appear 

to be involved in apoptosis in soleus muscle, since no change with DSIM treatment was 

observed in AIF abundance in either cytosolic or nuclear fractions (Figure 5A, C).

Discussion

The goal of this study was to investigate the role of apoptosis in muscle atrophy for different 

muscles in a rat model of CIM. We found that DSIM induced substantial muscle atrophy 

accompanied by significant induction of apoptosis in both TA and soleus muscles. Apoptotic 

nuclei were observed both inside the muscle fiber as well as in interstitial cells, similar to 

what has been shown in other atrophy models (Leeuwenburgh et al. 2005). This increase in 

apoptosis has also been observed in atrophied human quadriceps muscle of patients with 

CIM in which significant TUNEL staining was found in addition to elevated staining of 

apoptosis-related proteases, such as caspases (Di Giovanni et al. 2000); furthermore, 

apoptotic activation was shown to be unique to patients with CIM (Di Giovanni et al. 2000; 

Di Giovanni et al. 2004) and seemed to be specifically associated with the TGFβ/MAPK 

pathway (Di Giovanni et al. 2004). In a rat model of CIM which is very similar to ours, it 

was shown that GADD45 (a growth arrest gene, elevated during apoptosis (Yang et al. 
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2000)), was elevated, mimicking the human situation (Di Giovanni et al. 2004). More 

recently, microarray analysis indicated that apoptosis-related genes were differentially 

expressed in gastrocnemius muscles from rats undergoing procedures closely resembling 

CIM in humans (Llano-Diez et al. 2011). This study indicated that there is a time-dependent 

regulation of genes involved in apoptosis such that pro-apoptotic genes were upregulated 

before the caspase-cascade was activated (Llano-Diez et al. 2011). Interestingly therefore, 

muscle atrophy occurs before the activation of apoptosis-related pathways in the rat CIM 

model, which is different from pure disuse models, such as hind limb suspension (Dupont-

Versteegden et al. 2006), indicating that interventions for the different forms of atrophy 

most likely will require distinct strategies. Therefore, data from our study and previous work 

indicates that apoptosis plays a role in the observed muscle atrophy in CIM and DSIM.

Our results further indicate that muscles with different fiber type composition underwent 

apoptosis through distinct mechanisms even though the amount of muscle atrophy and the 

extent of apoptosis were very similar; TA muscles are composed of mainly type II muscle 

fibers while soleus is almost solely composed of type I fibers (Delp and Duan 1996). In TA 

muscles apoptosis was accompanied by an increase in caspase-3 and −8, which was not the 

case for soleus muscle in which these enzymes were not elevated under severe atrophy 

conditions associated with DSIM. It has been shown previously that apoptosis-related 

proteins are differentially expressed in muscles with different fiber types as well as in fibers 

with different myosin heavy chain (MyHC) composition within the same muscle (Braga et 

al. 2008; McMillan and Quadrilatero 2011; Plomgaard et al. 2005). In general, higher levels 

of apoptosis-associated proteins are found in muscle composed of type I fibers and in type I 

compared to type II fibers within the same muscle. McMillan and Quadrilatero (McMillan 

and Quadrilatero 2011) showed that ARC, AIF, Bax, Bcl-2, cytochrome-c, and Smac, but 

not XIAP, were elevated in red compared to white gastrocnemius muscle as were caspase-3, 

−8 and −9 and calpain activities; two other studies showed differential expression of TNFα, 

Bax and Bcl-2 between fiber types (Braga et al. 2008; Plomgaard et al. 2005). In these 

studies levels of proteins were measured in a non-perturbed muscle and the data indicate that 

there may be differences in apoptotic signaling pathways between different muscle fiber 

types at rest. However, it is known that the actual number of nuclei undergoing apoptosis in 

a resting muscle is very low and it is uncertain how these differences in apoptotic signaling 

molecules at basal level influence muscles undergoing some stressor or disease. In two 

studies it was found that apoptotic signaling was higher in soleus than in TA muscles of rats 

subjected to angiotensin II (Burniston et al. 2005b) as well as clenbuterol (Burniston et al. 

2005a), indicating that separate muscles indeed respond differently to stressors. In our 

current study we show for the first time that the fiber type specific differences in apoptosis 

signaling also exist for muscles undergoing severe atrophy during DSIM.

One of the possible reasons caspase activities were not elevated with DSIM in soleus in 

contrast to TA muscle is that anti-apoptotic proteins are higher in muscles with a 

predominance of type I fibers. HSPs are cell protective proteins induced in response to 

stress, and HSP-27 and −70, in particular, are potent anti-apoptotic proteins (Garrido et al. 

2001); their mode of action is still under investigation, but includes direct binding to 

caspases (Voss et al. 2007). HSP70 is expressed to much higher extent in slow oxidative 

compared to fast glycolytic muscle fibers (Locke et al. 1991; McMillan and Quadrilatero 
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2011; Neufer et al. 1996; O'Neill et al. 2006) and it has been suggested that this is a 

compensatory response for slow muscles being in a more pro-apoptotic state (McMillan and 

Quadrilatero 2011). Interestingly, masticatory muscles show elevated levels of HSPs in CIM 

models and are spared from muscle atrophy, but whether this is due to decreased levels of 

apoptosis was not investigated (Aare et al. 2011; Akkad et al. 2014). In this study we also 

showed that HSP27 and HSP70 were substantially higher in soleus versus TA muscle and 

additionally that HSP70 is physically associated with uncleaved caspase-3. Since the level of 

HSP70 in soleus is significantly higher than in TA muscle, this binding might inhibit 

caspase-3 activity in soleus, but to a lesser extent in TA. In addition to the higher abundance 

of HSPs in slow compared to fast muscle, the anti-apoptotic protein ARC is also highly 

elevated in soleus (McMillan and Quadrilatero 2011). ARC is a potent anti-apoptotic protein 

in postmitotic cells which is capable of regulating apoptosis through the extrinsic and 

intrinsic pathways as well as affecting the endoplasmic reticulum mediated apoptosis 

pathway (reviewed in (Ludwig-Galezowska et al. 2011)). Interestingly, ARC protein 

abundance was decreased with DSIM in soleus only and may be involved in the elevated 

apoptosis in this muscle, while its role in TA is not changed with DSIM. Thus, we suggest 

that the anti-apoptotic mechanisms (HSPs and ARC) in soleus are inhibiting caspases, while 

TA does not have this protection and therefore has elevated caspase activities. However, 

despite the lack of increase in caspase activities, apoptosis is still highly elevated in soleus 

muscle with DSIM and we propose that the mechanisms responsible for this increase are 

likely caspase-independent. We investigated two mitochondrial proteins involved in 

caspase-independent apoptosis in muscles, AIF and EndoG. However, we found that the 

nuclear protein levels of these proteins were not changed with DSIM and therefore we 

conclude that they are not involved in the apoptotic response in this model at this time point. 

The mechanisms or proteins responsible for the elevated levels of apoptosis in soleus muscle 

therefore remain to be determined.

It has to be noted that the muscles in this study were taken fairly late in the process of 

atrophy and therefore early changes in apoptosis-related events may have been missed. We 

showed previously that EndoG translocation is an early event during disuse atrophy 

(Dupont-Versteegden et al. 2006) and the fact that we did not see differences in this variable 

or in AIF localization may indicate that the time point of tissue collection was not optimal to 

measure these proteins. Indeed, Llano-Diez et al. (Llano-Diez et al. 2011) show that the 

expression of atrophy and apoptosis genes in a CIM model is highly regulated in a unique 

and coordinated temporal fashion in which caspase related events occur fairly late in the 

process. We extend this finding to show that the regulation of apoptosis is also muscle 

specific and it will need to be determined whether muscles of different fiber types undergo 

apoptosis at a different rate rather than through different mechanisms.

The findings in this paper have important implications for developing interventions to 

combat apoptosis and the potentially associated atrophy that accompanies CIM. Since 

separate mechanisms are associated with apoptosis in different muscles, potentially in a 

distinct temporal pattern, therapies will have to be developed that address all processes 

involved. Inhibition of only caspases, for example, will not suffice to decrease apoptosis in 

muscles of all fiber types and alleviate symptoms associated with elevated apoptosis and 

atrophy. We suggest that one of the interventions that would be advantageous is physical 

Barnes et al. Page 9

J Muscle Res Cell Motil. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exercise training; while acute strenuous exercise is generally pro-apoptotic, regular exercise 

training has been shown to decrease DNA fragmentation and pro-apoptotic signaling (for 

review(Quadrilatero et al. 2011)). A recent study showed that aerobic training in 

hypertensive rats inhibited the elevation of pro-apoptotic proteins usually involved with 

caspase activation as well as induction of caspase-independent pathways (McMillan et al. 

2012), and therefore could influence apoptosis initiated by multiple processes and in 

different muscles. However, physical exercise is only feasible in patients who are 

ambulatory and may therefore not be an intervention that can be used in the clinical 

population until after discharge from the ICU, indicating that other interventions need to be 

investigated.

In summary, this study shows that severe atrophy with DSIM is accompanied by a 

significant increase in apoptosis and apoptosis-related signaling pathways, which are 

differentially regulated in muscles with distinct fiber type composition. Anti-apoptotic 

proteins elevated in type I fibers may decrease caspase activation specifically, but do not 

inhibit the extent of apoptosis or atrophy with DSIM and therefore other mechanisms need 

to be identified for apoptosis occurring in type I fibers. Consequently, interventions to 

combat apoptosis-related atrophy in patients with CIM need to be targeted to caspase-

dependent as well as independent processes.
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Figure 1. Apoptosis is increased in muscles affected by DSIM
Apoptotic index is depicted in (A). Representative cross sections stained for dystrophin 

(orange), DAPI (Blue) and TUNEL are shown (B&C); arrows in (B) indicate TUNEL 

positive nuclei in the interstitial area and arrow head in (C) indicates a TUNEL positive 

nucleus inside the muscle fiber. Scale bars in (B) and (C) are 10 µm. Quantification of 

TUNEL staining is shown for nuclei outside (D) and inside (E) the muscle fibers for TA and 

soleus muscles of control (black bars) and DSIM (grey bars) rats. Values are means ± SE,* 

indicates statistically significant difference from control within the same muscle, p<0.05.

Barnes et al. Page 14

J Muscle Res Cell Motil. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Activation of selected caspases with DSIM in TA muscle only
Activities of caspase-3, −8, −9, and −12 are shown for TA (top panel) and soleus (bottom 

panel) muscles from control (black bars) and DSIM (grey bars) rats. Values are means ± SE, 

* indicates statistically significant difference from control within the same muscle, p<0.05.
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Figure 3. Abundance of heat shock proteins is higher in soleus muscle, but does not change with 
DSIM
Representative Western blots of HSP 70 (A, top) and HSP27 (A, bottom) protein are shown. 

Quantification of HSP70 (B) and HSP27 (C) protein abundance in TA and soleus muscles of 

control (black bars) and DSIM (grey bars) rats is depicted in bar graphs. Values are means ± 

SE, * indicates statistically significant main effect between TA and soleus muscles. 

Immunoprecipitation (IP) with HSP70 and immunoblotting (IB) with caspase-3 is shown in 

(D).
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Figure 4. ARC abundance is decreased with DSIM in soleus muscle
Representative Western blot of ARC is shown (A). ARC protein abundance of TA and 

soleus muscle from control (black bars) and DSIM (grey bars) rats is depicted (B). Values 

are means ± SE, * indicates significantly different from control within same muscle, p<0.05.
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Figure 5. The role of EndoG and AIF in muscle atrophy with DSIM
Representative Western blots of EndoG and AIF in cytosolic (CF) and nuclear (NF) 

fractions from TA and soleus muscle of control and DSIM rats. Quantification of EndoG (B) 

and AIF (C) protein abundance of CF and NF in TA and soleus muscles from control (black 

bars) and DSIM (grey bars) rats. Values are means ± SE, * indicates statistically significant 

difference from control, p<0.05.
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Table 1

muscle weight (mg)

control DSIM

set 1 TA 514 ± 10 181 ± 15 *

soleus 148 ± 5 69 ± 6 *

set 2 TA 512 ± 8 275 ± 9 *

soleus 153 ± 5 93 ± 6 *

Values are means ± SE

*
indicates significantly different from control, p<0.05
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