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Abstract. Cancer cachexia is a life‑threatening syndrome 
characterized by muscle atrophy. Cancer cachectic muscle 
atrophy (CCMA) is associated with mitochondrial injury. 
Mitochondrial calpains have been reported to induce mito‑
chondrial injury in mouse cardiomyocytes and pulmonary 
smooth muscle. In the present study, the presence of calpain 
in the mitochondria of skeletal muscle and its potential role 
in CCMA were investigated. Transwell plates were used to 
develop a myotube‑carcinoma cell co‑culture model to simu‑
late the cancer cachexia environment in vitro. The calpain 
inhibitors, calpastatin (CAST) and calpeptin (CAPT), were 
used to inhibit calpain activity in myotubes during co‑culture. 
Calpain‑1, calpain‑2 and CAST were found to be present in 
mouse myotube mitochondria. Co‑culture activated calpain 
in both cytoplasm and mitochondria, which caused myotube 
atrophy. CAST and CAPT treatment prevented calpain acti‑
vation in both cytoplasm and mitochondria, which inhibited 
myotube atrophy during co‑culture. Additionally, CAST and 
CAPT treatment increased mitochondrial complex I activity, 
decreased mitochondrial permeability transition pore opening 
and improved mitochondrial membrane potential in myotubes 

during co‑culture. In addition, CAST and CAPT treatment 
increased AKT/mTOR activity, inhibited FoxO3a activity and 
decreased atrogin‑1 content in myotubes during co‑culture. 
The present findings provide new insights to understand the 
mechanism of CCMA and further help the development of 
focused approaches to treat CCMA by manipulating the mito‑
chondrial and cytosolic calpain activity.

Introduction

Cancer cachectic muscle atrophy (CCMA) is a multifactorial 
metabolic syndrome characterized by muscle atrophy and a 
progressive loss of muscle function (1). It occurs in ~85% of 
terminal patients with upper gastrointestinal cancer and 
was responsible for ~20% of all cancer deaths worldwide in 
2010 (2). Conventional nutritional support cannot fully reverse 
CCMA, and no effective treatment has been reported  (3). 
Although the pathogenesis of CCMA has been constantly 
researched in the past decade, it remains not well established.

CCMA is associated with increased muscle prote‑
olysis and decreased protein synthesis, which involve the 
calpain system (4), the ubiquitin‑proteasome system (5), the 
autophagy‑lysosome system (6) and the PI3K/AKT signaling 
pathway (7). Since only the calpain system can degrade intact 
myofilaments, calpain‑dependent cleavage of myofilaments is 
considered as the initial step in muscle proteolysis, serving a 
critical role in CCMA (8).

Calpains are a family of 15 calcium‑activated cysteine 
proteases, including two ubiquitously expressed members, 
calpain‑1 and calpain‑2, and one muscle‑specific member, 
calpain‑3  (9,10). Calpastatin (CAST) is the only known 
ubiquitously expressed endogenous calpain inhibitor  (9). 
Calpains and CAST are generally considered to be localized 
in the cytoplasm and involved in numerous physiological and 
disease processes, including muscular dystrophy, diabetes, 
neurological disorders and hematonosis  (11,12). Calpain‑1, 
calpain‑2 and CAST have been found in the mitochondria of 
cardiomyocytes and pulmonary smooth muscle cells; in these 
cells, activation of mitochondrial calpain induces mitochon‑
drial injury and cell damage (13,14).

It has been reported that CCMA is also associated with 
mitochondrial injury (15). To the best of our knowledge, the 
role of mitochondrial calpain in CCMA has not yet been inves‑
tigated. In the present study, a Transwell‑plate system was 
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used to develop a myotube‑carcinoma cell co‑culture model to 
simulate the cancer cachexia environment in vitro. The pres‑
ence of calpains in the mitochondria of skeletal muscle and 
their potential role in CCMA were investigated.

Materials and methods

Cell culture. Mouse C2C12 myoblasts and CT26 colon carci‑
noma cells were obtained from the American Type Culture 
Collection and maintained in DMEM (Invitrogen; Thermo 
Fisher Scientific, Inc.) supplemented with 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni‑
cillin‑streptomycin. The cells were cultured in an atmosphere 
of 5% CO2 at 37˚C.

To establish the co‑culture system, C2C12 myoblasts 
were seeded in 6‑well plates at a density of 30,000 cells/cm2 
and cultured in growth medium for 24‑48 h at 37˚C to reach 
90‑100% confluence. Subsequently, the growth medium was 
replaced by differentiation medium composed of DMEM and 
2% horse serum (Gibco; Thermo Fisher Scientific, Inc.) to 
induce myoblast differentiation. The myoblasts were cultured 
for another 4 days at 37˚C to allow their differentiation into 
myotubes, and the differentiation medium was replaced 
by growth medium. At the same time, CT26 cells were 
seeded (20,000 cells/cm2) into Transwell inserts (Corning 
Life Sciences) on a different 6‑well plate containing growth 
medium. After a further 24 h of culture at 37˚C, the inserts were 
placed into the wells containing myotubes, and the medium 
was changed to growth medium with or without the calpain 
inhibitors CAST (cat. no. 208902; 1 µM; EMD Millipore) 
and calpeptin (CAPT; cat. no. C8999; 50 µM; Sigma‑Aldrich; 
Merck KGaA). After 24 h of co‑culture at 37˚C, the myotubes 
were fixed for immunocytochemistry or harvested for further 
analysis.

The co‑culture combinations consisted of 5 groups: i) Sham 
myotubes (without CT26 cells in the insert) without calpain 
inhibitors (NC group); ii) myotubes co‑cultured with CT26 
cells but without calpain inhibitors (CO group); iii) myotubes 
with CT26 cells and CAST (CAST group); iv) myotubes with 
CT26 cells and CAPT (CAPT group); and v) myotubes with 
CT26 cells and CAST plus CAPT (CC group).

Immunocytochemical analysis. Myotubes were fixed, permea‑
bilized, blocked and incubated with anti‑myosin heavy chain 
(MHC) primary antibody (1:200; cat. no. ab91506; Abcam) 
followed by Alexa Fluor 488‑conjugated goat anti‑rabbit IgG 
secondary antibody (1:500; cat. no.  ab150077; Abcam) as 
previously described (16). The myotubes were then mounted 
with Fluoroshield Mounting Medium containing DAPI (cat. 
no. ab104139; Abcam). Images were acquired with a fluores‑
cence microscope (Nikon Corporation; magnification, x100) 
and analyzed with ImageJ software (version 1.46r; National 
Institutes of Health).

Myotube diameters were measured as previously 
described (17). Briefly, 20  images/well were captured, and 
the diameters of the five largest myotubes (those containing 
≥3 nuclei when viewed at x100 magnification) in each image 
were measured. Next, the mean diameter of a single myotube 
was calculated based on three independent measurements. The 
measurement points were separated by 200 µm. This method 

was also used to calculate the mean diameter ± SD of the 
100 largest myotubes in each well.

Isolation of myotube mitochondria. The Mitochondria 
Isolation kit for Cultured Cells (cat. no. ab110170; Abcam) was 
used to isolate myotube cytoplasm and mitochondria according 
to the manufacturer's protocol as previously described (18). 
Both cytoplasm and mitochondria were collected for further 
analysis.

Western blot analysis. Myotube cytosolic and mitochondrial 
proteins were extracted and separated via SDS‑PAGE, blocked 
and stained with primary antibodies and HRP‑conjugated 
secondary antibodies (1:2,000; cat. nos. ab97051 and ab6789; 
Abcam), and visualized as previously described (19). Images of 
the membranes were recorded with ChemiDoc XRS+ system 
(Bio‑Rad Laboratories, Inc.) and analyzed using Quantity 
One software (version 4.6.6; Bio‑Rad Laboratories, Inc.). The 
following primary antibodies were used: MHC (1:1,000; cat. 
no. ab124937), calpain‑1 (1:1,000; cat. no. ab108400), calpain‑2 
(1:2,000; cat. no. ab126600), CAST (1:1,000; cat. no. ab28252), 
NADH dehydrogenase (ubiquinone) iron‑sulfur protein 3, mito‑
chondrial (NDUFS3; 1:2,000; cat. no. ab177471), cyclophilin D 
(CYCD; 1:2,000; cat. no.  ab181983), phosphorylated‑ (p‑)
AKT S473 (1:1,000; cat. no. ab81283), AKT (1:5,000; cat. 
no. ab179463), p‑mTOR S2448 (1:1,000; cat. no. ab109268), 
mTOR (1:1,000; cat. no.  ab32028), p‑eukaryotic transla‑
tion initiation factor 4E‑binding protein 1 (p‑4EBP1) T37 
(1:1,000; cat. no. ab75767), 4EBP1 (1:2,000; cat. no. ab32024), 
p‑FoxO3a S253 (1:1,000; cat. no. ab31109), FoxO3a (1:1,000; 
cat. no.  ab70315), atrogin1 (1:2,000; cat. no.  ab168372), 
muscle‑specific RING finger protein 1 (MuRF1; 1:2,000; 
cat. no.  ab172479), GAPDH (1:2,000; cat. no.  ab181602) 
and voltage‑dependent anion‑selective channel protein  1 
(VDAC; 1:1,000; cat. no.  ab154856), all purchased from 
Abcam; calpain‑3 (1:1,000; cat. no. sc‑365277) and spectrin 
[cat. no. sc‑46696; detects both full‑length (F)‑spectrin and 
cleaved (C)‑spectrin] from Santa Cruz Biotechnology, Inc.; 
and apoptosis‑inducing factor (AIF; 1:1,000; cat. no. 4642S) 
from Cell Signaling Technology, Inc.

Calpain activity assay. A calpain activity assay kit (cat. 
no. QIA120; EMD Millipore) was used to measure calpain 
activity in samples of myotube cytoplasm and mitochon‑
dria, according to the manufacturer's protocol as previously 
described (20). The assay plates were read using a SpectraMax 
M5 microplate reader with a wavelength of 380 nm (Molecular 
Devices, LLC).

Complex I enzyme activity assay. The Complex I Enzyme 
Activity Microplate Assay kit (cat. no. ab109721; Abcam) was 
used to measure mitochondrial complex I enzyme activity in 
samples of myotube mitochondria according to the manufac‑
turer's protocol as previously described (18). The assay plates 
were read using a SpectraMax M5 microplate reader with a 
wavelength of 450 nm.

JC‑1 staining assay. Myotubes from 2 wells were collected 
using trypsin (cat. no.  25200072; Gibco; Thermo Fisher 
Scientific, Inc.) and plated in 96‑well dark plates. JC‑1 dye (cat. 
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no. C2006; Beyotime Institute of Biotechnology) was used to 
detect the mitochondrial membrane potential (Δψm) according 
to the manufacturer's protocol. Δψm was measured by quan‑
tifying the fluorescence emission shift from green (530 nm) 
monomers to red (590 nm) aggregates (21). The assay plates 
were read using a SpectraMax M5 microplate reader. Data 
were expressed as fold increase in the red/green ratio.

Mitochondrial permeability transition pore (MPTP) opening. 
Myotubes were collected and plated in 96‑well dark plates. 
MitoProbe Transition Pore Assay kit (cat. no. M34153; Thermo 
Fisher Scientific, Inc.) was used to measure MPTP opening 
according to the manufacturer's protocol as previously 
described (21). Myotubes were incubated with calcein AM dye 
(included in the kit) for 15 min and then incubated with CoCl2 
for 15 min at 37˚C. Ionomycin was used as a positive control. 
The assay plates were read using a SpectraMax M5 microplate 
reader with a wavelength of 480 nm.

Statistical analysis. Each experiment was repeated at least 
three times, and all data were analyzed using SPSS version 19.0 
(IBM Corp.). Results are shown as the mean ± SD. Statistical 
comparisons between groups were analyzed using one‑way 
ANOVA followed by Tukey's post‑hoc test when equal vari‑
ances were assumed or Dunnett's T3 test when equal variances 
were not assumed. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

Calpain inhibitors decrease myotube atrophy. Myotube diam‑
eter was significantly decreased following 24 h of co‑culture 
(CO group) compared with the NC group (Fig. 1), suggesting 

that the cell co‑culture model can simulate muscle atrophy. 
Compared with untreated myotubes (CO group), both CAST 
and CAPT treatment, as well as the combination of both treat‑
ments (CC group), significantly increased myotube diameter, 
indicating that inhibition of calpain attenuated myotube 
atrophy during co‑culture of myoblasts and colon carcinoma 
cells.

Calpain inhibitors prevent calpain activation during 
co‑culture. Co‑culture activated both cytosolic and mito‑
chondrial calpains in myotubes. Both cytosolic calpain‑1 
(cyt‑CPN1) and mitochondrial calpain‑1 (mit‑CPN1) 
contents were increased by co‑culture compared with 
the NC group (Fig. 2A, B and I). Direct enzyme activity 
assays revealed that cytosolic and mitochondrial calpain 
activities were also increased by co‑culture (Fig. 2L and M). 
Cytosolic calpain activation can also be measured by calcu‑
lating the C‑spectrin/F‑spectrin ratio in myotubes (22). The 
results indicated that this ratio was significantly increased 
in co‑cultured myotubes, indicating the increased forma‑
tion of C‑spectrin (Fig.  2A  and  F‑H). Compared with 
the CO group, CAST, CAPT and CC treatment markedly 
decreased both CPN‑1 expression in the western blots 
(Fig. 2A and B) and cytosolic calpain activity (Fig. 2L), 
the formation of C‑spectrin (Fig. 2F‑H) and the mit‑CPN1 
content (Fig. 2A and I). Cyt‑CPN1 content (Fig. 2A and B) 
and mitochondrial calpain activity (Fig.  2M) were also 
decreased by CAST, CAPT and CC treatment, but did 
not reach a statistically significant difference. These data 
indicated that CAST, CAPT and CC treatment attenuated 
cytosolic and mitochondrial calpain activation. Cyt‑CPN‑2, 
cyt‑CPN3, cyt‑CAST, mit‑CPN‑2 and mit‑CAST were also 
detected in myotubes, but their protein expression levels 

Figure 1. Effect of calpain inhibitors in myotube atrophy. Immunofluorescence staining for anti‑MHC antibody in mouse C2C12 myotubes. MHC staining 
outlines the myotubes (green). DAPI was used to stain nuclei (blue). Magnification, x100. Scale bar, 100 µm. The myotube diameter was measured for each 
group and is represented in the bar graph. Data are represented as mean ± SD. ***P<0.001 vs. CO. MHC, myosin heavy chain; NC group, sham myotubes without 
CT26 cells and without calpain inhibitors; CO group, myotubes with CT26 cells without calpain inhibitors; CAST group, myotubes with CT26 cells and CAST; 
CAPT group, myotubes with CT26 cells and CAPT; CC group, myotubes with CT26 cells and CAST plus CAPT; CAST, calpastatin; CAPT, calpeptin.

https://www.spandidos-publications.com/10.3892/ol.2020.12385
https://www.spandidos-publications.com/10.3892/ol.2020.12385
https://www.spandidos-publications.com/10.3892/ol.2020.12385


ZENG et al:  CALPAIN INHIBITORS ATTENUATE CO‑CULTURED MYOTUBE ATROPHY4

were not altered by co‑culture, CAST, CAPT or CC treat‑
ment (Fig. 2A, C‑E, J and K).

Calpain inhibitors improve complex I activity in myotube 
mitochondria following co‑culture. Complex  I is the first 
respiratory complex of the mitochondrial electron transport 
chain  (13). Activation of mitochondrial calpain damages 
complex I activity, which impairs energy generation, leads to 
MPTP opening and cardiac injury during reperfusion (13). 
Complex I activity was significantly decreased in mitochon‑
dria following co‑culture compared with the NC control 
(Fig. 3A). CAST, CAPT and CC treatment slightly improved 
complex I activity, but did not reach statistical significance 
(Fig. 3A). Additionally, NDUFS3 is a core subunit of complex I 
that is essential for NADH oxidation and subsequent electron 
transfer through the complex, maintaining the activity of 
complex I (13). NDUFS3 content was not altered by co‑culture, 
CAST, CAPT or CC treatment (Fig. 3B and C).

Calpain inhibitors increase the Δψm in myotubes following 
co‑culture. JC‑1 was used to assess the Δψm in myotubes (21). 
The Δψm was reflected by the JC‑1 red/green ratio. Compared 
with the NC group, the JC‑1 red/green ratio in the CO group 
was significantly decreased by 70% (Fig.  3D), indicating 
damage of the Δψm following co‑culture. However, treatment 
with CAST, CAPT or CC significantly improved this ratio 
compared with the CO group (Fig. 3D), indicating that the 
activation of calpain during co‑culture is able to damage the 
Δψm in myotubes.

Calpain inhibitors decrease the MPTP opening in myotube 
following co‑culture. The opening of the MPTP results in a 
permeation of the mitochondrial membrane that leads to the 
loss of Δψm (21). Thus, the MitoProbe assay was used to assess 
the MPTP opening in myotubes (21). The MPTP opening was 
significantly increased in the CO group compared with in the 
NC group (Fig. 3E), indicating the increased MPTP opening 

Figure 2. Effect of calpain inhibitors in the activation of calpain during co‑culture. (A) Western blot results. Quantification of (B) cyt‑CPN1, (C) cyt‑CPN2, 
(D) cyt‑CPN3 and (E) cyt‑CAST normalized to GAPDH. (F) Quantification of cytosolic C‑spectrin normalized to GAPDH. (G) Quantification of cytosolic 
F‑spectrin normalized to GAPDH. (H) Quantification of C‑spectrin/F‑spectrin ratio. (I) Quantification of mit‑CPN1 normalized to VDAC. Quantification of 
(J) mit‑CPN2 and (K) mit‑CAST normalized to VDAC. (L) Quantification of cytosolic calpain activity. (M) Quantification of mitochondrial calpain activity. 
Data are represented as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001 vs. CO. C‑spectrin, cleaved spectrin; F‑spectrin, full‑length spectrin; NC group, sham 
myotubes without CT26 cells and without calpain inhibitors; CO group, myotubes with CT26 cells without calpain inhibitors; CAST group, myotubes with 
CT26 cells and CAST; CAPT group, myotubes with CT26 cells and CAPT; CC group, myotubes with CT26 cells and CAST plus CAPT; CAST, calpastatin; 
CAPT, calpeptin; cyt‑, cytosolic; CPN, calpain; VDAC, voltage‑dependent anion‑selective channel protein 1; mit‑, mitochondrial; RFU, relative fluorescence 
unit.
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following co‑culture. However, CAST, CAPT and CC treat‑
ment seemed to decrease the MPTP opening compared with 
the CO group, although there were no significant differences 
(Fig. 3E).

CYCD is a key factor that regulates MPTP opening (23). 
Compared with the NC group, co‑culture significantly 
decreased the CYCD content in myotube mitochondria 
(Fig. 3B and F), whereas CAST and CC treatment significantly 

Figure 3. Effect of calpain inhibitors on complex I activity and MPTP opening in myotubes during co‑culture with colon carcinoma cells. (A) Quantification 
of mitochondrial complex I activity. (B) Western blot results. (C) Quantification of mitochondrial NDUFS3 normalized to VDAC. (D) Quantification of 
JC‑1 red/green ratio. (E) Quantification of MPTP opening ratio. (F) Quantification of mitochondrial CYCD normalized to VDAC. (G) Quantification of 
mitochondrial AIF normalized to VDAC. Data are represented as the mean ± SD. *P<0.05 and ***P<0.001 vs. CO. NC group, sham myotubes without CT26 
cells and without calpain inhibitors; CO group, myotubes with CT26 cells without calpain inhibitors; CAST group, myotubes with CT26 cells and CAST; 
CAPT group, myotubes with CT26 cells and CAPT; CC group, myotubes with CT26 cells and CAST plus CAPT; CAST, calpastatin; CAPT, calpeptin; 
VDAC, voltage‑dependent anion‑selective channel protein 1; NDUFS3, NADH dehydrogenase (ubiquinone) iron‑sulfur protein 3, mitochondrial; AIF, 
apoptosis‑inducing factor; CYCD, cyclophilin D; MPTP, mitochondrial permeability transition pore; mOD, mean optical density.

Figure 4. Effect of calpain inhibitors in AKT/FoxO3a signaling pathway activity and atrogin‑1 content in myotubes during co‑culture with colon carcinoma 
cells. (A) Western blot results. (B) Quantification of p‑AKT/AKT ratio. (C) Quantification of p‑mTOR/mTOR ratio. (D) Quantification of p‑4EBP1/4EBP1 
ratio. (E) Quantification of p‑FoxO3a/FoxO3a ratio. (F) Quantification of atrogin‑1 normalized to GAPDH. (G) Quantification of MuRF1 normalized to 
GAPDH. Data are represented as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001 vs. CO. p‑, phosphorylated; NC group, sham myotubes without CT26 cells 
and without calpain inhibitors; CO group, myotubes with CT26 cells without calpain inhibitors; CAST group, myotubes with CT26 cells and CAST; CAPT 
group, myotubes with CT26 cells and CAPT; CC group, myotubes with CT26 cells and CAST plus CAPT; CAST, calpastatin; CAPT, calpeptin; 4EBP1, 
eukaryotic translation initiation factor 4E‑binding protein 1; MuRF1, muscle‑specific RING finger protein 1.
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increased the CYCD content compared with co‑culture alone. 
The present results suggested that the activation of calpain 
during co‑culture decreased the CYCD content, which led to 
MPTP opening in mitochondria.

Calpain inhibitors preserve AIF content in myotube mitochon‑
dria. In addition to promoting the MPTP opening, calpain can 
cleave AIF and induce its release from the mitochondria to the 
cytoplasm (24,25). Similarly, the current results demonstrated 
that co‑culture significantly decreased the AIF content in 
myotube mitochondria compared with the NC group, and that 
this decrease was significantly attenuated by CAST and CC 
treatment (Fig. 3B and G). However, assays failed to detect 
the cleaved AIF in both cytoplasm and mitochondria (data not 
shown).

Calpain inhibitors increase the AKT/mTOR activity and 
decrease FoxO3a activity in myotubes following co‑culture. 
AKT/mTOR and FoxO3a serve a critical role in regulating 
muscular protein metabolism (26). Foxo3a is a transcription 
factor that activates the expression of ubiquitin ligase Atrogin‑1 
and MuRF1; Akt can phosphorylate FoxO3a and decrease 
its transcriptional activity  (26). Co‑culture significantly 
decreased the ratios of p‑AKT/AKT, p‑mTOR/mTOR and 
p‑FoxO3a/FoxO3a in myotubes compared with the NC control 
group (Fig. 4A‑C and E). Treatment with CAST, CAPT and 
CC significantly increased p‑AKT/AKT and p‑mTOR/mTOR 
ratios compared with the CO group (Fig. 4A‑C), but not the 
p‑FoxO3a/FoxO3a ratio (Fig. 4E). The p‑4EBP1/4EBP1 ratio 
was not significantly affected by co‑culture or treatment with 
the calpain inhibitors CAST or CAPT (Fig. 4A and D). The 
present results suggested that activation of calpain during 
co‑culture decreased AKT/mTOR activity and increased 
FoxO3a activity in myotubes.

Calpain inhibitors decrease atrogin‑1 content in myotubes 
following co‑culture. Atrogin‑1 and MuRF1 are two 
muscle‑specific ubiquitin ligases that drive muscle protein 
degradation (8). As shown in Fig. 4A and F, co‑culture signifi‑
cantly increased atrogin‑1 content in myotubes compared 
with the NC control group, whereas CAST, CAPT and CC 
treatment significantly ameliorated this change. However, 
MuRF1 content was not significantly affected by co‑culture 
or treatment with the calpain inhibitors CAST or CAPT 
(Fig. 4A and G).

Discussion

Cancer cachexia is a multifactorial syndrome that affects 
~50‑80% of patients with cancer, depending on the tumor 
type (27,28). In patients with gastric or pancreatic cancer, the 
incidence is >80%, whereas ~50% of patients with colon, lung 
or prostate cancer are affected, and ~40% of patients with 
breast cancer or some leukemias develop the syndrome (27,28). 
In the present study, calpain‑1, calpain‑2 and CAST were 
detected in mouse myotube mitochondria. In addition, the 
results revealed that co‑culture of myoblasts with colon carci‑
noma cells activated calpain in myotube mitochondria, caused 
MPTP opening and Δψm damage, which led to mitochondrial 
injury. Moreover, co‑culture activated calpain in myotube 

cytoplasm, caused the deactivation of AKT/mTOR and the 
activation of FoxO3a/atrogin‑1. Calpain inhibitors (CAST, 
CAPT or CC) prevented calpain activation in both cytoplasm 
and mitochondria during co‑culture, accompanied by inhibi‑
tion of Δψm damage and atrogin‑1 expression. Therefore, 
the present results indicated that calpain inhibitors protected 
the myotube by inhibiting both cytosolic and mitochondrial 
calpain activity.

CT26 colorectal adenocarcinoma cell conditioned medium 
is often used to induce myotube atrophy to simulate CCMA 
in vitro (29,30). In addition, CT26 colorectal adenocarcinoma 
and BALB/c mice can be used to develop cancer cachectic 
tumor‑bearing mice, as previously described (4). Thus, in the 
present study, CT26 cells were used to develop a cell co‑culture 
model with myoblasts to simulate CCMA.

Complex I is the first respiratory complex of the mitochon‑
drial electron transport chain (31). Activation of mitochondrial 
calpain damages complex I activity, which impairs energy 
generation, leads to MPTP opening and cardiac reperfu‑
sion injury (13,31). In the present study, co‑culture impaired 
complex I activity in myotube mitochondria, whereas calpain 
inhibitors slightly improved complex I activity, indicating that 
the activation of mitochondrial calpain impairs complex I 
activity, which may lead to MPTP opening and energy genera‑
tion impairment.

The mechanisms of complex I damage involves complex I 
subunit damage and post‑translational modifications  (32). 
NDUFS3 is a core subunit of complex I that is essential for 
NADH oxidation and subsequent electron transfer through 
the complex, maintaining the activity of complex I (13). In 
the present study, NDUFS3 content in myotube mitochondria 
was not altered by co‑culture or by CAST, CAPT and CC 
treatment, indicating that the decreased complex I activity 
was not due to altered NDUFS3 content. It has been reported 
that complex I activity can be damaged by a conformational 
change (induced by a sulfhydryl oxidation of the second 
cysteine residue in complex I) (33). Therefore, the decreased 
complex I activity upon co‑culture in the current study may 
be due to this post‑translational modification, although this 
requires further investigation.

The MPTP is a non‑selective pore located on the 
membrane of the mitochondria  (34). MPTP opening 
increases the permeability of the mitochondrial membrane 
and leads to the loss of Δψm and to mitochondrial injury, 
which in turn causes CCMA (27). In mouse hearts, calpain 
inhibitors attenuate the ischemia‑reperfusion and induce 
MPTP opening and Δψm depolarization (20). Additionally, 
calpain inhibitors ameliorate the microcystin‑LR‑induced 
MPTP opening and Δψm depolarization in cultured hepa‑
tocytes (35), suggesting that calpain activation contributes 
to MPTP opening and Δψm depolarization. Consistent with 
the aforementioned findings, the results of the present study 
demonstrated that co‑culture activated calpain in myotube 
mitochondria, causing MPTP opening and Δψm depolariza‑
tion. By contrast, administration of CAST, CAPT or CC 
ameliorated these changes, suggesting that the activation 
of mitochondrial calpain induces MPTP opening and Δψm 
depolarization. Furthermore, co‑culture decreased the 
CYCD content in myotube mitochondria, whereas treatment 
with calpain inhibitors improved CYCD content, suggesting 
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that the activation of mitochondrial calpain may increase 
MPTP opening through the cleavage of CYCD. However, no 
cleaved band of CYCD was detected in myotubes.

AIF is a mitochondrial flavoprotein that functions as an 
antioxidant in the mitochondrial intermembrane space (11). 
Activation of mitochondrial calpain cleaves AIF to truncated 
AIF (t‑AIF) and releases t‑AIF from the mitochondria to the 
cytoplasm, allowing it to translocate to the nucleus, inducing 
DNA degradation and apoptosis (13,36). In the present study, 
co‑culture decreased AIF content in myotube mitochondria, 
which was then reversed by calpain inhibitors, suggesting 
that activation of mitochondrial calpain induced the loss of 
AIF in the mitochondria. However, t‑AIF was not detected 
in myotubes in the present study, suggesting that co‑culture 
may induce myotube apoptosis via other mechanisms, which 
should be further investigated in future studies.

AKT/mTOR and FoxO3a serve a critical role in regu‑
lating muscular protein synthesis and proteolysis (26). AKT 
phosphorylates mTOR to increase its activity and promote 
protein synthesis  (37). Activated mTOR in turn phos‑
phorylates 4EBP1 (a negative regulator of the eukaryotic 
translation initiation factor 4E) to inhibit its activity (38). 
Additionally, AKT phosphorylates FoxO3a, inhibiting its 
activation and nuclear entrance, which decreases the expres‑
sion levels of atrogin‑1 and MuRF1 (6,26). In the present 
study, co‑culture decreased AKT and mTOR activity 
and increased FoxO3a activity and atrogin‑1 content in 
myotubes, whereas calpain inhibitors ameliorated these 
changes, suggesting that the activation of cytosolic calpain 
acted through AKT/mTOR and FoxO3a/atrogin‑1 to disrupt 
muscular protein metabolism.

Activation of autophagy contr ibutes to muscle 
wasting (7,39). Therefore, future studies should investigate 
whether the autophagy‑lysosome system may be involved in 
the atrophy of myotubes.

To the best of our knowledge, calpain‑1, calpain‑2 and 
CAST were for the first time demonstrated to be present in 
mouse myotube mitochondria in the present study. Calpain 
inhibitors protected the myotubes during co‑culture by 
inhibiting both cytosolic and mitochondrial calpain activity. 
CAST is an endogenous calpain inhibitor, whereas CAPT 
is a commonly used non‑selective and reversible calpain 
inhibitor; however, they both have off‑target effects (9,40,41). 
Therefore, a genetic approach is required to further clarify 
the potential role of mitochondrial calpain in CCMA. 
Investigation of mitochondrial calpain will provide new 
insights to understand the mechanism of CCMA. The present 
results will further help to develop focused approaches to 
attenuate CCMA by manipulating the mitochondrial and 
cytosolic calpain activity.
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