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Effects of neuromuscular electrical stimulation on muscle wasting in colon 26 tumor-

bearing mice
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[OBJECTIVE] Cancer cachexia is a multifactorial syndrome characterized by severe skeletal muscle
wasting. Previous studies have shown that isometric (ISO) or concentric (CONC) training using
electrical stimulation (ES) fails to prevent muscle atrophy in tumor-bearing mice. On the other hand,
glutamine (GLN) administration improves tumor-induced decrease in muscle protein synthesis rate.
Here we investigated the effects of 1SO-ES training in combination with GLN administration or high-
intensity eccentric (ECC)-ES training on muscle wasting in colon 26 (C-26) tumor-bearing mice.

[METHODS] Cancer cachexia was induced by a subcutaneous injection of C-26 cells. In experiment
1, mice were divided into 8 groups; control (CNT), CNT+ES, CNT+GLN, CNT+ES+GLN, C-26, C-
26+ES, C-26+GLN, C-26+ES+GLN. ISO-ES (60% of maximum torque, 50 Hz, 0.5 ms, 2 s on/4 s off)
was performed to the left triceps surae muscles every other day. GLN (1 g/kg) was daily intraperitoneally

administered starting one day after C-26 injection. In experiment 2, we investigated the effects of acute




ECC-ES on muscle protein synthesis and mammalian target of rapamycin complex (mTORC) 1
signaling. Mice were randomly assigned into 4 groups: CNT, CNT+ECC, C-26, and C-26+ECC. At 28
days after C-26 injection, a single bout of ECC-ES (45 V, 100 Hz, 2 s on/4 s off, 20°/s, 4 sets of 5
contractions) was performed to triceps surae muscles and gastrocnemius muscles were dissected from
each mouse 6 h after ECC-ES. In experiment 3, we evaluated the effects of ECC-ES training on cancer-
induced muscle wasting and protein degradation pathways. According to experiment 2, mice were
randomly assigned into 4 groups. ECC-ES was performed unilaterally to the left triceps surae muscles
every other day starting one day after C-26 injection (a total of 14 sessions). Gastrocnemius muscles
were excised 24 h after the last ECC-ES session.

[RESULTS] Compared to the CNT mice, the gastrocnemius muscle weight was significantly decreased
in the C-26 tumor-bearing mice. This change was accompanied by a reduction in protein synthesis rate
and a marked increase in the expression levels of genes including forkhead box protein O1 (FoxO1),
atrogin-1, and muscle ring finger 1 (MuRF-1). Neither ISO-ES nor GLN administration, alone or in
combination, prevent the loss of muscle mass in C-26 mice. On the other hand, ECC-ES attenuated the
loss of muscle weight. Moreover, ECC-ES increased the protein synthesis rate and the phosphorylation
levels of p70S6K and rpS6, markers for mTORCL signaling, and reversed an upregulation of MuRF-1
mRNA in muscles from C-26 mice.

[DISCUSSION] We and others have reported that 1ISO- or CONC-ES training fails to prevent muscle
atrophy in tumor-bearing mice. In contrast to our expectations, ISO-ES training in combination with
GLN administration did not prevent muscle wasting in C-26 mice, suggesting little effects of these
intervention in anabolic resistance associated with cancer cachexia. Among the contraction modes, ECC
contractions elicit higher torque production than ISO or CONC contractions, and have been regarded as
an effective way to increase muscle mass. It has been shown that repeated ECC-ES can induce fiber
growth and the activation of mMTORC1 signaling, but not completely restore protein synthesis rate, in
cachexic muscles. However, in these studies, the torque production during ECC contractions was not
measured and hence the role of loading intensity in prevention of muscle atrophy under the cachectic
condition is incompletely understood. In this regard, the mean peak torque of ECC-ES training in this
study was about 5-fold higher than that of 1SO-ES training which has not inhibited muscle wasting in
C-26 mice. Thus, our data suggests that the anabolic and regulatory responses are functions of the
intensity of mechanical loading even under the cachexia condition.

[CONCLUSION] In this study, we demonstrate that ECC-ES training, but not ISO-ES training in
conbination with GLN administration, ameliorates skeletal muscle atrophy in C-26 tumor-bearing mice.
This beneficial effect is likely to be induced by the activation of mMTORCI1 signaling and the inhibition
of ubiquitin-proteasome pathway. Thus, ECC-ES training might be used to effectively ameliorate muscle

wasting in patients with cancer cachexia.
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