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Abstract 

Impaired regeneration and consequent muscle wasting is a major feature of muscle 

degenerative diseases. Nutritional interventions such as adjuvant strategy for preventing these 

conditions are recently gaining increasing attention. Ingestion of n3-polyunsaturated fatty acids 

has been suggested as having a positive impact on muscle diseases. We recently demonstrated 

that a diet enriched with plant derived n3-fatty acid, -linolenic acid (ALA), exerts potent 

beneficial effects in preserving skeletal muscle regeneration in models of muscle dystrophy. To 

better elucidate the underlying mechanism we here investigate on the expression level of the 

anti- and pro-apoptotic proteins, as well as caspase-3 activity, in C2C12 myoblasts challenged 

with pathological levels of tumor necrosis factor- (TNF). The results demonstrated that ALA 

protective effect on C2C12 myoblasts was associated with a decrease in caspase-3 activity and 

an increase of the Bcl-2/Bax ratio. Indeed, the effect of ALA was directed to rescuing Bcl-2 

expression and to revert Bax translocation to mitochondria both affected in an opposite way by 

TNF, a major pro-inflammatory cytokine expressed in damaged skeletal muscle. Therefore, 

ALA counteracts inflammatory signals in the muscle microenvironment and may represent a 

valuable strategy for ameliorating skeletal muscle pathologies. 
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 Tumor necrosis factor- (TNF) is known to be an 

inflammatory cytokine and one of the key regulators of 

skeletal muscle homeostasis.
1
 A sustained high level of 

TNF is associated with chronic inflammatory disease 

and has been identified to play a significant role in 

mechanisms of muscle pathology.
2
 Indeed, TNF is a 

major pro-inflammatory cytokine that is expressed in 

damaged skeletal muscle; increased TNF levels have 

been found in the plasma and muscles of dystrophic 

animals and humans.
1
 High TNF plasma levels (0.5-10 

ng/ml) have been associated with myoblast and myocyte 

apoptosis, inhibition of myogenic differentiation and 

muscle wasting.
3
 Supplementation with marine-derived 

n3-polyunsaturated fatty acids (n3-Pufas) has been 

suggested to have a positive impact on muscle, 

increasing muscle mass and improving function in 

elderly individuals,
4
 and in patients with cancer.

5
 In 

contrast, only a few studies have been performed to 

elucidate the effects of plant-derived n3-PUFAs, such as 

α-linolenic acid (ALA), on muscle. Our previous 

findings have demonstrated that flaxseed, rich in ALA, 

preserves dystrophic skeletal muscle regeneration in an 

animal model characterized by increased plasma levels 

of tumor necrosis factor-α.
6
 Indeed, we observed, 

among other effects, a reduction of apoptotic frequency 

in myoblasts exposed to by high levels of TNF. The 

sustained TNF stimulation is mediated primarily 

through the activation of type I receptor inducing 

multiple cell death pathways (extrinsic and intrinsic) 

that contribute to progressive cell apoptosis.
7
 The initial 

stage of apoptosis involves the expression of ligands for 

‘death receptors’ and altered levels of Bcl-2 family 

proteins,
8
 such as pro-apoptotic Bax and anti-apoptotic 

Bcl-2. Noteworthy, Bax upregulation and/or 

translocation to mitochondria is one of the early markers 

of apoptotic process.
9
 Indeed, Bax, when in excess over 

the anti-apoptotic Bcl-2 proteins, translocases from the 

cytosol to the mitochondrial membrane, where it 
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promotes pores formation. Because of that, the 

mitochondrial intrinsic apoptotic pathway is activated, 

with the release of pro-apoptotic factors and activation 

of the final effector caspases.
10

 Cells become committed 

to cell death and the proteolytic activation of caspases 

triggers the downstream apoptotic events (DNA 

fragmentation, nuclear condensation, cell shrinkage, 

membrane blebbing, etc.). Understanding the 

mechanisms of these events and how ALA might 

modulate them is of fundamental importance in order to 

conceive any new therapeutic approach related to 

bioactive nutrient supplements as ALA. Thus, to better 

elucidate the mechanisms we investigate here the 

expression levels of anti-apoptotic and pro-apoptotic 

proteins and Bax compartmentalization in C2C12 

myoblasts challenged with TNF. 

Material and Methods 

Experimental model 

Murine C2C12 myoblasts (American Type Culture 

Collection) were cultured in growth media (GM) 

consisting of Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 15% Fetal Bovine Serum 

(FBS) and 50 mg/ml gentamicin (Sigma-Aldrich, St. 

Louis, MO) and seeded at a density of 104 cell/cm2 

onto multiwell plates or flasks. To induce 

differentiation, when at 70% confluence, cells were 

shifted to a differentiating medium (DM) consisting of 

DMEM supplemented with 2% fetal horse serum and 50 

mg/ml gentamicin. Cell cultures were treated with 10 

ng/ml recombinant mouse TNF (Endogen, Rockford, 

USA ) added to DM in order to mimic the in vivo 

inflammation environment in the presence or absence of 

ALA (10 M). ALA (Sigma Aldrich) was preliminarily 

complexed with fatty acid free bovine serum albumin 

(BSA fraction V, Sigma-Aldrich, fatty acid/BSA molar 

ratio 4:1). For the mock group, the cells were incubated 

with DM only. 

Caspase-3 activity 

Caspase-3 activity was measured by a fluorimetric assay 

kit (Sigma-Aldrich) following the manufacturer’s 

instructions. Briefly, cell lysates were incubated for 1 h 

at 37 °C, in a solution containing caspase-3 substrate 

acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin 

(Ac-DEVD-AMC). The hydrolysis of the Ac-DEVD-

AMC by caspase-3 resulted by the release of the 

fluorescent 7-amino-4-methylcoumarin (AMC) moiety. 

The release of fluorescent AMC, index of caspase-3 

activity, was assessed by a spectrofluorimeter 

(PerkinElmer Inc. USA) at 360 nm (excitation) and 460 

nm (emission). 

Western blot analysis 

C2C12 were treated with a lysis buffer (150 mM NaCl, 

50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium 

deoxycholate, 2 mM orthovanadate) and a proteinase 

inhibitor cocktail (Sigma-Aldrich). Cell lysates were 

centrifuged at 13,000 xg at 4° C for 15 min, and the 

protein content was quantified by the Bradford method 

(Amresco, Inc. Solon, Oh, USA). Protein extracts were 

resolved by 10% SDS-polyacrylamide gel 

electrophoresis (PAGE) followed by their transfer onto 

polyvinylidene difluoride membranes. Membranes were 

blocked with PBS/bovine serum albumin 5% for 1h at 

room temperature and probed with specific antibodies 

against cleaved caspase-3 (Cell Signaling Technology 

Inc, Beverly, MA ), Bcl-2 and Bax, (Sigma-Aldrich) for 

1 h at room temperature. -tubulin protein (Sigma-

Aldrich) was used as the internal control. Membranes 

were then incubated with peroxidase-linked appropriate 

secondary antibody (Vector Laboratories, Inc.) and, 

after treatment with ECL reagent (Amersham 

Biosciences, GE Healthcare, USA), exposed to 

Hyperfilm ECL to visualize immunoreactive proteins. 

For densitometric quantification, the protein expression 

levels were analyzed by the Scion Image software. 

Subcellular fractionation 

C2C12 cells were homogenized in ice-cold buffer 

containing 50 mM Tris–HCl (pH 7.4), 1 mM EDTA, 

250mM sucrose, 1 mM DTT, 0.5 mM PMSF, 20 mg/ml 

leupeptin, 20 mg/ml aprotinin, and 20 mg/ml trypsin 

inhibitor, using a Dounce homogenizer. After 

centrifugation at 800 g for 15 min at 4 °C the 

supernatant, free of debris and nonhomogenized cells, 

was further centrifuged at 10 000 g for 30 min at 4 °C to 

yield the mitochondrial pellet. The remaining 

supernatant was called cytosolic supernatant. Pellets 

were resuspended in lysis buffer and protein 

concentration of the fractions was estimated. Protein 

fraction extracts were resolved by 15% SDS-

polyacrylamide gel electrophoresis and western blot 

assays were performed as described before. Membranes 

were incubated with specific antibody against Bax, (Cell 

Signaling Technology Inc, Beverly, MA). Cross 

contamination between fractions was assessed by 

western blot analysis using anti-COX IV (Abcam) as 

mitochondrial marker. 

Statistical analysis 

Results are expressed as the mean ± SD. The analysis of 

variance was performed (ANOVA) for comparisons 

between more than two groups, whereas the two-tailed 

unpaired Student’s t-test was used for comparisons of 

the mean differences between two groups. A suitable 

post-hoc test was used in combination with ANOVA to 

test for significant differences between groups. 

Differences were considered statistically significant 

when P< 0.05. (SPSS for Windows, SPSS, Inc., 

Chicago, IL). 
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Results 

ALA inhibits TNF-induced activation of caspase-3 in 
C2C12 myoblasts  

In C2C12 myoblasts TNF (48 h) induced a five-fold 

increase in cleaved caspase-3 as shown by western blot 

analysis (Figure 1A). After ALA+TNF incubation, the 

expression of active caspases was repressed. 

Quantitative data are reported in Figure 1B. As 

evidenced in the figure 1 C, the protease activity of 

caspase-3, was increased after 48 h exposure to TNF, 

compared to mock C2C12 cells. ALA reverted TNF 

effect reducing significantly the caspase-3 activity. 

ALA up-regulates Bcl-2 /Bax ratio 

The western blotting analysis of the anti-apoptotic Bcl-2 

and the pro-apoptotic Bax proteins was carried out. The 

Bcl-2 and Bax intracellular levels are illustrated in 

Figure 2A. In 48 h TNF-treated C2C12 cells, the 

expression of the anti-apoptotic protein Bcl-2 decreased 

whereas the pro-apoptotic Bax increased. Conversely, 

TNF +ALA treatment determined an increase of the 

anti-apoptotic Bcl-2 expression. As evidenced in the 

Figure 2B the ratio Bcl-2/Bax was significantly reduced 

in cells treated with TNF compared to mock cells. 

Conversely, addition of ALA in the medium 

counteracted dramatically the effect of TNF. 

ALA inhibits TNF-Induced Bax translocation to 
mitochondria  

To further clarify the mechanism of ALA anti-apoptotic 

effects in TNF treated C2C12 cells, the localization of 

Bax was analyzed by Western blot of mitochondrial and 

cytosolic fractions. Figure 2C shows that TNF induced 

Bax translocation to mitochondria while ALA reverted 

this TNF-induced effect. Quantitative data of the 

expression of Bax protein in mitochondria and cytosol 

were shown in Figure 2D. Indeed, after TNF treatment a 

four-fold increase in Bax mitochondrial expression was 

observed in C2C12 cells, which was suppressed by 

ALA stimulation. 

Discussion 

In the present research, we explicate one of the possible 

cellular mechanisms involved in the protective effect of 

ALA against TNF-induced apoptosis on C2C12 cells 

during differentiation. We here show that ALA 

interrupted mitochondria-dependent apoptotic pathway 

triggered by sustained cytokine stimulation. The 

mitochondria are the main site of action for members of 

the apoptosis-regulating protein family. Indeed, we 

 
Fig. 1. ALA reduces caspase-3 activity in C2C12 myoblasts. A) The representative Western bolt shows cleaved 

caspase-3 expression as assessed in C2C12 cells incubated for 48h in DM (differentiation medium) alone 

(Mock) or with TNF (tumor necrosis factor-) or TNF and ALA (-linolenic acid). -tubulin was used as a 

loading control. B) Bands intensities of the western blot signals in (A). Values are expressed as arbitrary units. 

C) Bars are representative of caspase-3 activity measured by the fluorimetric assay. Fluorescence values, 

expressed as arbitrary units (AU), were normalized to protein content.  

 Data derived from three separate experiments are presented as the means±SD. * P<0.05 compared with Mock 

cells; § P<0.05 compared with the TNF group. 
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observed that ALA significantly reduced apoptosis, 

decreasing the caspase-3 activity, increasing the anti-

apoptotic protein Bcl-2 levels and thus shifting the Bcl-

2/Bax ratio to higher levels. 

The balance of Bcl-2 and Bax is an important factor of 

cell apoptosis induction.
11

 Bax, is a pro-apoptotic 

protein, found in the cytosol of most normal healthy 

tissues, in an inactive form in the cells. In apoptotic 

cells or when Bax is overexpressed, it is targeted to 

mitochondrial membranes, where the protein increases 

mitochondrial membrane permeabilization and triggers 

cytochrome c release, leading to apoptosis.
12

 Our results 

 
Fig. 2. ALA regulates the expression levels of Bcl-2 family proteins and Bax traslocation. A) Representative Western 

blots of the protein content of Bcl-2 and Bax. -tubulin was used as loading control. B) The ratio of Bax/Bcl-2 

protein content was estimated on the basis of densitometric measurements of the Western blot signals. C) 

Western blots of the Bax protein in enriched mitochondrial and cytosolic fractions of C2C12 cells. COX IV 

-tubulin were used as mitochondrial and cytosolic marker respectively. D) Relative expression of Bax 

protein in mitochondria and cytosol. Values are expressed as arbitrary units. 

 Data derived from three separate experiments are presented as the means ±SD. * P<0.05 compared with 

Mock cells; § P<0.05 compared with the TNF group. 
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revealed that ALA inhibits the mitochondrial 

translocation of Bax, probably due to its ability to 

increase Bcl-2. Substantial evidences indicated that Bcl-

2 protein prevented apoptosis by blocking the release of 

mitochondrial interspace proteins and the apoptosis 

inducing factor.
13

 Following those events, ALA inhibits 

cleavage and activation of caspase-3 and downstream 

apoptotic events.  

Previous studies have reported protective effects of 

ALA against apoptosis in neuronal cells, 

cardiomyocytes and rat hepatocytes.
14-17

 By contrast, an 

opposite effect on mitochondria-dependent apoptotic 

pathway has been described for 10t, 12c-conjugated 

linoleic acid in rat hepatoma cells.
18

 Noteworthy, in this 

study the fatty acid induced translocation of Bax protein 

into the mitochondrial membrane leading to apoptosis 

hepatoma cells. Recently, 10t, 12c-conjugated linoleic 

acid has been also reported to stimulate mitochondrial 

biogenesis in C2C12 myoblasts.
19

 These studies suggest 

that the cell biological response to different unsaturated 

fatty acids may depend from their different chemical 

structure (number and position of double bond and the 

presence or absence of a cis-9 double bond). In addition, 

the same fatty acid may have different actions on 

different cell type.  

Apoptosis is one of the main causes of satellite-cell 

depletion in chronic pathological conditions of muscular 

diseases.
20

 Apoptotic nuclei were obseved in dystrophic 

muscles, particularly in activated satellite cells.
21

 

Furthermore, in the mdx mouse model and in patients 

affected by Duchenne dystrophy, upregulation of pro-

apoptotic proteins such as Bax and caspases were 

detected in myofibers, suggesting that under 

pathological conditions, these myofibers undergo 

apoptosis.
22-24

 Apoptosis and decreased Bcl-2 

expression were detected in other muscular dystrophies 

such as Limb Girdle MD type 2C,
25

 and congenital MD 

type 1A.
26

 

Taken together, these studies indicate that in many 

muscular dystrophies, apoptosis plays a paramount role 

in the depletion of satellite cells and consequently in the 

impaired regeneration. Our findings support the 

conclusion that ALA leads C2C12 myoblasts to survival 

instead of undergoing apoptosis TNF-induced directly 

affecting key proteins involved in balancing 

survival/death in skeletal muscle.  

The upstream mechanisms of these effects may be due 

to an epigenetic effect on the transcription of genes for 

these proteins. A great deal of attention is now being 

dedicated to the use of phytochemicals to modulate 

important pathways involved in physiological and 

pathological processes. Basic laboratory research, 

clinical trials, epidemiological and in silico studies 

demonstrated that nutrient-rich bioactive foods can 

induce epigenetic changes and alter genes’ expression 

by the alteration of the histone structure, DNA 

methylation and miRs’ modulation.
27, 28

 

The results of this work indicate that plant-derived ALA 

is able to modulate apoptotic proteins expression by 

largely rescuing Bcl-2 down expression and in a lesser 

extent also decreasing Bax levels and inhibiting its 

mitochondrial translocation in C2C12 myoblasts treated 

with TNF. TNF is a major pro-inflammatory cytokine 

that is expressed in damaged skeletal muscle. Thus, 

counteracting inflammatory signals by bioactive 

compound such as ALA, in the muscle 

microenvironment, represents a valuable strategy to 

ameliorate skeletal muscle pathologies such as 

dystrophies. 
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