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Abstract

High levels of reactive oxygen species (ROS) contributes to muscle cell death in aging and disuse. 

We have previously found that resveratrol can reduce oxidative stress in response to aging and 

hindlimb unloading in rodents in vivo, but it was not known if resveratrol would protect muscle 

stem cells during repair or regeneration when oxidative stress is high. To test the protective role of 

resveratrol on muscle stem cells directly, we treated the C2C12 mouse myoblast cell line with 

moderate (100 μM) or very high (1 mM) levels of H2O2; in the presence or absence of resveratrol. 

The p21 promoter activity declined in myoblasts in response to high ROS and this was 

accompanied a greater nuclear to cytoplasmic translocation of p21 in a dose dependent matter in 

myoblasts as compared to myotubes. Apoptosis, as indicated by TdT-mediated dUTP nick-end 

(TUNEL) labeling was greater in C2C12 myoblasts as compared to myotubes (P< 0.05) after 

treatment with H2O2. Caspase-9, -8, and -3 activities were elevated significantly (P< 0.05) in 

myoblasts treated with H2O2. Myoblasts were more susceptible to ROS-induced oxidative stress 

than myotubes. We treated C2C12 myoblasts with 50 μM of resveratrol for periods up to 48 h to 

determine if myoblasts could be rescued from high ROS-induced apoptosis by resveratrol. 

Resveratrol reduced the apoptotic index, and significantly reduced the ROS-induced caspase-9, -8, 

and -3 activity in myoblasts. Furthermore, Bcl-2 and the Bax/Bcl-2 ratio were partially rescued in 

myoblasts by resveratrol treatment. Similarly, muscle stem cells isolated from mouse skeletal 

muscles showed reduced Sirt1 protein abundance with H2O2 treatment but this could be reversed 

by resveratrol. Reduced apoptotic susceptibility in myoblasts as compared to myotubes to ROS is 

regulated at least in part, by enhanced p21 promoter activity and nuclear p21 location in myotubes. 

Resveratrol confers further protection against ROS by improving Sirt1 levels and increasing 
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antioxidant production, which reduces mitochondrial associated apoptotic signaling, and cell death 

in myoblasts.
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Introduction

Satellite cells are muscle stem cells that are critical for repair from muscle injury. When 

skeletal muscle damage occurs, satellite cells are activated and proliferate to become 

myogenic precursor cells or myoblasts, which migrate to the injury site, then differentiate to 

form new muscle. These events are similar to processes that regulate myogenesis and they 

can be studied in culture model systems. Reactive oxygen species (ROS) regulate cell signal 

transduction pathways and many cellular functions [40,41] including myogenesis [26]. 

However, excessive ROS levels both initiate and mediate the dysfunction in a variety of cells 

including muscle cells. This includes disruption of cell signaling, metabolism, transcription, 

and apoptosis and therefore ROS may impair myogenesis [2,21,34,58].

Aging is associated with high levels of muscle ROS in vivo, which may contribute to 

increased apoptosis and cell death and reduced myoblast differentiation leading to poor 

muscle repair [20]. High levels of ROS are associated with metabolic diseases like diabetes 

[16,20,36], which may contribute to the loss of myoblast function, increase myoblast cell 

death [33] and further exacerbate muscle repair in aging. Fulle and colleagues [25] have 

demonstrated that a high percentage of the myogenic precursor cells from elderly muscles 

undergo apoptosis triggered by mitochondrial-associated caspase-9 and this appears to be 

closely linked to the high ROS levels that are found in aged muscles [20]. Thus, we predict 

that strategies to attenuate high ROS levels should reduce apoptosis in myoblasts and 

improve muscle differentiation/repair in aging and in other diseases that have elevated ROS 

levels.

In vitro studies have shown that resveratrol (3,5,4′-trihydroxystilbene) increases 

antioxidants to reduce the impact of ROS, increases protein synthesis [47], inhibits protein 

degradation, and attenuates atrophy of skeletal muscle fibers [1,56,68,69]. A high dose of 

resveratrol that was fed to rodents (400 mg/kg/day) was shown to reduce muscle fiber 

atrophy after hindlimb unloading [46]. We also have found that resveratrol that was given at 

12.5 mg/kg/day [32] tended (p=0.06) to blunt atrophy in fast contracting muscles in response 

to the high ROS environment associated with hindlimb unloading in aged rodents but it did 

not improve muscle stem cell (satellite cell) activation/proliferation in old animals after 

reloading [11]. The blunting of satellite cell activity in response to muscle reloading in old 

animals by resveratrol [11] could have been due to the direct inhibitory effects of excessive 

ROS levels in muscle and systemically, and potentially, the apoptotic events that occur in 

muscle in aged hosts. In this paper we tested the hypothesis that resveratrol would directly 

improve myoblast survival by reducing mitochondrial-associated apoptotic signaling in 

myoblasts and myotubes in response to a high ROS environment.
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Alternatively, resistance to cell death in myoblasts and myotubes in a high ROS environment 

may occur through cell signaling that is independent from buffering ROS. Several studies 

suggest that ROS may alter p21 levels and protein localization in a variety of cell lines 

[9,12,30]. Specifically, phosphorylation of Ser153 in p21 is thought to induce its 

translocation from the nucleus to the cytosol, thereby blocking the cell cycle inhibitory 

activity in C2C12 myoblasts [45]. Other data [30] show that oxidative stress, induces p21 

cytoplasmic localization and ubiquitination associated degradation. Thus, a secondary 

purpose of this study was to determine the effect of ROS on the p21 promoter activity in 

myoblasts and myotubes, and to investigate whether p21 promoter activity and protein 

abundance is associated with apoptotic resistance. In this study, we report that myotubes are 

more resistant to ROS-induced apoptosis than myoblasts, and the reduction of p21 promoter 

activity and nuclear loss of p21 co-localization is associated with apoptotic resistance within 

myoblasts. ROS treatment reduced silent mating type information regulation 2 homolog 

(Sirt1) in myoblasts, which is a putative target for resveratrol. Furthermore, resveratrol 

provided protection against high ROS induced apoptosis and apoptotic signaling proteins in 

ROS sensitive myoblasts, potentially through a p21 and/or Sirt1 mediated antioxidant 

mechanism.

Materials and methods

Cell culture

Murine derived C2C12 myoblasts were obtained from the American Type Cell Culture 

Collection (ATCC, Manassa, VA). The myoblasts were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM; Sigma Aldrich, St. Louis, MO) supplemented with 10% fetal 

bovine serum (Atlanta Biologicals, Lawrenceville, GA) and antibiotics (100 U/ml penicillin 

G, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B; Mediatech. Inc., Herndon, VA). 

The cells were incubated at 37°C in a water-saturated atmosphere of 95% ambient air and 

5% CO2. To induce myotube formation, C2C12 myoblasts were plated at an initial density 1 

× 105 cells/well in six-well culture dishes. After reaching 70–80% confluency, the growth 

medium was replaced with, DMEM supplemented with 2% heat-inactivated horse serum and 

antibiotics (differentiation medium) to induce myotubes formation. The media was replaced 

with fresh media each day. Myotubes were used for experiments after 6 days of incubation 

in differentiation medium.

Myoblasts and myotubes were treated with 0 μM, 0.1 mM, or 1mM H2O2 for 6, 12, 24 or 48 

hours, then were harvested in ice-cold lysis buffer [55].

Resveratrol treatment

Myoblasts or myotubes were transferred to fresh media containing 0, 10, 25 or 50 μM of 

resveratrol. After 24 hours of resveratrol treatment, H2O2 was added to the medium to make 

a final concentration of 0 mM, 0.1 mM, or 1 mM H2O2. Myoblasts or myotubes were 

transferred to fresh media containing 0–50 μM of resveratrol and 0–1 mM H2O2 each day. 

The cells were then harvested 6, 12, 24 or 48 h. after treatment with H2O2.
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Detection of apoptotic cell death

DNA cleavage, which characteristically occurs in apoptotic cells, was measured by TdT-

mediated dUTP nick-end labeling (TUNEL) (Roche Applied Science, Indianapolis, IN). The 

C2C12 cells were grown on glass cover slips, fixed in 4% paraformaldehyde in PBS (pH 

7.4), and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate. The cells were 

incubated with TdT and fluorescein-dUTP at 37°C for 1 h. Nuclei were counterstained with 

DAPI (4′,6-diamidino-2-phenylindole, Vectashield® mounting medium, Vector 

Laboratories, Burlingame, CA). The cells were visualized with an ECLIPSE E800 

fluorescence microscope (Nikon Instruments, Melville, NY). The apoptotic index was 

defined as the percentage of TUNEL-positive cells to DAPI-positive cells.

Fluorometric caspase-activity assay

Caspase activity was measured as previously reported [52]. Briefly, the cytoplasmic protein 

fraction without a protease inhibitor was incubated in assay buffer (50 mM PIPES, 0.1 mM 

EDTA, 10% glycerol, and 10 mM DTT, pH 7.2) with 1mM fluorogenic 7-amino-4-

trifluoromethyl coumarin (AFC)-conjugated substrate (Ac-DEVD-AFC for caspase-3, Ac-

LEHD-AFC for caspase-9, Ac-IETD-AMC for caspase-8; Alexis, San Diego, CA) at 37°C 

for 2 h. The change in fluorescence was measured on a spectrofluorometric (CytoFluor; 

Applied Biosystems, Foster City, CA) with an excitation wavelength of 390/20 nm and an 

emission wavelength of 530/25 nm for caspase-3 and -9 and 460/40 nm for caspase-8 before 

and after the 2-h incubation. Caspase activity was estimated as the change in arbitrary 

fluorescence units normalized to micrograms of protein used in the assay.

Immunoblot analysis

C2C12 cells or myoblasts were harvested and fractionated by the method described by the 

Rothermel et al. [55]. Immunodetection was performed using established methods as 

described previously [3,15]. Protein concentrations of samples were determined by the 

Lowry method, and the purity of each fraction was confirmed as reported previously [62]. 

Tissue lysates were separated on 12% sodium dodecyl sulfate-polyacrylamide gels by SDS-

PAGE, followed by electroblotting to a nitrocellulose membrane. The membranes were 

blocked with 5% milk in TBST, then incubated overnight (1:1000) in antibodies purchased 

from Cell Signaling Technology, Boston, MA including: Bcl-2 (#2876), Bax (#2772), 

cleaved caspase-3 (#9664), cleaved caspase-9 (#9509) AIF (#4642), p21 (#2946) and histone 

H3 (#5192) at 4°C. Finally, the membranes were incubated with the appropriate secondary 

antibody conjugated with HRP (1:50,000). The immunopositive bands were detected with 

ECL Advance (Amersham Biosciences, Piscataway, NJ). The protein content of each band 

was quantified by densitometric analysis (Image J, NIH).

Immunohistochemistry analysis

Immunostaining for myosin heavy chain was visualized in myotubes by 

immunofluorescence as described previously [63]. In brief, cells were plated on glass cover 

slips in six-well dishes. After 24 or 48 hours of H2O2 treatment, the cells were washed with 

PBS and fixed in 4% formaldehyde in PBS. MF20 (Developmental Hybridoma Bank, IA) 

was used to detect the cellular location of this protein on myotubes, whereas desmin was 
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used to identify myoblasts. The primary antibodies were followed by Alexa 546 conjugated 

anti-mouse IgG (Molecular Probes, Eugene, OR) and nuclei were stained with (DAPI). 

Samples were visualized using an Epi-fluorescence microscope (Nikon, Inc., Melville, NY), 

and images were obtained using a SPORT RT camera (Diagnostic Instruments, Sterling 

Height, MI).

Luciferase assay

A luciferase assay was used to determine the affect of H2O2 on p21 promoter activity. The 

myoblasts were maintained in DMEM supplemented with 10% fetal bovine serum at 37°C 

in 95% ambient air and 5% CO2. Approximately 2 × 106 C2C12 myoblasts cells per sample 

were transfected with a luciferase reporter containing p21 promoter (a kind gift from Dr. 

Yonghua Yang, Department of Pathology and Cell Biology, University of South Florida 

College of Medicine) using Nucleofector Kit V (Amaxa, Gaithersburg, MD) in a 0.2 cm gap 

cuvette (BioRad, Hercules, CA), with four 200V pulses each lasting 5 ms duration. After the 

electroporation, the cells were suspended in 500μl of MEM (ATCC, Manassas, VA) for 5 

min at 37°C then plated into 10 cm plates and incubated in 5% CO2 at 37°C for 24 h before 

any treatment. 24 h after electroporation the cells were treated with 0 μM, 0.1 mM, or 1mM 

H2O2, and then harvested 24 h after treatment with H2O2. A pGL2 vector containing no 

promoter was used as a negative control for each experiment.

Isolation of mouse muscle stem cells

To follow up the studies from the C2C12 model, we tested the impact of ROS on skeletal 

muscle cells isolated from mice. Skeletal muscle satellite cells, which reside beneath the 

basal lamina of mature muscle fibers, function as muscle stem cells (C2C12 cells are a 

model for muscle stem cells), but they exhibit substantial phenotypic and functional 

heterogeneity. Although we have established the methods to isolate a population of MSCs 

which are CD45-,Sca-1-Mac-1-, CXCR4+b1-, integrin+ [19,43], in our hands this is a very 

small population (3% of all muscle stem cells) and would take a great number of mice to 

obtain a usable sample. Instead, we have opted to use Fluorescence Activated Cell Sorting 

(FACS) to isolate and examine the properties of syndecan-4 (Syn4) positive muscle stem 

cells [14], which, in our hands, represent ~20% of MSC cells. Muscle stem cells were 

isolated from 6 adult mouse (C57BL6) gastrocnemius muscles, aged 3 months via percoll 

gradient centrifugation, and incubated with anti-Syn4 (7.5ug/ml-based on optimization 

experiments) using published sorting methods [14]. The cells were sorted by FACS using 

gating strategies for side scatter, forward scatter, and singlet gating.

Sirt1 activity assays

Syn4 cells were obtained from hindlimb muscles of C57BL/6 mice, aged 3 months. The 

cells were cultured for 24 h then switched to 1 μM NAD MEM (normal DMEM has 30 μM 

NAD). Syn4 cells were treated with H2O2 (1 mM), and/or FK866 (50nM), a Nampt inhibitor 

which induces significant NAD+ intracellular reduction which would reduce NAD+ 

dependent Sirt1 activity, and/or 50 μM of resveratrol (a Sirt1 activator) for 48 h. Whole cell 

extracts were obtained using a mild lysis buffer (50 mM Tris-HCl, pH 8.0) with 1 mM 

PMSF and protease inhibitors. 30 μg of extracts was used in an in vitro deacetylation assay 

using the Fluor de Lys-Sirt1 substrate (Biomol) as previously reported [11]. The assay’s 
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fluorescence signal is generated in proportion to the amount of deacetylation of the lysine 

corresponding to Lys-382, a known in vivo target of Sirt1 activity. Data were recorded from 

three experiments and expressed as the change in fluorescent units.

Data Analysis

Results are presented as mean ± SEM. Data were analyzed using the Sigma Stat 3.0 

statistical software. A two-way analysis of variance (ANOVA) was performed for 

comparisons between experimental groups, followed by the Student-Newman-Keuls post 

hoc test to determine differences among treatments. Significant level was set at P<0.05.

Results

Myotubes but not myoblasts are resistant to H2O2-induced protein loss

The loss of total cellular protein in myoblasts and myotubes occurred in a H2O2 dose 

dependent manner (Figure 1A). Marked protein loss (as determined from the protein assay) 

occurred at 1 mM H2O2 in myoblasts, but differentiated myotubes had a lower loss of total 

protein when incubated in the same concentration of H2O2. The total protein loss in 

myoblasts and myotubes was not only H2O2 dose dependent, but also was regulated by the 

duration of incubation.

Myoblasts have greater abundance of apoptotic nuclei than myotubes

The loss of total protein was due at least in part from apoptosis-induced cell death. 

Apoptosis was determined by quantifying the number of TUNEL positive nuclei (Figure 1B, 

green nuclei) and expressed relative to total nuclei, which were identified by DAPI staining 

(Figure 1B, blue nuclei). An example of myotubes and myoblasts in control and treated (1 

mM H2O2) cells that were stained with desmin (myoblasts) or myosin heavy chain 

(myotubes) is shown in Figure 1B. The high TUNEL labeling in myoblasts is evident after 

the high ROS treatment. There was a greater apoptotic index in myoblasts as compared to 

myotubes (P<0.05) after incubation in either 0.1 mM or 1 mM H2O2 (Figure 1C).

Oxidant stress induced greater caspase activity in myoblasts than myotubes

Incubation of C2C12 cells in H2O2 as an oxidant stress is thought to increase cell death [22]; 

however, it is not known whether H2O2 per se triggers intrinsic and/or extrinsic apoptosis 

pathways in C2C12 cells or if one of these pathways is favored.

Caspase-9 is primarily associated with mitochondrial associated apoptotic signaling. 

Caspase-9 activity was 89.1 ± 17.5% (P<0.05) and 317.6 ± 13.7% (P<0.05) higher in C2C12 

myoblasts that were treated with 0.1 mM or 1 mM of H2O2, respectively, compared with 

control myoblasts (P<0.05) (Figure 2A). After 6 h of incubation, caspase-9 activity was 19.0 

± 2.1% (P<0.05) and 57.7 ± 4.3% (P<0.05) greater in myotubes that were incubated in 0.1 

mM or 1 mM of H2O2 respectively, as compared to control myoblasts incubated in 0 mM of 

H2O2. Furthermore, significantly lower caspase-9 activity was found in myotubes as 

compared to myoblasts that were incubated for 6 h in 0.1 mM or 1 mM of H2O2 (P<0.05). 

Caspase-9 activity was decreased in the myoblasts after 24 h of treatment with 1 mM of 
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H2O2 but caspase-9 activity was greater in myotubes after 24 h of H2O2 treatment (Figure 

2B).

Caspase-8 is considered to represent the non-mitochondrial apoptotic pathway. Interestingly, 

caspase-8 activity was 51.9 ± 1.5% (P<0.05) and 32.0 ± 1.6% (P<0.05) higher in myoblasts 

after 6 h of H2O2 incubation in 0.1 mM and 1 mM of H2O2, respectively (P<0.05) as 

compared to control cells that were incubated in 0 μM of H2O2. However, caspase-8 activity 

did not increase in myotubes after 6 h of treatment with either the low or high dose of H2O2 

(Figure 2C). While caspase-8 activity remained elevated in the myoblasts vs. myotubes after 

24 hours of incubation in 0.1 μM of H2O2, caspase-8 activity increased only in the myotube 

group after treatment with 1 mM of H2O2, relative to control myotubes treated with 0 μM of 

H2O2 (Figure 2D). In general, these data are consistent with our TUNEL staining results, 

which suggest that myotubes are more resistant to apoptosis signaling that was induced via a 

high oxidant environment.

Compared to the control myoblasts, caspase-3 activity as the effector caspase was 73.0 

± 8.6% (P<0.05) and 126.4 ± 9.5% (P<0.05) higher after 6 h of incubation in myoblasts 

treated with 0.1 mM and 1 mM of H2O2 respectively, as compared with control myoblasts 

(P<0.05) (Figure 2E). Similarly, caspase-3 activity was 30.5 ± 5.7% (P<0.05) and 87.5 

± 8.5% (P<0.05) higher in myotubes after incubation in 0.1 mM and 1 mM of H2O2, 

respectively (P<0.05) after 6 h of treatment compared with the control myotubes. Although 

there was an increase in caspase-3 activity in myotubes after 6 h of incubation in 0.1 mM 

and 1 mM of H2O2 this was lower than for myoblasts. Interesting, there was only a small 

increase in caspase-3 activity in myoblasts after 24 h of incubation in 0.1 mM or 1 mM of 

H2O2. Caspase-3 activity was an 83.4 ± 3.2% greater (P<0.05) in myotubes after 24 h of 

treatment as compared to control myotubes (Figure 2F) although this might be reflective of 

both apoptosis and non-apoptotic signaling that occurs during differentiation of myotubes 

[23]. In general, the activity of all three caspases tended to decrease in myotubes after 24 h 

of incubation in 1mM of H2O2 as compared to control cells or and shorter incubation times. 

This observation likely reflects the greater loss of cells from apoptosis at the higher oxidant 

level and longer incubation period.

The effect of H2O2 treatment on p21 promoter activity

Previous studies [30,45] have shown a down regulation of p21 by H2O2 in C2C12 

myoblasts. Thus, we investigated whether the difference in apoptotic resistance and loss of 

protein after treatment with H2O2 might related to different p21 promoter activity between 

myoblasts and myotubes. A luciferase assay indicated that the p21 promoter activity level 

declined in a H2O2 dose dependent matter in both myoblasts and myotubes (Figure 3A). The 

immunoblot data show a dose dependent decline of nuclear p21 content in myoblasts and 

myotubes after 24 h of incubation (Figure 3B). The alteration of p21 content in the nuclear 

protein fraction of myoblasts and myotubes had already begun to decline after only 6 h of 

incubation in H2O2 and this is shown in representative western blots (Figure 3C). Generally, 

the decline in p21 protein abundance corresponded with the decline in its promoter activity.
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H2O2 promotes loss of nuclear p21

Immunocytochemistry was used to confirm the H2O2-induced co-localization of p21 with 

myonuclei. p21 (red) was co-labeled with the nuclei (blue) in control treatments without 

H2O2 (co-labeled nuclei are pink), but the cytoplasm also reflected p21 labeling (Figure 4). 

However, p21 labeling in the nuclei appeared to decrease following 1 mM H2O2 treatment in 

both myoblasts and myotubes (Figure 4) as seen by less co-labeling of the p21 label (red) 

and clearer DAPI stained nuclei (blue). This suggests that p21 loss and/or potentially a 

relocation of p21 from the nuclear to the non-nuclear compartment occurred in response to 

high ROS and this was associated with greater apoptotic signaling in muscle cells.

Resveratrol reduces but does not prevent apoptosis in myoblasts

To determine if resveratrol reduced ROS-induced cell death in myoblasts, we first measured 

the loss of total protein in myoblasts, which was the most sensitive to H2O2 treatment. 

Incubation in 0.1 mM or 1 mM H2O2 induced marked protein loss, but resveratrol treatment 

lessened the loss of protein in a dose dependent fashion (Figure 5A). However, resveratrol 

could not prevent all of the loss of protein that was induced by H2O2. Resveratrol reduced 

the apoptotic index in a dose dependent fashion in response to 0.1 or 1 mM of H2O2 but 

resveratrol treatment failed to abolish all of the apoptosis in the myoblasts after 24 h of 

treatment (Figure 5B; Supplemental Figure 1).

Consistent with the apoptotic index, the pro-apoptotic protein Bax increased in myoblasts 

with the high oxidative stress load (Figure 5C). Although 10 μM of resveratrol did not 

significantly reduce the total Bax protein abundance, higher doses of resveratrol (25 and 50 

μM) did result in a significant reduction in Bax, and in fact, returned it to control levels 

(Supplemental Figure 2).

In a similar pattern, Bcl-2 decreased with the high ROS treatment; however, only the highest 

resveratrol level was able to significantly increase Bcl-2, to levels that were similar to 0 μM 

of H2O2 0 μM of resveratrol, but Bcl-2 protein abundance was still suppressed relative to the 

control levels (Figure 5D). The Bax/Bcl-2 ratio, was increased when myoblasts were treated 

with 1 mM of H2O2 but it had returned to control levels in myoblasts that were treated with 

25 or 50 μM of resveratrol (Figure 5E). Similar to Bax, AIF was elevated when the 

myoblasts were treated with 1 mM of H2O2 but resveratrol blunted this increase such that 

the AIF protein abundance had returned to control levels in myoblasts treated with either 25 

or 50 μM of resveratrol for 24 h (Figure 5F, Supplemental Figure 2). These data suggest that 

resveratrol was able to blunt but not prevent apoptosis protein signaling.

Effects of resveratrol on ROS-induced caspase activation

As AIF, Bax and Bcl-2 are important in mitochondrial apoptotic signaling, we wanted to 

determine if other markers of mitochondrial apoptosis and/or non-mitochondrial apoptosis 

signaling that occurs during the high ROS environment, were also reduced by resveratrol. To 

do this we evaluated caspase activity after both short duration and long duration H2O2 

incubations that were between 6–48 h of high oxidative stress treatment. Caspase-9, a 

marker of the mitochondrial apoptotic pathway increased with both 0.1 and 1 mM of H2O2. 

Caspase-9 activity was blunted, relative to the respective ROS treatment by 25 or 50 μM of 
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resveratrol after 6 h of incubation (Figure 6A) or by 10, 25 and 50 μM of resveratrol 12 h 

(Figure 6B) of incubation. This suggests that mitochondrial associated apoptosis induced by 

high oxidative stress levels, is blunted by resveratrol but apoptosis is not prevented after 

short duration resveratrol treatment.

Caspase-8, is a non-mitochondrial extrinsic apoptotic pathway marker. Caspase-8 activity 

increased after both 0.1 and 1 mM of H2O2. Resveratrol reduced caspase-8 activity in cells 

that were treated in 0.1 mM of H2O2 for 6 h (Figure 6C). 12 h of treatment in 10, 25 and 50 

μM of resveratrol blunted the 0.1 mM H2O2-induced increase caspase-8 activity relative to 

treatment with 0 μM of resveratrol. However, while 10, 25 and 50 μM of resveratrol were 

able to blunt caspase-8 activity in cells treated with 1 mM of H2O2 after 6 h (Figure 6C) or 

12 h of incubation (Figure 6D), in each case, caspase-8 activity remained elevated in the 

resveratrol-treated cells as compared to the cells that received 0 mM of H2O2. These data 

suggest that the extrinsic apoptotic pathway was activated by the ROS treatments, and that 

resveratrol was partially effective in reducing signaling in this pathway.

Caspase-3 is the effector caspase, which is the convergence point for both mitochondrial and 

extrinsic apoptotic signaling cascade pathways. Caspase-3 activity increased by treatments 

in 0.1 and 1 mM of H2O2 and resveratrol blunted this increase in a dose dependent fashion 

(Figure 6E). 25 μM and 50 μM of resveratrol were able to blunt caspase-3 activity in cells 

that were incubated in 0.1 mM of H2O2 for 12 h (Figure 6F, Supplemental Figure 2).

Incubation of myoblasts in resveratrol and H2O2 for the longer durations of 24 and 48 hours 

(Figure 7) showed similar patterns as the acute studies (Figure 6). Of note, the magnitude of 

the caspase activity level tended to be greater after the longer incubation times than after 6 

or 12 hours of incubation even in control cells. In general, caspase-9 (Figure 7A,B), 

caspase-8 (Figure 7C,D), and caspase-3 (Figure 7E,F), all increased with the longer duration 

of incubations and resveratrol decreased the caspase activities in myoblasts after both 24 and 

48 h relative to treatment with 0 mM resveratrol. While the highest ROS dose was blunted 

by 50 μM of resveratrol after both 24 and 48 h of incubation, caspase-9 activity remained 

elevated relative to control untreated myoblasts in the 48 h incubation groups. Resveratrol 

was able to blunt caspase-8 levels to control levels after incubation in 0.1 or 1 mM of H2O2 

for 24 h (Figure 7C). While caspase-8 activity was partially blunted by resveratrol treatment 

in myoblasts after 48 h of incubation, caspase-8 remained elevated relative to untreated 

control myoblasts (Figure 7D). In a similar fashion, resveratrol blunted the H2O2-induced 

elevation of caspase-3 activity in myoblasts after both 24h (Figure 7E) and 48 h (Figure 7F) 

incubation periods.

Other proteins in the mitochondrial pathway were similarly affected by resveratrol. For 

example, the protein abundance of Apaf-1, a protein that is part of the apoptosome was 

increased in myoblasts after exposure to 1 mM H2O2, but resveratrol blunted this response 

(Supplemental Figure 2). However, resveratrol failed to markedly reduce the protein 

abundance Poly (ADP-ribose) polymerase (PARP), which is involved in DNA repair, in 

myoblasts that were incubated with 1 mM of H2O2. This suggests that resveratrol did not 

fully prevent apoptotic DNA fragmentation in myoblasts in response to high ROS levels.
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Resveratrol prevents the ROS-induced loss of Sirtuin-1 (Sirt1) in myoblasts

Sirt1 is a histone deacetylase that has many important physiological roles including 

protection against oxidative stress and apoptosis [28,29]. Sirt1 is reduced in aging and 

muscle wasting [28,42]. Although the mechanism for the loss of Sirt1 in aging is not known, 

we speculate that high levels of oxidative stress contribute to this loss in Sirt1. Indeed, 

muscle wasting is attenuated when Sirt1 activity is increased via caloric restriction [51] or 

overexpression [39]. Sirt1 is increased and activated by resveratrol [10,54,60]. It is important 

to note that a resveratrol-induced increase in Sirt1 activity elevates the transcription of 

mitochondrial antioxidant enzymes such as manganese superoxide dismutase (MnSOD) 

[50]. In addition, in a recent study we found that resveratrol treatment promoted anti-

apoptotic and anti-oxidant changes in muscles of elderly subjects who exercised as 

compared to placebo treated subjects [6] and resveratrol feeding reduced oxidative stress in 

muscles of aged rodents [32,57]. To test the hypothesis that ROS is a prime inhibitor of 

muscle Sirt1 in conditions such as aging where oxidative stress is high, we evaluated if 

H2O2 would reduce Sirt1 protein levels in myoblasts and myotubes and if resveratrol 

treatment would rescue a H2O2-induced reduction in Sirt1 protein abundance. In these 

experiments, we conducted western blot analysis of myoblasts that were incubated for 24 h 

in 0–50 μM of resveratrol and were treated with 0.1 or 1 mM of H2O2. Consistent with our 

hypothesis, the data (Figure 8) suggest that high concentrations of H2O2 reduced Sirt1 

protein abundance in myoblasts but this could be rescued at the highest concentrations of 

resveratrol. The resveratrol-induced increase in Sirt1 protein occurred in concert with a 

reduced apoptotic and caspase signaling. While we anticipated that Sirt1 would improve 

anti-oxidants in myoblasts and myotubes in culture as it does in muscle in vivo in response 

to ROS production [32,57], we were only able to detect a modest decrease in catalase 

protein abundance by H2O2 and a modest, albeit significant recovery in the loss of catalase 

protein abundance. However, there was a marked increase of MnSOD and glutathione 

peroxidase 1 (GPx1) in myoblasts after treatment with resveratrol (Supplemental Figures 2 

and 3). This suggests that at least part of the manner in which resveratrol is protective 

against apoptotic signaling and cell death in myoblasts might be due to its regulation of 

antioxidant proteins through Sirt1 to prevent ROS damage in mitochondria, and in doing so, 

reduce mitochondrial induced apoptotic signaling (Figures 5–7).

Regulation of Sirt1 deacetylase activity oxidative stress

To confirm that resveratrol mediated ROS effects on Sirt1 in primary cultures, we isolated 

muscle stem cells (MSC) from mouse muscles. The pre-sort FACS data from isolated 

muscle stem cells (Figure 9A) show that 20.2% of the gated population of MSCs isolated 

from mouse gastrocnemius muscles expressed syndecan-4 (Syn4). The post-sort data show 

that the population was 97% pure. Figure 9B shows that Syn4 MSCs that were exposed to 

oxidative stress (H2O2) had lower Sirt1 activity and FK866 further reduced Sirt1 activity by 

~40% relative to control conditions. Resveratrol restored Sirt1 activity in Syn4 positive 

MSCs, which protected the cells against oxidative stress-induced apoptosis. This likely 

occurred via a mechanism involving stabilization of mitochondria in part by increasing 

antioxidants to counter the effects of ROS inducing mitochondrial damage to induce 

apoptotic signaling.
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Discussion

ROS mediated apoptosis

Cell cycle control and apoptosis are precisely regulated during myogenic differentiation 

[17,66,67], where single cell myoblasts fuse to form multinucleated myotubes. A large 

elevation in ROS is thought to impede myogenesis, and some reports suggest that this 

impact is greater in myoblasts than myotubes [24]. However, this is not a universal finding 

because apoptotic resistance has been reported to be greater in myotubes in some studies 

[22,67]. Similar to a report by Escobedo et al. [22], our data show that the loss of total 

cellular protein in myoblasts and myotubes occurred in a H2O2 dose dependent manner 

(Figure 1A). In this study, we show that myotubes were resistant to moderate and high ROS 

mediated H2O2-induced apoptosis and this is supported by the observation that myotubes 

lost less protein under high ROS conditions than myoblasts. This was confirmed by TUNEL 

staining data that showed greater DNA fragmentation and greater total protein loss after 

H2O2 treatment in myoblasts as compared with myotubes (Figure 1). Although H2O2-

increased apoptotic signaling in both the intrinsic (mitochondrial) and extrinsic pathways, 

and also increased the effector caspase-3 activity in both myoblasts and myotubes relative to 

untreated control cells, (Figure 2, Supplemental Figures 1, 2, and 3) apoptotic signaling was 

greater in myoblasts than myotubes for the same concentration and exposure period to H2O2. 

Thus, our data show that myoblasts are more sensitive to changes in the ROS environment, 

and this has important implications for potentially reducing muscle repair or recovery by 

interfering with satellite cell/myoblast function under aging or disuse conditions, where the 

basal ROS levels are high [32,57].

Potential role of p21 in resistance to ROS-induced apoptosis

The level of proteins that are involved in cell cycle function and apoptosis are precisely 

regulated. For example, cyclin-cyclin dependent kinase (CDK) complexes tightly regulate 

the progression of the cell cycle, and the CDK inhibitor p21, controls cyclin-CDK 

complexes under a variety of environmental stresses [59]. The function of p21 is quite 

complex, in that it is involved in cell cycle regulation, differentiation, and apoptosis [59]. As 

such, ectopic p21 expression is correlated with apoptotic resistance in myotubes [67]. We 

speculated that if p21 localization and degradation was associated with apoptosis, the 

activation of apoptosis in myoblasts and myotubes should be associated with different 

apoptotic pathways. As our data showed that excessive ROS could initiate apoptosis and 

activate apoptosis associated proteins, the differences in ROS-induced apoptosis in 

myoblasts and myotubes may provide important insights into the mechanisms underlying 

greater apoptotic resistance in myotubes. Our novel data suggest that the greater p21 

promoter activity and p21 protein abundance in myotubes (Figure 3) and increased co-

localizations of p21 with nuclei as compared to myoblasts (Figure 4) is temporally 

associated with the increased resistance of myotubes to ROS-induced apoptosis. Our current 

data extends previous observations [67] by showing that p21 may regulate, at least in part, 

ROS-induced apoptotic resistance in myotubes. An important novel finding of our study was 

that the p21 promoter activity was decreased in a dose-dependent manner with H2O2 

treatment in both myoblasts and myotubes. However, myotubes were more resistant to a 

H2O2-inhibition of the p21 promoter activity (Figure 3). Our results are consistent with 
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previous reports that demonstrated a H2O2 mediated nuclear to cytoplasmic translocation of 

p21 via a nuclear export signal with p21 degradation [30]. Furthermore, Mirk-dependent p21 

cytosolic translocation has been shown to block apoptosis in myoblasts during the myogenic 

differentiation [45]. Although experimental differences may exist between several published 

studies (i.e., different cell lines, treatment doses and periods of cell treatment), our current 

data together with previously published reports, suggest that cellular defenses against 

oxidative stress may include regulating p21 degradation and localization (i.e., nuclear vs. 

cytosolic). It is not clear at what levels p21 may directly or indirectly regulate both intrinsic 

and extrinsic apoptotic signaling pathways, but both pathways appear to be affected by H2O2 

in myotubes and myoblasts. Furthermore, elevated levels of inhibitor of differentiation-2 

(Id2) proteins in muscles of aged animals [4] have been implicated in sarcopenia and 

apoptosis [5]. We have previously speculated that the subcellular localization of Id2 may be 

important in regulating apoptosis in skeletal muscle [61,64]. Additionally, nuclear 

localization of Id2 is critical for the downregulation of p21 promoter activity [38] and in this 

study, we show that ROS-induced apoptosis is associated with a loss of nuclear p21 and a 

likely nuclear to cytoplasmic translocation of p21. We speculate that the higher levels of Id2 

in muscle nuclei may invoke apoptosis in part through inhibition of p21 promoter activity 

[38]. The present study does not identify the mechanism whereby differences in ROS-

associated apoptotic resistance are associated with the altered p21 expression levels, and 

addressing this will require addition experiments.

Resveratrol mediated ROS resistance in myoblasts

Given that excessive oxidative stress occurs with aging in many tissues including skeletal 

muscles [8,49,53], excessive ROS is likely involved in impaired myogenic differentiation in 

response to loading or injury repair. Lower populations of muscle stem cells (satellite cells) 

and increased apoptosis in nuclei and satellite cells of aged muscle has been suggested as 

one reason for the age associated suppression of muscle repair and may also contribute to 

sarcopenia [7]. Recent data suggested that a low dose of resveratrol could reduce H2O2 

induced reductions in C2C12 muscle myoblast mobility; whereas a higher dose of 

resveratrol impaired myoblast regeneration and mitochondrial enzyme activity in culture 

[13]. Our lab and other investigators have found that in vivo, resveratrol of moderate doses 

improved muscle function [54,57], and reduced oxidative stress in skeletal muscle of old 

rodents [11,32,57]. Muscle function is highly dependent upon muscle stem cells (satellite 

cells/myoblasts) to regulate muscle mass, especially in response to injury and repair. To 

determine if resveratrol mediated a dose-dependent response on apoptotic signaling in 

C2C12 cells, a murine myoblasts line that is a model for satellite cells in vitro, we tested the 

impact of 0,10, 25 and 50 μM of resveratrol to mediate apoptotic responses to moderate (0.1 

mM H2O2) and high ROS (1 mM H2O2) in C2C12 cells. In our study, we found that rather 

than reducing cell viability in response to a high ROS load as was found in another study 

[13], high concentrations of resveratrol reduced cell loss (therefore improving cell viability) 

relative to no treatment with resveratrol (Figure 5). This improved cell viability was at least 

partially accounted by a lower apoptotic index, and reduced Bax, Bax/Bcl-2 ratio, AIF, 

caspase-9 and caspase-3 activities and an increase in Bcl-2 protein abundance. This supports 

the idea that resveratrol treatment in high ROS conditions prevents mitochondrial-associated 

apoptosis signaling. The reduced apoptotic signaling likely occurred by reducing 
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mitochondrial permeability to reduce caspase-9, Apaf1 and AIF levels, which would imply 

that mitochondrial “health” and integrity were improved. Although not tested in this study, a 

resveratrol-mediated improvement in mitochondria function may not have occurred through 

PGC1α or increased mitochondrial biogenesis. Rather we speculate that elevations of 

mitochondrial specific antioxidants such as MnSOD and GPx1 and by reducing H2O2 inside 

mitochondria, which we have shown to occur in muscles of aged rodents fed resveratrol 

[31]. This contrasts to the work of Bostti and Degens [13] who reported poorer 

mitochondrial function in high resveratrol treatments under correspondingly high ROS 

levels. Although the reason for the differences in observations between these studies is not 

known, we cannot rule out that potential variations in culture conditions (vendors for media 

and buffer composition, resveratrol sources etc.) could have partially accounted for these 

differences.

Resveratrol, Sirt1, and ROS

We have previously found that resveratrol treatment in vivo increased Sirt1, a putative 

resveratrol target that has been reported to have a role in several important physiological 

functions, including the regulation of oxidative stress. We found that resveratrol rescued the 

H2O2-mediated decrease in Sirt1 protein in myoblasts (Figure 8) and in muscle stem cells 

(Figure 9). This is consistent with observations that Sirt1 activation upregulates the 

transcription of antioxidant genes including MnSOD [48,65], and catalase [27,37,48] and 

reduces ROS-induced apoptosis [27]. In this study, we found that resveratrol treatment 

increased antioxidants catalase, GPx1, Supplemental Figure 2), and MnSOD (Supplemental 

Figure 3), in myoblasts exposed to ROS.

Our data suggest that the antioxidant buffering of ROS protected mitochondria against ROS-

induced apoptosis. As mitochondrial damage (from ROS) is a primary initiator of apoptotic 

signaling, the data support the hypothesis that resveratrol mediated a Sirt1 induced 

antioxidant protection for mitochondria that reduced mitochondrial apoptotic signaling 

(Figures 5–7, Supplemental Figure 2).

Conclusion

Our results show that high ROS loads are better tolerated in myotubes than in myoblasts, but 

both cells undergo mitochondrial-associated apoptotic signaling and cell loss, as a result of a 

high ROS load, which presumably damages mitochondria to initiate apoptotic signaling. 

Furthermore, our data show that resistance to oxidative stress might involve modulation of 

p21 promoter activity in myotubes vs. myoblast because the p21 promoter is regulated in a 

dose dependent manner in both myoblasts and myotubes by H2O2. Furthermore, proteins 

that were not assessed in this study such as the role(s) that small heat shock proteins may 

play regulating apoptosis the differentiated myoblasts [22,35], has not been fully defined 

under conditions of high ROS. Finally, we have found that resveratrol is protective against 

ROS damage in part by increasing antioxidant production via a Sirt1 mediated mechanism, 

which suppresses apoptotic signaling from intrinsic and extrinsic mediated pathways, 

although the intrinsic mitochondrial pathway appears to be more important in myoblasts 

under a high ROS load. Our data are consistent with studies that have shown that resveratrol 

mediates antioxidant and anti-apoptotic protection against pathologies including renal cell 
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damage [70], ischemia in neural cells [44], and ischemia-reperfusion in cardiac cells [71], 

and skeletal muscle cells [18]. We cannot rule out the possibility that myoblasts and 

myotubes may have different capabilities or regulation of their antioxidant systems with or 

without resveratrol treatment [22]. Although Sirt1 is strongly implicated, additional work is 

warranted to determine if Sirt1 is required for resveratrol to confer protection against ROS 

induced myoblast survival and apoptosis signaling in myoblasts, and to determine if Sirt1 is 

essential for regulating the resistance to ROS damage by myotubes as compared to 

myoblasts or perhaps if this is via a Sirt1-p21 mediated mechanism. Nevertheless, our data 

in muscle myoblasts and isolated mouse muscle stem cells are consistent with reports from 

other cell lines that support the probability that protection against a high ROS load by 

resveratrol is likely Sirt1 dependent. Furthermore, resveratrol may be a key nutritional 

approach that will improve muscle function, reduce frailty [54], and improve muscle repair 

in aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Myotubes are more resistant to oxidative stress than myotubes
A. The percent of total protein loss is shown relative to control cells (0 μM) for each H2O2 

treatment. C2C12 myoblasts (Mb) or myotubes (Mt) were incubated for 6, 12, or 24 h in 100 

μM or 1.0 mM of H2O2.

B. Examples of myoblasts and myotubes that were incubated with 0 μM or 1.0 mM of H2O2 

for 24 hours. TUNEL positive nuclei (green) are noted especially in myoblasts after 

treatment with H2O2. Examples of TUNEL positive cells are shown by the white arrows. 

Myoblasts and myotubes were incubated in antibodies to desmin and myosin heavy chain 
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respectively, followed by incubation and staining with a secondary Alexa 546 conjugated 

anti-mouse IgG (red).

C. The apoptotic index is expressed as the number of positive TUNEL to the number of total 

cells. *, different from the corresponding treatment conditions (P< 0.05). †, difference from 

the control cells (P < 0.05).
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Figure 2. Altered caspase activities of myoblasts and myotubes following indicated H2O2 
treatment
Caspase activity is shown for caspase-9 (A,B), caspase-8 (C,D) and caspase-3 (E,F) after 6 

h (A,C,E) and 24 h (D,E,F) of incubation in 0 μM, 0.1 mM or 1.0 mM H2O2. H2O2-induced 

caspase activity is presented as a fold change relative to the corresponding control values. 

Note the different axes scales for 6 and 24 h *, myoblasts are different from myotubes 

(P<0.05). †, different from control cells (P < 0.05).
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Figure 3. The effect of H2O2 treatment on p21 promoter activity and protein abundance
A. Luciferase activity is shown as relative luciferase light units (firefly/Renilla) and 

represents means ± SEM for four samples 24 h after incubation in 0 μM, 100 μM or 1.0 mM 

of H2O2. *, myoblasts are different from myotubes in the same group (P<0.05). †, different 

from control cells (P < 0.05).

B. Quantification of protein abundance by western blots for p21 nuclear content after 24 

hours of incubation after 0 μM, 100 μM or 1.0 mM of H2O2. Results are presented relative to 
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the corresponding controls. *, myoblasts are different from myotubes in the same group 

(P<0.05). †, different from control cells (P < 0.05).

C. Representative immunoblots of p21 content in nuclear protein fractions performed after 6 

hours of H2O2 treatment.

Haramizu et al. Page 23

J Nutr Biochem. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Localization of p21 protein in the myonuclei
Immunohistochemical staining showing localization of p21 (red) in nuclei and cytoplasm of 

myoblasts (MB) and myotubes (MT) after treatment with H2O2 for 24 hours. Nuclei are 

counterstained with DAPI (blue). The data show a loss of p21 (red staining) over the nuclei 

after treatment and several nuclei with no p21 after treatment with H2O2. Less p21 staining 

is associated with the nucleus (DAPI) after 24 hours of treatment.
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Figure 5. Effects of resveratrol on protein loss and apoptotic signaling in response to oxidative 
stress
A. Total protein loss in myoblasts (expressed relative to control untreated cells) after 24 h or 

48 h of incubation in 0 or 0.1 mM (white bars) and 0 or 1.0 mM (black bars) of H2O2 and 0–

50 μM of resveratrol. *P<0.05 significantly different from non-treatment control myoblasts 

(0 mM resveratrol and 0 mM and H2O2) at 24 h or 48 h of incubation, respectively. †, 

P<0.05, Treatment group is significantly different from 0.1 mM or 1 mM H2O2 + 0 mM 

resveratrol at 24 or 48 h of incubation.
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B. Apoptotic index (expressed as a percent of total nuclei) myoblasts after 24 h of incubation 

in 0 or 1 mM (white bars) or 1.0 mM (black bars) of H2O2 and 0–50 μM of resveratrol. 

*P<0.05 significantly different from non-treatment control myoblasts (0 mM resveratrol and 

0 mM and H2O2) at 6 or 12 h of incubation, respectively. †, P<0.05, Treatment group is 

significantly different from 0.1 mM or 1 mM H2O2 + 0 mM resveratrol at 6 or 12 h of 

incubation.

Bax (C), Bcl-2 (D) and AIF (F) protein levels expressed relative to untreated control cells 

incubated in 0 or 1 mM of H2O2 and 0–50 μM of resveratrol for 24 h. E. The Bax/Bcl-2 

ratio. P<0.05 significantly different from non-treatment control myoblasts (0 mM resveratrol 

and 0 mM and H2O2) at 6 or 12 h of incubation, respectively. †, P<0.05, Treatment group is 

significantly different from 1 mM H2O2 + 0 mM resveratrol at 6 or 12 h of incubation.
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Figure 6. Resveratrol reduces caspase activity in myoblasts after 6 or 12 hours of H2O2-induced 
oxidative stress
The activity of caspase-9 (A,B), caspase-8 (C,D) and caspase-3 (E,F), was determined after 

6 (A,C,E) or 12 (B,D,F) hours of incubation in 0–1 mM of H2O2 and 0–50 μM of 

resveratrol. *P<0.05 significantly different from non-treatment control myoblasts (0 mM 

resveratrol and 0 mM and H2O2) at 6 or 12 h of incubation, respectively. †, P<0.05, 

Treatment group is significantly different from 1 mM H2O2 + 0 mM resveratrol at 6 or 12 h 

of incubation.
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Figure 7. Resveratrol suppresses caspase activity in myoblasts after 24 or 48 hours of oxidative 
stress induced by H2O2
The activity of caspase-9 (A,B), caspase-8 (C,D) and caspase-3 (E,F), was determined after 

24 (A,C,E) or 48 (B,D,F) hours of incubation in 0–1 mM of H2O2 and 0–50 μM of 

resveratrol.*P<0.05 significantly different from non-treatment control myoblasts (0 mM 

resveratrol and 0 mM and H2O2) at 6 or 12 h of incubation, respectively. †, P<0.05, 

Treatment group is significantly different from 1 mM H2O2 + 0 mM resveratrol at 24 or 48 h 

of incubation.
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Figure 8. Regulation of Sirt1 protein by oxidative stress
The figure shows representative blots of Sirt1 protein abundance after 24 h incubation in 0 

mM or 1 mM of H2O2 and 0–50 μM of resveratrol. The protein abundance (expressed 

relative to untreated control cells) of Sirt1 was determined by western blots. The myoblasts 

were incubated in 0 or 1 mM of H2O2 and 0–50 μM of resveratrol. The protein bands was 

normalized to GAPDH/*P<0.05 significantly different from non-treatment control 

myoblasts (0 mM resveratrol and 0 mM and H2O2) at 6 or 12 h of incubation, respectively. 

†, P<0.05, Treatment group is significantly different from 0.1 mM or 1 mM H2O2 + 0 mM 

resveratrol at 24 or 48 hours of incubation.
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Figure 9. Fluorescence Activated Cell Sorting (FACS) separation of the Syn4 population of MSCs 
from mouse muscle
A. The pre-sort FACS data show that 20.2% of the gated population of MSC cells isolated 

from mouse gastrocnemius muscles expressed syndecan-4 (Syn4). The post-sort data show 

that the population was 97% pure. These represent a relevant muscle stem cell (MSC) 

population. Post-sort verification showed that 98.2% of the cells were negative for Syn4 in 

population sorted to be syndecan-4 negative (data not shown). Post-sort analysis of sorted 

cells which were identified from the 20.2% population of pre-sorted cells) as Syn4 positive, 

were 97.0% positive for Syn4. These data show that we have established the methods to 

isolate and evaluate Syn4 MSC cells from mouse skeletal muscles.
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B. Sirt1 activity in Syn4 myotubes. Syn4 cells were examined in response to H2O2 (1 mM), 

and/or FK866 (50nM), and/or resveratrol for 48 hours. * P<0.05, significantly different from 

control untreated conditions. **, NMN treatment was greater than all other conditions. †, 

P<0.05, significantly different from FK866 treated cells.
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