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Aging phenotypes are dictated by myriad cellular changes including telomere shortening. In most tissues, telomere 
shortening is accelerated during replication if unrepaired oxidative damage to telomere sequences is present. However, 
the effect of reactive oxygen species exposure on skeletal muscle telomeres is unknown. We sought to determine if 
oxidative stress shortens telomeres in isolated adult rodent skeletal muscle fibers. Flexor digitorum brevis muscles were 
dissected from male mice (C57BL/6, long telomere and CAST/Ei, wild-derived, short telomere) and dissociated into 
single fibers. Fibers were cultured at an oxygen tension of 2%–5% for 5 days in control, hydrogen peroxide (oxidant), 
or a combination of N-acetylcysteine (antioxidant) and oxidant containing media. Telomere length, telomerase enzyme 
activity, and protein content of TRF1 and TRF2 were subsequently measured. In both strains, oxidative stress resulted in 
significant telomere shortening in isolated skeletal muscle fibers, likely by different mechanisms. Telomerase activity was 
not altered by oxidative stress treatment but was significantly different between strains, with greater telomerase activity 
in long-telomere–bearing C57BL/6 mice. These results provide important insights into mechanisms by which oxidative 
stress could shorten skeletal muscle telomeres.
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Telomeres are repetitive DNA sequences 
(5′-TTAGGG

N
-3′) at the ends of linear chromosomes 

(1). In most tissues, telomeres shorten over time due to a 
combination of incomplete replication, chromosome end 
processing, and unrepaired telomere DNA damage (2–4). 
In addition to being important in the regenerative potential 
of cells, adequate telomere length is important in maintain-
ing genome stability and regulating gene expression via tel-
omere position effects and chromosome looping (5–7). The 
enzyme telomerase can maintain and lengthen telomeres in 
germline, stem, and other highly proliferative cells (8–11). 
Telomere shortening has thus been studied as a biomarker 
of aging and is implicated in cancers and other age-related 
diseases such as cardiovascular disease (12,13). A variety 
of environmental factors important to age-related disease 
have been studied as modifiers of age-related telomere 
shortening. Among these, chronic exercise has emerged as 
a protective stimulus for a variety of cell types, attenuating 
age-related telomere shortening in heart, vascular tissue, 
and lymphocytes, though the response of skeletal muscle to 
exercise training is less clear (14–17).

Contrary to most tissues, telomere length does not 
change with age in skeletal muscle, likely stemming from 
its postmitotic status and low cell turnover (18–23). Results 

from our laboratory have shown that skeletal muscle tel-
omere length is shorter from long-term exercise–trained 
animals compared with young and age-matched sedentary 
animals, indicating that skeletal muscle telomeres shorten 
in response to chronic physiological stress (20). In con-
trast, a recent publication indicates that the rate of telomere 
attrition is similar across all somatic tissues including skel-
etal muscle (2); however, this is a controversial finding 
and requires clarification. This study was cross-sectional 
in nature, and future longitudinal studies are required to 
validate these findings, as they are inconsistent with what 
this group and others have observed concerning telomere 
length with age in skeletal muscle (2,20,21,24). Literature 
about the mechanism(s) of how skeletal muscle telomeres 
can shorten despite the relatively low cellular turnover in 
adult muscles is not well established. In addition, a thor-
ough understanding of skeletal muscle fiber telomeres (not 
satellite cell or myoblast telomeres) cultured at physiologi-
cal oxygen tension (~5% O

2
) is lacking.

One well-studied and recognized factor associated with 
aging skeletal muscle is an increase in exposure of muscle 
fibers to reactive oxygen species (ROS) (25,26). The rate of 
telomere shortening in other tissues is accelerated in response 
to ROS exposure (27), yet how skeletal muscle telomeres 
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respond to ROS is unknown. Skeletal muscle is extremely 
sensitive to oxidative DNA damage because of low antioxi-
dant capacity compared with other tissues and deficiency in 
DNA repair enzymes (28). Telomeres, particularly the 5′-
GGG triplet, are extremely sensitive to oxidative DNA dam-
age (27,29) and are also refractory to repair (30). Thus, with 
aging, disease, or long-term physiological stress (ie, regular 
vigorous endurance exercise training), it could be possible 
that exposure to ROS at telomere DNA could induce DNA 
damage that could result in telomere shortening in skeletal 
muscle. Telomerase, which plays a role in maintaining tel-
omere length, and the telomere repeat–binding factors 1 and 
2 (TRF1 and TRF2) are critical in the response to DNA-
damaging agents (ie, oxidative stress) and may play a role 
in telomere length regulation in skeletal muscle following 
physiological stress (31–33). However, the response of skel-
etal muscle telomeres and telomere-regulatory components 
to oxidative stress per se is not known. To clarify the skeletal 
muscle telomere length contradiction, we investigated telom-
eres dynamics in an in vitro model of adult skeletal muscle 
using two strains of mice: one with short (CAST/Ei) and one 
with long (C57BL/6) telomeres. We hypothesized that oxida-
tive stress would decrease skeletal muscle telomere length, 
increase telomerase activity, and alter the protein content of 
telomere-maintaining proteins. Our results indicate that oxi-
dative stress results in shorter telomeres in adult skeletal mus-
cle in both short- and long-telomere–bearing mice, and that 
this was not associated with changes in telomerase activity.

Methods

Animals
All animal experiments were approved by the University 

of Maryland Institutional Animal Care and Use Committee 
and conformed to the National Institutes of Health’s Guide 
for the Use and Care of Laboratory Animals (NIH Pub. No. 
85-23, revised 1996). Twenty male CAST/Ei (Mus mus-
culus castaneus, 7–9 weeks old) and 15 male C57BL/6 
(Mus musculus, 8–10 weeks old) mice were purchased 
from Jackson Laboratory (Bar Harbor, ME). Animals were 
acclimated to the animal facility and randomly assigned to 
treatment groups. The animals were housed at 25°C on a 
12-hour light–dark cycle. Animals were fed ad libitum lab-
oratory mouse chow (Prolab RMH 3000, 5P00; LabDiet, 
Nestle Purina, Vevey, Switzerland) and given free access to 
water. The animals were anesthetized (3% isoflurane) and 
euthanized by exsanguination.

Single Muscle Fiber Isolation Procedure
Flexor digitorum brevis (FDB) skeletal muscles were 

dissected with a stereoscope (Trinocular Stereo 3.5X-90X 
model SM-2TZ; AmScope, Irvine, CA) in a sterile phos-
phate-buffered saline solution (pH 7.4, room temperature). 

Following dissection and removal of excess connective 
tissue, muscles were placed in dissociation media contain-
ing 10% fetal bovine serum (Gibco, Carlsbad, CA), 1% 
Pennstrep (PS; Invitrogen, Carlsbad, CA), with 5,000 units 
penicillin and 5,000 µg streptomycin in minimal essential 
medium (MEM; Gibco) with Liberase TM (13 Wunsch 
units/mL; Roche, Indianapolis, IN), a blend of type I and 
II collagenases. One FDB was placed in 2 mL of dissocia-
tion media in a 35-mm culture dish and then rested in a cell 
culture incubator for 90 minutes in ambient air (37°C, 5% 
CO

2
). After the 90-minute incubation, FDB muscles were 

rinsed of excess collagenase by a series of three 1-minute 
washes in 35-mm dishes containing prewarmed MEM sup-
plemented with 1% PS. The muscle was then placed into 
a single well of a six-well culture plate (Cell Star; Greiner 
Bio-One, Frickenhausen, Germany) with 2 mL of MEM 
supplemented with 1% PS and gently titrated until the mus-
cle was visibly dissociated. To reduce the incidence of mus-
cle fiber dedifferentiation and myoblast and/or fibroblast 
proliferation, fetal bovine serum was not used in the final 
culture media, as described previously (34).

Cell Culture and Single Muscle Fiber Treatments
After fibers from all animals were completely dissociated, 

six-well plates were placed into an airtight cell culture cham-
ber. In an attempt to culture skeletal muscle fibers at or near 
physiological conditions (PO

2
 in resting skeletal muscle is ~6–7 

Torr or ~1%), we reduced the oxygen levels to 2%–5% in an 
airtight cell culture chamber (35–37). To achieve low oxygen 
conditions, the chamber was flushed with a gas mixture for 5 
minutes (2% oxygen, 5% carbon dioxide, and 93% nitrogen) 
designed to replace the ambient oxygen level (21%) (~2%–5% 
as previously described (37)) and allowed to rest overnight in 
the 37°C cell culture incubator. The following day, the fibers 
were inspected and treated with randomly assigned culture con-
ditions (control = MEM, 1% PS + water as a vehicle; H

2
O

2
 = 1 

µM, in MEM + 1% PS; H
2
O

2
 + N-acetylcysteine [NAC] = 1 

µM H
2
O

2
 plus 100 µM NAC in MEM + 1% PS) for 5 days. 

For the C57BL/6 mice experiments, five animals were used for 
each treatment group, and for the CAST/Ei mice experiments, 
seven animals were used in the control group and six animals 
each in the H

2
O

2
 and combination of H

2
O

2
 and NAC treatment 

groups. Drug treatment conditions were determined during pre-
liminary experiments, and 1 µM H

2
O

2
 (Sigma, St Louis, MO) 

found to be the maximum dose tolerable for the duration of 
treatment (38). Treatments were replaced and the chamber re-
flushed with low oxygen gas mixture every 24 hours. Treatment 
with 1 µM H

2
O

2
 in cell culture media has been shown to induce 

intracellular concentrations of approximately 0.1 µM in skeletal 
muscle fibers, which is similar to the amount of ROS produced 
by FDB fibers (38). Because previous observations (39,40) 
indicated that telomeric responses may accumulate over time 
(ie, repeat exposure effect) and lead to telomere shortening, we 
treated our fibers for 5 days rather than with a single dose.
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The two FDBs from each animal were placed into sepa-
rate wells of a six-well plate and treated identically, and 
each treatment group consisted of fibers from at least five 
animals (exact sample sizes are reported in the Results sec-
tion). After 5 days of treatment, approximately 800 fibers 
per animal were removed via inspection using a stereo-
scope and 200-µL pipette and placed into four individual 
microcentrifuge tubes (~200 fibers/tube) for processing. 
Data were collected for each assay from approximately 
200 fibers per treatment group. Skeletal muscle fibers from 
C57BL/6 or CAST/Ei mice were pelleted (17,000g, 25°C 
for 5 minutes). Following centrifugation, the supernatant 
was removed, and lysis buffers for extraction of proteins, 
DNA, or RNA were added to the pelleted fibers and frozen 
at −80°C until further analysis (details below).

Fiber Width
Fiber width was quantified by measurement with a cali-

brated (pixels per millimeter) line tool (41). At minimum, 
nine fibers were counted per treatment group. Three meas-
urements of fiber width were made along the length of the 
fiber and then averaged to create the fiber width measure-
ment for each fiber. The width measures of each fiber were 
averaged to generate the treatment group averages.

Telomere Length
DNA was isolated from approximately 200 fibers and quan-

tified as previously described (15,42). Telomere length was 
measured using a quantitative PCR method based on the ratio 
of telomere repeat copy number (T PCR) to single-copy gene 
copy number (42). Between 12.5 and 20 ng of total genomic 
DNA was added to a reaction mixture as previously described 
(15). All samples were run in triplicate, with a standard curve 
and reference samples run on the T and S PCR plates to ensure 
linearity. Technical outliers between replicates were identified 
by a difference in critical threshold values greater than 3. The 
reference samples were from a previous study of CAST/Ei 
mice that had telomere length determined via telomere restric-
tion fragment analysis (TRF Southern blotting technique) to 
ensure accuracy of the assay (20,42). The intra-assay coef-
ficient of variation for the telomere repeat copy assay was 
2.5%, and the single-copy gene copy assay was 2.3%.

Telomerase
Isolated fibers were thawed on ice at 4°C and briefly cen-

trifuged in a bench-top centrifuge. Samples were lysed in 
200 µL of quantitative telomerase lysis buffer (Quantitative 
Telomerase Detection Kit; US Biomax, Rockville, MD) on 
ice with intermittent vortex mixing (every 15 minutes) for 1 
hour followed by centrifugation (12,000g, 4°C for 30 min-
utes). Following centrifugation, supernatants were removed 
and assayed for protein content using a bicinchoninic acid 
protein assay (Pierce, Rockford, IL). In addition, cells from 
a telomerase-positive human cancer cell line were treated 

as above and included as a positive control (HeLa, ATCC 
CCL-2; ATCC, Manassas, VA). For unknowns and HeLa 
control samples, 1 µg of extracted protein was added to the 
reaction mixture according to the recommendations of the 
manufacturer and as previously performed in our lab (20). 
Telomerase activity was determined using a commercially 
available kit utilizing the telomere repeat amplification pro-
tocol (Quantitative Telomerase Detection Kit). Beyond the 
kit-provided standards, heat-treated samples were assayed 
as negative controls. Heat-treated samples were concluded 
to be telomerase negative if the mean of the critical thresh-
old (Ct) for the heat-treated sample duplicates was 3 SDs 
above that of the telomerase-positive sample (15,20).

Immunoblotting
Prior to freezing, fibers were lysed in 300 µL of lysis 

buffer (100 mmol/L Tris [pH 6.8], 4% sodium dodecyl sul-
fate, 20% glycerol, and protease inhibitor cocktail; Complete 
mini EDTA-free; Roche). Lysates were thawed on ice for 1 
hour, and total protein content was determined as above. 
Fifty- (TRF2 and GAPDH) and 90-µg (TRF1 and GAPDH) 
samples were prepared for immunoblotting. Proteins were 
resolved on 10% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis gels, transferred to polyvinylidene fluo-
ride membranes and blocked for 30 minutes in 5% nonfat 
dry milk, and exposed to primary antibodies overnight at 
4°C as follows: TRF1 (C-19, SC 1977, 1:200; Santa Cruz 
Biotechnologies, Santa Cruz, CA), TRF2 (H-300, SC 9143, 
1:200; Santa Cruz Biotechnologies), and GAPDH (14C10 
Rabbit mAb #2118 1:1,000; Cell signaling, Beverly, MA). 
All products were visualized with horseradish peroxi-
dase-linked secondary antibodies using high sensitivity 
enhanced chemiluminescence (SuperSignal West Dura 
Chemiluminescent Substrate; Pierce) on the Gene Gnome 
(Syngene Bio Imaging, Fredrick, MD). Band intensities 
were analyzed by densitometry using ImageJ software (41).

Statistical Analysis
All values, unless otherwise stated, are presented as 

means ± standard error of the mean. Generalized linear 
models were used to analyze the data with SAS version 9.2. 
We collapsed all treatment groups and compared absolute 
values of each strain to assess strain differences. Treatment 
effects for each strain were determined with one-way 
analysis of variance. Tukey's honestly significant differ-
ence (HSD) was used to correct for post hoc comparisons. 
Differences were considered significant at p < .05.

Results

Single Muscle Fiber Morphology Is Not Altered by ROS 
Treatment

Because oxygen levels of cultured murine cells are 
related to increased DNA damage, reducing the exposure 
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of the skeletal muscle fibers to near physiological oxygen 
tensions allowed us to more accurately assess the effects 
of our oxidant exposure (43). No noticeable differences in 
single muscle fiber morphology between strains or among 
treatment groups were observed in the cultures (Figure 1). 
We quantified the width of the skeletal muscle fibers and 
found no differences between groups (C57BL/6: con-
trol = 0.02 ± 0.006 mm, H

2
O

2
 = 0.02 ± 0.004 mm, H

2
O

2
 +  

NAC = 0.03 ± 0.017 mm, p = .9; CAST/Ei: control = 
0.03 ± 0.006 mm, H

2
O

2
 = 0.02 ± 0.003 mm, H

2
O

2
 + NAC =  

0.03 ± 0.005 mm ± SD, p = .9). In addition, we did not 
observe any fiber dedifferentiation (ie, nuclei blebbing) or 
myoblast and/or fibroblast integration into single muscle 
fibers in any strain or treatment group.

Telomere Length Is Reduced in H
2
O

2
-Treated Adult 

Single Muscle Fibers
Telomeres were shortened (76%) in H

2
O

2
-treated fibers 

from C57BL/6 mice compared with control-treated fibers 
(p = .05). Telomere shortening was significantly attenuated 
by treatment with the antioxidant NAC (H

2
O

2
 vs H

2
O

2
 + 

NAC, p = .05; Figure 2), indicating a role of oxidative stress 
in telomere shortening. In CAST/Ei mice, H

2
O

2
 shortened 

telomeres (67%) compared with control (p = .04; Figure 2); 
however, antioxidant treatment did not result in attenuation 
of telomere shortening (H

2
O

2
 vs H

2
O

2
 + NAC; Figure 2).

Telomerase Enzyme Activity Was Not Altered by Oxidant 
Treatment in Muscle Fibers

As shown in Figure 3, H
2
O

2
 treatment did not result in 

any significant change in telomerase enzyme activity in 
either strain of mice, nor did the addition of NAC impact 
telomerase activity in either strain.

Oxidative Stress Treatment Resulted in Altered Protein 
Content of TRF1 and TRF2

Shelterin is a six-protein complex that binds telomere 
DNA and functions to regulate telomere length (31–33), 

protects chromosome ends from being recognized as bro-
ken DNA (32), and regulates telomerase action at the tel-
omere (44–46). From in vitro gain-of-function experiments, 
TRF1 has been shown to act as both a positive (lengthening) 
and negative (shortening) regulator of telomere length and 
is important in cell cycle progression (47). TRF2 is critical 
in prevention of a telomere-specific DNA damage response, 
telomere length regulation, and prevention of end-to-end 
fusions (32). Similar to TRF1, TRF2 in vitro and in vivo 
(rodent model) gain-of-function experiments have shown 
TRF2 to be a negative regulator of telomere length (48,49).

TRF1.—In C57BL/6 fibers, no differences in protein 
content of TRF1 between H

2
O

2
 or H

2
O

2
 + NAC treatments 

were observed (Figure  4). In the CAST/Ei fibers, no dif-
ferences in TRF1 protein content were observed between 
control and H

2
O

2
 (p = .5; Figure 4); however, CAST/Ei fib-

ers treated with a combination of NAC and H
2
O

2
 had sig-

nificantly greater TRF1 protein content than both control 
(p = .04) and H

2
O

2
-treated fibers (p = .01; Figure 4).

TRF2.—In C57BL/6 fibers, H
2
O

2
 treatment apparently 

(p = .1) resulted in increased protein content of TRF2 com-
pared with control (Figure 5) that was attenuated in H

2
O

2
 

+ NAC–treated fibers (p = .05; Figure 5), indicating a role 
of oxidative stress in the TRF2 response. In CAST/Ei fib-
ers, no significant alterations in TRF2 protein content were 
observed in either treatment group (Figure 5).

Strain Comparisons Reveal Differences in Telomere 
Length and Telomerase Activity but Not in Shelterin 
Protein Content

To determine strain differences in the telomere dynam-
ics, we compared C57BL/6 and CAST/Ei mice regardless 
of treatment. As shown in Table 1, typical laboratory mice 
(C57BL/6) had longer telomeres compared with wild-
derived CAST/Ei mice, confirming earlier reports (p < .01; 
Figure 2 and Table 1 (50)). C57BL/6 mice had significantly 
greater telomerase enzyme activity compared with CAST/
Ei (p < .01; Figure  3 and Table  1), similar to previous 

Days in Culture

C57Bl/6 

CONT H2O2 H2O2+NAC

5

CAST/ Ei

CONT H2O2 H2O2+NAC

Fiber Width (mm) 0.02 ± 0.002 0.02 ± 0.001 0.03 ± 0.004 0.03 ± 0.002 0.02 ± 0.001 0.03 ± 0.002

Figure 1.  Morphology of skeletal muscle fibers cultured at physiologic oxygen and treated with H
2
O

2
 with and without NAC for 5 days. Skeletal muscle fibers 

from both strains of mice were cultured in low oxygen conditions and treated for 5 days with H
2
O

2
 (1 µM), H

2
O

2
 (1 µM) plus N-acetylcysteine (H

2
O

2
 + NAC, 10 µM), 

or control (vehicle, water) treated. Treatments were replaced every 24 hours. Micrographs of C57BL/6 and CAST/Ei skeletal muscle fibers cultured over 5 days at 
low oxygen conditions. No visible differences were observed among treatment groups. Images were taken at 40× magnification from an inverted light microscope. 
Representative images are presented from each treatment group. CONT = control; H

2
O

2
 = hydrogen peroxide treated; H

2
O

2
 + NAC = hydrogen peroxide and NAC 

treated. Scale bar = 25 µm.
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findings (51). For both TRF1 and TRF2 protein content, no 
differences were observed between strains (TRF1, p = .4; 
TRF2, p = .7; Figures 4 and 5, respectively, and Table 1).

Discussion
We demonstrate for the first time in isolated adult skeletal 

muscle fibers of mice that oxidative stress exposure results 
in telomere shortening. The oxidant-induced telomere 
shortening was significantly prevented by antioxidant treat-
ment in the long-telomere–bearing C57BL/6 strain, but not 
in the short-telomere–bearing CAST/Ei mice, indicating 
potentially different mechanisms of oxidant-induced tel-
omere shortening between long- and short-telomere–bear-
ing mice. Because CAST/Ei mice have telomere length 
more similar to human telomeres, their response may more 
accurately depict what the response of telomeres following 
oxidative insult in human muscle fibers. Telomerase activ-
ity was not impacted by the treatments, but we describe 
differences in enzyme activity between typical laboratory 

(long telomere) and wild-derived (short telomere) strains 
of mice that impact interpretation of the data. Moreover, 
both TRF1 and TRF2 showed differential, strain-specific 
responses to oxidant and antioxidant treatment indicat-
ing strain-specific telomere dynamics in skeletal muscle. 
These results provide insights into the complex regulation 
of telomeres in postmitotic tissues and begin to clarify 
how age-associated increases in ROS may result in short-
ened telomeres in skeletal muscle and other differentiated 
tissues.

Current dogma states that telomeres shorten with replica-
tion and exposure to DNA-damaging agents (eg, ROS) cou-
pled with replication that results in accelerated shortening 
(27). Telomere shortening caused by either mechanism may 
result in telomeres reaching a critical length and causing 
telomere dysfunction and potentially cell and tissue dys-
function (52). Although this dogma holds true for aging of 
most human somatic cells, skeletal muscle cells most likely 
do not follow this pattern of age-related telomere attri-
tion. Our results and those of others have shown little to no 
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Figure 2.  Oxidative stress shortens skeletal muscle fiber telomere length. Skeletal muscle fibers from both strains of mice were cultured in low oxygen conditions 
and treated for 5 days with H

2
O

2
 (1 µM; C57BL/6 n = 5 mice, CAST/Ei n = 6 mice), H

2
O

2
 plus N-acetylcysteine (H

2
O

2
 + NAC, 10 µM and 1 µM H

2
O

2
; C57BL/6 n = 5 

mice, CAST/Ei n = 6 mice), or control (vehicle, water; C57BL/6 n = 5 mice, CAST/Ei n = 7 mice). (A) Telomere length as measured by T/S ratio. (B) Telomere length 
expressed relative to each strain’s control condition to show the relative change in telomere length. *Significantly different (p ≤ .05). Data are presented as means ± 
standard error of the mean. CONT = control; H

2
O

2
 = hydrogen peroxide treated; H

2
O

2
 + NAC = hydrogen peroxide and NAC treated. T/S ratio = telomere repeat copy 

PCR to single-copy gene PCR ratio. AU = arbitrary units. Analysis of variance with Tukey’s HSD post hoc tests were performed to determine statistical significance 
for each strain of mice. Approximately 200 fibers from each animal were analyzed (thus ~1,000 fibers [~200 fibers times the number of animals per treatment] per 
treatment were analyzed). Number of animals per treatment was used to determine degrees of freedom for each statistical test. HSD, honestly significant difference.
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Figure 4.  TRF1 protein content is not altered by oxidative stress treatment. Densitometric analysis and representative immunoblot images of TRF1 and GAPDH 
(a loading control) are shown. Data are presented as means ± standard error of the mean. All presented images are derived from the same immunoblot for each strain 
of mice. CONT = control; H
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2
 = hydrogen peroxide treated; H

2
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2
 + NAC = hydrogen peroxide and N-acetylcysteine treated. AU = arbitrary units. *Significantly 

different (p ≤ .05). Analysis of variance with Tukey’s HSD post hoc tests were performed to determine statistical significance for each strain of mice. Approximately 
200 fibers from each animal were analyzed (thus ~1,000 fibers [~200 fibers times the number of animals per treatment] per treatment were analyzed). Number of 
animals per treatment was used to determine degrees of freedom for each statistical test. HSD = honestly significant difference.
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Figure 3.  Oxidative stress does not alter telomerase enzyme activity in skeletal muscle fibers. Overall comparison between strains revealed greater telomerase 
enzyme activity in C57BL/6 compared with CAST/Ei animals (p < .01). HeLa control telomerase activity was 0.018 ± 0.0045 amol per microgram of protein. Data are 
presented as means ± standard error of the mean. CONT = control; H

2
O

2
 = hydrogen peroxide treated; H

2
O

2
 + NAC = hydrogen peroxide and N-acetylcysteine treated. 

Amol = attomoles. Analysis of variance with Tukey’s HSD post hoc tests were performed to determine statistical significance for each strain of mice. Approximately 
200 fibers from each animal were analyzed (thus ~1,000 fibers [~200 fibers times the number of animals per treatment] per treatment were analyzed). Number of 
animals per treatment was used to determine degrees of freedom for each statistical test. HSD = honestly significant difference.
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age-related telomere shortening in skeletal muscle of healthy 
older mammals, both human and rodent (19,20). However, 
a recent report has indicated that the rate of telomere short-
ening in human skeletal muscle is similar to that of other 
tissues, such as lymphocytes (2). Recent reports and data 
from our lab have shown skeletal muscle telomere shorten-
ing in skeletal muscle homogenates from mice and humans 
that have undergone chronic exercise training (20,53). In 
addition, we have recently observed that a single bout of 
treadmill exercise produced a stress response that resulted 
in Trf1 downregulation in skeletal muscle (40). These data 

indicate that skeletal muscle telomeres are responsive (ie, 
shorten) to physiological stressors. The current data sup-
port the notion that the cellular environment induced by 
aging (ie, increased ROS production) may also contribute 
to changes in skeletal muscle telomere phenotype.

Telomere Length Shortens in Skeletal Muscle Under 
Oxidative Stress

In vivo, it is thought that telomere length in skeletal mus-
cle only shortens when the satellite cells are induced to divide 
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Figure 5.  TRF2 protein content is increased in response to H
2
O

2
 in C57BL/6 muscle fibers. Densitometric analysis and representative immunoblot images of 

TRF2 and GAPDH are shown. GAPDH was a loading control. All presented images are derived from the same immunoblot for each strain of mice. Data are pre-
sented as means ± standard error of the mean. CONT = control; H

2
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2
 = hydrogen peroxide treated; H

2
O

2
 + NAC = hydrogen peroxide and N-acetylcysteine treated. 

AU = arbitrary units. *Significantly different (p ≤ .05). Analysis of variance with Tukey’s HSD post hoc tests were performed to determine statistical significance 
for each strain of mice. Approximately 200 fibers from each animal were analyzed (thus ~1,000 [~200 fibers times the number of animals per treatment] fibers per 
treatment were analyzed). Number of animals per treatment was used to determine degrees of freedom for each statistical test. HSD = honestly significant difference.

Table 1.  Animal Characteristics and Strain Comparisons

Strain Age (wk) Body Mass (g)
Telomere Length (T/S 

ratio)
Telomerase Activity 

(amol/µg) TRF1 (AU) TRF2 (AU)

C57BL/6 9.5 ± 0.1 23.8 ± 0.3  2.6 ± 0.5 1 × 10–4 ± 2 × 10–5 0.43 ± 0.2 0.05 ± 0.01
CAST/Ei 7.7 ± 0.1* 13.5 ± 0.2* 0.75 ± 0.5* 1 × 10–5 ± 2 × 10–5* 0.76 ± 0.2 0.04 ± 0.01

Notes: Amol = attomoles; AU = arbitrary units; T/S ratio = telomere copy PCR to single-copy gene PCR ratio. Data are presented as mean ± standard error of the 
mean. Age was significantly different between strains but not within strain between treatment groups (data not shown). C57BL/6 data were collected on a total of 
15 male animals and ~200 fibers per assay per animal, thus each assay contains data from ~3,000 fibers. CAST/Ei data were collected on a total of 20 male animals 
and ~200 fibers per assay per animal, thus each assay contains data from ~4,000 fibers. TRF1 and TRF2 protein content was normalized to GAPDH. The arbitrary 
units for TRF1 and TRF2 were calculated as the ratio of TRF protein to GAPDH protein for a specific series of immunoblots, and thus the quantity of arbitrary units 
cannot be compared between the two proteins. Student’s paired t tests were used to compare mouse strains with animal number used to calculate degrees of freedom. 
Statistical significance was accepted at *p < .05
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and incorporate into existing fibers (54), such that nuclei with 
shorter telomeres accumulate in the tissue over time. This type 
of telomere shortening is only observed in skeletal muscles from 
diseases associated with increase degeneration–regeneration 
cycles, such as Duchenne muscular dystrophy (18,22,54,55). 
Instead, we show for the first time, similar to other tissues 
(56,57), that oxidative stress can cause telomere shortening in 
skeletal muscle fibers. Interestingly, treatment with the antioxi-
dant NAC attenuated telomere shortening in skeletal muscle 
fibers of C57BL/6 mice but not in CAST/Ei fibers. Intrinsic 
differences in telomere length and telomere dynamics between 
the strains could underlie this differential response. Further, 
because CAST/Ei mice have telomere lengths similar to human 
tissues (50), the fibers from these animals may be responding 
to oxidative stress in a similar fashion to how human skeletal 
muscle telomeres may respond to ROS. The differential results 
between the CAST/Ei and C57BL/6 strains could be due to 
genotype or differences in telomere length (3,58). Mammalian 
species with short telomeres tend to have an enhanced capac-
ity to resist and/or to repair oxidative damage, whereas long-
telomere–bearing species tend to lose telomere length more 
readily (3). However, because both strains had similar telomere 
shortening responses (76% and 67%) to oxidative insult, it is 
difficult to determine if this particular wild-derived rodent strain 
has a higher resistance or propensity to repair oxidative dam-
age compared with the long-telomere–bearing C57BL/6 strain. 
These data could indicate that rodents, regardless of telomere 
length, tend to lose telomere length more readily compared 
with other mammalian species (3). However, because the anti-
oxidant treatment rescued the telomere shortening observed in 
the long-telomere–bearing mice but not in the short-telomere–
bearing mice, this likely indicates that the telomeres shortened 
via different mechanisms between the mouse strains. The 
long-telomere–bearing mice likely lost telomere length due to 
oxidant-induced DNA damage to the telomeres, whereas a dif-
ferent mechanism likely caused the telomere shortening in the 
short-telomere–bearing mice, such as cellular proliferation of 
fiber-associated satellite cells in response to both cell culture 
treatments. However, future experiments will be needed to test 
this hypothesis because proliferation was not directly assessed 
in the current study. The relatively recent inbreeding of the 
CAST/Ei strain compared with the long-term inbreeding of the 
C57BL/6 strain could represent evolutionary divergence within 
the species (3,50,59) may also explain the differential results. 
Overall, we report that ROS is indeed a possible mechanism 
for telomere shortening in adult skeletal muscle fibers of both 
typical and wild-derived strains of mice, though the dynamics 
of this shortening are strain specific.

Telomerase Enzyme Activity Is Not Increased in Single 
Muscle Fibers Exposed to Oxidative Stress

Previous studies have reported ambiguous results regard-
ing telomerase enzyme activity following oxidative stress 
treatments across a range of tissues (60–63). Interestingly, 

we report no effect of oxidant challenge on telomerase activ-
ity, but that telomerase activity is greater in muscle fibers of 
C57BL/6 compared with short-telomere–bearing CAST/Ei 
mice, supporting previous findings (51). Our results confirm 
those of Cattan and coworkers (64) who showed that telom-
erase enzyme activity was not increased in skeletal muscle 
of CAST/Ei animals exposed to oxidative stress (long-term 
glutathione depletion). The low levels of telomerase enzyme 
activity detected in skeletal muscle likely is originating from 
the satellite cells associated with the isolated fibers and is 
tightly regulated in a cell cycle–dependent fashion (21). 
This could indicate that telomerase activity in satellite cells 
of skeletal muscle of these mice is detectable, but extremely 
low compared with other tissues and, therefore, plays a min-
imal role in skeletal muscle fiber telomere dynamics.

TRF Protein Content Is Altered in Response to Oxidative 
Challenge but Differs by Strain

Several recent studies have observed altered expression of 
TRF1 and TRF2 induced by multiple stimuli (16,17,65,66). 
We have previously shown that Trf1 gene expression was 
reduced with acute exercise in skeletal muscle (40). In 
chronically exercised animals, exercise prevented an age-
associated increase in TRF1 protein content and an age-
associated decrease in TRF2 gene expression and protein 
content in skeletal muscle (20). These results indicated the 
physiological stressors can induce changes in the expres-
sion telomere-binding proteins.

In the present study, we show that TRF1 protein content is 
not influenced by oxidative stress treatment in skeletal mus-
cle fibers of C57BL/6 mice. In the CAST/Ei fibers, oxidative 
challenge alone did not change TRF1 protein content, but the 
combination of antioxidant and oxidative stress increased 
TRF1 protein content; however, this result is difficult to 
interpret without an antioxidant-only group. A study of skel-
etal muscle from Duchenne muscular dystrophy patients (a 
condition associated with increased skeletal muscle ROS) 
compared with control skeletal muscle showed that TRF1 
protein was increased along with shortened telomeres (67). 
We hypothesize that short-telomere–bearing mammals 
(humans and CAST/Ei mice) may preferentially upregu-
late TRF1 under stress, whereas long-telomere–bearing 
mammals (C57BL/6) do not upregulate TRF1 to stabilize 
telomere length in skeletal muscle. Future antioxidant dose–
dependent experiments are needed to clarify these findings.

TRF2 protein content was increased in H
2
O

2
-treated skel-

etal muscle fibers of C57BL/6 animals compared with com-
bination of oxidant- and antioxidant-treated fibers. TRF2 
content was not altered in CAST/Ei control fibers in any 
treatment group. These data suggest that TRF2 may be asso-
ciated with the response of ROS-induced telomere shorten-
ing in C57BL/6 skeletal muscle. TRF2 was not induced in 
short-telomere–bearing mice, possibly related to underlying 
differences between strains in either telomere biology and/
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or antioxidant capacity. Together, these data indicate that 
oxidative stress–related signaling may be important for the 
regulation of TRF1, TRF2, and telomere length in rodents.

Several limitations of the current study should be pointed 
out. We did not directly assess proliferation of muscle-
associated satellite cells or other doses of antioxidant treat-
ment that would significantly improve the interpretation of 
this study’s data. Further, we cannot rule out the possibility 
that the oxidant treatment induced cellular senescence of 
the fiber-associated satellite cells. We also cannot address 
whether telomere length shortened due to proliferation 
or DNA damage–induced mechanisms, both of which are 
exciting topics of future investigation. That being said, we 
have devised a novel tissue culture model system to study 
the effects of oxidative stress on telomere length between 
short- and long-telomere–bearing strains of mice. These ini-
tial studies provide the basis for future mechanistic studies 
of skeletal muscle fiber and satellite cell telomere dynamics.

Thus, aging and increased ROS production in skeletal 
muscle by any number of mechanisms including disease and 
muscle contraction may result in telomere shortening, such 
as that observed in our current investigation. In summary, we 
describe that ROS results in telomere shortening in skeletal 
muscle fibers of mice, but with strain-specific responses. 
These data indicate important strain differences in the 
response of telomeres and telomere-related proteins that may 
be driven by intrinsic differences related to telomere length 
and/or antioxidant enzymes or other unknown factors. We 
suggest a potential mechanism by which increased oxidative 
stress could induce telomere shortening in skeletal muscles.
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