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ABSTRACT

Parcell, AC, Woolstenhulme, MT, and Sawyer, RD. Structural

protein alterations to resistance and endurance cycling exercise

training. J Strength Cond Res 23(2): 359–365, 2009—The

muscle cytoskeleton is necessary for the effective transmission

of forces generated by actin-myosin interactions. We have

examined the impact of muscle force and exercise volume on

the cytoskeleton by measuring desmin and dystrophin content

in human skeletal muscle after 12 weeks of progressive

resistance or endurance cycle training. Muscle biopsies of the

vastus lateralis were obtained before and after training. Desmin

and dystrophin content was determined using immunoblotting

techniques. After resistance training, desmin content increased

82 6 18% (p, 0.05), whereas there was no change in desmin

content with endurance cycling. Dystrophin content did not

change in either group. One-repetition maximum and _VO2max

increased (p , 0.05) in the resistance and endurance groups,

respectively. These data demonstrate that a high-tension

stimulus impacts the cytoskeleton in contrast to high-volume

concentric contractions. The tensile loading and eccentric

components of resistance training are implicated in desmin

alterations. Indeed, the functional improvements resulting from

resistance training may be related in part to the mechanical

integration provided by the desmin protein.
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INTRODUCTION

A
n important function of cytoskeletal proteins is to
transmit forces generated by the actin-myosin
cross-bridge. The absence or mutation of cyto-
skeletal proteins will compromise whole-muscle

function. Two structural proteins that have a major impact on
muscle function are the intermediate filament protein desmin
and the subsarcolemmal protein dystrophin. Desmin and
dystrophin have been shown to respond acutely to eccentric

overload, but their response to chronic contractile activity is
less understood (3,17,19,31). Recent research suggests they
may play a role in the improved muscle function that occurs
in response to resistance and sprint cycle exercise training
(4,28).
Desmin (53 kd) is an intermediate filament found in skeletal,

cardiac, and smooth muscle and is an important protein for
the mechanical integration of the cell (13). We have previously
shown that improvements in whole-muscle function are
associated with increases in desmin (28). Conversely, the
absence of desmin results in a reduction in maximum tetanic
forces and a reduced capacity to tolerate isometric stress and
subsequent eccentric contraction (2,16,21,25). It is clear that
desmin is critical for integrating the intracellular aspects of
skeletal muscle to provide effective transmission of forces
generated by actin-myosin interactions.
Dystrophin (427 kd) is a critical component of the

costamere. Dystrophin and its associated proteins in the
costamere provide linkages between the intermediate fila-
ment structure of the sarcomere and the sarcolemma and
extracellular matrix. The absence or mutation of dystrophin
and/or its associated proteins result in various forms of
muscular dystrophy in which the functional and regenerative
capacity of skeletal muscle is severely compromised (6).
Cytoskeletal adaptations may support force transmission

and enhance structural integrity in mature muscle, thus
improving force production and, possibly, protection from
eccentric damage (17). The eccentric component of resis-
tance exercise training may be an important variable for these
adaptations. Although the cyclic submaximal contractions
associated with cycling training improve metabolic function,
the concentric nature of the contractions may not stimulate
the meaningful force transmission and structural integrity
adaptations to the cytoskeleton. Considering the benefits of
improved force transmission and increased structural in-
tegrity, understanding the impact of different training stimuli
on the cytoskeleton would improve support for the pre-
scription of a well-rounded exercise regimen that would
incorporate the aerobic benefits of cyclic submaximal
concentric contractions as well as the eccentric aspect of
resistance overload to result in a more comprehensive and
functionally beneficial adaptation of the whole muscle.
Physical inactivity negatively impacts health, whereas

resistance and endurance exercise can improve our quality
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of life by increasing muscular strength (1) and aerobic
capacity (10). Cytoskeletal responses to the loading of
skeletal muscle seem to be an integral part of the adaptive
process in response to training (28). Nevertheless, our
understanding of the stimuli that elicit adaptations in the
muscle cytoskeleton is still limited. A broader understanding
of the adaptive responses of structural proteins in human
skeletal muscle to various overload stimuli will improve our
ability to design effective exercise regimens to enhance our
functional capacity. The purpose of this investigation was to
measure the impact of 12 weeks of progressive high-tensile
concentric/eccentric vs. high-volume concentric muscle
contraction exercise training on desmin and dystrophin
protein in previously untrained subjects. We hypothesized
that the high-tensile loading of resistance exercise would
produce greater increases in cytoskeletal protein content
than would the high-volume overload of aerobic cycling.

METHODS

Experimental Approach to the Problem

The specific aim of the current study was to demonstrate that
the high-tension overload associated with a standard pro-
gressive resistance training program would result in a greater
increase in the cytoskeletal proteins desmin and dystrophin
when compared with a standard progressive endurance
cycling program. Previous data suggested that the high
tension and eccentric aspect of resistance exercise would
result in the hypothesized changes to desmin and dystrophin
content. To this end, we assigned 2 groups of 6 subjects to
appropriate resistive or endurance exercise regimens, and we
assessed strength and cardiovascular parameters pre- and
posttraining to demonstrate expected functional adaptations
to the specific training perturbations. To assess muscle
cytoskeleton changes, muscle biopsies of the vastus lateralis
were obtained before and after the training programs.

Subjects

Subjects in this study were normally active, untrained college-
agemen recruited from the local student population (height =
1706 5 vs. 806 3 cm, weight = 736 18 vs. 776 13 kg, age =
236 1 vs. 236 1 years for subjects in the endurance training
[ET] vs. resistance training [RT] groups, respectively; mean6
SE). Subjects were considered untrained as defined by not
having participated in regular resistance training and/or
endurance training for at least 1 year before the study. Before
participation, subjects were informed as to the risks
associated with the research and signed an informed consent
document that had been approved by the university’s human
subjects institutional review board.

Procedures

Training. Subjects were randomly assigned to 1 of 2 training
groups: ET (n = 6) or RT (n = 6). Subjects trained on a cycle
ergometer (Monarch 818E, Stockholm, Sweden), 3 sessions
per week for 12 weeks. During the first 2 weeks, the subjects
cycled at 70 rpm at resistance levels eliciting approximately

60–65% _VO2max for 30 minutes. Training progressed to
90 minutes at 75–80% _VO2max during weeks 11 and 12. To
ensure a progressive training stimulus, _VO2max was assessed
and training intensity was adjusted appropriately every
4 weeks.
The subjects resistance trained 3 times per week, with 48

hours of rest between sessions, for 12 weeks. Resistance
training consisted of 3 lower-body exercises: leg press (LP),
knee extension (KE), and hamstring curl (LC) (Body Masters
Sports Industry Inc., Rayne, La). After a 5-minute warm-up,
subjects performed 2warm-up sets of 4 reps on the leg press at
70% 1-repetition maximum (RM). Initially, subjects per-
formed 1 set of each exercise at their estimated 10RM (75%
1RM), increasing to 3 sets by the end of week 2. By weeks 9–
12, subjects were performing 4 sets of their 6RM. Subjects
recovered for 2 minutes between each set. When a subject
completed all sets for an exercise, the resistance was increased
by 22 kg (LP) or 11 kg (KE, LC) for the subsequent session to
ensure a progressive overload.
To assess the overload stimulus in RTand ET, estimates of

average force and work output for each training week were
calculated (Figures 1 and 2). Force (N) for KE considered the
angular displacement of the lower leg during the lift and the
radius of the machine pulley with the prescribed sets, reps,
and weight lifted (kg). For LP, the linear displacement of the
weight sled and sets, reps, and weight lifted (kg) was con-
sidered. Pedal force for ET was estimated by first generating
a kilojoules-per-workout value, which was calculated based
on the average joules generated and the accumulated time of

Figure 1. The average weekly total force per repetition produced when
combining leg press (LP) and knee extension (KE) workout resistances
for the resistance training (RT) group. For the endurance training (ET)
group, it is the estimated average total per pedal stroke force for each
week.
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the exercise routine. Kilojoules per workout were then
multiplied by the estimated total number of revolutions,
assuming adherence to 70 rpm as prescribed, which
produced a newton-meters-per-revolution value. Newton-
meters-per-revolution were divided by the crank arm length
to generate an estimated pedal force measurement (N).

Performance Testing. During the initial visit, subjects were
tested for anthropometric measures and _VO2peak. Twenty--
four hours later, 1RM strength was assessed for the LP, KE,
and LC, and a muscle biopsy was taken from the vastus
lateralis on the following day. Training was initiated at least
48 hours after the pre biopsy. Posttesting was conducted in
the same order.
Each subject’s _VO2peak was measured (TrueMax 2400

Metabolic Measurement System, Parvo Medics, Salt Lake
City, Utah) during an incremental cycle ergometer test.
Subjects cycled (Lode Excalibur, Lode, Groningen, The
Netherlands) at a beginning resistance of 125Wat 60–70 rpm
for 3 minutes. The resistance was then increased by 25 W
each minute until volitional exhaustion.
Subjects were tested for their 1RM strength in each of the

3 resistance training exercises. The testing session began with
a 10-minute warm-up on a cycle ergometer set at 50 W,
followed by an active warm-up for the respective exercise
consisting of 5 reps at an estimated 50% of 1RM, 3 reps at 70%
1RM, and 1 rep at 85% 1RM, with 1–2 minutes of rest
between sets. During 1RM attempts, the weight was
increased after each successful lift (22 kg for LP and 11 kg
for LE and LC) until the 1RM was reached and the
subsequent attempt failed. Subjects rested for 3 minutes
between each attempt.

Muscle Sampling. Percutaneous needle biopsy samples were
taken from the right vastus lateralis of each subject before and
after the training program. Samples were dissected free of
connective tissue and immediately frozen and stored in liquid
nitrogen until analysis. Posttraining biopsies were taken at
approximately 1 cm proximal to the pretest site.

Immunoblotting. Desmin and dystrophin were measured using
immunoblotting procedures as previously reported (28).
Briefly, samples of approximately 20 mg of muscle were
homogenized with a polytron in sample buffer (18 ml of
buffer/1 mg of tissue) consisting of 6 mg�ml21 EDTA, 0.06 M
tris (hydroxylmethyl) aminomethane, 1% SDS, 15% glycerol,
5% ß-mercaptoethanol, and 2 mg�ml21 bromophenol blue.
Samples were heated at 100� C for 2 minutes. Four micro-
liters of each sample (1:3.5 dilution) were loaded onto a 12%
polyacrylamide mini gel (Bio Rad, Hercules, Calif ). Gels
were run at 200 V for 45 minutes. Proteins were transferred to
nitrocellulose paper for 50 minutes at 350 mA. Proteins on
the blots were blocked in 5% milk PBST solution for 1 hour.
Blots were incubated overnight at 4� C (16 hours) with
antidesmin (D33, 1:1000; Dako, Carpenteria, Calif ) antibody.
Blots were incubated with the secondary antibody, anti-
mouse IgG labeled with horseradish peroxidase (1:1500;
Vector Laboratories, Burlingame, Calif ) for 1 hour at room
temperature. Protein bands were detected with chemilumi-
nescence (ECL; Amersham Pharmacia Biotech, Piscataway,
NJ) (28) and analyzed with densitometry (Un-Scan-It gel
software, version 4.3, Silk Scientific, Orem, Utah). Blots were
run in triplicate; thus, each sample appeared on 3 separate
blots, and an average of these 3 values was taken. Desmin
data are presented as percentages of change from the pre
values. Protein bands were verified to be within the linear
range for the antibody dilutions used by constructing
standard curves, as previously described (27).
For dystrophin, an aliquot of 4 ml of homogenate solution

was loaded onto a 4% polyacrylamide mini gel. All immuno-
blotting procedures were done as described above. The
primary antibody was antidystrophin (MANDRA1, 1:2000;
Abcam, Cambridge, Mass), and the secondary antibody was
rabbit antimouse IgG labeled with peroxidase (1:1500;
Abcam). Band densities were detected with chemilumines-
cence and quantified with densitometry as described above.
Data are presented as percentages of change from the pre
values. Band density was analyzed with Un-Scan-It gel soft-
ware. Desmin and dystrophin protein levels were normalized
to the pretraining band on the same blot, and data are
presented as percentages of change from pre- to posttraining.
Representative immunoblots are shown in Figure 3.

Statistical Analyses

Pre- and posttraining results for desmin, dystrophin, and
performance data were analyzed using a general linear model
analysis of variance with repeated measures, comparing
group-by-time interactions. Significant differences were

Figure 2. Average work outputs for a week of exercise sessions for the
resistance training (RT) and endurance training (ET) groups.
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located using a Tukey-Kramer post hoc analysis. Significance
was set at an alpha level of 0.05. Data are presented as
mean 6 SE.

RESULTS

Training Overload

Average force generated during the first week of lifting and
cycling trainingwas 20466 94 and 7696 17N for RTand ET,
respectively (Figure 1). This increased to 3264 6 127 N for
RTand 1080 6 17 N for ETduring the last week of training.
Work (kJ) output was calculated from displacement and

weight for RT and from average joule output from the cycle
ergometer for ET. Training work output during the first week
averaged 16 6 0.8 and 275 6 6.0 kJ for RT and ET,
respectively (Figure 2). For the 12th week of training, work
output averaged 52 6 2.0 kJ for RTand 1156 6 52 kJ for ET.

Desmin and Dystrophin Content

In response to the resistance overload, desmin content
increased by 82 6 18% (p , 0.05) over the pre value in RT,
but there was no change in ET (346 28%, p, 0.05; Figures 3
and 4). Dystrophin levels remained unchanged in both
groups after the training stimulus.

Performance Testing

Muscular strength was similar between both groups for all
exercises before beginning training. The RT group experi-
enced a significantly greater increase in 1RM strength
compared with pre values and ET for all 3 exercises: for

LP, 1886 11 to 2846 12 kg (651%) and 1876 12 to 2076 16
kg (611%); for KE, 936 3 to 1206 5 kg (629%) and 916 3
to 946 3 kg (3%); and, for LC, 926 2 to 1086 2 kg (17%) and
896 1 to 926 5 kg (3%), respectively (p , 0.05). There was
no significant change in 1RM strength for any exercise in the
ET group.
Before training, _VO2peak was 45 6 2 and 46 6 2

ml�kg21�min21 in RT and ET, respectively. Post training,
ET experienced a significantly greater increase in _VO2peak
compared with pre values and RT: 52 6 2 (12%) vs. 46 6 2
ml�kg21�min21 (0%), respectively (p , 0.05).

DISCUSSION

Severe eccentric loading of skeletal muscle results in muscle
damage and has been associated with the loss of desmin and
dystrophin immunohistochemical staining in humans and
animals (3,18). Less severe eccentric contraction models
employed in humans seem to result in an acute remodeling of
the desmin cytoskeleton rather than a loss of the protein
(29,30). These findings clearly indicate that the muscle
cytoskeleton is responsive to muscle contraction; however,
a limitation in some of the current studies examining
cytoskeletal protein responses is their reliance on contraction
models using only heavy eccentric loading, which may not be
considered representative of an adaptive type of stimulus
normally used to improve functional capacity in humans.
In the current study, we have demonstrated that a normal

resistive training overload is associated with increases in the
intermediate filament protein desmin, whereas a high-volume
concentric training protocol does not alter desmin or
dystrophin concentrations (Figure 4). We suggest that the
high tension and eccentric aspects of progressive resistance
exercise are important components of an effective adaptive
stimulus for the desmin cytoskeleton.

Figure 3. Representative desmin and dystrophin immunoblots.

Figure 4. Relative changes in desmin and dystrophin following resistance
and endurance training.
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Desmin filaments connect myofibrils at the level of the Z-
disk, and this connection is extended to the sarcolemmal
surface via interactions with other cytoskeletal proteins
(14,22–24). The absence of desmin in skeletal muscle results
in reduced force-generating capacity (2,16,21) and has been
shown to impair voluntary physical activity in rodents (9).
Increases in desmin content have been observed after a

single bout of damaging contractions in human subjects,
demonstrating that a high-tensile eccentric overload of
skeletal muscle may, in part, mediate desmin alterations.
Nevertheless, these acute exercise regimens do not represent
what might be considered a normal adaptive overload type of
stimulus (7,29). In the current study, subjects in the RTgroup
demonstrated an 826 18% increase in desmin content of the
vastus lateralis in response to training. This was accompanied
by notable increases in force production. In contrast to RT
and despite significant improvements in oxygen uptake, ET
subjects who completed 12 weeks of cycle ergometer training
did not show changes in desmin content. Figures 1 and 2
clearly show the differences between average weekly force
and work, respectively, that were experienced by subjects in
RT and ET. Apparently, the progressive increase in lower-
tension, concentric work volume in ETwas insufficient to elicit
a significant adaptation from the desmin cytoskeleton, whereas
the higher tension in RT returned a robust desmin response.
This discrepancy is likely a function of the activation of the

signaling pathways influencing the expression of the desmin
protein. In skeletal muscle, the desmin gene is regulated by an
upstream myocyte enhancer factor-2 (MEF2) binding site
(12). The effectiveness of the transcription factor, MEF2, is
impacted by the presence of the myogenic regulatory factor,
MyoD (20). Interaction between MEF2 and MyoD has been
implicated in the regulation of the desmin gene (15).
Interestingly, Kadi et al. (11) have shown that after 30
minutes of cycling at 75% _VO2max, there is no change in
MyoD protein content in human skeletal muscle, whereas
resistance exercise results in a robust increase in MyoD
protein content (26).
In support of the notion that tensile overload as opposed to

work volume is an important stimulus for cytoskeletal adapta-
tions, we have reported previously that high-intensity cycle
ergometry training employing a concentric stimulus was
effective at increasing desmin (28). In this study, previously
untrained subjects underwent 8 weeks of progressive, high-
intensity sprint cycle training. Sprint training bouts lasted
only 15 seconds but were performed at maximal intensity. In
response to this low-volume, high-tension concentric
training, subjects demonstrated a 60% increase in desmin
content of the vastus lateralis. These intermediate filament
protein changes were accompanied by significant improve-
ments in sprint performance. These findings and those from
the current RT subjects implicate the role of tension overload
in desmin adaptations. The different magnitude of desmin
changes between the sprint and resistance training studies
may be explained by tension-level and contraction-type

discrepancies. Examination of the role of exercise dose and
eccentric contractions in chronic cytoskeletal responses is
warranted.
Inasmuch as dystrophin forms an integral part of the

costamere that mediates the connection of the myofibrillar
structures to the sarcolemma and extracellular matrix, one
may expect changes in this protein with tension overload and
strength adaptations. In contrast to our hypothesis, dystrophin
content was unchanged in response to 12 weeks of progressive
resistance or endurance exercise training. This finding is
counterintuitive, considering the importance of dystrophin in
withstanding tensile forces placed on muscle fibers during
contraction, especially with the resistance exercise mode.
Previous histochemical analyses of human and animal

skeletal muscle have documented acute alterations in dystro-
phin staining and distribution after severe eccentric contrac-
tion interventions (3,19). These data clearly suggest the
possibility of an adaptive response in this structural protein.
Work-induced hypertrophy results in the addition of myo-
fibrils in parallel (8), which would seem to necessitate in-
creased desmin to secure the new myofibrils; however, such
an adaptive response may not require increased amounts of
dystrophin, possibly because the number of outer myofibril-
sarcomere Z-line attachment points may not increase.
Chopard and colleagues (4,5) have reported differential

responses in dystrophin protein content in animal and
human muscle tissue after prolonged periods of inactivity. Six
weeks of hind limb suspension in rats resulted in a reduction
in dystrophin content in the slow-twitch soleus muscle with
a concomitant increase in dystrophin content within the fast-
twitch extensor digitorum longus muscle. In humans, 84 days
of bed rest resulted in increases in dystrophin content in the
soleus and vastus lateralis muscles. Remarkably, the addition
of a resistance exercise countermeasure to one of the bed rest
groups attenuated the increase in dystrophin in the soleus
muscle. The largely descriptive nature of Chopard et al.’s
work precludes any substantive explanation for the observed
changes, but it does demonstrate the adaptability of the
dystrophin protein and implicates a role for fiber type in this
response.
Potential limitations in the current study include the use of

a weight/volume dilution in themuscle sample preparation as
opposed to a total protein value. Although weight/volume
dilutions only before protein analyses are not uncommon in
the current scientific literature, it is possible that some level of
unknown variation in total protein concentrations in our
samples may have been present, because we did not confirm
protein content. In addition, we did not compare sample
measurements against a protein standard; rather, we made
our comparisons between pre/post samples within groups
using the pre value as a baseline. Although there is
a commercially available protein standard for desmin (we
have published this in a previous investigation), there is not
a dystrophin standard available. In this light, we opted to treat
both proteins similarly. Obviously, with this method we
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cannot quantify absolute protein changes, but we do feel
confident that the current pre/post comparisons allow us to
make reasonable assessments of relative changes in protein
concentrations. These data were interpreted with these
limitations in mind.
In summary, we report that the intermediate filament protein

desmin is increased in response to progressive resistance
training and that this protein increase occurs in conjunction
with improvements inwhole-muscle forceproduction charac-
teristics. However, desmin protein content is not changed by
endurance cycle training. The differences between modes of
exercise implicate the eccentric contraction and high-tensile
loading components of resistance exercise. In contrast, there
were no changes in dystrophin content regardless of exercise
mode, despite the increased force capacity associated with
resistance exercise. We conclude that alterations in the
cytoskeleton are part of the normal adaptive process in
response to a high-tension training overload, and we suggest
that improvements in the force-generating capacity of trained
muscle may be, in part, a function of enhanced cytoskeleton-
supported force transmission at the myofibril level.

PRACTICAL APPLICATIONS

Adaptive responses in the human body are related to the
mode of exercise and the magnitude of the overload stimulus.
Improvements in endurance capacity require prolonged,
submaximal physical efforts, whereas increased muscular
strength demands short, repeated, near-maximal contrac-
tions. Our knowledge of the cellular metabolic and
hypertrophic signals and responses may focus and refine
our exercise prescriptions for individuals endeavoring to
improve physical performance.
Previous literature clearly demonstrates that the muscle

cytoskeleton is important in protection from muscle cell
damage and effective contractile force transmission. We
have previously shown that high-force concentric loading
increases desmin content in muscle. Our current data show
that the intermediate filament protein desmin is increased to
a greater extent in response to high-force overloading of the
muscle with an eccentric component and that low-force
concentric loading has no effect on desmin content. From the
current data, we suggest that the greatest benefits to muscle
cell integrity and force transmission require high forces with
an eccentric component, and, therefore, this type of
contraction programming should be an aspect of any well-
rounded muscular fitness program.
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