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Contractile filaments of skeletal muscle are maintained in

a highly ordered structure by a set of specialized proteins.

This structural organization allows the generation of a

rapid and synchronized movement and force in a specific

direction. The physiological importance of this highly

ordered structure is emphasized by the deleterious effects

of the absence and/or abnormal expression of some of

these proteins in progressive muscular dystrophies and

myopathies (Campbell, 1995; Dalakas et al. 2000).

Some physiological conditions can also lead to the destabiliz-

ation of this molecular architecture. Unaccustomed or

high-intensity exercise may induce muscle damage,

especially when it involves eccentric contractions. Everyone

has experienced delayed-onset muscle soreness (DOMS)

and the functional consequences for muscle capability.

Originally described by Hough (1902), the effects of

eccentric exercise on human muscle performance have

subsequently been extensively studied. Muscle strength

can be reduced by 50 % or more during the 24 h following

exercise, and it gradually recovers over 5–10 days depending

on the intensity of the damaging exercise (Sargeant &

Dolan, 1987; Gibala et al. 1995). Eccentric exercise also

produces protein leakage from skeletal muscle as

illustrated by elevated serum levels of myoglobin and

plasma levels of creatine phosphokinase (CK) activity

(Balnave & Thompson, 1993; Rodenburg et al. 1993). The

most striking morphological feature of muscle damage is

probably the extensive sarcomeric disruption and Z-disk

streaming observed in longitudinal sections of electron

micrographs from muscle samples (Fridén et al. 1981,

1983, 1984). Using animal models, this ultrastructural

evidence of muscle damage has been related to a loss of

desmin (Lieber & Fridén, 1996; Fridén & Lieber, 1998),

suggesting that intermediate filament integrity during

eccentric exercise is essential for the maintenance of

intermyofibrillar organization.
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The molecular events by which eccentric muscle contractions induce muscle damage and

remodelling remain largely unknown. We assessed whether eccentric exercise modulates the

expression of proteinases (calpains 1, 2 and 3, proteasome, cathepsin B+L), muscle structural

proteins (a-sarcoglycan and desmin), and the expression of the heat shock proteins Hsp27 and

aB-crystallin. Vastus lateralis muscle biopsies from twelve healthy male volunteers were obtained

before, immediately after, and 1 and 14 days after a 30 min downhill treadmill running exercise.

Eccentric exercise induced muscle damage as evidenced by the analysis of muscle pain and

weakness, creatine kinase serum activity, myoglobinaemia and ultrastructural analysis of muscle

biopsies. The calpain 3 mRNA level was decreased immediately after exercise whereas calpain 2

mRNA level was increased at day 1. Both mRNA levels returned to control values by day 14. By

contrast, cathepsin B+L and proteasome enzyme activities were increased at day 14. The

a-sarcoglycan protein level was decreased immediately after exercise and at day 1, whereas the

desmin level peaked at day 14. aB-crystallin and Hsp27 protein levels were increased at days 1 and

14. Our results suggest that the differential expression of calpain 2 and 3 mRNA levels may be

important in the process of exercise-induced muscle damage, whereas expression of a-sarcoglycan,

desmin, aB-crystallin and Hsp27 may be essentially involved in the subsequent remodelling of

myofibrillar structure. This remodelling response may limit the extent of muscle damage upon a

subsequent mechanical stress.
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The molecular mechanisms involved in DOMS may be

directly linked to the activation of proteases, and more

specifically to the calcium-activated proteases (calpains).

Indeed, exercise-induced muscle damage produces an

early activation of the ubiquitous calpains 1 and 2 (CAPN1

and CAPN2; Belcastro, 1993), whose in vitro substrates

include desmin, titin (Huang & Forsberg, 1998; for review

see Belcastro et al. 1998), and the transcription factors

c-fos and c-jun (Hirai et al. 1991). Calpain 3 (CAPN3),

mutations of which are responsible for a recessive limb

girdle muscular dystrophy (LGMD2A; Richard et al. 1995),

can also potentially cleave proteins involved in muscle

structure (Kinbara et al. 1997), and/or myonuclear death

(Baghdiguian et al. 1999). Therefore a wide spectrum of

biological effects of calpain activation can be expected in

response to eccentric exercise, including Z-disk streaming

(Lieber & Fridén, 1996), A-band disruption and gene

expression. However, nothing is known about the effects

of eccentric exercise on CAPN expression and its relation

to muscle damage.

When a second bout of exercise is performed several weeks

later, most of the muscle damage, previously observed after

the first bout, is attenuated or does not appear (Clarkson &

Tremblay, 1988; Clarkson et al. 1992; Mair et al. 1995).

Specific adaptations must have thus occurred in muscle

cells following the first bout of exercise to decrease muscle

fibre susceptibility to subsequent mechanical stress (Gibala

et al. 1995). Therefore, eccentric exercise can also potentially

lead to a remodelling of skeletal muscle. Little is known

about the mechanisms involved in the remodelling of

muscle cells. However, there is evidence to support the

contribution of the small heat shock proteins (Hsp),

Hsp27 and aB-crystalline in this process, particularly in

the assembly and maintenance of the intermediate filament

network (Djabali et al. 1997; Sugiyama et al. 2000).

Furthermore, the expression of numerous Hsps is increased

in response to exercise and endurance training (Mattson et
al. 2000).

The purpose of the present study was to determine the

proteolytic and remodelling responses of human skeletal

muscle at the molecular level to a single bout of downhill

treadmill running exercise. We report that this moderate

eccentric exercise induces (i) an early opposing response of

CAPN2 versus CAPN1 and 3 mRNA levels, and a delayed

increase in proteasome and cathepsin enzyme activities,

(ii) an immediate and persistent decrease in a-sarcoglycan

expression associated with a delayed increase in desmin

expression, and (iii) an early and persistent increase in

Hsp27 and aB-crystallin expression. We suggest that the

molecular remodelling which occurs in response to

moderate eccentric exercise may have profound effects on

muscle fibre response to subsequent mechanical stress.

The physiological relevance of these results will also be

discussed with special reference to muscular diseases.

METHODS
Subjects and preliminary testing
Twelve male students aged 20.3 ± 0.8 years (mean ± S.E.M.) were
selected by screening which included a health history questionnaire
and physical examination. Exclusion criteria included clinical
evidence of cardiac, pulmonary or orthopaedic abnormalities. Body
mass and height were 69.9 ± 0.4 kg and 178 ± 7 cm, respectively.
Two weeks before the downhill running experiment, the subjects
performed an incremental 0 % gradient test until exhaustion. The
mean maximal O2 uptake (◊Jmax), maximal heart rate and maximal
lactate concentration were respectively: 52.1 ± 1.1 ml min_1 kg_1,
207.9 ± 2.3 pulses min_1 and 12.4 ± 0.5 mmol l_1. The subjects
were instructed not to perform any exercise for 1 month prior to
the experiment and during the entire duration of the protocol. All
subjects were fully informed of the nature and possible risks of the
various procedures prior to giving their written consent. This
investigation was approved by the Consultant Committee on
Human Protection from Medical Research of Rhône-Alpes-Loire
Region in accordance with the Declaration of Helsinki.

Eccentric exercise
Subjects performed an eccentric exercise consisting of a treadmill
run at a _12 % gradient for 30 min. The running speed
corresponded to the one sustained at 80 % of a 0 % gradient. Heart
rate, pulmonary ventilation and oxygen uptake were continuously
monitored.

Testing of the muscle function
Maximal power of the lower limbs was measured using a test
performed on a cycle ergometer (Linossier et al. 1996) 1 week
before, immediately at the end of exercise, and 1, 7 and 14 days
post exercise. This test was chosen as a criterion of dynamic
quadriceps muscle function, and allows calculation of muscle
power with reference to the pedalling rate, the tension of the
mechanical brake and the inertia of the flywheel of the ergometer.
Several bouts (4–6) of acceleration (6–10 s duration) were
performed until the maximal pedalling rate was reached. Each
bout was performed at a given mechanical brake value and they
were separated by 2 min of rest. This allowed the maximal power
(W) to be assessed.

Pain assessment
Subjects completed a muscle soreness questionnaire rated on an
eleven-point scale ranging from zero (normal: without pain or
stiffness) to ten (unendurably painful) for the anterior and posterior
muscle groups of the upper and lower legs and for gluteus muscle
groups, on the day of the experiment (before and after exercise)
and on the following days until the total disappearance of pain.

Blood sample analyses
Blood samples were withdrawn from the median cubital vein
before, and at the end of exercise, and 1 and 14 days post exercise.
Creatine phosphokinase (CK) activity in plasma was spectrophoto-
metrically determined (Roche Diagnostics, France). Myoglobin
concentration in serum was determined using a radioimmunoassay
(Ria-mat, Byk-Sangtec Diagnostica, Germany).

Muscle biopsies
Muscle biopsy samples (about 100 mg) were taken under local
anaesthesia from the superficial portion of the vastus lateralis
muscle using a Weil-Blakesley conchotome and a percutaneous
technique (Henriksson, 1979). Biopsy specimens were taken
before and immediately after completion of the exercise. Two
additional biopsies were taken 1 and 14 days post exercise. Muscle
samples were extemporaneously divided into four pieces under a
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binocular lens at 4 °C. Two pieces were immediately frozen in
liquid nitrogen for mRNA and protein analyses. A third large
group of well-organized fascicles of fibres was oriented, placed in
Tissue-Tek, frozen in isopentane cooled by liquid nitrogen and
used for histochemical analyses. A fourth fascicle of muscle fibres
was fixed in a 2.5 % glutaraldehyde–0.2 M cacodylate buffer
(pH = 7.2) and used for ultrastructural analyses. In order to assess
possible damage due to repetitive biopsies on the same muscle,
half of the subjects underwent the first and third biopsies on the right
leg, and the second and fourth biopsies on the left leg. The other
subjects underwent the first and second biopsies on the right leg
and the third and fourth biopsies on the left leg. When performed
on the same muscle, the sites of the biopsies were at least 2 cm
apart. No differences were observed between these two subgroups.

Histomorphological analyses
Transverse serial sections 10 mm thick were cut in a cryotome at
_20 °C and stained by haematoxylin and eosin (H&E). For
electron microscopy, muscles were then rinsed, post fixed in
osmium tetroxide, dehydrated and embedded in Epon and
Araldite. Ultrathin longitudinal muscle sections (60–90 nm) were
cut, mounted on copper grids, contrasted with uranyl acetate and
lead citrate and examined in a Hitachi H800 electron microscope.
Four to six grids (4–8 sections per grid) were analysed for each
muscle sample. Approximately 1500 sections were observed.

Total RNA extraction and real-time quantitative RT-PCR
Muscle samples (20–25 mg) were homogenized in a FastPrep
(Bio101) instrument, RNA was extracted using a Trizol
extraction kit (Gibco-BRL) and cDNA was synthesized using the
Superscript II reverse transcriptase kit with random hexamers
(Gibco-BRL) as described by Stockholm et al. (1999, 2001).
Quantitation of reverse-transcription of calpain 1, calpain 2 and
calpain 3 mRNA and TBP-TFIID mRNA was performed as a real-
time measurement in an ABI PRISM 7700 Sequence Detection
System (Applied Biosystems Inc.), according to the manufacturer’s
instructions. Taqman probes were used for detection of the
calpain 3 sequence and TBP-TFIID. SYBR Green I, a dye that
fluoresces only in the presence of double stranded DNA was used
for the detection of the calpain 1 and calpain 2 sequences. The
sequences of the primers and probes used are shown in Table 1.
For each primer set, a standard curve was generated by serial
dilution of a cDNA from a reference sample control (skeletal
muscle biopsy). The data were calculated using the standard curve
method giving PCR efficiency for each primer set and attributing
values for each sample relative to the reference sample control. All
samples and serial dilutions were run in duplicate. Results were
expressed as ratios to the TBP-TFIID, which was considered as

an endogenous mRNA  control allowing variations due to RNA
extraction as well as RT efficiencies to be taken into account. Final
normalizing attributed the value 100 % to the average of the
samples corresponding to biopsies taken before the exercise.

Protein extraction
Frozen muscles were weighed and suspended in a 0.1 M

Na/KH2PO4 buffer containing 2 mM EDTA (1/20, w/v). Muscles
were then minced with scissors, crushed in a frosted mortar, stirred
for 15 min, and sonicated (4 w 10 s on ice. Homogenates were
then centrifuged at 15 000 g for 10 min at 4 °C. The supernatants
were removed and the pellets resuspended at a 1/20 dilution (w/v)
and processed as described above. Both supernatants were then
combined, aliquoted and stored at _80 °C. Protein concentrations
of muscle homogenates were measured spectrophotometrically
using the Bio-Rad protein assay at 750 nm.

Enzyme assays
All enzyme activities were measured by using a SFM25 fluorometer
(Kontron Instruments) at lexc = 380 nm and lem = 460 nm. The
chymotrypsin-like enzyme activity of the ubiquitin–proteasome
pathway was measured with 10 ml of protein extract in 980 ml of
60 mM imidazole buffer pH = 7.4. The reaction was started by the
addition of the fluorogenic peptide SLLVY-MCA (100 mM)
(Bachem catalogue no. I-1395). Specificity of the reaction was
checked by preincubating muscle protein extract with 20 mM

Z-IE(OtBu)Al-CHO (Bachem catalogue no. C-3900). Proteolytic
activity of cathepsin B+L was measured as follows: 10 ml of protein
extract was incubated with 980 ml of 100 mM sodium acetate
buffer (pH = 6.0) containing 1 mM EDTA. The assay was started
by the addition of 10 mM Z-FR-MCA (Bachem I-1160). To ensure
specificity of the reaction, 50 mM of E-64 (Sigma catalogue no. E-3132)
was added to the assay buffer before the addition of the substrate.
Standard AMC (amido-4-methylcoumarin) concentrations of 20,
40, 60, 80 and 100 nM were used to quantify enzyme activities. Rates
were expressed as mmoles per minute per gram of wet muscle.

Immunoblotting
Aliquots of protein (20 mg lane_1 for a-actin and desmin,
30 mg lane_1 for Hsp27 and aB-crystallin and 60 mg lane_1 fora-sarcoglycan) were mixed with a loading buffer (62.5 mM Tris
pH = 6.8, 5 % glycerol (v/v), 1 % SDS (v/v), 2.5 % b-mercapto-
ethanol (v/v)), boiled for 3 min, applied to a 12.5 % (w/v) SDS-
PAGE gel, and electrophorezed at 115 V for 4 h at 4 °C. Muscle
samples of a given subject were run on the same gel. Separated
proteins were electrotransferred (200 mA) for 1 h at 4 °C onto
nitrocellulose membranes. The membranes were then blocked in
Tris phosphate saline buffer (TBS)–5 % milk solution (a-actin
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Table 1. Sequences of the primers and probes used for real-time quantitative RT-PCR

Gene name Accession no. Primer name Sequence

Calpain 1 NM_005186 CAPN1.forward 5‚-GAAGGAGTTGCGGACAATCC-3‚
Calpain 1 NM_005186 CAPN1.reverse 5‚-CGGCACGACTCTAGGCTGA-3‚

Calpain 2 NM_001748 CAPN2.forward 5‚-CAAGATGCCCTGTCAACTCCA-3‚
Calpain 2 NM_001748 CAPN2.reverse 5‚-CGAACCAAACACCGAACAAA-3‚

Calpain 3 NM_000070 CAPN3.forward 5‚-GCCAGAAGTTCCCCATCCA-3‚
Calpain 3 NM_000070 CAPN3.reverse 5‚-TTCTGTTGGCTCCATCAATGATA-3‚
Calpain 3 NM_000070 CAPN3.probe 5‚(FAM)-CCGGAAATTTGCGAGAATCCCCG-3‚ (TAMRA)

TBP-TFIID X54993 TBP.forward 5‚-GAGAGCCACGAACCACGG-3‚
TBP-TFIID X54993 TBP.reverse 5‚-ACATCACAGCTCCCCACCAT-3‚
TBP-TFIID X54993 TBP.probe 5‚(FAM)-TGTGCACAGGAGCCAAGAGTGAAGA-3‚ (TAMRA)
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and desmin) or in TBS–Tween–5 % milk solution (a-sarcoglycan,
Hsp27 and aB-crystallin) at room temperature for 1 h. The
following primary antibodies were used for immunoblotting:a-actin, 1/3000 dilution (AC-40; Sigma); desmin, 1/500 dilution
(D33, DAKO); a-sarcoglycan, 1/60 dilution (Ad1/20A6;
Novocastra); Hsp27, 1/1000 dilution (G3.1; StressGen); aB-
crystalline, 1/1000 dilution (Novocastra). Primary antibodies
were incubated for 2 h at room temperature. Rabbit anti-mouse
IgG (1/4000 (v/v) TBS–1 % milk; P0161, DAKO) conjugated to
horseradish peroxidase was used for chemiluminescent detection
of proteins (ECL, Amersham). The films were scanned and
quantified using NIH image 1.61 software. Briefly, bands on blots

to be densitometrically analysed were verified to be within the
linear range of the primary antibody using our scanning method.
Protein level quantification was assessed by integrating band area
with band density for each band, and normalizing to the pre-
exercise band quantification on the same blot.

Statistical analysis
Data are expressed as mean ± S.E.M. One-way ANOVA was used to
evaluate the effects of eccentric exercise as a function of time, with
post hoc comparisons performed with Fisher’s protected least
significance difference test. Differences were considered to be
statistically significant at the 0.05 confidence level.

RESULTS
Eccentric exercise induces DOMS
Subjects ran down a 12 % gradient at 11.1 ± 0.4 km h_1 on

a treadmill at 53.9 ± 1.5 % of ◊J,max for 30 min. The mean

oxygen uptake, heart rate and lactate concentration of the

subjects during eccentric exercise were 28.1 ± 0.7 ml

min_1 kg_1, 179.4 ± 1.9 pulse min_1 and 3.9 ± 0.5 mmol l_1,

respectively. The characteristics of the exercise were

chosen to elicit eccentric contractions of the extensor

muscles of lower limbs while inducing a moderate increase

in energy metabolism. As expected, this exercise intensity

generated a modest increase in lactate level. Despite the

moderate intensity of the exercise, the maximal power of

the lower limbs was still significantly lowered on day 1

post exercise (Fig. 1A). Based on a muscle soreness

questionnaire, all subjects reported subjective pain

consistent with the appearance of DOMS after the

eccentric exercise. As expected, the extensor muscles

(quadriceps, calf, gluteus) were prominently affected by the

exercise. The perceived soreness had entirely disappeared

by day 6 post exercise. Myoglobinaemia was significantly

increased immediately after eccentric exercise and had

returned to control level on day 1 (Fig. 1B). In contrast,

serum creatine kinase level was increased only at day 1

after exercise.

Histomorphological analyses
Inspections of H&E-stained sections did not show any

morphological changes to muscle fibres, or the presence of

necrotic fibres or inflammatory cells (data not shown).

However, eccentric muscular contractions gave rise to

extensive disorganization of the myofibrillar ultrastructure.

Streaming, disruption and dissolution of the Z-disk were

frequently observed (Figs 2c–f ). The most severe Z-disk

damage was associated with A-band disruption and

misalignment of myofibrils. Disturbances of the cross-

striated band pattern were focalized along the longitudinal

sections. These alterations varied in size and frequency

within and between fibres. Examination of survey sections

also showed the presence of normal muscle fibres adjacent

to damaged fibres. Overall, these ultrastructural injuries

were observed in eight subjects (n = 2, post exercise; n = 8,

day 1). Normal ultrastructural profiles were always observed

in controls and day 14 muscle biopsies (Fig 2a and b).

L. Féasson and others300 J. Physiol. 543.1

Figure 1. Eccentric exercise induces delayed onset muscle
soreness
A, maximal power of lower limbs. At the indicated time points,
subjects performed a force velocity test (see ‘Testing of the muscle
function’  in Methods for details). B, serum creatine kinase activity
and myoglobinaemia. Values are means ± S.E.M. (n = 12). Asterisks
denote statistical difference from control values: * P < 0.05.
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Eccentric exercise differentially regulates the mRNA
levels of CAPN1, 2 and 3
To investigate the potential role of proteolytic systems in

exercise-induced muscle damage, we first determined the

mRNA levels of CAPN1, 2 and 3 by RT-PCR analysis. The

main feature of the data presented in Fig. 3 was the early

and differential regulation of calpain mRNA levels in

response to eccentric exercise. On day 1 post exercise,

CAPN1 and 3 mRNA levels were significantly down-

regulated by about 25 and 40 %, respectively, whereas

Neuromuscular disease-associated proteins and eccentric exerciseJ. Physiol. 543.1 301

Figure 2. Electron micrographs of longitudinal sections illustrating muscle damage following
eccentric exercise in human skeletal muscle
All muscle sections were obtained from the same subject. Normal ultrastructural profiles were observed in
control (a) and in day 14 muscle biopsies (b). Eccentric muscular contractions gave rise to extensive
disorganization of the myofibrillar ultrastructure immediately after exercise (c) and at day 1 post exercise (d,
e and f). Overall, eight subjects experienced muscle damage (n = 2, post exercise; n = 8, day 1). Streaming,
disruption and dissolution of the Z-disk were frequently observed. Severe Z-disk damage was associated with
A-band disruption and misalignment of myofibrils (c, d, e and f). Disturbances of the cross-striated band
pattern were focalized along the longitudinal sections (c). Scale bars: 1 mm.
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CAPN2 mRNA level was dramatically increased (220 %;

P < 0.001; Fig. 3). On day 14, mRNA levels were not

significantly different from control values.

Eccentric exercise induces an increase in lysosomal
and proteasome enzyme activities
To investigate further the possible involvement of

proteolytic systems in exercise-induced muscle damage,

we next determined the lysosomal and ATP-ubiquitin-

dependent proteinase activities by fluorometric analysis

(Table 2). In contrast to the calpain system, cathepsin B+L

and proteasome activities were significantly increased on

day 14, by about 50 % and 60 %, respectively.

Effects of eccentric exercise on a-actin, desmin anda-sarcoglycan protein levels
In the light of the effects of exercise on muscle structure,

we then attempted to identify whether expression of

components of the myofibrillar network could be altered

in response to mechanical stress (Fig. 4). We first determined

the expression of desmin, a key component of the Z-disk

structure and potential substrate of the calpain system.

Immunoblotting analysis indicated that eccentric exercise

did not statistically affect the desmin level immediately

and 1 day after exercise. A closer examination of the band

pattern did not show any cleavage. However, the desmin

level was increased about 2.5-fold (P < 0.001) on day 14

post exercise. In contrast, the level of a-actin remained

unchanged. Expression of a-sarcoglycan, a component

of the dystrophin glycoprotein complex (DGC), was

significantly decreased immediately and 1 day after exercise

by 58 and 54 %, respectively. On day 14 post exercise, thea-sarcoglycan level was not significantly different from

control levels.

Effects of eccentric exercise on Hsp27 and aB-
crystallin protein levels
On the basis of the ability of mechanical stress to increase

desmin expression, we investigated whether the expression

of the small Hsps, Hsp27 and aB-crystallin, was altered by

the exercise. Immunoblotting analyses demonstrated a

progressive increase in protein chaperone expression,

which reached significant levels on day 1 post exercise

(Fig. 5). At this time, Hsp27 and aB-crystallin were increased

about 2.8- and 2.2-fold, respectively. On day 14, protein

levels remained significantly elevated above control levels.

DISCUSSION
Intense and strenuous exercise is generally used to study

skeletal muscle damage in humans (Fridén et al. 1983;

Sargeant & Dolan, 1987; Gibala et al. 1995). In the present

study, a moderate downhill running exercise was performed

to elicit eccentric contractions of extensor muscles of the

lower limbs, and simulate a physiological mechanical stress

that could occur during everyday life. The mild increase in

oxygen uptake and the low lactate levels observed in

response to exercise clearly indicated a moderate increase

in energy metabolism. In addition, our data showed that

this exercise paradigm was sufficient to induce DOMS

symptoms, as demonstrated by prolonged maximal power

loss and muscle pain, increased release or leakage of muscle

proteins, and disturbances of the myofibrillar network.

Biopsies taken on day 1 post exercise showed an increased

proportion of subjects with myofibrillar disruption

compared to the corresponding samples taken immediately

post exercise, suggesting that a progressive extension of the

damaged area occurs in response to eccentric exercise.

Furthermore, this may imply that muscle damage is not

L. Féasson and others302 J. Physiol. 543.1

Figure 3. Eccentric exercise differentially regulates the
mRNA levels of calpains 1, 2 and 3
RT-PCR was used to quantify mRNA levels of calpains 1, 2 and 3
(see ‘Total RNA extraction and real-time quantitative RT-PCR’ in
Methods for details). Values are means ± S.E.M. (n = 9) and are
expressed relative to control mRNA level. * P < 0.05; *** P < 0.001
vs. control.

Table 2. Effects of eccentric exercise on muscle proteolytic enzyme activities

Enzyme activities Control Post exercise Day 1 Day 14

Cathepsin B+L 13.7 ± 1.7 13.8 ± 1.7 15.5 ± 1.3 20.6 ± 1.4**
Proteasome 12.6 ± 1.6 12.3 ± 1.7 15.3 ± 1.5 19.8 ± 1**

Rates of enzyme activities were fluorometrically determined and are expressed as nmol min_1 (g muscle)_1.
Values are means ± S.E.M. (n = 12). ** P < 0.01: significantly different from control values.
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only induced by mechanical stress, but also depends on

post-exercise events (Armstrong et al. 1991). On day 14

post exercise, examination of muscle samples showed that

normal ultrastructural myofibrillar profiles had been

restored, indicating the existence of a remodelling response

after exercise-induced damage.

The disturbances of the cross-striated band pattern observed

in the present study may be linked to the activation of

proteases. We first focused our attention on the response of

the calpain system. Since discrimination and quantification

of the three calpain gene products is difficult to perform at

the protein level (Kinbara et al. 1998), we used quantitative

RT-PCR analysis to determine the mRNA level of

calpains 1, 2, and 3. Although we cannot infer enzyme

activity or protein level from our mRNA measurements,

previous studies have shown that calpain mRNA level

correlates at first approximation with protein level

(Kumamoto et al. 1995) or enzyme activity (Spencer et al.
1997). One striking feature observed in this study was the

differential expression pattern of calpain 2 mRNA level

compared to calpain 3 and calpain 1 mRNA levels.

Calpain 3 was downregulated immediately and on day 1

after exercise, while calpain 2 was upregulated on day 1.

Such opposing changes between calpain 2 and 3 mRNA

levels have been already reported in Yoshida AH-130 rat

ascites hepatoma-related cachexia (Busquets et al. 2000),

and in human neuromuscular disorders (progressive

Neuromuscular disease-associated proteins and eccentric exerciseJ. Physiol. 543.1 303

Figure 4. Effects of eccentric exercise ona-actin, a-sarcoglycan and desmin
protein levels
A, representative immunoblots of a-actin,a-sarcoglycan and desmin protein levels in
control, post exercise, day 1 and day 14 muscle
biopsies. B, immunoblotting quantification.
Values are means ± S.E.M. (n = 8–12) and are
expressed relative to control protein level.
* P < 0.05 and *** P < 0.001 vs. control,
# P < 0.001 vs. post exercise and day 1.

Figure 5. Effects of eccentric exercise onaB-crystallin and Hsp 27 protein levels

A, representative immunoblots of the small heat shock

proteins, Hsp27 and aB-crystallin protein levels in control,

post exercise, day 1 and day 14 muscle biopsies. B, immuno-

blotting quantification. Values are means ± S.E.M.

(n = 9–10) and are expressed relative to control protein level.

* P < 0.05.
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muscular dystrophy and amyotrophic lateral sclerosis;

Ueyama et al. 1998), suggesting that calpain 3 could

negatively regulate calpain 2. The mechanism underlying

the counter-regulatory role of calpain 3 is currently

unknown, but several arguments suggest that calpain 3

may act at the transcriptional level through the regulation

of transcription factor activity (Baghdiguian et al. 1999).

Ubiquitous calpains initiate the degradation of muscle-

specific proteins in vitro including components of the

myofibrillar network such as desmin, titin, nebulin,

vimentin, a-actinin and talin (Saido et al. 1994; Huang &

Forsberg, 1998). In the present study, the expression of

calpain 2 peaked when most of the subjects experienced

ultrastructural muscle damage. In agreement with others

(Belcastro, 1993; Lieber & Fridén, 1996), our data suggest

that calpain 2 may be involved in the early cleavage of

muscle-specific proteins in response to exercise. However,

the mechanical effect of eccentric contractions on

myofibrillar structure may also contribute to the observed

damage. These data may also be of importance in the

understanding of the pathophysiological processes of

LGMD2A. In skeletal muscle of patients deficient in

calpain 3, the counter-regulatory function of calpain 3 on

calpain 2 would not be effective, therefore leading to

uncontrolled expression of calpain 2 and extensive,

progressively irreversible, muscle damage.

In order to further explore the role of proteases in exercise-

induced muscle damage, we next investigated the response

of lysosomal and ubiquitin–proteasome pathways to

eccentric exercise. In contrast to the calpain system, our

results showed an increase in cathepsin B+L and

ubiquitin–proteasome capacities at day 14. The present

results add a new example of conditions under which Ca2+-

independent proteolytic pathways are altered in human

skeletal muscle. For ethical reasons, only four muscle

biopsies were performed per subject in the present study.

The time points chosen for muscle sampling did not

permit determination of whether the increase in proteasome

and cathepsin activities reported here may account for an

early catabolic response. However, our data corroborate

previous experiments carried out on rabbit skeletal muscle

in which proteasome activity peaked after 14 days of chronic

contractile activity (Ordway et al. 2000). Our data suggest

that the observed increase in the ubiquitin–proteasome

pathway may participate in the remodelling response of

skeletal muscle to eccentric exercise. Regarding the

activation of proteolysis in response to eccentric exercise,

interleukin-6 (IL-6) appears to be a key factor (Ostrowski

et al. 1998). IL-6 is known to induce proteolysis by

activating cathepsins B and L and proteasome activities in

skeletal muscle cells (Ebisui et al. 1995; Tsujinaka et al.
1996). Furthermore, contracting skeletal muscle is one of

the major sites of IL-6 production. Interestingly, calpain 3

gene expression is also decreased in skeletal muscle of IL-6

transgenic mice (Tsujinaka et al. 1996). Therefore, IL-6

may be an overall regulatory factor for both Ca2+-

dependent and Ca2+-independent proteolysis responses to

eccentric exercise.

Our results showed that eccentric exercise had major effects

on muscle protein leakage, myofibrillar organization and

proteolysis pathways. We therefore investigated whether

the expression of some structural proteins would be

modified in response to exercise. Sarcoglycans belong to

the dystrophin glycoprotein complex (DGC). Pathological

studies suggest that the DGC may protect the sarcolemma

from mechanical stress by linking the contractile

apparatus to the extracellular matrix (ECM; Petrof et al.
1993; Holt & Campbell, 1998; Cohn & Campbell, 2000). In

the present study, eccentric exercise markedly reduced

the expression of a-sarcoglycan. Although the precise

significance of this decrease is presently unknown, it

correlates with the leakage of CK and myoglobin into the

circulating blood. Thus, the loss of a-sarcoglycan may

destabilize the sarcolemma leading to modifications of

membrane permeability. In agreement with this hypothesis,a-sarcoglycan-deficient mice show loss of membrane

integrity, changes in muscle force and profound destabiliz-

ation of the DGC (Duclos et al. 1998). This decrease in the

level of a-sarcoglycan protein may also regulate the intra-

cellular calcium concentration. Indeed, a-sarcoglycan has

an ecto-ATPase activity, which modulates the P2X receptor,

a non-specific cationic channel (Betto et al. 1999). A

reduction in a-sarcoglycan protein level may therefore

lead to the persistent activation of P2X receptors, resulting

in intracellular Ca2+ overload in muscle fibres (Betto et al.
1999). This may ultimately activate Ca2+-dependent proteo-

lytic pathways. Desmin is a muscle-specific cytoskeletal

protein, which synchronizes the contraction of myofibrils

by connecting adjacent myofibrils at the Z-disk level, and

the Z-disk to the sarcolemma (Tokayasu et al. 1982). Here,

we report for the first time a dramatic increase in desmin

protein level 14 days after cessation of exercise. This finding

suggests that eccentric exercise elicits a remodelling

response, which could reinforce the Z-disk through an

increased resistance to mechanical constraints. Therefore,

this may attenuate the deleterious effects of a second bout

of eccentric exercise on muscle myofibrillar structure.

Further experiments will be necessary to determine the

physiological significance of this increase in desmin level.

In contrast, the a-actin protein level remained unchanged

in response to exercise, illustrating that molecular signals

triggered by eccentric exercise differentially regulate

muscle protein expression.

Little is known about the mechanisms elicited by eccentric

exercise in the remodelling of myofibrillar structure.

However, recent evidence suggests that the molecular

chaperones, aB-crystallin and Hsp27, may have important

roles. aB-crystallin interacts with desmin intermediate

filaments and may prevent stress-induced protein
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aggregation (Djabali et al. 1997). Similarly, Hsp27, together

with aB-crystallin, has been suggested to interact with

microfilaments (Sugiyama et al. 2000; for review see Liu &

Steinacker, 2001). A mutation in the aB-crystallin gene is a

cause of desmin-related myopathy characterized by an

accumulation of desmin aggregates (Vicart et al. 1998;

Fardeau et al. 2000). These data strongly support the

idea that aB-crystallin and Hsp27 are crucial for the

assembly/maintenance and remodelling of myofibrillar

structures. In the present study, aB-crystallin and Hsp27

were both markedly increased at day 1 post exercise, and

remained elevated 14 days later. This is in agreement with

Thompson et al. (2001), who showed an increase in Hsp27

2 days post eccentric exercise. Although not conclusive,

our data, together with the above considerations, support the

idea that aB-crystallin and Hsp27 may regulate intermediate

filament and microfilament dynamics following eccentric

exercise (1 and 2 days post exercise) and protect myofibrillar

structures against a subsequent bout of eccentric exercise

(day 14).

Altogether, the molecular adaptations reported in the

present study may thus potentially decrease muscle fibre

susceptibility to mechanical stress in particular by the

reinforcement of myofibrillar structures. Although, it is

unknown whether similar adaptations occur under non-

eccentric exercise paradigms, one may suggest that active

contractions of skeletal muscle from patients with neuro-

muscular disorders may potentially lead to a reinforcement

of the myobrillar network. Further experiments will be

necessary to test the therapeutic relevance of this hypothesis.

In summary, our data suggest that a single bout of

moderate eccentric exercise elicits profound adaptations

in human skeletal muscle. Although the specific mechanisms

involved in this response remain to be determined, our

results suggest that a proteolytic response, differential

expression of structural proteins and induction of molecular

chaperones are involved in this damage–repair process.
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