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Abstract Acute downhill running has been shown to ac-
tivate matrix metalloproteinase- (MMP-) 2 and to change
type IV collagen concentration in some muscle types. In
order to study the influence of more intense exercise on
total collagen and type IV collagen concentrations, mole-
cules regulating their synthesis and degradation were in-
vestigated after forced lengthening contractions in rat
skeletal muscle. Tibialis anterior (TA) muscle of 24 male
Wistar rats was subjected to 240 forced lengthening con-
tractions. TA muscle was excised at consecutive time
points (0 and 6 h, 2, 4, and 7 days) after stimulation.
With immunohistochemistry, types I, III and IV collagen
were located in the swollen, necrotic and regenerated fi-
bres in a similar manner as in intact undamaged skeletal
muscle fibre. An increase in the activity of prolyl 4-hy-
droxylase was indicative of an overall elevated collagen
biosynthesis. No change was demonstrated in total colla-
gen concentration, whereas type IV collagen concentra-
tion increased after exercise. MMP-2 and MMP-9, which
are the proteins that degrade type IV collagen, elevated
after exercise. In conclusion, the increase in type IV col-
lagen concentration seems to be the result of an increase
in both the synthesis and activation of degrading en-
zymes and their inhibitors during recovery after forced
lengthening contractions.

Keywords Collagen degradation · Collagen synthesis ·
Matrix metalloproteinase · Rat · Skeletal muscle damage ·
Tissue inhibitor of metalloproteinase

Introduction

The extracellular matrix provides mechanical support for
skeletal muscle and plays an important role in force
transmission. The predominant compounds of the extra-
cellular matrix in skeletal muscle are fibrillar types I and
III collagen, whereas non-fibrillar type IV collagen,
which is located in basement membranes, comprises on-
ly a small part of the total extracellular matrix [53]. The
rate of total collagen biosynthesis has previously been
estimated by measuring the activity of prolyl 4-hydrox-
ylase [37, 45, 47, 48], the post-translational modifier en-
zyme of collagen [22]. In addition to increased collagen
synthesis, e.g. by mechanical tissue loading, a concomi-
tant accelerated degradation indicates increased collagen
turnover, which is important for maintaining the balance
between intracellular and extracellular matrix com-
pounds in the tissue. With regard to collagen degrada-
tion, its triple-helical structure is resistant to general pro-
teolysis and thus requires specific proteases to be de-
graded. It is known that the degradation of collagens is
initiated by the family of zinc-dependent proteases called
matrix metalloproteinases (MMPs) [39], which are se-
creted as inactive proenzymes, and their proteolytic ac-
tivity is regulated by enzymatic cleavage of the propep-
tide and inhibited by tissue inhibitors of matrix metallo-
proteinases (TIMPs) [10]. Mechanical stress causes
changes in the protein expression of connective tissue
cells, and thus a remodelling of the extracellular matrix
to meet requirements of the changes in mechanical load
[5]. This has been demonstrated, at least partly, in rat
skeletal muscle after downhill running, where type IV
collagen turnover increased in some muscle types [28].
In the present study strenuous mechanical stress was in-
duced by forced lengthening contractions on rat tibialis
anterior (TA) muscle in order to investigate the influence
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of damaging exercise on collagen turnover in skeletal
muscle. It has previously been described that this experi-
mental model actually does cause muscle damage and
the sequence of the myofibre disruption has been de-
scribed by light microscopy examination of immunohis-
tochemical staining for desmin, dystrophin, actin and fi-
bronectin [27]. The purpose of this study was thus to in-
vestigate the expression of type I, III and IV collagens
and proteins regulating their degradation in damaged rat
skeletal muscle. Furthermore, in order to combine results
from the turnover of extracellular matrix with collagen
structure in muscle, the muscle specimens after forced
lengthening contractions were stained with specific anti-
bodies for types I, III and IV collagen.

Materials and methods

Animals

Twelve-week-old male Wistar rats (n=24) were used in this study.
Animals were housed individually in cages with free access to pel-
leted chow and tap water under constant temperature (22°C), hu-
midity (40%) and light-dark (light between 7:00 a.m. and
7:00 p.m.) conditions. Treatment of the animals was in accordance
with the European Convention for the Protection of the Vertebrate
Animals Used for Experimental and Other Scientific Purposes.
The Institutional Animal Care and Use Committee of the Maas-
tricht University approved the experiment.

Forced lengthening

Animals were anaesthetized with pentobarbital sodium (Narcovet
1.0 ml/kg body mass) administered intraperitoneally after short-
term (<20 s) CO2 sedation, and the left TA muscle was subse-
quently unilaterally subjected to 240 forced lengthening contrac-
tions in 4 bouts of 60 contractions (one contraction every 3 s) in-
terspaced with a 5-min recovery period. Fused tetanic contractions
were induced by electrical stimulation of the exposed common
peroneal nerve (typically with ≅ 150 Hz and ≅ 3 V) for 300 ms via
a stainless steel electrode. Lengthening of the contracted TA mus-
cle was performed by dorsiflexion of the foot at the ankle joint
(rotation from 80° to 130°) with a rotational velocity of 500/s. Af-
ter exercise, the electrode was carefully removed. The contralater-
al leg was used as a non-exercised control. The exercise protocol,
including the effect of sham surgery, is described in detail in the
study by Hesselink et al [16].

Tissue preparation

At consecutive time points (0 and 6 h, 2, 4 and 7 days) after the
forced lengthening, the TA muscles were rapidly excised. Tissue
for light microscopy were cut from the mid-belly regions of TA
muscle, mounted on a specimen holder with Optical Cutting Tem-
perature (OCT) compound (Miles, Elkhart, Ind., USA) and frozen
in isopentane cooled in liquid nitrogen. Proximal and distal parts
of TA muscles were frozen in liquid nitrogen. All samples were
stored at –70°C until further analysis.

For total RNA isolation, the frozen samples from distal part of
TA muscles were weighed and homogenized with an Ultra-Turrax
homogenizer in denaturing solution (Gibco BRL TRIZOL Re-
agent, 1 ml per 50–100 mg). The steps of isolation were per-
formed according to the manufacturer’s instructions. The concen-
tration and purity of each sample were evaluated spectrophotomet-
rically using absorbencies at 260 and 280 nm.

For enzyme activity measurements, concentrations of type IV
collagen and total collagen and quantification of type I and type

III collagen ratios, the frozen samples from proximal part of TA
muscles were homogenized with an Ultra-Turrax homogenizer in
two 7-s bursts at 4°C in a cold solution containing 0.2 M NaCl,
0.1% (w/v) Triton X-100, 0.1 M glycine, and 0.02 M TRIS-HCl,
pH adjusted to 7.4. The homogenates (6–10% w/v) were centri-
fuged and the supernatants were taken for assay of the enzyme ac-
tivities. Pellets were divided for determination of the type IV col-
lagen concentration and quantification of type I and type III colla-
gen ratios. For the analysis of type IV collagen, the muscles pel-
lets were suspended in 0.2 M ammonium bicarbonate and digested
first with collagenase (Worthington Biochemical, Lakewood, N.J.,
USA) for 20 h at room temperature, then with trypsin (Sigma, St.
Louis, Mo., USA) for a further 20 h at room temperature [20]. The
enzyme reaction was stopped by trypsin inhibitor (Sigma) [20].
The samples were centrifuged and the supernatants were collected
for type IV collagen concentration measurement. The other half of
the muscle pellets, saved for the quantification of type I and type
III collagen ratios, was resuspended in 2% SDS in order to remove
non-collagen proteins. SDS extraction was repeated four times.
The pellets were washed three times with PBS and then twice with
acetone. The remaining residues were suspended in 1 ml of 70%
formic acid and digested by adding 5 µg cyanogen bromide per
1 mg muscle wet weight. Digestion was accomplished at 35°C for
4 h. The reaction was stopped and cyanogen bromide was re-
moved by diluting with several volumes of distilled water and
evaporation [31]. The remaining residues were resuspended in wa-
ter and divided up into samples for measuring the hydroxyproline
concentration and cyanogen bromide peptide electrophoresis.
Types I (rat tail, C8897, Sigma) and III (recombinant human type
III collagen), which were used as standards in cyanogen bromide
electrophoresis, were treated in the same way as described above.

Immunohistochemistry

Serial transverse sections (10 µm) were cut in a cryostat at –20°C.
Sections were stained with hematoxylin and eosin (HE) to investi-
gate the histopathological changes. Rabbit anti-human type IV
collagen (dilution 1:500, Chemicon, Temecula, Calif., USA), rab-
bit anti-rat type I and III collagen (dilution 1:100, Sanbio, The
Netherlands), mouse monoclonal anti-dystrophin (1: 500, days 2,
Novocastra, UK), and rabbit polyclonal anti-fibronectin (1:500)
antibodies were used in the immunohistochemical staining. The
transverse sections were incubated with appropriate dilutions of
the primary antibody overnight at +4°C. After washing with
TRIS-buffered saline (TBS, pH=7.5) the bound primary antibodies
were visualized by avidin-biotin peroxidase kits (Vector Laborato-
ries, Burlingame, Calif., USA) for mouse (Vectastain PK-4002) or
for rabbit (Vectastain PK-4001) using diaminobenzidine (Sigma)
as a chromogen. The sections were contrasted with hematoxylin
staining.

Northern and slot blot analysis

For Northern blotting, 10 mg total RNA was separated in 1% aga-
rose-formaldehyde gel under denaturating conditions and trans-
ferred onto a nylon membrane (Schleicher and Schuell, Dassel,
Germany) by a 3-h downward capillary transfer. For slot blots,
15 µg of each total RNA sample was applied to a nylon membrane
by using a vacuum filtration manifold (Minifold II Manifold,
Scheicher and Schuell). The complementary DNA (cDNA) probes
were labelled by commercial random primer labelling kit (Amers-
ham Pharmacia Biotech, Uppsala, Sweden) with [α-32P]-dCTP ac-
cording to the manufacturer’s manual. The membranes were pre-
hybridized for 2–3 h at 42°C, after which the radioactive probe
was added, and then hybridized for 24 h at 42°C. After hybridiza-
tion, the membranes were washed and exposed to Kodak X-omat
or Agfa Curix film at –70°C. For the quantification and a compari-
son of the relative amounts of mRNA, signal intensities of the
bands were scanned by densitometry (Personal Densitometry SI,
Molecular Dynamics, Sunnyvale, Calif., USA). The results are
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given as values of integrated optical density. Equal amounts of
RNA in each slot or lane were confirmed using a 24-mer oligonu-
cleotide for 18 S ribosomal RNA [4]. The membranes were hy-
bridized with MMP-2, MMP-9, TIMP-1, TIMP-2, α1(IV) colla-
gen, proα1(III) collagen, proα1(I) collagen, lysyl oxidase, α-sub-
unit of prolyl 4-hydroxylase and β-subunit of prolyl 4-hydroxylase
(more detail information see references [12, 28]).

Prolyl 4-hydroxylase activity assay

The assay for prolyl 4-hydroxylase activity was based on the mea-
surement of labelled hydroxyproline formed from peptide-bound
prolyl residues of unhydroxylated, labelled protocollagen substrate
[23]. Enzymatic activity was assayed in a final volume of 1 ml
containing 70 µl supernatants from centrifuged muscle homoge-
nates, 7 µl of 0.5 mM dithiothreitol, 7 µl of 0.1% (w/v) soybean
trypsin inhibitor solutions, 50,000 dpm proline-labelled protocol-
lagen-C14, 0.08 mM FeSO4, 0.5 mM α-ketoglutarate, 2 mM ascor-
bic acid, 0.002% (w/v) BSA (bovine albumin serum), and 50 mM
Tris-HCl buffer, pH 7.8. The test tubes were incubated for 1 h at
37°C, and the reaction was stopped by transferring the tubes to
iced water and the addition of 1 ml concentrated HCl. The sam-
ples were hydrolysed overnight at 120°C. After evaporating the
samples to dryness, the residues were dissolved in 4 ml dH2O and
the total 14C-contents were measured with a liquid scintillation
counter. Hydroxyproline-14C was assayed by oxidation to pyrrole-
14C as described previously [18]. Pyrrole-14C contents were mea-
sured with a liquid scintillation counter. The prolyl 4-hydroxylase
activities are expressed as dpm·h–1·g–1 protein.

Gelatin zymography

Gelatinase activities of proMMP-2 and the active form of MMP-2
were quantified with zymography as described by Kleiner and
Stetler-Stevenson [26]. SDS polyacrylamide gels (11%) contain-
ing 1 mg/ml gelatin were overlaid with 4% stacking gels. Superna-
tants from centrifuged muscle homogenates were mixed with 1:1
volume of sample buffer without reducing agent or heat. Gels
were incubated in the washing solutions in order to remove SDS
from the gels. Gelatinase activity was revealed by negative stain-
ing with Coomassie brilliant blue. Purified proMMP-2 (Diabor,
Oulu, Finland) was used to identify enzyme activity. The degree of
digestion was quantified by densitometry (Personal Densitometry
SI, Molecular Dynamics, Sunnyvale, Calif., USA). The values of
integrated optical density were used for further analysis.

Collagen zymography

ProMMP-9 and the active form of MMP-9 were analysed with
collagen zymography as described by Gogly et al. [9]. SDS poly-
acrylamide gels (10%) containing 0.8 mg/ml collagen (Worthing-
ton Biochemical) were overlaid with 4% stacking gels. Samples,
gel electrophoresis, removal of SDS, activation of collagenase ac-
tivity and the staining of gels were performed as described in the
section on gelatin zymography. Purified proMMP-9 (Diabor, Oulu,
Finland) was used for identification of enzyme activity.

Reverse gelatin zymography

TIMP-1 and TIMP-2 were analysed with reverse zymography as
described by Oliver et al. [40]. SDS polyacrylamide gels (12%)
containing 2 mg/ml gelatin and 180 ng/ml proMMP-2 (Diabor,
Oulu, Finland) were prepared. A standard stacking gel of 4% was
used. Supernatants from centrifuged muscle homogenates were
mixed with 1:5 volume of sample buffer without reducing agent or
heat. The electrophoresis was carried out until the dye front had
reached the bottom of the gel. Gels were incubated in the washing
solutions in order to remove SDS from gels. Gels were stained

with Coomassie brilliant blue. MMP-2 inhibitory activity of
TIMPs resulted in the presence of dark blue bands on a clear back-
ground. Purified TIMP-1 and TIMP-2 (Diabor, Oulu, Finland)
were run as standards.

Type IV collagen concentration

Type IV collagen content was measured with radioimmunoassay
as a concentration of the 7 S domain of type IV collagen [43].
Briefly, in the standard inhibition assay, antibody against the 7 S
domain, capable of binding 40% of labelled 7 S antigen, was incu-
bated for 2 h at 37°C together with non-labelled 7 S antigen (stan-
dard) or samples (supernatants from collagenase and trypsin-di-
gested muscle pellet) and 125I-labelled 7 S antigen. Free and bound
antigens were separated by precipitation with goat antiserum to
rabbit immunoglobulin G (Fitzgerald Industries, Concord, Mass.,
USA).

Hydroxyproline concentration

A part of cyanogen-bromide-digested muscle pellets were hydro-
lysed in 6 M HCl overnight at 110°C, dried and dissolved in dis-
tilled water. The hydroxyproline concentration was measured as
described by Creemers et al. [6]. Briefly, samples were incubated
with chloramin-T reagent in duplicate in 96-well microtitreplate
(15 min, room temperature). Subsequently, 4-dimethylamino
benzaldehyde reagent was added (20 min, 60°C), and, following
cooling of the plate, extinction was read at 565 nm by a microtitre
plate reader (iEMS Reader MF, Labsystems, Finland).

Cyanogen bromide peptide electrophoresis

Supernatants from cyanogen-bromide-digested muscle pellets and
types I and III collagen were dissolved to a final hydroxyproline
concentration of 1 µg/µl in sample buffer by heat at 95°C for
4 min. Samples were loaded on 8–20% linear gradient SDS-poly-
acrylamide gels (29:1 acrylamide to bis-N, N′-methylenebisacryl-
amide ratio) with 4% stacking gels and electrophoresed overnight
at 70 V [34]. Gels were fixed overnight, stained with Coomassie
brilliant blue and destained. Types I and III collagen standards
were included with each gel so that a standard curve of collagen
versus staining density could be constructed. Quantification of the
relative amounts of types I and III collagen was based on the pres-
ence of the peptides α1(I)CB8 and the co-migrating peptides
α1(III)CB5 plus α1(III)CB9 [13, 31]. 

Statistics

Statistical evaluation of the results was performed by the use of
non-parametric Wilcoxon signed-rank test for two related samples.
Statistical comparisons were made between the contralateral TA
and stimulated TA. Variability of the data is expressed as means
±SEM. Differences were considered statistically significant at
P<0.05. When there were only four samples per observation point
and all four samples were higher or lower than the contralateral
ones (P=0.068), the paired-samples t-test was performed to evalu-
ate statistical significance.

Results

Localization of types I, III and IV collagen in damaged
skeletal muscle fibres

Forced lengthening contractions did not in general alter
immunostaining for types I, III and IV collagen immedi-
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ately after loading, but a few muscle fibres were already
swollen at this time point (data not shown). When stud-
ied 6 h after lengthening contractions, immunohisto-
chemical staining of type IV collagen (Fig. 1A) indicated
continuous intact staining in the basement membrane
around muscle fibre, whereas in some fibres fibronectin
(Fig. 1B) was located intracellularly and in the same
cells nuclei were turned towards the centre of muscle fi-
bre (Fig. 1C). Two days post exercise, type IV collagen
staining was still visible in the contour of basement
membranes of skeletal muscle fibres (Fig. 2A), from
which several cells were dystrophin-negative (Fig. 2B),
intracellularly fibronectin positive (Fig. 2C) and inflam-
matory cells infiltrated (Fig. 2D). Four days following
the forced lengthening contractions some necrotic areas
were identified. In these areas the contour of basement
membranes of skeletal muscle fibres were still visible in
the immunohistochemical stainings for type IV collagen
(Fig. 3A). Types I (data not shown) and III (Fig. 3B) col-
lagen showed endomysial staining around necrotic fibres
at this time point (Fig. 3C). Seven days after forced
lengthening contractions, type IV collagen staining was
observed in the basement membranes of small central
nucleated cells (Fig. 4A) and a thin layer of endomysial
staining for type I (data not shown) and III (Fig. 4B) col-
lagen was seen, at this time point, around these regener-
ating fibres (Fig. 4C). 

Collagen synthesis and degradation

Prolyl 4-hydroxylase activity, as an indicator of collagen
biosynthesis, was higher in exercised TA compared to
contralateral TA 2, 4, and 7 days after forced lengthening
contractions. However, at 6 h postexercise the activity of
prolyl 4-hydroxylase was in fact lower in stimulated TA
than in contralateral TA (Table 1). Seven days after
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Fig. 1 Type IV collagen immunohistological staining (A, arrows)
of rat tibialis anterior muscle 6 h after forced lengthening contrac-
tions showed intact staining in the basement around muscle fibre
although fibronectin (B, arrow) was located intracellularly. Abnor-
mal location of nuclei in the damaged skeletal muscle fibre (C, ar-
rows) observed in hematoxylin-eosin staining. Bar=50 µm

Table 1 Prolyl 4-hydroxylase activity in tibialis anterior (TA)
muscle after forced lengthening contractions. The activities are ex-
pressed as dpm·h–1·g–1 protein. Values are means ±SEM. Signifi-
cance P as a result of nonparametric Wilcoxon signed-rank test for
two related samples

Time Contralateral TA Exercised TA P (n)

0 h 9800±900 10000±900 0.893 (5)
6 h 14400±700 10200±500* 0.043 (5)
2 days 17000±800 24000±1000# 0.068 (4)
4 days 17500±1700 37500±3700* 0.043 (5)
7 days 12100±800 51600±12400# 0.068 (4)

#P<0.05 the paired-samples, t-test, *P<0.05



Fig. 2A–D Detail picture of damaged skeletal muscle fibre (aster-
isk) 2 days after forced lengthening contractions. In the contour of
basement membranes of skeletal muscle fibres, type IV collagen
immunohistochemical staining is visible (A), while dystrophin
staining is negative (B), fibronectin is located intracellularly (C)
and the fibre is infiltrated by inflammatory cells (D, hematoxylin-
eosin staining). Bar=25 µm

▲

Fig. 3A–C Necrotic area of rat tibialis anterior muscle 4 days af-
ter forced lengthening contractions. The contour of basement
membranes of skeletal muscle fibres were visible in the immuno-
histochemical stainings for type IV collagen (A, arrows). En-
domysial staining for type III collagens was observed around ne-
crotic fibres (B). Infiltration of inflammatory cells (C, asterisk,
hematoxylin-eosin staining). Bar=50 µm



forced lengthening contractions, as high as a 4.3-fold in-
crease in prolyl 4-hydroxylase activity was observed.
Type IV collagen concentrations in exercised TA rose in
response to forced lengthening and were at 4 and 7 days
significantly higher compared to contralateral TA (Ta-
ble 2). The total collagen concentration (Table 3), mea-
sured as the hydroxyproline concentration, as well as the
type I to III collagen ratio (data is not shown) were not
different between exercised and control TA at all obser-
vation points. Gelatinolytic activity of proMMP-2 were
higher in exercised TA than control TA at 2, 4 and 7 days
postexercise (Fig. 5A, B), whereas the active form of
MMP-2 was visible (Fig. 5A, the lowest band) in all ex-
ercised TA muscles at 4 and 7 days after forced length-
ening contractions. Neither gelatinolytic activity of
proMMP-9 nor the active form of MMP-9 were observed
in any of the samples in gelatin zymography gels, but if
soluble collagen was incorporated in gels instead of gel-
atin, MMP-9 could be observed (Figs. 6). Because of the
low intensity of the bands in collagen zymography gels,
especially in samples from contralateral TA, collagenase
activities were only estimated visually. The degree of
collagen digestion in the gels was divided into four cate-
gories: invisible, faint, clear and intensive (Table 4). Col-
lagenase activities of proMMP-9 were clearly elevated in
exercised TA 2 and 4 days after forced lengthening con-
tractions compared to contralateral TA (Fig. 6A; Table 4)
and the active form of MMP-9 was clearly observed in
all exercised TA muscles 4 days postexercise. Pure
proMMP-2 and proMMP-9 were used to identify the
bands in both gelatin and collagen zymography gels
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Fig. 4 Small regenerating fibres with central nuclei (C, asterisk,
hematoxylin-eosin staining), in rat tibialis anterior muscle 7 days
after forced lengthening contractions. Type IV collagen staining
(A) was observed in the basement membranes of small central nu-
cleated cells. Thin layer of endomysial staining for type III (B)
collagen were seen around these regenerating fibres. Bar=50 µm

Table 2 Type IV collagen concentration, measured with RIA as
the concentration of the 7 S domain of type IV collagen, in rat tib-
ialis anterior (TA) muscle after forced lengthening contractions.
Concentrations are ng/mg muscle wet weight. Values are means
±SEM. Significance P as a result of nonparametric Wilcoxon
signed-rank test for two related samples

Time Contralateral TA Exercised TA P (n)

0 h 237±29 236±51 0.715 (4)
6 h 250±21 254±49 1.000 (4)
2 days 186±32 250±38 0.144 (4)
4 days 255±31 392±31# 0.068 (4)
7 days 235±20 444±58* 0.043 (5)

#P<0.05 the paired-samples, t-test, *P<0.05

Table 3 Total collagen concentration, measured as hydroxypro-
line concentration, in rat tibialis anterior (TA) muscle after forced
lengthening contractions. Concentrations are µg/mg muscle wet
weight. Values are means ±SEM. Significance P as a result of
nonparametric Wilcoxon signed-rank test for two related samples

Time Contralateral TA Exercised TA P (n)

0 h 1.02±0.17 0.85±0.14 0.345 (5)
6 h 1.20±0.11 1.15±0.14 0.500 (5)
2 days 1.30±0.13 1.13±0.17 0.715 (4)
4 days 1.22±0.25 1.20±0.49 0.893 (5)
7 days 1.26±0.29 1.19±0.25 0.893 (5)



Table 4 Collagenase activity of MMP-9 in rat tibialis anterior (TA)
muscle after forced lengthening contractions. The intensities of the
bands in the gels stained with Coomassie Brilliant were estimated vi-
sually and divided into four categories: invisible, faint, clear and in-
tensive

Time point Contralateral TA (n) Exercised TA (n)

0 h invisible (3), faint (2) faint (4), clear (1)
6 h invisible (1), faint (3), invisible (1), faint (1),

clear (1) clear (3)
2 days invisible (4) clear (4)
4 days invisible (5) clear (5)
7 days invisible (5) faint (4), clear (1)

Table 5 MMP-2-inhibitory activity of TIMP-2 in rat tibialis ante-
rior (TA) muscle after forced lengthening contractions. The inten-
sities of the bands in the gels stained with Coomassie Brilliant
were estimated visually and divided into four categories: invisible,
faint, clear and intensive

Time point Contralateral TA (n) Exercised TA (n)

0 h invisible (5) invisible (5)
6 h invisible (2), faint (2) invisible (2), faint (2)
2 d invisible (4) clear (4)
4 d invisible (1), faint (3) intensive (4)
7 d invisible (2), faint (3) intensive (5)
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Fig. 5 A Gelatin zymography
gels were used to quantify ac-
tivities of proMMP-2 and the
active form of MMP-2. Time
series of tibialis anterior mus-
cle after forced lengthening
contractions (2 µg total protein
per well). B Gelatinolytic activ-
ities of proMMP-2. Values are
calculated relative to contralat-
eral tibialis anterior (TA). Val-
ues are means ±SEM. *P<0.05
(nonparametric Wilcoxon
signed-rank test for two related
samples). If P=0.068, the
paired-samples t-test was per-
formed (#P<0.05). C Pure
proMMP-2 and proMMP-9
were used to identify the bands.
The active form of MMP-2 is
the lowest band. There were no
signs of proMMP-9 gelatinolyt-
ic activity

Fig. 6 A Collagen zymography gels were used to illustrate activi-
ties of proMMP-9 and the active form of MMP-9. Time series of
tibialis anterior muscle after forced lengthening contractions
(30 µg total protein per well). B Pure proMMP-2 and proMMP-9
were used to identify the bands

(Figs. 5C, 6B). The MMP-2 inhibitory activity of TIMP-
2 was elevated in exercised TA 2, 4 and 7 days postexer-
cise compared to contralateral TA (Fig. 7; Table 5),
whereas MMP-2 inhibitory activity of TIMP-1 remained
undetectable in any of the samples studied. The intensity
of the bands in the gels stained with Coomassie Brilliant
Blue were only estimated visually because of the intensi-
ties of the bands in the contralateral TA muscles were
too low to be detected by densitometry. The intensities
were divided into four categories similar to those de-
scribed above for MMP-9. 

Gene expression of specific collagen types and proteins
participating in their degradation

Northern blot analysis was used to test the specificity of
different cDNA probes (Fig. 8), whereas slot blot analy-
sis was used to quantify amount of specific mRNA per
15 µg of total RNA (Fig. 9). mRNA results were calcu-
lated relative to contralateral TA. The yield of total RNA
per muscle wet weight increased 3.4- and 2.3-fold in ex-
ercised TA 4 and 7 days after forced lengthening con-
tractions, respectively, compared to contralateral TA



(Fig. 10). mRNA levels for fibrillar types I and III colla-
gen showed a relatively greater increase than mRNA lev-
el for basement membrane type IV collagen (Fig. 9A, B,
C). Both mRNA levels of types I and III collagen started
to increase 2 days after forced lengthening contractions

and were more pronounced 4 days after forced lengthen-
ing contractions and remained elevated 7 days postexer-
cise, whereas the mRNA level for type IV collagen
peaked numerically 2 and 7 days postexercise. The
steady-state mRNA level of the prolyl 4-hydroxylase 
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Fig. 7 Reverse gelatin zymography gels were used to quantify the
MMP-2-inhibitory activities of TIMP-1 and TIMP-2. Time series
of tibialis anterior muscle after forced lengthening contractions

(50 µg total protein per well). Pure TIMP-1 and TIMP-2 were used
to identify the bands. TIMP-1 was below the detection limit

Fig. 8 Northern blot autoradio-
graphs. Ten micrograms of to-
tal RNA in each lane was elec-
trophoresed, transferred to a
nylon membrane, and hybrid-
ized with specific probes,
which were: α1(IV) collagen
(Type IV), proα1(I) collagen
(Type I), proα1(III) collagen
(Type III), α-subunit of prolyl
4-hydroxylase (αP4H), β-sub-
units of prolyl 4-hydroxylase
(βP4H), lysyl oxidase (LO),
matrix metalloproteinase-2
(MMP-2), MMP-9, tissue in-
hibitor of metalloproteinase-1
(TIMP-1), TIMP-2. Equal
amounts of RNA in each lane
were confirmed by 18 S rRNA
(S18) signals
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Fig. 9A–J Amounts of specific
mRNAs (per 15 µg total RNA)
relative to contralateral TA
quantified from slot blots. 
A Proα1(I) collagen, 
B proα1(III) collagen, 
C α1(IV) collagen, D α-sub-
unit of prolyl 4-hydroxylase
(αP4H), E β-subunits of prolyl
4-hydroxylase (βP4H), F lysyl
oxidase, G MMP-2, H MMP-9,
I TIMP-1, and J TIMP-2. Val-
ues are means ±SEM. *P<0.05
(nonparametric Wilcoxon
signed-rank test for two related
samples). If P=0.068, the
paired-samples t-test was per-
formed (#P<0.05)



α-subunit decreased 4 days postexercise (Fig. 9D).
Somewhat in contrast, mRNA for the prolyl 4-hydroxyl-
ase β-subunit as well as that lysyl oxidase were higher
than the contralateral TA level at 2, 4 and 7 days postex-
ercise (Fig. 9E, F). Both mRNA levels for MMP-2 and
MMP-9 showed a tendency to be lower in exercised TA
than the contralateral one at 6 h (Fig. 9G, H). This was
followed by an increase resulting in higher values for
both MMP-2 and MMP-9 in exercised TA compared to
control muscle at 7 days postexercise. The increase in
MMP-2 mRNA levels was more pronounced 7 days after
forced lengthening contractions compared to MMP-9
mRNA. The mRNA levels for TIMP-1 and TIMP-2 were
higher in the forced lengthened TA compared to the con-
tralateral TA at 2, 4 and 7 days postexercise (Fig. 9I, J).
TIMP-1 mRNA levels had a tendency to decrease from
2 days to 7 days after the contractions, while TIMP-2
levels were clearly elevated at 7 days postexercise. 

Discussion

The present study indicates that forced lengthening con-
tractions in rat TA muscle are accompanied by an activa-
tion of both type IV collagen synthesis and degradation
for a period of at least 7 days postexercise. This is so, as
mRNA for type IV collagen was doubled at 2 and 7 days
and the content of type IV collagen elevated at 4 and
7 days after forced lengthening contractions. Further-
more, both mRNA and enzyme activities for the degrad-
ing metalloproteinases MMP-2 and MMP-9 were higher
in the exercised TA than control at 4–7 days after exer-
cise.

Localization of types I, III, and IV collagen

These findings provide further information regarding the
processes accompanying the demonstrated disruption of
the plasma membrane, the disorganized myofibrillar
structure, fibre necrosis and inflammation [27]. In the
present experimental model, muscle responded acutely
(immediately after exercise) to forced lengthening by the
presence of a few swollen fibres. The number of swollen

fibres increased 6 h postexercise and some of these fi-
bres were intracellularly fibronectin positive [27]. Immu-
nostaining for different studied collagen types indicated
the same staining pattern as in the contralateral TA mus-
cle sections at two first observation points. Inflammation
and fibre necrosis were advanced at 2 days and were
clearly more pronounced at 4 days than at 2 days after
the forced lengthening contractions [27]. In injured mus-
cle fibres, which were dystrophin negative, intracellular-
ly fibronectin positive and infiltrated by inflammatory
cells, type IV collagen staining was still visible in the
contour of the basement membranes of these fibres, as
was endomysial staining for types I and III collagen.
Clear signs of regeneration were observed 7 days after
the forced lengthening contractions [27]. Type IV colla-
gen staining was observed in the basement membranes
of small central nucleated cells and a thin layer of en-
domysial staining for types I and III collagen was seen
around these regenerating fibres. The results from light
microscopy examination showed that types I, III and IV
collagen were all located in swollen, necrotic and regen-
erated fibres, similarly as in undamaged skeletal muscle
fibres. This is compatible with the view that the studied
collagen types in skeletal muscle were present and could
play an important role during the process of fibre dam-
age when the cytoskeleton is disrupted [33], contractile
proteins are disorganized [27] and extracellular fibronec-
tin is deposited intracellularly [32].

Collagen synthesis

An increase in the activity of prolyl 4-hydroxylase 2, 4
and 7 days after forced lengthening contractions is indi-
cative of overall elevated collagen biosynthesis, as prolyl
4-hydroxylase catalyses the first post-translational modi-
fication of collagen, resulting in the 4-hydroxylation of
prolyl residues, and is required for proper formation of
the triple helical form of procollagen [25]. The activity
of prolyl 4-hydroxylase tended to be lower in exercised
than in control muscle at 6 h, but was increased at 2 days
postexercise. This may indicate that stimulated muscle
contractions result in a temporary lowering of synthesis,
followed by a more prolonged stimulation of protein
synthesis. Such a hypothesis is supported by findings in
studies of connective tissue enzyme activity in rats [12],
of collagen type I metabolism in peritendinous tissue
[30] and of overall protein synthesis in muscle [42] in re-
sponse to muscular contractions. On the other hand, pro-
lyl 4-hydroxylase activity tended to be elevated in unex-
ercised TA 6 h, 2, 4, and 7 days after forced lengthening
contractions compared to the activity immediately after
exercise. Chronic electrical stimulation of ankle flexors
in the rat has been observed to decrease twitch tension in
the contralateral muscles, probably through the release
of systemic factors such as inorganic phosphate and vari-
ous hormones [7]. It cannot be deduced from the present
study whether the increase in prolyl 4-hydroxylase is due
to systematic factors or neurotropic effects in the contra-
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Fig. 10 The yield of total RNA per muscle wet weight. Values are
means ±SEM. *P<0.05 vs. contralateral TA



lateral leg. The degree of muscle damage seems to affect
prolyl 4-hydroxylase activity, and it was more severe but
delayed in the present experiment compared with that in
an experiment using downhill running [12, 38]. In spite
of a clear indication of increased collagen biosynthesis
in the present study, there were no detectable changes in
either total collagen concentration or in the type I to type
III collagen ratio at any of the observation points. This is
in line with earlier studies [12, 38]. Myllylä et al. [38]
showed that muscle fibre damage in mice after acute
downhill running caused the highest prolyl 4-hydroxyl-
ase activities at the same time as early regenerative
changes were observed, whereas total collagen concen-
tration did not increase until the regeneration process
was complete. Similarly, in the present study the highest
prolyl 4-hydroxylase activities were also observed at the
same time as the first signs of regeneration. It cannot be
excluded that the observations made 7 days after forced
lengthening contractions were too early to detect any
changes in insoluble collagen concentration, because of
its relatively slow turnover rate and the possibility that a
proportion of the newly synthesized collagen is degraded
without being deposited [35]. Although there were no
changes in the total collagen concentration, the type IV
collagen concentration increased clearly 4 and 7 days
postexercise. This can be explained by the fact that type
IV collagen contributes only a small portion of the total
collagen concentration in skeletal muscle, thus making it
difficult to result in overall net collagen synthesis. In one
of our earlier experiments [28], using downhill running
as an intervention, the type IV collagen concentration
decreased in the red part of rat quadriceps femoris mus-
cle, but not in other parts of the muscle or in soleus mus-
cle. Interestingly, the red part of quadriceps femoris mus-
cle was the most damaged muscle in that study. The dif-
ference in the behaviour of type IV collagen concentra-
tion in these two experiments can be explained by more
severe muscle damage and longer degeneration and re-
generation processes occurring in skeletal muscle after
forced lengthening contractions than after total body ex-
ercise.

Degradation of collagen

In this study, MMP-2 and MMP-9 were upregulated with
differential patterns related to the time course of muscle
necrosis and regeneration. This finding is somewhat dif-
ferent from those in previous downhill running experi-
ments, in which no signs of MMP-9 activity were ob-
served [28]. Following skeletal muscle damage induced
by cardiotoxin injection, Kherif et al. [21] showed that
MMP-9 is involved in tissue remodelling during the ear-
ly inflammatory phase, whereas MMP-2 is related to the
prolonged remodelling phase. The results from the pres-
ent study together with our earlier study [28] suggest that
the presence of MMP-9 in exercise-induced muscle dam-
age depends on the severity of skeletal muscle fibre inju-
ry. The mechanism behind the activation of MMPs in tis-

sue remodelling has been shown to be tightly regulated
by growth factors and cytokines (reviewed in [2]). In vit-
ro experiments have shown that prostaglandin stimulates
MMP-2 and MMP-9 expression in human T cells [8].
Although the release of prostaglandin was not deter-
mined in the present study, the observations from mi-
croscopy examinations clearly show that forced length-
ening causes the infiltration of inflammatory cells into
the skeletal muscle. Furthermore, the release of prostag-
landins has been demonstrated both in human muscle
during intense contractions [19] as well as in periten-
dineous tissue [30] by the use of microdialysis. An im-
portant step in the regulation of MMP activity is its con-
version from the latent to the active form by proteolytic
removal of the propeptide. Collagenase activity of proM-
MP-9 was elevated in a few samples as early as 6 h after
forced lengthening contractions. At this point only a few
skeletal muscle fibres were intracellularly fibronectin
positive. When inflammation was advanced 2 days post-
exercise, proMMP-2 and proMMP-9 activities were both
enhanced. Active forms of MMP-2 and MMP-9 together
with increased levels of proMMP-2 and proMMP-9 were
observed 4 days postexercise when the inflammation re-
action was most pronounced. At the latest observation
point in the present study, 7 days after forced lengthen-
ing contractions when clear sings of regeneration was
observed, proMMP-9 and the active form of MMP-9
were only faintly visible, while both proMMP-2 and the
active form of MMP-2 were still elevated. Although
MMP-2 and MMP-9 have a nearly identical digestion
profile against extracellular matrix compounds [51],
their expression seems to depend on the stage of the de-
generation and regeneration process in rat skeletal mus-
cle.

Inhibition of collagen degradation

MMP-2-inhibitory activity of TIMP-2 was elevated at
the same time as the gelatinolytic activity of MMP-2.
This is accordance with our previous study [28], in
which MMP-2 and TIMP-2 levels seemed to increase
and decrease at the same time, at both the mRNA and the
protein level, in the damaged red part of the quadriceps
femoris muscle. The recent results suggest that TIMP-2
is required for the efficient activation of proMMP-2 in
vivo [3, 49], even though overall TIMP-2 inhibits MMP-
2 activity in a membrane-type MMP-dependent process,
in which TIMP-2 regulates the proteolytic activation of
proMMP-2 at the cell surface. In the present study the
MMP-2-inhibitory activity of TIMP-1 remained unde-
tectable in all of the samples studied. TIMP-1 and TIMP-
2 are reported to perform different functions in vivo [50].
In running-induced skeletal muscle damage, TIMP-1
was found to be activated during the early phase of mus-
cle damage, whereas TIMP-2 is upregulated during the
later phase of muscle damage [28]. Although the role of
TIMPs is clearly important in inhibiting matrix degrada-
tion by MMPs, according to cell culture studies it seems
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that TIMP-1 and TIMP-2 have other functions such as
growth factor activity [14, 15], an effect on cell mor-
phology [41], and inhibition of angiogenesis [17]; how-
ever, the exact role of their upregulation in response to
intensive eccentric exercise cannot be stated from the
present study.

Total RNA concentration

Two- to threefold increases in total RNA concentrations
were found 4 and 7 days after forced lengthening con-
tractions. This is probably due to the increased numbers
of cells, such as inflammatory cells and differentiated
satellite cells, in exercised skeletal muscles. Correspond-
ingly, a similar increase in total RNA concentrations was
observed in response to increased muscle loading in
muscles undergoing compensatory hypertrophy, and it
appears to be related to the differentiation of a specific
population of cells in the target muscle [1]. In the present
study the different cell types were not identified, but 
Komulainen et al. [27] suggested that several cell types
are activated in exercised muscles, e.g. satellite cells, fi-
broblasts, endothelial cells and inflammatory cells.

Expression of specific mRNA levels

The steady-state mRNA levels for types I and III colla-
gen indicated that there was a lower relative increase in
the present experiment than in our previous downhill
running experiment [28]. This was somewhat unexpect-
ed, since our previous study suggested that greater mus-
cle damage corresponds with a greater relative increase
in fibrillar type collagen levels [12, 28]. Interestingly,
there were no increases in type IV collagen mRNA lev-
els 6 h after forced lengthening contractions, whereas in
our downhill running experiment the levels were elevat-
ed 6 h postexercise regardless of the magnitude of mus-
cle damage [28].

Elevated mRNA levels for the β-subunit of prolyl 4-
hydroxylase and lysyl oxidase, the posttranslational en-
zymes of collagen synthesis, were observed 2, 4, and
7 days postexercise. Unchanged or decreased mRNA
levels were measured for the α-subunit of prolyl 4-hy-
droxylase, but the levels were increased in unexercised
TA 6 h, 2 and 4 days postexercise compared to unexer-
cised TA (observation made immediately after the exper-
iment, data not shown). The present findings, namely
that both the activity of prolyl 4-hydroxylase and the
mRNA level for the α-subunit of prolyl 4-hydroxylase
increased, are in line with previous studies [12, 52]. It
has been suggested that the amount of the active prolyl
4-hydroxylase tetramer (α2β2) is regulated through the
amount of the α-subunit [24]. The relative increase in
mRNA for lysyl oxidase was also lower in the present
study than in the downhill running experiment [12]. This
extracellular posttranslational enzyme plays an important
role in the control of insoluble collagen accumulation, by

catalysing the oxidative deamination of lysine residues
in collagen [46]. Increased lysyl oxidase activities have
been shown to be associated with fibrotic disorders [46].
The differences in the behaviour of mRNA levels for the
collagen types studied and the post-translational mod-
ificators between these two experiments are probably
caused by more severe and delayed muscle damage in
the present study compared to the previous study. Ac-
cording to in vitro studies, macrophages may play a role
in delayed muscle damage by enhancing muscle satellite
cell proliferation and delaying their differentiation [36].
It is not very well documented which cell types produce
the studied collagen types or the post-translational mod-
ificators in vivo in skeletal muscle. However, it has been
shown that types I, III and IV collagen are produced in
vitro by muscle cells and by fibroblasts [29, 44], but it is
not known at which stage of differentiation these cell
types are capable of producing the collagen types studied
and whether inflammatory cells produce collagens at all.
Variation in the relative proportions of the different cell
populations with the stages of skeletal fibre injury may
appear to decrease the mRNA levels studied. For exam-
ple, to the unexpected decrease in type IV collagen
mRNA level 4 days after forced lengthening contractions
could be due to an increase in the number of cells that
cannot produce type IV collagen.

A clear increase in mRNA for MMP-2 was observed
when the signs of regeneration were seen, i.e. 7 days
postexercise. A wide range of cell types, e.g. connective
tissue cells and human myogenic cells [11], has been
shown to produce and secrete MMP-2, whereas its ex-
pression in vivo in skeletal muscle has not been docu-
mented. Kherif et al. [21] showed by in situ hybridiza-
tion that MMP-9 is localized in inflammatory cells iden-
tified as polymorphonuclear leucocytes and macro-
phages, and in mononucleated cells at the periphery of
injured myofibres. In the present study there was no
clear trend in the mRNA levels of MMP-9, probably be-
cause of the increased mRNA levels in unexercised TA
6 h, 2 and 4 days postexercise compared to unexercised
TA observed immediately after the experiment (data not
shown). TIMP-1 and TIMP-2 responded differently to
muscle damage: mRNA levels for TIMP-1 tended to de-
crease while mRNA levels for TIMP-2 were elevated.
Interestingly, TIMPs are secreted by the same cell types
as MMP-2 and MMP-9 [10], but their expression in vivo
in skeletal muscle is not known at the moment.

In conclusion, the present study indicates that acute
damaging exercise results in an increased type IV colla-
gen content over the following 7 days in rat TA muscle.
This increase in the net synthesis of type IV collagen is
the result of both increased synthesis and the activation
of degrading enzymes and their inhibitors. 
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