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REVIEW

Extracellular matrix adaptation of tendon and
skeletal muscle to exercise
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Abstract

The extracellular matrix (ECM) of connective tissues enables linking to other tissues, and plays a key role in force
transmission and tissue structure maintenance in tendons, ligaments, bone and muscle. ECM turnover is influenced
by physical activity, and both collagen synthesis and metalloprotease activity increase with mechanical loading.
This can be shown by determining propeptide and proteinase activity by microdialysis, as well as by verifying the
incorporation of infused stable isotope amino acids in biopsies. Local tissue expression and release of growth
factors for ECM such as IGF-1, TGF-beta and IL-6 is enhanced following exercise. For tendons, metabolic activity (e.qg.
detected by positron emission tomography scanning), circulatory responses (e.g. as measured by near-infrared
spectroscopy and dye dilution) and collagen turnover are markedly increased after exercise. Tendon blood flow is
regulated by cyclooxygenase-2 (COX-2)-mediated pathways, and glucose uptake is regulated by specific pathways
in tendons that differ from those in skeletal muscle. Chronic loading in the form of physical training leads both to
increased collagen turnover as well as to some degree of net collagen synthesis. These changes modify the mechanical
properties and the viscoelastic characteristics of the tissue, decrease its stress-susceptibility and probably make it
more load-resistant. The mechanical properties of tendon fascicles vary within a given human tendon, and even
show gender differences. The latter is supported by findings of gender-related differences in the activation of
collagen synthesis with exercise. These findings may provide the basis for understanding tissue overloading and
injury in both tendons and skeletal muscle.
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the 1960s, tendons were considered to be relatively

Introduction . . .
troductio non-vascular, inert and inelastic structures, although

For many centuries, the importance of tendons as force-
transmitting elements that link skeletal muscle to bone
and promote movement has been well appreciated.
More recently, the key role of intramuscular connective
tissue has also been recognized as enabling lateral force
transmission between contracting muscle fibres (for
references see Purslow, 2002; Kjeer, 2004). As late as in
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now it is well accepted that tendons have the ability to
store and recoil energy. It is only over the last decade
that the dynamic nature of the extracellular matrix (ECM)
of tendon and skeletal muscle has begun to be appre-
ciated. In addition, the occurrence of overuse injuries in
tendons such as the Achilles and the patellar tendon
related to both occupational and leisure activity has
underlined the general view that loading can result in
pathological changes in the ECM that go beyond simple
mechanical rupture. The phenomenon of overuse injuries
suggests that there are metabolic processes that control
the balance between physiological and pathological
adaptation to mechanical loading (Kjaer, 2004).
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Fig. 1 Blood flow values during rest and exercise determined
by '*3Xe washout in the peritendinous space 5 cm proximal to
the insertion of the human Achilles tendon. (From Langberg
et al. 1999a.)

Tendon metabolism and flow

It is clear from routine light microscopy studies of
tendons that they contain a relatively small number
of fibroblasts in the tendon itself and in its sheath
(McNeilly et al. 1996). At the same time, the use of
confocal microscopy has revealed that there are elabor-
ate processes extending between the intratendinous
fibroblasts promoting cell-cell contact. This implies that
tendons have a network of fibroblasts that provide the
basis for a dynamic process between cells and the ECM
(McNeilly et al. 1996). The blood flow within and around
tendon has been shown to increase three- to seven-fold
with exercise (Fig. 1; Langberg et al. 1998, 1999a). In
addition, indirect estimation of tendon oxygen uptake
has also shown that mechanical loading increases
this by three- to six-fold (Boushel et al. 2000a,b, 2001).
Together, these data imply that neither reduced blood
flow nor ischaemia seems to occur in tendons with
exercise (Boushel et al. 2001; Kjaer, 2004). An important
question to address is how blood flow is regulated.
Several vasodilators (e.g. bradykinin and adenosine)
have been shown to be elevated in peritendinous tissue
with exercise (Langberg et al. 2002b). Furthermore,
prostaglandins (PGs), and especially prostacyclin, have
a vasodilatory effect, and together with nitric oxide
(NO) and endothelial-derived hyperpolarization factor
(EDHF), they are important in regulating the blood flow
via skeletal muscle during exercise (Boushel et al. 2002,
2004). Whereas PG alone does not seem to have any
vasodilatory effect in skeletal muscle during contraction,
the release and thus increased tissue concentrations of

PG has an important vasodilatory role in mechanically
loaded tendon. During exercise, blood flow increase in
both tendinous and peritendinous tissue is reduced
by 40%, mainly through cyclooxygenase-2 (COX-2)-
specific pathways (Langberg et al. 2003). Because PGs
play a nociceptive role and act in concert with other
substances during inflammatory processes, and play a
role in regulating blood flow, the question arises as to
whether it is beneficial to inhibit PG release with non-
steroidal anti-inflammatory drugs (or even to block
blood flow by sclerosing the peritendinous vessels) in
situations where individuals suffer from tendinopathy
or peritendinitis (Kjaer, 2004).

The use of near-infrared spectroscopy in combination
with a dye-dilution technique (Boushel et al. 2000) shows
that there is no sign of pronounced oxygen desatura-
tion or hypoxia during mechanical loading (Boushel
et al. 2001), and that there is a tight coupling between
the moderate drop in tissue oxygen saturation and the
increase in tissue blood flow seen with exercise. Further-
more, it can be demonstrated that glucose uptake
is increased with exercise in both the human Achilles
and the patellar tendon (Fig. 2; Kalliokoski et al. 2005;
Hannukainen et al. 2005). Positron emission tomography
(PET) shows that the uptake of 18-labelled fluor deoxy-
glucose (18F-FDG) into tendon is increased with moder-
ate loading and that this change is not quantitatively
correlated with the simultaneous uptake of glucose
into the adjacent contracting muscle (Kalliokoski et al.
2005). This indicates that metabolic activity, the uptake
of metabolic substrates and blood flow are regulated
in a specialized way in tendon that is independent of
that occurring in skeletal muscle.

Tendon and collagen synthesis

Determination of protein synthesis in the ECM of
tendon and skeletal muscle has been studied in the
resting state both in animals using radioactive isotopes
and in humans using circulating pro-collagen propep-
tides as markers for collagen synthesis typical of those
used to evaluate bone turnover (Langberg et al. 1999b,
2000). More recently, the introduction of stable (non-
radioactive) isotopes of amino acids has allowed
protein synthesis rates to be measured in human tissue.
When using labelled proline (either *C or "N) infused
at a high dose in a vein 2-4 h before measurements
(‘flooding dose’), the collagen synthesis rate can be
calculated from the amount of labelled proline
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Fig. 2 Positron emission tomography (PET) images from the
regions of quadriceps muscle (A), quadriceps tendon (B) and
patellar tendon (C) in the exercising and resting leg of one
subject. White lines show the regions of interest. (From
Kalliokoski et al. 2005.)

incorporated into the tissue from a biopsy of tendon,
ligament, skin, muscle or bone (Babraj et al. 2005).
Interestingly, collagen synthesis in human tendon rises
by around 100% with just one bout (60 min) of acute
exercise, and the elevated collagen synthesis is still
present 3 days after exercise (Fig. 3; Miller et al. 2005).
In skeletal muscle, the rate of collagen synthesis also
increases with exercise, in a time-dependent manner that
follows the increase in myofibrillar protein synthesis
with exercise (Miller et al. 2005). This suggests a more
intimate interplay between adaptations in skeletal muscle
fibres and the endo-, peri- and epimysium (Purslow,
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Fig. 3 The fractional synthesis rate of tendon collagen
protein, muscle collagen protein and myofibrillar protein.
(Adapted from Miller et al. 2005.)

2002). Interestingly, it has been shown that with
intense exercise, intramuscular connective tissue shows
considerable evidence of injury, which leads to an acti-
vation of satellite cell activity (Crameri et al. 2004a,b).
This again hints at a possible link between intramuscular
ECM and contractile muscle fibres. Furthermore, there
is an increased expression of collagen in intramuscular
ECM following intense exercise in animal studies. With
in situ hybridization, it can be shown that the majority
of the increased expression of collagen type | is in the
perimysium (Koskinen et al. 2001, and Koskinen, personal
communication). In addition to increased collagen
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synthesis in the ECM of human tendon and skeletal
muscle, there is also increased protein degradation. The
activity of matrix metalloproteinases (MMPs) increases
immediately after acute exercise, when enzyme activity
is determined in the interstitial peritendinous tissue
by microdialysis (Koskinen et al. 2004). Thus, protein
turnover in tendon seems to mimic that of myofibrillar
protein, i.e. acute exercise is associated with an imme-
diate increase in proteolytically driven degradation of
collagen (and other proteins), and 1-3 days after exercise
there is a marked increase in collagen synthesis (Kjeer,
2004; Trappe et al. 2004; Miller et al. 2005). This con-
tributes to our understanding of why overuse of tendon
tissue can occur. If training sessions are too close to one
another, an athlete may not gain maximum benefit
from the stimulated collagen synthesis, but is instead
likely to be in a net state of collagen catabolism. In line
with this hypothesis, it is interesting to note that inves-
tigations of collagen turnover with the onset of regular
training show that protein synthesis as well as degrada-
tion are chronically elevated 4 weeks into the training
period, whereas protein synthesis remains high through-
out a 12-week training cycle but that degradation is
slowly reduced (Langberg et al. 2001). These results came
from using microdialysis fibres placed peritendinously
around the Achilles tendon to measure the local inter-
stitial concentration of propeptides (PICP and PINP) and
collagen degradation products (ICTP etc.) (Langberg
et al. 1999a, 2001). This suggests that there may be a
period early in training where turnover of collagen in
tendon is increased in order to ‘restructure’ and adapt
the tendon to the increased loading pattern. It is not
until training is prolonged that there is a net collagen
synthesis. We thus speculate that this provides the basis
for a net enlargement of the tendon cross-section area
(CSA) (and volume). Animal training studies have shown
that tendon enlargement occurs with chronic training
(Birch et al. 1999). Similarly, in humans cross-sectional
studies comparing runners and sedentary individuals
show that runners have larger Achilles tendon CSA
than their age-, gender- and weight-matched sedentary
counterparts (Rosager et al. 2002). However, short-term
training studies have not been able to detect enlarge-
ments of human tendons (Hansen et al. 2003). This
indicates a certain delay time — perhaps because of
relative overloading initially — before tendon enlarge-
ment occurs. In line with this, earlier animal studies
confirm that short-term training reduces the size of a
tendon rather than increases it (Birch et al. 1999). Inter-

estingly, tendons in which there is chronic pain and signs
of tendinopathy can increase their collagen synthesis,
and perhaps part of the effect that controlled training
has on the tendon is simply to favour collagen synthesis,
which in turn will ultimately strengthen it (Langberg
et al. unpub. obs.). Conversely, it has been shown that
both ageing (Reeves et al. 2003) and disuse (Maganaris
et al. 2006) may alter the material properties of tendon,
as evidenced by reduced stiffness, which can be meaning-
fully reversed with resistance exercises (Reeves et al.
2003).

Regulation of collagen synthesis

Growth factors and hormones are involved in the
regulation of ECM synthesis in connective tissue, but
little is known about their role in adjusting collagen
synthesis to load. IGF-1 (and its binding proteins), TGF-
beta and IL-6 have been shown to be present in human
tendon tissue, and their concentration in the interstitial
peritendinous tissue increases with exercise (Langberg
et al. 2002a; Heinemeier et al. 2003). Furthermore, in
an animal model in which the Achilles tendon is over-
loaded, expression of IGF-1 and TGF-beta is increased
with loading (J. L. Olesen, personal communication).
On this basis there is reason to believe that these
hormones and growth factors are important for tendon
collagen synthesis during exercise. As in vitro data have
shown that oestrogen inhibits collagen synthesis and
that some connective tissue injuries such as ligament
ruptures (e.g. anterior cruciate ligament) are more fre-
quent in women, it is interesting to find that collagen
synthesis in tendons is lower in women than in men,
and that it rises less with exercise (Miller et al. 2006).
This fits with recent data on the mechanical properties
of patellar tendon fascicles in both men and women
that show that the stress-to-failure was less in women
than in men (S. P. Magnusson, pers. comm.).

Muscle, tendon and bone interaction

In relation to tendon loading and overloading it is
important to acknowledge that tendons are heteroge-
neous along both their length and their width. Further-
more, there is evidence of internal shear stress in the
tendon (Bojsen-Mgller et al. 2003; 2004). The hetero-
geneity of tendons has been demonstrated within the
human Achilles tendon. Here, it seems that the CSA of the
tendon differs along its length, and that the enlargement
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of the tendon to loading is also site specific (Magnusson
& Kjeer, 2003, Magnusson et al. 2003). It should also be
noted that tendons have fibrocartilaginous entheses
zones at their bony attachments that consist of dense
fibrous connective tissue, uncalcified fibrocartilage,
calcified fibrocartilage and bone (Benjamin & Ralphs,
2001). These are specialized zones that help dissipate
bending, dissipate stress and compression, and withstand
shear (Benjamin & Ralphs, 2001). When evaluating the
mechanical properties of the human patellar tendon, it
is now possible to study this in individual fascicles and
to show that although fascicles from both the anterior
and the posterior parts of the patellar tendon can be
stretched around 8% before failure, the stress they can
tolerate is only half as much on the posterior side
(Haraldsson et al. 2005). The ‘weak’ location of the tendon
coincides with the location of pathological changes in
patellar tendinopathy (‘jumper’s knee’). In the Achilles
tendon, it is well known that the muscles which con-
tribute to its formation (gastrocnemius and soleus) have
different mechanical effects upon the tendon. The
movement at the distal aponeurosis between the two
muscles during isometric plantar flexion performed
either with the knee straight or with it bent shows that
the shear between gastrocnemius and soleus is around
4-5 mm (Bojsen-Mgller et al. 2004). This could easily
cause internal shear within the Achilles tendon and
thus contribute to injury.

Conclusion

In conclusion, the ECM of both human tendon and
skeletal muscle tissue reacts dynamically to mechanical
loading and this increases collagen synthesis. The time
pattern of this adaptation may limit athletic training,
and help us to understand why overuse injuries occur in
work, sport and recreational activities.
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