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Abstract Understanding the complex role played by
satellite cells in the adaptive response to exercise in hu-
man skeletal muscle has just begun. The development of
reliable markers for the identification of satellite cell
status (quiescence/activation/proliferation) is an impor-
tant step towards the understanding of satellite cell
behaviour in exercised human muscles. It is hypothes-
ised currently that exercise in humans can induce (1) the
activation of satellite cells without proliferation, (2)
proliferation and withdrawal from differentiation, (3)
proliferation and differentiation to provide myonuclei
and (4) proliferation and differentiation to generate new
muscle fibres or to repair segmental fibre injuries. In
humans, the satellite cell pool can increase as early as
4 days following a single bout of exercise and is main-
tained at higher level following several weeks of training.

Cessation of training is associated with a gradual
reduction of the previously enhanced satellite cell pool.
In the elderly, training counteracts the normal decline in
satellite cell number seen with ageing. When the tran-
scriptional activity of existing myonuclei reaches its
maximum, daughter cells generated by satellite cell
proliferation are involved in protein synthesis by
enhancing the number of nuclear domains. Clearly,
delineating the events and the mechanisms behind the
activation of satellite cells both under physiological and
pathological conditions in human skeletal muscles re-
mains an important challenge.
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Introduction

Over the past 40 years, the adaptation of human skeletal
muscles to training has been the subject of intensive
research. An important concept that has emerged is the
high degree of malleability of several of the components
of skeletal muscle. Satellite cells are undifferentiated
myogenic precursors that were described in detail by
Mauro in 1961 [34]. They have the ability to re-enter the
cell cycle to generate new muscle fibres or to provide new
myonuclei during postnatal growth [36, 47]. Since sa-
tellite cells are the stem cells of skeletal muscle, they can
also generate daughter cells that become new satellite
cells [48, 53]. The behaviour of satellite cells in vitro, in
regenerating and overloaded animal muscles, and their
use in cell therapy, has been the subject of excellent re-
views [1, 6, 15, 18, 47]. In contrast, the exact extent of
satellite cell involvement in the adaptive response to
exercise has received much less attention, especially in
humans. The scope of the current review is to address
the possible role of satellite cells in the adaptation of
human skeletal muscle to training.
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Ultrastructural characteristics of quiescent and activated
satellite cells

Skeletal muscle fibres are formed by migration of myo-
blasts from the somites into nascent muscles where they
fuse to form myotubes that mature into muscle fibres.
Satellite cells are located outside the sarcolemma and
under the basal lamina of the muscle fibre. They can lie
within a groove parallel or obliquely/transversely to the
long axis of the fibre [5]. Normally, in resting skeletal
muscles, satellite cells are believed generally to be in a
non-proliferative, quiescent state. Quiescent satellite
cells can be identified using electron microscopy by vir-
tue of (1) their distinct location between the basal lamina
and the plasma membrane of the fibre, (2) a high nu-
clear-to-cytoplasmic volume ratio with few organelles
(small numbers of ribosomes, endoplasmic reticulum,
mitochondria, Golgi complexes), (3) small nuclear size
and (4) a large amount of nuclear heterochromatin
compared with myonuclei. In contrast, the ultrastruc-
tural hallmarks of activated satellite cells are (1) in-
creased number of caveolae, (2) increased numbers of
organelles in the cytoplasm and (3) a reduced amount of
heterochromatin (reviewed by Campion [5]). Electron
microscopy allows a detailed morphological analysis of
myonuclei and satellite cells in muscle fibres. However,
the number of fibres included in quantitative studies is
generally much lower than that reported in immuno-
histochemical studies using specific antibodies [25]. The
low sample size could significantly affect the outcome of
a study since some areas within a muscle cross-section
might contain more satellite cells than other areas (F.
Kadi, unpublished data).

Identification of satellite cells using light microscopy

The identification of satellite cells by light microscopy is
more ambiguous and this is not due to the resolution of
light microscopes. At the light microscopy level, satellite
cells can be identified only in semi-thin (0.7 lm) sections
stained with toluidine blue. Satellite cells may be distin-
guished from myonuclei by their more heterochromatic
nuclei and a halo of pale cytoplasm surrounding the
nucleus [51]. Using conventional histological procedures,
it is not possible to distinguish between a satellite cell and
a myonucleus. The immunohistochemical identification
of satellite cells on frozen or paraffin sections has become
possible with the development of antibodies raised
against specific proteins expressed by satellite cells.

Markers used to identify satellite cells in human skeletal
muscles

Considerable efforts have been made to identify specific
markers for satellite cells. This has led to the discovery
of a variety of proteins expressed by satellite cells but

not by myonuclei. Although a number of markers have
been proposed (reviewed in [18]), their ability to detect
satellite cells clearly in human skeletal muscle is an issue
that, unfortunately, has received very little attention.
Therefore, while the list of available antibodies is
growing, some might represent useful markers for the
study of satellite cells only in rats and mice but not in
humans.

Markers for satellite cells (quiescent and activated)
in human skeletal muscle

The membrane-bound neural cell adhesion molecule
(N-CAM/CD56/Leu-19) is a cell-surface glycoprotein
localised on satellite cells [9]. Commercially available
N-CAM antibody has been demonstrated on satellite
cells in normal adult skeletal muscle and is an estab-
lished marker that has been used successfully in the
majority of human studies [7, 22, 24, 26, 33, 39, 46]. The
Ca++-dependent muscle specific cadherin (M-cadherin)
has been used successfully in the detection of satellite
cells in rodent skeletal muscles [4, 23]. In humans, anti
M-cadherin has only been used in one study [38].
However, commercially available M-cadherin antibodies
yield a staining pattern that does not allow clear iden-
tification of satellite cells in human skeletal muscles (F.
Kadi, unpublished data). Similarly, the myocyte nuclear
factor (MNF), which is expressed in satellite cells [14],
and the c-met proto-oncogene, the receptor for the
hepatocyte growth factor (HGF) found on satellite cells
in cultured myofibres isolated from adult mice [8], have
not been used systematically in human studies. Pax-7
labels only a part of the satellite cell population in hu-
man skeletal muscle [38]. Another strategy for visualis-
ing satellite cells is to label the plasmalemma and the
basal lamina simultaneously [24, 54].

Markers for activated satellite cells in human
skeletal muscle

Despite the identification of several molecules expressed
during the activation events of satellite cells, there is no
consensus as to which marker best labels specifically
activated satellite cells in frozen cross-sections of human
skeletal muscle. Part of the confusion is probably related
to the fact that these markers have been used in vitro
and that their expression changes markedly with time in
culture [35]. McLoon and Wirtschafter [35] have studied
activated satellite cells in extraocular muscles (EOMs)
by combining a panel of five antibodies against (1) the
cell proliferation marker Ki-67, (2) Pax-7, (3) and (4)
two members of the myogenic regulatory factors family
(MyoD and myogenin) and (5) HGF. Pax-7 labelled the
highest number of cells, followed by HGF, MyoD,
myogenin and Ki-67. The number of Pax-7-positive
cells was twice as high as that labelled by MyoD or HGF
and more than 10 times the number labelled by Ki-67.
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Several reasons make the interpretation of these results
complicated. First, some of these factors, namely MyoD
and myogenin, might be expressed by myonuclei and not
by satellite cells [28]. Second, the high number of Pax-7-
positive cells indicates that not only activated satellite
cells are labelled, which would be in accordance with
data indicating that Pax-7 is expressed both by some
quiescent and activated satellite cells [38, 49]. It is sug-
gested that Pax-7 labels pre-fusion myoregenerative cells
engaged in repair of damaged muscle fibres. Third, the
analyses were made on serial sections and the co-
expression of the markers was not investigated. Finally,
it is difficult to integrate these results in the context of
human limb muscles as EOMs have histochemical and
functional characteristics fundamentally different from
limb muscles. Crameri et al. [11] have investigated
the activation of satellite cells using an antibody against
the fetal antigen-1 protein (FA-1), which is a member
of the epidermal growth factor super-family [12]. In that
study, the relatively high proportion of FA-1-positive
cells suggests the following scenarios: (1) the majority of
satellite cells can be activated by one bout of exercise
and can then return to quiescence without proliferation,
(2) some of the FA-1-positive cells were mononucleated
cells other than satellite cells. Double-labelling experi-
ments would help to determine the identity of the FA-1-
positive cells. In this respect, quantitative studies on
biopsies from DMD patients showed that the number of
FA1-positive cells exceeded the number of N-CAM/CD
56-positive cells suggesting that FA1-positive cells are
only in part identical with satellite cells [45].

Satellite cell content in human skeletal muscles

Studies in humans have indicated that satellite cell
content, expressed as a percentage of total nuclei (sa-
tellite cell nuclei plus myonuclei) or per muscle fibre,
varies both between muscles with different histochemical
and functional properties and between individuals with
different physical activity levels and ages [25]. In a recent
study, the satellite cell population was assessed in the
tibialis anterior muscle of 58 healthy and moderately
active young and old women and men with comparable
physical activity pattern [25]. The older individuals had
significantly (40%) lower number of satellite cells rela-
tive to the total number of nuclei, implying that a
reduction in the satellite cell population occurs as a re-
sult of increasing age. Investigations of satellite cells in

humans also revealed that satellite cell content does not
differ between type-I and type-II muscle fibres [27]
(Table 1).

Can exercise enhance the satellite cell pool in humans?

Long-term effects of training

The effect of several years of strength training on sa-
tellite cell frequency has been studied in a population of
ten high-level power lifters [26]. Satellite cell content was
70% higher in the trapezius of power lifters compared
with that of control subjects. Thus, in response to a
long-term training, the satellite cell pool is enhanced.
Satellite cell content was also studied in a population of
high-level power lifters using anabolic steroids [27]. The
number of satellite cells in the trapezius muscle of power
lifters using anabolic steroids is similar to that of power
lifters who never used anabolic steroids [27].

Short-term effects of training

A quantitative study of satellite cells in vastus lateralis
was performed in seven young and eight elderly men
subjected to 8 and 16 weeks of strength training,
respectively [21]. The number of satellite cells was not
affected significantly by training [21]. This result might
be explained by the small sample size used in the ultra-
structural assessment of satellite cells. Alternatively, it
might be hypothesised that the satellite cell number had
increased early in the training process and had returned
to baseline levels at the time of the post biopsy, as newly
generated daughter cells serve to generate new myonu-
clei or new myofibres. In accordance with this hypoth-
esis, the size of the myonuclear domains was maintained
despite the enlargement of fibre size, which is indicative
of the involvement of satellite cells in the generation of
new myonuclei. It is also important to note that the
extent of the adaptive response to exercise greatly varies
between individuals. The amplitude of skeletal muscle
adaptation to exercise is influenced by genetic factors,
the training status of individuals, their age and nutri-
tional status, the intensity and the volume of the exer-
cise.

Roth et al. [41] has shown a significant increase in
satellite cell proportion in young and elderly men and
women in response to nine weeks of unilateral knee

Table 1 Satellite cell content in
five human skeletal muscles Muscle Satellite cells

(% of total nuclear content)
References

Vastus lateralis 1.6±1.2 to 6.4±1.3 [7], [21], [29], [33], [41], [43]
Trapezius 2.1±1.4 to 7.3±2.6 [26], [27], [31]
Tibialis anterior 3.9±0.9 to 7.1±1.9 [25]
Biceps brachii 1.4±0.7 to 4.3±1.8 [39], [43]
Masseter 1.7±0.7 to 5.9±1.0 [39]

321



extension exercise. The authors speculated that changes
in satellite cell number reach a peak early in a training
programme during the height of cell proliferation. This
hypothesis is in accordance with the results of a recent
study in which muscle biopsies were taken from eight
subjects assigned to a strength-training period of
16 weeks and from seven subjects who served as control
group. The satellite cell content was enhanced by 22, 40
and 27% at weeks 4, 8 and 16, respectively (S. Olsen
et al., unpublished data). When satellite cells were
studied in response to 10 weeks strength training in the
trapezius muscle of a group of young women, the in-
creased cross-sectional area of muscle fibres was
accompanied by a 46% increment in the satellite cell
content [31]. Recently, needle muscle biopsies were ob-
tained from the mid-portion of the vastus lateralis
muscle of 15 young healthy men prior to and after
30 days and 90 days of resistance training [29]. Satellite
cell content had increased by 19.3% after 30 days and by
31.4% after 90 days of training. In the same study, an
increase in cyclinD1 mRNA during training indicated
the activation and proliferation of satellite cells [29]. An
even more pronounced up-regulation in p21 mRNA was
found after 30 days and 90 days of training. Taken to-
gether, the increase in cyclinD1 and p21 mRNA levels
indicates that during the resistance-training period,
extensive cell divisions had occurred and resulted in the
increase in the number of satellite cells [29]. Presumably,
alterations in cyclinD1 and p21 mRNA reflect division
and differentiation of satellite cells, although other cell
types such as fibroblasts might also contribute to the
changes observed at the level of these two cell cycle
markers [29]. Human studies also showed that the sa-
tellite cell content is not only enhanced in response to
strength-training exercises. The modulation of satellite
cell number in response to endurance exercises was ad-
dressed in 11 elderly active men who performed
14 weeks training consisting of pedalling a mechanically
braked Monark bicycle ergometer for 45 min/day,
4 times per week [7]. A 29% increase in satellite cell
number was found in skeletal muscle of the elderly men
[7]. The amplitude of the increase in satellite cell number
following this training protocol is within the same range
as that reported in response to strength training. The
power developed at V_O2peak would represent 25% of the
maximal power, developed during maximal sprinting
tests. This indicates that satellite cells respond to a
training intensity much lower than that used in resis-
tance training and that regular endurance training can
thus counteract the normal decline in satellite cell
number with age [25].

Effects of one bout of exercise

Eight healthy sedentary subjects performed 50 one-leg
‘‘drop-down’’ jumps from a stable platform of 45 cm
and eight sets of ten maximal eccentric knee extensions
at 30�/s and, finally, eight sets of ten maximal eccentric

knee extensions at 180�/s [11]. The study showed a sig-
nificant increase in the number of N-CAM-positive cells
4 and 8 days after the exercise bout. Thus, in individuals
who respond to the exercise stimulus, enhancement of
the satellite cell pool can occur as early as 4 days post-
exercise and can be maintained as long as the muscles
are subjected to training. More recently, eight untrained
males performed 210 maximum eccentric contractions
[10]: one leg was exercised involuntarily using electrical
stimulation (ES), while the contralateral leg was exer-
cised voluntarily (VOL). Although myofibre necrosis
and desmin-negative cells were found in the ES leg only,
the number of N-CAM-positive cells had increased
8 days after the exercise in both situations. Pax-7
expression 8 days after the exercise bout was markedly
less than N-CAM expression, indicating that the
experimental protocol had resulted in intensive satellite
cell proliferation and none or very limited terminal dif-
ferentiation [10].

Effects of detraining

One study has investigated the modulation of satellite
cell content in response to a period of 3, 10, 30, 60 and
90 days detraining in subjects who had participated
previously in a strength-training programme for
3 months [29]. The satellite cell number, which had in-
creased following the training period, gradually de-
creased in the detraining period. Analyses of cyclinD1
and p21 mRNA suggested that the cessation of training
is associated with a termination of satellite cell activa-
tion [29]. In summary, the results from human studies
indicate that the satellite cell pool is not only maintained
by training, but is in fact enhanced. The concept of an
enhanced number of satellite cells following short- and
long-term training is an important issue related to the
question of satellite cell self-renewal. As the satellite cell
reserve increases very rapidly in response to exercise at
times at which no increases in the myonuclear number
are observed, not only asymmetrical but also symmet-
rical cell divisions giving rise to a progeny able to
withdraw from differentiation and return to a state of
quiescence might account for the renewal of satellite cell
pool in response to exercise in humans.

Direct evidence for satellite cell activation in studies
in humans

The activation of satellite cells has been addressed in
the vastus lateralis of 11 untrained young males who
performed 6 weeks of monopedal training with their
non-dominant leg on a bicycle ergometer [2]. This
exercise mode is thought to activate satellite cells, as
judged by the presence of extensive granular endo-
plasmic reticulum, the abundance of free ribosomes
and mitochondria in some satellite cells [2]. In certain
cases, some satellite cells seemed to fuse with the parent
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fibre as apparent by focal fusions of their membranes.
Ultrastructural evidence of satellite cell activation was
also provided in young and elderly men and women
who performed 9 weeks of heavy resistance strength
training [41]. The number of satellite cells scored as
active increased from 7% at baseline to 31% by the
end of the training period. The distinction between
activated and quiescent satellite cells was made by
ranking the frequency of occurrence of endoplasmic
reticulum, Golgi apparatus, ribosomes, mitochondria
and pinocytotic vesicles (not present, rarely, seldom,
occasionally and frequently observed).

At the light microscopy level, the activation of sa-
tellite cells has been addressed in eight healthy sedentary
subjects who performed one session of heavy resistance
exercises [11]. Exercise induced an increase of FA-1-
positive cells. It is interesting to note that muscle biop-
sies taken in resting skeletal muscles before the exercise
session contained some FA-1-positive cells. This finding
suggests that there is (1) a small population of satellite
cells that are constantly active, (2) a constant and
moderate migration of mononucleated cells into muscles
or (3) persistence of FA-1 expression in previously
activated satellite cells. The continuous infusion of 5-
bromo-2-deoxyuridine (BRDU) for 2 weeks showed
that in adult rats, after the growth period, 1–2% of
myonuclei or satellite cell nuclei become labelled per
week [44]. Thus, in normal rat muscles, 1–2% of
myonuclei or satellite cell nuclei would be replaced per
week [44] as a result of day-to-day wear and tear.
Accordingly, the presence of a few activated satellite
cells in resting human muscles would be explained by the
slow turnover of the multinucleated muscle fibres.

What triggers the activation of satellite cells?

The activation of satellite can be attributed to (1) exer-
cise per se, (2) exercise-induced localised ultrastructural
damage, (3) exercise-induced segmental fibre damage,
(4) exercise-induced release of inflammatory substances
or/and (5) exercise-induced release of growth factors. At
present, only speculations can be offered on factors be-
hind the activation of satellite cells in exercised human
skeletal muscle. Generally, human studies rarely have
reported substantial fibre necrosis in response to exer-
cise. This suggests that the amount of muscle fibre
damage (seen at the light microscopy level) is not cor-
related to the changes in satellite cells following training.
Exercise-induced ultrastructural muscle damage can, on
the other hand, be the trigger for satellite cell activation,
since a group of subjects with the highest frequency of
fibres with ultrastructural damage (17% compared with
3–7% in other groups) also contained the highest pro-
portion of active satellite cells (36% of total number of
satellite cells compared with 17–25% in other groups)
[41]. The question of whether the amplitude of changes
in satellite cell number is proportional to the amount of
ultrastructural muscle damage is unknown. The release

of inflammatory substances, cytokines and growth
factors from active skeletal muscles and from the sur-
rounding connective tissue is induced by exercise. HGF,
a multifunctional cytokine, would be sequestered in the
extra-cellular matrix and released in muscles via the NO-
dependant pathway. It is suggested that HGF activates
the satellite cells and that IGF-I and FGF increase the
proliferation of satellite cells once they are activated [1].
In humans, IGF-I mRNA increased significantly 48 h
after a single bout of eccentric, but not concentric,
exercise; however, the results for IGF-I mRNA con-
centration were also highly variable between subjects
and across time [3]. At the protein level, the IGF-I
staining intensity increases in human skeletal muscle in
response to 7 days intense military training including
150 km of terrain marching with a 30 kg overload [19]
and following 10 weeks of leg resistance training in frail
elderly [50]. The exact location of the IGF-I staining was
not addressed in one study [50] and in another was
found in structures that might be satellite cells or cap-
illaries [19]. Recently, the discovery of two IGF-I iso-
forms [mechano growth factor (MGF) and IGF-IEa]
has suggested that MGF initiates satellite cell activation
and proliferation whilst IGF-IEa promotes differentia-
tion of proliferating satellite cells [52]. Single-legged knee
extensor exercises increase MGF expression in human
quadriceps muscle 2.5 h after the completion of the
exercise bout [17]. In summary, it is obvious that current
knowledge concerning triggers of satellite cell activation
in response to exercise in humans is very limited. The
challenge for future investigations will be to design
experiments addressing each potential trigger of satellite
cell activation in humans. As the amount of force
developed by skeletal muscles is equivalent to the
amount of stress put on the connective tissue sur-
rounding muscles, it is conceivable that factors common
to muscle and connective tissue are involved in the
adaptive response to exercise [13, 32]. Future studies on
the effects of exercise on satellite cells must also monitor
changes in the connective tissue.

Differentiation of satellite cells into new myonuclei
in response to exercise

Myonuclei in mature muscle fibres are unable to divide
and additional myonuclei added to the fibre are pro-
vided by satellite cells. This is based on the fact that the
labelling frequency of true myonuclei starts to increase
24 but not 1, 6 or 12 h after injection of thymidine-3H
in six male rats aged 17 days [36]. In adult skeletal
muscle fibres, each myonucleus controls the production
of mRNA and protein synthesis over a finite volume of
cytoplasm, a concept known as the DNA unit or
myonuclear domain. Experimental evidence for this
concept include the fact that mRNA encoding proteins
do not mix freely along the fibre length but remain
concentrated near their myonucleus of origin [16, 37]
and that a fast nerve that is fused with a slow muscle
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fibre induces the synthesis of fast myosin only in the
region of the ectopic fast endplate [42]. For the mRNA
content to increase, two possible pathways have been
described: (1) each myonucleus has to increase the
transcription rate of given genes (2) satellite cell nuclei
have to be incorporated to the parent fibre providing
additional myonuclei.

Long-term effects of training

The myonuclear number per fibre cross-section has been
examined in the trapezius muscle of ten highly compet-
itive power-lifters participating in Swedish national and
International competitions [26]. Compared with a pop-
ulation of active healthy men, the trapezius of power
lifters contained 35% and 31% more myonuclei in
types-I and -II fibres, respectively. The long-term use of
anabolic steroids in power lifters further enhances the
cross-sectional area of muscle fibres and is also associ-
ated with a proportional increase in the myonuclear
content [27]. It is suggested that the extreme hypertro-
phy of muscle fibres in power lifters must be caused by
enhanced myonuclear content. A plot of fibre size
against the mean number of myonuclei per fibre cross-
section shows a significant positive correlation between
the two parameters if a wide spectrum of fibre sizes is
included in the analysis [24].

Short-term effects of training

Hikida et al. [20, 21] have investigated the effects of
8 and 16 weeks strength training on the vastus lateralis
of young and elderly men, respectively. Although no
significant increase in the number of myonuclei was
found, the nuclear-to-cytoplasm ratio was maintained,
indicating that the number of myonuclei was enhanced.
That myonuclei did not increase significantly might be
attributed to the small sample size. The modulation of
the myonuclear number was also investigated in muscle
biopsies from nine young women who followed
10 weeks of strength training [31]. The 36% increase in
fibre size was accompanied by a significant increase in
myonuclear number. More recently, the modulation of
myonuclear number following 30 and 90 days resistance
training and 3, 10, 30, 60 and 90 days of detraining has
been studied in the vastus lateralis of 15 young men [29].
Despite a gradual increase in the cross-sectional area of
muscle fibres (6% after 30 days and 17% after 90 days),
there were no significant alterations in the number of
myonuclei following the resistance and the detraining
periods. These results clearly show that hypertrophy of
individual muscle fibres was not accompanied by an
enhancement of the myonuclear number indicating that
existing myonuclei supported the enlargement of muscle
fibres. Each myonucleus was able to support a larger
cytoplasmic area. The myonuclear domain (area
controlled by each myonucleus) gradually increased

throughout the resistance-training period and gradually
decreased from the 3rd day of detraining, suggesting
that the cytoplasm-to-myonucleus ratio is not a fixed
characteristic of the fibre. It is a dynamic entity with the
ability to adapt to various physiological conditions.
Thus, human studies suggest that until a certain limit of
hypertrophy is reached, an increase in the area of muscle
fibres can occur via the increase in the size of each nu-
clear domain (existing myonuclei being able to increase
their protein synthesis and support a moderate
enhancement of the cytoplasmic area). This hypothesis is
supported by experiments showing that the transcrip-
tional activity of individual myonuclei is not maximal
and that all myonuclei are not in the same functional
state at the same time in normal skeletal muscles. It is
well established that resistance training enhances protein
synthesis following a single exercise session and that
protein synthesis remains elevated for �24 h [40]. In-
creased protein synthesis at this time range indicates that
existing myonuclei in muscle fibres have the ability to
quickly respond to resistance training by enhancing their
translational capacity. Repeated bouts of resistance
exercise under a long-term training period would lead to
a greater increase in the size of muscle fibres and would
put existing myonuclei under a greater strain. This
would result in an increase in the number of domains
(enhancement of the myonuclear number) as existing
myonuclei become unable to sustain further enlargement
of the cytosolic area.

Satellite cells and the formation of new muscle
fibres following exercise

Daughter cells generated by proliferating satellite cells
might also fuse to generate new myotubes or only new
segments of fibres. This has been observed in the trape-
zius of young women following 10 weeks strength or
endurance training [30]. Myotubes as well as small or
intermediately-sized muscle fibres expressing the embry-
onic and neonatal myosin heavy chain isoforms were
found in six out of nine biopsy specimens in the strength-
trained group and in four out of seven in the endurance-
trained group. The fact that newly formed fibres were
also seen in an endurance protocol is surprising. How-
ever, as stated earlier, an endurance-training programme
has been shown to induce occasional activation of sa-
tellite cells, the formation of myotubes [2] and the in-
crease in satellite cell number in human vastus lateralis
muscle [7]. The variability in the size of newly formed
fibres indicates that these fibres were induced at different
times during the training period [30]. Small muscle fibres
expressing developmental myosin heavy chain isoforms
are also found in old men and women subjected to
10 weeks progressive resistance training [50]. The fre-
quency of newly formed fibres was highest in subjects
with the greatest increase in (1) ultrastructural damage
and (2) muscle strength after the training period [50].
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The fate of daughter cells generated by satellite cell
proliferation in response to exercise in humans

Based on current knowledge on the effects of exercise
on human satellite cells, it can be hypothesised that
exercise can induce (1) activation of satellite cells
without proliferation, (2) proliferation and withdrawal
from differentiation, (3) proliferation and differentia-
tion to provide myonuclei (and 4) proliferation and
differentiation to generate new muscle fibres or to re-
pair segmental fibre injuries. The mechanisms regulat-
ing the fate of daughter cells generated as a result of
exercise are currently not understood. The nature of the
exercise, its intensity and volume, the nature of the
recovery period after the exercise bout and the nutri-
tional status might be important factors involved in the
determination of the fate of daughter cells generated by
satellite cell proliferation in response to exercise in
humans. The occurrence of segmental fibre injuries or
the enlargement of muscle fibre size at a given time
point of the training process might strongly favour the

fusion of daughter cells into new myotubes or their
incorporation into existing myofibres as new myonu-
clei. It is also possible that different populations of
satellite cells are predisposed to undergo specific fates
(Fig. 1).

Conclusions

Current evidence from human studies suggests that
alterations in the behaviour of satellite cells are part of
the very complex adaptive response to exercise. How-
ever, results from current studies raise a number of
questions. Is the increase in satellite cell content a phe-
nomenon that always occurs in exercised human skeletal
muscles? Why does the number of satellite cells increase
with exercise? Are satellite cells affected by specific
exercise protocols or do they respond to any kind of
exercise? To what extent do the exercise-induced changes
in other components of muscle fibres influence the fate
of satellite cell proliferation? Finally, there is a crucial
need to design human experiments to determine which

Fig. 1 Satellite cell involvement
in the adaptive response of
skeletal muscle to exercise
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factor(s) trigger(s) the transition of satellite cells from
the quiescence to the activated state in exercised human
skeletal muscles.
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