
The effect of strength training volume on satellite cells, myogenic
regulatory factors, and growth factors

K.E. Hanssen1,2, N.H. Kvamme2, T.S. Nilsen2, B. Rønnestad3, I.K. Ambjørnsen6, F. Norheim4, F. Kadi5, J. Hallèn2,
C.A. Drevon4, T. Raastad2

1Faculty of Education, Østfold University College, Halden, Norway, 2Norwegian School of Sport Sciences, Oslo, Norway,
3Lillehammer University College, Lillehammer, Norway, 4Department of Nutrition, Institute of Basic Medical Sciences, Faculty of
Medicine, University of Oslo, Oslo, Norway, 5School of Medicine and Health Sciences, University of Örebro, Örebro, Sweden,
6Faculty of Health, Østfold University College, Fredrikstad, Norway
Corresponding author: Truls Raastad, PhD, Norwegian School of Sport Sciences, 0806 Oslo, Norway. Tel: +47 23262328,
Fax: +47 23262451, E-mail: truls.raastad@nih.no

Accepted for publication 6 February 2012

The aim of this work was to study the effect of train-
ing volume on activation of satellite cells. Healthy
untrained men were randomly assigned into two groups.
The 3L-1UB group (n = 10) performed three-set leg
exercises and single-set upper body exercises, and the
1L-3UB group (n = 11) performed single-set leg exercises
and three-set upper body exercises. Both groups per-
formed three sessions (80–90 min) per week for 11
weeks. Biopsies were taken from m. vastus lateralis and
m. trapezius. The number of satellite cells, satellite cells
positive for myogenin and MyoD, and the number
of myonuclei were counted. Homogenized muscle was
analyzed for myogenin and MyoD, and extracted

ribonucleic acid (RNA) was monitored for selected
growth factor transcripts. Knee extensor strength
increased more in the 3L-1UB group than in the 1L-3UB
group (48 � 4% vs 29 � 4%), whereas the strength gain
in shoulder press was similar in both training groups.
The number of satellite cells in m. vastus lateralis
increased more in the 3L-1UB group than in the 1L-3UB
group. The number of myonuclei increased similarly in
both groups. The messenger RNA expression of growth
factors peaked after 2 weeks of training. In conclusion,
increasing training volume enhanced satellite cell
numbers in the leg muscle, but not in the upper body
muscle.

Strength training normally increases muscle volume due
to net protein accumulation in muscle cells causing cell
hypertrophy. However, muscle fibers are permanently
differentiated and thus incapable of mitotic activity
required to produce additional myonuclei. Nevertheless,
the number of myonuclei per fiber increases during
muscle hypertrophy so that the cytoplasmic volume per
nucleus, the myonuclear domain, is maintained (Allen
et al., 1999; O’Connor & Pavlath, 2007). The predomi-
nant source of additional myonuclei seems to be due to
fusion with the surrounding activated satellite cells
(Hawke & Garry, 2001; Kadi et al., 2005).

Satellite cell activity in postnatal muscles may be
evaluated by using the colocalized expression of muscle-
specific transcription factors as markers of myogenic
events (Cornelison & Wold, 1997). Such muscle-specific
transcription factors are the myogenic regulatory factors
(MRFs), including Myf5, myogenin, MyoD, and MRF4.
MRFs are expressed in a sequence corresponding tem-
porally to myoblast or satellite cell proliferation, with-
drawal from the cell cycle, terminal differentiation, and
myofiber formation. In our present study, we focus on

MyoD and myogenin. MyoD is expressed in a cell
cycle-dependent manner during proliferation and early
differentiation (Kitzmann & Fernandez, 2001). During
differentiation, the expression of myogenin increases
before fusion of satellite cells with multinucleated myo-
tubes or existing myofibers (Florini et al., 1991). The
expression of MyoD and myogenin then declines follow-
ing the incorporation of new myonuclei into myofibers
(Grounds et al., 1992; Cornelison & Wold, 1997).

The activation of satellite cells may arise directly
by mechanical stimuli during exercise and/or from the
release of several growth factors via their binding
to tyrosine receptors on the satellite cells (Charge &
Rudnicki, 2004; Tatsumi, 2010). In humans, the messen-
ger ribonucleic acid (mRNA) levels of insulin-like
growth factor-1 (IGF-1) and mechano-growth factor
(MGF) have been shown to be elevated after strength
exercise (Petrella et al., 2006; Bamman et al., 2007; Liu
et al., 2008). In animal studies, focus has primarily been
on the hepatocyte growth factor (HGF), and the acute
effect on satellite cells seems to be related to the release
of this growth factor from the extracellular matrix
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(Tatsumi, 2010). However, the role of growth factors in
muscle growth, especially the IGF-1 variants, has been
extensively debated in the last years (Hamilton & Baar,
2008; Spangenburg et al., 2008; Baar et al., 2010). The
discussion is on whether these growth factors and
the subsequent activation of satellite cells may play an
essential role for the training-induced muscle growth.

The effect of strength training on muscle hypertrophy
depends on variables such as training volume, intensity,
and frequency (Kraemer et al., 2002; Pereira & Gomes,
2003). Of these variables, the training volume in par-
ticular has been in focus in recent years, and especially
the effect of single-set vs multiple-set strength training
programs (Carpinelli & Otto, 1998; Galvao & Taaffe,
2004). The effect of training volume on strength
improvement has been reviewed with some discrepan-
cies (Schlumberger et al., 2001; Galvao & Taaffe, 2004).
However, an interesting observation is that upper body
muscles seem to respond differently than leg muscles to
single- vs multiple-set strength training (Paulsen et al.,
2003; Ronnestad et al., 2007). More interestingly, the
cross-sectional area (CSA) of the leg muscles increased
more with three-set than with one-set strength training,
whereas no differences between one and three sets were
observed in the upper body muscles (Ronnestad et al.,
2007).

In this study, we analyzed the biopsies obtained from
m. vastus lateralis and the upper part of m. trapezius in
the subjects participating in our previous study (Ronnes-
tad et al., 2007). Because activation of satellite cells and
the subsequent donation of nuclei to the growing fibers
are associated with substantial hypertrophy, we hypo-
thesized that three-set exercise would promote larger
satellite cell response than the single-set exercise in the
leg muscle, but not in the upper body muscle. Satellite
cell response in this context includes changes in the
number of activated satellite cells and in the total number
of satellite cells. However, because muscle fibers seem
to have the potential to increase protein synthesis and
cell size within the capacity of the existing myonuclei
(Blaauw et al., 2009), no change in the number of myo-
nuclei should be expected if only moderate hypertrophy
is stimulated by one of the training regimes.

Thus, the aim of this part of the study was to inves-
tigate the satellite cell response in upper and lower body
muscles to single- and multiple-set strength training
during a period of 11 weeks. In addition, changes in
fiber area and the number of myonuclei were measured.
Furthermore, MyoD and myogenin protein levels were
measured in cytosolic and nuclear fractions of muscle
homogenate to quantify the total changes in these tran-
scription factors, and mRNA levels of growth factors
were measured. We hypothesized that activation of sat-
ellite cells and incorporation of myonuclei would be
more pronounced with three-set training than with one-
set training in the leg muscle, but not in the neck
muscle.

Methods
Participants

Twenty-four healthy untrained men were stratified and randomly
assigned into two groups. Three participants did not complete
the intervention for reasons not related to the study. One group
(n = 10) performed multiple-set leg exercises and single-set upper
body exercises (3 L-1UB), whereas the other group (n = 11) per-
formed single-set leg exercises and multiple-set upper body
exercises (1L-3UB). Samples from 20 and 17 participants were
included in the immunohistochemistry (10 + 10) and Western blot
analyses, respectively (3L-1UB n = 8, 1L-3UB n = 9). In addition,
samples from 10 participants (those with the most pronounced
satellite cell response, irrespective of group) were included in the
more extensive growth factor mRNA analyses. The characteristics
of the participants at baseline are summarized in Table 1. The
study was approved by the Regional Ethics Committee of
Southern Norway and complied with standards set by the Decla-
ration of Helsinki.

Training and testing protocol

During the 11-week training period, participants performed three
workouts weekly. Each workout consisted of leg press, leg exten-
sion, leg curl, seated chest press, seated rowing, latissimus pull-
down, biceps curl, and shoulder press. All participants were
supervised by one of the investigators on all workouts during the
three initial weeks and thereafter at least once a week during the
entire training period.

Both groups trained three times a week on nonconsecutive
days. Training intensity (number of repetition maximum, RM) was
altered similarly for the two groups. During the first 2 weeks, both
groups trained with 10 RM sets in all exercises; during the third
and fourth training weeks, they increased the intensity to eight RM
sets; and during the final 6 weeks, they trained with seven RM sets.
Participants were encouraged to continuously increase their RM
loads during the intervention and they were allowed assistance on
the last repetition. Participants were allowed to complete no more
than one bout of endurance training per week during the inter-
vention. This was documented with a training diary in which all
strength training sessions also were registered.

Strength was measured as one RM in the leg extension exercise
and in the shoulder press exercise. Participants performed a stand-
ardized warm-up including three sets with gradually increasing
load (40–75–85% of expected one RM) and decreasing number of
repetitions (12–7–3). The first attempt in the one RM test was
performed with a load approximately 5% below the expected one
RM. After each successful attempt, the load was increased by
2%–5% until failure of lifting the load in two to three following
attempts. The resting period between each attempt was 4 min.
The one RM testing was overseen by the same investigator
and conducted on the same equipment with identical subject/

Table 1. Baseline characteristics among participants exposed to one-set
leg and three-set upper body training (1L-3UB) and three-set leg and
one-set upper body training 3L-1UB). Values represent means � SE

Variable 1L-3UB (n = 10) 3L-1UB (n = 11)

Age (year) 26.6 � 1.6 26.5 � 1.3
Height (cm) 181.8 � 3.0 181.8 � 2.2
Weight (kg) 82.6 � 3.4 80.4 � 4.2
1-RM shoulder press (kg) 50 � 2 47 � 3
1-RM leg extension (kg) 74 � 4 74 � 6

RM, repetition maximum.
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equipment positioning. The coefficient of variation in both one
RM tests was <5%.

Biopsy handling

A 5-mm Pelomi needle (Albertslund, Denmark) with manual
suction was used to obtain tissue samples (3 ¥ 30–100 mg) from
the midsection of m. vastus lateralis and from the upper part of m.
trapezius. The biopsies were taken before, after 2 weeks of train-
ing (3–4 days after the fifth training session), and post-intervention
(2–5 days after the final training session). Participants lay in
supine position during the procedure, which was performed
under local anesthesia (Xylocain adrenaline, 10 mg/mL + 5 mg/
mL; AstraZeneca, Södertälje, Sweden). Needle insertions were
3 cm from the previous insertion to avoid affected tissue from
earlier biopsies. Muscle samples were rinsed with saline and
divided into small pieces selected for immunohistochemistry (the
best bundles) or homogenization. Then, the pieces were frozen in
isopentane on dry ice and stored at -80 °C until further analyses.

Immunohistochemical analysis

Five-micrometer-thick cross-sections were cut using a cryostat
microtome (LEICA CM 3050, Mannheim, Germany) and mounted
on glass slides. The cross-sections were air-dried at room tempe-
rature overnight and stored at -80 °C. A monoclonal antibody
against CD56 was used to visualize satellite cells. In order to
follow the activation of the satellite cells, polyclonal antibodies
against two of the MRFs, MyoD, and myogenin were incubated
along with CD56 (CD56 positive MyoD and CD56 positive

myogenin on neighbor sections). All antibodies used in this study
are summarized in Table 2.

Muscle cross-sections were removed from -80 °C and air-dried
for 30 min. Muscle sections were then rinsed with Tris–buffered
saline (TBS-T, Bio-Rad cat no. 170–6435; San Diego, California,
USA, with 0.05% Tween20), and blocked for 45 min with 10%
newborn calf serum together with 1% bovine serum albumin.
Sections were incubated with the primary antibodies diluted in
blocking solution overnight at 4 °C. Slides were thereafter washed
and incubated for 60 min with an appropriate secondary antibody
(fluorochrome-labeled; Table 2). Sections were then washed
and mounted with cover slips in mounting medium (ProLong
Gold Antifade Reagent with DAPI, Molecular Probes, Invitrogen,
Eugene, Carlsbad, California, USA).

Images were captured using a digital camera (AxioCam
HRc; Zeiss, Oberkochen, Germany) connected to an Axioskop-2
light microscope (Zeiss, Oberkochen, Germany) with appropriate
filters. Pictures were taken with ¥20, ¥40, and ¥100 magnification.

Image analyses

The criterion for a satellite cell was CD56 staining around DAPI
staining (Fig. 1, left image). An activated satellite cell was char-
acterized by MyoD or myogenin staining, with CD56 staining
around (Fig. 1, right image). DAPI staining within the myofiber
was defined as myonuclei. The number of satellite cells divided by
the number of muscle fibers was categorized as satellite cells per
fiber. MyoD- and myogenin-positive satellite cells divided by
the total number of satellite cells was classified as proportion of
activated satellite cells.

Table 2. Primary and secondary antibodies used in this study

Antibody Host Manufactures IHC-Dilutions WB-Dilutions

CD56 Mouse Santa Cruz Biotechnology (cat. no. SC- 65896) 1:100
Antimyogenin Rabbit Santa Cruz Biotechnology (cat. no. SC- 576) 1:100 1:500
Antimyf-5 Rabbit Santa Cruz Biotechnology (cat. no. SC- 22825) 1:100
AntiMyoD Rabbit Santa Cruz Biotechnology (cat. no. SC- 304)

(cat. no. 1–800-799–9499)
1:100 1:500

Alexa Fluor 488 Goat antimouse Molecular Probes (cat. no. A- 11001) 1:200
Alexa Fluor 594 Goat antirabbit Molecular Probes (cat. no. A- 11005) 1:200

IHC, immunohistochemical; WB, Western blotting.

Fig. 1. Immunohistological sections of biopsies from one subject. Left panel: Satellite cells (arrow) were identified as CD56 staining
(green) around a nucleus (DAPI, blue). Right panel: A myogenin-positive satellite cell (arrow) was identified as CD56 staining around
myogenin staining (red).
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Skeletal muscle fiber types and areas were characterized by
immunohistochemistry using monoclonal antibodies against
myosin heavy chains specific to humans (all from Santa Cruz
Biotechnology, Inc., Santa Cruz, California, USA). The combina-
tion of A4.951 (fiber type I and I/II), N2.261 [fiber type I/II, IIa,
and IIax (weakly)] and A4.74 [fiber type IIa, IIax (weakly), and
IIx (weakly)], applied on three serial cross-sections, allowed rec-
ognition of type I, I/II (hybrid), IIa, IIax (hybrid), and IIx fibers.
Images were captured with the Spot software (3.4 for Windows)
operating the camera (Spot, Insight Color, Diagnostic Instru-
ments, Inc., Sterling Heights, Michigan, USA) and the micro-
scope (Nikon Eclipse E4000, Amstelveen, The Netherlands). For
fiber-type distribution, all fibers on the sections were included
(mean number: 265; range: 62–585); and for the fiber area analy-
sis, 100 fibers of each type were included. In the further analysis,
only the mean fiber area corrected for the proportion of fiber types
was used.

Protein levels of MyoD and myogenin (Western blots)

Muscle samples (50 mg) were homogenized according to the sup-
plier’s instruction using a subcellular extraction kit (ProteoEx-
tract® Subcellular Proteome Extraction Kit, Merck Biosciences,
cat. no. 539790, Darmstadt, Germany) to obtain proteins from
cytosol and nuclei. Protein content was determined using the
RC/DC protein assay kit 1 (Bio-Rad, cat. no. 500-0121).

Equal amounts of protein from the cytosolic and nuclear frac-
tions (approximately 15 mg/well) were separated on 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels for 35 min
at 200 V and transferred for 90 min at 30 V to polyvinylidene
difluoride membranes (Bio-Rad, cat. no. 162–0177) in NuPAGE
Transfer buffer (20¥, cat. no. NP 0006-1) with 10% methanol
containing 500 mL NuPAGE Antioxidant (cat no. NP0005). After
transfer, membranes were stained with PonceauS (Merck KGaA,
Darmstadt, Germany) and gels were stained with Coomassie Blue
(Invitrogen) to evaluate loading and transfer conditions, and then
blocked with 5% skimmed milk in TBS-T (0.1% Tween20) over-
night. After washing, the membranes were incubated for 2 h with
a primary antibody against MyoD and myogenin. Blots were
washed and then incubated with a horseradish peroxidise-
conjugated secondary antibody. After a final wash, protein bands
were detected by chemiluminescence (Super Signal West Dura,
Pierce Biotechnology cat. no. 34076, Rockford, Illinois, USA).
Two major bands of MyoD immunoreactivity were observed; one
band with molecular weight of 36 kDa, and another band with
molecular weight of 70 kDa. In the cytosolic fraction, the 70 kDa
band was dominating, whereas in the nuclear fraction, the 36 kDa
band was the strongest (Fig. 5, top panels). Two bands of myo-
genin immunoreactivity were observed in the cytosolic fraction;
one band with molecular weight of 37 kDa, and another band with
molecular weight of 70 kDa. No myogenin immunoreactivity was
detectable in the nuclear fraction. Finally, signal intensity was
measured using a Kodak image station (Kodak 2000R), with
Kodak 1D analysis software (version 3.6.1, Rochester, New York,
USA).

mRNA levels of growth factors and myostatin

RNA extraction

Total RNA was isolated from muscle biopsies from 14 sub-
jects based on the modified version of the single-step me-
thod described by Chomczynski & Sacchi (1987). Briefly,
muscle biopsies (20–25 mg tissue) were homogenized in 1 mL
Trizol (Invitrogen) with a Polytron homogenizer (System
Polytron®PT1200 CL, Littau-Lücern, Switzerland), followed by
incubation at room temperature for 5 min. About 100 mL of BCP
(1-bromo-3-chloropropane, Merck, Darmstadt, Germany) was
added to the homogenate, vortexed for 15 s, and incubated again
at room temperature for 10–15 min. Samples were centrifuged at
12 000 g for 15 min at 4 °C. The upper aqueous phase (~500 mL)
containing the mRNA was transferred to a new tube and equal
volumes of isopropanol were added before incubating at room
temperature for 5–10 min, followed by centrifugation at 12 000 g
for 8 min at 4 °C. The supernatant was removed and the pellet
was washed twice with 75% cold ethanol, followed by centrifu-
gation at 7500 g for 5 min at 4 °C. The pellet was air-dried and
dissolved in 25 mL 0,1% Diethylpyrocarbonate (DEPC) water
(Ambion, Austin, Texas, USA). The samples were incubated at
55–60 °C for 5–10 min.

RNA concentration and purity of each sample were eva-
luated spectrophotometrically at 260 and 280 nm (5 mL RNA
solution in 45 mL DEPC water). The ratio ranged between
1.65 and 1.85. In addition, mRNA quality was evaluated using
RNA 6000 Nano LabChip kit at the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, California, USA). The RNA
integrity number obtained for samples in this study varied
between 6.7 and 9.1, indicating satisfactory mRNA quality.
The samples were DNase purified using the kit Turbo DNA-
free™ (Ambion). Samples were stored at -80 °C until further
analyses.

Semiquantitative reverse transcriptase-polymerase
chain reaction (RT-PCR)

For RT-PCR, 2 mL mRNA solution was reversely transcribed
with Superscript (Applied Biosystems, Foster City, California,
USA) into cDNA using TaqMan® Reverse Transcription
Reagents thaccording to manufacturer’s instructions (Applied
Biosystems), using primer Random hexamer (Applied Biosys-
tems). The default thermal cycling program was 10 min at
25 °C initially, followed by 30 min at 48 °C and 5 min at
95 °C.

For amplification of the genes encoding myostatin and
MGF, a 20 mL reaction was set up using 2 mL DNA solution,
GoTaq R Colorless mastermix (Promega, Madison, Wisconsin,
USA). See Table 3 for details. Two different genes were used for
normalization purposes; B2-microglobulin and 18S. For amplifi-
cation of the gene encoding B2-microglobulin, a 20 mL reaction
was set up using 2 mL DNA solution, GoTaq R Colorless mas-
termix (Promega). PCR amplification of the gene 18S was
according to the kit QuantumRNA™ Classic II 18S Internal

Table 3. The primers used for the semiquantitative RT-PCR

Gene Part No. Forward Reverse

Myostatin NM_005259.2 5′-AGGTATACTGGAATCCGATCTCTGA-3′ 5′-CACTGT CTTCACATCAATGCTCTG-3′
MGF NM_001111283.1 5′-CGAAGTCTCAGAGAAGGAAAGG-3′ 5′-ACAGGTAACTCGTGCAGAGC-3′
B2-M NM_004048.2 5′-CCAGCAGAGAATGGAAAGTC-3′ 5′-GATGCTGCTTACATGTCT-3′
18S NM_0225551.2

MGF, mechano-growth factor; B2-M, beta2-microglobulin; 18S, 18S ribosomal RNA.
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Standard (Ambion) and GoTaq R Colorless mastermix
(Promega). Amplification conditions (primer, temperature, and
cycle number) were optimized prior to final quantification for the
four genes. Aliquots of the reaction were analyzed and quantified
on 2% agarose gels (Promega). Normalization was first per-
formed separately for each normalization gene, and thereafter,
the mean value for the two normalization procedures was used in
the data analysis.

Other analyses of growth factors and myostatin in 10 selected
subjects are as follows:

Further analyses were either performed in 96-well plates
(MGF) or with a custom-made 384-well microfluid card contain-
ing 96 predeveloped assays (Haugen et al., 2010). The assays
all included a primer pair targeting separate exons and an
intron-spanning TaqMan probe, which was 6-carboxyfluorescein
phosphoramide labeled in the 5’ end and contained a minor
groove binder and nonfluorescent quencher at the 3’ end. In
the 96-well plates, we used the following primers for MGF
(Applied Biosystems, NM_001111283.1): forward: 5’-CAGCCC
CATCTACCAACAA-3’, reverse: 5’-TGCGTTCTTCAAATGTA
CTTCCTT-3’, probe: -AACACGAAGTCTCAGAGAA. We
monitored the following target genes using the custom-made
384-well microfluid card: myostatin, insulin-like growth
factor, vascular endothelial growth factor (VEGF), HGF, and
fibroblast growth factor 2 (FGF2) (Table 4). The endogenous
control assay targeting human large ribosomal protein P0
(RPLP0; cat no. 4333761) was used to control for RNA load-
ing and reverse transcription efficiency. RT-PCR was perfor-
med in a 7900HT fast instrument using the SDS 2.3 software
(Applied Biosystems) and the default thermal cycling pro-
gram: 10 min at 95 °C initially; followed by 15 s at 95 °C
and 1 min at 60 °C for 40 cycles. Fluorescence acquisitions
were made real-time at the end of each cycle andj were ana-
lyzed with the RQ manager software (Applied Biosystems).
Briefly, data were curve-fitted, and the theoretical cycle
number values (Ct) associated with fluorescence signals excee-
ding software-determined threshold levels, were calculated.
Relative target mRNA expression levels were calculated as
2–[Ct(target) – Ct(RPLP)], thereby normalizing the data to endogenous
control RPLP0.

Statistical analyses

All values presented are means � SE. A two-way analysis of
variance (ANOVA) for repeated measures was used to test for
differences between groups over time (group ¥ time). Bonferroni
post-tests were applied to test for differences between groups
when significant interactions were observed. A one-way ANOVA
for repeated measures with Dunnet post-test was run for each
group to identify changes from baseline within groups when a time
effect was observed in the two-way ANOVA. Furthermore, a one-
way ANOVA for repeated measures with Dunnet post-test was
used to test for differences over time for the collapsed data on
mRNAs. Muscle strength, which only was tested before and after
the intervention, was tested with a paired t-test for within-group
comparisons (pre–post) and an unpaired t-test for differences
between groups (delta values). Correlation analyses were per-
formed with the Pearson’s product–moment correlation coeffi-
cient. The level of significance was set at P � 0.05. GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, California, USA) and
Excel 2010 (Microsoft®, Redmond, Washington, USA) were used
for the statistical analyses.

Results
Strength

The strength in leg extension increased in both groups,
but more in the 3L-1UB group than in the 1L-3UB group
(48 � 4% vs 29 � 4%, P < 0,05, Table 5). The strength
in shoulder press increased similarly in the 3L-1UB
group and the 1L-3UB group (34 � 2% vs 32 � 2%,
respectively).

Baseline values

There were no statistically significant differences
between m. vastus lateralis and m. trapezius in the

Table 4. The predeveloped assays used in the microfluid card

Gene Assay ID

Myostatin Hs00193363_m1
Insulin-like growth factor 1 (IGF-1) Hs01547656_m1
Hepatocyte growth factor (HGF) Hs00300159_m1
Fibroblast growth factor 2 (FGF2) Hs00960934_m1
Vascular endothelial growth factor (VEGF) Hs00900055_m1

Table 5. Muscle strength measured as 1 RM (kg) in leg extension and shoulder press before the intervention (pre) and after 11 weeks of strength training
(post). The results represent means � SE

Leg extension Shoulder press

Pre Post D % Pre Post D %

1L-3UB (n = 10) 73 � 3 91 � 5* 29 � 4 53 � 2 65 � 3* 32 � 2
3L-1UB (n = 11) 74 � 4 100 � 6* 48 � 4† 48 � 2 62 � 3* 34 � 2

*Significantly different from prevalue.
†Significant difference between groups.

Table 6. Baseline values in biopsies from m. vastus lateralis (n = 18) and
m. trapezius (n = 16). The results represent means � SE

M. vastus lateralis M. trapezius

Satellite cells per fiber 0.14 � 0.01 0.15 � 0.01
Proportion of MRF positive
satellite cells (%)

2.2 � 0.7 2.5 � 0.7

Myonuclei per fiber 1.89 � 0.07 1.98 � 0.08
Proportion of MRF positive
myonuclei (%)

0.9 � 0.17 1.2 � 0.14

MRF, myogenic regulatory factor.
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measured immunohistochemical variables at baseline
(Table 6). Furthermore, there were no statistically signifi-
cant differences between groups in the number of satellite
cells in m. vastus lateralis or in m. trapezius (Fig. 3).

Fiber and muscle CSAs

The two-way ANOVA showed an overall time effect
(P < 0.05) for the changes in fiber area in m. vastus
lateralis, and a time effect (P < 0.05) and an interaction
effect (P = 0.05) for the change in fiber area in m. tra-
pezius (Fig. 2). The mean fiber CSA increased in the
1L-3UB group in m. trapezius after 2 and 11 weeks of
strength training (14 � 5% and 27 � 7%, respectively,
P < 0.05; Fig. 2, upper panel). No significant changes in
fiber CSA were observed in the 3L-1UB group. The
changes in whole muscle CSA are presented elsewhere
(Ronnestad et al., 2007). Briefly, CSA of knee exten-
sors increased more in the 3L-1UB group than in the

1L-3UB group (12 � 2% vs 8 � 2%, respectively,
P < 0.05), whereas no statistically significant differences
between groups were observed for the upper part of m.
trapezius.

Myonuclei

The two-way ANOVA showed an overall time effect
(P < 0.05) in m. vastus lateralis and m. trapezius, but no
group effect or interaction effect was shown (Fig. 2, lower
panel).

The myonuclear domain (fiber area/myonuclei)
was 3281 � 167 mm2 in m. vastus lateralis and
2754 � 112 mm2 in m. trapezius before training. The
two-way ANOVA showed an overall group effect
(P = 0.05) and a tendency toward a time effect (P = 0.07)
in m. vastus lateralis. In m. vastus lateralis, an 18 � 7%
reduction in myonuclear domain was observed during
the first 2 weeks of training in the 3L-1UB group
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Fig. 2. Results from analysis of immunohistological sections of biopsies from subjects before (pre), after 2 weeks, and after 11 weeks
(post) of strength training. Upper panel: Mean fiber cross-sectional area in m. vastus lateralis (left, n = 10 + 8) and in m. trapezius
(right, n = 9 + 7). Lower panel: Number of myonuclei per fiber given as percentage of the baseline value in m. vastus lateralis (left) and
in m. trapezius (right). Values represent means � SE. *Significant increase from prebiopsy (P < 0.05).
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(P < 0.05). No other significant changes were observed
in the myonuclear domain throughout the training period
(data not shown).

Effects of strength training on satellite cells

The two-way ANOVA showed a time effect (P < 0.05),
a group effect (P < 0.05), and an interaction effect
(P < 0.05) for the satellite cell number in m. vastus
lateralis (Fig. 3). The number of satellite cells in-
creased more in the 3L-1UB group than in the 1L-3UB
group after 2 weeks of training (37 � 7% vs 14 � 7%,
P < 0.05) as well as after 11 weeks of training (44 � 7%
vs 19 � 7%, P < 0.05; Fig. 3, upper panel left). In
m. trapezius, only an overall time effect (P < 0.05) was
found for the change in the number of satellite cells
(higher numbers at 2 and 11 weeks compared with base-
line; Fig. 3, upper panel right).

The two-way ANOVA showed no significant effects on
the proportion of MRF positive satellite cells in m. vastus

lateralis, whereas an overall time effect (P = 0.01) and a
tendency toward a group effect (P = 0.08) was found in
m. trapezius (Fig. 3, lower panel).

MyoD and myogenin protein levels in
muscle homogenate

The two-way ANOVA showed no significant effects on
the protein levels of MyoD or myogenin analyzed in the
cytosolic and nuclear fractions (Figs 4 and 5).

mRNA levels of growth factors and myostatin

PCR analyses for MGF mRNA on muscle biopsies from
eight subjects in the 3L-1UB groups and six subjects in
1L-3UB group showed a significant overall time effect
(2-week values higher than baseline values, P < 0.01), but
no group or interaction effect (Fig. 6, upper panels).
Myostatin mRNA levels were unchanged in both groups
after 2 and 11 weeks. Because no apparent differences
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Fig. 3. Results from analysis on immunohistological sections of biopsies from subjects before (pre), after 2 weeks, and after 11 weeks
(post) of strength training. Upper panel: Number of satellite cells per fiber relative to the number measured at baseline (pre) for m.
vastus lateralis (left, n = 10 + 8) and m. trapezius (right, n = 9 + 7). Lower panel: The proportion of satellite cells positive for either
MyoD or myogenin (termed “MRF positive satellite cells”). Values represent means � SE. MRF; myogenic regulatory factors
*Significant increase from prebiopsy (P < 0.05). #Significant difference between groups (P < 0.05).
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between groups were found in the initial analysis of
myostatin and MGF mRNA levels, 10 subjects with
a large increase in the number of satellite cells, inde-
pendent of training group, were selected for a more
extensive analysis of growth factor and myostatin
mRNA. All growth factors analyzed, except for VEGF,
were enhanced after 2 weeks of training (Fig. 6, lower
panel). The mRNA levels were still elevated after 11
weeks of training, although the absolute levels seemed
to be lower than after 2 weeks of training. Again, no
change in myostatin mRNA levels could be observed in
these subjects.

Correlations

No significant correlation was found between the
number of satellite cells at baseline and changes in fiber
CSA during the training period. No significant correla-
tions were observed between the proportion of activated
satellite cells (MRF-positive satellite cells) and changes
in the number of satellite cells or changes in fiber CSA
during the training period (Table 7). The only significant
correlation observed was between the myonuclear
domain measured after 2 weeks of training and the
change in fiber area from 2 weeks of training to the end
of the intervention (r = -0.83, P < 0.01).

Discussion

Our main observations in this study were the early
increase in activated satellite cells, the early increase in
the number of satellite cells, and the effect of training
volume on satellite cell number in the thigh muscle, but
not in the neck muscle. More interestingly, the larger
satellite cell response with high training volume in thigh
muscles corresponded to a larger increase in knee
extensor muscle CSA and strength as compared with the
group training with low training volume. We suggest that
the greater muscle growth in response to the high train-
ing volume on leg muscles depended on a greater acti-
vation of satellite cells than with the low training
volume.

Enhanced number of satellite cells in response to
strength training is in accordance with previous studies
(Kadi, 2000). The novel finding in our study was the
early increase in the proportion of activated satellite
cells, the early increase in total number of satellite
cells and the dependence on training volume in the leg
muscle. The number of activated satellite cells, indicated
by myoD and myogenin expression, increased from ~2%
before training to 6–10% 2 weeks into the intervention.
The proportion of activated satellite cells found in our
study is in-line with numbers observed when activated
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satellite cells were identified as Ki-67-positive satellite
cells in resting muscles and in stressed muscles (Mackey
et al., 2009). At the end of the strength training inter-
vention, the proportion of MRF-positive satellite cells
were normalized, suggesting that the satellite cells
become less responsive when the strength training
stimuli are repeated over a long period of time.

In contrast to the increase in MRF-positive satellite
cells, no significant increase in MyoD or myogenin
levels was observed in muscle homogenates. One possi-
ble explanation for no significant changes in the total
levels of MyoD and myogenin is that the MRFs also are
produced in myofibers and, consequently, the observed
changes in satellite cells expression is diluted in the
homogenated muscle samples.

The activation and proliferation of satellite cells at an
early stage may be required for the large increase in CSA
of the muscle belly observed in the high training volume
group in this study (Ronnestad et al., 2007). However, it
is not clear what the actual stimuli for satellite cell acti-

vation are during strength training. Pathways involving
intracellular signaling via mechano-sensitive receptors
or indirectly via growth factor-mediated signals are the
most likely activating stimuli (Tidball, 2005; Tatsumi,
2010). In our study, a general upregulation of several
growth factors was observed, and mRNA levels were
highest after 2 weeks of training. The upregulation of
IGF-1, MGF, and FGF2 may be an orchestrated response
to the mechanical loading during strength training
(Clarke & Feeback, 1996; Clarke et al., 1998; Tidball,
2005). Furthermore, FGF2 may induce HGF expression
(Onimaru et al., 2002). All these growth factors can, via
receptor interaction, stimulate growth of muscle fibers
and activate the surrounding satellite cell (Tidball,
2005). Although the potential for inducing hypertrophy
and satellite cell activation by these growth factors
is well documented, their role in training-induced
hypertrophy is still debated (Hamilton & Baar, 2008;
Spangenburg et al., 2008). In our present study, we can
only conclude that there was a general upregulation of

0

200000

400000

600000

800000

1000000

N
et

 in
te

ns
ity

 (A
.U

.) .

1L-3UB

3L-1UB

0

200000

400000

600000

800000

1000000

Pre 2-weeks 11 weeks

N
et

 in
te

ns
ity

 (
A

.U
.) .

1L-3UB

3L-1UB

Pre 2-weeks 11 weeks

m. vastus lateralis 

m. trapezius 

80 kDa 

30 kDa 

20 kDa 

60 kDa 

50 kDa 

40 kDa 

100 kDa 
120 kDa CYTOSOLIC FRACTION  NUCLEAR FRACTION 

m. vastus lateralis 

m. trapezius 

Vpre V2w Vpost Tpre T2w Tpost Vpre V2w Vpost Tpre T2w Tpost 

Western blots of myoD 

CYTOSOLIC FRACTION  NUCLEAR FRACTION 

Fig. 5. Homogenates of muscle biopsies from subjects before (pre), after 2 weeks, and after 11 weeks of strength training. Protein
levels were quantified by Western blots of MyoD in the cytosolic (left panels) and nuclear fraction (right panels) of muscle homogenate
from m. vastus lateralis and m. trapezius. Upper panels show Western blot from one subject with first three samples from m. vastus
lateralis (V) and three last samples from m. trapezius (T) obtained before intervention (pre), 2 weeks into the intervention (2w) and
after the intervention (post). Values represent means � SE (n = 7 + 9).

Hanssen et al.

736



these growth factors paralleling the increase in satellite
cells and preceding the hypertrophy of muscle fibers. We
assume that these growth factors do play a role because
their mRNA expressions were enhanced, although their
relative importance for the observed changes in satellite
cells and muscle growth is unknown. Furthermore, no
change in myostatin expression in our subjects suggests
that myostatin might play a minor role for the observed
changes in satellite cells and fiber hypertrophy.

In m. trapezius, revealing similar changes in
CSA across groups, the number of satellite cells also

increased similarly in both groups early and late in the
training period. Although the satellite cell response cor-
responded well to the overall change in the muscle CSA,
it was unexpected that the changes in mean fiber CSA
did not follow the changes observed for whole muscle
CSA. Surprisingly, an increase in mean fiber CSA was
only found in the 1L-3UB group in the m. trapezius.
Even more surprisingly, there was a tendency toward a
reduction in mean fiber CSA in m. vastus lateralis during
the first 2 weeks of training in the group training with
three sets on leg muscles. The discrepancy between the
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Table 7. Correlations between MRF-positive satellite cells and myonuclear domain after 2 weeks of training and changes in the number of satellite cells,
myonuclei, and fiber area during the training period

Satellite cells per fiber Myonuclei per fiber Change in fiber area
2 weeks-post

2 weeks Post 2 weeks Post

m. vastus lateralis (n = 18)
MRF positive satellite cells after 2 weeks R 0.081 0.19 0.242 0.141 -0.009

P 0.714 0.423 0.29 0.566 0.975
Myonuclear domain R -0.83
After 2 weeks P <0.01

m. trapezius (n = 16)
MRF positive satellite cells after 2 weeks R -0.154 0.15 -0.117 0.372 0.051

P 0.506 0.58 0.624 0.19 0.851
Myonuclear domain -0.20
After 2 weeks 0.47

MRF, myogenic regulatory factor.
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observed changes in fiber CSA and whole muscle CSA is
hard to explain. However, possible explanations could be
that the site of the biopsies are not representative for the
overall changes in fiber CSA, or the formation of new
small fibers are more pronounced in the 3L-1UB group
than in the 1L-3UB group. Although this is only specu-
lations, it is tempting to suggest that formation of new
small fibers, either from fusion of satellite cells or from
splitting of large fibers, is responsible for the overall
tendency toward a reduction in mean fiber CSA in the
first 2 weeks. In addition, a possible change in fiber
pennation angle might also contribute to the discrepancy
between the observed changes in whole muscle CSA and
fiber CSA.

A current debate is whether hypertrophy can occur
without addition of myonuclei (McCarthy & Esser,
2007; O’Connor et al., 2007). A key point is whether the
size of the myonuclear domain is regulated by fusion of
myonuclei from satellite cells. It has been suggested
that the myonuclear domain has a ceiling size of 2000–
2247 mm2/nucleus (Ishido et al., 2004; Kadi et al., 2004;
Petrella et al., 2006; O’Connor & Pavlath, 2007), and
addition of myonuclei is necessary if the fiber size
increases more than 26% (Kadi et al., 2004; Petrella
et al., 2006). The absolute myonuclear domain measured
in our participants was higher than reported in some
previous studies (Petrella et al., 2006; Verney et al.,
2008). This discrepancy might be due to the fact that we
cut 5-mm-thick cross-sections as compared with 6- and
10-mm-thick cross-sections in the other studies. Petrella
et al. (2008) found that subjects with the largest hyper-
trophy in response to strength training incorporated more
myonuclei than modest responders. This suggests a dif-
ferential demand for myonuclear incorporation. Our
findings are only partly in agreement with this finding.
The observed reduction in the myonuclear domain in m.
vastus lateralis after 2 weeks training in the 3L-1UB
groups suggests that the addition of new myonuclei pre-
ceded hypertrophy at the fiber level. This is in-line with
the findings on rats where the increase in DNA, an indi-
rect marker of nuclear number, preceded hypertrophy of
the overloaded muscle (Adams & Haddad, 1996). Fur-
thermore, our results are comparable with the time
course observed in overloaded murine muscles where a
reduction in myonuclear domain 6–10 days after initia-
tion of overload, preceded the hypertrophic response
(Bruusgaard et al., 2010). These findings suggest that
the incorporation of myonuclei might be required for the

hypertrophy observed at later times in these studies.
In-line with this suggestion, we observed a strong nega-
tive correlation (r = -0.83) between the myonuclear
domain measured after 2 weeks and the subsequent fiber
hypertrophy from 2 weeks of training till the end of the
intervention in m. vastus lateralis. Another possible
explanation is that addition of new fibers with a high
nuclear to cytoplasmic ratio has reduced the myonuclear
domain.

In conclusion, strength training resulted in an early
increase in activated satellite cells and total number of
satellite cells. Enhanced training volume promoted an
increase in the satellite cell response in the thigh but not
in the neck muscle. The larger satellite cell response with
high training volume in thigh muscles corresponded to
a larger increase in knee extensor muscle CSA and
strength as compared with the group training with a low
volume. This strengthens the hypothesis that satellite cell
activation, proliferation, and later fusion with growing
myofibers are important for muscle growth in response
to strength training. Finally, the upregulation of growth
factors supports their potential role in satellite cell acti-
vation as well as muscle fiber hypertrophy.

Perspectives

Activation of satellite cells seems to be essential for
normal muscle growth and for regeneration of muscle
tissue. Our main observations were the early increase in
activated satellite cells, the early increase in the number
of satellite cells, and the effect of training volume on
satellite cell number in the thigh muscle, but not in the
neck muscle. Taken together, these results strengthen the
hypothesis that satellite cell activation, proliferation, and
later fusion with growing myofibers are important for
muscle growth in response to strength training. However,
the mechanisms and pathways involved in activating
satellite cells should be further elucidated. Further inves-
tigations should therefore include methods designed
to better understand the steps from activation, prolifera-
tion, and growth in skeletal muscle. This might lead to
improved strategies concerning the effect of exercise on
satellite cell activation in muscle growth under normal
conditions, in athletes, as well as the role of satellite cells
in the loss of muscle mass in aging population.

Key words: MRF, MGF, IGF-1, HGF, myonuclei,
hypertrophy.
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