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Abstract Skeletal muscle satellite cells (SCs) have
been shown to be instrumental in the muscle adaptive
response to exercise. The present study determines age-
related differences in SC content and activation status
following a single bout of exercise. Ten young (22±
1 years) and 10 elderly (73±1 years) men performed a
single bout of resistance-type exercise. Muscle biopsies
were collected before and 12, 24, 48, and 72 h after
exercise. SC content and activation status were assessed
in type I and type II muscle fibers by immunohisto-
chemistry. Myostatin and MyoD protein and messenger
RNA (mRNA) expression were determined by Western

blotting and rtPCR, respectively. In response to exercise,
it took 48 h (young) and 72 h (elderly) for type II muscle
fiber SC content to exceed baseline values (P<0.01).
The number of myostatin+SC in type I and II muscle
fibers was significantly reduced after 12, 24, and 48 h of
post-exercise recovery in both groups (P<0.01), with a
greater reduction observed at 24 and 48 h in the young
compared with that in the elderly men (P<0.01). In
conclusion, the increase in type II muscle fiber SC
content during post-exercise recovery is delayed with
aging and is accompanied by a blunted SC activation
response.
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Introduction

The age-related loss of skeletal muscle mass is charac-
terized by a reduction in muscle fiber cross-sectional
area and number, and specific type II muscle fiber
atrophy (Lexell et al. 1988; Verdijk et al. 2007). This
decline in type II muscle fiber cross-sectional area is
accompanied by a muscle fiber type–specific decline in
the number of skeletal muscle satellite cells (SCs)
(Verdijk et al. 2007). These SCs represent a small pool
of myogenic precursor cells, which are essential for
muscle fiber maintenance, repair, and growth.
Although SCs typically reside in a quiescent state, they
can become activated following exercise and/or skeletal
muscle fiber damage (O’Reilly et al. 2008; McKay et al.
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2009). Following activation, SCs can proliferate and
subsequently differentiate to form new myonuclei, or
return to a quiescent state to replenish the resident pool
of SCs.

Physical activity has been shown to stimulate muscle
protein synthesis, resulting in net muscle protein accre-
tion (Witard et al. 2009; Phillips et al. 1997). However, it
has been suggested that adequate SC activation, prolif-
eration, and differentiation are required to allow sub-
stantial muscle fiber hypertrophy during more
prolonged exercise training (Kadi et al. 2004; Petrella
et al. 2008). The progression of SCs through the various
stages of activation, proliferation, and/or differentiation
is mediated by the expression of different myogenic
regulatory factors, or MRFs (MyoD, Myf-5,
Myogenin, and Mrf4) (Yin et al. 2013). In addition,
myostatin has been suggested to be of key importance
in SC function during muscle fiber growth (Langley
et al. 2002; Siriett et al. 2006). As a member of the
transforming growth factor-β (TGF-β) family,
myostatin acts as a strong negative regulator of skeletal
myogenesis (McPherron and Lee 1997; Lee 2004). It
has been suggested that myostatin may be a crucial
mediator in the age-related loss of muscle mass (Siriett
et al. 2006). An inability to properly downregulate
myostatin may be of significant importance in the re-
duced myogenic capacity typically observed in aged
human skeletal muscle in response to anabolic stimuli
(McKay et al. 2012; Leger et al. 2008). Likewise, the
upregulation and/or downregulation of messenger RNA
(mRNA) expression of the MRF proteins in response to
a single bout of resistance-type exercise has been shown
to be altered in elderly (Hameed et al. 2003; Drummond
et al. 2009), whichmight be indicative of impairments in
SC function in senescent muscle.

In support of a reduced SC responsiveness with
aging, previous studies have indicated that the
exercise-induced increase in SC content may be attenu-
ated in the elderly. Dreyer et al. (2006) showed that 24 h
following a single bout of eccentric exercise, the in-
crease in SC content was greater in young (+141 %)
when compared with that in elderly (+51 %) men. In a
more recent study, McKay et al. (2012) assessed chang-
es in type I and type II muscle fiber SC content during
48 h of post-exercise recovery in young and elderly
men. This study showed that type II muscle fiber SC
content increased in the young but not in the elderly men
during the first 48 h of post-exercise recovery (McKay
et al. 2012). The inability to properly increase the SC

pool size in response to exercise might contribute to the
reduced skeletal muscle adaptive response to exercise
training that has typically been observed in the elderly
(Kosek et al. 2006; Petrella et al. 2006) and may predis-
pose to the development of sarcopenia. Even though
McKay et al. (2012) did not show any detectable in-
creases in type II muscle fiber SC content following a
single bout of exercise, it has been well established that
in response to prolonged resistance-type exercise train-
ing, type II muscle fiber hypertrophy is accompanied by
a concomitant increase in type II muscle fiber SC con-
tent in healthy elderly (Leenders et al. 2013; Verdijk
et al. 2009a). So far, only limited data exist on the time-
dependent changes in SC content and activation status
during post-exercise recovery in human skeletal muscle.
A more comprehensive understanding of the timeline of
the changes in SC activation, proliferation, and differ-
entiation during post-exercise recovery in both young
and elderly adults is required to understand the potential
underlying mechanisms responsible for the blunted in-
crease in muscle mass and strength observed in senes-
cent muscle. Therefore, in the present study, we assessed
type I and type II muscle fiber SC content and activation
status following 12, 24, 48, and 72 h of recovery from a
single bout of resistance-type exercise in both young
and elderly men. This is the first study to show that the
increase in type II muscle fiber SC content is delayed
and accompanied by a blunted SC activation response in
healthy elderly men.

Methods

Participants

Ten healthy young (22±1 years) and 10 healthy elderly
(73±1 years) men were recruited to participate in this
study. Participants were informed about the nature and
risks of the experimental procedures before their written
consent was obtained. The study was approved by the
Medical Ethical Committee of theMaastricht University
Medical Centre+ and complied with the guidelines set
out in the Declaration of Helsinki. Medical history of all
participants was evaluated and a resting electrocardio-
gram was performed before selection. Exclusion criteria
were defined that would preclude successful participa-
tion in the exercise session, which included (silent)
cardiac or peripheral vascular disease and orthopedic
limitations. Body composition (fat and fat-free mass)
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was determined by Dual Energy X-Ray Absorptiometry
scan (DEXA; Hologic Inc., Bedford, USA). Lean mass
and percentage body fat were determined on a whole
body level and for specific regions (e.g., trunk and legs).
Next, all eligible men participated in an orientation trial
to become familiarized with the resistance-type exercise
protocol and the equipment. Proper lifting technique
was demonstrated and then practiced by the participants
for each of the two lower limb exercises (leg press and
leg extension). Subsequently, maximal strength (one-
repetition maximum, or 1-RM) was determined by
using the multiple repetitions testing procedure during
two separate visits (Mayhew et al. 1995).

Protocol

At 08:00 h, following 24 h of a controlled diet, partic-
ipants reported to the lab after an overnight fast.
Following 30 min of supine rest, a muscle biopsy was
taken from the M. vastus lateralis. Thereafter, partici-
pants were provided with a standardized breakfast. After
breakfast, participants rested for 30min after which they
performed a single bout of exercise. The single bout of
resistance-type exercise consisted of two different exer-
cises. Participants performed six sets of 10 repetitions at
75 % 1-RM on the horizontal leg press machine
(Technogym BV, Rotterdam, The Netherlands) and six
sets of 10 repetitions at 75 % 1-RM on the leg extension
machine (Technogym BV). A resting period of 2 min
between sets was allowed. The entire protocol required
approximately 40min to complete. All participants were
verbally encouraged during the test to complete the
whole protocol. Before and after the exercise session, a
5–10-min warm up/cooling down at low intensity was
performed on a cycle ergometer. At the end of the
exercise protocol, the participants rested for 3 h in a
supine position. At 12:30 h, participants received a
standardized lunch, after which participants were pro-
vided with a standardized dinner for the same evening.
At 20:30 h, participants reported back to the laboratory
for collection of a muscle biopsy and blood sample
(t=12 h). Exactly 24, 48, and 72 h after the start of the
exercise, a third, fourth, and fifth muscle biopsy and
blood sample were collected.

Diet and physical activity standardization

During the entire 4-day intervention period, all partici-
pants consumed a controlled diet. Participants’ energy

requirements were calculated using the Harris and
Benedict equations with a physical activity index of
1.4 (Harris and Benedict 1918). On average, the young
men consumed 150±6 kJ·kg bw−1·d−1, consisting of 70
±1 En % carbohydrate, 13±1 En % protein (equal to
1.16±0.03 g protein·kg bw−1·d−1), and 20±1 En % fat.
Elderly men consumed 125±4 kJ · kg bw−1 · d−1,
consisting of 65±1 En % carbohydrate, 15±1 En %
protein (equal to 1.11±0.04 g protein·kg bw−1·d−1),
and 22±1 En % fat. All volunteers were instructed to
refrain from any sort of heavy physical exercise 3 days
before the first test day until the day of the last blood and
muscle biopsy sampling.

Muscle biopsy

Muscle biopsies were obtained from the middle region
of the vastus lateralis muscle, ∼15 cm above the patella
and approximately 2 cm away from the fascia by means
of the percutaneous needle biopsy technique described
by Bergström et al. (1975). Muscle biopsies were care-
fully freed from any visible fat and blood, with one part
embedded in Tissue-Tek (Sakura Finetek Europe B.V.,
Zoeterwoude, Netherlands) and rapidly frozen in liquid
nitrogen cooled isopentane, while another part was di-
rectly frozen in liquid nitrogen and stored at −80 °C for
subsequent histochemical and biochemical analysis,
respectively.

Immunohistochemical analysis

From all muscle biopsy samples, 5-μm-thick cross sec-
tions were cut at −20 °C using a cryostat. Muscle
samples collected before and after 12, 24, 48, and 72 h
of post-exercise recovery from each individual partici-
pant were mounted together on uncoated glass slides
and air-dried for 3 h at room temperature before being
stored at −20 °C for subsequent analyses. All muscle
cross sections were stained with antibodies against Pax7
(supernatant from growing cells; neat; DSHB),
myostatin (near C-terminus; 1:100; AB3239;
Millipore, Etobicoke, ON, Canada) previously validated
to detect the C-terminal (active) myostatin (Bish et al.
2010; Jespersen et al. 2011), MyoD1 (anti-MyoD1;
clone 5.8A; Dako, Burlington, ON, Canada), A4.951
[myosin heavy chain type I (MHCI; slow isoform);
supernatant; neat; DSHB], and laminin (1:1000;
L8271, Sigma-Aldrich, Oakville, ON, Canada, and
Abcam ab11575, Abcam, Cambridge, MA, USA).
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Appropriate secondary antibodies were applied: Dylight
488 (1:500, Thermo Scientific, Ontario, ON, Canada),
Alexa Fluor 594 (1:500, Invitrogen, Molecular Probes,
Carlsbad, CA, USA), biotinylated secondary antibody
(1:200; Vector Canada, Burlington, ON, Canada),
streptavidin-594 fluorochrome (1:500; Invitrogen,
Molecular Probes), Alexa Fluor 488 (1:500), Alexa
Fluor 594 (1:500), Alexa Fluor 647 (1:500); Alexa
Fluor 350 (1:20), Alexa Fluor 488 (1:500), and Alexa
Fluor 647 (1:500). The immunohistochemical staining
procedures were adapted from previously published
methods (McKay et al. 2012; Snijders et al. 2014). All
stained muscle samples were viewed with the Nikon
Eclipse 90i microscope outfitted with a high-resolution
QImaging camera for fluorescence detection (Nikon
Instruments, Melville, NY, USA), and images were
captured with a ×40 objective and analyzed using the
Nikon NIS Elements AR 3.0 software (Nikon
Instruments). Fiber circularity was calculated as
(4π•cross-sectional area (CSA))/(perimeter)2. For each
subject, fiber type distribution (fiber%: number of type I
fibers/total fiber number), fiber CSA, fiber area percent-
age (CSA%: the area percentage occupied by type I
fibers, calculated by multiplying type I fiber% and type
I CSA and then dividing by total area), number of SCs
per fiber, and number of SC per square millimeters of
muscle fiber area were determined for the type I and
type II muscle fibers, separately. In addition, we deter-
mined the number of SC stained positive for MyoD or
Myostatin (see Figs. 1 and 2 for representative images of
the immunohistological analyses, respectively). As de-
scribed previously (Mackey et al. 2009), at least 75 type
I and 75 type II muscle fibers were included to make a
reliable estimation of SC content in human muscle
biopsy samples (Table 1). Slides were masked for both
groups and time points. Due to technical difficulties,
MyoD+SCs were only assessed in mixed muscle fiber
in 14 out of 20 participants (6 young and 8 elderly men),
whereas the number of myostatin+SCs was determined
in type I and type II muscle fibers separately in all
participants (10 young and 10 elderly men).
Representative images of the immunohistological anal-
yses are provided in Figs. 1 and 2.

Quantitative rtPCR

Total RNAwas isolated from 10–20 mg of frozen mus-
cle tissue using Trizol® Reagent (Invitrogen), according
to the manufacturer ’s protocol . Total RNA

quantification was carried out spectrophotometrically
at 260 nm (NanoDrop ND-1000 Spectrophotometer,
Thermo Fisher Scientific, USA), and RNA purity was
determined as the ratio of readings at 260/280 nm. The
first-strand complementary DNA (cDNA) was synthe-
sized from 1-μg RNA sample using iScriptTM cDNA
synthesis kit (BIO-RAD). Taqman PCR was carried out
using 7300 Real-Time PCR system (Applied
BioSystems, USA) with 2 μL of cDNA (diluted five
times), Mastermix: Taqman® Gene Expresseion
Mastermix (Applied Biosytems) was added resulting
in a total volume of 25 μL. Taqman primer/probe sets
were obtained from Applied Biosystems (Taqman®
Gene Expression Assays): myogenin, MyoD, and
myostatin; primers are listed in Table 2. Each sample
was run in duplicate. The housekeeping gene
hydroxymethylbilane synthase (HMBS) was used as
an internal control. The thermal cycling conditions used
were 2 min at 50 °C, 10 min at 95 °C, followed by
40 cycles at 95 °C for 15 s and 60 °C for 1 min. Ct values
of the target gene were normalized to Ct values of the
internal control HMBS, and final results were calculated
according to the 2−ΔΔCt method. The muscle biopsy
attained before the single bout of exercise was used as
a reference and given a value of 1, and fold changes at
12, 24, 48, and 72 h of post-exercise recovery were
calculated.

Western blotting

From each muscle sample frozen for biochemical anal-
yses, 30–40 mg was homogenized in Tris buffer
(50 mM, 1 mM EDTA, 1 mM EGTA, 0.1 % Nonidet
P40, 0.1 % 2-mercaptoethanol pH 7.4) supplemented
with the following protease and phosphatase inhibitors:
aprotinin 2 mg/mL, leupeptin 2 mg/mL, benzamidine
300 mM, and PMSF 100 mM. After homogenization,
each muscle extract was centrifuged for 5 min at
10,000g (4 °C) and supernatant was used as nuclear
fraction. Sample buffer was added to the supernatant
to a final concentration of 60 mM Tris, 5 % glycerol,
20 mg/mL SDS, 0.1 mM DTT, and 20 μg/mL
bromophenol blue and was then boiled for 5 min at
100 °C and subsequently cooled on ice. Immediately
before analyses, the muscle extraction sample was
warmed to 50 °C and centrifuged for 1 min at 3,000g
(RT). Total amount of sample loaded on the gel was
based on weight (3.125 mg muscle per lane). Protein
samples were run on a 4–15 % Criterion Tris-HCl gel
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(Biorad Order No. 3450027) for 10 min at 50 V (con-
stant voltage) and 1 h 40min at 120 V (constant voltage)
and transferred onto a polyvinylidene difluoride mem-
brane (PVDF) in 1 h 30 min at constant 500 mA.
Specific proteins were detected by incubation with spe-
cific antibodies in 1 % bovine serum albumin (BSA) in
0.1 % phosphate-buffered saline (PBS)-Tween 20 after
blocking in 1 % BSA in 0.1 % PBS-Tween (Sigma
Order No. A6003-25G). The antibodies used in this
study were anti MyoD (37 KD; rabbit polyclonal IgG,
Santa Cruz sc-760), anti-Myostatin (50 KD; rabbit poly-
clonal IgG; Santa Cruz sc-6885-R), and anti-α-actin (42
KD; mouse monoclonal IgM; Sigma A2172).
Following incubation, membranes were washed (3×
5 min) in 0.1 % PBS-Tween 20 and incubated (1 h at
RT) with the appropriate secondary antibody, polyclonal
rabbit anti-mouse IgG-HRP (Dako, P0161), and poly-
clonal swine anti-rabbit IgG-HRP (Dako, P0399)

dissolved in 1 % BSA 0.1 % PBS-Tween 20. After a
final wash step (3×5 min) in 0.1 % Tween 20-PBS, the
membranes were incubated with Supersignal West Dura
Extended Duration Substrate (Thermo Scientific, No.
340760) for 1 min. Visualization and quantification of
the protein bands were enabled by Biorad universal
hood II and Chemidoc XRS camera and Quantity One
4.6.5 software, respectively.

Statistics

All data are expressed as means±SEM. An independent
samples Student’s t test was used to compare differences
between groups at baseline. Data were analyzed using a
two-way repeated measures ANOVAwith group (young
vs old) as between-subject factor and time (before exer-
cise (pre-) vs 12, 24, 48, or 72 h post-exercise recovery)
and fiber type (type I vs II) as within-subject factors. In

Fig. 1 Representation of skeletal muscle satellite cells (SC) and
MyoD in mixed muscle fibers. a Laminin (yellow)+Dapi (blue)+
Pax7 (green)+MyoD (red). b Laminin+Pax7. c Laminin+MyoD.

d Pax7+MyoD. e Dapi+Pax7. f Dapi+MyoD. Arrows point at
SCs. Asterisk indicates an activated SC
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Fig. 2 Representation of fiber-
type-specific analyses of skeletal
muscle satellite cell (SC) content
and myostatin in both a healthy
old (ai) and young (aii) man. ai-ii
MHCI (green)+laminin (green)+
Dapi (blue)+Pax7 (red)+
myostatin (yellow) staining. b
MHCI+laminin+Pax7. c
MHCI+laminin+myostatin. d
MHCI+laminin+Dapi. e Dapi+
Pax7. f Dapi+myostatin. g Dapi
only. h Pax7 only. i Myostatin
only. Arrows point at the SCs
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the two-way repeated measures ANOVA design, post-
exercise time points were compared with baseline
values only and Bonferroni corrections were applied
to account for multiple comparisons to baseline.
Separate analyses (within groups or within fiber type)
were performed in case significant interactions and
Bonferroni corrections were applied to correct for
multiple testing. Statistical significance was set at
P<0.05. All calculations were performed using
SPSS 19.0 (Chicago, IL).

Results

Subject characteristics

Characteristics of both groups are presented in Table 3.
Muscle strength as assessed by 1-RM; both leg press
and leg extension were significantly lower in the elderly
(168±8 and 84±3 kg, respectively) compared with the
young men (214±7 and 137±4 kg, respectively;
P<0.001). In accordance, leg lean mass was

significantly lower in the older compared with that in
the young men (18.4±0.5 vs 21.1±0.4 kg, respectively;
P<0.001).

Muscle fiber cross-sectional area and fiber type
distribution

No significant differences were observed in type I mus-
cle fiber cross-sectional area between groups. In con-
trast, type II muscle fiber cross-sectional area was sig-
nificantly smaller in the older compared with that in the
young men (5,574±371 vs 7,584±390 μm2, respective-
ly; P<0.01). Furthermore, in the healthy young men,
muscle fiber cross-sectional area was significantly great-
er in type II compared with type I fibers (P<0.01;
Table 4). In contrast, type II muscle fiber cross-
sectional area was significantly smaller than type I mus-
cle fiber cross-sectional in the elderly men (P<0.01;
Table 4). No differences in fiber type distribution (fi-
ber% and/or CSA%) nor in fiber circularity were ob-
served between young and elderly men (Table 4). In
addition, no changes were observed in muscle fiber
cross-sectional area, fiber type distribution, and/or fiber
circularity within the 72 h of post-exercise recovery
(data not shown).

Satellite cell content

At baseline, the number of SCs in the type II muscle
fibers was significantly lower in the elderly compared
with that in the young men (0.077±0.005 vs 0.102±

Table 1 Characteristic of immunohistological analyses

Young Old

Type I Type II Type I Type II

Fiber number Pre- 112±10 109±8 103±18 87±11

12 h 114±17 120±14 116±9 101±9

24 h 105±13 104±12 86±9 97±12

48 h 94±11 86±6 99±12 97±11

72 h 96±9 102±7 99±13 91±8

Values are means±SEM; fiber number: the number of fibers
included in the fiber-type-specific immunohistological analyses
of satellite cell content

Table 2 qRT-PCR probes

Gene name Probe number NCBI gene
ID number

Myostatin Hs 00193363 2660

MyoD Hs 00159528 4654

Myogenin Hs 00231167 4656

HMBS Hs 00609297 3145

MyoDmyogenic determination factor,HMBS hydroxymethylbilane
synthase

Table 3 Subjects’ characteristics

Young Old

Age (years) 22±1 73±1*

Height (m) 1.82±0.02 1.75±0.02*

Weight (kg) 76±2 79±3

BMI (kg/m2) 23.0±0.6 25.7±0.8*

Whole body lean mass (kg) 58.4±1.2 55.9±1.9

Leg lean mass (kg) 21.1±0.4 18.4±0.5*

Whole body fat (%) 15±2 22±1*

1-RM leg press (kg) 214±7 168±8*

1-RM leg extension (kg) 137±4 84±3*

Values are means±SEM; n=10 per group

BMI body mass index, 1-RM one-repetition maximum

*Significantly different compared with young men
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0.007 SCs per muscle fiber, respectively; P<0.01). The
number of SC per type I muscle fiber had significantly
increased after 12 (+14±5 and +10±7 %; P<0.01), 48
(+42±12 and +40±8 %; P<0.001), and 72 h (+49±18
and +45±19 %; P<0.001) of recovery when compared
with pre-exercise values in both the young and the
elderly men, respectively (Fig. 3a). At 24 h post-exer-
cise, type I muscle fiber SC content tended to be greater
compared to baseline values in both groups (Fig. 3a;
P=0.052). Type II muscle fiber SC content was signifi-
cantly increased at 48 (+34±11%; P<0.001) and 72 h (+
48±15 %; P<0.001) after the single bout of exercise in
the healthy young men, with a non-significant increase
also observed at 24 h (P=0.052). In contrast, type II
muscle fiber SC content was only increased after 72 h
of post-exercise recovery (+34±11 %) in the older men
(Fig. 3b; P<0.001). When expressed per millimeter
squared, we observed similar changes in SC contents
during post-exercise recovery in both the young and older
men. The number of SCs per millimeter squared in type I
muscle fibers had increased significantly after 24
(P<0.01), 48 (P<0.001), and 72 h (P<0.001) of post-
exercise recovery when compared with baseline values in
both the young and older men (Table 5). Whereas the
number of SCs per millimeter squared in type II muscle
fiber was significantly increased at 24 (P<0.01),
48(P<0.001), and 72 h (P<0.001) after cessation of
exercise in the healthy young men, changes in type II
muscle fiber SC content in the older men were not
observed until after 72 h of post-exercise recovery
(Table 5).

MyoD+satellite cells

At baseline, MyoD was expressed in 25–30 % of all SCs
with no significant differences between groups (see Fig. 1
for representative image of the immunohistological stain-
ing). In response to the single bout of resistance-type
exercise, the number of mixed muscle MyoD+SCs per
fiber was significantly increased at all time points when
compared with pre-exercise values (Fig. 4; P<0.01) in the
healthy young men. In contrast, mixed muscle MyoD+
SCs per fiber was increased after 24 (P<0.001), 48
(P<0.001), and 72 h (P<0.001) of post-exercise recovery
in the elderly men. In addition, we observed a significantly
greater increase in the number ofMyoD+SCs in the young
compared with the elderly men at 48 h after a single bout
of exercise (time×group interaction, P=0.027; Fig. 5).

Fig. 3 Mean number of satellite cells (SCs) per muscle fiber in
both type I (a) and type II (b) muscle fibers before (pre-) and 12,
24, 48, and 72 h after a single bout of resistance in young (n=10)
and old (n=10) men. Values represent means±SEM. Single aster-
isk indicates significant group effect (P<0.01). Double asterisk
indicates significant effect of time compared with pre-exercise
value (P<0.01). Triple asterisk indicates significant effect of time
compared with pre-exercise value in young men only (P<0.01).
Bar indicates that the effect of time is present in both groups

Table 4 Muscle fiber distribution and fiber area

Fiber type Young Old

Fiber circularity I 0.77±0.01 0.75±0.01

II 0.77±0.01 0.72±0.01

Fiber type distribution
(fiber%)

I 51±3 56±5

II 49±3 44±5

Fiber type distribution
(CSA%)

I 47±4 57±4

II 53±4 43±4

Muscle fiber CSA (μm2) I 6316±486 6566±364

II 7584±390# 5574±371#*

Data represent means±SEM

CSA cross-sectional area. # : Significantly different compared with
type I muscle fibers (P<0.05). *: Significantly different compared
with young (P<0.05)
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Myostatin+satellite cells

At baseline, myostatin was expressed in 70–80 % of all
SCs with no differences between type I and type II
muscle fibers (see Fig. 2 for representative image of
the immunohistological staining). In addition, before
exercise, the proportion of myostatin+SCs did not differ
between groups. In response to the single bout of
resistance-type exercise, both groups showed a substan-
tial decline in the percentage of myostatin+SCs at all
time points when compared to pre-exercise values
(Fig. 5a, b; P<0.001). However, at 12 (P<0.01) and
48 h (P<0.01) after exercise cessation, the reduction in
the percentage of myostatin+SCs was significantly
higher in the young compared with that in the elderly
men (Fig. 5a, b). Furthermore, both groups showed a
larger decrease in the proportion of myostatin+SCs in

type II compared to type I muscle fibers at 12 and 24 h
after the single bout of resistance-type exercise.

Table 5 Type I and II muscle fiber satellite cell content

Group Type Pre 12 h 24 h 48 h 72 h

Nr of SC/mm2 Young I 16.6±1.7 18.4±2.9 20.0±2.7* 22.0±1.9* 23.4±3.0*

Old I 11.6±1.2 13.1±1.4 16.1±1.3* 16.7±2.0* 16.5±3.0*

Young II 14.0±1.0 13.7±1.0 17.7±1.4* 18.5±1.3* 20.3±2.0*

Old II 14.4±1.9 15.7±1.5 14.8±1.3 15.4±1.3 19.4±2.0*

Data represent means±SEM

SC satellite cell. * Significantly different compared with pre-exercise values

*Significantly different compared with pre-exercise values

Fig. 4 Changes in mixed muscle MyoD+satellite cells (SC) per
muscle fiber before and 12, 24, 48, and 72 h after a single bout of
resistance-type exercise in young (n=6) and old (n=8) men.
Values represent means±SEM. Asterisk indicates significant effect
of time compared with pre-exercise value (P<0.01). Number sign
indicates significant time×group interaction; increase from pre-
exercise value is smaller in old compared with young men
(P<0.01). Bar indicates that the effect of time is present in both
groups

Fig. 5 Proportion of myostatin+satellite cells (SC) in both type I
(a) and type II (b) muscle fibers before (pre-) and 12, 24, 48, and
72 h after a single bout of resistance exercise in young (n=10) and
old (n=10 ) men. Values represent means±SEM. Asterisk indi-
cates significant effect of time compared with pre-exercise value
(P<0.01). Number sign indicates significant time×group interac-
tion; decrease from pre-exercise value is larger in young compared
with old men (P<0.01). Bar indicates that the effect of time is
present in both groups
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mRNA expression

MyoD mRNA expression increased significantly at 12
(∼3- and ∼6-fold, respectively; P<0.01) and 24 h (∼2-
and ∼2-fold, respectively; P=0.03) after the single bout
of resistance-type exercise in both young and elderly
men (Fig. 6a). The increase inMyoDmRNA expression
over time did not differ between groups. In contrast,
myogenin mRNA expression revealed a larger increase
in the young (9.3±2.3-fold) compared with the elderly
men (3.6±0.5-fold) at 12 h after the single exercise bout
(Fig. 6b; time×group interaction P=0.04). At 24
(P=0.02) and 48 h (P=0.03), myogenin mRNA expres-
sion was increased in both groups, with a tendency for a
larger increase in the young compared with the elderly
men at 48 h post-exercise recovery (time×group inter-
action, P=0.056). Myostatin mRNA expression was
substantially lowered at 24 (P<0.01), 48 (P<0.001),
and 72 h (P<0.001) after the single exercise bout, with
no differences between groups (Fig. 6c).

Protein expression

The increase in MyoD protein expression tended to be
greater in the young compared to the elderly in response
to the single bout of resistance-type exercise (Fig. 7b;
time×group interaction; P=0.092). In contrast,
myostatin protein expression was significantly in-
creased after 12 h of post-exercise recovery in the elder-
ly men, whereas no changes were observed in the young
men (Fig. 7c; time×group interaction; P=0.021). In
addition, myostatin protein expression tended to be
increased in both groups at 72 h of post-exercise recov-
ery in both the young and elderly men (Fig. 7c; main
effect of time; P=0.061)

Discussion

In the present study, we show that both type I and type II
muscle fiber SC contents increase within 72 h of recov-
ery from a single bout of resistance-type exercise in
healthy young and elderly men. However, the post-
exercise increase in type II muscle fiber SC content is
delayed in the elderly when compared with that in the
younger men. In addition, we observed an attenuated
decline in the number of myostatin+SCs in the elderly
when compared with the young men during recovery
from exercise.

Exercise training has been established as an effective
interventional strategy to stimulate skeletal muscle
growth in both young and elderly people (Kosek et al.

Fig. 6 Changes in MyoD (a), myogenin (b), and myostatin (c)
mRNA expression before (pre-) and 12, 24, 48, and 72 h after a
single bout of resistance exercise in young (n=10) and old (n=10)
men. Fold changes for mRNA expression were calculated using
2−ΔΔCt method with genes of interest normalized to HMBS. Aster-
isk indicates significant effect of time compared with pre-exercise
value (P<0.01). Number sign indicates significant time×group
interaction; increase from pre-exercise value is smaller in old
compared with young men (P<0.01). Bar indicates that the effect
of time is present in both groups

9699, Page 10 of 15 AGE (2014) 36:9699



2006; Petrella et al. 2006; Verdijk et al. 2009b; Fiatarone
et al. 1994; Frontera et al. 1988; Leenders et al. 2013;
Mackey et al. 2007; Tieland et al. 2012). The recruit-
ment of SCs has been hypothesized to be imperative for
sustained skeletal muscle hypertrophy to occur in re-
sponse to anabolic stimuli (Adams et al. 2002;
Rosenblatt and Parry 1992, 1993; Rosenblatt et al.
1994). Although some studies (McCarthy et al. 2011)
have recently suggested that satellite cells are not nec-
essary for muscle fiber growth in animal models, almost
all human studies (Kadi and Thornell 2000; Petrella
et al. 2008; Verdijk et al. 2009a; Verney et al. 2008)
involving resistance-type exercise training show that
muscle fiber hypertrophy is accompanied by
myonuclear accretion, suggesting a contributing role of
satellite cells. In line with previous studies (Dreyer et al.
2006; Cermak et al. 2013; McKay et al. 2009; McKay
et al. 2012; O’Reilly et al. 2008; Snijders et al. 2012), we

show that SC content increases by 49±18 and 48±15 %
in the type I and type II muscle fibers during 72 h of
post-exercise recovery in healthy young men (Fig. 3).
Previous work has failed to show such measurable
increases in type II muscle fiber SC content within
48 h of post-exercise recovery in elderly men (McKay
et al. 2012). In agreement, we observed no changes in
type II muscle fiber SC content during the initial 48 h of
post-exercise recovery in our elderly subjects. However,
we extend on previous work by showing a significant
34±11 % increase in type II muscle fiber SC content
following 72 h of post-exercise recovery in the older
men (Fig. 3b). Interestingly, the increase in type II
muscle fiber SC content assessed after 72 h of post-
exercise recovery did not significantly differ between
the healthy young and elderly men. This is the first study
to show that the SC pool in the type II muscle fibers
increases in response to a regular bout of resistance-type
exercise in both young and elderly men, but this re-
sponse is delayed in older compared with younger men.

To understand the mechanisms responsible for the
delayed SC response to exercise in the older population,
we determined the expression of MyoD and myogenin
at the different time points. It is well established that
MyoD acts to promote SC proliferation and transition of
cells into differentiation (Megeney et al. 1996), while
myogenin is known to drive terminal differentiation
(Yablonka-Reuveni and Rivera 1994). In line with pre-
vious studies (McKay et al. 2008; Raue et al. 2006;
Yang et al. 2005), we show that MyoD and myogenin
mRNA expression are substantially upregulated in both
young and elderly men during the first 12 to 48 h of
post-exercise recovery. However, at 12 h post-exercise,
the increase in myogenin mRNA expression was signif-
icantly greater in the young (∼9±2-fold) compared with
that in the elderly men (∼4±- fold). As mRNA expres-
sion is determined in mixed muscle tissue, changes in
MyoD and myogenin mRNA expression do not neces-
sarily reflect changes in SC function. Therefore, we also
determined MyoD protein expression in the nuclear
fraction of the muscle and assessed the number of
MyoD+SCs in response to the single bout of exercise.
In the present study, we show that MyoD expression
tended to increase to a greater extent in the young (∼3-
fold increase) compared to the elderly (no change) after
12 h of post-exercise recovery. In agreement, we ob-
served a significant increase in the number of MyoD+
SCs at 12 h of recovery in the young men, whereas no
changes were observed in the elderly men (Fig. 4). The

Fig. 7 Changes inMyoD (a) andmyostatin (b) protein expression
12, 24, 48, and 72 h after a single bout of resistance-type exercise
in young (n=10) and old (n=10) men. Protein expression was
normalized to α-actin. Values represent means±SEM. Asterisk
indicates significant effect of time compared with pre-exercise
value (P<0.01)
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number of MyoD+SCs was significantly higher at 24,
48, and 72 h after exercise in both the young and older
men when compared with baseline values, with a sig-
nificantly greater increase observed after 48 h of post-
exercise recovery in the young compared to the older
men (Fig. 5). These results indicate that the SC regula-
tory pathways are activated to a lesser extent in the old
compared with the healthy young during post-exercise
recovery. This supports the idea that SC responsiveness
is delayed and/or attenuated in healthy elderly men.

Myostatin has been shown to be a strong negative
regulator of skeletal muscle growth. In animals, aging is
accompanied by an increase in muscle myostatin con-
centrations (Kovacheva et al. 2010). In vitro studies
have demonstrated that myostatin completely blocks
myoblast proliferation and differentiation by the down-
regulation of MyoD (Taylor et al. 2001; Thomas et al.
2000; Langley et al. 2002). Likewise, the rate of SC
proliferation in vivo has been reported to be significant-
ly increased in myostatin knockout mice (McCroskery
et al. 2003; McFarlane et al. 2011; Wagner et al. 2005).
In contrast, pharmacological blockage of the myostatin/
Activin A pathway appears to induce muscle fiber hy-
pertrophy with little to no fusion of satellite cells to the
myofiber (Lee et al. 2012). However, these in vitro and
animal studies do not address the potential role of
myostatin during muscle fiber growth in more physio-
logical situations, like in response to a single bout of
exercise or during adaptation to prolonged resistance-
type exercise training in (aging) humans. In human
skeletal muscle, myostatin protein expression has been
reported to be ∼2-fold higher in healthy elderly men
when compared with that in young controls (McKay
et al. 2012). In addition, McKay et al. (2012) have
recently shown that myostatin can be located within
the SC in human skeletal muscle tissue and reported
that the percentage of myostatin+SCs declines in skel-
etal muscle tissue during 48 h of post-exercise recovery.
In line with these previous findings, the present study
shows that the percentage of myostatin+SCs decreases
substantially during recovery from exercise in both
young and older men in response to a single bout of
exercise (Fig. 4). However, after 12 and 48 h of post-
exercise recovery, the decline in the number of
myostatin+SCs was significantly smaller in the elderly
when compared with the young. These results are in line
with the blunted increase in the number of MyoD+SCs
observed at the same time points. We speculate that
during recovery from exercise, healthy elderly men are

less able to downregulate myostatin in the SCs com-
pared with their young controls. Such a reduced capac-
ity to downregulate myostatin may be instrumental for
the attenuated increase in SC number and, subsequently,
a blunted myogenic response to prolonged exercise
training.

Besides determining the localization of myostatin
within the SC, we also assessed muscle myostatin
mRNA and protein expression during post-exercise re-
covery. In the nuclear fraction of the muscle biopsy
samples, myostatin protein expression was significantly
upregulated within the first 12 h after exercise in the older
men, whereas it had remained unchanged in the younger
men. The upregulation of myostatin protein expression
and/or translocation to the SC during post-exercise recov-
ery provides further evidence that a blunted post-exercise
myogenic response in the healthy elderly men may be
mediated by myostatin. In contrast to myostatin protein
expression, myostatin mRNA expression decreased sig-
nificantly during post-exercise recovery, which is sup-
ported by many previous reports (Costa et al. 2007;
Kim et al. 2005; McKay et al. 2012). Previous studies
have shown that there is a Smad-7-dependent negative
feedback loop through which increased myostatin protein
expression is associated with decreased myostatin
mRNA expression (Forbes et al. 2006; Kim et al.
2007). Such a relation may partly explain the observed
discrepancy between myostatin mRNA and protein in the
present study. Clearly, more research is warranted to
elucidate the precise role of myostatin in skeletal muscle
adaptation during post-exercise recovery, and the poten-
tial changes with aging herein.

Overall, the results from this study clearly indicate
that the SC adaptive response during recovery from a
single bout of resistance-type exercise is attenuated in
the elderly subjects. This attenuated response may play
an important role in the proposed reduced capacity of
senescent muscle to increase muscle mass and/or fiber
cross-sectional area after prolonged resistance-type ex-
ercise training (Kosek et al. 2006; Petrella et al. 2006). It
could be speculated that after a single exercise session,
elderly subjects require a more extensive recovery time
between exercise bouts to optimize post-exercise
reconditioning and, as such, maximize muscle hypertro-
phy. Studies that assess SC content and activation status
at longer time intervals are required to elucidate the time
it takes for SC content to peak in both young and elderly
people during post-exercise recovery. Alternatively, el-
derly people may require subsequent bouts of exercise
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to increase SC content to the same level as healthy
young individuals.

We conclude that type I and type II muscle fiber SC
content increase during 72 h of recovery from a single
bout of resistance-type exercise in both healthy young
and elderly men. The increase in type II muscle fiber SC
content during post-exercise recovery is delayed in the
elderly and is accompanied by a blunted SC activation
response.
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