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type-specific SC content. Maximal voluntary contraction 
(MVC) and serum creatine kinase (CK) were evaluated as 
indices of recovery from muscle damage. In type II fiber-
associated SCs, the whey group increased SCs/fiber from 
0.05 [0.02; 0.07] to 0.09 [0.06; 0.12] (p < 0.05) and 0.11 
[0.06; 0.16] (p < 0.001) at 24 and 48 h, respectively, and 
exhibited a difference from the placebo group (p < 0.05) at 
48 h. The whey group increased SCs/myonuclei from 4 % 
[2; 5] to 10 % [4; 16] (p < 0.05) at 48 h, whereas the placebo 
group increased from 5 % [2; 7] to 9 % [3; 16] (p < 0.01) 
at 168 h. MVC decreased (p < 0.001) and muscle soreness 
and CK increased (p < 0.001), irrespective of supplemen-
tation. In conclusion, whey protein supplementation may 
accelerate SC proliferation as part of the regeneration or 
remodeling process after high-intensity eccentric exercise.
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Introduction

Understanding of myocellular systems involved in mus-
cle regeneration, growth and remodeling is fundamentally 
important to address and understand several clinical disor-
ders affecting skeletal muscle. In this regard, a functional 
pool of skeletal muscle stem cells (satellite cells—SCs) 
are believed to be capable of exerting important direct and 
indirect effects on the myofibers and the microenviron-
ment surrounding these. SCs comprise a heterogeneous 
population of stem cells situated between the basal lamina 
and sarcolemma (Mauro 1961; Yin et  al. 2013). The SCs 
can be identified by their location (Mauro 1961) and/or by 
the expression of several specific proteins, among which 
the paired box transcription factor 7 (Pax7) is regarded as 

Abstract  Human skeletal muscle satellite cells (SCs) are 
essential for muscle regeneration and remodeling processes 
in healthy and clinical conditions involving muscle break-
down. However, the potential influence of protein supple-
mentation on post-exercise SC regulation in human skeletal 
muscle has not been well investigated. In a comparative 
human study, we investigated the effect of hydrolyzed 
whey protein supplementation following eccentric exer-
cise on fiber type-specific SC accumulation. Twenty-four 
young healthy subjects received either hydrolyzed whey 
protein + carbohydrate (whey, n = 12) or iso-caloric car-
bohydrate (placebo, n = 12) during post-exercise recovery 
from 150 maximal unilateral eccentric contractions. Prior 
to and 24, 48 and 168  h post-exercise, muscle biopsies 
were obtained from the exercise leg and analyzed for fiber 
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a valid marker and known to be expressed during both SC 
quiescence and proliferation (Yin et al. 2013). Upon activa-
tion, the SC is directed from its quiescent state toward a 
state of proliferation and, following a number of prolifera-
tion cycles, can proceed into the myogenic linage specifica-
tion (Seale et al. 2000; Yin et al. 2013).

During regeneration from muscle injury, the SCs are 
essential for myofiber repair and myofiber formation 
in rodent models (Brack and Rando 2012; Lepper et  al. 
2011), which suggest that myofiber repair is negatively 
affected if SCs are impaired in diseased or aging muscle 
(Conboy et  al. 2005; Cosgrove et  al. 2014; Jeong et  al. 
2013; Sousa-Victor et al. 2014). Activation of Pax7+ SCs 
has also been demonstrated in human skeletal muscle dur-
ing post-exercise recovery from muscle damage, typically 
inflicted by eccentric exercise (Crameri et al. 2004, 2007; 
McKay et  al. 2009; Mikkelsen et  al. 2009). Under such 
circumstances, different studies have reported increased 
SC content from 24 and up to 30  days post-exercise 
(Crameri et  al. 2007; McKay et  al. 2009, 2010; Paulsen 
et  al. 2012). Concomitant with such exercise-induced 
increase in SC number, indices of muscle damage, such as 
increases in muscle soreness and a loss of maximal mus-
cle force, are observed within 24–72  h post-exercise and 
frequently maintained for 7–8 days post-exercise (Mackey 
et al. 2011; Mikkelsen et al. 2009; Proske and Allen 2005; 
Vissing et  al. 2008). Thus, the current contention is that 
SCs are important for post-exercise myofiber repair and 
remodeling. In addition, during eccentric exercise type 
II fibers may be more susceptible to sarcolemma damage 
(Vijayan et al. 2001) compared to type I fibers. Therefore, 
repair processes that require SC proliferation may follow 
a fiber type-specific pattern as recently indicated (Cermak 
et  al.  2012). However, as this was only examined within 
the first 24 h, it is not known if the fiber type-specific SC 
accumulation persists within the later post-exercise recov-
ery period.

Whereas mechanical strain (e.g., during eccentric con-
tractions) through the extracellular matrix and the SC niche 
is generally accepted to constitute an important mediator in 
directing SC activity (Tatsumi et  al. 2001; Urciuolo et  al. 
2013), another important mediator of SC activity is the sys-
temic environment (Conboy et  al. 2005). In accordance, 
the often close proximity of SCs to capillaries (Christov 
et  al. 2007) allows immediate interaction with systemi-
cally delivered cytokines (McKay et al. 2009; Serrano et al. 
2008), growth factors (McKay et  al. 2008) and endocrine 
hormones (Heinemeier et al. 2012). Moreover, delivery and 
uptake of glucose and essential amino acids (EAAs) may 
also influence SC activity (Dibble and Manning 2013; Han 
et al. 2008; Ito and Suda 2014; Jeong et al. 2013). As such, 
in vitro SC proliferation is increased with administration of 
the essential amino acid (EAA) leucine, possibly mediated 

through an increased activation of the mTOR kinase com-
plex and subsequent increased mRNA translation (Dib-
ble and Manning 2013; Han et al. 2008). Therefore, since 
protein supplements high in leucine are known to directly 
stimulate mTOR activation, this may provide the basis for 
increased SC proliferation in vivo when ingesting EAAs 
during the post-exercise recovery phase. In fact, recent 
studies have indicated that protein supplements may affect 
the rate of post-exercise recovery of muscle force (Kirby 
et  al. 2012) and muscle soreness (Jackman et  al. 2010) 
following eccentric exercise; however, none of these have 
investigated whether delivery of EAAs affects the SCs dur-
ing the recovery from eccentric exercise.

In the present study, we therefore aimed to investigate 
whether a high dosage of hydrolyzed whey protein could 
augment the fiber type-specific SC content and muscle fiber 
regeneration/recovery following eccentric exercise. We 
hypothesized that (1) high-intensity eccentric exercise per 
se would increase SC content and that whey protein inges-
tion would accelerate this increase in SCs; (2) the increased 
SC content, with and without protein ingestion, would be 
more predominant in type II fibers, and; (3) whey protein 
would increase the rate of recovery, as judged by indices of 
myofiber damage.

Methods

Participants

Twenty-four healthy young recreationally active men were 
included in the study. The sample size was determined 
by completing a power analysis (power =  0.8, α =  0.05) 
based on isometric strength data from Kirby et  al. (2012) 
and satellite cell data from Mikkelsen et al. (2009). All sub-
jects were informed of the purpose and risks of the study 
and provided written informed consent in accordance with 
the Declaration of Helsinki and approved by the Central 
Denmark Region Committees on Health Research Ethics 
(ref. no. M-20110179). Exclusion criteria were: (1) par-
ticipation in systematic resistance training or eccentrically 
dominated activities for lower extremity muscles within 
6 months prior to participation; (2) a history of musculo-
skeletal lower extremity injuries; (3) vegan diet; and (4) use 
of dietary supplements or medication that potentially could 
influence muscle recovery or function (i.e., protein sup-
plements, antioxidant supplements, NSAIDs, angiotensin-
converting enzyme inhibitors). All subjects were instructed 
to avoid any strenuous physical activity 48  h before the 
exercise day and throughout the testing period. Further-
more, subjects were asked to refrain from taking any type 
of non-steroidal anti-inflammatory drugs or alcohol during 
the entire experimental protocol.
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General study design

The study was conducted in a double blinded, placebo-con-
trolled fashion in relation to dietary supplementation. Follow-
ing inclusion, subjects were randomly allocated into either a 
whey protein +  carbohydrate group (whey, n =  12) or iso-
caloric carbohydrate placebo group (placebo, n = 12). While 
a crossover study design could decrease variability in SC and 
damage measures, the repeated eccentric exercise on the same 
subjects could confound SC and damage measures (Rodg-
ers et al. 2014; Xin et al. 2013) and was therefore not chosen. 
Subject anthropometrics were recorded on a separate visit to 
the laboratory (displayed in Table  1). During this visit, the 
individual settings for the isokinetic dynamometer were also 
determined.

A schematic overview of the study protocol is presented 
in Fig. 1. Fourteen days (−14) prior to the exercise day (day 
0), the subjects reported to the laboratory between 8.00 and 
10.00  am after an overnight fast (from 10  pm). Subjects 
rested in supine position for 45  min before a basal biopsy 
was obtained from the pre-selected non-exercise leg (ran-
domly chosen as either preferred or non-preferred leg). On 

the exercise day, subjects again reported to the laboratory 
at 07.30 am in a fasted state. Before commencing with the 
eccentric exercise protocol, muscle soreness was evaluated 
using a visual analog scale, a blood sample was drawn and 
knee extensor muscle contractile function was evaluated. 
After testing on day 0, the subjects initiated the exercise pro-
tocol, which lasted for approximately 30 min. Immediately 
after exercise, subjects ingested a group-dependent drink 
after which the subjects rested for 3 h. At 3 h post-exercise, 
a biopsy was obtained from both the exercise and the non-
exercise control leg. Before leaving the laboratory, the sub-
jects ingested the second drink (1.00  pm) and received a 
third drink to ingest 3 h later (4.00 pm). On days 1 and 2 (24 
and 48 h following exercise, respectively), the subjects were 
instructed to ingest the supplement at absolute time points 
corresponding to day 0, with the first drink always ingested 
after the functional tests and biopsy sampling. Biopsy sam-
pling from both the exercise and control leg on day 1, 2 and 
7 was performed under conditions similar to the pre-exer-
cise biopsy, with the subjects in a fasted state and following 
45 min of supine resting between 8.00 and 10.00 am corre-
sponding to 24, 48 and 168 h following exercise termination. 
Functional assessments (contractile function, muscle sore-
ness and blood samples) were repeated at 24, 48, 72, 96 and 
168 h between 8.00 and 10.00 am, in a standardized order 
and with the subjects remaining in a fasting condition.

Exercise protocol

The exercise protocol consisted of 15 ×  10 repetitions of 
maximal isokinetic eccentric contractions for the knee 
extensors in an isokinetic dynamometer (Humac Norm, 
CSMI, Stoughton, USA) comparable to previous studies 
(Crameri et  al. 2004, 2007). Knee joint range of motion 
was set at 70  dg and contraction velocity at 30  dg/s to 
ensure standardized conditions for all subjects and thereby 

Table 1   Anthropometrics and pre-exercise strength

Anthropometric data and pre-exercise isometric strength (MVC) for 
the whey and placebo groups, respectively

Data are shown as mean and 95 % confidence intervals in brackets

Group

Whey Placebo

Height (cm) 181.8 [177.5; 186.1] 181.8 [178.1; 185.4]

Age (years) 22.5 [21.1; 23.9] 24 [22.3; 25.7]

Body mass (kg) 74.2 [67.7; 80.7] 76.8 [71.1; 82.5]

Body fat (%) 12.3 [9.3; 15.3] 14.5 [11.7; 17.2]

Pre-MVC (Nm) 295.2 [276; 314] 289.8 [254; 326]

Fig. 1   Schematic presentation of the study timeline. Performance 
and damage measures included maximal muscle strength, blood sam-
ples for serum creatine kinase analysis and muscle soreness. Biopsies 
were collected from one leg prior to exercise and from both exercise 
and non-exercise legs at the selected time point during post-exercise 

recovery. Exercise (Ex) was conducted as 15  ×  10 maximal iso-
lated isokinetic eccentric knee extensions. Supplements (drink) were 
ingested three times per day on days 0, 1 and 2 and contained either 
hydrolyzed whey protein + carbohydrate or iso-caloric carbohydrate 
placebo
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comparability between groups in the total work during 
exercise. Individual dynamometer settings were identical 
to settings during muscle contractile function testing. Dur-
ing exercise, subjects received standard verbal and visual 
feedback and encouragement to ensure maximal effort dur-
ing exercise. Exercise repetitions and sets were interspaced 
with 3 and 60 s recovery, respectively. Force and work data 
during exercise were recorded and saved for later off-line 
analysis.

Muscle biopsies

Muscle biopsies were obtained under local anesthesia 
(10 mg/ml lidocaine) from the middle section of the vastus 
lateralis muscle by applying the Bergstrom needle technique 
as described previously (Vissing et al. 2011). The samples 
were dissected free of visible fat and connective tissue and a 
well-aligned part of the biopsy was immediately mounted in 
Tissue-Tek (Qiagen, Valencia, CA, USA), frozen in isopen-
tane pre-cooled with liquid nitrogen and stored at −80 °C 
until further analysis. The remaining crude muscle tissue 
was immediately frozen and stored at −80 °C until further 
analysis. For all post-exercise biopsies, the sampling sites 
were attempted to cover a large area within the middle sec-
tion of the vastus lateralis muscle to minimize any effect of 
an ongoing immune and satellite cell response from previ-
ous biopsies (Vissing et al. 2005). Biopsies were dispersed 
with at least 3 cm apart and a similar depth was attempted. 
By a similar procedure, biopsies corresponding to all post-
exercise time points were also obtained from the non-exer-
cise control leg to try to ensure that time effects were not 
simply related to the effects of previous biopsies or changes 
in the systemic environment (Vissing et al. 2005).

Immunohistochemistry

All biopsies were assigned a random unique identification 
number, thereby blinding the investigator to subject identity 
and time point. Serial transverse sections (10 μm) were cut 
at −20 °C using a cryostat and placed onto Superfrost Plus 
glass slides (Menzel-Gläser, Braunschweig, Germany) with 
both control and exercise leg samples from one subject/
time point on the same slide. The same person carried out 
all analysis of a single target to avoid interindividual vari-
ation. The immunohistochemical analyses were completed 
by microscopic evaluation of cryosections stained with the 
same batches of primary and secondary antibodies.

Satellite cells, fiber type and myonuclei

Satellite cells were stained as described in detail previously 
(Mackey et al. 2010). Sections were fixed in Histofix (His-
tolab, Gothenborg, Sweden) and endogenous peroxidase 

was quenched in 0.3 % H2O2 and 2.5 % horse serum (Imm-
PRESS, cat. no. MP-7402, Vector Laboratories, Burlingame, 
CA, USA). This was followed by a 1 h blocking in blocking 
buffer (0.01 % Triton, 1 % BSA, 1 % skimmed milk, 0.1 % 
sodium azide). The sections were incubated overnight at 4 °C 
with primary antibody for Pax7 (1:500; cat. no MO15020, 
Neuromics, Edina, MN, USA), followed by a biotinylated 
goat anti-mouse secondary antibody for 45 min (1:200; cat. 
no. E0433, Dako Norden, A/S, Glostrup Denmark) and Vec-
tastain ABC reagent (cat. no. PK6100; Vector Laboratories). 
The visualization of the primary antibody binding was com-
pleted using diaminobenzidine (DAB) substrate kit for peri-
oxidase (ImmPACT, cat. no. SK-4105, Vector Laboratories). 
Following this the sections were incubated with primary 
antibodies for Type I myosin (1:100; cat. no. A4.951, Devel-
opmental Studies Hybridoma Bank (DSHB), IA, USA) and 
laminin (1:100; cat. no. Z0097, Dako Norden) for 2 h and 
secondary Alexa Flour 568 goat anti-mouse red and Alexa 
Flour 488 goat anti-rabbit green (Molecular Probes, cat no. 
A11031 and cat no. A11034, Invitrogen A/S, Taastrup, Den-
mark) antibodies for 45 min. Finally, a mounting media con-
taining 4′,6-diamidino-2-phenylindole (DAPI) was utilized 
to visualize nuclei (Molecular Probes Prolog Gold anti-fade 
reagent, cat. no. P36935, Invitrogen A/S) and samples were 
stored at −20 °C until final analyses.

The total number of Pax7 cells was expressed relative to 
the total number of fibers counted. Furthermore, the num-
ber of Pax7 cells associated with type I (A4.951+) or type 
II (A4.951−) fibers was quantified separately and expressed 
relatively to the total number of type I or II fibers. Addi-
tionally SCs were normalized to myonuclei content (SC per 
100 myonuclei). The total number of fibers included in the 
SC analysis is displayed in Table 2.

Muscle fiber remodeling

Remodeling was assessed by staining of sections for 
embryonic myosin heavy chain, eMHC (F1.652, DSHB), 
or neonatal myosin heavy chain, nMHC, (NCL-MHCn, 
Novocastra, Newcastle upon Tyne, UK) combined with 
laminin (Dako Norden). The sections were fixed in Hist-
ofix (eMHC stain only), followed by 1.5  h in blocking 
buffer (0.2 % Triton, 2 % BSA, 5 % FBS, 2 % goat serum 
and 0.1  % sodium azide) and incubated in primary anti-
body overnight at 4  °C (F1.652 +  laminin) or for 2 h at 
room temperature (NCL-MHCn  +  laminin), followed 
by secondary Alexa Flour 568 goat anti-rabbit and Alexa 
Flour 488 goat anti-mouse (Molecular Probes, cat no. 
A11011 and cat no. A11001) antibodies for 1.5 h. The sec-
tions were then fixed in Histofix (nMHC stain only) and 
mounted in media containing DAPI to visualize nuclei. 
The number of fibers containing one or more central 
nuclei, as well as fibers positive for embryonic or neonatal 
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myosin heavy chain, was expressed relative to the total 
mixed fiber number from the sections. The total number 
of fibers included in the eMHC, nMHC and central nuclei 
analyses are shown in Table 2.

Diet and supplementation

Subjects recorded all energy-containing food and drinks on 
days 0, 1 and 2 after exercise, while maintaining normal 
habitual food intake during the recording period. Subjects 
received a login to an online food registration software pro-
gram (Madlog.dk Aps, Kolding, DK) and received verbal 
and written information on the usage before day 0. During 
the later off-line analysis, the dietary intake was analyzed 
for macronutrient distribution and total energy intake.

Supplementary drinks contained 952 kJ in an 8 % solution 
consisting of 28 g whey protein hydrolysate high in leucine 
(4 %) + 28 g of carbohydrate (4 %) or 56 g of carbohydrate 
(8 %). All drinks were identically flavored with a non-caloric 
flavoring product. The carbohydrate source was a standard 
monosaccharide glucose product. The hydrolyzed whey pro-
tein (Arla Foods Ingredients Group P/S, Viby J., Denmark) 
contained 27.7 % BCAA (leucine 14.2 %, isoleucine 6.6 %, 
valine 6.9 %) and 53.3 % essential amino acids [amino acid/
peptide profile reported previously (Farup et al. 2013)]. The 
total additional supplementary protein ingestion was 84 g/day 
and the BCAA ingestion was 23.0 g/day for the whey group.

Muscle contractile performance measures

Subsequent to a standardized warm-up consisting of 3  min 
of low-intensity exercise on a stationary ergometer cycle 
(Monark, Varberg, Sweden), the subjects were seated in an 
isokinetic dynamometer (Humac Norm, CSMI, Stoughton, 
USA) as previously described (Farup et al. 2012). Isometric 
maximal voluntary contraction (MVC) was measured at 70° 
knee flexion (0° equals full extension). Subjects were allowed 
four trials (however, if a subject continued to improve, addi-
tional trials were provided) and all contractions were inter-
spaced with 1-min recovery. Before each trial, a verbal 
instruction to contract as “fast and forcefully as possible” 
was given. Subjects were not allowed to use a counter-move-
ment (stretch–shortening cycle movement) before exerting a 
maximal knee extension. All trials were sampled at 1,500 Hz. 
The off-line analyses were performed in custom-made soft-
ware (Labview 2011, National Instruments Corporation, TX, 
USA). MVC was determined as the highest peak torque from 
the best trial and this was used for further analysis.

Muscle soreness

Muscle soreness was evaluated for both the exercise and 
control leg in a standardized fashion before the exercise 
bout and 24, 48, 72, 96 and 168 h following exercise and 
was always conducted as the first test. Subjects were asked 

Table 2   The number of fibers included in the biopsy analyses

Displayed is the number of type I (type I) and type II (type II) fibers included in the assessment of SC (Pax7/fiber) content. Since no distinction 
between fiber types was made for eMHC, nMHC and central nuclei (CLN) analyses, the number includes both fiber types (i.e., mixed fibers). 
Finally, the time- and group-specific fiber-type distribution (%) is shown. All analyses were performed on cross sections of vastus lateralis mus-
cle biopsies pre and post (24, 48, 168 h) for the eccentric exercise leg in the whey and placebo groups, respectively, and for the non-exercise 
control leg (collapsed for supplementation). Values are means and 95 % confidence intervals in brackets

Pax7 analysis eMHC, nMHC, CLN analyses Fiber-type distribution (%)

Type I fiber Type II fiber Mixed fiber Type I fiber Type II fiber

Whey

 Pre 291 [136; 445] 438 [243; 632] 912 [670; 1,153] 40 [35; 44] 61 [56; 65]

 24 h 297 [173; 421] 308 [199; 419] 1,032 [820; 1,244] 49 [39; 59] 51 [41; 61]

 48 h 313 [179; 446] 339 [222; 455] 903 [727; 1,078] 47 [37; 58] 53 [42; 64]

 168 h 239 [139; 338] 237 [164; 310] 722 [593; 852] 49 [40; 57] 51 [43; 60]

Placebo

 Pre 400 [178; 622] 454 [175; 731] 1,127 [800; 1,454] 47 [39; 56] 53 [44; 61]

 24 h 257 [123; 389] 254 [108; 399] 809 [656; 962] 51 [41; 61] 49 [39; 59]

 48 h 325 [220; 430] 374 [301; 446] 801 [661; 941] 46 [40; 53] 48 [36; 60]

 168 h 374 [253; 495] 359 [205; 512] 818 [596; 1,041] 53 [42; 64] 47 [36; 58]

Control

 Pre 359 [220; 498] 448 [277; 618] 1,019 [827; 1,212] 44 [39; 50] 56 [50; 61]

 24 h 262 [198; 324] 262 [198; 324] 824 [654; 994] 52 [46; 57] 48 [43; 54]

 48 h 327 [243; 423] 337 [250; 423] 1,041 [829; 1,252] 49 [42; 56] 51 [44; 58]

 168 h 360 [258; 462] 367 [277; 457] 881 [749; 1,013] 49 [42; 54] 51[46; 57]
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to rise from a seated chair position and slowly lower back 
onto the chair while only using the leg to be evaluated. 
Subjects evaluated knee extensor muscle soreness on a 
visual analog scale (VAS) of 100 mm going from no pain 
at all (0 mm) to worst possible pain (100 mm), which has 
been previously described as a method for identification of 
pain (Bijur et al. 2001). All VAS scores were later analyzed 
by a blinded investigator.

Serum CK

Blood samples were collected before exercise and 24, 48, 
72, 96 and 168 h following exercise. Blood was obtained 
from the antecubital vein into a 10  ml blood collection 
tube and allowed to clot at room temperature. The whole 
blood was centrifuged at 1,500g for 10  min at 5  °C, 
after which serum was divided into Eppendorf tubes and 
stored at −80 °C. Serum samples were analyzed for cre-
atine kinase content by use of a commercial kit applied 
in a multi-analyzer system (Cobas c 311/501, Rotkreuz, 
Switzerland).

Date presentation and statistical analysis

Following check for normality of distribution and tests of 
equal variance, data were expressed as mean  ±  SEM in 
figures or mean with 95 % confidence intervals in bracket 
in text and tables or as individual values and median bars 
for non-parametric data (eMHC and nMHC). CK data were 
log-transformed for statistical analysis and presented as 
geometric mean ± back transformed SEM or 95 % confi-
dence intervals. Accumulated changes in MVC were cal-
culated by integrating the relative change with respect to 
time, and differences between groups were evaluated by 
Student’s t test.

The effects of time, group and their interactions on 
dependent variables were assessed using a mixed-effect 
two-way ANOVA with repeated measures for time. When 
interactions were observed, linear comparison analysis 
was used to evaluate differences within and between indi-
vidual conditions. Since eMHC and nMHC showed a non-
parametric distribution, we analyzed the overall effect of 
time and leg using a Kruskal–Wallis test on ranks and a 
Wilcoxon–Mann–Whitney test to examine individual dif-
ferences from pre to post on ranks. As no effect of group 
or group  ×  time was observed for eMHC, nMHC and 
central nuclei, the data were collapsed for group (supple-
mentation). Significance was set at an alpha level ≤0.05. 
All statistical analysis was performed using Stata (Stata 
v 12.0, StataCorp LP, TX, USA) and all graphs were 
designed in GraphPad Prism (Version 6.0, San Diego, CA, 
USA).

Results

Exercise performance and dietary monitoring

The total work performed during exercise was 33.6 [30.5; 
36.6]  KJ and 31.0 [29.2; 32.9]  KJ for the whey and pla-
cebo group, respectively. Work performance decreased as 
the number of exercise sets progressed (p  <  0.01), with 
no group differences. The dietary analysis (not includ-
ing provided supplements) revealed no group difference 
in the total energy intake and macronutrients’ distribution 
(protein 86.3 [78.9; 93.7] g/day (18 % [17; 19]), carbohy-
drate 258.3 [237.9; 278.7] g/day (51 % [50; 53]), fat 72.3 
[63.5; 81.0] g/day (31 % [29; 33]), energy 8,532.7 [7,869.3; 
9,196.0]  KJ/day). Protein intake per kg body mass (BM) 
revealed no group differences (1.16 [1.05; 1.26]  g/BM/
day).

SC content

A representative IHC image of fiber type-specific SCs is 
shown in Fig. 2 and SC content changes in whey and pla-
cebo groups are displayed in Fig. 3.

Mixed fiber SC/fiber content increased in the whey group 
from 0.05 [0.03; 0.08] to 0.10 [0.05; 0.14] (p  <  0.01) at 
48 h, corresponding to a relative increase of 100 %, which 
was greater than the placebo group (p < 0.05) wherein no 
changes were observed (Fig.  3a). For SC/myonuclei, a 
similar pattern was observed with an increase in the whey 
group from 4 % [2; 6] to 9 % [4; 14] (p < 0.05) at 48 h, 
whereas the placebo group showed increase from 5 % [2; 8] 
to 8 % [4; 12] at 168 h (Fig. 3b).

For fiber type-specific SC evaluation, no group  ×  time 
interactions emerged for SCs associated with type I fiber num-
ber (Fig. 3c, d). However, we did note a tendency (p = 0.08) 
toward an interaction when normalizing SC to myonuclei.

In contrast, for SCs associated with type II fibers, a 
group ×  time interaction (p < 0.05) emerged when nor-
malizing to fiber number as well as to the number of myo-
nuclei (Fig. 3e, f). SCs/fiber in the whey group increased 
from 0.05 [0.02; 0.07] to 0.09 [0.06; 0.12] (p < 0.05) and 
0.11 [0.06; 0.16] (p < 0.001) at 24 and 48 h, correspond-
ing to relative increases of 80 and 120 %, respectively. At 
48 h the increase in the whey group was greater than in 
the placebo group (p  <  0.05), wherein no changes were 
observed. SCs/myonuclei revealed a similar pattern with 
the whey group increasing from 4 % [2; 5] to 10 % [4; 16] 
(p < 0.05) at 48 h, whereas the placebo group increased 
from 5 % [2; 7] to 9 % [3; 16] (p < 0.01) at 168 h.

No interactions or time effects were observed for SCs in 
the non-exercise control leg and therefore the data are pre-
sented as collapsed by group (Table 3).
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Remodeling and regenerating fibers

To explore fiber remodeling and/or regeneration, we quan-
tified the presence of fibers expressing either embryonic 
MHC (eMHC) or neonatal MHC (nMHC) and fibers with 
one or more centrally located nuclei. No effects of supple-
ment were observed and data were therefore collapsed to 
investigate only exercise versus control situation.

Prior to exercise, the content of central nuclei was 
1.1  ±  0.2  % at and did not change during post-exercise 
recovery (Fig. 4a). Only one biopsy contained fibers posi-
tive for eMHC prior to exercise and, while the number of 
positive eMHC fibers did numerically increase at 168  h 
post-exercise, this was not significant (Fig. 4b). For nMHC 
fibers, an increase was observed at 24 (p < 0.01) and 168 
(p < 0.01) h in the control leg only and to a greater extent 
than in the exercise leg at 168 h (p < 0.05, Fig. 4c). Repre-
sentative images of eMHC and nMHC positive fibers are 
shown in Fig. 4d, e, respectively.

Muscle function

MVC decreased by 23 ±  4 % and 27 ±  3 % at 24 h fol-
lowing exercise (p < 0.001) for whey and placebo groups, 
respectively, with gradual return to baseline during the 
remainder of the observed time course and remained 
depressed at 168  h (p  <  0.001, Fig.  5a). There were no 
group  ×  time interactions. The accumulated decrease 
in MVC (integration of relative decrease in MVC with 

respect to time) was −2,272 ± 588 [−3,424; −1,120] and 
−3,212 ± 645 [−4,476; −1,948] (% h) for whey and pla-
cebo, respectively, with no group differences observed.

Muscle soreness

With regard to muscle soreness in the exercise leg, a 
group  ×  time interaction (p  <  0.05) was noted. While 
both groups showed a peak in muscle soreness at 24–48 h 
(p < 0.001) and this remained elevated at 96 h (p < 0.05), 
a higher VAS score emerged in whey compared to placebo 
(p < 0.05, Fig. 5b) groups at 96 h. Complete return to base-
line was observed at 168 h for both groups. In the non-exer-
cise control leg, a time effect (p  < 0.001) was also noted, 
with a time course similar to the exercise leg and with no 
differences between dietary supplementation types (Fig. 5c). 
At all time points (24–96 h), the magnitude of soreness was 
greater in the eccentric than the control leg (p < 0.001).

Serum CK

Pre-level serum CK levels were 135.8 [83.9; 219.9]  IU/L 
and 105.2 [74.4; 148.7]  IU/L for the whey and placebo 
groups, respectively. At 24  h, CK levels were equally 
elevated by 477.7 [318.7; 716.0]  IU/L and 502.5 [318.7; 
880]  UI/L for whey and placebo (p  <  0.001, Fig.  5d) 
groups, respectively, and remained elevated for all 
post-testing time points (p  <  0.001), however, with no 
group × time interaction.

Fig. 2   Triple immunohisto-
chemical staining to detect 
fiber type-specific SC content. 
Representative image of a 
muscle cross section stained 
for Pax7, MCH-I, laminin and 
nuclei (DAPI). Arrows indicate 
the location of the Pax7+ SCs, 
one associated with an MHC-I+ 
fiber and four with MHC-I− 
fibers. A very small, possibly 
regenerating fiber is indicated 
with a smaller arrow



J. Farup et al.

1 3

Discussion

The primary myogenic stem cells, i.e., the SCs, are 
regarded important for skeletal muscle regeneration, 
remodeling and hypertrophy processes, wherefore a func-
tional pool of SCs may be vital for muscle health and 
function (Fry et  al. 2014; Parise 2013; Yin et  al. 2013). 
The potential impact of ergogenic aids to reinforce SC 

proliferation and muscle regeneration processes is there-
fore of great interest in settings of impaired regeneration 
and remodeling during aging and disease (Conboy et  al. 
2005; He et  al. 2013). The present study is the first to 
investigate the effects of protein supplementation on the 
SC response to high-intensity eccentric exercise. Our main 
finding indicates that supplementation with whey protein, 
high in leucine, during post-exercise recovery accelerates 

Fig. 3   Fiber type-specific SC content following exercise-induced 
muscle damage. Satellite cells (SCs) in mixed (a, b) type I (c, d) and 
type II (e, f) fibers are shown as expressed per fiber (a, c, e) or per 
100 myonuclei (b, d, f) in biopsies obtained prior to and at 24, 48 
and 168 h following eccentric exercise with either hydrolyzed whey 
protein + carbohydrate (whey) or iso-caloric carbohydrate (placebo) 

supplementation. Data are shown as mean ± SEM. Overall interac-
tions are displayed in the upper right corner. Significant differences 
from pre are denoted by **(p < 0.05), **(p < 0.01) or ***(p < 0.001) 
and tendencies by (*) (p  <  0.1). Group differences within time are 
denoted by #(p < 0.05) and tendencies by (#) (p < 0.1)
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the expansion of the SC pool, when compared with an iso-
caloric placebo supplement. This difference was driven 
by increases in the SCs associated with type II fibers, 
supporting that repair and remodeling requirements pri-
marily adhere to type II fibers with this type of exercise. 

Furthermore, no changes in SCs were observed in a con-
tralateral non-exercise control leg, which rules out the 
effect of non-exercise stressors related to the biopsy pro-
cedures, as well as a direct supplementation effect without 
prior exercise.

Table 3   SC content in the non-exercise control leg

SC content in the non-exercise control leg (collapsed by supplementation groups) normalized to either fiber number or myonuclei

Data are presented as mean and 95 % confidence intervals in brackets. No significant changes were observed

Satellite cell/fiber Satellite cell/myonuclei

Type I fiber Type II fiber Type I fiber Type II fiber

Pre 0.06 [0.04; 0.08] 0.07 [0.05; 0.10] 5 [3; 7] 5 [3; 6]

24 h 0.06 [0.05; 0.07] 0.08 [0.06; 0.10] 6 [4; 7] 7 [5; 8]

48 h 0.07 [0.05; 0.09] 0.09 [0.05; 0.13] 8 [5; 10] 8 [4; 11]

168 h 0.08 [0.05; 0.11] 0.09 [0.06; 0.12] 7 [5; 10] 8 [5; 10]

Fig. 4   Muscle fiber regenera-
tion. Fibers containing one or 
more central nuclei (a), express-
ing embryonic myosin heavy 
chain (eMHC, b) or neonatal 
myosin heavy chain (nMHC, c) 
relative to fiber number (%) in 
biopsies obtained prior to and 
at 24, 48 and 168 h following 
eccentric exercise (eccentric) or 
non-exercise control (control) 
leg combined with ingestion 
of either hydrolyzed whey 
protein + carbohydrate or iso-
caloric carbohydrate supple-
mentation. No supplementation 
effect was observed and data 
were collapsed for groups. Data 
are shown as individual changes 
and mean (a) or as individual 
changes and median (b, c). 
Significant difference from pre 
are denoted by **(p < 0.01) or 
***(p < 0.001). Leg differences 
are denoted by #(p < 0.05). 
Representative images of 
eMHC and nMHC positive fib-
ers combined with laminin and 
nuclei (DAPI) are displayed in 
d, e, respectively
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Effect of whey protein supplementation on fiber 
type‑specific SCs during recovery from eccentric exercise

Expansion of the SC pool following severe skeletal mus-
cle injury has been demonstrated in several animal mod-
els (Brack and Rando 2012; Lepper et al. 2011; Yin et al. 
2013), but also in humans a substantial increase in SC con-
tent has been observed subsequent to eccentric exercise-
induced regeneration/remodeling (Mackey et  al. 2010, 
2011; Paulsen et al. 2012). Recently, results from Cermak 
et al. (2012) suggested that the increase in SCs after eccen-
tric exercise was predominantly related to SCs associated 
with type II fibers, which may be explained by type II fiber 
susceptibility to sarcolemma damage induced by eccentric 
exercise (Vijayan et  al. 2001). The results of the present 

study support these findings, by showing that SC accumu-
lation was primarily evident in type II fibers in both the 
whey group and the placebo group. A numerical increase 
was observed in SCs associated with type I fibers, but this 
did not reach statistical significance. One possible expla-
nation for the fiber type-specific regulation of SCs follow-
ing eccentric exercise could adhere to a selective recruit-
ment of high threshold motor units (i.e., type IIa and IIx 
fibers) during maximal eccentric contractions. In relation 
to this hypothesis, mechanical strain has been suggested, 
from both in vitro and in vivo animal studies (Tatsumi et al. 
2001; Urciuolo et al. 2013), to activate and regulate SC pro-
liferation. Moreover, the greater magnitude of sarcolemma 
damage in type II fibers (Vijayan et  al.  2001) could con-
stitute an additional signal for the SCs in the type II fibers 

Fig. 5   Muscle strength, soreness and serum CK following eccentric 
exercise. Relative change are shown for exercise leg maximal vol-
untary contraction (MVC) (a), muscle soreness (visual analog scale 
from 0 to 100 mm [VAS (0 = no pain at all)]) from exercise (b) and 
control leg (c) and serum creatine kinase (CK) (d) at time points 24, 
48, 72, 96 and 168 h following eccentric exercise with either hydro-
lyzed whey protein  +  carbohydrate (whey) or iso-caloric carbohy-

drate (placebo) supplementation. Data are shown as mean  ±  SEM 
on a linear scale for MVC and VAS and geometric mean  ±  back-
transformed SEM on a log10 scale for CK. The overall effects of 
time are shown in upper or lower right corner. Significant differ-
ences from pre-exercise are denoted by *(p < 0.05), **(p < 0.01) or 
***(p < 0.001) and bars indicate similar time effects for both groups. 
Significant group differences are denoted by #(p < 0.05)
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to break quiescence and promote migration (Bischoff 1990; 
Montarras et al. 2013).

The observation that whey protein supplementation can 
accelerate the exercise-induced increases specifically in 
type II fiber SC content is both interesting and logical. Very 
little investigation has been conducted on the acute effects 
of protein ingestion on SC responses in human muscle. 
In one study from Snijders and co-workers (2013), it was 
observed that a single bout of traditional resistance exercise 
(i.e., not an eccentric only exercise protocol) produced no 
difference in SC pool expansion between a very low (0.1 g/
kg BW/day) and a normal (1.2 g/kg BW/day) dietary pro-
tein condition. In this regard, it should be noticed that all 
subjects in the present study ingested adequate amounts of 
protein in their habitual diet (Burke and Deakin 2000), and 
that energy and macronutrients inherent in the supplements 
were added to this habitual intake. The extra supplementary 
energy intake amounted to 2,856  kJ/day in both groups; 
however, because of the fasting conditions (from 22.00 to 
8–10.00 i.e., 8–10 h) on days 0, 1 and 2, the total energy 
intake was still within the range of a normal diet.

The increased type II fiber-associated SC content in the 
whey group may relate to the fact that our supplement was 
rich in BCAAs and in particular leucine known to directly 
stimulate mTORC1 and the downstream signaling proteins 
associated with this kinase complex (Dibble and Manning 
2013; Dickinson et al. 2011). In this regard, it is interest-
ing that during quiescence the SC metabolism is character-
ized by an anaerobic energy production and associated with 
a low mTOR activity (Montarras et al. 2013). In contrast, 
during proliferation a shift toward a more aerobic metab-
olism takes place which is associated with an increased 
mTOR activity to initiate mRNA translation and de novo 
nucleotide synthesis (Dibble and Manning 2013). We 
therefore speculate whether the high leucine content may 
have served to stimulate mTOR activation in the SCs. This 
speculation is in accordance with in vitro findings where 
leucine promoted proliferation of SCs (Han et  al. 2008). 
In addition to stimulating proliferation, leucine availabil-
ity may also direct SCs toward the myogenic lineage, since 
leucine restriction, in vitro, is shown to regulate the expres-
sion of MyoD (Averous et al. 2012).

In the placebo group, our eccentric exercise protocol did 
not produce increases in SCs/fiber, although a numerical 
increase was noted. In contrast, an increase was observed in 
SC/myonuclei in type II fibers at 168 h (7 days) in the pla-
cebo group, which was not evident in the whey group. This 
was somewhat surprising, given that such increases in SCs 
24–48 h post-exercise have previously been observed with-
out supplementation (McKay et al. 2009, 2010). However, 
in other previous studies, which did not include protein 
supplementation, SCs have been observed to accumulate 
later in the recovery phase [i.e., 4–8  days after eccentric 

exercise (Crameri et  al. 2004, 2007)]. A few subjects in 
the placebo group had high type II fiber SC content prior 
to exercise; however, they responded identically to other 
subjects in the placebo group and maintained the high SC 
content throughout the study period and were therefore not 
considered outliers.

Another source of error we cannot exclude is that our 
findings are partly related to random variation between 
biopsies. On the other hand, in an effort to reliably enumer-
ate SC content, SCs were counted from a high number of 
fibers (i.e., >450 at all time points), which has previously 
been reported to be of importance (Mackey et al. 2009).

In an effort to explore the extent of myofiber regenera-
tion and remodeling at the fiber level, we quantified fibers 
expressing eMHC, nMHC and centrally located nuclei, 
often considered hallmarks of regeneration. We found no 
changes in either intervention group or leg (i.e., exercise 
versus control leg) for centrally located nuclei. This is in 
accordance with previous human exercise trials (Mackey 
et al. 2007; Mikkelsen et al. 2009) and could be related to 
the relatively mild muscle damage inflicted from voluntary 
eccentric contractions (Crameri et  al. 2007) compared to 
involuntary, electrically stimulated eccentric contractions 
(Crameri et al. 2007). For nMHC we observed a time effect 
in the control leg, indicating a potential repeated biopsy 
effect. In support of this speculation, performing repeated 
biopsies in the same muscle within a short time frame has 
been shown to induce the expression of cell cycle-related 
transcription factors as well as IL6 and IL8 mRNA (Moller 
et al. 2013; Vissing et al. 2005), collectively supporting the 
importance of introducing a non-exercise control group/
leg when performing repeated biopsies. Alternatively, since 
very few positive fibers expressing eMHC and nMHC were 
found, these somewhat minor increases may also be related 
to random variation in the biopsy samples.

Effect of whey protein on indices of muscle recovery 
following eccentric exercise

Eccentric exercise has been consistently shown to induce 
muscle soreness, increased serum CK levels and decreased 
MVC in the days following eccentric exercise (Mikkelsen 
et  al. 2009; Newham et  al. 1987; Proske and Allen 2005; 
Vissing et al. 2008). This muscle soreness and loss of mus-
cle force often persist for several days or even sometimes 
weeks (Proske and Allen 2005), depending on the extent 
of muscle damage (Paulsen et al. 2012). Therefore, medi-
cal or ergogenic substances to accelerate recovery rate is 
of great interest (Michailidis et  al. 2013; Pasiakos et  al. 
2014). Protein supplementation can be speculated to con-
stitute one such strategy to accelerate recovery rate, e.g., 
by modulating the activity (e.g., chemotaxis and phago-
cytosis) and cytokine expression from leukocytes (e.g., 



J. Farup et al.

1 3

neutrophils) (Rusu et  al. 2009). Interestingly, these seem 
to be influenced by the protein content of β-lactaglobulin 
and α-lactalbumin (Rusu et al. 2009) which are often found 
high in whey protein products. Moreover, whey protein 
ingestion is known to increase muscle protein synthesis 
both immediately (1–5  h) and 24  h post-resistance exer-
cise (Atherton and Smith 2012; Burd et  al. 2011), which 
could support the remodeling processes following eccen-
tric exercise (Yu et  al. 2004) and provide another mecha-
nism for an increased recovery rate.  However, as for the 
latter, it is difficult to comprehend if an increased protein 
synthesis could augment muscle recovery rate during the 
early recovery phase [as observed by some (Buckley et al. 
2010)], but potentially in the later phase of muscle recov-
ery (i.e., 7 days post-exercise) this could influence MVC. 
In the present study, while changes and MVC and serum 
CK favored the contention that myofiber membrane dam-
age had occurred with our eccentric exercise protocol, no 
differences in the rate of restoration were evident between 
supplement types. However, in relation to the above-stated 
potential mechanisms influenced by protein ingestion, it 
should be emphasized that these indirect measures do not 
allow for any conclusions regarding myofibrillar/cytoskel-
etal damage or regeneration. Our findings are in agree-
ment with Jackman et al. (2010), who found no difference 
between a BCAA and a non-caloric placebo intervention 
on electrically stimulated MVC. In contrast, Kirby et  al. 
(2012) did observe an effect of leucine supplementation 
on the regain of MVC. However, this latter effect may be 
trivial as no differences were observed for functional mus-
cle performance measures (Kirby et al. 2012). It should be 
acknowledged, though, that the placebo in the present study 
was iso-caloric, in contrast to previous studies using a non-
caloric placebo (Jackman et  al. 2010; Kirby et  al. 2012), 
which may limit direct comparison.

In contrast, we did observe a supplement effect on rate 
of attenuation of muscle soreness. However, unexpectedly, 
less muscle soreness was observed with placebo compared 
to whey at 96  h. This observation is in opposition to the 
study by Jackman et al. (2010) but in agreement with the 
study by Kirby et al. (2012). As the muscle soreness evalu-
ation is based solely on subjectivity, the exact interpretation 
of our results may be difficult and these aspects of whey 
protein or BCAA formulas warrant further investigation.

In summary, we provide evidence that hydrolyzed whey 
protein may accelerate the exercise-induced increase in 
SCs during early post-exercise recovery. Furthermore, we 
demonstrate that this increase is predominantly related to 
SCs associated with type II muscle fibers. On the contrary, 
even with the whey protein supplementation accelerating 
SC proliferation, this was not observed to influence sev-
eral indices of muscle damage. The present results may 
have important clinical perspectives in populations where 

cues for SC activation and proliferation may be impaired. 
Therefore, further investigation into the clinical aspects of 
protein supplement and the effects on SCs are warranted.

Acknowledgments  We thank the participants for their participation 
in the project. Department of Rheumatology, Aarhus University Hos-
pital, is thanked for supplying apparatus for blood sampling. Janni 
Moesgaard Jensen and Gitte Kaiser Hartvigsen are thanked for assis-
tance in collecting blood samples and during biopsy preparation. The 
F1.652 and the A4.591 monoclonal antibodies developed by Helen 
M. Blau were obtained from the Developmental Studies Hybridoma 
Bank under the auspices of the NICHD and maintained by The Uni-
versity of Iowa, Department of Biological Sciences, Iowa City, IA, 
USA.

Conflict of interest T he study was funded by Arla Foods Ingredi-
ents Group P/S, DK and Nordea Foundation (Healthy Ageing grant). 
The authors declare that they have no conflict of interest.

References

Atherton PJ, Smith K (2012) Muscle protein synthesis in response to 
nutrition and exercise. J Physiol 590:1049–1057. doi:10.1113/jph
ysiol.2011.225003

Averous J, Gabillard JC, Seiliez I, Dardevet D (2012) Leucine 
limitation regulates myf5 and myoD expression and inhib-
its myoblast differentiation. Exp Cell Res 318:217–227. 
doi:10.1016/j.yexcr.2011.10.015

Bijur PE, Silver W, Gallagher EJ (2001) Reliability of the visual 
analog scale for measurement of acute pain. J Soc Acad Emerg 
Med 8:1153–1157

Bischoff R (1990) Interaction between satellite cells and skeletal mus-
cle fibers. Development 109:943–952

Brack AS, Rando TA (2012) Tissue-specific stem cells: lessons from 
the skeletal muscle satellite cell. Cell Stem Cell 10:504–514. 
doi:10.1016/j.stem.2012.04.001

Buckley JD, Thomson RL, Coates AM, Howe PR, DeNichilo MO, 
Rowney MK (2010) Supplementation with a whey protein hydro-
lysate enhances recovery of muscle force-generating capacity fol-
lowing eccentric exercise. J Sci Med Sport 13:178–181

Burd NA et al (2011) Enhanced amino acid sensitivity of myofibrillar 
protein synthesis persists for up to 24 h after resistance exercise 
in young men. J Nutr 141:568–573. doi:10.3945/jn.110.135038

Burke L, Deakin V (2000) Clinical sports nutrition, 2nd edn. 
McGraw-Hill, Beijing, Boston

Cermak NM et  al (2012) Eccentric exercise increases satellite cell 
content in type II muscle fibers. Med Sci Sports Exerc 45(2):230–
237. doi:10.1249/MSS.0b013e318272cf47

Christov C et  al (2007) Muscle satellite cells and endothelial cells: 
close neighbors and privileged partners. Mol Biol Cell 18:1397–
1409. doi:10.1091/mbc.E06-08-0693

Conboy IM, Conboy MJ, Wagers AJ, Girma ER, Weissman IL, Rando 
TA (2005) Rejuvenation of aged progenitor cells by exposure to a 
young systemic environment. Nature 433:760–764. doi:10.1038/
nature03260

Cosgrove BD et  al (2014) Rejuvenation of the muscle stem cell 
population restores strength to injured aged muscles. Nat Med. 
doi:10.1038/nm.3464

Crameri RM et al (2004) Changes in satellite cells in human skeletal 
muscle after a single bout of high intensity exercise. J Physiol 
558:333–340. doi:10.1113/jphysiol.2004.061846

Crameri RM, Aagaard P, Qvortrup K, Langberg H, Olesen J, Kjaer 
M (2007) Myofibre damage in human skeletal muscle: effects 

http://dx.doi.org/10.1113/jphysiol.2011.225003
http://dx.doi.org/10.1113/jphysiol.2011.225003
http://dx.doi.org/10.1016/j.yexcr.2011.10.015
http://dx.doi.org/10.1016/j.stem.2012.04.001
http://dx.doi.org/10.3945/jn.110.135038
http://dx.doi.org/10.1249/MSS.0b013e318272cf47
http://dx.doi.org/10.1091/mbc.E06-08-0693
http://dx.doi.org/10.1038/nature03260
http://dx.doi.org/10.1038/nature03260
http://dx.doi.org/10.1038/nm.3464
http://dx.doi.org/10.1113/jphysiol.2004.061846


Whey protein supplementation accelerates SC proliferation

1 3

of electrical stimulation versus voluntary contraction. J Physiol 
583:365–380. doi:10.1113/jphysiol.2007.128827

Dibble CC, Manning BD (2013) Signal integration by mTORC1 
coordinates nutrient input with biosynthetic output. Nat Cell Biol 
15:555–564. doi:10.1038/ncb2763

Dickinson JM et al (2011) Mammalian target of rapamycin complex 1 
activation is required for the stimulation of human skeletal mus-
cle protein synthesis by essential amino acids. J Nutr 141:856–
862. doi:10.3945/jn.111.139485

Farup J et al (2012) Muscle morphological and strength adaptations 
to endurance vs. resistance training. J Strength Cond Res 26:398–
407. doi:10.1519/JSC.0b013e318225a26f

Farup J et al (2013) Whey protein hydrolysate augments tendon and 
muscle hypertrophy independent of resistance exercise contrac-
tion mode. Scand J Med Sci Sports. doi:10.1111/sms.12083 
(Epub ahead of print)

Fry CS et  al (2014) Regulation of the muscle fiber microenviron-
ment by activated satellite cells during hypertrophy. FASEB J 
28:1654–1665. doi:10.1096/fj.13-239426

Han B, Tong J, Zhu MJ, Ma C, Du M (2008) Insulin-like growth fac-
tor-1 (IGF-1) and leucine activate pig myogenic satellite cells 
through mammalian target of rapamycin (mTOR) pathway. Mol 
Reprod Dev 75:810–817. doi:10.1002/mrd.20832

He WA et  al (2013) NF-kappaB-mediated Pax7 dysregulation in 
the muscle microenvironment promotes cancer cachexia. J Clin 
Invest. doi:10.1172/JCI68523

Heinemeier KM et al (2012) GH/IGF-I axis and matrix adaptation of 
the musculotendinous tissue to exercise in humans. Scand J Med 
Sci Sports. doi:10.1111/j.1600-0838.2012.01459.x

Ito K, Suda T (2014) Metabolic requirements for the maintenance of 
self-renewing stem cells. Nat Rev Mol Cell Biol 15:243–256. 
doi:10.1038/nrm3772

Jackman SR, Witard OC, Jeukendrup AE, Tipton KD (2010) 
Branched-chain amino acid ingestion can ameliorate soreness 
from eccentric exercise. Med Sci Sports Exerc 42:962–970

Jeong J, Conboy MJ, Conboy IM (2013) Pharmacological inhibi-
tion of myostatin/TGF-beta receptor/pSmad3 signaling rescues 
muscle regenerative responses in mouse model of type 1 dia-
betes. Acta Pharmacol Sinica 34(8):1052–1060. doi:10.1038/
aps.2013.67

Kirby TJ, Triplett NT, Haines TL, Skinner JW, Fairbrother KR, 
McBride JM (2012) Effect of leucine supplementation on indices 
of muscle damage following drop jumps and resistance exercise. 
Amino Acids 42:1987–1996. doi:10.1007/s00726-011-0928-9

Lepper C, Partridge TA, Fan CM (2011) An absolute requirement 
for Pax7-positive satellite cells in acute injury-induced skeletal 
muscle regeneration. Development 138:3639–3646. doi:10.1242
/dev.067595

Mackey AL et al (2007) The influence of anti-inflammatory medica-
tion on exercise-induced myogenic precursor cell responses in 
humans. J Appl Physiol 103:425–431. doi:10.1152/japplphys
iol.00157.2007

Mackey AL, Kjaer M, Charifi N, Henriksson J, Bojsen-Moller J, 
Holm L, Kadi F (2009) Assessment of satellite cell number and 
activity status in human skeletal muscle biopsies. Muscle Nerve 
40:455–465. doi:10.1002/mus.21369

Mackey AL, Andersen LL, Frandsen U, Suetta C, Sjogaard G (2010) 
Distribution of myogenic progenitor cells and myonuclei is 
altered in women with vs. those without chronically painful tra-
pezius muscle. J Appl Physiol (1985) 109:1920–1929. doi:10.115
2/japplphysiol.00789.2010

Mackey AL et al (2011) Sequenced response of extracellular matrix 
deadhesion and fibrotic regulators after muscle damage is 
involved in protection against future injury in human skeletal 
muscle. FASEB J 25(6):1943–1959. doi:10.1096/fj.10-176487

Mauro A (1961) Satellite cell of skeletal muscle fibers. J Biophys 
Biochem Cytol 9:493–495

McKay BR, O’Reilly CE, Phillips SM, Tarnopolsky MA, Parise G 
(2008) Co-expression of IGF-1 family members with myogenic 
regulatory factors following acute damaging muscle-lengthening 
contractions in humans. J Physiol 586:5549–5560. doi:10.1113/j
physiol.2008.160176

McKay BR, De Lisio M, Johnston AP, O’Reilly CE, Phillips SM, 
Tarnopolsky MA, Parise G (2009) Association of interleukin-6 
signalling with the muscle stem cell response following mus-
cle-lengthening contractions in humans. PLoS One 4:e6027. 
doi:10.1371/journal.pone.0006027

McKay BR, Toth KG, Tarnopolsky MA, Parise G (2010) Satellite cell 
number and cell cycle kinetics in response to acute myotrauma in 
humans: immunohistochemistry versus flow cytometry. J Physiol 
588:3307–3320. doi:10.1113/jphysiol.2010.190876

Michailidis Y et  al (2013) Thiol-based antioxidant supplementation 
alters human skeletal muscle signaling and attenuates its inflam-
matory response and recovery after intense eccentric exercise. 
Am J Clin Nutr 98:233–245. doi:10.3945/ajcn.112.049163

Mikkelsen UR, Langberg H, Helmark IC, Skovgaard D, Andersen LL, 
Kjaer M, Mackey AL (2009) Local NSAID infusion inhibits sat-
ellite cell proliferation in human skeletal muscle after eccentric 
exercise. J Appl Physiol 107:1600–1611. doi:10.1152/japplphys
iol.00707.2009

Moller AB, Vendelbo MH, Rahbek SK, Clasen BF, Schjerling P, 
Vissing K, Jessen N (2013) Resistance exercise, but not endur-
ance exercise, induces IKKbeta phosphorylation in human skel-
etal muscle of training-accustomed individuals. Pflugers Arch 
465:1785–1795. doi:10.1007/s00424-013-1318-9

Montarras D, L’Honore A, Buckingham M (2013) Lying low but 
ready for action: the quiescent muscle satellite cell. FEBS J 
280(17):4036–4050. doi:10.1111/febs.12372

Newham DJ, Jones DA, Clarkson PM (1987) Repeated high-force 
eccentric exercise: effects on muscle pain and damage. Bethesda 
Md: 1985 63:1381–1386

Parise G (2013) Satellite cells: promoting adaptation over a lifetime. 
Acta Physiol (Oxf) 210(3):462–464. doi:10.1111/apha.12219

Pasiakos SM, Lieberman HR, McLellan TM (2014) Effects of protein 
supplements on muscle damage, soreness and recovery of muscle 
function and physical performance: a systematic review. Sports 
Med. doi:10.1007/s40279-013-0137-7 (Epub ahead of print)

Paulsen G, Mikkelsen UR, Raastad T, Peake JM (2012) Leucocytes, 
cytokines and satellite cells: what role do they play in muscle 
damage and regeneration following eccentric exercise? Exerc 
Immunol Rev 18:42–97

Proske U, Allen TJ (2005) Damage to skeletal muscle from eccentric 
exercise. Exerc Sport Sci Rev 33:98–104

Rodgers JT et al (2014) mTORC1 controls the adaptive transition of 
quiescent stem cells from G0 to GAlert. Nature 509:393–396

Rusu D, Drouin R, Pouliot Y, Gauthier S, Poubelle PE (2009) A 
bovine whey protein extract stimulates human neutrophils to gen-
erate bioactive IL-1Ra through a NF- B- and MAPK-dependent 
mechanism. J Nutr 140:382–391. doi:10.3945/jn.109.109645

Seale P, Sabourin LA, Girgis-Gabardo A, Mansouri A, Gruss P, Rud-
nicki MA (2000) Pax7 is required for the specification of myo-
genic satellite cells. Cell 102:777–786

Serrano AL, Baeza-Raja B, Perdiguero E, Jardi M, Munoz-Canoves 
P (2008) Interleukin-6 is an essential regulator of satellite cell-
mediated skeletal muscle hypertrophy. Cell Metab 7:33–44. 
doi:10.1016/j.cmet.2007.11.011

Snijders T et al (2013) Acute dietary protein intake restriction is asso-
ciated with changes in myostatin expression after a single bout of 
resistance exercise in healthy young men. J Nutr 144(2):137–145. 
doi:10.3945/jn.113.183996

http://dx.doi.org/10.1113/jphysiol.2007.128827
http://dx.doi.org/10.1038/ncb2763
http://dx.doi.org/10.3945/jn.111.139485
http://dx.doi.org/10.1519/JSC.0b013e318225a26f
http://dx.doi.org/10.1111/sms.12083
http://dx.doi.org/10.1096/fj.13-239426
http://dx.doi.org/10.1002/mrd.20832
http://dx.doi.org/10.1172/JCI68523
http://dx.doi.org/10.1111/j.1600-0838.2012.01459.x
http://dx.doi.org/10.1038/nrm3772
http://dx.doi.org/10.1038/aps.2013.67
http://dx.doi.org/10.1038/aps.2013.67
http://dx.doi.org/10.1007/s00726-011-0928-9
http://dx.doi.org/10.1242/dev.067595
http://dx.doi.org/10.1242/dev.067595
http://dx.doi.org/10.1152/japplphysiol.00157.2007
http://dx.doi.org/10.1152/japplphysiol.00157.2007
http://dx.doi.org/10.1002/mus.21369
http://dx.doi.org/10.1152/japplphysiol.00789.2010
http://dx.doi.org/10.1152/japplphysiol.00789.2010
http://dx.doi.org/10.1096/fj.10-176487
http://dx.doi.org/10.1113/jphysiol.2008.160176
http://dx.doi.org/10.1113/jphysiol.2008.160176
http://dx.doi.org/10.1371/journal.pone.0006027
http://dx.doi.org/10.1113/jphysiol.2010.190876
http://dx.doi.org/10.3945/ajcn.112.049163
http://dx.doi.org/10.1152/japplphysiol.00707.2009
http://dx.doi.org/10.1152/japplphysiol.00707.2009
http://dx.doi.org/10.1007/s00424-013-1318-9
http://dx.doi.org/10.1111/febs.12372
http://dx.doi.org/10.1111/apha.12219
http://dx.doi.org/10.1007/s40279-013-0137-7
http://dx.doi.org/10.3945/jn.109.109645
http://dx.doi.org/10.1016/j.cmet.2007.11.011
http://dx.doi.org/10.3945/jn.113.183996


J. Farup et al.

1 3

Sousa-Victor P et al (2014) Geriatric muscle stem cells switch revers-
ible quiescence into senescence. Nature 506(7488):316–321. 
doi:10.1038/nature13013

Tatsumi R, Sheehan SM, Iwasaki H, Hattori A, Allen RE (2001) 
Mechanical stretch induces activation of skeletal muscle satel-
lite cells in vitro. Exp Cell Res 267:107–114. doi:10.1006/e
xcr.2001.5252

Urciuolo A et  al (2013) Collagen VI regulates satellite cell self-
renewal and muscle regeneration. Nat commun 4:1964. doi:10.1
038/ncomms2964

Vijayan K, Thompson JL, Norenberg KM, Fitts RH, Riley DA (2001) 
Fiber-type susceptibility to eccentric contraction-induced damage 
of hindlimb-unloaded rat AL muscles. J Appl Physiol 90:770–776

Vissing K, Andersen JL, Schjerling P (2005) Are exercise-
induced genes induced by exercise? FASEB J 19:94–96. 
doi:10.1096/fj.04-2084fje

Vissing K, Overgaard K, Nedergaard A, Fredsted A, Schjerling P 
(2008) Effects of concentric and repeated eccentric exercise on 
muscle damage and calpain-calpastatin gene expression in human 

skeletal muscle. Eur J Appl Physiol 103:323–332. doi:10.1007/
s00421-008-0709-7

Vissing K, McGee SL, Farup J, Kjolhede T, Vendelbo MH, Jes-
sen N (2011) Differentiated mTOR but not AMPK signal-
ing after strength vs endurance exercise in training-accus-
tomed individuals. Scand J Med Sci Sports 23(3):355–366. 
doi:10.1111/j.1600-0838.2011.01395.x

Xin L, Hyldahl RD, Chipkin SR, Clarkson PM (2013) A contralateral 
repeated bout effect attenuates induction of NF-kappaB DNA-
binding following eccentric exercise. J Appl Physiol (1985). doi:1
0.1152/japplphysiol.00133.2013

Yin H, Price F, Rudnicki MA (2013) Satellite cells and the mus-
cle stem cell niche. Physiol Rev 93:23–67. doi:10.1152/phys
rev.00043.2011

Yu JG, Carlsson L, Thornell LE (2004) Evidence for myofibril 
remodeling as opposed to myofibril damage in human muscles 
with DOMS: an ultrastructural and immunoelectron micro-
scopic study. Histochem Cell Biol 121:219–227. doi:10.1007/
s00418-004-0625-9

http://dx.doi.org/10.1038/nature13013
http://dx.doi.org/10.1006/excr.2001.5252
http://dx.doi.org/10.1006/excr.2001.5252
http://dx.doi.org/10.1038/ncomms2964
http://dx.doi.org/10.1038/ncomms2964
http://dx.doi.org/10.1096/fj.04-2084fje
http://dx.doi.org/10.1007/s00421-008-0709-7
http://dx.doi.org/10.1007/s00421-008-0709-7
http://dx.doi.org/10.1111/j.1600-0838.2011.01395.x
http://dx.doi.org/10.1152/japplphysiol.00133.2013
http://dx.doi.org/10.1152/japplphysiol.00133.2013
http://dx.doi.org/10.1152/physrev.00043.2011
http://dx.doi.org/10.1152/physrev.00043.2011
http://dx.doi.org/10.1007/s00418-004-0625-9
http://dx.doi.org/10.1007/s00418-004-0625-9

	Whey protein supplementation accelerates satellite cell proliferation during recovery from eccentric exercise
	Abstract 
	Introduction
	Methods
	Participants
	General study design
	Exercise protocol
	Muscle biopsies
	Immunohistochemistry
	Satellite cells, fiber type and myonuclei
	Muscle fiber remodeling
	Diet and supplementation
	Muscle contractile performance measures
	Muscle soreness
	Serum CK
	Date presentation and statistical analysis

	Results
	Exercise performance and dietary monitoring
	SC content
	Remodeling and regenerating fibers
	Muscle function
	Muscle soreness
	Serum CK

	Discussion
	Effect of whey protein supplementation on fiber type-specific SCs during recovery from eccentric exercise
	Effect of whey protein on indices of muscle recovery following eccentric exercise

	Acknowledgments 
	References


