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IGF-1 colocalizes with muscle satellite cells following acute
exercise in humans
Amanda Grubb, Sophie Joanisse, Daniel R. Moore, Leeann M. Bellamy, Cameron J. Mitchell,
Stuart M. Phillips, and Gianni Parise

Abstract: Insulin-like growth factor-1 (IGF-1) regulates stem cell proliferation and differentiation in vitro. The aim of this study
was to quantify the change in satellite cell (SC) specific IGF-1 colocalization following exercise. We observed a significant increase
(p < 0.05) in the percentage of SC with IGF-1 colocalization from baseline to 72 h after a bout of resistance exercise. This strongly
supports a role for IGF-1 in human SC function following exercise.
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Résumé : Le facteur de croissance insulinomimétique (IGF-1) régule la prolifération et la différenciation des cellules souches in
vitro. Cette étude se propose de quantifier la modification à la suite d'un exercice de la colocalisation de l'IGF-1 spécifique aux
cellules souches (SC). Nous observons une augmentation significative (p < 0,05) du pourcentage de SC en présence de colocali-
sation de l'IGF-1, et ce, du début à la 72e h suivant une séance d'exercice contre résistance. Ce phénomène appuie la thèse selon
laquelle l'IGF-1 joue un rôle dans la fonction des SC humaines à la suite d'un exercice physique. [Traduit par la Rédaction]

Mots-clés : Pax7, IGF-1, séance d'exercice.

Introduction
Muscle satellite cells (SC) are monopotent stem cells that repre-

sent between 2%–4% of all myonuclei. They are normally quies-
cent but become activated in response to appropriate cues and aid
in muscle growth and repair (Kadi and Thornell 2000; Adams et al.
2002; Petrella et al. 2006). The progression of a SC from quiescence
through proliferation and into terminal differentiation is orches-
trated by a network of transcription factors known as the myo-
genic regulatory factors (MRFs) (Rudnicki et al. 2008; Ten Broek
et al. 2010); however, many of the upstream cues driving this
process remain unknown or poorly understood.

Insulin-like growth factor 1 (IGF-1) is a well-known regulator of
muscle development. A role for IGF-1 in muscle growth is sup-
ported by reports demonstrating significant muscle hypertrophy
in transgenic mice overexpressing IGF-1 (Musaro et al. 2001). Ad-
ditionally, work in our laboratory implicated local IGF-1 as a reg-
ulatory factor in SC activity in humans (McKay et al. 2008).

Alternative spicing of IGF-1 results in 3 distinct splice variants
IGF-1Ea, IGF-1Eb, and mechano growth factor (MGF). In vitro, C2C12
myoblasts exposed to MGF or IGF-1Ea proliferate and show im-
paired differentiation with MGF but not with exposure to IGF-1Ea
(Yang and Goldspink 2002). Our work supports this concept, be-
cause we report a strong temporal relationship between IGF-1Ea
and the mRNA abundance of a driver of differentiation MRF4
(McKay et al. 2008). In contrast, MGF expression was strongly cor-
related to Myf5 expression, a MRF known for its role in driving
proliferation (McKay et al. 2008).

We previously demonstrated qualitative increases in IGF-1 colo-
calization with SCs following an acute bout of damaging exercise
(McKay et al. 2008). The purpose of the current study was to quan-
tify the extent of IGF-1 colocalization with the SC post exercise in
a fibre-type specific manner. We hypothesized that following an
acute bout of exercise there would be an increase in the colocal-
ization of IGF-1 with SC.

Materials and methods

Subjects
The study was approved by the Hamilton Health Sciences and

McMaster University Faculty of Health Sciences Research Ethics
Board. Informed written consent was obtained from all participants
prior to the start of the study. Twenty-three healthy, untrained males
(18–35 yrs) completed 16 weeks of progressive, whole-body resistance
training. All participants were recreationally active and had not par-
ticipated in a formal weight training program within the 12 months
prior to commencement of the study.

Exercise training
The subjects participated in 4 supervised resistance workouts

per week, which consisted of 2 upper and 2 lower body sessions.
The training program was designed to progress from 2 sets of each
exercise at 70% of the subject's 1 repetition maximum (RM), to
4 sets at 85% of 1 RM by the end of the 16 weeks. The last set of each
exercise was performed until failure. At the end of each workout,
all participants consumed a beverage that contained 30 g of whey
protein to maximize gains in muscle (Cermak et al. 2012). As
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described in Mitchell et al. (2013), supplementation was provided to
maximize gains in muscle mass and strength; exercise training led
to increases in strength and in the muscle fibre cross-sectional
area of type I and II fibres.

Acute exercise protocol
All participants completed 4 sets of 8 repetitions at 80% of 1 RM

pre- and post-training. The exercises included leg press, leg exten-
sion, calf press, and leg curl.

Sample collection
Three muscle biopsies were taken as part of an acute time

course before training commenced (baseline, 24 h, and 72 h after
exercise) from the vastus lateralis muscle under local anesthetic
(1% Lidocaine) using a Bergstrom needle adapted for manual suc-
tion. Additionally, 3 muscle biopsies were taken as part of an
acute time course after 16 weeks of resistance training. Immuno-
fluorescent and gene expression analysis revealed no differences
between pre- and post-training acute responses. Therefore analy-
sis was restricted to the pre-training acute time course to assess
acute changes following exercise; and to pre- and post-training
baseline biopsies to assess a training effect.

Immunofluorescence
Briefly, sections were fixed in 4% paraformaldehyde washed

several times in phosphate buffered saline with tween, blocked
for 90 min then incubated in Pax7 primary antibody (neat, DSHB,
Iowa City, Iowa, USA) and myosin heavy chain type II (MHCII; fast
isoform; 1:1000; ab91506, Abcam, Cambridge, Mass., USA) at room
temperature for 2 h. Sections were washed and incubated in sec-
ondary antibody (AlexaFluor 594 goat antimouse; 1:500, and Alexa
Fluor 647, 1:500, Invitrogen, Molecular Probes Inc., Grand Island,
NY, USA) for 1.5 h at room temperature. IGF-1 immunofluorescent
staining was completed on the same sections as previously de-
scribed (McKay et al. 2008).

Immunofluorescence data analysis
Each Pax7 positive nuclei was quantified based on its associa-

tion to a fibre positive for MHCII staining (type II fibre) or negative
for MHCII staining (type I fibre). To determine the proportion of
SCs positive for IGF-1, all Pax7 positive nuclei were identified
and SCs colocalized with IGF-1 were determined. A SC was consid-
ered to be colocalized with IGF-1 when staining of Pax7 and IGF-1
and DAPI overlapped. The quantification of IGF-1 colocalization
with SC was conducted on an average of 174 fibres (55 type I and
119 type II) per subject per timepoint.

RNA isolation and quantitative polymerase chain reaction
(PCR)

RNA was isolated from 15–25 mg of muscle using the Trizol–
RNeasy method as previously reported (Joanisse et al. 2013) RNA
integrity reported via RNA integrity numbers (RIN, scale of 0–10)
were determined with the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Toronto, Ont., Canada) on a subset of samples, the aver-
age RIN value was 8.2. Samples were reverse transcribed using the
commercially available high capacity cDNA reverse transcription
kit (Applied Biosystems, Foster City, Calif., USA) in 20 �l reaction
volumes, as per manufacturer's instructions, using an Eppendorf
Mastercycler epgradient thermal cycler (Eppendorf, Mississauga,

Ont., Canada) to obtain cDNA for gene expression analysis. Rela-
tive mRNA expression was calculated using the ��Ct method
(2−��Ct), expression was normalized to housekeeping gene beta-2-
microglobulin. mRNA values are expressed as fold change from
baseline before training (McKay et al. 2008). Primer sequences and
target genes are shown in Table 1.

Statistical analysis
Statistical analysis was performed using SigmaStat 3.1.0 analy-

sis software (Systat Software Inc., Chicago, Ill., USA). One-way
repeated-measures ANOVA tests were performed to determine
differences in the acute exercise response. Paired t tests were
performed to assess the training response for both mRNA and
immunofluorescence. To determine specific mean differences a
Tukey's HSD post hoc test was used. Statistical significance was
considered to be p < 0.05 with data reported at mean ± standard
error of the mean (SEM).

Results

Pax7 and IGF-1 colocalization
IGF-1 colocalization with Pax7 was determined via immunoflu-

orescent staining of muscle cross sections. Figure 1A shows a rep-
resentative image of the IGF-1–Pax7 staining. Fibre-type specific
immunofluorescent staining for IGF-1 and Pax7 demonstrated a
significant increase in colocalization of IGF-1 and Pax7 by 72 h
after a single bout of resistance exercise for type I (pre: 6 ± 3% SCs
positive for IGF-1; post 72 h: 20 ± 5% SCs positive for IGF-1; p < 0.05)
and type II (pre: 8 ± 2% SCs positive for IGF-1; post 72 h: 26 ± 5% SCs
positive for IGF-1; p < 0.05). Both type I and type II fibre associated
satellite cells were similarly affected by the exercise (Fig. 1D and 1E).
No difference in baseline colocalization was seen in either fibre
type as a result of training (Fig. 1B and 1C).

IGF-1 mRNA
No significant changes were observed after exercise in any IGF-1

splice variants (Fig. 2B). When comparing baseline mRNA before
and after training, only IGF-1Ea showed a significant increase in
gene expression following 16 weeks of progressive resistance ex-
ercise training (Fig. 2A) (p < 0.05).

Discussion
We previously reported significant correlations between IGF-1

splice variants and MRF gene expression following an acute bout
of muscle damaging exercise, inferring a role for IGF-1 in the
regulation of SC. Furthermore, we identified, that SC were consid-
ered to be colocalized with IGF-1 following damaging exercise
providing further support that IGF-1 plays a role in human SC
activity (McKay et al. 2008). The present results extend on our
initial findings by demonstrating for the first time in human mus-
cle that the proportion of SC considered to be colocalized with
IGF-1 increases after an acute bout of exercise.

Consistent with our previous preliminary observations, we ob-
served a significant increase in IGF-1 colocalization with SC 72 h
post exercise. It is interesting, however, that no fibre-type differ-
ence in the extent of IGF-1 colocalization with SC was observed.
Both type I and type II associated SC colocalized with IGF-1 in-
creased 72 h post exercise. Additionally, the extent of IGF-1 was
considered to be colocalized with SC was not different before

Table 1. qRT-PCR primer sequences.

Gene Forward sequence Reverse sequence

�2M 5=-ATGAGTATGCCTGCCGTGTGA-3= 5=-GGCATCTTCAAACCTCCATG-3=
IGF-1Ea 5=-GACATGCCCAAGACCCAGAAGGA-3= 5=-CGGTGGCATGTCACTCTTCACTC-3=
IGF-1Eb 5=-GCCCCCATCTACCAACAAGAACAC-3= 5=-CAGACTTGCTTCTGTCCCCTCCTTC-3=
MGF 5=-GCCCCCATCTACCAACAAGAACAC-3= 5=-CGGTGGCATGTCACTCTTCACTC-3=

Note: �2M, beta-2-microglobulin; IGF-1, insulin-like growth factor-1; MGF, mechano growth factor.
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Fig. 1. (A) Representative image (merge) of IGF-1, Pax7, MHCII, and DAPI immunofluorescent stain. The yellow arrow denotes a type 2 fibre-
associated satellite cell positive for IGF-1, whereas the white arrow denotes a type 1 fibre-associated satellite cell negative for IGF-1. Single
channel views of (a) Pax7 (red), (b) IGF-1 (green), and (c) DAPI (blue) are provided along with a combined image of (d) Pax7 and IGF-1. No
differences were observed in the colocalization of IGF-1 and SC at baseline before and after training in (B) type 1 fibres and (C) type 2 fibres.
Significant increases (p < 0.05) in the percentage of SC colocalized with IGF-1 were seen 72 h after exercise in an acute post-exercise time
course in both (D) type 1 and (E) type 2 fibres.
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and after training. This suggests that the extent to which IGF-1 is
considered to be colocalized with SC is a conserved response and
is independent of training status and fibre type.

The demonstrated increase in IGF-1 associated with SC provides
evidence of a role for IGF-1 in SC activity in vivo. Because MGF
has been suggested to be involved in SC proliferation (Yang and
Goldspink 2002; McKay et al. 2008), it is conceivable that the
increase in SC-specific IGF-1 contributes to the expansion of the SC
pool following exercise. The later rise in IGF-1Ea may stimulate
the progression of SC through the myogenic program towards
differentiation (Hill and Goldspink 2003; McKay et al. 2008).

Unfortunately, commercially available antibodies against spe-
cific IGF-1 splice variants are not currently available and preclude
our ability to provide further insight as to which splice variants
are colocalizing with SC at various post exercise time points. The
current study demonstrates a progressive increase in the number
of SC colocalized with IGF-1 from baseline to 72 h post exercise.
Based on our results we suggest that IGF-1 likely plays a role in SC
function following acute exercise. Given the timing of the ob-
served response it is likely that IGF-1 is involved in the progression
of SC through the myogenic program from proliferation through
to differentiation.

Changes in whole-muscle IGF-1 mRNA expression following
damaging exercise have been well described (Hameed et al. 2003;
Greig et al. 2006; McKay et al. 2008). Surprisingly, no change in
IGF-1 gene expression was observed in the acute time course fol-
lowing exercise. This could be attributed to the fact that the stim-
ulus in the current study was of a lower intensity and volume than
used in previous investigations (Hameed et al. 2003; Greig et al.
2006; McKay et al. 2008). The specific intensity and volume used in
this investigation was to reflect a more typical resistance exercise
bout. Importantly, it is worth noting that we observed a signifi-
cant increase in IGF-1Ea gene expression following training com-
pared with pre-training baseline levels.

This is the first study to quantify SC-specific colocalization of
IGF-1 and how it is impacted by acute exercise and exercise train-
ing. Although the exercise stimulus was not intense enough to
detect a change in whole-muscle mRNA levels of IGF-1 splice vari-
ants acutely following exercise, it was enough to induce a signif-
icant increase in IGF-1 colocalization with SC. The increase in
SC-specific IGF-1 colocalization suggests that local production of

IGF-1 may be part of the normal post-exercise SC response and
appears to be independent of training status and fibre type.
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