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ABSTRACT

IGF-1 and its splice variants IGF-1Ea and mechano growth factor (MGF) may play important role
in muscular adaptations to resistance training (RT) that may be modulated by aging. It has been
suggested that IGF-I induces cellular responses via Akt and ERK signaling pathways. Therefore,
resistance exercise-induced changes in skeletal muscle IGF-IEa and MGF mRNA, and MGF,
Erk1/2, Akt and p70S6K protein expression were investigated before and after 21-week of RT in
younger (YM, 20-34 yrs., n=7) and older men (OM, 51-71 yrs., n=10). Experimental resistance
exercises (RE; 5x10 repetition maximum leg presses) were performed pre- and post-RT. Muscle
biopsies were obtained before and 48h after REs, to study the late response to muscle loading. The
muscle proteins or mRNAs of interest were not systematically influenced by the REs or RT, except
for MGF mRNA expression which was increased (p<0.01) following RE before RT in OM. No
differences were observed between YM and OM in any variables. This study demonstrated that
basal levels or RE-induced responses in skeletal muscle MGF, Erk1/2, Akt and p70S6K protein
levels or IGF-1Ea and MGF mRNA expression did not differ between YM and OM, nor change
systematically due to RT. Thus, aging appears not to effect expression of the present signaling
molecules involved in skeletal muscle hypertrophy.
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ABBREVIATIONS

IGF-I, Insulin-like growth factor-I

IGF-IEa, Insulin-like growth factor-1 isoform Ea
MGF, Mechano growth factor

PI3K, Phosphoinositide 3-kinase

Akt, AKT8 virus oncogene cellular homolog
mTOR, Mechanistic target of rapamycin
p70S6K, p70 ribosomal S6 kinase

MAPK, Mitogen-activated protein kinases
Erk, Extracellular signal-regulated kinase
RT, resistance training

RE, resistance exercise

RM, repetition maximum

Y M, younger men

OM, older men

MRNA, messenger ribonucleic acid

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase



INTRODUCTION

Local growth factors expressed by the loaded muscle tissue, such as IGF-1 splice variants IGF-IEa
and Mechano Growth Factor (MGF/IGF-IEc) are part of a signaling network regulating exercise-
induced remodelling processes of skeletal muscle (Barton, 2006; Goldspink, 2005; Kandalla,
Goldspink, Butler-Browne, & Mouly, 2011). The cellular functions of IGF-I are mediated through
its binding to the IGF-1 receptor, which activates PI3K/Akt/mTOR/p70S6K and MAPK/Erk
signaling pathways (Coolican, Samuel, Ewton, McWade, & Florini, 1997; Rommel et al., 2001)
that both can contribute to muscle growth (Clemmons, 2009). However, previous studies suggest
that MGF stimulates the cellular processes via an IGF-1/insulin receptor—independent mechanism

through Erk1/2 pathway (Milingos et al., 2011; Philippou et al., 2009; Stavropoulou et al., 2009).

Changes in expression of IGF-I splice variants have been postulated to contribute to the age-related
decline in skeletal muscle mass (Hameed, Orrell, Cobbold, Goldspink, & Harridge, 2003). In
young adults, no net change occurs under the equilibrium conditions in skeletal muscle mass due
to the balanced protein synthesis and degradation. However, during aging muscle tissue is
gradually lost, resulting in diminished muscle mass and strength. IGF-1 expression has been shown
to be attenuated in older men (Welle, Bhatt, Shah, & Thornton, 2002) suggesting that RT-induced
adaptations in skeletal muscle IGF-I splice variants may also differ between young adult and older

men.

Previously, we have investigated androgen receptor (Ahtiainen, Hulmi et al., 2011; Hulmi et al.,

2008) and myostatin (Hulmi et al., 2007) responses to RT in the present subjects. We have also



studied MGF and IGF-IEa mRNA responses to RE at post-RT in older men (Hulmi et al., 2008).
This study is, however, first to examine skeletal muscle MGF protein levels following a long-term
resistance training intervention. Furthermore, several other important questions not yet
investigated will be addressed in the present study; 1) are RE-induced responses of IGF-1Ea and
MGF mRNAs changed following long term RT, 2) are potential mediators of MGF function (Akt,
Erk1/2, p70S6K) responsive to RE or RT and 3) are age differences observed in the present data.
Thus, in this study we utilized previous data and muscle samples available for further analyses,
focusing on the examination of the expression responses of IGF-I splice variants and their potential

signaling proteins to RT in skeletal muscles.



MATERIALS AND METHODS

Subjects

Healthy older men (OM, n=10, 61 + 5 years, height 177 £ 3 cm, body mass 80 + 5 kg, body fat%
24 + 3) and younger men (YM, n=7, 28 + 5 years, height 185 + 3 cm, body mass 79 + 6 kg, body
fat% 17 + 4) volunteers were recruited as described previously (Ahtiainen et al., 2011). Any
subjects with a background in systematic physical training during the past 12 months before the
study were excluded. The OM subjects were screened by a physician for their inclusion in this
study. A medical screening included a resting electrocardiogram and a graded exercise test to
volitional fatigue along with ECG monitoring under the supervision of a physician. Exclusion
criteria included cardiovascular and pulmonary diseases, malfunctions of the thyroid gland,
diabetes, body mass index > 28, or any other disease that may have precluded the ability to perform
the exercise training and testing. Exclusion criteria also included medications or nutritional
supplements known to influence the cardiovascular and neuromuscular performance or endocrine
system. The subjects who passed the baseline physical examination were accepted to the study. In
accordance with the Declaration of Helsinki, all subjects were carefully informed about the
possible risks and benefits of the study and all subjects signed a written consent before
participation in the study. The ethics committees of the University of Jyvaskyld and the Central

Finland Health Care District approved the study.

Experimental Design

The subjects were carefully familiarized with all testing procedures prior to the study and had



several warm-up contractions in all devices before actual measurements. The experimental
variables were measured before and after RT for 21 weeks. To minimize the variability in the
measures, the subjects were asked to refrain from any strenuous physical activity for at least three
days before the measurements, and maintain a similar activity and dietary behavior pattern each
time. Furthermore, all measurements were always performed at the same time of day to exclude

the effects of diurnal variations.

Resistance training program

The present RT induced significant increases in muscle strength and size in both YM and OM, as
reported previously (Ahtiainen et al., 2011). The RT program comprised resistance exercise
sessions twice a week for 21 weeks. A minimum of two days of rest was required between the
exercise sessions. RT consisted of both lower and upper body exercises with the goal to increase
muscle mass and strength extensively throughout the training period. Leg press and knee extension
and flexion exercises were performed for leg muscles. Four to five other exercises were performed
for the other main muscle groups of the body (e.g. bench press, triceps pushdown, lateral pull-
down, sit-up, elbow flexion). The number of sets of each exercise performed increased from 2-3
to 3-5 during the training period. RT consisted of three specific training periods, each lasting for
7 weeks: 1) to improve local muscular endurance after familiarizing to resistance exercises during
the first training week. The training was carried out with light loads (40-60% of 1 RM) but with
multiple 10-20 RM per set and with short rest periods between the sets; 2) To produce muscle
hypertrophy by increasing the loads progressively within 60-80% of the 1 RM (8-12 RM per sets)
with a relatively short recovery time between the sets; 3) To optimize gains in maximal strength

of trained muscles, while still increasing muscular hypertrophy. The training included also higher



loads (up to 90% of the 1 RM) with longer recovery time between the sets using 5-8 RM loads.
All training sessions were supervised by the research team, to make sure that proper technique and

progression in the training loads were used in each exercise.

Experimental Heavy Resistance Exercise

To examine whether the changes in acute exercise-induced responses are connected to long-term
RT condition, the experimental heavy resistance exercise (RE) sessions were performed before
and after the 21-week RT period (Ahtiainen et al., 2011; Hulmi et al., 2007; Hulmi et al., 2008).
After the training period, the RE was performed approximately one week after the last training
session. The RE comprised of five sets of 10 RM sets of bilateral leg presses (David 210, David
Fitness and Medical, Outokumpu, Finland) from a knee angle of 70° to 180° (= knee straight) with
a two-minute recovery between the sets. The subjects were instructed not to consume any food or

beverages for three hours prior to the REs.

Muscle Biopsy Procedure: Muscle biopsies were obtained as described previously (Ahtiainen et
al., 2011; Hulmi et al., 2007; Hulmi et al., 2008). All the mRNA and protein analyses of each
subject were performed simultaneously. To determine molecular responses during the regeneration
phase after REs, muscle biopsies were obtained 30 minutes before and 48h post-exercise to make
the sample time coincide with the regenerative phase after the exercise (Ahtiainen, Lehti et al.,
2011; Philippou et al., 2009). The subjects fasted for 3 h before obtaining the biopsies. Muscle
samples were obtained from the middle portion of the vastus lateralis muscle by the use of the
percutaneous needle biopsy technique. The surrounding area was cleaned with an antiseptic

solution, and local anaesthetics (2mL lidocaine-adrenalin, 1%) were administered subcutaneously



prior to incision of the skin. A needle (5 mm) was inserted into the muscle belly and, with the aid
of suction, approximately 100 mg of muscle tissue was extracted. The muscle sample was cleaned
of any visible connective and adipose tissue, as well as blood, and frozen within one minute in

liquid nitrogen (-180°C) for later analysis.

RNA analyses: Protocols for RNA analyses have been described previously (Hulmi et al., 2008).
Muscle samples were homogenized with FastPrep (Bio101 Systems, USA) tissue homogenizer by
using Lysing Matrix D (Q-Biogene, USA). Total RNA was extracted from 20-50 mg of muscle
tissue using the Trizol-reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The RNA concentration was determined photometrically at 260 nm using an optical
density (OD2g0) unit equivalent to 40 pg/ml. The muscle sample RNA content was calculated on
the basis of total RNA yield and the weight of the analyzed sample. The data (not shown) revealed
that total RNA concentration of the samples did not change during the present study. The
concentration and purity of RNA were determined by spectrophotometry at wavelengths of 260
and 280 nm; OD260/0D280 ratio was 1.95 = 0.14. The integrity of RNA was tested by agarose
gel electrophoresis. Three micrograms of total RNA were reverse transcribed to synthesize cDNA,
according to the manufacturer’s instructions, in a total volume of 50 ul using High Capacity cDNA
Archive Kit (Part Number 4322171, Applied Biosystems, Foster City, CA, USA).

The mRNA expression of IGF-IEa and MGF and glyceraldehyde 3-phosphate dehydrogenase
(GADPH) was determined using ABI 7300 Real-Time quantitative PCR System (Applied
Biosystems, Foster City, CA, USA). PCR for IGF-IEa and MGF was performed with SYBR green
mix (Cat. no. 204143, QuantiTect, Qiagen, Crawley, UK). The primers used for real time PCR

were designed and analysed by Oligo Explorer and Analyzer software (Kuopio University, Finland)
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and synthesised by Oligomer Ltd. (Helsinki, Finland). The sequences (5°-3’) of the primers for
IGF-IEa gene were: IGF-IEa forward ATCTAAGGAGGCTGGAGATGTATTGC and IGF-IEa
reverse TCAAATGTACTTCCTTCTGGGTCTTG, with product size of 114 bp. Each PCR
reactions included; 12.5 pl of SYBR Green master mix, 1.5 pul of both gene specific primers (100
uM, diluted 1:19 to dH20), 8.5 pl of dH20, and 1 pul of template cDNA (diluted 1:3 to dH:0).
False-positive results were controlled using negative (no-template) control samples that contained
dH20 in place of template cDNA. PCR cycle parameters were: 50° C for 2 min and 95° C for 15
min, and 40 cycles of 94° C for 15s (denaturation), 56° C for 30s (annealing), 72° C for 30s
(extension) and 81° C for 15s (data acquisition). The sequences (5’-3’) of the primers for MGF
gene were: MGF forward CGAA-GTCTCAGAGAAGGAAAGG and MGF reverse
ACAGGTAACTCGTGCAGAGC, with product size of 150 bp (Hameed et al., 2003). PCR cycle
parameters were: 50° C for 2 min and 95° C for 15 min, and 40 cycles of 94° C for 15s, 55° C for
30s, 72° C for 30s and 77° C for 15s. The specificity of the amplified target sequence was
confirmed on observing a single reaction product of correct size on an agarose gel and a single
peak on the DNA melting temperature curve determined at the end of the reaction. Each sample
was analyzed in triplicate and the mean values were subsequently used for the analysis. The
amount of specific mMRNA in the sample was measured according to the corresponding gene-
specific standard curve created by serial dilutions of pooled samples. The mean amplification
efficiency (E = (1081°"®) — 1) of the PCR reaction for IGF-IEa and MGF were 0.98 and 1.05,
respectively. The mRNAs of IGF-IEa and MGF were normalized to a housekeeping gene, GADPH,
which served as an endogenous control to correct for potential variation in RNA loading. GAPDH
expression was not affected acutely or chronically by RT in the present samples (data not shown).

The primer and probe for GAPDH was predesigned and validated by Applied Biosystems. The
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gene bank accession number and Applied Biosystems assay ID for GAPDH were NM002046 and
Hs99999905_m1, respectively. The intra-assay coefficients of variations (CV) were 7.4%, 11.0%
and 8.0% for IGF-IEa, MGF and GADPH, respectively. In our preliminary experiments the
threshold cycle (Ct) values were used to calculate the inter-assay CVs. Two separate runs on
triplicate samples were performed for IGF-1Ea (n=16), MGF (n=16) and GADPH (n = 19) with

CVs of 2.3%, 2.7% and 5.6%, respectively.

Western blot analysis: These methods have been published in detail elsewhere (Ahtiainen et al.,
2011; Hulmi et al., 2008). Younger men’s p70S6K and Akt expression have been published also
partly previously (Hulmi et al., 2009), but all the samples were reanalyzed for the present study.
Only total protein levels were analyzed in the present study since abundance of signal transmission
enzymes are in high importance to physically interact with other signaling proteins and, thus, have
an influence on capacity to regulate cellular processes. Moreover, later responses at 48h after REs
were studied, when also RE independent factors may have had effects on the activation levels of
the present signaling proteins. Muscle biopsy specimens were homogenized on ice in a 4% (w/v)
solution in Mueller buffer (50 mM Hepes pH 7.4, 0.1% Triton X-100,4 mM EGTA, 10 MM EDTA,
15 mM Na4P207-10H20, 100 mM B-glycerolphosphate, 25 mM NaF, 1 mM Na3Vv04, 0.5 pug/mi
leupeptin, 0.5 ug/ml pepstatin, and 0.3 pug/ml aprotinin). The homogenate was centrifuged for 15
min at 10 000 x g at 4° C. The protein concentration of the supernatant was determined using the
Lowry based method (Bio-Rad, Hercules, CA). Each standard (BSA) and unknown was analyzed
for protein concentration by using five replicates to increase reliability of the protein quantification.
Aliquots of muscle lysate, containing 30 ug of total protein, were solubilized in Laemmli sample

buffer and heated at 95° C for 10 min to denature proteins, and were then separated by SDS-PAGE
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for 90 min at 200 V using 4-20% gradient gels on Criterion electrophoresis cell (Bio-Rad
Laboratories, Richmond, CA). All samples from each subject were run on the same 18-sample gel.
In addition to that, the pre-training samples were analyzed with a separate run to compare the
differences between the groups. Proteins were transferred to PVDF membranes at 350 mA constant
current for 3 h on ice at 4° C. The uniformity of protein loading was confirmed by staining the
membrane with Ponceau S. Membranes were blocked in TBS with 0.1% Tween 20 (TBS-T)
containing 5% nonfat dry milk for 1 h and then incubated overnight at 4° C with rabbit polyclonal
primary antibodies. Antibodies recognizing Akt, Erk1/2(p44/p42), and p70S6K were purchased
from Cell Signaling Technology (Beverly, MA) and MGF antibody was a gift from Dr. Koutsilieris
Lab (Philippou et al., 2008). Peak phosphorylation of these signaling proteins typically occurs
acutely within few hours following exercise loading and generally returns to basal levels within
24 hours. Present samples were collected 48h post-exercise and, therefore, only total protein levels
were studied to examine potential capacity of signaling pathways. All the primary antibodies were
diluted at 1:2000 in TBS-T containing 2.5% non-fat dry milk. Membranes were then washed (5 x
5 min) in TBS-T, incubated with secondary antibody (horseradish peroxidase-conjugated
antirabbit IgG; Cell Signaling Technology, USA) diluted at 1:25000 in TBS-T with 2.5 % milk for
1h followed by washing in TBS-T (5 x 5 min). Proteins were visualized by ECL according to the
manufacturer's protocol (SuperSignal west femto maximum sensitivity substrate, Pierce
Biotechnology, Rockford, USA) and quantified (band intensity x volume) using a ChemiDoc XRS
in combination with Quantity One software (version 4.6.3. Bio-Rad Laboratories, USA), and all
measurements were normalized with the band of endogenous control sample (pooled sample
loaded to each gel) and to the 36-kDa GAPDH that served as a housekeeping protein (G9545,

Sigma-Aldrich, St. Louis, MO, USA).
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Statistics

All the previously published data was reanalyzed for the present study. Standard statistical
methods were used for the calculation of means and standard deviations (SD). The Shapiro-Wilk
test was used to confirm normal distribution of the variables. Paired-Samples T-Test was used to
analyze changes over time from pre-exercise or pre-training values. The differences between the
groups were analyzed by the Independent-samples T-Test. The relationships between the variables
were studied with the Pearson’s product moment correlation test. The level of significance was set

at p<0.05.
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RESULTS

IGF-I splice variants mRNA expression

The expression level of IGF-I splice variants, namely IGF-IEa and MGF, were measured. IGF-IEa
expression did not change due to RE, either before or after the 21-week RT period (Fig. 1). MGF
expression increased in OM group due to RE only before the 21-week RT period, but not after it.
No change was observed in the YM group. No change in the expression of IGF-IEa or MGF due

to RT was observed in either of the age groups.

Insert figure 1 here

Association of MGF protein to signalling proteins p70S6K, Erk1/2 and Akt

Despite of the mRNA-level findings on MGF expression, RE performed before or after the 21-
week RT period did not change the protein expression of MGF in either of the age groups. RT also
did not influence the abundancy of MGF at the protein level (Fig. 2). Neither group nor time
differences were observed for p70S6K, Erk1/2 or Akt. Interestingly, significant correlations were
revealed between the protein MGF and Erk1/2 pre- to post-RE changes, both before (r = 0.779, p

<0.001) and after RT (r = 0.864, p < 0.001) when the YM and OM group were combined.

Insert figure 2 here
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DISCUSSION

In the present study basal levels of RE-induced responses in skeletal muscle IGF-IEa and MGF
MRNA expression, and of MGF, Erk1/2, Akt and p70S6K protein expression did not change
systematically due to RT. Moreover, no statistically significant differences were observed between
YM and OM group indicating that aging does not have an effect on these regulators of skeletal

muscle size.

Autocrine and/or paracrine production of IGF-I and its splice variants is thought to be an important
mediator of skeletal muscle adaptation to physical training (Haddad & Adams, 2002; Hill &
Goldspink, 2003). In previous human studies investigating IGF-I splice variants, MGF mRNA
response to acute resistance exercise bout (Hameed et al., 2003; Kim, Kosek, Petrella, Cross, &
Bamman, 2005; Petrella, Kim, Cross, Kosek, & Bamman, 2006) and long-term resistance training
(Petrella et al., 2006) have been observed to be greater in younger compared to older subjects,
while no age differences have been observed in the IGF-IEa mRNA expression (Hameed et al.,
2003; Petrella et al., 2006; Roberts et al., 2010). In the present study, however, increased MGF
MRNA expression, due to RE, was observed before RT only in older men. IGF-I splice variants,
IGF-1Ea and MGF, may act as separate growth factors, and their expression may be differentially
regulated. In particular, the expression of MGF has been demonstrated to be related to the
mechanical strain of the muscle tissue (McKoy et al., 1999; Yang, Alnageeb, Simpson, &
Goldspink, 1996). Aging muscle has been shown to be especially susceptible to exercise-induced
damage (Close, Kayani, Vasilaki, & McArdle, 2005). The present RE protocol included concentric
and eccentric muscle actions, which could have induced mechanical strain to contractile elements

of skeletal muscle tissue predisposing activated muscle cells to damaging actions. Although
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muscle damage markers were not determined in the present study, it could be speculated that the
present increases in MGF mRNA expression at 48 hours post-RE in OM were related to an
extensive mechanical strain applied to muscle tissue of the previously untrained older individuals
and, consequently, may be associated with muscle cell disruption and subsequent regenerative
processes in the loaded muscles. Following the 21-week RT, this response appears to be
diminished. Regardless of the increases in the MGF mRNA expression, no changes were observed
in MGF protein expression in this study. Previously, significant increases have been observed in
MGF protein expression at 48h after eccentric loading (Philippou et al., 2009), while exercised
muscles are still recovering of heavy resistance exercise (Ahtiainen et al., 2011). It could be
suggested that the dynamic loading protocol used in the current study induced lower strain to
exercised muscles when compared to the eccentric loading and, therefore, MGF protein expression
did not increase at 48h time point following the RE protocol used in the present study. However,
it cannot be ruled out that the peak RE-induced responses were not observed within the biopsy

schedule of this study.

Resistance exercise-induced muscular adaptations may be associated with changes in the
expression of key proteins involved in the regulation of hypertrophic processes in trained skeletal
muscles. IGF-I may be an important mediator of skeletal muscle growth acting through the
PI3K/Akt/mTOR/p70S6K pathway (Alessi et al., 1996; Bodine et al., 2001) and MAPK signaling
cascade, particularly via the Erk1/2 pathway (Haddad & Adams, 2002). IGF-I can activate both of
these pathways, while its splice variant MGF may primarily function via Erk1/2 signaling
(Matheny, Nindl, & Adamo, 2010) that can activate mTOR pathway independently of PI3K/Akt

(Miyazaki, McCarthy, Fedele, & Esser, 2011). In the present study, no statistically significant
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changes were observed over time in RE-induced responses of the signaling proteins Erk1/2, Akt
and p70S6K, or in their baseline levels (before RES). Associations observed between RE-induced
changes in MGF and Erk1/2 protein expression levels suggest that they may be, to some extent,
linked between each other in cell signaling pathways (Philippou et al., 2009). In addition to the
present analyses, we also correlated the present data with previously published results of RT-
induced changes in muscle strength and size of the present subjects (Ahtiainen et al., 2011).
Interestingly, the greatest increases in m.vastus lateralis fiber CSA were observed in those subjects
whose pre-RT levels of p70S6K were largest (r=0.51, p<0.05). Moreover, the RT-induced increase
in leg muscle strength (determined by work performed during the REs) was also positively
associated with pre-RT levels of p70S6K (r=0.71, p<0.001). Association between p70S6K and
muscle hypertrophy has been observed also previously (Mayhew, Hornberger, Lincoln, &
Bamman, 2011; Mitchell et al., 2013). However, it should be noted that the causal effects of
alterations in signaling protein expression on muscular adaptations to RT still remain unclear and

requires further investigations.

In conclusion, the present findings showed that the heavy resistance exercise enhanced the
expression of MGF at 48h post-exercise especially in the older untrained men. The novel aspect
of the present study was to examine skeletal muscle MGF protein levels in men of different ages.
The data revealed that the REs or RT used in this study did not have an effect on MGF protein
expression. The IGF-IEa or MGF mRNA expression or the levels of their potential signaling
proteins (Erk1/2, Akt, p70S6K) did not change systematically due to the long-term RT (21 weeks).
Notably, no differences were observed in any variable examined between the younger and older

men either before or after the RT.
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FIGURE LEGENDS

Fig. 1. Fold changes (mean = SEM) of pre- to post 48h experimental heavy resistance exercise
(RE, 5 x 10RM leg presses) and pre-exercise (resting) values from pre to post 21-week resistance
training period (RT) in @ IGF-IEa and ® MGF mRNA expression. The data of post-RT has been
published previously in Hulmi et al. 2008. **: Statistically significant change (p < 0.01) from the

corresponding pre-exercise value.

Fig. 2. Changes (mean + SD) in ¥ MGF, ® p70S6K, © Erk1/2, and 9 Akt protein expression due to
the experimental heavy resistance exercise (RE, 5 x 10RM leg presses) before and after the 21-
week experimental heavy resistance training period (RT). Representative images of Ponceu S
staining and immunoblots of MGF, p70S6K1, Erk1/2, Akt, and GAPDH at pre- and post RE before

and after RT are shown on the right side of the figure.
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