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 Proliferator-activated receptor gamma coactivator-1 alpha (PGC-1 ) is a protein 

mechanistically involved in skeletal muscle adaptations to exercise.  Recently, novel 

isoforms of PGC-1  have been identified, one of which (PGC-1 4) may be important for 

the development of muscle hypertrophy and strength in response to resistance exercise. 

Studies are needed to elucidate the specific resistance exercise conditions for which 

mRNA expression of the various PGC-1  isoforms is stimulated, particularly in humans.  

The purpose of this study was to describe the mRNA expression of the PGC-1  isoforms, 

and genes potentially under their regulation, in response to two resistance exercise 

intensities.  In a cross-over design, ten participants performed two separate testing 

sessions involving a lower-body resistance exercise component consisting of a lower-

intensity (50% of 1-repetition maximum; 1-RM) protocol and a higher-intensity (80% of 

1-RM) protocol of equal volumes.  Muscle samples were obtained at baseline, 45-min 

post-exercise (PE), 3-hr PE, 24-hr PE, and 48-hr PE.  From each muscle sample, mRNA 

expression of PGC-1 1, PGC-1 2, PGC-1 3, PGC-1 4, myostatin, insulin-like growth 



factor-1Ea (IGF-1Ea), mechano growth factor (MGF), myosin heavy chain (MHC) I, 

MHC IIa, MHC IIx, was determined.  Two-way repeated-measures analyses of variance 

(ANOVA) were performed (p  0.05) with intensity and time as main effects.  Significant 

main effects existed for time for all PGC-1  and MHC isoforms (p < .05).  Compared 

with baseline, PGC-1 1 was decreased at 24-hr and 48-hr PE.  Conversely, PGC-1 2, 

PGC-1 3, and PGC-1 4 mRNA expression increased in response to exercise, peaking at 

3-hr PE.  MHC I, IIa, and IIx mRNA expression decreased at all time points measured 

following exercise. A significant interaction between intensity and time for IGF-1Ea was 

observed (p < .05).  For the higher-intensity session, IGF-1Ea was increased at 24-hr PE 

compared with baseline and the lower-intensity session at the same time point (p < .05). 

The results of this study demonstrate an effect of resistance exercise on the expression of 

the novel PGC-1  isoforms without influence of intensity. Future research should 

determine if resistance exercise alters the expression of these genes at the translational 

level and if these potential effects contribute to skeletal muscle training adaptations in 

humans.        
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CHAPTER ONE 
 

Introduction 
 
 

 Peroxisome proliferator-activated receptor  coactivator-1  (PGC-1 ) is a 

coactivator of transcription, first identified in brown adipose tissue (Puigserver et al., 

1998).  Since its discovery, PGC-1  has been demonstrated to facilitate a multitude of the 

beneficial adaptations in skeletal muscle induced by aerobic exercise such as 

mitochondrial biogenesis and enhanced capillarization (Holloszy & Coyle, 1984; 

Puigserver & Spiegelman, 2003). Multiple signaling cascades have been identified to 

activate the transcription of the PGC-1  gene (Olesen et al., 2010).  Recently, Ruas et al. 

(2012) and others identified novel forms of PGC-1  that result from alternative promoter 

usage and splicing of the primary transcript generated from the PGC-1  gene.  For 

identification purposes, the original PGC-1  isoform has been designated as PGC-1 1 

and the novel PGC-1  isoforms as PGC-1 2, PGC-1 3, and PGC-1 4 (Ruas et al., 2012). 

 The novel PGC-1  isoform most relevant to skeletal muscle plasticity to 

resistance exercise appears to be PGC-1 4 (Ruas et al., 2012).  PGC-1 4 does not 

regulate most known PGC-1 1 targets activated by aerobic endurance exercise.  In 

contrast, PGC-1 4 appears to be involved in muscle hypertrophy and strength.  PGC-1 4 

activity results in enhanced expression of skeletal muscle-derived insulin-like growth 

factor-1 (IGF-1) in rodents, a protein known to have an anabolic effect in skeletal muscle 

(Adams & Haddad, 1996; Ruas et al., 2012).  Additionally, PGC-1 4 represses 

myostatin, a protein associated with muscle atrophy (Ma et al., 2003; Ruas et al., 2012).  

PGC-1 4 expression induces skeletal muscle hypertrophy in vitro and in vivo, and over-
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expression of PGC-1 4 in transgenic mice increases the resistance of skeletal muscle to 

the effects of cancer-induced muscle wasting (Ruas et al., 2012).  PGC-1 4 transgenic 

mice result in muscle phenotypes characterized by functional hypertrophy and a shift in 

myosin heavy chain (MHC) isoform expression. The increase in muscle force production 

seen in such mice is proportional to the increase in muscle mass (Ruas et al., 2012). 

 The identification of PGC-1 4 reveals a new pathway through which muscle 

hypertrophy may occur.  Studies are needed to elucidate the specific resistance exercise 

conditions for which synthesis of this novel protein is stimulated, particularly in humans.  

Currently, Ruas and colleagues (2012) have published the only human data available 

regarding PGC-1 4.  PGC-1 4 mRNA expression was reported 48 hours (only time point 

sampled) after the cessation of 8 weeks of endurance, resistance, and combined 

endurance and resistance training.  No changes in PGC-1 4 expression in the endurance 

protocol group were observed; however, both the resistance and the combined exercise 

programs led to a 1.5- and 3-fold increase in the expression of PGC-1 4, respectively 

(Ruas et al., 2012).  Increased PGC-1 4 expression was associated with a reduction in 

myostatin gene expression in the resistance and combined exercise groups (Ruas et al., 

2012).  In contrast to what was observed in mice, no statistically significant changes in 

IGF-1 expression were reported (Ruas et al., 2012).  The authors noted statistically 

significant correlations for all exercise groups between the changes in PGC-1 4 

expression and performance in the leg press exercise (Ruas et al., 2012).   These results 

suggest a role of PGC-1 4 in the development of functional muscular hypertrophy.  

However, because of the time point sampled in human participants, there is an existing 

gap in understanding relating to the time course of acute PGC-1 4 mRNA expression 
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post-exercise.  Therefore, clarification of the acute response in PGC-1 4 expression as a 

result of different resistance exercise intensities will help to describe its role in resistance 

exercise training adaptations.  

 Gain-of-function studies with PGC-1 1 have not demonstrated an increase in 

muscle hypertrophy or strength as seen with PGC-1 4 (Sandri, et al., 2006; Wende, et al., 

2007).  However, such findings should not discredit the potential role of PGC-1 1 in 

resistance exercise adaptations.  For instance, PGC-1 1 reduces the induction of atrophy-

related genes via suppression of the FoxO3 transcription factor helping to preserve 

muscle mass (Sandri, et al., 2006).  Additionally, as explained by Phillips (2007), 

mitochondrial dilation has been reported in some studies as a result of resistance training, 

but most other studies report no change in mitochondrial density or capillary density with 

some researchers reporting an increase in oxidative function. In agreement with these 

observations, Burd et al. (2012) demonstrated an increase in PGC-1 1 expression 6 hours 

after a resistance training protocol consisting of leg extensions to failure at 30% of 1-RM 

regardless of time under tension.  Mitochondrial protein synthesis was increased, as well, 

with a greater increase in the group exposed to a greater time under tension.  An increase 

of PGC-1 1 when resistance exercise is performed after aerobic exercise above what is 

seen when aerobic exercise is performed alone further suggests a role of PGC-1 1 in 

resistance exercise training adaptations (Wang, et al., 2011).   

 Evidence suggests that the PGC-1  isoforms are involved in the adaption process 

resulting from resistance exercise training.  Currently, little human data exist describing 

the time course of PGC-1 4 expression within 48 hours after a resistance exercise 

session.  Furthermore, although its expression has been extensively studied regarding 
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aerobic/endurance exercise, relatively little data exist describing the PGC-1  expression 

in response to resistance exercise.  A main component in the preparation of athletes for 

competition is the accumulation of muscle mass and strength.  PGC-1 4 represents a 

novel pathway through which muscle size with proportional increases in strength may 

occur.  PGC-1 , long-associated with aerobic exercise adaptations, may be just as 

important for resistance exercise adaptations by up-regulating mitochondrial biogenesis 

so that oxidative metabolism remains sufficient in the presence of increased muscle mass 

and force production capability; hence, investigation of the differential expression of its 

various isoforms is important.  Therapeutically, continued research may demonstrate 

these PGC-1  isoforms to be a formidable candidate for the treatment of muscle loss 

associated with aging and disease, especially for those not able to participate in a 

resistance exercise training program (Millay & Olson, 2013).  In conclusion, to fully 

understand the mechanisms through which these proteins are involved in the muscle 

adaptation process, a greater understanding of the resistance exercise conditions, such as 

intensity, is needed. 

 
Purposes of the Study 

 
 The main purpose of this study was to describe and compare the mRNA 

expression of the PGC-1  splice variants, PGC-1 1, PGC-1 2, PGC-1 3, and PGC-1 4, 

in response to two different resistance exercise intensities.  A secondary purpose of the 

study was to determine whether resistance exercise intensity affects the post-exercise 

mRNA expression of genes potentially regulated by the PGC-1  isoforms, including 

IGF-1Ea, MGF, myostatin, MHC I, MHC IIa, and MHC IIx. 
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Hypotheses 
 
H1: At baseline, no significant differences in skeletal muscle mRNA expression of PGC-

1 1, PGC-1 2, PGC-1 3, PGC-1 4, IGF-1Ea, MGF, myostatin, MHC I, MHC IIa, 

or MHC IIx will exist between testing sessions. 

H2: Resistance exercise will result in a significant increase of skeletal muscle mRNA 

expression of PGC-1 1, PGC-1 2, PGC-1 3, PGC-1 4, IGF-1Ea, MGF, MHC I, 

MHC IIa, and MHC IIx. 

H3: Resistance exercise will result in a significant decrease of skeletal muscle mRNA 

expression of myostatin. 

H4: Higher-intensity resistance exercise will result in significantly different post-exercise 

skeletal muscle mRNA expression of PGC-1 1, PGC-1 2, PGC-1 3, PGC-1 4, 

IGF-1Ea, MGF, myostatin, MHC I, MHC IIa, and MHC IIx compared with lower-

intensity resistance exercise. 

 
Delimitations 

 
1. Ten apparently healthy males between the ages of 18 to 30 who were recreationally 

resistance-trained [persons who resistance train for general health and body 

composition purposes (i.e. 3 to 6 days per week for at least 1 year prior to the onset 

of the study), yet do not perform, with consistency, the volume of resistance 

training normally required in order to compete in professional strength or 

bodybuilding competitions or competitive athletic events] participated in the study. 

2. Participants were recruited from Baylor University and within the surrounding 

Waco, Tx area by flyers. 
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3. Participants were excluded from the study if they have consumed of any dietary 

supplement (except a multivitamin) or pharmaceutical used as a potential ergogenic 

aid for three months prior to the study. 

4. All participants were considered low risk for cardiovascular disease, with no 

contraindication to exercise as outlined by the American College of Sports 

Medicine (ACSM). 

5. All participants were tested at the Baylor Laboratory for Exercise Science and 

Technology (BLEST) and Exercise Nutritional Biochemical Laboratory (EBNL) in 

accordance with Helsinki Code after signed university approved informed consent 

documents.  

6. Volume load for each of the testing sessions was identical. 

7. Calorie and macronutrient intake throughout each testing session were not 

significantly different. 

 
Limitations 

 
1. The results of the study are only applicable to the larger population of 

recreationally, resistance-trained men between 18 and 30 years of age. 

2. Inferences are limited to the time points at which samples were collected. 

3. Time under tension will be significantly greater for the lower-intensity exercise 

session when compared with the higher-intensity exercise session. 

4. Each participant’s difference in inherent circadian rhythm due to sleep schedule and 

daily stresses that may have affected criterion variables. 
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5. The biopsy procedure causes trauma (inflammation) to the site of extraction; to 

minimize any possible stress response, additional samples were taken from at least 

0.5 cm proximal or distal to the original biopsy site. 

 
Assumptions 

 
1. All laboratory equipment functioned properly to produce valid and reliable 

measurements. Proper calibration and the use of trained research staff minimized 

any potential for errors.  

2. Participants put forth maximal effort during the maximal strength testing session, 

lower-intensity resistance exercise session, and higher-intensity resistance exercise 

session. 

3. All participants followed the guidelines provided for completion of the study. 

4. All participants maintained their normal dietary habits throughout the study. 

5. All participants refrained from exercise for 72 before each of the testing sessions. 

6. All participants had adequate sleep (7 to 8 hours) before each of the testing 

sessions. 

7. Participants accurately answered all relevant questions regarding medical history 

and resistance training experience. 

 
Definitions 

 
1-repetition maximum – (1-RM) the maximum amount of weight able to be lifted for one 
repetition (Brooks et al., 2005). 
 
Concentric contraction – a shortening contraction (Brooks et al., 2005) 
 
Eccentric contraction – a lengthening contraction (Brooks et al., 2005) 
 
Exon – segment of a gene that is coded into protein (Boron & Boulpaep, 2009). 



Gene – a segment of DNA that can be transcribed into RNA (Boron & Boulpaep, 2009).

Gene expression – process of transforming genetic information into RNA and then into 
proteins (Boron & Boulpaep, 2009).

Hypertrophy – enlargement of muscle fibers via addition of newly constructed myofibrils 
(Tiidus, 2008).

Insulin-like growth factor-1 – (IGF-1) a hormone similar in molecular structure to 
insulin. It plays an important role in childhood growth and continues to have anabolic 
effects in adults (Adams & Haddad, 1996)

Intron – segment of a gene not coded into protein (Boron & Boulpaep, 2009)

Isoforms – different forms of a protein produced from the same or very closely related 
genes (Boron & Boulpaep, 2009)

Messenger ribonucleic acid – (mRNA) RNA molecules that convey genetic information 
from DNA to the ribosome, where they specify the amino acid sequence of the protein 
products of gene expression (Boron & Boulpaep, 2009).

Myostatin – a member of the TGF-
skeletal muscle mass.

Peroxisome proliferator-activated receptor- - – (PGC-
coactivator demonstrated to facilitate a multitude of the beneficial adaptations in skeletal 
muscle induced by aerobic exercise such as mitochondrial biogenesis and enhanced 
capillarization (Puigserver & Spiegelman, 2003).

Satellite cell – precursors to skeletal muscle cells located between the basal lamina and 
sarcolemma of muscle fibers that are able to differentiate and fuse to augment existing 
muscle fibers and to form new fibers (Lee et al., 2012). 

Splicing – the joining of two sites on the RNA transcript (Boron & Boulpaep, 2009).

Time under tension – the cumulative time that the muscles are under tension during a 
resistance exercise session (Tran et al., 2006).

Transcription – the first step of gene expression, in which a particular segment of DNA is 
copied into RNA (Boron & Boulpaep, 2009)

Transcription coactivator – a protein that increases gene expression by binding to a 
transcription factor (Boron & Boulpaep, 2009).

Transcription factor – (TF) proteins that regulate gene transcription by binding to 
specific DNA sequences (Boron & Boulpaep, 2009).
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Translation – the process in which proteins are created from RNA templates (Boron & 
Boulpaep, 2009).

Volume load – amount of work performed during a resistance exercise session 
approximated by multiplying the load by the number of repetitions (Tran et al., 2006)

-actin – a constitutively expressed "housekeeping gene," that has been shown to be an 
appropriate external reference standard in human skeletal muscle for PCR (Mahoney et 
al., 2004).

9
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CHAPTER TWO 
 

Literature Review 
 
 

Skeletal Muscle Size and Function: Importance of Resistance Exercise 
 

 Skeletal muscle is a highly plastic tissue capable of undergoing favorable 

morphological and functional alterations in response to chronic resistance exercise.  

Among the changes observed are increased synthesis of myofibrillar proteins leading to 

an increase in myofiber size (hypertrophy) and increased submaximal and maximal 

muscular strength (Hickson, Hidaka, & Foster, 1994; Tesch, 1988).  These adaptations 

are beneficial for multiple reasons.  For example, grip strength, which is moderately 

correlated with muscle mass and total body strength, of middle-aged men predicts long-

term mortality independent of body mass index (BMI; Kallman, Plato, & Tobin, 1990; 

Rantanen et al., 2000; Wind, Takken, Helders, & Engelbert, 2010).  Middle-aged men 

with grip strength in the lowest-third of their BMI category were at a 20 to 39% higher 

risk for all-cause mortality (Rantanen, et al., 2000).  Accordingly, there is evidence to 

suggest that decrements in strength precede the onset of chronic disease such as diabetes 

and osteoarthritis (Lazarus, Sparrow, & Weiss, 1997; Slemenda et al., 1997).  Survival 

from traumatic injury relies greatly on the availability of an amino acid reserve; thus, 

increased muscle mass may act as a buffer against wasting under such conditions (Stini, 

1991).  Also, for many people aging is accompanied by increasing frailty and sarcopenia, 

which may be attenuated through the addition of muscle mass acquired by resistance 

exercise (Fiatarone et al., 1994; Melov, Tarnopolsky, Beckman, Felkey, & Hubbard, 

2007; Topinková, 2008).  Age-related decline in resting energy expenditure may also be 



11 

credited to a reduction in fat free mass, including skeletal muscle tissue (Bosy-Westphal 

et al., 2003).  In addition to the health aspects, resistance exercise adaptations are vital for 

athletic performance and, thus, are included in training program design for virtually every 

sport (Kraemer, Duncan, & Volek, 1998; Hoffman, 2012). 

 
Variables of Resistance Exercise Training Prescription 

 
 Resistance exercise prescription requires the planning of many program variables 

which characterize the type and magnitude of the acute resistance training stimulus 

(Spiering et al., 2008).  Some of the acute variables that can be manipulated are choice of 

exercise, intensity (load to be used, usually based on a percentage of 1-RM), volume load 

(repetitions x sets x load), time under tension (amount of time spent during eccentric and 

concentric contraction), rest period length, training frequency, speed of contraction, and 

occurrence of volitional muscle fatigue (Kraemer, 1983; Spiering, et al., 2008; Tan, 

1999).  However, manipulation of just one variable is usually not possible because of 

their interdependence on one another.  As one example, the number of repetitions that can 

be completed before volitional muscular fatigue occurs depends on the load being used.  

Higher loads will result in less repetitions being able to be performed, whereas lighter 

loads allow more repetitions to be completed per set.   

 Campos and colleagues (2002) investigated the effects of resistance training 

programs that utilized differential loads and repetitions along the “strength-endurance 

continuum”.  The beginning of the strength-endurance continuum concept dates back to 

the classic paper of DeLorme (1945) whom observed that low-repetition, high-resistance 

exercise produced power (strength) and that high-repetition, low-resistance exercise 

produced muscular endurance.  Delorme’s work is an example of two extremes of 
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resistance exercise protocols producing differential training adaptations (Delorme, 1945).  

Delorme concluded that the two protocols were incapable of producing the results 

obtained by the other.  More recently, with the work of Campos et al. (2002), it was 

demonstrated that adaptations after 8 weeks of resistance training are specific to the 

resistance exercise protocol employed.  These researchers compared a high-repetition 

resistance exercise group employing 20 to 28 repetitions for 2 sets and 1 minute rest 

between sets, an intermediate-repetition group employing 9 to 11 repetitions for 3 sets 

with 2 minutes rest between sets, and a low-repetition group employing 3 to 5 repetitions 

for 4 sets with 3 minutes rest between sets.  Volume load was similar for all groups 

throughout the study.  The high-repetition group experienced greater increases in 

cardiorespiratory and local relative muscular endurance compared to those observed in 

the intermediate-repetition and low-repetition groups.  Conversely, greater gains in 

maximal dynamic strength were observed for the low-repetition groups than for the high-

repetition and intermediate-repetition groups (Campos, et al., 2002).  Likewise, the low-

repetition and intermediate-repetition groups experienced significant increases in muscle 

fiber cross-sectional area without the same effect being observed for the high-repetition 

group.  Earlier studies using similar methods have observed comparable results regarding 

relative muscular endurance and maximal strength validating the results of Campos and 

his associates (Anderson & Kearney, 1982; Stone & Coulter, 1994).   

 In addition to exercise intensity and number of repetitions, resistance exercise 

volume is another large factor to consider when planning resistance exercise protocols 

(Schoenfeld, 2010; Tran, Docherty, & Behm, 2006).  Exercise volume can be calculated 

as a function of volume load (sets x repetitions x load); alternatively, volume may also be 
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described as load x time under tension (Tran, et al., 2006).  Studies evaluating time under 

tension have resulted in variable results regarding strength, most likely due to differences 

in training intensity (Tran, et al., 2006).  Increasing volume load or time under tension 

increases peripheral muscular fatigue, which is associated with increases in muscle size 

and strength (Tran, et al., 2006).  Time under tension using a particular load can be 

manipulated by increasing the duration of concentric, isometric, and/or eccentric 

contraction phases or by increasing the number of sets or reps performed.  However, 

manipulation of contraction phase duration or number of sets may also independently 

affect the acute muscular response (Schoenfeld, 2010; Tan, 1999).  

 Regarding skeletal muscle hypertrophy, a review of the literature has suggested 

some practical applications for resistance exercise prescription to enhance hypertrophic 

adaptations (Schoenfeld, 2010).  Schoenfeld (2010) recommends a training regimen that 

produces “metabolic stress while maintaining a moderate degree of muscle tension”.  

Such a protocol is suggested to consist of a repetition range between 6 and 12 repetitions 

per set with rest intervals between 60 and 90 seconds.  Multiple sets, multiplanar 

exercises, and occasional concentric muscular failure are also suggested.  Lastly, a 

concentric contraction duration of 1 to 3 seconds and an eccentric contraction duration of 

2 to 4 seconds are recommended (Schoenfeld, 2010).  Predictably, not all research agrees 

with these recommendations (Mitchell et al., 2012).  In one study, 3 sets of repetitions to 

failure at 30% of 1-RM, which would result in many more reps than the aforementioned 

range of 6 to 12, induced hypertrophic adaptations similar to those experienced with 3 

sets of repetitions to failure at 80% of 1-RM (Mitchell, et al., 2012).  Interestingly, 

adaptations according to the strength-endurance continuum were consistent with previous 
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research as the groups that trained at 80% of 1-RM experienced greater gains in maximal 

strength (Campos, et al., 2002; Mitchell, et al., 2012).   

 Undoubtedly, because of their high degree of interdependency, more research is 

needed to clarify the specific effects of each training variable on skeletal muscle 

adaptations.  Particularly, much insight can be gained by observing the molecular 

responses of skeletal muscle to the various resistance exercise variables that drive the 

adaptations observed.  In fact, a large portion of the adaptations experienced by skeletal 

muscle in response to resistance exercise training are driven by fluctuations in gene 

expression that result as a direct response of resistance exercise (Booth, Chakravarthy, & 

Spangenburg, 2002). 

 
Resistance Exercise and Skeletal Muscle Gene Expression 

 
 Exercise adaptations are regulated at both the transcriptional and translational 

level of gene expression (Booth, et al., 2002).  The acute gene expression responses and 

subsequent skeletal muscle adaptations accumulated in response to resistance exercise 

depend highly upon the specific resistance exercise protocol employed.  Particularly, 

resistance exercise is known to stimulate a number of cellular pathways controlling 

transcriptional regulation of a large amount of gene sets associated with anabolism (Raue 

et al., 2012).  Raue et al. (2012) described the Transcriptome signature of resistance 

exercise adaptations.  The authors identified genes responsive to both muscle strength 

and muscle size adaptations in the untrained and trained state.  It was concluded that there 

were 661 genes responsive to resistance exercise that correlated with these adaptations 

(Raue, et al., 2012).  But, because the cell signaling and gene response to resistance 
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exercise is so vast, the relative importance of various mechanisms driving skeletal muscle 

adaptations remain incompletely understood and widely debated (Schoenfeld, 2013).  

  
Mechanisms of Gene Transcription 

 
 Induction of gene expression in response to resistance exercise requires activation 

of multiple transcription factors through complex signaling cascades and/or activation of 

nuclear receptors via ligand binding. In general, gene expression can be regulated at 

multiple steps.  Local alteration in chromatin structure is necessary to allow for initiation 

of transcription by RNA polymerase (Boron & Boulpaep, 2009).  mRNA is elongated by 

RNA polymerase until termination, producing an RNA strand that is then processed and 

modified via multiple mechanisms.  Mature mRNA is then exported from the nucleus 

into the cytoplasm where it is translated into polypeptide chains from amino acids via the 

work of transfer RNA (tRNA) and ribosomes.  Eventually, the polypeptides may be 

subsequently degraded by a combination of endonucleases and exonucleases (Boron & 

Boulpaep, 2009). Any one of these steps may be regulated to increase or decrease protein 

content as a result of gene expression. 

 Genes contain non-coding 5’ (upstream) and 3’ (downstream) flanking regions 

that contain regulatory elements which control gene transcription.  The transcription 

initiation site is the location where gene transcription begins.  Transcription proceeds 

from the transcription initiation site until it reaches a transcription termination site, which 

usually has a less defined DNA sequence than the transcription initiation site (Boron & 

Boulpaep, 2009). After transcription of the gene, the intron regions (the regions of the 

gene not coded into protein) are spliced from the primary mRNA transcript and the exon 

regions (the regions of the gene coded into protein) of the mRNA are ligated together 
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leaving a shorter strand than the original RNA template.  The primary mRNA transcript 

may go through any number of modifications before it is translated into the resultant 

protein.  These modifications are referred to as “splicing” or “alternative splicing” which 

is a complex mechanism by which exons are cut and pasted in different combinations 

from the primary mRNA transcript (Harridge, 2007).  For this reason, the approximately 

40,000 genes of the human genome are capable of producing a much greater number of 

biologically active proteins with diverse functions (Goldspink, 2005).   

 In eukaryotes, RNA polymerase II (Pol II) is the enzyme responsible for the 

synthesis of mRNA that is complementary in sequence to a DNA template (Boron & 

Boulpaep, 2009).  Pol II is a large protein with a molecular mass of 600 kilodaltons and 

contains 10 to 12 subunits.  By itself, Pol II cannot bind to DNA to initiate transcription.  

Initiation of transcription requires assembly of general transcription factors to form the 

basal transcriptional machinery.  The general transcription factors include transcription 

factor (TF) IIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH.  These general transcription 

factors are required for transcription of all genes transcribed by Pol II (Boron & 

Boulpaep, 2009).  The basal transcriptional machinery assembles near the transcription 

initiation site at a region of DNA called the gene promoter region for which there could 

be more than one for any given gene.  The gene promoter region allows the basal 

transcription machinery to locate the site of transcription initiation.  Gene promoters 

contain a region known as the TATA box located about 30 base pairs upstream from the 

transcription initiation site at which TFIID of the basal transcriptional machinery 

recognizes and binds via its TATA-binding protein (TBP) and TBP-associated factors 

(Boron & Boulpaep, 2009). 
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 In order to transcribe at a physiological significant rate, the basal transcription 

machinery requires activation by specific transcription factors that are able to bind 

regulatory elements located near the target gene in response to certain environmental 

stimuli (i.e. exercise; Boron & Boulpaep, 2009).  The regulatory element may be a 

positive regulatory element (enhancer) or a negative regulatory element (silencer).  

Transcription factors bound to enhancers activate transcription, whereas transcription 

factors bound to silencers inhibit transcription.  Most frequently, regulatory elements are 

found in the 5’ flanking region of the target genes they regulate; however, they may be 

located downstream in the 3’ flanking region as well (Boron & Boulpaep, 2009). 

Additionally, enhancers and silencers may exist at great distances from the target gene.  

Such locations may be made possible through DNA looping which would allow 

interaction between the transcription factor and basal transcription machinery to alter 

transcription rate (Boron & Boulpaep, 2009). 

 Transcription factors consist of DNA-binding transcription factors that directly 

bind the gene regulatory regions and transcription factors that do not directly bind DNA 

(co-activators or co-repressors).  DNA-binding transcription factors have a modular 

construction that includes DNA-binding domains (bind DNA) and transactivation 

domains (activate transcription).  Co-activators and co-repressors are transcription factors 

that do not directly bind DNA.  These transcription factors work in concert with the 

DNA-binding transcription factors to stimulate (or inhibit) gene transcription (Boron & 

Boulpaep, 2009). These proteins act as intermediates between the DNA-binding 

transcription factors and the basal transcription machinery.  Some co-activators are a part 

of the basic transcriptional machinery, yet other co-activators are required for the 
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activation of specific genes and are recruited by DNA-binding transcription factors 

(Boron & Boulpaep, 2009).  Transcription factors that function as transcriptional 

activators may function by recruiting the basal transcriptional machinery, by remodeling 

chromatin to allow access to DNA, or by stimulation of Pol II.  Conversely, transcription 

factors that function as transcriptional repressors may act through competitive binding of 

regulatory domains, through direct binding of transcriptional activators, by remodeling 

chromatin to restrict access to DNA, and through active repression of the basal 

transcriptional machinery (Boron & Boulpaep, 2009). 

 Proteins involved in the “packaging” of DNA allow for an additional mode of 

transcriptional regulation. DNA is tightly packed into nucleosomes which are composed 

of a core of eight histone proteins with DNA wrapped around them.  Histones are the 

most abundant proteins associated with eukaryotic DNA (Watson, 2008).  Histones are 

small, positively-charged proteins closely associated with negatively-charged DNA.  The 

DNA-wrapped histones form a structure similar to beads on a string with the beads 

representing the histones with DNA wrapped around them and the string representing 

DNA strands known as linker DNA (Watson, 2008).  DNA is wound around each core 

histone group about 1.65 times.  By forming nucleosomes, DNA is able to be compacted.  

In order for genes to be transcribed, histones must be modified in order to allow access of 

the transcriptional machinery.  Alternatively, histones may be modified to encourage 

compaction and repression of gene transcription (Watson, 2008). 

 As mentioned previously, targeted gene expression is of paramount importance to 

resistance exercise adaptations. The content of proteins expressed in skeletal muscle that 

mediate the beneficial adaptations to resistance exercise are heavily regulated through 
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gene transcription initiation, a process that is strongly influenced by transcription factors 

and transcription co-activators (Rennie, Wackerhage, Spangenburg, & Booth, 2004).  

Recently, a novel isoform of the transcriptional co-activator, peroxisome proliferator-

activated receptor  co-activator-1 (PGC-1 ), has been described (Ruas et al., 2012). 

Named PGC-1 4, this novel transcriptional co-activator has been purported to modulate 

the gene expression of two proteins considered essential for optimal skeletal muscle 

hypertrophy: myostatin and IGF-1 (Ruas, et al., 2012).   

 
Myostatin 

 
 Myostatin, also referred to as growth differentiation factor 8, is a member of the 

transforming growth factor  (TGF- ) superfamily of growth factors that is 

predominately expressed in and secreted from skeletal muscle (McPherron, Lawler, & 

Lee, 1997).  Myostatin acts as a negative regulator of skeletal muscle mass as 

demonstrated by myostatin-deficient mice experiencing amplified myofiber hypertrophy 

and number (McPherron, et al., 1997).  In regard to muscle mass regulation, myostatin 

may play a role in both regulating the number of myofibers developed during myogenesis 

and in regulating myofiber hypertrophy in adult fibers (Lee, 2004).   

 
Role of Myostatin in the Regulation of Skeletal Muscle Mass 
 
 Once secreted from skeletal muscle, myostatin acts in a paracrine/autocrine 

manner by binding to a membrane receptor complex resulting in downstream signaling 

cascades (Han, Zhou, Mitch, & Goldberg, 2013; Lee & McPherron, 2001).  The 

membrane-spanning receptor complex is a collection of serine-threonine receptor kinases 

classified as type-I or type-II activin receptors (Bilezikjian, Blount, Donaldson, & Vale, 
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2006; Han, et al., 2013).  The most enriched type-II activin receptor in skeletal muscle is 

activin receptor type-IIB (ACVR2B).  ACVR2B also displays the highest affinity for 

myostatin (Lee & McPherron, 2001).  Binding of myostatin to the ACVR2B receptor (or 

ACVR2A) results in its dimerization on the membrane which recruits and incorporates 

the type-I activin receptors, ALK4 and ALK5, into the receptor complex (Han, et al., 

2013).  The formation of this complex triggers downstream signaling in which the end 

result leads to movement of the transcription factor Smad2/3 into the nucleus activating 

gene programs associated with skeletal muscle proteolysis and autophagy (Lokireddy et 

al., 2011).  Myostatin signaling also inhibits Akt, thus activating forkhead box O (FoxO).  

FoxO upregulates transcription of Atrogin-1 and MuRF-1, both E3 ligases, resulting in 

activation of the ubiquitin proteasome system inducing proteolysis (Lee, Hopkinson, & 

Kemp, 2011).  Additionally, some evidence suggests that myostatin may inhibit the 

activation of satellite cells inferring that down-regulation of myostatin expression may 

contribute to the activation, proliferation, and fusing of satellite cells to hypertrophying 

myofibers keeping the myonuclear domain (protein to nuclei ratio) low (McCroskery, 

Thomas, Maxwell, Sharma, & Kambadur, 2003).  However, myostatin inhibition has also 

been observed to increase muscle mass without changes in satellite cell function (Lee et 

al., 2012).  Overall, the exact mechanism of how myostatin signaling affects muscle size 

remains uncertain.  One factor downstream of myostatin through which its effects may be 

transduced is via the protein, Mighty (Marshall et al., 2008).  Mighty is a direct 

transcriptional target of myostatin signaling (MacKenzie, Hamilton, Pepin, Patton, & 

Baar, 2013).  Myostatin inhibits Mighty expression, an effect that can be reduced via the 

activity of Notch (MacKenzie, et al., 2013).  Notch activation has been shown to decrease 
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myostatin/Smad transcriptional activity, thus increasing Mighty gene expression 

(MacKenzie, et al., 2013).  The regulation of Notch/Mighty signaling by myostatin may 

be an important factor in resistance exercise adaptations.  This is demonstrated by an 

increase in Mighty gene expression 6 hours post-resistance exercise that was strongly 

correlated (R2 = 0.9996) with muscle growth over the course of 6 weeks in mice 

(MacKenzie, et al., 2013). 

 
Regulation of Myostatin  
 
 For any protein, availability depends on transcriptional regulation, translational 

regulation, splicing, localization, concentration of binding proteins, and proteolysis.  

Post-translationally, myostatin is produced in precursor form as pre-promyostatin which 

can be cleaved into its mature biologically active form.  Once in mature form, myostatin 

may be stored in a latent complex within the extracellular space bound to a pro-peptide 

preventing it from binding to its receptor (Han, et al., 2013; Rennie, et al., 2004; Zimmers 

et al., 2002).  Follistatin and foliistatin-like proteins may also bind to myostatin leading to 

its inhibition (Sidis et al., 2006).   

 In addition to post-translational modification, myostatin is subject to regulation by 

transcription.  Glucocorticoids are particularly potent in their ability to induce myostatin 

gene transcription (Ma et al., 2001; Ma et al., 2003).  Other factors may also lead to 

modulation of myostatin transcription such as androgens, thyroid hormone receptors, and 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF- B) (Rennie, et al., 

2004).  And, as previously suggested, activated Notch may negatively regulate myostatin 

activity (MacKenzie, et al., 2013).  Resistance exercise, through various suggested 

signaling cascades, is a potent regulator of myostatin.  In fact, the major regulatory step 



22 

controlling myostatin in response to acute resistance exercise appears to be 

transcriptional regulation.   

 
Effect of Resistance Exercise on Myostatin Expression 
 
 
 Time course of myostatin mRNA expression. Myostatin mRNA expression is 

altered in response to resistance exercise within a few hours post-exercise.  For up to one 

hour post-exercise, the vast majority of available data has demonstrated that myostatin 

mRNA expression appears to remain unaffected after an acute bout of resistance training 

(Deldicque et al., 2008; Hulmi et al., 2007; Hulmi, Kovanen, Lisko, Selanne, & Mero, 

2008; Louis, Raue, Yang, Jemiolo, & Trappe, 2007; Wilborn, Taylor, Greenwood, 

Kreider, & Willoughby, 2009).  Down-regulation of myostatin mRNA expression 

appears to become the predominant response to an acute resistance exercise bout between 

two and 24 hours post-exercise (Dalbo, Roberts, Hassell, & Kerksick, 2013; Deldicque, 

et al., 2008; Drummond et al., 2009; Kim, Cross, & Bamman, 2005; Kim, Petrella, Cross, 

& Bamman, 2007; Louis, et al., 2007; Mathers et al., 2012; Raue, Slivka, Jemiolo, 

Hollon, & Trappe, 2006; Wilborn, et al., 2009).  At 48 to 72 hours after an acute 

resistance exercise bout, the majority of evidence demonstrates that myostatin mRNA 

expression appears to increase back to basal levels (Dalbo et al., 2011; Deldicque, et al., 

2008; Hulmi, et al., 2007; Hulmi, et al., 2008; Hulmi, Tannerstedt, et al., 2009).   

 After chronic resistance training, the basal level of myostatin mRNA has been 

demonstrated to be increased compared to pre-training values (Hulmi, et al., 2007; Mero 

et al., 2013), but this finding has not been consistent (Kvorning et al., 2007).   

Additionally, the acute changes in myostatin mRNA expression to a resistance exercise 
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bout after weeks of chronic resistance training appear to be consistent with those seen 

after just one acute bout with a possible prolonging of decreased myostatin mRNA 

expression into the 48 hour post-exercise time period (Hulmi, et al., 2007; Kim, et al., 

2007; Laurentino et al., 2012; Lundberg, Fernandez-Gonzalo, Gustafsson, & Tesch, 

2013); although, not all studies agree (Willoughby, 2004).  The only instance of 

detraining demonstrated increases in myostatin mRNA expression for up to 90 days post 

resistance training despite no acute decreases of expression observed acutely after 

resistance exercise bouts 30 and 90 days into the resistance training regimen that 

preceded detraining (Jespersen, Nedergaard, Andersen, Schjerling, & Andersen, 2011). 

 
 Effect of age, gender, and nutrition on myostatin exercise response.  In numerous 

studies, age and gender do not appear to be a factor regulating myostatin mRNA 

expression response to resistance exercise (Drummond, et al., 2009; Jensky et al., 2010; 

Kim, et al., 2007; Raue, et al., 2006; Roth et al., 2003).  Even so, some alternative 

findings are worth discussion.  Kim et al. (2005) observed an interesting effect where 

resistance exercise led to a significant decrease in myostatin expression in young males 

and females, as well as older males, but not in older females.  Dalbo et al. (2011) reported 

no difference between young and old men in response to three exercise bouts; however, a 

within-group decrease was observed for the older men after the third exercise bout.  After 

a 21-week training program, older men displayed higher levels of myostatin without the 

same effect being observed in young men (Mero, et al., 2013).  In another study, although 

both older men and women experienced a decrease in myostatin expression post 

resistance exercise, the older men expressed higher myostatin mRNA expression 

compared with women both at baseline and two hours after exercise (Mathers, et al., 
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2012).  Lastly, resting levels of myostatin mRNA expression were reported to be greater 

in young men than older men (Dennis et al., 2008).  Yet, myostatin expression was 

significantly decreased at 72 hours post-exercise compared with pre-exercise values for 

young men whereas this effect was not observed for the elderly (Dennis, et al., 2008).  

 Regarding nutrition, feeding state (fed or fasted) does not seem to directly affect 

post-exercise myostatin expression (Agergaard et al., 2013); however, strangely, protein 

supplementation has consistently been demonstrated to attenuate the decrease in post-

exercise myostatin mRNA expression in older and younger men (Dalbo, et al., 2013; 

Hulmi, et al., 2008; Hulmi, Kovanen, et al., 2009).  In contrast, Drummond et al. (2009) 

reported a significant decrease in myostatin expression three and six hours after a 

resistance exercise bout combined with supplementation of essential amino acids. One 

explanation for these divergent findings may be the time points at which post-exercise 

myostatin expression was measured.  Two of the studies in which protein was 

administered measured myostatin mRNA expression at one and 48 hours post-exercise 

which may be outside the optimal time in which to measure changes in myostatin 

expression post-exercise (Hulmi, et al., 2008; Hulmi, Kovanen, et al., 2009).  

Furthermore, while myostatin mRNA expression was not changed at 2 hours post-

exercise with protein supplementation, a significant decrease was observed at six hours 

post (Dalbo, et al., 2013).  Also, creatine supplementation does not appear to affect 

myostatin expression during the post-exercise period (Deldicque, et al., 2008). 

 
 Effect of exercise intensity.  Most of the studies using traditional isotonic 

resistance exercise have employed exercise intensities in the 8 to 12 repetition maximum 

(RM) range, or approximately 70 to 85% of 1RM (Hoffman, 2012).  Findings from three 
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studies in which exercise intensities were directly compared suggest that a certain 

intensity threshold must be met in order to stimulate attenuation of myostatin gene 

transcription (Agergaard, et al., 2013; Laurentino, et al., 2012; Wilborn, et al., 2009).  At 

an equal total volume, 10 sets of 36 repetitions at 16% of 1RM did not attenuate 

myostatin mRNA expression whereas 10 sets of eight repetitions at 70% of 1RM did 

(Agergaard, et al., 2013).  Similarly, strength training for eight weeks with three to four 

sets of eight repetitions at 80% of 1RM was capable of reducing myostatin mRNA 

expression, although three to four sets of 15 repetitions at 20% of 1RM was not.  

However, when blood flow was restricted to the working leg, exercising at an intensity of 

20% of 1RM was capable of inducing a decrease in myostatin expression (Laurentino, et 

al., 2012).  Despite a higher total exercise volume with the lower intensity, no difference 

in myostatin mRNA expression was observed between exercise bouts of 60 to 65% and 

80 to 85% of 1RM (Wilborn, et al., 2009).  Perhaps myostatin expression is not altered 

once certain exercise intensity is acquired, or it is possible that the difference in total 

volume further attenuated myostatin expression for the 60 to 65% exercise intensity 

where this may not have been the case if the total exercise volumes were equal. 

 
 Myostatin muscle protein expression. The effect of resistance training on 

myostatin muscle protein concentration is less clear than the effect observed on mRNA 

expression.  Six and 12 weeks of resistance training has been observed to increase 

myostatin protein content (Willoughby, 2004); whereas other studies have observed 

either an increase or no change in protein content after 16 weeks of training depending on 

the specific circumstances (Kim, et al., 2007).  Furthermore, additional data suggest no 

change or a decrease in protein content after 21 weeks of training (Hulmi, Tannerstedt, et 
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al., 2009).  Importantly, Hulmi et al. observed that myostatin protein concentration 

correlated with the changes in myostatin mRNA expression, suggesting myostatin to be 

transcriptionally regulated (Hulmi, et al., 2007; Hulmi, Tannerstedt, et al., 2009). 

 
 ACVR2B expression.  ACVR2B down-regulation in response to resistance 

exercise is not unusual (Hulmi, et al., 2007; Hulmi, Kovanen, et al., 2009), but the vast 

majority of evidence suggests ACVR2B transcription remains unaffected (Dalbo, et al., 

2013; Dalbo, et al., 2011; Hulmi, et al., 2008; Kim, et al., 2007; Laurentino, et al., 2012; 

Mero, et al., 2013; Willoughby, 2004). 

 
Insulin-like Growth Factor-1 

 
 The insulin-like growth factors are a family of growth-promoting peptides that 

play a role in the growth and development of tissues (Yakar et al., 2002).  IGF-1 is a 70 

amino acid single-chain polypeptide produced and secreted into circulation by the liver 

via stimulation by growth hormone (Denley, Cosgrove, Booker, Wallace, & Forbes, 

2005; Harridge, 2007).  Within circulation, about 70 to 80% of IGF-1 travels in a 

complex bound to IGF binding protein 3.  About 20% of IGF-1 circulates bound to one of 

five other IGF binding proteins, with the rest of IGF-1 circulating in free form (Yakar, et 

al., 2002). 

 Alternatively, all non-hepatic tissues are capable of expressing IGF-1 isoforms 

which act in a paracrine/autocrine manner (Yakar, et al., 2002).  This is particularly 

important in skeletal muscle where IGF-1 production is stimulated by mechanical stimuli 

and participates in skeletal muscle repair and regeneration (Matheny, Nindl, & Adamo, 

2010).  The IGF-1 gene spans over 70 kilobases and consists of six exons and at least five 
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introns.  The transcription of the IGF-1 gene and alternative splicing of IGF-1 mRNA 

transcripts creates carboxyl terminus extension (E) peptide variants. Three mature E 

peptides can be created from this alternative splicing on the 3’ end of IGF-1 pre-mRNA 

in skeletal muscle: IGF-1Ea, IGF-1Eb, and IGF-1Ec.  Exons 3 and 4 are present in all 

three of these variants.  IGF-1Ea (similar to liver-form IGF-1Ea) skips exon 5 and 

includes exon 6.  IGF-1Eb includes exon 5 and skips exon 6.  IGF-1Ec, also known as 

mechano growth factor (MGF), contains the first 52 bases of exon 5 and includes exon 6 

(Harridge, 2007).  IGF-1Ea and MGF appear to be the peptides most involved in 

regulation of skeletal muscle hypertrophy. 

 
Role of IGF-1Ea and MGF in the Regulation of Skeletal Muscle Mass 
 

Adams and McCue (1998) demonstrated that IGF-I infusion results in significant 

increases in the total protein and DNA content of skeletal muscle in mice.  The canonical 

pathway through which IGF-1 increases skeletal muscle hypertrophy is the 

phosphatidylinositol-3 kinase (PI3K)/protein kinase B (Akt)/mammalian target of 

rapamycin complex 1 (mTORC1) pathway.  Activation of mTORC1 is essential for 

increasing skeletal muscle protein synthesis through the activation of downstream 

effectors responsible for increases in protein translational efficiency (Spiering, et al., 

2008; Yamada, Verlengia, & Bueno Junior, 2012).  Once IGF-1 binds to the IGF-1 

receptor (IGF-1R) conformational changes occur that result in phosphorylated cytosolic 

proteins such as those of the insulin-receptor substrate family (IRS-1, among others) and 

SH-2 containing (SHC) proteins.  Phosphorylated IRS-1 activates PI3K which, in turn, 

phosphorylates membrane-associated phosphatidylinositol-4,5-biphosphate (PIP2) 

forming phosphatidylinositol-3,4,5-triphosphate (PI-3,4,5-P3, also known as PIP3) (Boron 
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& Boulpaep, 2009).  PIP3 activates a serine/threonine kinase known as 

phosphatidylinositol-dependent kinase (PDK).  PDK is responsible for the activation of 

Akt (Boron & Boulpaep, 2009).   

Akt catalyzes the phosphorylation of tuberous sclerosis protein (TSC) 2 inhibiting 

the action of the TSC1/TSC2 complex.  Inhibition of TSC1/TSC2 allows for the 

formation of mTORC1 through the inhibition of the TSC1/TSC2 guanidine 

triphosphatase (GTPase) activity.  TSC1/TSC2 GTPase activity acts to convert the Ras 

homolog enriched in brain (Rheb)-GTP protein complex to Rheb-GDP, thus inhibiting 

the formation of active mTORC1 for which Rheb-GTP is required (Stipanuk & Caudill, 

2013).  In addition to the inhibition of TSC1/TSC2, Akt also directly catalyzes a 

stimulatory phosphorylation of mTORC1 (Stipanuk & Caudill, 2013).  The downstream 

targets of mTORC1 phosphorylation include eukaryotic translation initiation factor 4E-

binding protein (4EBP) and ribosomal S6 kinase (S6K).  Phosphorylation of 4EBP 

releases it from eukaryotic translation initiation factor 4E (eIF4E).  As a result eIF4E 

binds mRNA and joins with eIF4A and eIF4G forming a heterotrimeric translation 

initiation complex, eIF4F (Kimball, Farrell, & Jefferson, 2002; Spiering, et al., 2008).  

Phosphorylation of S6K by mTORC1 instigates the phosphorylation and subsequent 

activation of ribosomal S6 protein.  These downstream effects of mTORC1 vastly 

increase translational efficiency of the muscle fiber (Spiering, et al., 2008; Stipanuk & 

Caudill, 2013; Yamada, et al., 2012).  In addition to the up-regulation of mRNA 

translation, mTORC1 activation results in a decrease of muscle fiber autophagy activity 

of atrogenes (Jung et al., 2009).   
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Akt activation also increases translation independent of mTORC1 activation 

(Glass, 2005; Sartorelli & Fulco, 2004; Spiering, et al., 2008).  Glycogen synthase kinase 

3 beta (GSK3 ) is an inhibitor of protein translation through its inhibitory activity on 

eIF2B (Hardt & Sadoshima, 2002).  Phosphorylation of GSK3  by Akt allows eIF2B to 

chaperone methionyl-mRNA to the 40S ribosomal subunit for translation initiation 

(Spiering, et al., 2008).  Additionally, Akt demonstrates the ability to phosphorylate the 

Foxo family of transcription factors thus preventing their translocation into the nucleus 

for transcription initiation of ubiquitin ligases such as Atrogin-1 and MuRF-1 (Brunet et 

al., 1999).  As demonstrated by the evidence above, the PI3K/Akt/mTOR pathway is a 

potent anabolic pathway within skeletal muscle that works through both stimulation of 

protein translation and inhibition of proteolysis. 

MGF acts in an autocrine/paracrine fashion and increases PI3K/Akt/mTORC1 

activity similar to that of IGF-1, but it does so through a different, unknown receptor.  It 

was demonstrated that blocking the IGF-1 receptor does not inhibit MGF action (Yang & 

Goldspink, 2002).  It has also been hypothesized that MGF is more important in satellite 

cell activation and proliferation (Hill & Goldspink, 2003).  Potential signaling 

mechanisms induced by MGF binding have been investigated, but they are not yet 

completely understood (Matheny, et al., 2010).  MGF was shown to activate the 

extracellular-signal-related kinase (ERK) pathway in C2C12 myoblasts in the presence of 

an IGF-1R antagonist suggesting the existence a separate receptor from IGF-1Ea 

(Philippou et al., 2009).  This receptor for MGF has yet to be identified.  MGF mRNA 

expression precedes the expression of markers for satellite cell activation associated with 

muscle repair implying a role in the activation of satellite cell proliferation (Hill & 
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Goldspink, 2003).  Therefore, it appears that two of the main biological roles of MGF in 

muscle repair appear to be the promotion of satellite cell proliferation and protein 

synthesis (Dai, Wu, Yeung, & Li, 2010). These effects are further enhanced by IGF-1Ea 

binding to IGF-1R following MGF activity during muscle repair and regeneration (Dai, et 

al., 2010). 

 
Effect of Resistance Exercise on IGF-1Ea and MGF Expression 
 
 
 Time course of MGF mRNA expression.  MGF expression within the first 30 

minutes post exercise remains unchanged (Psilander, Damsgaard, & Pilegaard, 2003; 

Wilborn, et al., 2009).  Evidence for increases in MGF mRNA expression has been 

demonstrated at 2, 2.25, and 2.5 hours post exercise (Greig, Hameed, Young, Goldspink, 

& Noble, 2006; Hameed, Orrell, Cobbold, Goldspink, & Harridge, 2003; Hameed, Toft, 

Pedersen, Harridge, & Goldspink, 2008; Wilborn, et al., 2009); yet studies have not 

reported changes in expression at 3, 4, and 6 hours post exercise (Agergaard, et al., 2013; 

McKay, O'Reilly, Phillips, Tarnopolsky, & Parise, 2008; Wilborn, et al., 2009).  MGF 

mRNA expression is up-regulated at 24 hours post-resistance exercise; however, it 

appears that up-regulation may be dependent on factors such as age, gender, and 

responsiveness to resistance training (Bamman, Petrella, Kim, Mayhew, & Cross, 2007; 

Kim, et al., 2005; McKay, et al., 2008; Petrella, Kim, Cross, Kosek, & Bamman, 2006; 

Roberts et al., 2010).  In one 16-week resistance training study, subjects were split into 

three groups: non-responders, modest responders, and extreme responders (Bamman, et 

al., 2007).  Interestingly, increases in MGF mRNA expression were observed at 24 hours 

post-resistance exercise, both before and after the 16 weeks of training, in the modest and 
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extreme responder groups, but not in the non-responder group.  These results suggest 

MGF to be an important regulator of skeletal muscle hypertrophy (Bamman, et al., 2007).  

MGF mRNA has also been observed to increase at 48 hours post exercise with trends for 

expression to increase at 72 and 120 hours post exercise (Ahtiainen et al., 2011; Roberts, 

et al., 2010). 

 
 Time course of IGF-1Ea mRNA expression.  Post-exercise IGF-1Ea mRNA 

expression appears to be reliant upon the training status of the individual.  Most studies 

employing non-resistance trained subjects observe no change in IGF-1Ea mRNA 

expression post-exercise (Aperghis et al., 2009; Bamman, et al., 2007; Hameed, et al., 

2003; Hameed, et al., 2008; Petrella, et al., 2006; Roberts, et al., 2010), whereas others 

show no change or a decrease in expression (Agergaard, et al., 2013; Friedmann-Bette et 

al., 2012; Psilander, et al., 2003).  Conversely, some researchers have reported an 

increase in IGF-1Ea mRNA expression in untrained individuals at various time points of 

the post exercise period (Bamman et al., 2001; Greig, et al., 2006; McKay, et al., 2008; 

Wilborn, et al., 2009).  However, in trained individuals or after a training period, 

increased post-exercise IGF-1Ea expression appears to be consistent.  After chronic 

resistance training, basal IGF-1Ea expression is up-regulated (Kvorning, et al., 2007).  

Additionally, other studies show a consistent up-regulation in the post exercise 

expression of IGF-1Ea in trained individuals 24 and 48 hours after an acute bout of 

resistance exercise where this is not a consistent finding in untrained individuals 

(Ahtiainen, et al., 2011; Bamman, et al., 2007; Hameed, et al., 2003; Petrella, et al., 

2006).  
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 Effect of age, gender, and nutrition on IGF-1Ea and MGF exercise response.  In 

one study, MGF mRNA expression was up-regulated 24 hours after exercise in both 

young men and young women; however, no up-regulation was observed in older men and 

women (Petrella, et al., 2006).  Hameed et al. (2003) reported similar results with MGF 

mRNA expression increased in young, but not old, men 2.5 hours post exercise.  To the 

contrary, in another study, post exercise MGF mRNA expression was only observed in 

older men and not younger men (Roberts, et al., 2010).  Lastly, in another study, Kim et 

al. (2005) observed a strong MGF increase in young males where no increase was 

observed in older males or young and older females.  These studies demonstrate the 

variability seen with MGF expression in response to exercise across age and gender.  It 

appears certain that young males are the strongest responders to exercise in regard to 

MGF expression; however, more research is needed to determine the expression patterns 

of MGF in older individuals and women. 

 Regarding nutrition, older women taking part in 3 months of resistance training 

with essential amino acid supplementation experienced an increase in IGF-1 muscle 

protein, but those women participating in resistance exercise without essential amino acid 

supplementation did not experience a similar increase (Dillon et al., 2009).  Importantly, 

downstream effects of growth factors, such as IGF-1, resulting in increased translation of 

muscle proteins are dependent on leucine, along with the other essential amino acids, 

because these amino acid residues must be present in order to generate new myofibrillar 

proteins (Dodd & Tee, 2012). 

 
 IGF-1R expression.  IGF-1 receptor expression has been demonstrated to be up-

regulated two hours post exercise with this effect possibly being more effective in slow 
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twitch muscle fibers (Gallagher et al., 2013; Wilborn, et al., 2009).  Activation of the 

IGF-1 receptor has been observed up to six hours post-exercise suggesting involvement 

of the IGF-1 system in resistance exercise adaptations (Taylor, Wilborn, Kreider, & 

Willoughby, 2012). 

 
 Effect of exercise intensity.  Although not related to intensity, eccentric 

contractions appear to be necessary for the up-regulation of  IGF-1Ea as concentric only 

contractions did not up-regulate IGF-1Ea transcription (Bamman, et al., 2001).  Despite a 

higher total exercise volume with the lower intensity, IGF-1R activation was increased 

equally 2 and 6 hours after exercise bouts of 60 to 65% and 80 to 85% of 1RM (Taylor, et 

al., 2012).  Similarly, IGF-1Ea and MGF mRNA expression were both increased equally 

2 hours after exercise bouts of 60 to 65% and 80 to 85% of 1RM (Wilborn, et al., 2009).  

However, the subjects for these studies were untrained.  It remains to be seen if exercise 

intensity could differentially effect IGF-1Ea expression, MGF expression, or IGF-1R 

expression in trained individuals.  Additionally, perhaps a greater difference in exercise 

intensity is required to observe differences. And, as observed with myostatin, differences 

in expression may have been observed if the exercise volume for the bouts at each 

intensity level were equal.  

 
Identification of Novel PGC-1  Isoforms 

 
 PGC-1  was identified as a nuclear receptor co-activator in brown adipose tissue 

(Puigserver et al., 1998).  Since then, conclusions from several studies have exhibited the 

Pgc-1  gene to be expressed by two distinct promoter regions which, when combined 

with alternative splicing of the primary transcripts, results in multiple biologically active 
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protein isoforms of PGC-1  (Chinsomboon et al., 2009; Miura, Kai, Kamei, & Ezaki, 

2008; Ruas, et al., 2012; Tadaishi et al., 2011; Yoshioka et al., 2009; Zhang et al., 2009).  

Miura et al. (2008) were the earliest to report differing PGC-1  mRNA transcripts 

originating from an alternative promoter for a novel exon 1 (exon 1b) located 

approximately 14 kilobases upstream from the canonical exon 1 (exon 1a) of the Pgc-1  

gene.  Two additional PGC-1  mRNA transcripts were reported resulting in three 

identifiable PGC-1  isoforms: PGC-1 -a, PGC-1 -b, and PGC-1 -c (Miura, et al., 2008).  

Around the same time, two other laboratories independently identified the same 

alternative promoter region within the Pgc-1  gene (Chinsomboon, et al., 2009; 

Yoshioka, et al., 2009).  In their report, Yoshioka et al. (2009) described the PGC-1 -b 

transcript, but not PGC-1 -c.  Chinsomboon et al. (2009) were able to detect two 

additional PGC-1  transcripts identical to those previously described by Miura et al. 

(2008); however, these researchers labeled the three PGC-1  isoforms as PGC-1 1, 

PGC-1 2, and PGC-1 3.  In 2009, Zhang et al. identified yet another unique form of 

PGC-1 , termed NT-PGC-1 .  NT-PGC-1  is expressed via the promoter region for exon 

1a and is formed by alternative 3’- splicing.  Most recently, Ruas (2012) recognized a 

third additional PGC-1  isoform expressed by alternative promoter usage of exon 1b with 

alternative 3’- splicing of the Pgc-1  gene identical to that of NT-PGC-1 .  This most 

recently discovered isoform was designated as PGC-1 4.  Due to the possible confusion 

caused by the differential naming of the PGC-1  isoforms, hereafter the canonical PGC-

1  (PGC-1 -a/PGC-1 1) will be referred to as PGC-1 1.  PGC-1 -b/PGC-1 2 and PGC-

1 -c/PGC-1 3 will be referred to as PGC-1 2 and PGC-1 3, respectively.  The other two 
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identified PGC-1  isoforms will be identified by their original designations, NT-PGC-1  

and PGC-1 4. 

 PGC-1a is induced by aerobic and resistance exercise (Burd et al., 2012; Olesen, 

Kiilerich, & Pilegaard, 2010).  PGC-1  regulates many of the effects of endurance 

training including mitochondrial biogenesis, fiber-type switching, angiogenesis, and 

resistance to muscle atrophy (Olesen, et al., 2010).  Gain-of-function studies with PGC-

1a have not shown any increase in either muscle mass or strength (Lin et al., 2002; Sandri 

et al., 2006; Wende et al., 2007).  However, such findings are confounded as these studies 

were not able to differentiate between the various PGC-1  splice variants and most likely 

did not induce PGC-1  variants transcribed from the alternative promoter region.  

Alternatively, PGC-1  has been demonstrated to reduce the induction of atrophy-related 

genes via suppression of the FoxO3 transcription factor helping to preserve muscle mass 

(Sandri, et al., 2006).  Additionally, as explained by Phillips (2007), resistance training 

may result in an increase in oxidative function possibly regulated by PGC-1 .  As a 

result, interest in the mRNA expression of PGC-1  in response to resistance exercise has 

surfaced.  Burd et al. (2012) demonstrated an increase in PGC-1  expression 6 hours 

after a resistance training protocol consisting of leg extensions to failure at 30% of 1-RM 

regardless of time under tension.  Mitochondrial protein synthesis was increased, as well, 

with a greater increase in the group exposed to a greater time under tension.  

Additionally, an increase of PGC-1  when resistance exercise is performed after aerobic 

exercise above what is seen when aerobic exercise is performed alone further suggests a 

role of PGC-1  in resistance exercise training adaptations (Wang, Mascher, Psilander, 

Blomstrand, & Sahlin, 2011).  Problematically, these studies were unable to describe the 
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specific PGC-1  splice variants expressed making interpretation of the specific response 

of each variant impossible.   

PGC-1 1, PGC-1a2, PGC-1a3, and NT-PGC-1a have been shown to specifically 

affect energy metabolism in brown adipose tissue and skeletal muscle, but not myofiber 

size or strength (Tadaishi, et al., 2011; Yoshioka, et al., 2009; Zhang, et al., 2009).  In 

contrast to the findings of these isoforms, PGC-1 4 overexpression in mice resulted in 

robust skeletal muscle hypertrophy (Ruas, et al., 2012).  Because of its potential 

involvement in regulation of skeletal muscle hypertrophy and strength, PGC-1a4 is the 

PGC-1a isoform of focus in this review.  

 
PGC-1 4: Potential Regulator of Skeletal Muscle Hypertrophy and Strength 

 
 PGC-1 4 is a 29.1 kilodalton protein 266 amino acids in length.  PGC-1 4 has 

been implicated to regulate approximately 617 genes, 98 of which may be co-regulated 

by PGC-1 1 (Ruas, et al., 2012).   Target genes co-regulated by both PGC-1  isoforms 

include estrogen-related receptor  (ERR ), pyruvate dehydrogenase kinase isoform 4 

(PDK4), and vascular endothelial growth factor A (VEGFa); although, the expression of 

these genes are not as strongly induced by PGC-1 4 as they are by PGC-1 1.  The 519 

genes whose expression is altered by PGC-1 4, independent of PGC-1 1, include those 

involved in the regulation of IGF-1 and myostatin, both considered important for skeletal 

muscle hypertrophy (Ruas, et al., 2012).  

 
PGC-1 4 as s Regulator of In Vitro Myotube Hypertrophy 
 
 PGC-1 4 expression in myotubes resulted in much larger myotube size and a 2-

fold elevation in the ratio of total protein to genomic DNA compared with those 
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expressing green fluorescent protein (GFP) control or PGC-1 1 (Ruas, et al., 2012).  The 

increase in myotube size appeared to be regulated by PGC-1 4 specific gene expression 

of IGF-1, which was up-regulated 3.7-fold in PGC-1 4 myotubes.  mRNA IGF-1 binding 

proteins 2 and 3 were significantly up-regulated whereas PGC-1 4 and PGC-1 1 

expression significantly down-regulated IGF-1 binding protein 6 (Ruas, et al., 2012).  

Additionally, PGC-1 4 significantly inhibited myostatin mRNA expression, ACVR2A 

mRNA expression, ACVR2B mRNA expression, and follistatin mRNA expression (also 

seen with PGC-1 1).  Significantly, PGC-1 4-induced myotube size increases were 

inhibited via the use of an IGF-1R inhibitor suggesting that PGC-1 4-induced increases 

in myotube size were mediated via the IGF-1 signaling cascade (Ruas, et al., 2012).  

Clenbuterol-induced hypertrophy in myotubes is accompanied by a 5-fold increase in 

PGC-1 4 levels.  When PGC-1 4 levels are reduced, clenbuterol-induced myotube 

hypertrophy and protein accumulation are attenuated (Ruas, et al., 2012). 

 PGC-1 4 may be in control of changes in histone modifications near the IGF-1 

and myostatin genes altering their transcription (Ruas, et al., 2012).  PGC-1  isoforms 

have previously been demonstrated to promote chromatin remodeling via association 

with the histone acetyltransferase CBP/p300 (Lin, Handschin, & Spiegelman, 2005; 

Ogryzko, Schiltz, Russanova, Howard, & Nakatani, 1996).  Histones contain an amino-

terminal extension, called a “tail” (Watson, 2008).  These tails are sites of modification 

that alter the function of the nucleosome either allowing or disallowing transcriptional 

machinery access to the gene promoter region (Watson, 2008).  Acetylation of the histone 

3 protein on lysine residue 9 (H3K9 acetylation) is considered a marker of positive gene 
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regulation (Ogryzko, et al., 1996).  Alternatively, dimethylation and/or trimethylation of 

H3K9 is considered a marker for negative gene regulation (Heard et al., 2001).   

 Chromatin immunoprecipitation using an anti-acetyl-H3K9 antibody revealed 

three regions of DNA associated with the IGF-1 gene where acetylation of H3K9 was 

significantly enriched upon expression of PGC-1 4: the gene promoter region (2.7-fold), 

a 3’ untranslated region (3.3-fold), and a region located 4 kilobases upstream from the 

transcription initiation site (5.9-fold; Ruas, et al., 2012).  Chromatin immunoprecipitation 

using a di/trimethyl-H3K9 antibody revealed a sequence of DNA approximately 5 

kilobases upstream of the myostatin gene where di/trimethylation of H3K9 was increased 

74.3-fold (Ruas, et al., 2012).  Additionally, PGC-1 4 expression increased 

di/trimethylation of H3K9 in the 3’ untranslated by 3.2-fold, whereas the gene promoter 

region showed an 80% decrease in di/trimethylation of H3K9.  These results demonstrate 

potential regions of DNA where IGF-1 and myostatin gene expression may be regulated 

by PGC-1 4 (Ruas, et al., 2012).  

 
PGC-1 4 as a Regulator of In Vivo Skeletal Muscle Mass: Mouse Model 
 
 In mice, PGC-1 4 was delivered by adenovirus into the gastrocnemius of one 

limb with GFP control injected into the contralateral limb.  After one week, fibers 

expressing PGC-1 4 were, on average, approximately 60% than those expressing GFP 

control (Ruas, et al., 2012).  The appearance of very large fibers over 1,200 m2 occurred 

in the limb expressing PGC-1 4 whereas these fibers were rarely seen in the control limb.  

These characteristics appeared to be driven by a 2.3-fold increase in IGF-1 gene 

expression, a 50% reduction in myostatin gene expression, and an increase in ribosomal 

protein S6 phosphorylation levels representing S6K activation, a known regulator of cell 
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size and metabolism (Ruas, et al., 2012).  Electroporation of plasmids encoding PGC-1 4 

into the tibialis anterior of mice produced an average increase in cross sectional area of 

28%, an increase in muscle weight of 10%, and an increase in phosphorylated S6K levels 

compared to controls (Ruas, et al., 2012).   

 Mice subjected to a hindlimb suspension/reloading protocol were analyzed for 

changes in PGC-1  expression (Ruas, et al., 2012).  During suspension, there was a 

small, significant decrease of total PGC-1  (0.85-fold compared to control mice).  

Compared to control, reloading was associated with a 1.6-fold increase in total PGC-1 .  

During the atrophy associated with suspension, no changes were observed in PGC-1 1; 

however, during reloading and hypertrophy PGC-1 1 was reduced by 50% versus 

control.  In contrast, PGC-1 4 reduced 22% during suspension and then increased 

substantially during reloading hypertrophy by 18.7-fold, accompanied by protein 

accumulation, increased IGF-1 gene expression, and decreased myostatin gene 

expression (Ruas, et al., 2012).   

 Transgenic-mice (Myo-PGC-1 4) were generated to observe the effects of 

chronically elevated PGC-1 4 in skeletal muscle (Ruas, et al., 2012).  These mice 

expressed PGC-1 4 mRNA 30-fold higher than wild-type mice with significant 

accumulation of PGC-1 4 protein, similar to that observed in the reloading phase of the 

suspension/reloading experiment.  Except for IGF-1, the pattern of gene expression was 

similar to that seen in the PGC-1 4 myotubes (Ruas, et al., 2012).  Despite the finding 

regarding IGF-1, Myo-PGC-1 4 mice demonstrated a 12% greater muscle fiber cross 

sectional area, increased muscle weight, greater muscle force generation, significantly 

less adipose tissue mass, and 20% greater fatigue resistance compared to wild-type mice.  
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These changes were accompanied by a 64.4% reduction in myostatin expression (Ruas, et 

al., 2012).  Additionally, a shift in myosin heavy chain (MHC) expression away from 

type IIb toward type IIa and type IIx fibers was observed.  These results demonstrate a 

more muscular and stronger phenotype associated with expression of PGC-1 4.  Myo-

PGC-1 4 mice were more resistant to atrophy than wild-type mice during a suspension 

protocol, and demonstrated a trend toward greater muscle hypertrophy during the 

reloading protocol. Myo-PGC-1 4 displayed a 28% increase in time to exhaustion versus 

control mice, whereas mice overexpressing PGC-1 1 lasted 60% longer than wild type 

mice (Ruas, et al., 2012).  Despite the higher oxygen consumption displayed by Myo-

PGC-1 4 mice, no difference was observed for respiratory exchange ratio.  These 

findings suggest that the increase in strength and hypertrophy found in Myo-PGC-1 4 

mice are not associated with changes in metabolic phenotype (Ruas, et al., 2012).  Lastly, 

Myo-PGC-1 4 mice were more resistant to cancer cachexia than wild type mice.  When 

compared to wild type mice with cachexia, Myo-PGC-1 4 mice demonstrated less 

expression of myostatin, greater IGF-1 expression, and greater retainment of muscle mass 

and strength. 

 
PGC-1  Splice Variant Expression in Response to Resistance Exercise: Human Model 
 
 In humans, eight weeks of endurance training, resistance training, and combined 

endurance and resistance training resulted in increased skeletal muscle mRNA expression 

of total PGC-1  at 48 hours after the cessation of the training program (Ruas, et al., 

2012).  Significant increases of PGC-1 4 mRNA expression were observed for resistance 

training with even higher levels being observed after the combined training program.  

These changes in PGC-1 4 mRNA expression were correlated with a decrease in 
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myostatin gene expression, yet there was no significant increase in IGF-1 expression.  

Interestingly, changes in PGC-1 4 mRNA expression were significantly correlated (R = 

0.64) to performance measures on the leg press in all training groups (Ruas, et al., 2012).  

 Ydfors, Fischer, and Mascher (2013) investigated the expression of truncated 

(NT-PGC-1  and PGC-1 4) and non-truncated (PGC-1 1 and PGC-1 2) splice variants 

in human skeletal muscle 2 hours after an endurance or resistance exercise bout.  

Previous research by this group suggested AMPK to be a strong regulator determining 

the promoter region from which PGC-1  is transcribed (Norrbom et al., 2011).  

Therefore, they hypothesized that endurance exercise, as a result of greater AMPK 

activation, would result in greater expression of variants transcribed from the proximal 

promoter (exon-1a); namely the truncated NT-PGC-1  and the non-truncated PGC-1 1 

(Ydfors et al., 2013).  Alternatively, they believed resistance exercise would lead to 

greater transcription from the alternative promoter (exon-1b) resulting in greater mRNA 

expression of the truncated PGC-1 4 and non-truncated PGC-1 2 compared with 

endurance exercise.  Thus, they hypothesized that these alternative expression patterns 

may be partially responsible for distinct skeletal muscle adaptations of resistance exercise 

versus endurance exercise.  Resting expression of PGC-1 4 and PGC-1 2 were nearly 

undetectable.  Total PGC-1  expression was greater in response to endurance exercise 

compared with resistance exercise.  Truncated PGC-1  transcripts (NT-PGC-1  and 

PGC-1 4) were increased to a greater degree after endurance exercise than resistance 

exercise.  Non-truncated transcripts (PGC-1 1 and PGC-1 2) were induced equally in 

response to both exercise sessions.  Increases in expression of the transcripts resulting 

from the alternative promoter were greater than expression from the proximal promoter 
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for both exercise groups.  These results demonstrated, in opposition to their hypothesis, 

that expression of all PGC-1  splice variants is stimulated in response to both types of 

exercise negating the theory of differential mRNA isoform expression based on exercise 

mode (Ydfors et al., 2013). 

Nader, von Walden, and Liu et al. (2014) observed the expression of the PGC-1  

splice variants in skeletal muscle 4 hours after an acute resistance exercise bout in both 

previously resistance-trained (12 weeks progressive resistance training protocol) and 

previously untrained limbs in comparison to expression in non-exercise control limbs.  

PGC-1 2 and PGC-1 3 mRNA expression 4-hr after an acute resistance exercise bout, 

regardless of training state, was significantly greater compared with control limbs.  

Furthermore, the expression of these isoforms was greater in the resistance-trained limbs 

after an acute exercise bout compared with the acute exercise response in limbs that were 

previously untrained suggesting that resistance training leads to an amplified transcription 

response of PGC-1 2 and PGC-1 3 to resistance exercise stress (Nader et al., 2014).  

PGC-1 1 demonstrated a tendency to be lower in the previously resistance-trained and 

previously untrained limbs at 4-hr PE compared with control limbs, albeit this decrease 

was not significant.  For PGC-1 4, no difference was observed in expression between the 

control limbs and the 4-hr PE expression of previously trained or untrained limbs.  

However, the 4-hr PE PGC-1 4 expression was significantly greater for the previously 

resistance-trained limbs compared with previously untrained limbs (Nader et al., 2014).  

  
Conclusion 

 
 Presently, the role of PGC-1 4 in skeletal muscle adaptations to resistance 

exercise in humans, if any, is largely unclear.  Little data exist describing the acute 
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changes in mRNA expression of PGC-1  splice variants within the first 48 hours of a 

resistance exercise bout. Concurrent endurance and resistance exercise training has been 

reported to increase PGC-1 4 expression (Ruas, et al., 2012), yet no divergent effects of 

prominent resistance training variables, such as exercise intensity, have been studied.  

 Furthermore, in mice models, PGC-1 4 expression is heavily associated with a 

reduction of myostatin expression and an increase in IGF-1 expression.  These mice 

experience amplified skeletal muscle hypertrophy and strength which may, in part, be due 

to these changes.  Mice overexpressing PGC-1 4 also experience a shift in myosin heavy 

chain isoform expression (Ruas, et al., 2012).  Data available in humans regarding PGC-

1 4 mRNA expression shows a correlation with its expression and down-regulation of 

myostatin at 48 hours after both a resistance exercise and a combined resistance and 

endurance exercise program (Ruas et al., 2012).  Additionally, PGC-1 4 was 

significantly correlated with leg press performance.  No such correlation was observed 

for IGF-1 (Ruas, et al., 2012).  Taken together, these data suggest a potential role for 

PGC-1 4 in the regulation of human skeletal muscle mass and strength adaptations in 

response to resistance exercise.  As a result, more data is needed to further explain the 

time course of expression of the PGC-1  splice variants after acute resistance exercise so 

that their role, in combination with established pathways of skeletal muscle regulation, 

can be assessed.  Therefore the purpose of this study was to observe the changes in gene 

expression of PGC-1 1, PGC-1 2, PGC-1 3, PGC-1 4, IGF-1Ea, MGF, myostatin, 

MHC I, MHC IIa, and MHC IIx in response to two resistance exercise intensities. 
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CHAPTER THREE 
 

Methods 
 
 

Participants 
 

 Ten apparently healthy, recreationally resistance-trained [persons who resistance 

train for general health and body composition purposes (i.e. 3 to 6 days per week for at 

least one year prior to the onset of the study), yet do not perform, with consistency, the 

volume of resistance training normally required in order to compete in strength or 

bodybuilding competitions or competitive athletic events], men with a mean age of 23.7 

± 0.9 (± SE) years volunteered to serve as participants in this study.  Enrollment was 

open to men of all ethnicities.  Only participants considered as low risk for cardiovascular 

disease and with no contraindications to exercise as outlined by the American College of 

Sports Medicine (ACSM), and who have not consumed any nutritional supplements 

(excluding multi-vitamins) three months prior to the study were allowed to participate.  

All eligible subjects signed university-approved informed consent documents and 

approval was granted by the Institutional Review Board for Human Subjects.  

Additionally, all experimental procedures involved in the study conformed to the ethical 

consideration of the Helsinki Code. 

 
Study Site 

 
 Within the Department of Health, Human Performance, and Recreation at Baylor 

University, all familiarization sessions, testing sessions, and sample analyses were  
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completed in the Baylor Laboratories for Exercise and Sport Technology (BLEST) and 

Exercise and Biochemical Nutrition Laboratory (EBNL). 

 
Study Design 

 
 In a randomized, cross-over design, participants visited the laboratory on 7 

separate occasions in the following manner: visit 1 = entry/familiarization session, visit 2 

= testing/resistance exercise session 1, visit 3 = 24-hour follow-up for session 1, visit 4 = 

48-hour follow-up for session 1, visit 5 = testing/resistance exercise session 2, visit 6 = 

24-hour follow-up for session 2, visit 7 = 48-hour follow-up for session 2.  After an 

initial entry session, participants performed two separate exercise sessions consisting of a 

lower-intensity resistance exercise protocol and a higher-intensity resistance exercise 

protocol in random order.  Each resistance exercise protocol was similar in volume and 

consisted of the leg press and knee extension exercises.  Each session was separated by 7 

to 10 days to allow full recovery and return to basal conditions.  A muscle biopsy of the 

vastus lateralis was performed prior to exercise, 45 minutes post-exercise, 3 hours post-

exercise, 24 hours post-exercise, and 48 hours post-exercise for each exercise session. 

Figure 1 provides an outline of the testing sessions. 

 
Independent and Dependent Variables 

 
The independent variable was the exercise protocol (lower-intensity resistance 

exercise, higher-intensity resistance exercise).  Dependent variables included the mRNA 

expression of the following skeletal muscle-specific genes at rest, 45 minutes post-

exercise, 3 hours post-exercise, 24 hours post-exercise, and 48 hours post-exercise: PGC-
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1 1, PGC-1 2, PGC-1 3, PGC-1 4, IGF-1Ea, MGF, myostatin, MHC I, MHC IIa, and 

MHC IIx.  

 
Entry and Familiarization Session 

 
 Participants expressing interest in participating in this study were interviewed on 

the phone or by e-mail to determine whether they qualified to participate in this study.  

Participants believed to meet eligibility criteria were then invited to attend an 

entry/familiarization session.  Once reporting to the lab, participants completed a medical 

history questionnaire and underwent a general physical examination to determine whether 

they met eligibility criteria.  Participants meeting entry criteria were familiarized to the 

study protocol via a verbal and written explanation outlining the study design and signed 

the university-approved informed consent document.  Next, assessments of body 

composition and one-repetition maximum (1-RM) for resistance exercises (leg press and 

unilateral knee extension) performed during the testing sessions were completed.  At the 

conclusion of the familiarization session, participants were given an appointment in 

which to attend their first testing session.  In addition, participants were instructed to 

refrain from exercise for at least 72 hours prior to the testing sessions, and to record their 

dietary intake for one day prior to and for the duration of each of the two testing sessions 

involved in the study. 

 
Anthropometric and Body Composition Testing (Entry Session) 

 
 Total body mass (kg) was determined by using a calibrated electronic scale with a 

precision of ± 0.02 kg (Detecto, Webb City, MO).  To sufficiently define the 

anthropometric characteristics of the sample population to be studied, percent body fat, 
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fat mass, and fat-free mass was determined using dual-energy x-ray absorptiometry 

[(DEXA) Hologic Discovery, Bedford, MA].  The subjects were asked to lie in a supine 

position on the DEXA table in only shorts and t-shirt, and to remain motionless for 

approximately six minutes while the scan was being performed.  The subjects were 

exposed to a low dosage of radiation during the scan equal to approximately 1.5 mR of 

radiation.  The maximal amount of x-ray radiation exposure per year for non-occupation 

exposure is 500 mR.  The radiation exposure was not significantly more than the 

background radiation in the local Waco area.  Once the scan was completed it was 

analyzed following completion of the entry session.  The DEXA scans were segmented 

into regions (right & left arm, right & left leg, and trunk).  Each of these segments were 

analyzed for fat mass, lean mass, and bone mineral content.   

 
Muscle Strength Assessment (Entry Session) 

 
 Assessment of 1-RM was performed for the leg press and unilateral knee 

extension.  Participants warmed-up by completing 5 to 10 repetitions at approximately 

50% of the estimated 1-RM for each exercise.  The participant rested for 1 minute, and 

then completed 3 to 5 repetitions at approximately 70% of the estimated 1-RM for each 

exercise.  The weight was then increased conservatively, and the participant attempted to 

lift the weight for one repetition.  If the lift was successful, the participant rested for 2 

minutes before attempting the next weight increment.  This procedure was continued 

until the participant failed to complete the lift.  The 1-RM was recorded as the maximum 

weight that the participant was able to lift for one repetition.  Leg press strength was 

assessed using an isotonic hip/leg sled (Nebula Fitness, Inc., Versailles, OH).  Knee 

extension strength was assessed using a modular isotonic leg extension machine (Cybex 
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International, Inc., Medway, MA).  Once the 1-RM of each leg was determined, 

participants were asked to perform and practice 1 or 2 sets with the proposed resistance 

for the exercise sessions without muscle sampling to familiarize them with the protocol 

and to ensure they were able to complete the protocol before being formally admitted to 

the study.  

 
Heart Rate and Blood Pressure (Entry and Testing Sessions) 

 
 At all visits, heart rate and blood pressure was assessed. At the entry and 

familiarization session, these variables were obtained as part of the initial assessment.  At 

visits 2 and 5, heart rate and blood pressure were obtained at each of the time points 

where muscle biopsies are obtained as a safety precaution.  Heart rate and blood pressure 

wascalso obtained at visits 3, 4, 6, and 7.  Heart rate was determined by palpation of the 

radial artery using standard procedures.  Blood pressure was assessed in the supine 

position after resting for 5-min using a mercurial sphygmomanometer using standard 

procedures.  

 
Dietary Analysis (Testing Sessions) 

 
 Participants were required to record their dietary intake for one day prior to and 

for the duration of each of the two testing sessions.  The general diets of the participants 

were not standardized.  To promote an anabolic environment, participants were asked to 

consume a protein bar (Premier Protein Bar, Premier Nutrition Corp., Emeryville, CA) 

one hour prior to each time point, with the exception of the 45 minute post-exercise time 

point for the which the bar was consumed immediately post-exercise allowing only 45 

minutes for digestion and absorption.  The dietary records were evaluated with the Food 
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Processor dietary assessment software program (ESHA Research, Salem, OR) to 

determine the average daily kilocalorie and macronutrient consumption of fat, 

carbohydrate, and protein in the diet for the duration of the testing sessions.  

 
Resistance Exercise Protocols (Testing Sessions) 

 
 

Lower-Intensity (50% of 1-RM) Resistance Exercise Testing Protocol 
 

Participants reported to the laboratory the day of the exercise testing session. 

Participants were encouraged to eat their usual breakfast before reporting to the lab.  

They turned in their dietary analysis form for the previous day. The participants then 

relaxed in a supine position for 15 minutes after which their baseline heart rate and blood 

pressure were measured.  After appropriate preparations were made, muscle samples 

were obtained.  Participants then performed, in the following order, a lower-body 

resistance exercise protocol of 3 sets of 16 repetitions (50% of 1-RM) each for the leg 

press and unilateral knee extension exercises. In all cases, 150 seconds of rest separated 

sets and exercises.  At both 45 minutes and 6 hours after the end of the exercise session, 

muscle samples were obtained.  After the 3-hour time point, participants were allowed to 

leave.  They were asked to refrain from exercise until after the 48-hour muscle biopsy.  

Before leaving for the day, participants were reminded to record their dietary intake until 

after the 48-hour muscle biopsy. For the second day (24-hour time point), participants 

were asked to arrive in time so that preparations could be made for a muscle biopsy at 24 

hours post-exercise. Upon arrival, participants were asked to rest in a supine position for 

15 minutes after which their heart rate and blood pressure were measured.  After 

appropriate preparations were made, a 24-hour post-exercise muscle sample was 
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obtained.  For the third day (48-hour time point), participants were asked to arrive in time 

so that preparations could be made for a muscle biopsy at 48 hours post-exercise. Upon 

arrival, participants were asked to rest in a supine position for 15 minutes after which 

their heart rate and blood pressure were measured.  After appropriate preparations were 

made, a muscle sample was obtained. 

 
Higher-Intensity (80% of 1-RM) Resistance Exercise Testing Protocol 
 

Participants reported to the laboratory the day of the exercise testing session. 

Participants were encouraged to eat their usual breakfast before reporting to the lab.  

They turned in their dietary analysis form for the previous day. The participants then 

relaxed in a supine position for 15 minutes after which their baseline heart rate and blood 

pressure were measured.  After appropriate preparations were made, muscle samples 

were obtained.  Participants then performed, in the following order, a lower-body 

resistance exercise protocol of 6 sets of 5 repetitions (80% of 1-RM) each for the leg 

press and unilateral knee extension exercises. In all cases, 150 seconds of rest separated 

sets and exercises.  At both 45 minutes and 6 hours after the end of the exercise session, 

muscle samples were obtained.  After the 3-hour time point, participants were allowed to 

leave.  They were asked to refrain from exercise until after the 48-hour muscle biopsy.  

Before leaving for the day, participants were reminded to record their dietary intake until 

after the 48-hour muscle biopsy. For the second day (24-hour time point), participants 

were asked to arrive in time so that preparations could be made for a muscle biopsy at 24 

hours post-exercise. Upon arrival, participants were asked to rest in a supine position for 

15 minutes after which their heart rate and blood pressure were measured.  After 

appropriate preparations were made, a 24-hour post-exercise muscle sample was 
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obtained.  For the third day (48-hour time point), participants were asked to arrive in time 

so that preparations could be made for a muscle biopsy at 48 hours post-exercise. Upon 

arrival, participants were asked to rest in a supine position for 15 minutes after which 

their heart rate and blood pressure were measured.  After appropriate preparations were 

made, a muscle sample was obtained. 

 
Volume Load  
 
 Volume load (weight x sets x reps) was kept equal between the two exercise 

sessions.  Three sets of 16 repetitions at 50% of 1-RM resulted in a volume load that was 

equal to that of 6 sets of 5 repetitions at 80% of 1-RM.  Olympic microplates (Iron 

Woody LLC., Olney, MT) were used in order to adjust the resistance as close as possible 

to the prescribed exercise intensity.  Volume load was recorded for each exercise at both 

sessions. 

 
Time Under Tension and Contraction Speed 
 
 Participants were instructed to lower the weight at a speed that will allow for the 

eccentric portion of the lift to be completed in 3 seconds.  For the concentric portion, 

participants were encouraged to lift the weight over a period of ~1 second.  Keeping the 

contraction speeds similar resulted in a longer time under tension per set, as well as for 

total exercise, for the lower-intensity exercise session.  This resulted in conditions similar 

to those likely employed during resistance exercise programming where lower-intensity, 

local muscular endurance-oriented protocols generally result in longer time under tension 

compared with higher-intensity, muscular strength-oriented protocols.  Time under 

tension was recorded for each set using a timer.  Total time under tension for each 
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exercise at each session was determined from the sum of the time under tension for each 

set.  Time under tension per repetition was also calculated by dividing the time under 

tension for each set by the number of repetitions.  

 
Exercise Range-of-Motion 
 
 For leg press, the familiarization session was used to teach appropriate leg press 

depth (knee flexion of 90°).  Verbal cues were used to direct the participant to the correct 

depth.  The warm-up/practice sets performed at the familiarization session allowed for 

the participant to learn appropriate leg pressing depth.  For knee extension, the equipment 

used was designed to be able to modify range-of-motion to the appropriate setting.   

 
Muscle Biopsies (Testing Sessions) 

 
 Percutaneous muscle biopsies (15 to 20 mg) were obtained from the middle 

portion of the vastus lateralis muscle at the midpoint between the patella and the greater 

trochanter of the femur at a depth between 1 and 2 cm based on our previously-approved 

procedures.  The leg biopsed for the first testing session was chosen at random with the 

opposite leg being used for the second testing session.  The biopsy area was shaved clean 

of leg hair, washed with antiseptic soap, and cleaned with rubbing alcohol.  In addition, 

the biopsy site was further cleansed by swabbing the area with Betadine (fluid antiseptic).  

A small area of the cleaned skin approximately 2 cm in diameter was anesthetized with a 

1.0 mL subcutaneous injection of the topical anesthetic Lidocaine. Once anesthetized, a 

16-gauge fine needle aspiration biopsy instrument (Tru-Core I Biopsy Instrument, 

Medical Device Technologies, Gainesville, FL) was inserted into the skin at an 

approximate depth of 1 cm to extract the muscle sample.  After the initial biopsy, the next 
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biopsy attempts extracted tissue from approximately the same location as the initial 

biopsy by using the pre-biopsy markings and depth markings on the needle.  After 

removal, adipose tissue was trimmed from the muscle specimens. Specimens were 

immediately frozen in liquid nitrogen and then stored at -80°C for later analysis.  Five 

muscle samples were obtained at each of the 2 testing sessions, with a total of 10 muscle 

samples being obtained during the course of the study.  At each testing session, muscle 

samples were obtained immediately prior to the commencing the testing session, 45 

minutes post-exercise, 3 hours post-exercise, 24 hours post-exercise, and 48 hours post-

exercise. 

 
Skeletal Muscle Analysis 

 
 

Total RNA Isolation  
 
 Approximately 10 - 15 mg of muscle tissue was used for biochemical analysis.  

Total cellular RNA was extracted from homogenate of biopsy samples with a 

monophasic solution of phenol and guanidine isothiocyanate contained within the TRI-

reagent (Sigma Chemical Co., St. Louis, MO).  Five hundred L of TRI-Reagent was 

added to each tube, and then muscle samples were homogenized using a pestle.  One 

hundred L of chloroform was added to each tube and shaken, then allowed to sit for 15 

minutes. This process separated the samples into three distinct phases, a lower (pink) 

organic phase which contains the protein, a middle (gray) interphase containing the DNA, 

and an upper (clear) aqueous phase containing the RNA. Using a sterile transfer pipette, 

the clear aqueous phase was transferred into a new microfuge tube. The remaining 

interphase and organic phase was stored in an ultra-low freezer at -80oC. Subsequently, 
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250 L of 100% isopropanol was added to each tube and allowed to sit at room 

temperature for 5 to 10 minutes. Samples were then centrifuged at 12,000 x g at 2 to 8oC 

for 10 minutes, allowing for the formation of a RNA pellet. The supernatant was 

discarded, then 500 L of 75% ethanol was added then vortexed to wash the pellet.  The 

samples were then centrifuged at 7500 x g at 2 to 8oC for 5 minutes then the supernatant 

discarded. The washing procedure was repeated twice.  The pellet was allowed to air dry 

for 5 to 10 minutes, then 50 L of nuclease free water was added to the microtube.  The 

total RNA concentration was determined spectrophotometerically (SmartSpec Plus, Bio-

Rad, Hercules, CA, USA) by optical density (OD) at 260 nm using an OD260 equivalent 

to 40 g/ l and the final concentration expressed relative to muscle wet-weight.  Aliquots 

of total RNA (5 l) were separated with 1% agarose gel electrophoresis, ethidium bromide 

stained, and monitored under an ultraviolet light (Chemi-Doc XRS, Bio-Rad, Hercules, 

CA) to verify RNA integrity and absence of RNA degradation, indicated by prominent 

28s and 18s ribosomal RNA bands, as well as an OD260/OD280 ratio of approximately 2.0. 

The RNA samples were stored at -80 C until later analysis. 

 
Reverse Transcription and Complementary DNA (cDNA) Synthesis 
 

Five g of total skeletal muscle RNA was reverse-transcribed to synthesize cDNA 

using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA).  Each reverse 

transcription reaction mixture was incubated at 25 C for 5 min, 42 C for 30 min, heated 

to 85 C for 5 min, and then quick-chilled on ice.  The cDNA concentration was 

determined by using an OD260 equivalent to 50 g/ l and starting cDNA template 

concentration was standardized by adjusting all samples to 200 ng prior to amplification.  
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Oligonucleotide Primers for Polymerase Chain Reaction (PCR) 
 
 The mRNA sequences of human skeletal muscle -actin (NM_001101), IGF-1Ea 

(M37483), MGF (U40870), myostatin (NM_005259), MHC I (X06976), MHC IIa 

(AF111784), and MHC IIx (AF111785) published in the NCBI Entrez Nucleotide 

database (www.ncbi.nlm.nih.gov) were used to construct PCR primers using Beacon 

Designer software (Bio-Rad, Hercules, CA, USA), and then commercially synthesized 

(Integrated DNA Technologies, Coralville, IA).  These primers amplify fragments of 150 

base pairs (bp) for IGF-1, 140 bp for MGF, 145, bp for myostatin, 141 bp for MHC I, 145 

bp for MHC IIa, and 148 bp for MHC IIx.  The mRNA sequences of human skeletal 

muscle for PGC-1 1, PGC-1 2, PGC-1 3, and PGC-1 4 are not yet published in the 

NCBI Entrez Nucleotide database (www.ncbi.nlm.nih.gov); therefore, PCR primers were 

constructed from the experimental procedures published by Ruas et al. (2012).  The 

forward primer sequence used for PGC-1 1 was 5’ ATG GAG TGA CAT CGA GTG 

TGC T 3’, and the reverse primer sequence used was 5’ GAG TCC ACC CAG AAA 

GCT GT 3’.  The forward primer sequence used for PGC-1 2 was 5’ AGT CCA CCC 

AGA AAG CTG TCT 3’, and the reverse primer sequence used was 5’ ATG AAT GAC 

ACA CAT GTT GGG 3’.  The forward primer sequence used for PGC-1 3 was 5’ CTG 

CAC CTA GGA GGC TTT ATG C 3’, and the reverse primer sequence used was 5’ 

CAA TCC ACC CAG AAA GCT GTC T 3’.  The forward primer sequence used for 

PGC-1 4 was 5’ TCA CAC CAA ACC CAC AGA GA 3’, and the reverse primer 

sequence used was 5’ CTG GAA GAT ATG GCA CAT 3’.  Using these primer 

sequences, PCR primers were constructed using Beacon Designer software (Bio-Rad, 

Hercules, CA, USA), and then commercially synthesized (Integrated DNA Technologies, 
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Coralville, IA).  Due to its consideration as a constitutively expressed "housekeeping 

gene," and the fact that it has been shown to be an appropriate external reference standard 

in human skeletal muscle using real-time PCR, -actin was used for detecting the relative 

change in the quantity of mRNA in response to resistance exercise (Mahoney et al., 

2004).  For -actin, these primers amplify a PCR fragment of 135 base pairs.   

 
Real-Time PCR Amplification and Quantitation 
 

Two L of cDNA template, 12.5 L of iQ SYBR Green Supermix (Bio-Rad, 

Hercules, CA, USA), 1.5 L of the reverse primer reaction mixture, 1.5 L of the forward 

primer reaction mixture, and 7.5 L of nuclease-free water were added to each well.  

Each reaction was amplified using real-time quantitative PCR (iCycler IQ Real-Time 

PCR Detection System, Bio-Rad, Hercules, CA, USA).  The amplification profile was 

run for 40 cycles employing a denaturation step at 95 C for 30 seconds, primer annealing 

at 58 C for 30 seconds, and extension at 72 C for 30 seconds.  Fluorescence was 

measured after each cycle resulting from the incorporation of SYBR green dye into each 

amplicon.  The expression of mRNA was determined from the ratio of the CT values 

relative to -actin.  The specificity of the PCR was demonstrated with an absolute 

negative control reaction containing no cDNA template, and a single gene product was 

confirmed using DNA melt curve analysis.  Positive amplification of the amplicons were 

assessed with agarose gel electrophoresis illuminated with UV transillumination (Chemi-

Doc XRS, Bio-Rad, Hercules, CA, USA). 
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Skeletal Muscle PGC-1 1, PGC-1 2, PGC-1 3, PGC-1 4, IGF-1Ea, MGF, Myostatin, 
MHC I, MHC IIa, and MHC IIx mRNA Expression 
 
 From the 10 muscle tissue samples obtained at the 2 resistance exercise sessions, 

the mRNA expression of PGC-1 1, PGC-1 2, PGC-1 3, PGC-1 4, IGF-1Ea, MGF, 

myostatin, MHC I, MHC IIa, and MHC IIx genes were performed using real-time PCR 

based on our previously established guidelines.  Oligonucleotide primers were designed 

using Primer Express from known human mRNA sequences available online through the 

NCBI database.  The expression of mRNA was determined from the ratio of the CT 

values relative to -actin.  Delta changes from rest were expressed by subtracting the 

baseline -actin/target CT ratio from the -actin/target CT ratio for each time point.  The 

specificity of the PCR was demonstrated with an absolute negative control reaction 

containing no cDNA template, and single gene products confirmed using DNA melt 

curve analysis. 

 
Statistical Analyses 

 
 Dependent t-tests were performed to determine differences for dietary intake and 

time under tension between testing conditions.  Statistical analyses of mRNA expression 

were performed by utilizing separate 2 x 5 (intensity x time point) two-way repeated-

measures analyses of variance (ANOVA) for each criterion variable.  Significant within-

intensity and within-time differences were determined using Fisher’s Least Significant 

Difference post-hoc test.  If within-group assumption of sphericity was violated using 

Mauchly's Test of Sphericity, the Greenhouse-Geisser correction factor was used to 

evaluate observed within-group F-ratios to protect against Type I error.  Interaction 

effects were investigated using separate repeated-measures ANOVA for each intensity 
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and time point.  Effect size was measured using partial eta-squared (partial 2).  Based on 

the findings of pilot data within our lab, which determined PGC-1  mRNA expression to 

be significantly altered in response to resistance exercise (pre = 1.01 ± 0.03 arbitrary 

units (AUs), post = 1.09 ± 0.07 AUs), the sample size calculations for a two-tailed study 

design yielded a minimum sample size of 8 for each condition in order to attain a 

statistical power of 0.80. Therefore, to minimize the probability of making a type II error, 

10 males were recruited for this study. All statistical procedures were performed using 

IBM SPSS Statistics 19.0 software and a probability level of < 0.05 was adopted.  Data 

are presented as mean ± standard error (SE) 

 

Figure 1: Outline of Testing Sessions 
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CHAPTER FOUR 
 

Results 
 
 

Anthropometric and 1-RM Data 
 

 Physical, anthropometric, and 1-RM data describing the participants are expressed 

in Table 1. 

 
Table 1 

Anthropometric and 1-RM Data 
 

Variable Mean ± SE 

Age (years) 23.7 ± 0.9 

Height (cm) 178.8 ± 1.9 

Bodyweight (kg) 85.9 ± 9.2 

Body fat (%) 15.9 ± 1.2 

Lean mass (kg) 63.7 ± 2.0 

Fat mass (kg) 12.7 ± 1.3 

Leg Press 1-RM (kg) 440.5 ± 24.3 

Leg Press Relative Strength (1-RM/ BW) 5.2 ± 0.3 

Knee Extension 1-RM (kg) 76.8 ± 3.6 

Knee Extension Relative Strength (1-RM/ BW ) 0.9 ± 0.1 

Note: SE = standard error; cm = centimeters; kg = kilograms; % = 
percent; BW = bodyweight; 1-RM = one-repetition maximum. 
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Dietary Intake 
 

 Nine of the 10 participants recorded their food intake beginning the day prior to 

each exercise testing throughout the 48-hr PE time point; therefore statistical analyses 

were completed on food intakes without data from one participant.  Nutritional content of 

the protein bars ingested before each time point were included in the analyses.  Paired-

samples t tests revealed no significant differences for kilocalories, fat, carbohydrate, or 

protein intake between exercise sessions (p > .05).  Data for kilocalorie, fat, carbohydrate, 

and protein intake for each resistance exercise session are presented in Table 2.  

 
Table 2 

Dietary Intake of Participants  
 

Variable 50% Intensity 80% Intensity p-value 

Kilocalories (kcals/day) 2200.74 ± 195.81 2665.09 ± 328.55 .096 

Fat (g/day) 69.71 ± 9.68 85.71 ± 14.11 .153 

Carbohydrate (g/day) 280.09 ± 29.38 342.30 ± 45.27 .083 

Protein (g/day) 116.76 ± 13.15 135.12 ± 17.21 .204 
    

Note: All data are presented as mean ± standard error. g = grams; kcals = 
kilocalories. 

 
 

Volume Load and Time Under Tension 
 

 As planned, volume load for leg press and knee extension were identical between 

exercise sessions.  Additionally, as expected, time under tension for leg press and knee 

extension was significantly greater for the 50% intensity exercise session (leg press, p = 

.001; knee extension, p < .001).  However, time under tension per repetition was 

significantly greater for the 80% intensity session for the leg press (p = .010), but time 
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under tension per repetition did not differ between exercise intensities for knee extension 

(p = .512).  Data for volume load and time under tension for each resistance exercise 

session are presented in Table 3. 

 
Table 3 

Volume Load and Time Under Tension Data for Each Exercise Session 
 

Exercise Variable 50% Intensity  80% Intensity p-value

Leg Press 
Volume load (kg) 10570.9 ± 582.7 10570.9 ± 582.7 n/a 
TUT (s) 134.3 ± 7.8 100.0 ± 4.1 .001 
TUT/rep (s) 2.8 ± 0.2 3.3 ± 0.1 .010 

Knee Extension
Volume load (kg) 1843.6 ± 86.7 1843.6 ± 86.7  n/a 
TUT (s) 91.2 ± 6.1 59.8 ± 3.2 < .001 
TUT/rep (s) 1.9 ± 0.1 2.0 ± 0.1 .512 

     
Note: kg = kilograms; n/a = not applicable; s = seconds; TUT = time under tension; 
rep = repetition; % = percent. 

 
 

PGC-1  Isoform Expression 
 
 
PGC-1 1 mRNA Expression 
 
 The combined mRNA expression of PGC-1 1 at baseline and in response to each 

exercise session is presented in Figure 2.  The main effect of intensity revealed no 

statistically significant difference in PGC-1 1 mRNA expression between trials [F(1, 9) 

= .076, p = .790, partial 2 = .008]. The main effect of time demonstrated a statistically 

significant difference in PGC-1 1 mRNA expression between time points [F(4, 36) = 

6.286, p = .001, partial 2 = .411].  There was no statistically significant interaction 

between intensity and time for PGC-1 1 mRNA expression [F(4, 36) = 2.596, p = .053, 

partial 2 = .224].  Post-hoc analyses revealed no significant difference for PGC-1 1 
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mRNA expression between the baseline, 45-min PE, and 3-hr PE time points.  PGC-1 1 

mRNA expression was significantly reduced at 24-hr PE compared with baseline (p = 

.004) and 3-hr PE (p = .017) expression.  At 48-hr PE, PGC-1 1 mRNA expression was 

significantly reduced compared with expression at baseline (p = .002), 45-min PE (p = 

.045), and 3-hr PE (p = .003). 

 

 
Figure 2: PGC-1 1 mRNA expression ( -actin/PGC-1 1 Ct Ratio) for each time point. 
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle. * = significantly 
different from baseline. 
 
 
PGC-1 2 mRNA Expression 
 
 The combined mRNA expression of PGC-1 2 at baseline and in response to each 

exercise session is presented in Figure 3.  The main effect of intensity revealed no 

statistically significant difference in PGC-1 2 mRNA expression between trials [F(1, 9) 

= 4.489, p = .063, partial 2 = .333].  The main effect of time demonstrated a statistically 

significant difference in PGC-1 2 mRNA expression between time points [F(4, 36) = 
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25.129, p < .001, partial 2 = .736].  There was no statistically significant interaction 

between intensity and time for PGC-1 2 mRNA expression [F(4, 36) = 1.356, p = .268, 

partial 2 = .131].  Post-hoc analyses revealed no significant difference for PGC-1 2 

mRNA expression between the baseline, 24-hr PE, and 48-hr PE time points.  PGC-1 2 

mRNA expression was significantly increased at 45-min PE compared with baseline (p = 

.004), 24-hr PE (p = .002), and 48-hr PE (p = .004) expression.  Similarly, at 3-hr PE, 

PGC-1 2 mRNA expression was significantly increased compared with expression at 

baseline (p < .001), 24-hr PE (p < .001), and 48-hr PE (p < .001).  No significant 

difference was observed between the 45-min and 3-hr PE time points for PGC-1 2 

mRNA expression (p = .057).   

 

 
Figure 3: PGC-1 2 mRNA expression ( -actin/PGC-1 2 Ct Ratio) for each time point. 
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle.  * = significantly 
different from baseline. 
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PGC-1 3 mRNA Expression 
 
 The combined mRNA expression of PGC-1 3 at baseline and in response to each 

exercise session is presented in Figure 4.  The main effect of intensity revealed no 

statistically significant difference in PGC-1 3 mRNA expression between trials [F(1, 9) 

= 2.062, p = .185, partial 2 = .186]  The main effect of time demonstrated a statistically 

significant difference in PGC-1 3 mRNA expression between time points [F(4, 36) = 

5.563, p = .001, partial 2 = .382].  There was no statistically significant interaction 

between intensity and time for PGC-1 3 mRNA expression [F(4, 36) = .992, p = .424, 

partial  2 = .099].    Post-hoc analyses revealed PGC-1 3 mRNA expression 

significantly increased at 3-hr PE compared with all other time points (baseline, p = .002; 

45-min PE, p = .028; 24-hr PE, p = .004; 48-hr PE, p = .020).  Additionally, PGC-1 3 

mRNA expression was significantly increased at 48-hr PE compared with baseline (p = 

.033).  

 
PGC-1 4 mRNA Expression 
 
 The combined mRNA expression of PGC-1 4 at baseline and in response to each 

exercise session is presented in Figure 5.  The main effect of intensity revealed no 

statistically significant difference in PGC-1 4 mRNA expression between trials [F(1, 9) 

= 1.766, p = .217, partial 2 = .164].  Mauchly's test of sphericity indicated that the 

assumption of sphericity had been violated for time [ 2(9) = 18.383, p = .035]; therefore, 

a Greenhouse-Geisser correction was applied (  = 0.583).  The main effect of time 

demonstrated a statistically significant difference in PGC-1 4 mRNA expression between 

time points [F(2.33, 20.971) = 11.542, p < .001, partial 2 = .562].  There was no 

statistically significant interaction between intensity and time for PGC-1 4 mRNA 
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expression [F(4, 36) = 1.597, p = .196, partial 2 = .151].  Post-hoc analyses revealed 

PGC-1 4 mRNA expression to be significantly decreased at 45-min PE compared with 

baseline expression (p = .007).  At 3-hr PE, PGC-1 4 mRNA expression significantly 

increases above all other time points (baseline, p = .004; 45-min PE, p < .001; 24-hr PE, 

p < .001; 48-hr PE, p = .001).  At 24-hr PE, PGC-1 4 mRNA expression was comparable 

with expression at baseline (p = .056) and 45-min PE (p = .476). At 48-hr PE, PGC-1 4 

mRNA expression significantly decreased below baseline expression (p = .018); yet, 

remained similar to expression at 45-min PE (p = .462) and 24-hr PE (p = .901).   

 
 

Figure 4: PGC-1 3 mRNA expression ( -actin/PGC-1 3 Ct Ratio) for each time point. 
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle.  * = significantly 
different from baseline. 
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Figure 5: PGC-1 4 mRNA expression ( -actin/PGC-1 4 Ct Ratio) for each time point. 
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle.  * = significantly 
different from baseline. 

 
 

IGF-1, MGF, and Myostatin mRNA Expression 
 
 
IGF-1 mRNA Expression 
 
 The mRNA expression of IGF-1 at baseline and in response to each exercise 

session is presented in Figure 6.  The main effect of intensity revealed no statistically 

significant difference in IGF-1 mRNA expression between trials [F(1, 9) = .506, p = .495, 

partial 2 = .053].  The main effect of time demonstrated no statistically significant 

difference in IGF-1 mRNA expression between time points [F(4, 36) = .772, p = .551, 

partial 2 = .079].  However, a statistically significant interaction between intensity and 

time for IGF-1 mRNA expression was observed [F(4, 36) = 2.929, p = .034, partial 2 = 

.246].  Further analyses revealed no significant difference between time points on IGF-1 

mRNA concentration for the 50% intensity exercise trial [F(4, 36) = .383, p = .819, 

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

Baseline 45-min PE 3-hr PE 24-hr PE 48-hr PE

-a
ct

in
/P

G
C

-1
4 

C
t R

at
io

Time

50% Intensity
80% Intensity

*

* *



67 

partial 2 = .041].  Conversely, a statistically significant difference for IGF-1 mRNA 

expression between time points existed for the 80% intensity exercise session [F(4, 36) = 

2.801, p = .040, partial 2 = .237].  Pairwise comparisons between time points for the 

80% intensity exercise session revealed IGF-1 mRNA expression to be significantly 

higher at 24-hr PE compared with baseline expression (p =  .041).  Repeated-measures 

ANOVA between intensities for each time point further revealed IGF-1 mRNA 

expression to be significantly higher at 24-hr PE during the 80% intensity exercise 

session compared with the same time point during the 50% intensity exercise session 

[F(1, 9) = 12.831, p = .006, partial 2 = .588]. 

 

Figure 6: IGF-1 mRNA expression ( -actin/IGF-1 Ct Ratio) for each time point by 
exercise intensity. hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle.   
# = significantly different between intensities at time point.  * = significantly different 
from baseline for 80% intensity
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MGF mRNA Expression 
 
 The combined mRNA expression of MGF at baseline and in response to each 

exercise session is presented in Figure 7.  The main effect of intensity revealed no 

statistically significant difference in MGF mRNA expression between trials [F(1, 9) = 

.132, p = .724, partial 2 = .014].  The main effect of time demonstrated no statistically 

significant difference in MGF mRNA expression between time points [F(4, 36) = .754, p 

= .562, partial 2 = .077].  Additionally, there was no statistically significant interaction 

between intensity and time for MGF mRNA expression [F(4, 36) = 1.393, p = .256, 

partial 2 = .134].   

 

 
Figure 7: MGF mRNA expression ( -actin/MGF Ct Ratio) for each time point.              
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle. 
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Myostatin mRNA Expression 

 The combined mRNA expression of myostatin at baseline and in response to each 

exercise session is presented in Figure 8.  The main effect of intensity revealed no 

statistically significant difference in myostatin mRNA expression between trials [F(1, 9) 

= 3.994, p = .077, partial 2 = .307].  The main effect of time demonstrated a statistically 

significant difference in myostatin mRNA expression between time points [F(4, 36) = 

14.835, p < .001, partial 2 = .622].  There was no statistically significant interaction 

between intensity and time for myostatin mRNA expression [F(4, 36) = 1.192, p = .331, 

partial 2 = .117].  Post-hoc analyses revealed myostatin mRNA expression to be 

significantly decreased at all time points compared with baseline expression (45-min PE, 

p = .001; 3-hr PE, p = .006; 24-hr PE, p < .001; 48-hr PE, p < .001).  At 45-min and 3-hr 

PE, myostatin mRNA expression was similar, p = .956.  At 24-hr PE, myostatin mRNA 

expression significantly decreased compared with 45-min PE (p = .017) and 3-hr PE (p = 

.001) expression.  At 48-hr PE, myostatin mRNA expression stayed significantly 

decreased below expression at 3-hr PE (p = .012); yet, was similar to expression at 45-

min PE (p = .100) and 24-hr PE (p = .085).  Paired-samples t tests of delta scores, 

representing the change in myostatin mRNA expression from baseline at each time point, 

revealed no significant difference between intensities (p > .05). 

 
MHC Isoform mRNA Expression 

 
 
MHC I mRNA Expression 
 
 The combined mRNA expression of MHC I at baseline and in response to each 

exercise  session  is   presented  in  Figure 9.  The  main  effect  of  intensity  revealed  no   



70 

Figure 8: Myostatin mRNA expression ( -actin/Myostatin Ct Ratio) for each time point. 
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle. * = significantly 
different from baseline. 
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Figure 9: MHC I mRNA expression ( -actin/MHC I Ct Ratio) for each time point. hr = 
hours; min = minutes; PE = post-exercise; Ct = threshold cycle. * = significantly different 
from baseline. 
 
 
MHC IIa mRNA Expression 
 
 The combined mRNA expression of MHC IIa at baseline and in response to each 

exercise session is presented in Figure 10.  The main effect of intensity revealed no 

statistically significant difference in MHC IIa mRNA expression between trials [F(1, 9) < 

.001, p = .998, partial 2 < .001].  The main effect of time demonstrated a statistically 

significant difference in MHC IIa mRNA expression between time points [F(4, 36) = 

5.171, p = .002, partial 2 = .365].  There was no statistically significant interaction 

between intensity and time for MHC IIa mRNA expression [F(4, 36) = .870, p = .491, 

partial 2 = .088].  Pairwise comparisons revealed MHC IIa mRNA expression to be 

significantly decreased at all time points compared with baseline expression (45-min PE, 

p = .005; 3-hr PE, p = .047; 24-hr PE, p < .001; 48-hr PE, p < .001).  MHC IIa mRNA 

1.35
1.40
1.45
1.50
1.55
1.60
1.65
1.70
1.75
1.80
1.85

Baseline 45-min PE 3-hr PE 24-hr PE 48-hr PE

-a
ct

in
/M

H
C

 I 
C

t R
at

io

Time

50% Intensity
80% Intensity

*

*

*



72 

expression did not significantly differ between the 45-min PE, 3-hr PE, 24-hr PE, and 48-

hr PE time points (p > .05).  

 

 
Figure 10: MHC IIa mRNA expression ( -actin/MHC IIa Ct Ratio) for each time point. 
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle.  * = significantly 
different from baseline. 
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significantly decreased at all time points compared with baseline expression (45-min PE, 

p = .003; 3-hr PE, p = .011; 24-hr PE, p < .001; 48-hr PE, p < .001).  MHC IIx mRNA 

expression does not significantly differ between the 45-min PE, 3-hr PE, and 24-hr PE 

time points (p > .05).  At 48-hr PE, MHC IIx mRNA expression is similar to expression 

at 45-min PE (p = .080); however, 48-hr PE expression is significantly reduced compared 

to the 3-hr PE (p = .001) and 24-hr PE (p = .018) time points.  

 

 
Figure 11: MHC IIx mRNA expression ( -actin/MHC IIx Ct Ratio) for each time point. 
hr = hours; min = minutes; PE = post-exercise; Ct = threshold cycle.  * = significantly 
different from baseline. 
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CHAPTER FIVE 
 

Discussion 
 
 

Introduction 
 
 Many of the adaptations resulting from repeated resistance exercise bouts, such as 

increased lean body mass and strength, are possible because of the high degree of 

plasticity of skeletal muscle in response to stress.  Different resistance training stimuli 

can result in varying molecular responses ultimately leading to skeletal muscle 

adaptations specific to the type of resistance exercise performed (Campos, et al., 2002).  

Prescription of resistance exercise allows for purposeful manipulation of resistance 

exercise stimuli (i.e. training variables) including intensity, volume load, and time under 

tension.  Modification of any one of these variables may result in differential training 

adaptations.  However, manipulation of just one training variable is usually impossible 

making the study of the specific effects of each training variable on the resulting 

molecular responses and adaptations difficult. 

 One molecular mechanism through which resistance exercise drives skeletal 

muscle tissue adaptation is via modulation of gene transcription, thus, influencing the 

type and quantity of mRNA transcripts produced.  In fact, one study identified that the 

altered transcription rate of as many as 661 genes in response to resistance exercise were 

correlated with gains of muscular size and strength (Raue et al., 2012).  PGC-1 , a 

protein associated with endurance exercise adaptations such as mitochondrial biogenesis, 

has recently been determined to have multiple isoforms formed through transcription 

initiation from an alternate promoter region and alternative splicing of the resulting 



75 

primary transcript.  Ruas et al. (2012) demonstrated a particular splice variant, PGC-1 4, 

to be important for skeletal muscle hypertrophy stimulating interest in the role of this 

protein in resistance exercise adaptations.  Additionally, evidence from their study 

suggests PGC-1 4 to be involved in the regulation of IGF-1, myostatin, and MHC 

expression.  Therefore, the present study was designed to observe the effect of resistance 

exercise intensity on the acute mRNA expression of the novel PGC-1  splice variants 

throughout a 48-hr PE recovery period in previously resistance-trained men.  A 

secondary purpose of the current study was to determine if resistance exercise intensity 

differentially affects mRNA expression of genes potentially regulated by PGC-1  (IGF-

1Ea, MGF, myostatin, and MHC isoforms). 

 
Participants 

 
 Participants of the present study were previously resistance-trained young men 

with a mean age of 23.7 ± 0.9 (± SE) years, mean body weight of 85.9 ± 9.2 kg, and 

mean body fat percentage of 15.9 ± 1.2%.  Evidence suggests acute mRNA expression 

may be altered based on training status; therefore, it is important that all subjects were 

appropriately resistance-trained prior to the study to ensure homogeneity of the sample 

population.  For this study, the participants reported a mean ± SE resistance training age 

of 6.6 ± 0.8 years.  To better define the resistance training status of the participants, an 

effort was made to determine the effectiveness of the participants’ resistance training 

history in addition to the duration of resistance training experience. However, 

effectiveness of a training program is difficult to determine based on body weight and 

body fat percentage alone as there are no universally agreed upon norms for physical 

fitness based on body composition.  Additionally, optimum body composition is heavily 
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influenced by diet and may be obtained through means other than resistance training.  In 

contrast, relative strength may be a suitable indicator of resistance training history 

because of its ability to measure muscular strength, a known adaptation to resistance 

training, without the influence of body mass.  For the current study, relative strength 

measurement on the leg press exercise (calculated as maximal leg press divided by body 

weight) demonstrated the average relative strength score to be 5.2 ± 0.3.  For comparison, 

the Fitness Institute of Texas at The University of Texas at Austin has compiled leg press 

norms for 18 to 29 year old men using a 45° leg press machine similar to the one 

employed in the current study (Fitness Institute of Texas, 2011).  According to their data, 

a relative strength value of 4.84 or above ranks a male between 18 and 29 years of age at 

the 90th percentile or above.  Therefore, the observed average relative strength value of 

5.2 for the current study suggests the participants were well-trained, thus fitting the 

criterion for the study.  Furthermore, the lowest relative strength leg press score by a 

participant in the current study (3.83) ranked between the 50th and 60th percentile, hence 

all participants were above average for relative strength as measured by the leg press 

exercise. 

 
Volume Load and Time Under Tension  

 Volume load was identical for each exercise session.  As expected, time under 

tension was greater for the 50% intensity exercise session as a function of the greater 

amount of repetitions needed to attain the volume load of the 80% session.  In contrast, 

time under tension per repetition was greater for the 80% exercise session for the leg 

press exercise.  The difference, although statistically significant, was relatively small (2.8 

± 0.2 versus 3.3 ± 0.2 seconds on average) and was likely of little physiological 
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significance.  No difference in time under tension per repetition was observed between 

intensities for the knee extension.  

 
PGC-1  Isoforms 

  
 The current study was designed to fill gaps in the current literature regarding the 

temporal expression of PGC-1  splice variants in response to resistance exercise.  At 

each time point, PGC-1 1 was the most abundantly expressed PGC-1  variant.  

However, whereas transcription of PGC-1 2, PGC-1 3, and PGC-1 4 was stimulated by 

resistance exercise, PGC-1 1 remained unresponsive.  In fact, a decrease in PGC-1 1 

expression was observed at 24-hr and 48-hr PE.  In contrast, expression of PGC-1 2, 

PGC-1 3, and PGC-1 4 isoforms increased with the greatest expression measured at 3-hr 

PE for all three isoforms.  Additionally, the pattern of expression for these isoforms was 

not affected by resistance exercise intensity.  Unlike PGC-1 2 and PGC-1 3, PGC-1 4 

expression experienced an initial decrease at 45-min PE before peaking in expression at 

3-hr PE.  After peaking at 3-hr PE, expression of PGC-1 4 mRNA decreased to below 

baseline levels at 48-hr PE. 

 As more data become available, it is becoming evident that PGC-1 1 is the least 

responsive splice variant to exercise stress.  The results of Nader et al. (2014) and the 

current study observed no increase of PGC-1 1 compared with control or baseline values, 

respectively.  In fact, both studies demonstrated a decrease in PGC-1 1 as a result of 

exercise suggesting that the response of PGC-1  splice variants to exercise is regulated 

chiefly via the upstream promoter (exon 1b).  Conversely, Ydfors et al. (2013) 

demonstrated an increase of PGC-1 1 mRNA expression in response to both endurance 

and resistance exercise, yet the responses were less robust compared to the other PGC-1  
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isoforms studied.  Surprisingly, besides the findings reported by Ydfors and colleagues, 

investigations of PGC-1 1 response to endurance exercise are, predominantly, in 

concordance with the results of resistance exercise stress (Chinsomboon et al., 2009; 

Miura et al., 2008).  Endurance exercise has consistently resulted in robust expression of 

PGC-1  isoforms originating from the exon 1b promoter with little response from PGC-

1 1.  However, the results of one study suggest PGC-1 1 expression is increased in 

response to very high-intensity endurance exercise (Tadaishi et al., 2011).  More studies 

are required to determine the exercise conditions required to stimulate expression of 

PGC-1 1 to better elucidate its role in exercise adaptations. 

 PGC-1 2 and PGC-1 3 are believed to be associated with skeletal muscle 

adaptations in oxidative energy metabolism as a result of exercise (Ruas et al., 2012).  

Fittingly, these isoforms are expressed in response to endurance exercise, particularly 

PGC-1 2 (Chinsomboon, et al., 2009; Miura et al., 2008; Yoshioka, et al., 2009).  More 

recently, it has been demonstrated that these isoforms are also responsive to resistance 

exercise.  In fact, PGC-1 2 was the isoform most strongly induced by resistance exercise 

in the current study.  After exercise, PGC-1 2 was increased to levels equivalent to that 

of PGC-1 1 at 3-hr PE before quickly returning to baseline levels at 24-hr PE.  

Additionally, Nader et al. (2014) observed that the acute expression of these isoforms in 

response to resistance exercise is enhanced in previously resistance-trained skeletal 

muscle versus untrained muscle.   

 In agreement with the results of this study, other studies have observed PGC-1 2 

and PGC-1 3 to be weakly expressed under resting conditions (Nader et al., 2014).  This 

observation suggests these isoforms contribute little to the constitutive activity of the cell, 
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but may play a large role in exercise adaptations.  Previous hypotheses presumed that, 

since these isoforms are coupled to adaptations of oxidative metabolism, they must be 

preferentially induced by endurance exercise (Ydfors et al., 2013).  However, as evidence 

has demonstrated, resistance exercise is a powerful stimulator of their transcription 

suggesting the adaptive processes in which they are involved may be more complex than 

previously expected (Nader et al., 2014; Ydfors et al., 2013). 

Direct comparison of studies investigating PGC-1 4 expression in response to 

exercise is particularly difficult because of major differences in their design.  Adding to 

this difficulty are the conflicting results reported.  Consequently, the conditions 

stimulating PGC-1 4 expression, as well as the time course of its expression, after an 

acute bout of resistance exercise remain unclear.  Ruas et al. (2012) reported PGC-1 4 

mRNA expression to be significantly increased, compared with pre-training baseline 

expression, 48-hr after the last resistance exercise bout following an 8-week training 

protocol (found in response to both resistance training alone and combined endurance and 

resistance training).  In the current study, acute PGC-1 4 expression following a 

resistance exercise bout in resistance-trained individuals was triphasic: initially 

decreasing to below baseline levels at 45-min PE, increasing at 3-hr PE, and then 

decreasing back to below baseline levels at 48-hr PE.  These results are surprising 

because they are in contrast to the increase in expression observed by Ruas et al. at the 

48-hr PE time point.  One possible explanation for the contrasting observations is that 

Ruas et al. compared 48-hr PE expression to pre-training baseline levels and not baseline 

expression prior to the final acute exercise bout.  Therefore, it may be that successive 

acute resistance exercise bouts lead to an increased cumulative baseline expression of 
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PGC-1 4 in resistance-trained skeletal muscle.  However, this interpretation is 

problematic as expression of PGC-1 4 at 48-hr PE in the current study was decreased 

compared with baseline. 

Nader et al. (2014) observed greater expression of PGC-1 4 4 hours after an acute 

resistance exercise bout in previously resistance-trained limbs versus non-resistance-

trained limbs subjected to the same exercise bout.  These results suggest an enhanced 

response of PGC-1 4 expression in previously resistance-trained limbs to an acute bout 

of resistance exercise.  However, post-exercise expression was compared to that of 

control limbs limiting the temporal interpretation of these results.  In comparison, Ydfors 

et al. (2013) observed an increase in PGC-1 4 mRNA 2 hours after acute endurance or 

resistance exercise in previously untrained participants.  In the current study, PGC-1 4 

expression was induced at 3-hr PE in response to both resistance exercise bouts.  

Unfortunately, the study by Ydfors et al. and the current study did not compare temporal 

expression with previously trained or previously untrained individuals, respectively.  

Thus, direct comparison of temporal responses of this isoform to acute exercise between 

groups of trained and untrained individuals is needed to accurately determine the effect of 

training status on its expression. 

 
IGF-1Ea and MGF 

 IGF-1Ea expression was affected differentially depending on the intensity of 

resistance exercise performed.  At 24-hr PE, IGF-1Ea expression was greater for the 80% 

intensity exercise session compared with baseline expression and expression at the same 

time point following the 50% intensity exercise bout.  For MGF mRNA expression, 

changes from baseline were non-significant; however, the magnitude of change (delta 
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score) between the 48-hr PE time point and baseline was greater following the 80% 

intensity exercise session compared with the 50% intensity session.  In contrast to the 

current findings, an earlier study investigating the effects of differing resistance exercise 

intensities found no difference in IGF-1Ea or MGF expression attributable to exercise 

intensity (Wilborn, et al., 2009).   

A few key differences exist between the current study and the study by Wilborn 

and colleagues (2009) that may explain the dissimilar results.  The current study included 

time points at 24-hr and 48-hr PE, and it was at these time points where the effect of 

intensity was observed.  The last time point observed by Wilborn and associates was 6-hr 

PE, making it possible an unobserved difference in expression occurred later in the post-

exercise period.  Another difference between the studies was the volume load for each 

session. In the current study, the volume load for each exercise bout was identical, 

whereas in the other study volume load was significantly greater for the lower-intensity 

exercise bout.  Therefore, it could be possible that difference in mRNA expression of 

IGF-1Ea as a result of exercise intensity are observed if volume load is equal, but that 

increasing volume of a lower-intensity protocol negates any differences based on 

intensity alone.  Additionally, exercise intensities for the current study were 50% and 

80% of 1-RM differing from the 60 to 65% and 80 to 85% of 1-RM employed by 

Wilborn and colleagues; therefore, the difference between intensities for their study may 

not have been large enough to elicit a differential response. 

Interestingly, Wilborn et al. (2009) observed an increase in IGF-1Ea and MGF at 

2-hr PE whereas changes were not seen in the current study until at least the 24-hr PE 

time point.  The difference in these results, at least for IGF-1Ea, may partially be 
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explained by the training status of the participants for each study.  In the current study, 

the participants were previously resistance-trained men whereas participants of the 

Wilborn et al. study were untrained.  Most studies quantifying acute expression of IGF-

1Ea in response to resistance exercise using untrained individuals observe no change in 

IGF-1Ea expression (Aperghis et al., 2009; Bamman, et al., 2007; Hameed, et al., 2003; 

Hameed, et al., 2008; Petrella, et al., 2006; Roberts, et al., 2010).  Some studies of 

untrained individuals do report an increase in IGF-1Ea mRNA at various time points 

post-exercise, yet when expression is observed it does not appear to follow a consistent 

pattern (Bamman et al., 2001; Greig, et al., 2006; McKay, et al., 2008; Wilborn, et al., 

2009).  Conversely, and in agreement to the results of the current study, a consistent up-

regulation of IGF-1Ea mRNA expression is observed 24-hr to 48-hr after a resistance 

exercise bout in resistance-trained individuals as reported by multiple trials (Ahtiainen, et 

al., 2011; Bamman, et al., 2007; Hameed, et al., 2003; Petrella, et al., 2006).  In contrast 

to IGF-1Ea, MGF expression after each exercise bout in the current study did not differ 

from baseline expression; however, the magnitude of change in expression after the 

higher-intensity exercise was greater compared with lower-intensity expression 

suggesting a potential effect of intensity on skeletal muscle production of MGF.  

 PGC-1 4 mRNA expression was similar in response to both exercise intensities.  

If PGC-1 4 protein synthesis patterns follow the same pattern of its mRNA expression 

after resistance exercise, then its expression would not explain the divergent responses of 

IGF-1Ea and MGF mRNA expression between the two exercise intensities.  However, 

translational regulation of protein synthesis is highly complex and transcriptional rate 

and/or mRNA content does not necessarily reflect protein content.  Ruas et al. (2012) 
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implicated PGC-1 4 as a putative regulator of IGF-1 expression in skeletal muscle, and 

the results of the current study do not refute this finding.  Yet, the results of the current 

study suggest that acute transcriptional regulation of PGC-1 4 in response to resistance 

exercise is not directly linked to transcription of IGF-1 splice variants.  Alternatively, 

divergent post-translational modifications to PGC-1 4 as a result of different resistance 

exercise intensities may potentially regulate the involvement of PGC-1 4 in IGF-1 

expression. Research investigating direct PGC-1 4 protein involvement in the 

transcriptional regulation of IGF-1 splice variants in response to resistance exercise is 

needed to elucidate the importance of PGC-1 4 in this regard. 

 
Myostatin 

 Myostatin mRNA expression was strongly diminished at all time points following 

exercise with no differences attributable to exercise intensity.  Previous studies assessing 

myostatin mRNA expression suggest that an “intensity threshold” must be met in order to 

reduce myostatin expression, with resistance exercise above that “intensity threshold” 

(Agergaard, et al., 2013; Laurentino, et al., 2012; Wilborn, et al., 2009).  Observations of 

myostatin expression in response to two separate resistance exercise protocols with 

intensity workloads of 16% and 70% of 1-RM resulted in an attenuation of myostatin for 

only the 70% intensity condition (Agergaard, et al., 2013).  Likewise, after resistance 

exercise with 20% or 80% of 1-RM, only the 80% intensity was capable of attenuating 

myostatin mRNA expression (Laurentino, et al., 2012).  However, a specific exception is 

low-intensity resistance exercise under conditions of blood flow restriction.  At 20% of 1-

RM with blood flow restriction state; myostatin expression was attenuated more so than 

in response to an 80% intensity session (Laurentino, et al., 2012).  Wilborn and 
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colleagues (2009) observed that myostatin expression was reduced equally at 6-hr PE in 

response to resistance exercise at 60 to 65% and 80 to 85% of 1-RM despite differences 

in volume load.  However, it is also possible that the intensities were too similar to 

stimulate a differential response.  The finding of no difference in expression between 

intensities for the current study are in agreement with those of Wilborn et al., even with 

equal volume load and an approximately 10% greater difference in resistance exercise 

intensity between sessions.  Further research is warranted to decipher approximately what 

intensity threshold must be met in order to attenuate myostatin gene expression, if such a 

threshold exists.   

Results of many previous studies observing the dynamics of myostatin mRNA 

expression suggest that resistance exercise training enhances the decrease in mRNA 

expression of myostatin in response to an acute resistance exercise bout (Hulmi, et al., 

2007; Kim, et al., 2007; Laurentino et al., 2012; Lundberg, Fernandez-Gonzalo, 

Gustafsson, & Tesch, 2013); although, not all studies agree (Willoughby, 2004).  The 

results of the current study may lend more evidence to this scenario; however, this 

statement is made with caution as the results of the current study lack a direct comparison 

between resistance-trained and non-resistance-trained individuals.  Ruas et al. (2012) 

demonstrated that PGC-1 4 contains a distinct N-terminal sequence important in 

allowing the protein to accumulate in skeletal muscle tissue.  Additionally, PGC-1 4 

overexpression is associated with repressive epigenetic modifications in proximity of the 

myostatin gene.  Resistance exercise training may result in an accumulation of PGC-1 4 

protein making previously trained skeletal muscle capable of diminishing myostatin 
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mRNA expression to a much greater degree than in untrained skeletal muscle without 

PGC-1 4 accumulation. 

 
MHC Isoforms 

 MHC proteins are the most abundant protein in skeletal muscle, comprising 

approximately 25% of total protein content (Zwetsloot, Laye, & Booth, 2009). MHC 

protein function allows for the contractile force-generating properties of skeletal muscle. 

In human skeletal muscle, the three predominant MHC isoforms expressed are MHC I, 

MHC IIa, and MHCIIx.  Generally, exercise stimulates a shift of MHC gene expression 

toward a more oxidative phenotype (MHC IIx  MHC I), whereas unloading of skeletal 

muscle generally results in a shift toward expression of MHC IIx (Zwetsloot et al., 2009).  

It is believed that the shift in MHC phenotype is a result of various contractile, hormonal, 

and metabolic factors that stimulate the skeletal muscle fiber to adapt to new 

physiological demands (Zwetsloot et al., 2009).   

 PGC-1a has been implicated in the control of phenotypical distribution of MHC 

isoforms in skeletal muscle (Lin et al., 2002).  In fact, PGC-1 4 transgenic mice result in 

muscle phenotypes characterized by functional hypertrophy and a shift in MHC isoform 

expression away from IIb toward IIa and IIx compared to wild type mice (Ruas et al., 

2012).  Previous investigations of transcriptional MHC expression in response to 

resistance exercise in humans have demonstrated an increase in all MHC mRNA 

isoforms (Willoughby & Nelson, 2002; Willoughby & Rosene, 2001).  Other studies 

have reported a decrease in some MHC mRNA expression, and an increase or no change 

in others (Liu, Lormes, & Reibnecker et al., 2003; Liu, Schlumberger, & Wirth et al., 

2003).   Interestingly, and in contrast to previous data, the results of the current study 
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demonstrated a decrease in all isoforms of MHC at all time points following both 

resistance exercise intensities.  Despite the decrease in mRNA expression, the relative 

proportion of each isoform remained relatively unchanged.  These results are surprising, 

and may be a function of the training status of the individuals.  Previous studies have 

compared chronic changes in mRNA transcript at rest before and after training (Liu, 

Lormes, & Reibnecker et al., 2003; Liu, Schlumberger, & Wirth et al., 2003), acute 

changes in untrained individuals to one exercise bout (Willoughby & Nelson, 2002), the 

acute expression after a resistance exercise bout compared with baseline expression 

(Willoughby & Rosene, 2001).  Thus, the current study may be the only data available 

regarding acute responses of MHC mRNA expression to resistance exercise in well-

trained individuals.  More research is needed to determine if resistance training results in 

a distinct MHC mRNA transcript response compared with the response in untrained 

individuals.    

 
Conclusions and Future Directions 

 Resistance exercise has been demonstrated to induce transcription of PGC-1 .  

Most previous studies of PGC-1  transcriptional expression in response to exercise fail to 

differentiate between the various splice variants.  The results of this study, and similar 

studies, propose the transcriptional response of the various PGC-1  isoforms are distinct 

and must be accounted for when investigating PGC-1  expression.  Resistance exercise 

intensity, when performed at equal volume load, does not influence the temporal 

transcription pattern of PGC-1  splice variants in resistance-trained young men.  

Additional studies are needed to determine if differences in prominent variables of 

resistance exercise prescription other than intensity level, such as volume load, influence 
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the acute expression of PGC-1  splice variants.  In addition to transcriptional expression, 

future investigations should explore the translational expression of these PGC-1  

isoforms to determine their role in resistance exercise adaptations.  Of particular interest, 

the potential role of PGC-1 4 in epigenetic repression of myostatin should be explored. 

 Interestingly, resistance exercise at 80% of 1-RM increased the quantity of IGF-1 

and MGF mRNA expression, whereas this response was not observed following the 50% 

intensity exercise session.  Future research is needed to determine if these differences 

exist at the translational level of expression after chronic resistance training.  If 

preferential accumulation of these peptides occurs in response to one resistance exercise 

intensity, observations of associated skeletal muscle adaptations will help to elucidate the 

role of these growth factors in skeletal muscle hypertrophy. 

 Expression of all 3 MHC isoforms decreased following both resistance exercise 

sessions.  Previous research has demonstrated an increase in of all or some of the MHC 

isoforms following resistance exercise.  One possible explanation for these differential 

results may be the training status of the participants.  Direct comparisons of MHC 

isoform mRNA expression in response to resistance exercise between trained and 

untrained should be explored. 

 In conclusion, transcription of the genes observed in this study may be an 

essential response to resistance exercise stress.  More research is needed to determine if 

their expression is altered on the translational level.  Additionally, epigenetic approaches 

are needed to assess the influence of PGC-1 4 on the regulation of genetic expression in 

response to resistance exercise in humans. 
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APPENDIX A 
 

Informed Consent Form 
 
 

BAYLOR UNIVERSITY 
 

Department of Health, Human Performance, & Recreation 
 

Informed Consent Form 
 
Title of Investigation:     Relation of the Gene Expression of PGC-1alpha Isoforms with the 

Gene Expression of Proteins Involved in the Regulation of Muscle 
Size and Function in Response to Two Resistance Exercise 
Intensities 

   
Principal Investigator:   Darryn S. Willoughby, Ph.D.  
                                          Department of HHPR, Baylor University  
 
Co-investigators:             Peter W. Grandjean, Ph.D. 
         Department of HHPR, Baylor University 
 
              Brian Leutholtz, Ph.D. 
         Department of HHPR, Baylor University 

 
      Neil Schwarz, M.S.  

         Department of HHPR, Baylor University  
 
Sponsors:        Exercise and Biochemical Nutrition Lab (Baylor University) 
 
Rationale: 
 
Exercise training results in skeletal muscle adaptations deemed beneficial to one’s health.  
The mediators of these adaptations are proteins that are often manufactured locally within 
the exercised skeletal muscle.  One such protein, peroxisome proliferator-activated 
receptor  coactivator-1  (PGC-1 ), was first discovered in brown fat cells and has since 
been shown to be responsible for many of the positive adaptations associated with 
aerobic exercise.   
 
During aerobic exercise, certain proteins are activated within the exercised skeletal 
muscle allowing for generation of PGC-1  mRNA from its gene within DNA located in 
the nucleus of the muscle fibers.  PGC-1  mRNA can be used to create PGC-1  proteins 
that, in turn, facilitate a number of the adaptations occurring in skeletal muscle in 
response to exercise.  For many years, the gene for PGC-1  was thought to be activated 
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exclusively by aerobic/endurance exercise.  Recently, it has been realized that the PGC-
1  gene is activated by resistance exercise, as well.  Although the same PGC-1  gene is 
activated, resistance exercise generates a different type of PGC-1  protein by creating 
PGC-1  mRNA from a different location on the PGC-1  gene.  Because of this 
discovery, the PGC-1a protein created by aerobic exercise has been named PGC-1 1 and 
the protein created by resistance exercise has been named PGC-1 4.   
 
Although the functions and expression of PGC-1 1 have been heavily investigated with 
regard to aerobic exercise, the functions and expression pattern of PGC-1 1 and PGC-
1 4 in response to resistance exercise remain relatively unknown.  It has been suggested 
that PGC-1 4 is responsible for inducing a protein known as insulin-like growth factor-1 
(IGF-1), which is associated with increased muscle size and strength.  Also, PGC-1 4 
may inhibit myostatin, which is a protein known for its ability to limit muscle size and 
strength.   
 
Although mostly associated with aerobic exercise, PGC-1 1 has been found to be 
expressed by resistance exercise and may induce adaptations in skeletal muscle similar to 
those seen with aerobic exercise, but to a lesser degree. For instance, PGC-1 1 helps to 
generate mitochondria (the “power house” of the cell) production in response to aerobic 
exercise to help the muscle create more energy to do work.  This same effect may occur 
after resistance training as well to help the muscle create enough energy once it is bigger 
in size as a result of resistance training.  PGC-1 1 may also affect visible characteristics 
(phenotype) of the muscle cell that are vital to muscle function.  It has been known for 
quite a while that resistance exercise causes a change in the expression of muscle proteins 
known as myosin heavy chain (MHC).  In humans, MHC proteins exist as three general 
types: I, IIa, and IIx.  Resistance exercise causes muscles to produce more proteins of the 
MHC I and MHC IIa variety, and less of the MHC IIx variety.  It is possible that PGC-
1 1 may play a role in the shift of MHC protein production.  Lastly, recent research has 
revealed a new hormone produced by skeletal muscle known as irisin.  Irisin is produced 
by skeletal muscle using a protein named FNDC5.  This process occurs as a result of 
PGC-1 1 protein activity.  Once irisin is released into the blood stream, it may play a role 
in increasing heat production by the body.  Very little has been studied about irisin in 
relation to resistance exercise. 
 
The purpose of this study is to define the expression of PGC-1 1 and PGC-1 4 mRNA in 
response to two resistance exercise intensities in order to further clarify the exercise 
conditions needed for an up-regulated synthesis of PGC-1  proteins.  IGF-1, myostatin, 
MHC I, MHC IIa, MHC IIx, and FNDC5 mRNA expression will also be assessed in 
order to determine if there are any associations between the exercise conditions needed 
for their expression and PGC-1 1 and PGC-1 4.  Serum irisin concentration will be 
measured to see if resistance exercise stimulates a release of this hormone into the blood. 
 
Description of the Study: 
 
I will be one of 10 to 15 apparently healthy, recreationally resistance-trained males 
between the ages 18 to 30 who will participate in this study.  I understand that I will be 
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required to visit the laboratory seven times during the course of the study in the following 
manner: visit 1 = entry/familiarization session, visit 2 = testing/resistance exercise 
session 1, visit 3 = 24 hour follow-up for session 1, visit 4 = 48 hour follow-up for 
session 1, visit 5 = testing/resistance exercise session 2, visit 6 = 24 hour follow-up for 
session 2, visit 7 = 48 hour follow-up for session 2.  Relative to the 2 testing sessions, I 
will perform a resistance exercise session involving the squat exercise, leg press exercise, 
and knee extension exercise on two occasions separated by seven to ten days.  One 
session will constitute the moderate-intensity resistance exercise session and the other 
session will constitute the high-intensity resistance exercise session using three minute 
rest periods.  At each of the 7 visits, I will have my heart rate and blood pressure 
assessed.  At visits 2 through 7, I will also have blood and muscle samples obtained. 
 
During an initial familiarization session (visit 1), I will be informed of the requirements 
of the study and sign an informed consent statement in compliance with the Human 
Subjects Guidelines of Baylor University and the American College of Sports Medicine. 
A trained individual will examine me to determine if I am qualified to participate in this 
study. If I am cleared to participate in the study, I will be familiarized to the testing 
procedures and will then undergo assessments for body composition and muscle strength. 
This session will take approximately 60 to 90 minutes to complete. Once I complete the 
familiarization session, I will be scheduled for the first resistance exercise session (visit 
2).  
  
During the familiarization session, I understand that I will have my maximum muscle 
strength determined for the squat, leg press, and knee extension exercises.  I will warm up 
by completing 5 to 10 repetitions with a very light weight and then complete 3 to 5 
repetitions with a heavier weight.  The weight will then be increased conservatively, and I 
will attempt to lift the weight for one repetition.  If the lift is successful, I will rest for 2 
minutes before attempting the next weight increment.  This procedure will be continued 
until I fail to complete the lift.  My maximum strength will be recorded as the maximum 
weight I am able to lift for one repetition. One or two practice sets will be performed for 
each exercise with the weight to be prescribed for each exercise testing session to make 
sure I am able to complete the study.  In addition, I will have my body composition (body 
fat and muscle mass) determined using dual-energy x-ray absorptiometry (DEXA). The 
DEXA body composition test will involve me lying down on my back in a comfortable 
position in a pair of shorts/t-shirt.  A low dose of radiation will then scan my entire body 
for approximately 6 minutes. Radiation exposure from the DEXA is approximately 1.5 
mR per scan. This is similar to the amount of natural background radiation I would 
receive in one month while living in Waco, TX.  The maximal permissible x-ray dose for 
non-occupational exposure is 500 mR per year. Total radiation dose will be less than 5 
mR for the entire study. 
 
Following the familiarization session, I will be instructed to refrain from exercise for 48 
hours prior to each resistance exercise session.  I will be provided with a dietary analysis 
form that I am to complete for one day prior to and for the duration of each resistance 
exercise testing session.  Once I report to the lab for the final visit of each testing session, 
I will turn in my dietary analysis form. 



92 

I understand that I will be required to participate in a 2 separate exercise testing sessions 
(visits 2 & 5) consisting of the squat, leg press, and knee extension exercises.  For one 
session I will perform 3 sets of 15 repetitions using 55 to 60% of my maximum strength 
on the squat, leg press, and knee extension exercises.  For the other session, I will 
perform 6 sets of 5 repetitions using 82 to 87% of my maximum strength on the squat, leg 
press, and knee extension exercises. 

 
During the study, I understand that I will have about 4 teaspoons (20 milliliters) of blood 
drawn from a vein in my forearm using a sterile needle and blood tubes by an 
experienced phlebotomist five times on two separate occasions separated by 7 to 10 days 
(10 total times during this study).    This procedure may cause a small amount of pain 
when the needle is inserted into the vein as well as some bleeding and bruising.  Proper 
pressure will be applied upon removal to reduce bruising.  I understand that I may also 
experience some dizziness, nausea, and/or faint if I am unaccustomed to having blood 
drawn.  I understand that personnel who will be taking my blood are experienced in 
phlebotomy (procedures to take blood samples) and are qualified to do so under 
guidelines established by the Texas Department of Health and Human Services. 

  
 In addition to the blood draws, I will undergo muscle biopsies.  I understand that I will 

have the biopsy locations identified on the thigh (opposite thigh for the second exercise 
session).  The biopsy area will be shaved clean of leg hair, washed with antiseptic soap 
and cleaned with rubbing alcohol.  In addition, the biopsy site will be further cleansed by 
swabbing the area with Betadine (fluid antiseptic).  I understand that a small area of the 
cleaned skin approximately 2 cm in diameter will be anesthetized with a 1.0 mL 
subcutaneous injection of the topical anesthetic Lidocaine. Once the local anesthesia has 
taken effect (approximately 2-3 minutes) the biopsy procedure will only take 15-20 
seconds. Once anesthetized, I understand that a 16-gauge fine needle aspiration biopsy 
will be inserted into my skin at an approximate depth of 1 cm to extract the muscle 
sample. Due to the localized effects of the anesthetic, I should feel no pain during the 
process of the needle puncturing the skin; however, I may feel a pressure and/or 
cramping sensation when the needle enters the muscle.  Once the muscle sample has been 
obtained, pressure will be immediately applied to the biopsy location.  Due to the small 
puncture hole, only a standard adhesive bandage will be used to close and cover the 
biopsy site.  I understand that I will be provided verbal and written instructions for post-
biopsy care.  I understand that I will have my biopsy locations inspected for infection and 
proper healing when I return for subsequent testing.  I understand that if I feel it 
necessary I may take a non-prescription analgesic medication such as acetaminophen or 
Tylenol to relieve pain if needed and that some soreness of the area may occur for about 
24 hours after the biopsy.  I will also be advised to avoid such medications such as 
aspirin, Aleve (naproxen), Advil, Bufferin, Nuprin, or Ibuprofen as they may lead to 
bruising at the biopsy site.  I understand that I will be asked to undergo 5 muscle biopsies 
at each testing session totaling 10 biopsies over the course of 2 to 3 weeks.  

 
 I understand that when I report to the laboratory for the final visit (visits 4 and 7) of the 

two testing/resistance exercise sessions, I will turn in my dietary records.  In addition, I 
will have my heart rate and blood pressure determined, and will also provide blood and 
muscle samples. I understand that if clinically significant side effects are reported from 
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my participation in the study, I will be referred to discuss the problem with Darryn 
Willoughby, Ph.D.  Upon his discretion, I may be referred to discuss the matter with my 
primary care physician to determine whether any medical treatment is needed and/or 
whether I can continue in the study.  I understand that if I fail to report my progress and 
health status to the research assistant I may be removed from the study. 
 
I agree to do my best to:  1) follow the instructions outlined by the investigators; 2) show 
up to all scheduled testing times; and 3) put forth my best effort as instructed.  I agree not 
to take any other nutritional supplements or performance enhancing aids during this study 
(i.e. vitamins/minerals, creatine, HMB, androstenedione, DHEA, etc).  In addition, I 
agree not to take any non-medically prescribed medications and to report any medication 
that is prescribed for me to take during this study.  I understand that if I take any 
nutritional supplements or medications during the course of the study that I will be 
removed from the study.    
 
Exclusionary Criteria 
 
I understand that in order to participate in the study, a trained individual will examine me 
to determine whether I qualify to participate.  I understand that I will not be allowed to 
participate in this study if: 1.) I have any known metabolic disorder including heart 
disease, arrhythmias, diabetes, thyroid disease, or hypogonadism; 2.) I have a history of 
pulmonary disease, hypertension, liver or kidney disease, musculoskeletal disorders, 
neuromuscular or neurological diseases, autoimmune disease, cancer, peptic ulcers, or 
anemia; 3.) I am taking any heart, pulmonary, thyroid, anti-hyperlipidemic, 
hypoglycemic, anti-hypertensive, endocrinologic (ie, thyroid, insulin, etc), psychotropic, 
neuromuscular/neurological, or androgenic medications; 4.) I have any bleeding 
disorders; 5.) I have any chronic infections (e.g., HIV); 6) I have a known allergic 
reaction to topical anesthetics.  
 
I have reported all nutritional supplements, medically prescribed drugs, and 
non-medically prescribed drugs that I am presently taking. I have reported whether I have 
had any prior allergic reactions to topical anesthetics.  I have completed medical history 
questionnaires and am not aware of any additional medical problems that would prevent 
me from participating in this study. I agree to report all changes in medical status, 
nutritional and/or pharmacological agents (drugs) that I take during the course of the 
investigation to Darryn Willoughby, Ph.D. (254-710-3504).  I understand that if I 
experience any unexpected problems or adverse events from participating in this study I 
may be referred to discuss the problem with my primary care physician to determine 
whether any medical treatment is needed and/or whether I can continue in the study.  
  
Risks and Benefits 
 
I understand that there are minor risks of muscular pain and soreness associated with the 
resistance training protocol required in this study which are not uncommon to any 
exercise program especially for individuals who do not resistance train on a regular basis.  
On 10 separate occasions during this study, I understand that I will have approximately 4 
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teaspoons (20 milliliters) of blood drawn from my antecubital vein using standard blood 
draw technique with a sterile needle.  All blood sampling will be performed by an 
experienced phlebotomist.  This procedure may cause a small amount of pain when the 
needle is inserted into my vein as well as some bleeding and bruising.  I may also 
experience some dizziness, nausea, and/or faint if I am unaccustomed to having blood 
drawn.    
 
On 10 separate occasions during this study (5 at each testing/exercise session), I 
understand that I will undergo a muscle biopsy in which a small sample of muscle will be 
obtained from the thigh of my exercised leg.  I understand that Darryn Willoughby, Ph.D. 
or Neil Schwarz, M.S. will perform all of the biopsies and that a local anesthetic 
(Lidocaine) will be injected into the skin of my thigh prior to the biopsy, which will help 
prevent any pain and discomfort during the procedure.  I understand that a 16-gauge fine 
aspiration biopsy needle will puncture my skin and then be introduced 1 cm into my 
thigh.  I also understand that this puncture will be so small that it will not require any 
stitches and will be simply closed with a standard adhesive bandage (band-aid).  After the 
anesthetic wears off within 2-3 hours, I understand that the sensation at the biopsy site is 
comparable to that of a bruise and may persist for approximately 24 hours after the 
procedure. I understand that, as a result of the biopsy, I may experience temporary nerve 
injury resulting in a numbness or tingling sensation that will subside over time. I 
understand that I am required to inform the study investigators if I have had any prior 
allergic reactions to anesthesia (e.g. while in the hospital or during a dental visit). 
 
Alternative Treatments 
 
This is not a medical treatment.  Therefore, if medical treatment is needed, I must obtain 
treatment for any medical problem I might have from my personal physician. 
 
Costs and Payments 
 
If I am a Baylor University student, I will not receive any academic credit for 
participating in this study.  I understand that if I am an intercollegiate scholarship athlete 
I may not be eligible to receive payment to participate in this study.  Eligible participants 
will be paid $100 for completing the familiarization and experimental testing sessions.  I 
also understand that I will be given free blood assessments, DEXA, strength testing, 
exercise instruction, and nutritional counseling during the course of the study as 
described above and may receive information regarding results of these tests if I desire.  
 
New Information 
 
Any new information obtained during the course of this research that may affect my 
willingness to continue participation in this study will be provided to me. In addition, I 
will be informed of any unusual/abnormal clinical findings in which medical referral to 
my personal physician may be warranted. If I desire, I may request that this information 
be provided to my physician. 
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Confidentiality 
 
I understand that any information obtained about me in this research, including medical 
history, laboratory findings, or physical examination will be kept confidential to the 
extent permitted by law.  However, I understand in order to ensure that FDA regulations 
are being followed, it may be necessary for a representative of the FDA to review my 
records from this study which may include medical history, laboratory findings/reports, 
statistical data, and/or notes taken about my participation in this study. In addition, I 
understand that my records of this research may be subpoenaed by court order or may be 
inspected by federal regulatory authorities. I understand that data derived may be used in 
reports, presentations, and publications.  However, I will not be individually identified 
unless my consent is granted in writing.  Additionally, that confidentiality will be 
maintained by assigning code numbers to my files, limiting access to data to research 
assistants, locking cabinets that store data, and providing passwords to limit access to 
computer files to authorized personnel only.   I understand that once blood and muscle 
samples are analyzed that they will be discarded. 
 
Right to Withdrawal 
 
I understand that I am not required to participate in this study and I am free to refuse to 
participate or to withdraw from the study at any time.  Further, that my decision to 
withdraw from the study will not affect my care at this institution or cause a loss of 
benefits to which I might be otherwise entitled.  If there is concern about my medical 
safety, I may be referred to seek medical attention. 
 
Compensation for Illness or Injury 
 
I understand that if I am injured as a direct result of taking part in this study, I should 
consult my personal physician to obtain treatment.  I understand that the cost associated 
with the care and treatment of such injury will be the responsibility of me or my 
insurance carrier. In some cases, insurers may not reimburse claims submitted for a 
research-related injury resulting from medical procedures or treatments performed as part 
of a research study.  I understand that Baylor University, the investigator’s institutions, 
and the grant sponsor have not budgeted funds to compensate me for injury or illness that 
may result from my participation in this study and thus will not be accountable for illness 
or injury acquired during the course of this study.  However, I may be referred to my 
personal physician if any clinically significant medical/psychological findings are 
observed during the course of this study. 
 
I agree to indemnify and hold harmless Baylor University, its officers, directors, faculty, 
employees, and students for any and all claims for any injury, damage or loss I suffer as a 
result of my participation in this study regardless of the cause of my injury, damage or 
loss. 
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Statement on Conflict of Interest  
 
I understand that this study is funded by the Exercise and Biochemical Nutrition 
Laboratory at Baylor University, and that the researchers involved in collecting data in 
this study have no financial or personal interest in the outcome of results or sponsors.   
 
Voluntary Consent 
 
I certify that I have read this consent form or it has been read to me and that I understand 
the contents and that any questions that I have pertaining to the research have been, or 
will be answered by Darryn Willoughby, Ph.D. (principal investigator, Department of 
Health, Human Performance & Recreation, 120 Marrs McLean Gymnasium, Baylor 
University, phone: 254-710-3504) or one of the research associates.  My signature below 
means that I am at least 18 years of age and that I freely agree to participate in this 
investigation.  I understand that I will be given a copy of this consent form for my 
records.   
 
If you have any questions regarding your rights as a participant, or any other aspect of the 
research as it relates to you as a participant, please contact the Baylor University 
Committee for Protection of Human Subjects in Research, Dr. David W. Schlueter, Ph.D., 
Chair Baylor IRB, Baylor University, One Bear Place #97368 Waco, TX 76798-7368. Dr. 
Schlueter may also be reached at (254) 710-6920 or (254) 710-3708. 
 
Date   Subject's Signature       
 

I certify that I have explained to the above individual the nature and purpose of the 
potential benefits and possible risks associated with participation in this study.  I have 
answered any questions that have been raised and have witnessed the above signature.  I 
have explained the above to the volunteer on the date stated on this consent form. 

Date   Investigator's Signature      _ 
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APPENDIX B 
 

IRB Proposal 
 
 

Proposal 
 

Title of the research project/teaching exercise:  Relation of the Gene Expression of  
PGC-1alpha Isoforms with the Gene Expression of Proteins Involved in the Regulation of 
Muscle Size and Function in Response to Two Resistance Exercise Intensities 
 
Are you using subjects in research?  Yes  (yes or no)   
Are you using subjects in teaching exercises?  No  (yes or no) 
 
Part 1: Expedited Review Request (if applicable) 
The Baylor University Committee for Protection of Human Subjects in Research 
(Institutional Review Board or (IRB) has agreed to perform expedited reviews of certain 
research proposals that involve only survey research that poses minimal risk to research 
subjects. Proposals handled through the expedited review process are held to the same 
standard as those that go through the normal review process.   
 
 

  I have reviewed the research or teaching exercise listed above. In my opinion, this 
proposal meets all three of the following criteria required for expedited review by 
the Baylor University Committee for Protection of Human Subjects in Research: 

 
1. The only involvement of research subjects in the proposed research/teaching 
activity is response to written, oral, or electronic surveys; 
2. The information requested in these surveys does not include any highly personal 
or sensitive information (reports of criminal activity or sexual behavior); and 
3. The activity poses minimal physical and psychological risk to the research 
participant. 

 
Part 2: Introduction and Rationale 
 
Describe the research background and rationale for the project: 
(Limit 500 words) 
 
 Since its discovery, peroxisome proliferator-activated receptor  coactivator-1  
(PGC-1 ) has been demonstrated to facilitate a multitude of the beneficial adaptations in 
skeletal muscle induced by aerobic exercise such as mitochondrial biogenesis and 
enhanced capillarization (1, 2, 3). Recently, Ruas et al. (4) identified novel forms of 
PGC-1  that result from alternative promoter usage and splicing of the primary transcript 
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generated from the PGC-1  gene.  For identification purposes, the original PGC-1  
isoform has been designated as PGC-1 1 and the novel PGC-1  isoforms as PGC-1 2, 
PGC-1 3, and PGC-1 4 (4). 
 The novel PGC-1  isoform most relevant to skeletal muscle plasticity to 
resistance exercise appears to be PGC-1 4 (4).  PGC-1 4 does not regulate most known 
PGC-1 1 targets activated by aerobic endurance exercise.  PGC-1 4 activity results in 
enhanced expression of skeletal muscle-derived insulin-like growth factor-1 in rodents 
(IGF-1), a protein known to have an anabolic effect in skeletal muscle (4, 5).  Also, PGC-
1 4 represses myostatin, a protein associated with muscle atrophy (4, 6).  Currently, Ruas 
and colleagues (4) have published the only human data available regarding PGC-1 4.  
PGC-1 4 mRNA expression was reported 48 hours after the cessation of 8 weeks of 
various exercise protocols.  Both the resistance and the combined exercise programs led 
to a 1.5- and 3-fold increase in the expression of PGC-1a4, respectively.  Significant 
correlation for all exercise groups between the changes in PGC-1a4 expression and leg 
press exercise performance were observed (4).  
 Gain-of-function studies of the original PGC-1  isoform (PGC-1 1) do not 
demonstrate an increase in muscle hypertrophy or strength as seen with PGC-1 4 (7, 8).  
Such findings should not discredit the potential role of PGC-1 1 in resistance exercise 
adaptations.  PGC-1 1 reduces the induction of atrophy-related genes helping to preserve 
muscle mass (7).  Additionally, as explained by Phillips (9), mitochondrial dilation has 
been reported in some studies as a result of resistance training, but most other studies 
report no change in mitochondrial density or even an increase in oxidative function.  An 
increase of PGC-1 1 when resistance exercise is performed after aerobic exercise above 
what is seen when aerobic exercise is performed alone further suggests a role of PGC-
1 1 in resistance exercise training adaptations (10).  Furthermore, it may be speculated 
that PGC-1 1 has a potential role in the significant shift from myosin heavy chain 
(MHC) type-IIx to MHC type-IIa observed with resistance exercise training (11).  PGC-
1 1 may also induce favorable whole-body exercise adaptations through its induction of 
the skeletal muscle protein known as FNDC5 which acts as a precursor to the release of a 
novel myokine, irisin, into the bloodstream (12).  
 Evidence suggests that the PGC-1  isoforms are involved in the adaption process 
resulting from resistance exercise training.  Elucidating the specific resistance exercise 
conditions needed to induce gene expression for these proteins is important to understand 
their role in the adaptation process.  Defining the time course of their expression and 
association with other muscle proteins is also important. Therapeutically, continued 
research may demonstrate these PGC-1  isoforms to be a formidable candidate for the 
treatment of muscle loss associated with aging and disease. 
 
Clearly outline the questions being addressed: 
(Limit 250 words) 
 
The specific aims of this study are: 
1. To describe the mRNA expression of PGC-1 1, PGC-1 4, IGF-1, myostatin, 
MHC I, MHC IIa, MHC IIx, FNDC5 over a time course of 48 hours in response to 
moderate-intensity resistance exercise and high-intensity resistance exercise. 
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2. To describe serum irisin concentration over a time course of 48 hours in response 
to moderate-intensity resistance exercise and high-intensity resistance exercise. 
3. To compare the differences in mRNA expression of PGC-1 1, PGC-1 4, IGF-1, 
myostatin, MHC I, MHC IIa, MHC IIx, FNDC5 over a time course of 48 hours in 
response to moderate-intensity resistance exercise and high-intensity resistance exercise. 
4. To compare the differences in serum irisin concentration over a time course of 48 
hours in response to moderate-intensity resistance exercise and high-intensity resistance 
exercise. 
5. To determine correlation between the mRNA expression of PGC-1 1, PGC-1 4, 
IGF-1, myostatin, MHC I, MHC IIa, MHC IIx, and FNDC5 over a time course of 48 
hours in response to moderate-intensity resistance exercise and high-intensity resistance 
exercise. 
6. To determine correlation between the mRNA expression of PGC-1 1, PGC-1 4, 
and FNDC5 with serum irisin concentration over a time course of 48 hours in response to 
moderate-intensity resistance exercise and high-intensity resistance exercise. 
 
Describe any expertise you have in this area or research or teaching: 
 
I have conducted and published several studies involving a very similar experimental 
design and analytical and quantitive analyses as in the proposed study. 
 
Cite relevant research (including your own) in a bibliography: 
 
1) Puigserver, P., Wu, Z., Park, C. W., Graves, R., Wright, M., & Spiegelman, B. M. 
A Cold-Inducible Coactivator of Nuclear Receptors Linked to Adaptive Thermogenesis. 
Cell, 92(6), 829-839, 1998.  
2) Holloszy, J. O., & Coyle, E. F. Adaptations of skeletal muscle to endurance 
exercise and their metabolic consequences. Journal of Applied Physiology, 56(4), 831-
838, 1984. 
3) Puigserver, P., & Spiegelman, B. M. Peroxisome Proliferator-Activated Receptor-
 Coactivator 1  (PGC-1 ): Transcriptional Coactivator and Metabolic Regulator. 

Endocrine Reviews, 24(1), 78-90, 2003. 
4) Ruas, Jorge L., White, James P., Rao, Rajesh R., Kleiner, S., Brannan, Kevin T., 
Harrison, Brooke C., . . . Spiegelman, B. M. A PGC-1  Isoform Induced by Resistance 
Training Regulates Skeletal Muscle Hypertrophy. Cell, 151(6), 1319-1331, 2012. 
5) Adams, G. R., & Haddad, F. The relationships among IGF-1, DNA content, and 
protein accumulation during skeletal muscle hypertrophy. Journal of Applied Physiology, 
81(6), 2509-2516, 1996. 
6) Ma, K., Mallidis, C., Bhasin, S., Mahabadi, V., Artaza, J., Gonzalez-Cadavid, N., 
. . . Salehian, B. Glucocorticoid-induced skeletal muscle atrophy is associated with 
upregulation of myostatin gene expression. American Journal of Physiology-
Endocrinology and Metabolism, 285(2), E363-E371, 2003. 
7) Sandri, M., Lin, J., Handschin, C., Yang, W., Arany, Z. P., Lecker, S. H., 
Goldberg, A. L., & Spiegelman, B. M. (2006). PGC-1alpha protects skeletal muscle from 
atrophy by suppressing FoxO3 action and atrophy-specific gene transcription. Proc Natl 
Acad Sci U S A, 103, 16260-16265. 
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8) Wende, A. R., Schaeffer, P. J., Parker, G. J., Zechner, C., Han, D. H., Chen, M. 
M., Hancock, C. R., Lehman, J. J., Huss, J. M., McClain, D. A., Holloszy, J. O., & Kelly, 
D. P. (2007). A role for the transcriptional coactivator PGC-1alpha in muscle refueling. J 
Biol Chem, 282, 36642-36651. 
9) Phillips, S. M. (2007). Resistance exercise: good for more than just Grandma and 
Grandpa's muscles. Applied Physiology, Nutrition, and Metabolism, 32, 1198-1205. 
10) Wang, L., Mascher, H., Psilander, N., Blomstrand, E., & Sahlin, K. (2011). 
Resistance exercise enhances the molecular signaling of mitochondrial biogenesis 
induced by endurance exercise in human skeletal muscle. Journal of Applied Physiology, 
111, 1335-1344. 
11) Kraemer, W. J., Patton, J. F., Gordon, S. E., Harman, E. A., Deschenes, M. R., 
Reynolds, K., Newton, R. U., Triplett, N. T., & Dziados, J. E. (1995). Compatibility of 
high-intensity strength and endurance training on hormonal and skeletal muscle 
adaptations. Journal of Applied Physiology, 78, 976-989. 
12) Villarroya, F. (2012). Irisin, Turning Up the Heat. Cell metabolism, 15, 277-278. 
 
Part 3: Methodology 
 
Thoroughly describe the methodology to carry out the project/teaching exercise: 
 
Experimental Approach 
 
In a randomized, cross-over design, ten to fifteen participants will perform 2 separate 
testing sessions involving a lower-body resistance exercise component.  This approach is 
based on the premise that PGC-1 1 and PGC-1 4 expression are differentially altered by 
resistance training, and this will in turn cooperatively regulate the expression of IGF-1, 
myostatin, MHC I, MHC IIa, MHC IIx, FNDC5 mRNA.  Each testing session will be 
separated by 7 to 10 days to allow full recovery and return to basal conditions.  After an 
initial entry session, participants will perform two separate exercise sessions consisting of 
a moderate-intensity resistance exercise protocol and a high-intensity resistance exercise 
protocol in random order.  Each exercise protocol will be similar in exercise volume.  A 
muscle biopsy of the vastus lateralis and blood sample of the antecubital vein will be 
performed prior to, 3 hours post-exercise, 6 hours post-exercise, 24 hours post-exercise, 
and 48 hours post-exercise for each session. 
 
Participants 
 
Ten to fifteen apparently healthy, recreationally resistance exercise-trained [persons who 
resistance train for general health and body composition purposes, yet do not perform 
with consistency the volume of resistance training normally required in order to compete 
in strength or bodybuilding competitions or competitive athletic events (i.e. 4 to 6 days 
per week for at least one year prior to the onset of the study)] men between the ages of 18 
to 30 years will volunteer to serve as participants in this study. Enrollment will be open to 
men of all ethnicities.  Only participants considered as low to moderate risk for 
cardiovascular disease and with no contraindications to exercise as outlined by the 
American College of Sports Medicine (ACSM), who have not been involved in any type 
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of weight loss regimen and who have not consumed any nutritional supplements 
(excluding multi-vitamins) 6 months prior to the study will be allowed to participate.  All 
eligible subjects will sign university-approved informed consent documents and approval 
will be granted by the Institutional Review Board for Human Subjects.  Additionally, all 
experimental procedures involved in the study will conform to the ethical consideration 
of the Helsinki Code. 
 
Study Site 
 
All supervised testing and supplement assignments will be conducted in the Baylor 
Laboratories for Exercise and Sport Technology (BLEST) and Exercise and Biochemical 
Nutrition Laboratory (EBNL) at Baylor University.  All sample analyses will be 
completed in the EBNL at Baylor University. 
 
Independent and Dependent Variables 
 
The independent variables will be the exercise protocol (moderate-intensity resistance 
exercise, high-intensity resistance exercise).  Dependent variables obtained from muscle 
samples will include the mRNA expression of the following skeletal muscle-specific 
genes at rest, 3 hours post-exercise, 6 hours post-exercise, 24 hours post-exercise, and 48 
hours post-exercise: PGC-1 1, PGC-1 4, IGF-1, myostatin, MHC I, MHC IIa, MHC IIx, 
FNDC5. The dependent variable obtained from blood samples will be the serum 
concentration of irisin. 
 
Entry/Familiarization Session and Baseline Strength Testing (Visit 1) 
 
Participants expressing interest in participating in this study will be interviewed on the 
phone to determine whether they appear to qualify to participate in this study.  
Participants believed to meet eligibility criteria will then be invited to attend an 
entry/familiarization session.  Once reporting to the lab, participants will complete a 
medical history questionnaire and undergo a general physical examination to determine 
whether they meet eligibility criteria.  Participants meeting entry criteria will be 
familiarized to the study protocol via a verbal and written explanation outlining the study 
design and will perform assessments of body composition and one-repetition maximum 
(1-RM) for resistance exercises (squat, leg press, leg extension) to be performed during 
the testing sessions.  Assessment of 1-RM will be performed using our previously 
established method.  Participants will warm up by completing 5 to 10 repetitions at 
approximately 50% of the estimated 1-RM.  The participant will rest for 1 minute, and 
then complete 3 to 5 repetitions at approximately 70% of the estimated 1-RM.  The 
weight will then be increased conservatively, and the participant will attempt to lift the 
weight for one repetition.  If the lift is successful, the participant will rest for 2 minutes 
before attempting the next weight increment.  This procedure will be continued until the 
participant fails to complete the lift.  The 1-RM will be recorded as the maximum weight 
that the participant is able to lift for one repetition.  Squat strength will be assessed in a 
power rack (Legend Fitness, Inc., Knoxville, TN) with safety bars using a standard 
Olympic barbell and Olympic weights.  Leg press strength will be assessed using an 
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isotonic hip/leg sled (Nebula Fitness, Inc., Versailles, OH).  Leg extension strength will 
be assessed using a modular isotonic leg extension machine (Cybex International, Inc., 
Medway, MA).  Once the 1-RM for each exercise has been determined, participants will 
be asked to perform and practice 1or 2 sets of the proposed resistance exercise sessions 
without blood or muscle sampling to familiarize them with the protocol and to also 
ensure that they are able to complete the protocol before being formally admitted to the 
study. At the conclusion of the familiarization session, participants will be given an 
appointment in which to attend their first testing session.  In addition, each participant 
will be instructed to refrain from exercise for 48 hours and record their dietary intake for 
one day prior to each of the two testing sessions involved in the study.  For the duration 
of each exercise session (i.e. from post-exercise until the 6-hour post-exercise biopsy), 
food will be provided ad libitum (PowerBar ProteinPlus High Protein Bars) to the 
participants to ensure accurate recordkeeping of calorie and macronutrient intake during 
that time period.  For the second testing session, participants will be asked to ingest the 
same type and amount of food consumed during the first testing session. 
 
Body Composition Assessment (Entry Session; Visit 1) 
 
Total body mass (kg) will be determined on a standard dual-beam balance scale 
(Detecto). Body fat percent, fat mass, and fat-free mass will be determined using dual-
energy x-ray absorptiometry (DEXA; Hologic Discovery Series W).  The participants 
will undergo total body mass and DEXA assessment during the entry/familiarization 
session.  Body composition assessments will be performed in order to define our subject 
characteristics in detail. 
 
Assessment of Heart Rate and Blood Pressure (Entry Session and Testing Sessions 1 and  
2; Visits 1 through 7) 
 
In addition to the entry/familiarization session, at each of the 2 testing sessions 
participants will undergo assessment of heart rate and blood pressure prior to, 
immediately after, and at each time point post exercise.  These measurements will be 
performed in order to monitor safety of the participant.  Heart rate will be determined by 
palpation of the radial artery using standard procedures.  Blood pressure will be assessed 
in the supine position with a mercurial sphygmomanometer using standard procedures. 
 
Muscle Biopsies (Testing Sessions 1 and  2; Visits 2 through 7) 
 
Percutaneous muscle biopsies (15 to 20 mg) will be obtained from the middle portion of 
the vastus lateralis muscle at the midpoint between the patella and the greater trochanter 
of the femur at a depth between 1 and 2 cm based on our previously-approved 
procedures.  The leg to be biopsed for the first testing session will be chosen at random 
with the opposite leg being used for the second testing session.  The biopsy area will be 
shaved clean of leg hair, washed with antiseptic soap and cleaned with rubbing alcohol.  
In addition, the biopsy site will be further cleansed by swabbing the area with Betadine 
(fluid antiseptic).  A small area of the cleaned skin approximately 2 cm in diameter will 
be anesthetized with a 1.0 mL subcutaneous injection of the topical anesthetic Lidocaine. 



103 

Once the local anesthesia has taken effect (approximately 2-3 minutes), the biopsy 
procedure will only take 15-20 seconds.  Once anesthetized, a 16-gauge fine needle 
aspiration biopsy (Tru-Core I Biopsy Instrument, Medical Device Technologies, 
Gainesville, FL) will be inserted into the skin at an approximate depth of 1 cm to extract 
the muscle sample.  After the initial biopsy, the next biopsy attempts will be made to 
extract tissue from approximately the same location as the initial biopsy by using the pre-
biopsy markings and depth markings on the needle.  After removal, adipose tissue will be 
trimmed from the muscle specimens. Specimens will be immediately frozen in liquid 
nitrogen and then stored at -80°C for later analysis.  Five muscle samples will be 
obtained at each of the 2 testing sessions, with a total of 10 muscle samples being 
obtained during the course of the study.  At each testing session, muscle samples will be 
obtained: immediately prior to the commencing the testing session, 3 hours post-exercise, 
6 hours post-exercise, 24 hours post-exercise, and 48 hours post-exercise. 
 
Blood Sampling (Testing Sessions 1 and  2; Visits 2 through 7) 
 
Venous blood samples (~20 ml) will be obtained via venipuncture from the antecubital 
vein into 10 ml collection tubes using a standard Vacutainer apparatus using standard 
phlebotomy procedures.  Blood samples will be allowed to stand at room temperature for 
10 min and then centrifuged.  The serum will be removed and frozen at -80°C for later 
analysis.  Five blood samples will be obtained at each of the two resistance exercise 
sessions, with a total of 10 blood samples being obtained during the course of the study.  
At each testing session, blood samples will be obtained: immediately prior to the 
commencing the testing session, 3 hours post-exercise, 6 hours post-exercise, 24 hours 
post-exercise, and 48 hours post-exercise. 
 
Dietary Analysis 
 
Participants will be required to record their dietary intake for one day prior to each of the 
two testing sessions.  Additionally, participants will be asked to record their dietary 
intake from the day of the testing session through the 48-hour time point. The 
participants’ diets will not be standardized and subjects will be asked not to change their 
dietary habits during the course of the study.  The dietary recalls will be evaluated with 
the Food Processor dietary assessment software program to determine the average daily 
macronutrient consumption of fat, carbohydrate, and protein in the diet for the duration of 
the study.  For the duration of each exercise testing session (i.e. from post-exercise until 
the 6-hour post-exercise biopsy), food will be provided ad libitum to the participants to 
ensure accurate recordkeeping of calorie and macronutrient intake.  For the second 
testing session, participants will be asked to ingest the same type and amount of food 
consumed during the first testing session.   
 
Testing Sessions (Visits 2 through 7) 
 
In a randomized, cross-over fashion, participants will participate in 2 testing sessions; 
each testing session will be separated by 7 to 10 days.  Each testing session will be 
performed as described below: 
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Moderate-Intensity Resistance Exercise Testing Protocol (Visit 2 or 5 depending on 
randomization) 
 
Participants will report to the laboratory on the morning the day of the exercise testing 
session. Participants will be encouraged to eat their usual breakfast before reporting to the 
lab.  They will turn in their dietary analysis form. The participants will then relax in a 
supine position for 15 minutes after which their baseline heart rate and blood pressure 
will be measured.  After appropriate preparations are made, blood and muscle samples 
will be obtained. Participants will then perform, in the following order, a lower-body 
resistance exercise protocol of 3 sets of 15 repetitions (~55 to 60% 1-RM) each for the 
squat, leg press, and knee extension exercises. If muscle fatigue/failure occurs during a 
set, a spotter will provide assistance until the participant completes the remaining 
repetitions and resistance will be reduced for subsequent sets.  In all cases, 3 minutes of 
rest will separate sets and exercises.   At the end of exercise, participants will have their 
heart rate and blood pressure measured to assure safety.  At this point, participants will 
then rest/recover for 3 hours and be allowed to eat from the supplied food ad libitum.  At 
both three and six hours after the end of the exercise session, blood and muscle samples 
will be obtained.  After the six hour time point, participants will be allowed to leave.  
They will be asked to refrain from exercise until after the 48-hour blood sample and 
muscle biopsy.  Before leaving for the day, participants will be reminded to record their 
dietary intake until after the 48-hour blood sample and muscle biopsy. For the second day 
(24-hour time point), participants will be asked to arrive in time so that preparations can 
be made for a blood sample and muscle biopsy at 24 hours post-exercise. Upon arrival, 
participants will be asked to rest in a supine position for 15 minutes after which their 
heart rate and blood pressure will be measured.  After appropriate preparations are made, 
a 24-hour post-exercise blood and muscle sample will be obtained.  For the third day (48-
hour time point), participants will be asked to arrive in time so that preparations can be 
made for a blood sample and muscle biopsy at 48 hours post-exercise. Upon arrival, 
participants will be asked to rest in a supine position for 15 minutes after which their 
heart rate and blood pressure will be measured.  After appropriate preparations are made, 
a 48-hour blood and muscle sample will be obtained. 
 
High-Intensity Resistance Exercise Testing Protocol (Visit 2 or 5 depending on 
randomization) 
 
Participants will report to the laboratory on the morning the day of the exercise testing 
session. Participants will be encouraged to eat their usual breakfast before reporting to the 
lab.  They will turn in their dietary analysis form. The participants will then relax in a 
supine position for 15 minutes after which their baseline heart rate and blood pressure 
will be measured.  After appropriate preparations are made, blood and muscle samples 
will be obtained. Participants will then perform, in the following order, a lower-body 
resistance exercise protocol of 6 sets of 5 repetitions (~80 to 85% 1-RM) each for the 
squat, leg press, and knee extension exercises. If muscle fatigue/failure occurs during a 
set, a spotter will provide assistance until the participant completes the remaining 
repetitions and resistance will be reduced for subsequent sets.  In all cases, 3 minutes of 
rest will separate sets and exercises.   At the end of exercise, participants will have their 
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heart rate and blood pressure measured to assure safety.  At this point, participants will 
then rest/recover for 3 hours and be allowed to eat from the supplied food ad libitum.  At 
both three and six hours after the end of the exercise session, blood and muscle samples 
will be obtained.  After the six hour time point, participants will be allowed to leave.  
They will be asked to refrain from exercise until after the 48-hour blood sample and 
muscle biopsy.  Before leaving for the day, participants will be reminded to record their 
dietary intake until after the 48-hour blood sample and muscle biopsy. For the second day 
(24-hour time point), participants will be asked to arrive in time so that preparations can 
be made for a blood sample and muscle biopsy at 24 hours post-exercise. Upon arrival, 
participants will be asked to rest in a supine position for 15 minutes after which their 
heart rate and blood pressure will be measured.  After appropriate preparations are made, 
a 24-hour post-exercise blood and muscle sample will be obtained.  For the third day (48-
hour time point), participants will be asked to arrive in time so that preparations can be 
made for a blood sample and muscle biopsy at 48 hours post-exercise. Upon arrival, 
participants will be asked to rest in a supine position for 15 minutes after which their 
heart rate and blood pressure will be measured.  After appropriate preparations are made, 
a 48-hour blood and muscle sample will be obtained. 
 
Laboratory Analysis of Muscle Tissue and Blood Samples 
 
From the 5 muscle tissue samples obtained at each of the 2 testing sessions, mRNA 
expression of PGC-1 1, PGC-1 4, IGF-1, myostatin, MHC I, MHC IIa, MHC IIx, and 
FNDC5 will be analyzed using reverse transcription real-time polymerase chain reaction 
(RT-PCR) utilizing our standard laboratory procedures. From the 5 blood samples 
obtained at each of the 2 testing sessions, serum irisin concentration will be determined 
using commercially available enzyme-linked immunoabsorbent assay (ELISA) kits with 
a microplate reader (Wallac Victor 1420, Perkin Elmer, Boston MA) .    
 
Statistical Analyses  
 
Statistical analyses will be performed by utilizing separate 2 x 5 (protocol x time) 
factorial analyses of variance (ANOVA) with repeated measures for each criterion 
variable.  Significant between-group differences will then be determined involving the 
Neuman-Keuls Post Hoc Test.  All statistical procedures will performed using IBM SPSS 
Statistics 19.0 software and a probability level of < 0.05 will be adopted throughout.  
However, to protect against Type I error, the conservative Hunyh-Feldt Epsilon 
correction factor will be used to evaluate observed within-group F-ratios. 
 
How many subjects will be used?  10 to 15 
How will the subjects be recruited?  
 
Recruitment   
 
Ten apparently healthy, recreational resistance-trained [persons who resistance train for 
general health and body composition purposes, yet do not perform with consistency the 
volume of resistance training normally required in order to compete in strength or 
bodybuilding competitions or competitive athletic events (i.e. 4 to 6 days per week for at 
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least one year prior to the onset of the study)], men between the ages of 18-30 years will 
volunteer to participate in the study.  Enrollment will be open to men of all ethnicities. A 
recruitment flyer that will be posted on campus and at area fitness centers is attached.  
 
Selection Criteria   
 
Participants will not be allowed to participate in the study if they:  
1. perform with consistency the volume of resistance training normally required in 
order to compete in strength or bodybuilding competitions or competitive athletic events 
(i.e. 4 to 6 days per week for at least one year prior to the onset of the study)  
2. use tobacco products; 
3. have orthopedic limitations that would limit participation in resistance training; 
4. have a known allergy to topical anesthetics; 
5. have any known metabolic disorder including heart disease, arrhythmias, diabetes, 
thyroid disease, or hypogonadism;  
6. have a bleeding disorder, history of pulmonary disease, hypertension, hepatorenal 
disease, musculoskeletal disorders, neuromuscular/neurological diseases, autoimmune 
disease, cancer, peptic ulcers, anemia, or chronic infection (e.g., HIV);  
7. are taking any heart, pulmonary, thyroid, anti-hyperlipidemic, hypoglycemic, 
anti-hypertensive, endocrinologic (e.g,thyroid, insulin, etc), emotional/psychotropic (e.g., 
Prednisone, Ritalin, Adderall), neuromuscular/neurological, or androgenic  medications 
(anabolic steroids);  
8. have taken ergogenic levels of nutritional supplements that may affect muscle 
mass (e.g., creatine, HMB) or anabolic/catabolic hormone levels (e.g., androstenedione, 
DHEA, etc) within three months prior to the start of the study.    
9. have any absolute or relative contraindication for exercise testing or prescription 
as outlined by the American College of Sports Medicine;  
10. report any unusual adverse events associated with this study that in consultation 
with Darryn Willoughby, Ph.D. who may recommend removal from the study.   
 
Compensation  
 
Participants completing all familiarization and testing sessions as well as turning in all 
required materials (i.e., dietary logs) in the study will be paid $100.  Participants may 
receive information regarding results of these tests if they desire.  If subjects are Baylor 
students, they will not receive any academic credit for participating in this study. 
 
Possible risks to the subjects (both physical and psychological): 
 
Participants who meet eligibility criteria will be subjected to strength testing sessions 
involving dynamic muscle contractions.  Participants in this study will be recreational-
experienced resistance trainers, and will be instructed to only perform the prescribed 
resistance training protocol throughout the duration of the study.  As a result of the 
exercise protocol, participants will most likely experience short-term muscle fatigue.  In 
addition, they will likely experience muscle soreness in muscles in the lower-body for up 
to 24 to 48 hours after exercise.  This soreness is normal and should be commensurate 
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with the type of muscle soreness participants may have felt after doing unaccustomed 
physical activity. Muscle strains/pulls resulting from 1-RM testing and the dynamic 
exercise protocol are possible.  During the familiarization session, participants will be 
informed of the resistance training program and correct lifting technique for each exercise 
demonstrated.  Therefore, potential injury due to exercise will be minimized since all 
participants will be instructed on how to adhere to correct lifting technique.  In addition, 
only Darryn Willoughby, Ph.D. and/or Neil Schwarz, M.S. will conduct the testing and 
exercise procedures.  Participants will be made aware of the intensity and duration of the 
expected soreness due to the exercise sessions.  The minor risks of muscular pain and 
soreness associated with the resistance training protocol required in this study are not 
uncommon to any exercise program especially for individuals who do not resistance train 
on a regular basis. Participants will donate about approximately 20 milliliters of venous 
blood a total of 10 times during the study by way of standard phlebotomy using sterile 
techniques by an experienced phlebotomist using standard procedures.  These procedures 
may cause a small amount of pain when the needle is inserted into the vein as well as 
some bleeding and bruising. However, proper pressure will be applied upon removal to 
reduce bruising.  The subject may also experience some dizziness, nausea, and/or faint if 
they are unaccustomed to having blood drawn. 
 
Complications resulting from the muscle biopsy are rare, especially in this case where the 
biopsy is similar to receiving a routine intramuscular injection.  As with the blood draw, 
however, there is a risk of infection if the subject does not adequately cleanse the area for 
approximately 48-72 hours post biopsy.  Participants will be instructed to cleanse the 
biopsy area with soap and water every 4-6 hours, pat the area dry and reapply a fresh 
adhesive bandage. The participant will be instructed to leave the bandages on for 24 
hours (unless unexpected bleeding or pain occurs). The participant will be further advised 
to refrain from vigorous physical activity with the affected leg for 24 hours after the 
biopsy.  There is a potential risk of an allergic reaction to the Lidocaine. All subjects will 
be asked if they have known allergies to local anesthetics (e.g. Lidocaine, Xylocaine, 
etc.) that they may have been previously given during dental or hospital visits.  
Participants with known allergies to anesthesia medications will not be allowed to 
participate in the study.may experience temporary nerve injury resulting in a numbness or 
tingling sensation that will subside over time. Darryn Willoughby, Ph.D. or Neil 
Schwarz, M.S. will perform all muscle biopsies.  Researchers involved in collecting data 
represent trained, non-physician, exercise specialists. All personnel involved in collecting 
data will be certified in CPR.  A telephone and automated electronic defibrillator (AED) 
is located in the laboratory in case of any emergencies and there will be no less than two 
researchers working with each subject during testing.  In the event of any unlikely 
emergency one researcher will check for vital signs and begin any necessary 
interventions while the other researcher contacts Baylor’s campus police at extension 
2222.  Instructions for emergencies are posted above the phone in the event that any other 
research investigators are available for assistance. 
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Method(s) to limit risks: 
 
During the familiarization session, participants will be informed of the resistance training 
program and correct lifting technique for each exercise demonstrated.  Therefore, 
potential injury due to exercise will be minimized since all participants will be instructed 
on how to adhere to correct lifting technique.The greatest risk associated with 
participating in this study will likely be from the muscle soreness participants will 
experience from participating in the resistance exercise protocol.  However, the intensity 
of the exercise protocol will be no more than when individuals engaged heavily in a new 
or different form of physical activity.  Therefore, the potential benefits of subjects 
participating in this study outweigh the potential risks.     
 
Proposed safeguards to protect the subjects' right to privacy: 
 
Information obtained from this research (including questionnaires, medical history, 
laboratory findings, or physical examination) will be kept confidential to the extent 
permitted by law.  However, according to FDA regulations, records will be open to FDA 
representatives to review if necessary.  This may include questionnaires, medical history, 
laboratory findings/reports, statistical data, and/or notes taken throughout this study.  
Records of the research may also be subpoenaed by court order or may be inspected by 
federal regulatory authorities. Data derived from this study may be used in reports, 
presentations and publications. Participants in this study will not be individually 
identified unless they give their written consent.  All participants will have a number to 
identify their results. Only the study personnel will know the subject numbers. Only 
study personnel will have access to the data.  All data will be stored in a locked cabinet in 
the Exercise and Biochemistry Laboratory and only Darryn Willoughby, Ph.D. will have 
access to the key.  Additionally, that confidentiality will be maintained by assigning code 
numbers to the files, limiting access to data to research assistants, locking cabinets that 
store data, and providing passwords to limit access to computer files to authorized 
personnel only.  All evidence of primary data will be stored for exactly three years after 
the completion of the study.  At this time data will be destroyed in a manner that instills 
complete privacy to all participants of the study. Analyzed muscle and blood samples will 
be discarded in an appropriately-labeled biohazard waste disposal container. However, 
unused muscle and blood samples will be kept in a locked freezer for no longer than one 
year. If any subsequent analysis occurs with the samples, they will be re-coded to further 
instill confidentiality. 
 
Outline the method(s) to be used to obtain the data, to analyze the data, and to 
disseminate the results of the research project: 
 
The investigators will obtain all of the data through multiple testing sessions (i.e., one 
entry session and 2 testing sessions per participant) all conducted at the Baylor 
Laboratories for Exercise and Sport Technology and Exercise Biochemical Nutrition 
Laboratory ( Baylor University; Waco, TX) per the protocols described above.   
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Statistical analyses will be performed by utilizing a repeated-measures two-factor 
[treatment groups (2) x time point (5)] analysis of variance (ANOVA) will be used to 
analyze the variables determined from muscle and blood samples. Significant differences 
in mean values for main effects or interactions will be determined using a Newman-Keuls 
post hoc test. All statistical procedures will be performed using IBM SPSS Statistical 
Software 19.0 software and a probability level of <0.05 will be adopted throughout.  
However, to protect against Type I error, the conservative Hunyh-Feldt Epsilon 
correction factor will be used to evaluate observed within-group F-ratios. 
 
Data will be presented at an appropriate scientific conference (e.g., American College of 
Sports Medicine, Experimental Biology, National Strength and Conditioning Association, 
etc.) and published in a peer reviewed scientific journal (e.g., Medicine & Science in 
Sport and Exercise, Journal of Applied Physiology, Journal of Strength and Conditioning, 
etc.).    
 
Part 4: Informed Consent Form Checklist 
When using humans as subjects in research you must obtain their informed consent. 
Please upload a copy of your Informed Consent Form before submitting your 
proposal 
 
I verify that the following items appear on my Informed Consent Form: 
 
 

  A statement explaining the purpose of the research. 
 

  A statement of the expected duration of the subject's participation. 
 

  A description of the procedures to be followed. 
 

  A description of any reasonable foreseeable risks or discomforts to the subject, including invasion of 
privacy. 
 

  A description of any benefits resulting from the research, either to the subject or to others. 
 

  A statement that informs subject of his/her right not to be a subject in a research project that is also a 
teaching exercise. 

 
  A statement informing subject about how his/her anonymity will be guarded; i.e., that their 
confidentiality will be protected by assigned code numbers, by limiting access to data, by locked 
storage of files, etc. 

 
  A statement that the subject's participation is voluntary, and that his/her refusal to participate will 
involve no penalty or loss benefits to which the subject is otherwise entitled, and that the subject may 
discontinue participation at any time without penalty or loss of benefits to which the subject is 
otherwise entitled. 

 
  A disclaimer, if applicable, regarding the use of the Internet to collect data. 
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  For research involving more than minimal risk, an explanation regarding the availability of any 
compensation or any medical treatments if injury occurs (if applicable, see OHRP Reports). 

 
  If written informed consent is required, a place for the subject to sign and date the form and a 
statement that a copy of the signed consent form will be given to the subject for his/her records. 

   If the subject is a minor, a statement of parental responsibility in consenting to the child's participation 
in the study with a place for the parent to sign and date the form in addition to the participant's 
signature. 

 
  The name, address, and telephone number of the principal investigator of the research project, and 
his/her affiliation with Baylor University. If the principal investigator is a graduate student, the name 
and telephone number of the faculty advisor is also required. 

 
  A statement informing subject that inquiries regarding his/her rights as a subject, or any other aspect of 
the research as it relates to his/her participation as a subject, can be directed to Baylor's University 
Committee for Protection of Human Subjects in Research. 
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APPENDIX C 
 

Recruitment Flyer 
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APPENDIX D 
 

Medical History Inventory 
 
 

Directions.  The purpose of this questionnaire is to enable the staff of the Exercise and Biochemical 
Nutrition Laboratory to evaluate your health and fitness status.  Please answer the following questions to 
the best of your knowledge.  All information given is CONFIDENTIAL as described in the Informed 
Consent Statement. 
  
Name:____________________________________________ Age _____Date of Birth_______________ 
 
Name and Address of Your Physician:_____________________________________________________ 
 
MEDICAL HISTORY 
 
Do you have or have you ever had any of the following conditions? (Please write the date when you had the 
condition  in blank). 
 
____ Heart murmur, clicks, or other cardiac findings? ____ Asthma/breathing difficulty?  
____       Frequent extra, skipped, or rapid heartbeats? ____ Bronchitis/Chest Cold? 
____ Chest Pain of Angina (with or without exertion)? ____   Cancer, Melanoma, Skin Lesions? 
____ High cholesterol?     ____ Stroke or Blood Clots? 
____ Diagnosed high blood pressure?   ____ Emphysema/lung disease? 
____ Heart attack or any cardiac surgery?  ____ Epilepsy/seizures? 
____ Leg cramps (during exercise)?   
____ Rheumatic fever? 

 ____ Chronic swollen ankles?    ____ Scarlet fever? 
____ Varicose veins?     ____ Ulcers? 
____ Frequent dizziness/fainting?   ____ Pneumonia? 
____ Muscle or joint problems?    ____ Anemias? 
____ High blood sugar/diabetes?   ____ Liver or kidney disease? 
____ Thyroid Disease?     ____ Autoimmune disease? 
____ Low testosterone/hypogonadism?   ____ Nerve disease? 
____ Gluacoma?     ____ Psychological Disorders? 
 
Do you have or have you been diagnosed with any other medical condition not listed?  
____________________________________________________________________________________ 
____________________________________________________________________________________ 
 
Please provide any additional comments/explanations of your current or past medical history.  
____________________________________________________________________________________ 
____________________________________________________________________________________ 
 
Please list any recent surgery (i.e., type, dates etc.).  
____________________________________________________________________________________ 
____________________________________________________________________________________ 
 
List all prescribed/non-prescription medications and nutritional supplements you have taken in the last 3 
months.  
 
 
What was the date of your last complete medical exam?  
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Do you know of any medical problem that might make it dangerous or unwise for you to participate in this 
study (including strength and maximal exercise tests) ______  If yes, please explain:  
_____________________________________________________________________________________ 
 
Have you been involved in any type of weight loss program within the past 6 months? ____ If yes, please 
explain:  
 
 
 
 
Recommendation for Participation 
 
____ No exclusion criteria presented. Subject is cleared to participate in the study. 
 
____ Exclusion criteria is/are present. Subject is not cleared to participate in the study. 
 
Signed: ___________________________________ Date: ________________________ 
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APPENDIX E 
 

Exercise History Questionnaire 
 
 

Baylor University 

Exercise and Biochemical Nutrition Laboratory 
 

 Personal Information 
 
Name:                                                                                                                                                   
 
Address:                                                                                                                                                   
 
City:                                        State:                Zip Code             _____  
 
Home Phone:     (      )                      Work Phone: (      )                                                     
 
Cellular :    (      )                             E-mail address: ________________________________ 
 
Birth date:            /            /              Age:                  Height:                Weight: _______               

Exercise & Activity Questionnaire 
 
1. Describe your typical occupational activities. 

 
 
 

2. Describe your typical recreational activities (non-structured exercise activities, i.e. 
basketball, other sports).   Approximately how many hours do you spend doing these 
activities per week? 

 
 
 

3. Do you currently do any aerobic exercise training (i.e. running, cycling, elliptical, etc.)? 
If so, approximately how many days per week do you train?  On average, approximately 
how many hours of aerobic exercise do you perform per week? 
 
 
 

4. Do you currently do any resistance exercise training (i.e. weight lifting)? If so, 
approximately how many days per week do you train?  On average, approximately how 
many hours of resistance exercise do you perform per week? 
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5. If you do resistance exercise, do you exercise both upper and lower body?  
Approximately how many times do you train each body part per week? 
 
 

 
 

6. How long (years/months) have you been consistently training (aerobic and/or resistance 
exercise)? 
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APPENDIX F 
 

Diet Logs 
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APPENDIX G 
 

Data Collection Form 
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