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ABSTRACT 

Sarcopenia is a growing problem and will continue as the aging population of the 

United States increases.  Reduced adaptation of elderly skeletal muscle to exercise is 

likely to contribute to sarcopenia.  The mechanism by which response to exercise is 

reduced is unclear, but altered mechanotransduction could be occurring.  The 

extracellular matrix of muscle become stiffer with age and this could impair normal 

mechanotransduction. This could impair elderly individuals from responding to exercise 

programs, but may also contribute to strength loss.  It was hypothesized that age, muscle 

stiffness, and glycation would be significant predictors of gene expression, and that 

muscle stiffness would best predict gene expression.   

Male Fisher Brown Norway hybrid rats aged 6 to 37 months completed 3 sets of 

10 concentric contractions of the dorsiflexor muscles on a rat dynamometer through 

stimulation of the peroneal nerve.  Rats were sacrificed eight hours post exercise, and the 

tibialis anterior and extensor digitorum longus muscles of both hindlimbs were excised.  

A significant inverse relationship was found between age and myogenin gene expression 

(myogenin = -0.502*(age) + 2.180, p=0.012).  An interesting finding was that muscle 

stiffness of elderly rats was highly variable with five out of eleven old rats far outside the 

normal range.  While muscle stiffness was not shown to be a significant predictor of 

response to exercise, this could have been from the generally small response.  Future 

studies should investigate higher intensity exercise or more sensitive measures of 

response.    



Texas Tech University, Kyrstin Eklund, August, 2011 

vii 

 

LIST OF TABLES 

1.  The ages of rats and humans with respective life expectancy. .................................... 47 

2.  Mean ±SD for the variables of interest by age.  ……………… ……………………65 

3.  Summation of gene expression response by exercise study.   ..................................... 85 

A1.  Original primer set ordered. .................................................................................... 114 

A2.  Second primer set ordered.  These primers were used in the final qPCR assay…..115 

optimization and to collect the data reported. ................................................................  

A3: qPCR plate set-up. ................................................................................................... 123 

C1.  Correlations of the variables were run using SPSS. ................................................ 124 

C2.  Model summary for regression equation to predict myogenin gene expression. .... 124 

C3.  ANOVA for the model predicting myogenin gene expression. .............................. 125 

C4.  Coefficients for the model predicting myogenin gene expression. ......................... 125 

C5.  Model summary for regression equation myostatin gene expression. .................... 125 

C6.  ANOVA for the model summary predicting myostatin gene expression. .............. 126 

C7.  Coefficients for the model predicting myostatin gene expression. ......................... 126 

C8.  Step-wise backward removal regression model for myogenin. .............................. 126 

C9.  ANOVA for step-wise regression model for myogenin gene expression. .............. 127 

C10.  Coefficients for step-wise regression model for myogenin gene expression. ....... 127 



Texas Tech University, Kyrstin Eklund, August, 2011 

viii 

 

LIST OF FIGURES 

1a.  Primer efficiency curve for B2M using 3mM MgCl  ................................................ 56 

1b.  Primer efficiency curve for B2M using 3.5mM MgCl .............................................. 57 

1c.  Primer efficiency curve for B2M using 4mM MgCl ................................................. 57 

1d.  Primer efficiency curve using for Myogenin 3mM MgCl. ........................................ 58 

1e.  Primer efficiency curve for Myogenin using 3.5mM MgCl. ..................................... 58 

1f.  Primer efficiency curve for Myogenin using 4mM MgCl .......................................... 59  

1g.  Primer efficiency curve for Myostatin using 3mM MgCl ......................................... 59 

1h.  Primer efficiency curve for Myostatin using 3.5mM................................................. 60 

1i.  Primer efficiency curve for Myostatin using 4mM MgCl .......................................... 60 

2.  The standard curve of hydroxyproline. ........................................................................ 64 

3. Modulus versus age.  .................................................................................................... 67 

4.  Glycation versus muscle stiffness.  . ............................................................................ 68 

5.  Myogenin gene expression versus stiffness.  . ............................................................. 68 

6.  Myostatin gene expression versus stiffness.   .............................................................. 69 

7a.  Relative gene expression of myogenin to B2M following resistance exercise ......... 70 

7b.  Relative gene expression of myostatin to B2M following resistance exercise  ......... 70 

8. Glycation versus age.  No clear relationship was found. .............................................. 71 

9.  Normalized gene expression for myogenin versus glycation. ..................................... 72 

10.  Normalized gene expression for myostatin versus glycation. ................................... 72 



Texas Tech University, Kyrstin Eklund, August, 2011 

ix 

 

11.  The stress strain relationship of the epimysium of rats.  Adapted from Goa et al.,…75 

(2008). ..............................................................................................................................  

12.  Shear modulus vs. age, adapted from Domire et al. (2009). ...................................... 76 

13.  Myogenin mRNA expression following acute R. E. in Peters et al. (2003). ............. 80 

14a.  Primer efficiency from 2.22.11 yielding an efficiency of 1.92. ............................. 107 

14b.  Primer efficiency from 2.22.11 yielding an efficiency of 2.78. ............................. 108 

14c.  Primer efficiency from 2.22.11 yielding an efficiency of 2.69. ............................. 108 

14d.  Primer efficiency from 2.22.11 yielding an efficiency of 2.00. ............................. 109 

14e.  Primer efficiency from 2.22.11 yielding an efficiency of 1.98. ............................. 109 

14f.  Primer efficiency from 2.22.11 yielding an efficiency of 1.96. .............................. 110 

15a.  Primer efficiency from 2.28.11 yielding an efficiency of. 1.74. ............................ 111 

15b.  Primer efficiency from 2.28.11 yielding an efficiency of. 2.13. ............................ 111 

15c.  Primer efficiency from 2.28.11 yielding an efficiency of. 2.71. ............................ 112 

15d.  Primer efficiency from 2.28.11 yielding an efficiency of. 1.82. ............................ 112 

15d.  Primer efficiency from 2.28.11 yielding an efficiency of. 2.22. ............................ 113 

15d.  Primer efficiency from 2.28.11 yielding an efficiency of. 1.84. ............................ 113 

16a.  Primer efficiency done for B2M at 55
o
C. .............................................................. 116 

16b.  Primer efficiency done for myogenin at 55
o
C ....................................................... 116 

16c.  Primer efficiency done for myostatin at 55
o
C. ....................................................... 117 

17a.  Primer efficiency done at for B2M 57
o
C. .............................................................. 118 

17b.  Primer efficiency done for myostatin at 57
o
C........................................................ 118 



Texas Tech University, Kyrstin Eklund, August, 2011 

x 

 

17c.  Primer efficiency done for myogenin at 57
o
C........................................................ 119 

17d.  Primer efficiency done fo MyoD at 57
o
C. ............................................................. 119 

17e.  Primer efficiency done for cyclin D at 57
o
C .......................................................... 120 

18a.  Primer efficiency done for B2M at 59
o
C ............................................................... 121 

18b.  Primer efficiency done for myostatin at 59
o
C........................................................ 121 

18c.  Primer efficiency for myogenin done at 59
o
C........................................................ 122 

18d.  Primer efficiency for MyoD done at 59
o
C ............................................................. 122 

 



Texas Tech University, Kyrstin Eklund, August, 2011 

1 

 

CHAPTER I 

INTRODUCTION 

Sarcopenia 

 Sarcopenia is defined as the age-related loss in skeletal muscle mass (Evans, 

1995).  It results in a loss of muscle strength and function with age, and leads to an 

increased risk of falling and fracture (Pel-Littel, Schuurmans, Emmelot-Vonk, & 

Verhaar, 2009).  As of 2004, roughly one-third of all women and one-half of all men over 

age 60 living in the United States had sarcopenia (Janssen, Shepard, Katzmarzyk, & 

Roubenoff, 2004).  The number of individuals with sarcopenia is expected to increase as 

the aging population increases in the coming years.  It has been found that twenty to forty 

percent of muscle strength and mass are lost between twenty and eighty years of age 

(Carmeli, Coleman, & Rexnick, 2002; Doherty, 2003; Lexell, Taylor, & Sjostrom, 1988).  

The reduction in muscle mass begins as early as twenty-five years of age, and accelerates 

with age (Lexell, et al., 1988).  It seems that the loss in fiber number, rather than a 

reduction in size, is the main contributor to atrophy with age.  

Significance of Sarcopenia  

 Regardless of the exact cause of sarcopenia, the resulting loss in muscle mass is 

the greatest contributing factor to strength decline and associated disability in the elderly 

(Doherty, 2003).  The decline in strength that occurs with age reduces the physical 

performance capabilities of the elderly and impacts their daily life through reduced 
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physical function (Faulkner, Larkin, Claflin, & Brooks, 2007; Frischknecht, 1998).  

Different measurements are commonly taken to measure strength in the elderly.  

Handgrip strength has emerged as a useful measurement of total body strength (Rantanen 

et al., 2003).  It has also been associated with predicting all-cause mortality in the elderly.  

Rantanen et al. found that handgrip strength correlated strongly with measures of muscle 

strength, and those individuals with decreased muscle strength were at a greater risk for 

being sedentary and disabled.  In their five year population cohort, this risk factor 

increased their predisposition for falls and injuries.  Sarcopenia clearly invokes negative 

effects on the quality of life of elderly populations.  Sarcopenia also imposes an 

economic burden on society, and this will only continue to grow as the elderly population 

increases (Janssen et al., 2004).  

Sarcopenia is a Multi-Faceted Process 

 Sarcopenia is a complex phenomenon which results from the combination of 

many factors.  Three commonly investigated contributors to this problem are fiber 

atrophy with concomitant denervation, lack of physical activity and disuse, and 

inadequate nutrition.   

Muscle atrophy results from the combination of individual fiber atrophy and a 

decrease in total fiber number due to denervation (Thompson, 2009).  Studies have 

reported no significant change in fiber type distribution with age, but have reported a 

significant decline in type II fibers, and a significant increase in type I fibers (Brooks & 

Faulkner, 1994; Fayet, Rouche, Hogrel, Tome, & Fardeau, 2001).  This suggests a 
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preferential denervation of type II motor units, and a reinervation by neurons from type I 

motor units.   

It is thought that some of the age-related changes in muscle fibers are due to 

reduced physical activity (Cartee, 1994).  Muscle loss and the accompanying muscle 

weakness make routine activities harder to complete, leading to further inactivity 

(Roubenoff, 2000a).  There is also a decrease in exercise capacity with aging that fuels 

the atrophy-disuse cycle (Thomas, 2010).  Muscle mass loss is accelerated with age due 

to the removal of hypertrophic stimuli.  

 Inadequate nutrition is also thought to play a role in the mechanisms leading to 

sarcopenia.  In 2004, approximately thirty-five percent of elderly people ate less than the 

daily recommended allowance of protein (Janssen et al., 2004).  Inadequate protein intake 

can lead to a negative protein balance in which protein is broken down faster than it is 

replenished (Thomas, 2010).  Studies have found conflicting results in supplementation 

with protein.  It was found that meals high in protein did not enhance myofibrillar protein 

synthesis in older adults following resistance exercise (Welle & Thornton, 1998).  

However, supplementation with amino acids was shown to stimulate protein synthesis 

(Volpi, Ferrando, Yeckel, Tipton, & Wolfe, 1998).  

Skeletal Muscle Response and Adaptation to Resistance Exercise 

Even though sarcopenia occurs with aging, adaptations in aged skeletal muscle 

are possible (Fiatarone et al., 1990)  These adaptations are limited, however, as aged 

muscle does not respond as well to mechanical loading and exercise as young skeletal 
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muscle (Cartee, 1994).  Goldspink and Howells (1974) found that following a resistance 

exercise protocol, the mean fiber area of five selected muscles increased the most in 

young animals, and the least in old.  Additionally, elderly female skeletal muscle has 

demonstrated a blunted response to resistance exercise (Laroche, Roy, Knight, & Dickie, 

2008).  The attenuated adaptation of muscle in response to exercise is not only due to 

limited hypertrophy.  It is also a result of altered gene response following resistance 

exercise.  

MyoD.  MyoD is an early regulatory factor involved in muscle cell growth and 

adaptation.  Significantly higher MyoD mRNA levels at baseline have been found in both 

old rat and human skeletal muscle (Hameed, Orrell, Cobbold, Goldspink, & Harridge, 

2002; Owino, Yang, & Goldspink, 2001).  The higher resting levels of MyoD suggest a 

compensatory mechanism for muscle atrophy seen with age.  However, resistance 

exercise interventions did not induce significant increases in the expression of this gene 

in the old muscle compared with the young. 

 Myogenin.  Myogenin is a muscle specific transcriptional factor (Hasty et al., 

1993) that is part of the myogenic regulatory factor family (Haddad & Adams, 2006).  It 

is associated with differentiation of satellite cells or myogenic precursor cells in skeletal 

muscle, which are preparing to exit the cell cycle and fuse into myofibers (Haddad & 

Adams, 2002).  Myogenin gene expression has been found to increase following acute 

bouts of resistance exercise.  Rats were separated into two groups, one that completed a 

single bout of resistance exercise, and another that completed two bouts with varying rest 



Texas Tech University, Kyrstin Eklund, August, 2011 

5 

 

intervals between bouts.  It was found that myogenin expression increased at all time 

points for both groups.   

Myostatin.   Myostatin is a known inhibitor of myogenic factors and muscular 

hypertrophy.  The exercise response to myostatin is variable across both age and gender.  

Kim, Cross, and Bamman (2005) found that myostatin levels decreased in both young 

and old men following a resistance exercise protocol consisting of three leg exercises, but 

the decrease was largest in the young men.  Another study, which also used a resistance 

exercise protocol consisting of three leg exercises, found no significant change in 

myostatin expression in old skeletal muscle, but found a fifty percent decrease in young 

skeletal muscle under similar loading conditions (Dennis et al., 2008).  It has also been 

found that older women have the most blunted response in myostatin repression 

following resistance exercise compared with young and old men and young women 

(Kim, et al., 2005; Laroche, et al., 2008).  Laroche and colleagues (2008) had participants 

in the trained group complete an eight week isokinetic resistance training program.  

Trained and control groups were subjected to pre and post electrical stimulation testing to 

analyze baseline and completion levels of different rates of torque development and 

nervous activation in the stimulated muscles.  Because similar loading protocols were 

used in the old and young groups in both of these studies, the inability to significantly 

reduce myostatin gene expression could demonstrate that skeletal muscle is impaired in 

sensing stimuli such as mechanical loads.   
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 MGF.  Mechano-sensitive growth factor (MGF) is a splice variant of the IGF-I 

gene whose expression increases following mechanical loading (Goldspink & Harridge, 

2004).  Evidence suggests that MGF content decreases with age (Bamman, et al., 2004).  

Similarly to MyoD expression, MGF has been seen to increase significantly in young 

skeletal muscle following exercise, but no significant changes occur in elderly skeletal 

muscle (Hameed, et al., 2002).  Additional genes that have altered expression in response 

to resistance exercise with age that are relevant to this proposal are myogenin, cyclin D1, 

matrix metalloproteinase (MMP-2) and tissue inhibitor of matrix metalloproteinase 

(TIMP-1). 

Altered Mechanotransduction and Muscle Stiffness 

It has been known for thousands of years that muscle adapts to applied 

mechanical stresses.  Hippocrates even once alluded to this when he said, “That which is 

used develops, and that which is not used wastes away” (Booth & Lees, 2007, 146).  The 

process by which a muscle cell responds to mechanical stimuli is called 

mechanotransduction. This process begins with sensing a mechanical stress imposed on a 

cell and then translating that deformation into a chemical message through a series of 

sequential steps that are not fully understood (Wang & Li, 2010).  Impaired 

mechanotransduction could explain the attenuated response to exercise seen in elderly 

skeletal muscle. If mechanotransduction were impaired, stimuli that once elicited 

muscular maintenance no longer would, and this would lead to muscular atrophy.  This 

possibility has received little attention in the literature.   
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It has been shown that elderly skeletal muscle is stiffer than young skeletal 

muscle (Gajdosik et al., 2005; Gao, Kostrominova, Faulkner, & Wineman, 2008). The 

passive stiffness of a muscle comes primarily from two sources, titin and the extracellular 

matrix (ECM); (Prado et al., 2005). Because the sarcolemma is attached to the ECM 

through intracellular connections such as costameres, stiffening of the ECM would 

diminish the strain experienced by the sarcolemma for a given imposed force. Even 

though the process of mechanotransduction is not fully understood, it is thought to begin 

with membrane strain as a result of a mechanical stimulus.  Accumulation of advanced 

glycation end products (AGEs) on the collagen fibers in the muscle ECM would cause 

stiffening of the ECM, and reduce the strain experienced by the fibers, which ultimately 

would reduce the subsequent signaling that should result in adaptation to the stimuli.   

Advanced glycation end products (AGEs) are the final products of a reaction 

between a free amino group on a protein, DNA, or lipid molecule, and a reducing sugar 

(Ahmed, 2005).  These products appear on long-lived proteins such as collagen, and 

accumulate with age (Alikhani et al., 2007).  AGE accumulation has been associated with 

increased arterial vessel stiffness (Schram et al., 2005; Semba, Bandinelli, Sun, Guralnik, 

& Ferrucci, 2010), increased bone rigidity (Hernandez et al., 2005; Tang, Zeenath, & 

Vashishth, 2007; Vashishth et al., 2001), and increased inflammation and endothelial 

dysfunction in the microcirculation of skeletal muscle (Payne, 2006).  AGEs have also 

been implicated in the increased stiffness of articular cartilage with age (Verzijl et al., 

2002).  The increased stiffness is speculated to increase the likelihood of cartilage failure 
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and subsequent development of osteoarthritis. The most damaging AGEs are those that 

induce collagen cross-links and change the overall conformation of the protein (Paul & 

Bailey, 1996).  This increases the stiffness of collagen fibrils, which increases the 

stiffness of muscle extracellular matrix (Thompson, 2009).  Since AGEs have been 

shown to accumulate in aged muscle, they may play a part in the altered gene expression 

seen in aged skeletal muscle following exercise (Snow, Fugere, & Thompson, 2007).   

Evidence exists that suggests AGE accumulation results in decreased muscle 

strength.  Dalal et al. (2009) found that elevated serum concentrations of Carboxymethyl-

lysine (CML), a commonly investigated AGE, were associated with a greater risk for 

poor grip strength in elderly women.  As was already discussed, handgrip strength is used 

to measure whole body strength which is important in maintaining functionality and 

independence in aging.  It has also been found that elderly skeletal muscle has increased 

pentosidine levels compared with young, and that these increased levels may contribute 

to impaired muscle function in the elderly (Haus, Carrithers, Trappe, & Trappe, 2007).  

Statement of Problem 

Sarcopenia is a growing problem and will continue as the aging population of the 

United States increases (Janssen, et al., 2004).  The reduced adaptation of elderly skeletal 

muscle to exercise is likely to contribute to the increasing incidence of sarcopenia.  

Altered gene expression in response to exercise is one way to quantify this diminished 

exercise response.  The exact mechanism by which gene expression is reduced is unclear, 

but altered mechanotransduction could be occurring.   
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Mechanotransduction involves both the sensing of the muscle cell to the stimulus 

imposed, and a cascade of subsequent events that occur intracellularly, leading to gene 

activation and expression, and thus muscle adaptation (Samarel, 2005; Wang & Li, 

2010).  As muscle ages, the extracellular matrix surrounding it becomes stiffer through 

both cross-linking and increased accumulation of collagen fibrils.  Increased stiffness 

could impair the muscle cell from sensing stimuli that previously imposed a load large 

enough for adaptation and muscular maintenance.  Since mechanotransduction involves 

converting a mechanical stimulus into a chemical message, the normal initiation of 

mechanotransduction would be impaired, as would maintenance of skeletal muscle, 

leading to muscular atrophy.  

Altered mechanotransduction leads to the impairment of gene expression 

following exercise.  If the expression of myogenic regulatory factors, such as MyoD and 

myogenin, along with cell cycle activators like cyclin D1 is decreased or delayed 

following exercise, skeletal muscle will not adapt at an optimal rate.  This could activate 

the decline in muscle strength and mass and eventually lead to sarcopenia.  

Hypotheses 

It is hypothesized that age, muscle stiffness, and glycation will be significant 

predictors of gene expression.  It is also hypothesized that muscle stiffness will be the 

best predictor of gene expression. 
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Significance of the Study 

Sarcopenia is a growing problem and understanding as much as possible about its 

etiology will help in treatment plans (Eynon, Yamin, Ben-Sira, & Sagiv, 2009).  If AGEs 

are found to be correlated with increased muscle stiffness, and are seen to accumulate 

with age, they will present a potential intervention point through pharmaceutical means 

and changes in diet.  This study will also add to the literature about advanced glycation 

end products and their effects on tissues.  AGEs have been examined in diabetic 

populations and in endothelial tissues to a great extent (Ahmed, 2005; Alt et al., 2004; 

Dyer et al., 1993; Grillo & Colombatto, 2008; McCance et al., 1993).  Their effects in 

muscle, however, have been largely overlooked.  

Delimitations 

This study will be delimited to the use of Brown Norway Hybrid male rats of 

various ages spanning their lifespan (6 mo to 37 mo).  This age range will avoid any 

potential effects due to maturation of the rats, as male rats reach sexual maturity at 3 

months of age (Myer & Armitage, 2004).  Response to exercise may differ between 

genders as a result of sex hormones. To reduce variability, this study will use only male 

rats.  Follow-up studies will examine any possible gender interactions.  Each rat will be 

limited to completing one session of the resistance exercise protocol. 

Limitations 

The main limitation to this study is that correlation does not equal causation. 

Simply finding a correlation between increased glycation, increased muscle stiffness, and 
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decreased gene expression as a function of age will not allow AGEs to be cited as the 

cause of decreased gene expression.  

Definitions 

Advanced glycation end products: These are chemical compounds 

formed through a series of non-enzymatic reactions between an amino 

acid residue of a protein, lipid or DNA molecule and a reducing sugar 

(Ahmed, 2005).  

N-Carboxymethyllysine (CML): This is the most studied AGE (Shapiro 

et al., 2008; Dalal et al., 2009 & Semba et al., 2010). 

Pentosidine: This is another commonly examined marker of AGEs 

(McCance et al., 1993; Verzjil et al., 2002).  This AGE induces cross-links 

within the collagen fibril, which disrupts its normal structure and charge 

distribution, altering its interactions with the extracellular space and 

neighboring fibrils.  

Rat dynamometer: this is a custom-built device which securely fastens 

the rodent’s foot into the load cell while supporting the rest of the hind-

limb by bracing the knee in 90 degrees of flexion.   

MyoD: this is a myogenic regulatory factor that induces the development 

of muscle tissue (Edmondson & Olson, 1993). 
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Myoblast: precursor cells which are genetically programmed to exit the 

cell cycle and fuse with other cells to form myotubes and ultimately 

muscle fibers (Edmondson & Olson, 1993). 

Myogenin: This is also a myogenic regulatory factor associated with 

differentiation of muscle cells (Dedkov, Kostrominova, Borisov, & 

Carlson, 2003; Kostrominova, Macpherson, Carlson, & Goldman, 2000). 

Myostatin: this is a known negative regulator of skeletal muscle by 

inhibiting myoblast and satellite cell differentiation (Kim et al., 2005).   

Cyclin D1: This is a regulatory factor that interacts with a set of cyclin-

dependent kinases (Cdks) which regulate activation of the cell cycle 

(Marshall, 1999).  

MGF: Mechano-growth factor.  This is a splice variant of the IGF-I gene, 

which stands for insulin-like growth factor.  MGF is sensitive to 

mechanical stimuli (Yang, Alnaqeeb, Simpson, & Goldspink, 1996). 

IGF-I: This is insulin-like growth factor, and is a positive regulator of 

muscle growth (Heinemeier et al., 2007).  It is an influential factor in the 

hyperotrophy process and is thought to induce satellite cell differentiation 

and protein production (Adams & McCue, 1998). 

MMPs: Matrix metalloproteinase.  These are enzymes that clear away 

damaged parts of the extracellular matrix to allow a path for satellite cells 

to travel through and initiate repair (Visse & Nagase, 2003). 
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TIMP-I: This is tissue inhibitor of matrix metalloproteinase.  These 

enzymes appear to promote cell growth and proliferation through 

interaction with the cell membrane (Hayakawa, Yamashita, Ohuchi, & 

Shinagawa, 1994).  

Assumptions 

We assumed that each rat experienced maximal muscle stimulation and thus a 

matched muscle stress.  The young rats were assumed to produce more force at a given 

stimulation intensity than the old due to aging processes in skeletal muscle.  The 

stimulation intensity will be set relative to each rat so that muscle stress is matched.  We 

assumed no significant changes occurred in gene expression in the non-exercise leg as a 

result of the exercise protocol used.  
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CHAPTER II 

REVIEW OF LITERATURE 

With age, there is a preferential loss of type II or fast twitch fibers which is 

termed sarcopenia (Brooks & Faulkner, 1994; Fayet, et al., 2001).  These fibers are used 

primarily for quick movements and power-based activities.  The decline in strength in the 

elderly populations is primarily due to muscle atrophy and this limits their ability to 

perform activities of daily living (Petrella, Kim, Tuggle, Hall, & Bamman, 2005). With 

the elderly population expected to increase in the next thirty years, this is a major health 

problem which must be addressed.  Sarcopenia is a multi-factorial process that includes 

factors such as neuronal death due to non-recruitment of fibers, a decline in the normal 

physical activity of the elderly population, a reduction in maximal oxygen uptake, which 

thus limits activity, and insufficient protein and nutritional intake. 

One area of the literature that has received little attention is the connective tissue 

sheaths surrounding muscle fibers increasing in stiffness with age (Gao et al., 2008).  

Collagen fibrils become cross-linked with age leading to increased stability, but 

decreased flexibility in the muscle fiber (Bailey, Paul & Knott, 1998).  This may lead to 

alterations in normal mechanotransduction and impaired muscular adaptation. 

This literature review will briefly review the concept of sarcopenia, how it affects 

the quality of life in elderly populations, and some of the mechanisms that cause 

sarcopenia.  It will address the adaptive abilities of elderly skeletal muscle and how they 

differ from young skeletal muscle.  It will then focus on the components of the 
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extracellular matrix (ECM) in muscle tissue, the maturation of collagen, and how the 

connective tissue layers surrounding muscle fibers affect mechanotransduction with age.  

Finally, the argument will be made that glycation and advanced glycation end products 

(AGEs) are an additional factor that increase the stiffness of collagen and contribute to 

the altered adaptive properties of aged skeletal muscle through an alteration in normal 

mechanotransduction. 

Sarcopenia 

Sarcopenia is an age-related loss in skeletal muscle (Evans, 1995). It results in a 

loss of muscle strength and function with age, and leads to an increased risk of falling 

and fracture (Pel-Littel et al., 2009). It has been found to exist in more than 40 percent of 

persons older than 80 years (Baumgartner, 1999). The loss of fiber size and number due 

to denervation leads to muscle atrophy (Thompson, 2009).  Type II, or fast-twitch, 

glycolytic fibers are preferentially lost with age, and a loss of force production also 

occurs.  This loss in muscle mass has been suggested to lead to diminished strength and 

exercise capacity, making it clinically significant. 

A study by Lexell et al., (1988) found that loss of fiber number, rather than a 

reduction in fiber size, is the main contributor to muscle atrophy. They found that muscle 

atrophy begins as early as twenty-five years of age in the vastus lateralis muscle of men 

in their population sample aged 19, 32, 51, 73, and 82.  They also found that 

approximately ten percent of muscle area is lost by the age of 50, and that the reduction 

in muscle area is accelerated such that nearly half of the muscle area is wasted by age 80.  
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Fiaratone et al. (1990) found that their male and female nonagenarian subjects had 

only thirty-one percent muscle composition in their quadriceps and hamstrings groups at 

baseline.  Fat accounted for sixty-five percent of the overall composition of these muscle 

groups.  Muscle atrophy and a decrease in fat free mass limit a person’s functionality 

with age and contribute to sarcopenia. 

Effects on Activities of Daily Living (ADLs) 

Muscle strength has been seen to decline at a rate of fifteen percent per decade 

after fifty years of age (Larsson, Grimby, & Karlsson, 1979).  Additionally, 30 to 40 

percent of muscle strength is lost by age 80 (Schulte & Yarasheski, 2001).  These 

significant decreases in muscle strength lead to reduced physical performance capabilities 

of the elderly, and impact their daily life through a reduction in physical function 

(Faulkner, et al., 2007; Frischknecht, 1998).  Baumgartner et al. (1998) conducted a 

population-based survey and found that sarcopenia in men was significantly associated 

with self-reported physical disability and using a cane or walker. They also found that 

women with sarcopenia had three or more physical disabilities and had 1.5 times greater 

odds for using a cane or walker.  As people become weaker, commonly done tasks 

require a greater percentage of maximal effort, often resulting in abandonment of the 

activity (Roubenoff, 2000a).  The increased effort required is partly due to the decline in 

maximal heart rate, stroke volume and maximal oxygen uptake with age (Eynon et al., 

2009).  Decreased physical activity continues the cycle of muscle mass and strength loss, 

and further decreases quality of life.  
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It has been shown that leg extensor power correlates with the time required to 

perform many activities of daily living (ADL) such as walking, rising from a chair, and 

climbing stairs (Bassey et al., 1992).  As muscle atrophy progresses, these daily activities 

require both increased effort and increased time to complete.  Decreasing strength with 

increasing age also decreases maximum movement speed (Larsson et al., 1979).  As 

aging continues, mobility limitations become prominent and lead to ADL disabilities, 

which limit the elderly person’s autonomy (Eynon et al., 2009).  Limited independent 

living in elderly populations will become more of a problem as the aging population in 

the United States increases.  

In addition to a decreased quality of life through altered activities of daily living, 

there is also an increased risk of falling associated with sarcopenia.  Baumgartner et al. 

(1998) found that sarcopenia was prevalent in 27% of men aged 75 to 80 years, and 53% 

of men older than 80.  They also found that sarcopenia was significantly associated with 

falling within the last year in elderly men, and that women with sarcopenia had an odds 

ratio of 1.5 for having one or more balance abnormalities.  Frail elderly experience an 

even greater loss of muscle mass and function, and have a higher incidence of 

hospitalization, illness, and falling (Pel-Littel et al., 2009).  Ultimately, these factors 

increase an elderly frail person’s chance of dying compared with an elderly, non-frail 

individual.  Another factor associated with this is the fear of falling.  This fear combined 

with the pain associated with osteoarthritis and difficulty in transferring from a seated to 

an upright position creates self-imposed restrictions in mobility (Fiatarone et al., 1994).  
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These restrictions increase muscle atrophy and strength loss that occur with sarcopenia.  

With the rising elderly population within the United States and globally, there is a need 

for understanding the mechanisms of sarcopenia and the most efficacious way to combat 

the effects. 

Mechanisms that Cause Sarcopenia 

Many factors are thought to contribute to sarcopenia. Some of these include 

physical inactivity and inadequate nutrition (Pel-Littel et al., 2009).  Decreased 

circulating hormone levels, such as testosterone and growth hormone, with age in men 

are thought to be contributors to sarcopenia (Hakkinen, Pakarinen, Kraemer, Newton, 

&Alen, 2000; Hyde et al., 2010; Kenny, Dawson, Kleppinger, Iannuzzi-Sucich, & Judge, 

2003; Krasnoff et al., 2010). Less conclusive evidence exists for how circulating 

hormones effect muscular adaptation in elderly women (Hakkinen et al., 2000; Kenny et 

al., 2003).  Dysregulated inflammatory responses in elderly skeletal muscle are also 

postulated as a contributing factor to sarcopenia (Rittweger, 2007).  

Another factor is a loss of neuromuscular function through denervation of muscle 

fibers (Thomas, 2010).  This loss in alpha motor units is a critical feature of sarcopenia 

(Roubenoff, 2000b). This section will highlight the contribution of physical inactivity, 

nutritional status, hormonal status, and chronic inflammation to sarcopenia.   

Physical inactivity.  Increasing age is associated with decreased participation in 

physical activities, particularly activities requiring strength (Rolland & Pillard, 2009).  

These reduced activity levels lead to further muscle weakness and a greater shift towards 
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inactivity, which fuels the spiral of sarcopenia.  Currently, only twelve percent of the 

elderly population in the United States participates in a regular strength training program 

two days per week (Rolland & Pillard, 2009).  Decreased mobility and poor endurance 

are often parts of the normal aging process which contribute to decreased activity in the 

elderly (Landi et al., 2010).  Taken together, these factors lead to decreased physical 

activity and increased muscle atrophy.  

Nutritional status.  In addition to the loss of fibers with age, there is also a 

decrease in myosin heavy chain (MHC) protein synthesis that occurs with age (Morley, 

Baumgartner, Roubenoff, Mayer, & Nair, 2001; Schulte & Yarasheski, 2001). As of 

2004, approximately 35 percent of elderly people ate less than the daily recommended 

allowance of 0.8g of protein per 1kg of body weight (Janssen, et al., 2004).  Muscle is the 

greatest amino acid reserve in the body (Rantanen et al., 2003).  When a negative protein 

balance is attained, as in the case of sarcopenia, muscle is broken down into its amino 

acids which are then taken to help synthesize necessary cellular components (Rantanen et 

al., 2003).  This further compounds the problems imposed by sarcopenia and leaves 

sarcopenic individuals at a greater risk for incomplete recovery from injury or acute 

illness. 

Decreased circulating hormones.  It has been found that decreased free and total 

serum testosterone levels in elderly men are associated with frailty even after controlling 

for diabetes, social support, hearing and vision impairments, age, and BMI (Hyde et al., 

2010).  Additionally, men who had lower baseline free testosterone levels were 
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associated with an increased risk of incident or worsening mobility limitation in a cross-

sectional, longitudinal study (Krasnoff et al., 2010).  This suggests that supplementation 

with testosterone may be a component for consideration in the treatment of sarcopenia. 

One study reviewed measured leg extension strength and power as well as serum 

testosterone and estrogen levels in older men and women (Iannuzzi-Sucich, Prestwood, & 

Kenny, 2002).  This study found that estrone and estradiol levels correlated significantly 

with muscle mass in elderly women, but not testosterone.  It was also found that 

bioavailable testosterone levels in men correlated significantly with skeletal muscle mass.  

In contrast to this, it was found that women on estrogen replacement therapy 

(ERT) did not experience protection against sarcopenia when compared with an age-

matched control population, but free testosterone levels were a predictor of muscle mass 

(Kenny et al., 2003). In line with this, low testosterone levels in elderly women have been 

hypothesized to contribute to reduced muscular adaptation in response to exercise 

(Hakkinen et al., 2000). 

Inflammatory dysregulation.  In addition to muscle atrophy, elderly populations 

have altered regulation of inflammatory processes which hinder the normal recovery and 

adaptation of skeletal muscle seen in younger populations (Przybyla et al., 2006).  

Resident macrophages exist within skeletal muscle cells that promote anti-inflammatory 

characteristics at rest.  This population of macrophages increases in response to resistance 

exercise.  Simultaneously, a small subpopulation of macrophages dictates a pro-

inflammatory response which functions in normal muscle repair processes.  Older 
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individuals have been found to have decreased macrophage numbers compared with 

younger counterparts, but elevated inflammatory makers at both baseline and after 

exercise intervention.  The increased baseline inflammation may affect satellite cell 

differentiation and proliferation in various repair processes, resulting in a delay of repair 

or incomplete repair.  

Increasing levels of cytokines, particularly IL-6, have been seen to precede 

muscle and bone mass loss (Rittweger, 2007).  A low-grade catabolic effect of IL-6 may 

come before muscle and bone mass loss because it may promote a negative protein 

balance over time (Morley et al., 2001).  This may lead to sarcopenia and a reduction in 

muscular strength. Additionally, aging is associated with increased apoptotic factors and 

inhibition of normal satellite cell differentiation and proliferation (Krajnak et al., 2006).  

With normal muscular adaptation, the inflammation and tissue damage caused by 

resistance exercise is eventually resolved and normal function continues (Cutlip, Baker, 

Hollander, & Ensey, 2009).  Satellite cell activation, differentiation and proliferation then 

occurs, giving rise to fusion of myofibers and ultimately hypertrophy.  However, the 

reduction in macrophage number and the increased susceptibility of satellite cell death in 

elderly people attenuates this adaptation process and may contribute to sarcopenia.   

In addition to these well explored mechanisms, impaired mechanotransduction 

has the potential to be a major contributor to sarcopenia.  Muscle mechanotransduction 

begins with the muscle cell sensing the exercise or applied mechanical loading (Wang & 

Li, 2010).  If elderly muscle cells’ ability to sense exercise is diminished, activity levels 
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that previously generated a signal sufficient to maintain muscle mass no longer would.  

Even if activity level is maintained, insufficient muscle adaptation would occur and result 

in muscle mass loss.   

Elderly Response to Exercise 

This section will review the evidence that elderly muscle does not respond as well 

to mechanical stimuli as young, the process of mechanotransduction, and a possible 

mechanism by which mechanotransduction may be impaired.  This mechanism of 

impaired mechanotransduction has not been well researched and this study aims to 

contribute to the sparse literature regarding it. 

Adaptation.  It is known that aged skeletal muscle can adapt to training, resulting 

in hypertrophy and improvements in force production (Fiatarone et al., 1990; Fiatarone et 

al., 1994).  However, this response is diminished compared with young muscle (Kraemer 

et al., 1999; Slivka, Raue, Hollon, Minchev, & Trappe, 2008).  

Fiatarone et al. (1990) had nine participants, with a mean age of 90.2 years, 

complete eight weeks of a high-intensity resistance exercise protocol.  The protocol 

started with an intensity of 50% of each participant’s one repetition maximum (1RM), 

and then increased the load to 80% of 1RM starting with the second week. This intensity 

was maintained throughout the remaining six weeks of training.  They found that average 

strength increased 174% ±31%.  The clinically relevant outcomes were that tandem 

walking speed improved by 48%, two subjects who initially used canes did not, and one 
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subject who could not initially rise from a chair without using his arms was able to at the 

end of the study.   

A similar study was conducted over a ten week period, but also included 

nutritional supplementation (Fiatarone et al., 1994).  At baseline, 83% of the participants 

used a cane, walker, or wheelchair, and 66% had fallen during the previous year.  The 

nutritional supplementation did not significantly affect the intervention, but the resistance 

exercise significantly improved the results of all muscle strength tests.  Four subjects in 

the exercise group who had previously used a walker only needed a cane after the 

intervention.  In contrast, those in the non-exercise group who required a cane needed a 

walker at the end of the study. 

Even though adaptations in elderly skeletal muscle are possible, they are not as 

great as those seen in young skeletal muscle.  Research found that only young rat skeletal 

muscle responded well to chronic stretch-shortening contractions, and that this young 

muscle increased in cross-sectional area by twenty percent, while the elderly muscle 

increased approximately ten percent compared with the age-matched control (Baker, 

Hollander, Kashon, & Cutlip, 2010).   

Similar results have also been reported in human subjects.  One study had elderly 

women complete twelve weeks of high-intensity, progressive resistance exercise, and 

compared their gains in strength to a young control group (Raue, Slivka, Minchev, & 

Trappe, 2009).  While the 1 RM increased for both the young and elderly participants, 
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muscular hypertrophy was only seen in the young group of women.  This was measured 

by an increase in thigh cross-sectional area.  

Similarly attenuated responses to a resistance exercise regimen have been 

reported in men (Slivka et al., 2008).  Six elderly men completed twelve weeks of 

progressive resistance training focused on knee extensor exercises and experienced a 

modest increase in muscle cross-sectional area, but no change in the distribution of MHC 

fiber types.  The authors cite these results as conflicting with results typical of younger 

populations in which skeletal muscle is much more plastic and able to respond.  In 

concordance with this, another study consisting of progressive resistance exercise over 

ten weeks found greater hypertrophy in the thigh and hamstrings of young men compared 

with old (Kraemer et al., 1999).   

Muscle recovery.  Adaptations in elderly skeletal muscle may be diminished due 

to the increased recovery time that is often needed after an injurious exposure (Brooks & 

Faulkner, 1990; McBride, Gorin, & Carlsen, 1995).  This increase in recovery time has 

been seen in elderly sedentary, recreationally active, and athletic populations (Fell & 

Williams, 2008; Klein, Cunningham, Paterson, & Taylor, 1998; Smith et al., 1998).  The 

prolonged recovery period observed in elderly athletes may impede and potentially limit 

the adaptation process.  As the time for complete recovery increases in elderly 

populations, inadequate recovery may be seen in the athletic populations, ultimately 

leading to progressive overreaching and decreased performance (Fell & Williams, 2008).  

Brooks and Faulkner’s 1990 study provides evidence for a protective effect of previous 
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exercise on exercise-induced muscle damage, but a greater recovery period is still needed 

for elderly populations to experience the full protective benefits.  Elderly populations can 

also experience hypertrophy in response to resistance exercise, but more time is required 

for elderly muscle to reach equivalent adaptations as young muscle to similar exercise 

bouts (Brooks, Opiteck, & Faulkner, 2001).  

Gene expression following resistance exercise.  One method to examine the 

response to exercise without having to complete a training study is to examine gene 

expression following exercise (Jozsi et al., 2000; Marsh, Criswell, Carson, & Booth, 

1997).   

There are a number of genes involved in muscle remodeling and hypertrophy, 

including the myogenic regulatory factors, MyoD and myogenin (Psilander, Damsgaard, 

& Pilegaard, 2003), as well as their inhibitor, myostatin (Peters et al., 2003).  Cyclin D1, 

which denotes progress through the cell cycle, is another analyzed gene (Bickel et al., 

2005). The insulin-like growth factor (IGF-I) gene and its two splice variants, MGF and 

IGF-Ea, are often analyzed following resistance exercise (Hill & Goldspink, 2003).  

Genes that encode enzymes involved in the degradation and repair of the extracellular 

matrix, metalloproteinases (MMPs) and tissue inhibitor of metalloproteinase (TIMP-I), 

that facilitate satellite cell proliferation and differentiation have also been examined 

(Dennis et al., 2009).   

Myogenic regulatory factors (MRFs).  There are currently four transcriptional 

factors known to be in the myogeninc regulatory factor family: MyoD, myogenin, Myf5, 
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and MRF4 (Kadi, Johansson, Johansson, Sjostrom, & Henrikson, 2004).  These factors 

are responsible for binding to the regulatory sequences of certain muscle-specific genes 

and help regulate early muscle cell differentiation.  MyoD plays an important role in the 

initiation of myoblast differentiation (Langley et al., 2002).  This occurs by inducing 

myoblasts, which are precursor muscle cells, to withdraw from the cell cycle and 

differentiate.  Likewise, myogenin is associated with differentiation of satellite cells or 

myogenic precursor cells in skeletal muscle (Haddad & Adams, 2002).  These 

differentiated cell types then fuse to form myobtubes which go on to form muscle fibers.  

MyoD is the central regulator of myogenesis and is inhibited by myostatin.  Myogenin is 

thought to be essential to the development of functional skeletal muscle (Hasty et al., 

1993).   

Cyclin D1.  Cyclin D1 is a cyclin-dependent kinase regulator of the cell cycle 

(Haddad & Adams, 2006).  Increased expression of cyclin D1 is associated with 

increased entry into and completion of the cell cycle which is often seen in muscle cell 

repair following resistance exercise.  

Myostatin.  Myostatin is a known negative regulator of skeletal muscle (Haddad 

& Adams, 2006).  It is thought to be a protein secreted by the muscle fiber and is 

inhibited by follistatin (Wojcik, Nogalska, Engel, & Askansas, 2008).  Myostatin may 

enact its negative effects by regulating cyclins B1 and D1, and inhibit normal cellular 

repair and adaptation (Kim et al., 2005). 
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IGF splice variants MGF and IGF-Ea.  Another often looked at transcript is the 

mRNA for mechano-growth factor (MGF).  MGF is a splice variant of the insulin-like 

growth factor (IGF-I) gene which participates with growth hormone (GH) in modulating 

muscle mass, and aids in maintaining tissue integrity by synthesizing specific proteins 

needed for satellite cell proliferation and differentiation into myotubes (Goldspink & 

Harridge, 2004; Owino et al., 2001).   

An additional splice variant exists from the IGF-I gene.  This is the IGF-IEa gene 

and is produced primarily by the liver.  Although the mature peptide produced by these 

two transcripts is the same, the regulation of their expression is different (Hill, et al., 

2003).  The MGF gene is sensitive to mechanical stimuli, and its mRNA has been shown 

to be expressed very early following resistance exercise, with peak expression occurring 

one day post mechanical loading.   

In contrast, the IGF-IEa transcript has shown peak expression seven days post 

mechanical loading.  It is thought that these two transcripts work together in initiating 

and sustaining muscular repair following injury (Hill et al., 2003).  This occurs through 

upregulated MGF expression which induces satellite cell proliferation and differentiation 

soon after mechanical injury.  IGF-IEa mRNA then peaks later and sustains the repair 

process. 

Genes that encode ECM repair proteins: MMPs and TIMPs.  As was previously 

addressed, the ECM is an integral component to skeletal muscle.  Muscle ECM 

undergoes changes in response to stimuli such as mechanical loading.  Part of this 
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response involves a family of enzymes called matrix metalloproteinases (MMPs); (Lluri, 

Langlois, Soloway, & Jaworski, 2008).  MMPs are enzymes that contribute to tissue 

remodeling through initiating enzyme cascades, through acting as regulatory molecules, 

and by processing matrix proteins, cytokines, and growth factors (Urso, Scrimgeour, 

Chen, Thompson, & Clarkson, 2006).  MMP2 and MMP9 are the most abundant MMPs 

in skeletal muscle and increase in content following atrophy or during proteolytic 

imbalance within the muscle.   

The primary function of MMPs is to regulate homeostasis and maintain myofiber 

functional integrity (Chen & Li, 2009).  This occurs through both degradation of the 

ECM and through regulating cell migration, differentiation, and proliferation of quiescent 

satellite cells lying at the basement membrane of each muscle fiber.  Satellite cells 

become activated following muscle injury and migrate to the site of injury to differentiate 

and form new fibers, or to fuse to the existing muscle fiber (Nishimura et al., 2008).  Cell 

migration can only occur after part of the ECM is degraded by MMPs (Chen & Li, 2009).   

Remodeling of the ECM occurs through tightly regulated interactions between 

proteases and their inhibitors (Urso et al., 2006).  Protease inhibitors include the tissue 

inhibitor of metalloproteinase (TIMP) family and serine protease inhibitors.  MMPs are 

usually secreted as zymogens and become activated later by proteinases so that they can 

degrade specified ECM components in specified locations (Chen & Li, 2009).  MMPs are 

regulated by specific tissue inhibitors of metalloproteinases (TIMPs).  Four TIMPs 

(TIMP-1 through TIMP-4) have been identified in vertebrates, and their expression is 
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regulated during development and tissue remodeling (Brew, Dinakarpandian, & Nagase, 

2000; Visse & Nagase, 2003).  TIMP-I is synthesized by most types of connective tissues 

and by macrophages (Chen & Li, 2009).  TIMP-1 and TIMP-2 have cell growth 

promoting activities (Hayakawa, et al., 1994).  TIMP-2 appears to promote cell 

proliferation through direct interaction with the cell membrane, rather than through 

inhibition of MMP activity.  

Gene expression as evidence of diminished response to exercise in the elderly. 

As was previously mentioned, an additional way to measure the response of muscle cells 

to resistance exercise is to examine the gene expression that occurs following the 

exercise.  This response is altered in elderly skeletal muscle, as will now be discussed for 

each of the previously introduced genes.  

MyoD and myogenin.  Jensky, Sims, Rice, Dreyer, and Schroeder (2007) 

conducted a study with young and old men, in which each participant completed several 

sets of single-leg, maximal eccentric isokinetic knee contractions.  The protocol consisted 

of an initial set of twelve maximal repetitions in which the participant completed only the 

eccentric component of the motion, and the investigator physically moved the leg through 

the concentric component, back to the resting position. This was followed by five sets of 

sixteen repetitions for a total of six sets.  Each set was separated by 120 to 180 seconds.  

It was found that MyoD mRNA expression increased in young and decreased in old 

following resistance exercise.  The changes were not significant for either group, but the 
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samples were taken twenty-four hours post exercise and MyoD mRNA has been shown 

to peak four to eight hours post exercise (Yang, Creer, Jemiolo, & Trappe, 2005).   

Significantly higher MyoD mRNA levels at baseline have been found in old rat 

(Owino et al., 2001) and human skeletal muscle (Hameed, et al., 2002).  Briefly, Owino, 

and colleagues carried out an overload procedure by removing the gastrocnemius tendon 

group from young, adult, and old rats.  The plantaris and soleus were removed one, two, 

three or five days after surgery and gene expression was examined.  Baseline levels of 

MyoD expression were higher in old muscle, and these levels increased in both groups 

following the intervention; however, the increased MyoD expression was attenuated in 

the old rats.  Hameed, et al. (2002) conducted a resistance exercise protocol in which both 

young and old men completed ten sets of six repetitions of knee extensions at 80% of 

their 1RM following a five minute warm-up on a cycle ergometer.  Despite the higher 

baseline values of MyoD mRNA noted in old skeletal muscle in these studies, resistance 

exercise did not induce significant increases in expression.  Tamaki et al. (2000) used a 

resistance exercise protocol with rats, but they found that older rats (>120 months) had 

lower resting levels of MyoD compared with young (3.5-5month) rats.  MyoD expression 

remained lower in old rats compared with younger following resistance exercise.  This 

exercise protocol was a squat protocol with three sets of ten repetitions.  The load was 

increased in each set.  

Hulmi et al. (2007) conducted a study in which only older men completed an 

acute bout of resistance exercise, followed by a twenty-one week strength training 
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intervention, and then a final acute resistance exercise session.  The acute exercise bouts 

consisted of five sets of ten repetitions on a bilateral knee press exercise machine.  Two 

minutes of rest were given between sets.  The twenty-one week training program 

consisted of a bilateral leg press, a bilateral knee extension, and a bilateral knee flexion 

exercise.  It also included exercise for the chest, shoulders, upper back, trunk extensors 

and flexors, upper arms, ankle extensors and hip abductors and adductors.  The strength 

training program was progressive and started with loads of 45% 1RM, and ended with 

80% 1 RM.  The number of sets in each exercise increased from 2-3 to3-5, and the 

number of sets decreased from 15-20 to 5-6.   

Muscle biopsies were taken thirty minutes before, one hour, and forty-eight hours 

after the acute resistance exercise bouts (Hulmi et al., 2007).  It was found that myogenin 

mRNA levels increased in response to the acute resistance exercise before and after the 

strength training intervention.  However, the increase in myogenin following the strength 

training intervention was not significantly greater than the mRNA levels of myogenin 

following the initial acute resistance exercise bout, suggesting an attenuated response to 

exercise. These results reflected only old men and were not compared with any from a 

younger population. 

Another study used old and young men and women and implemented a resistance 

exercise protocol and examined resting mRNA levels and post-exercise protein 

expression for myogenin (Bamman et al., 2004).  Each subject completed five sessions.  

The first two sessions were to familiarize the subject to the testing apparatus.  The third 
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session consisted of determining the subject’s 1RM and completing one set of 8-12 

repetitions at 70% of 1RM.  The fourth session consisted of two sets of 8-12 repetitions 

done at 75% of 1RM, and the fifth session consisted of three sets of 8-12 repetitions done 

at 80% of 1RM.  Higher resting levels of myogenin mRNA expression in older men and 

women were found, but no increases in myogenin protein expression were seen following 

resistance exercise in any group (Bamman et al., 2004).   

In contrast to this, (Marsh et al., 1997) injected bupivacaine into the tibialis 

anterior muscle of young, adult, and old rats.  They found that the old rats had higher 

resting levels of myogenin and also had significantly greater expression of myogenin 

mRNA following injection than both the adult and young rats.  This expression remained 

elevated the longest in muscle of old rats.  One possible explanation for this response is 

that the negative feedback mechanism employed to return myogenin mRNA levels to 

baseline that is seen in young and adult rats is either defective or missing in old rats.   

In summary, it has been found that baseline levels of MyoD and myogenin were 

elevated in elderly skeletal muscle, compared with young, suggesting an attempt at 

compensating for decreased muscle mass.  There was often no significant change in 

either gene following resistance exercise in elderly skeletal muscle, and this contrasted 

with the responses seen in younger skeletal muscle.  

Myostatin.  Three studies were reviewed that showed a diminished response in 

myostatin mRNA expression following resistance exercise in the elderly.  In the first 

study, a group of old and young males and females completed three sessions of resistance 
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exercise training (Kim et al., 2005).  Each participant’s 1RM was determined at the first 

session, and one set of 8-12 repetitions was completed at 70% of this 1RM.  The next two 

sessions consisted of two sets of 8-12 repetitions and three sets of 8-12 repetitions done 

until fatigue, respectively.  It was found that myostatin mRNA decreased for all age 

groups following the resistance training, and that the largest decrease in expression was 

in the younger men.  Another study using human males found that myostatin mRNA 

expression decreased by fifty percent in the young group, but did not significantly change 

in the old group following a session of resistance exercise (Dennis et al., 2008).  This was 

a resistance exercise protocol that consisted of a ten minute warm-up on a cycle 

ergometer, followed by determination of 1RM from the bilateral leg press, curl and 

extension.  Participants then rested for five minutes and completed three sets of eight 

repetitions, followed by a fourth set to voluntary failure, for each of the three exercises.  

These repetitions were done at 80% of 1RM.  Two minutes of rest were given in between 

sets, and five minutes of rest were given between exercises.   

Haddad and Adams (2006) found that myostatin mRNA expression decreased in 

young rats only following resistance exercise.  The resistance exercise was administered 

through electrical stimulation of the sciatic nerve.  Each rat performed three maximal 

isometric contractions per minute, with a duty cycle of 4 seconds followed by 16 seconds 

of rest.  This was repeated for thirty minutes.  Rats completed two consecutive bouts of 

resistance exercise which were separated by twenty four hours of rest.  The group of old 

rats, aged thirty months, had the lowest resting levels of myostatin mRNA, but these 
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levels did not decrease in response to the exercise protocol, suggesting that regulation of 

myostatin mRNA expression is altered with age.  

Cyclin D1.  Adams, Haddad, and Baldwin (1999) conducted a study with female 

rats in which surgical ablation of the plantaris muscle was performed.  The rats were 

killed and the plantaris muscles of the overloaded and contra-lateral legs were excised at 

6, 12, 24, and 48 hours and 3, 7, and 12 days after overloading.  Gene expression was 

measured in six hour increments, and cyclin D1 expression was elevated at twenty-four 

and forty-eight hours post surgery.  This elevation indicates that the cell cycle was 

activated in the repair process of the muscle.  Similarly, Haddad and Adams (2006) found 

increases in cyclin D1 expression following a resistance protocol in both young and old 

males, but there was a significant delay in the increased expression in the old muscle.  In 

contrast to both of these studies, Bamman et al. (2004) found no significant change in 

cyclin D1 expression in old and young males and females following resistance exercise.  

These authors postulate that the intensity of the exercise was not sufficient to elicit the 

responses seen in previous studies using rats.   

MGF.  Evidence exists to suggest that MGF content decreases with age (Bamman 

et al., 2004).  It has been found that following a single bout of resistance exercise, young 

subjects can experience significant increases in MGF mRNA expression, but no 

significant change occurs in older subjects (Hameed et al., 2002).  It has also been shown 

that increases in MGF mRNA levels in older women are attenuated compared with older 

men following resistance exercise (Kim et al., 2005).  Two other studies found increases 
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in MGF expression in both old and young rats following resistance exercise, but the 

increases in the old rats were significantly less than those of the young groups (Haddad & 

Adams, 2006; Owino et al., 2001).   

TIMP-I and MMP.  The previously discussed study by Dennis et al (2008) took 

biopsies of the vastus lateralis at two time points in both young and old males before and 

after completing the resistance exercise protocol.  The biopsies of the young muscle 

showed significant increases in mRNA expression of TIMP-I following the protocol, but 

no significant change was seen in the old muscle.  Additionally, MMP2 mRNA 

expression was significantly greater in young muscle compared with old at both time 

points.   

Overall, gene expression following resistance exercise is altered with age.  Young 

muscle is more responsive to exercise, as is seen through elevations in MyoD, myogenin, 

and MGF mRNAs. Old skeletal muscle is less able to adapt and repair to resistance 

exercise compared with young as is evidenced by delayed elevation of cyclin D1, and no 

significant changes in TIMP-1 expression. Old skeletal muscle often has higher resting 

levels of MyoD and myogenin, and little change in expression of these genes following 

resistance exercise. These higher resting levels may be indicative of an attempt of elderly 

skeletal muscle to compensate for atrophy. One plausible explanation for the altered gene 

expression seen in old muscle is that normal mechanotransduction mechanisms are 

impaired with aging.  
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Mechanotransduction 

Mechanical forces alter the regulation and expression of skeletal muscle genes 

through a process known as mechanotransduction (Carson & Wei, 2000).  

Mechanotransduction refers to the cellular process by which load-bearing cells sense 

physical forces and transcribe these forces into biochemical signals which generate 

appropriate responses and ultimately lead to alterations in cellular structure and function 

(Samarel, 2005).  Mechanical forces are integral in maintaining muscle and bone health, 

and they have a major effect on homeostasis (Wang & Li, 2010).  These forces affect a 

variety of cellular functions based off the type of cell and the type of loading.  Cellular 

differentiation, proliferation, gene expression and synthesis of extracellular matrix 

proteins are some of the intracellular responses to mechanical forces.   

Muscle specific mechanotransduction.  In order for a muscle cell to respond to 

mechanical stimuli, certain receptors and molecules must work together in transmitting 

the message.  This process consists of a signal being sensed at the integrin receptor 

(Giancotti & Ruoslahti, 1999) on the cell membrane, followed by the transmission of this 

signal to the costameres and finally to the extracellular matrix (Srivastava & Yu, 2006). 

Integrins and costameres.  Integrins are heterodynamic transmembrane proteins 

that facilitate the connection of the actin cytoskeleton to the ECM (Clark, McElhinny, 

Beckerle, & Gregorio, 2002). Integrins also serve as signaling molecules that can sense 

mechanical stress and activate intracellular signal transduction pathways (Giancotti & 

Ruoslahti, 1999).  This leads to changes in gene transcription, and ultimately protein 
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synthesis.  They are prominently located at costameres in skeletal muscle, which makes 

them ideal for acting as biomechanical sensors that respond to changes in loading (Clark 

et al., 2002).  

Costameres are vinculin-rich sub-membranous proteins that span either side of the 

Z-line in sarcomeres of cardiac and skeletal muscle (Pardo, Siliciano, & Craig, 1983).  

They connect the sarcomere to the ECM (Srivastava & Yu, 2006) and function in 

transmitting contractile force from the Z-line to the basement membrane (Danowski, 

Imanakayoshida, Sanger, & Sanger, 1992).  They also consist of a complex network of 

cytoskeletal proteins and signaling kinases (Samarel, 2005).  Because of this, they are 

able to sense mechanical stretch and initiate downstream signals.  Thus, the muscle cell is 

set up such that integrins connect cytoskeletal elements within the cell to the ECM, and 

costameres connect the ECM to the intracellular sarcomere.   

While it may seem obvious, the most important step in the mechanotransduction 

pathway is the initial cellular or molecular deformation of the muscle cell (Burkholder, 

2007).  The most likely candidates which undergo a change in shape due to the 

mechanical loading are contractile proteins, adhesive complexes, components of the 

cytoskeleton, or the sarcolemma.  The deformation of the sarcolemma is highly localized, 

and small deformations can invoke dramatic localized change in the shape of the 

sarcolemma and cytoskeleton (Dulhunty & Franzini-Armstrong, 1975). 

Because the muscle cell is dependent upon normal mechanotransduction for 

optimal adaptation and maintenance, an alteration in mechanotransduction could explain 
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the altered gene and hypertrophy response experienced by old skeletal muscle in response 

to exercise. One potential mechanism for altered mechanotransduction is an alteration in 

muscle cell ECM composition that limits the muscle cell’s ability to sense stimuli.   

Aging muscle extracellular matrix (ECM).  Skeletal muscle ECM becomes stiffer 

with age (Gao et al., 2008). This increased stiffness could effectively limit normal 

mechanosensation of muscle cells.  A greater stimulus to elicit deformation and muscle 

cell adaptation would be required to produce the adaptations experienced in younger 

muscle. 

ECM Composition 

Collagen is the most abundant extracellular fibrous protein (Kovanen, 1989).  It 

plays an important role in muscle by transmitting force from the contractile units in 

muscle out to the surrounding tendon and bone (Haus et al., 2007).  It also serves in a 

structural role through binding muscle cells together and maintaining proper alignment of 

the fibers (Kovanen, 1989).  One last function of the collagenous matrix surrounding 

muscle fibers is that it allows penetration of nerves and blood flow to all of the parts of 

the muscle.   

Collagen undergoes a maturation process with age and enzymatically regulated 

cross-links form in this process (Gosselin, Adams, Cotter, McCormick, & Thomas, 

1998).  The amount of collagen, the extent of cross-linking, and the architectural 

organization of the collagen fibrils contribute to the viscoelastic property of skeletal 
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muscle, and allow for the flexibility seen within the tissue (Gosselin et al., 1994; 

Kovanen, 1989). 

Properties of collagen.  Collagen matures with age and this is denoted by the 

formation of non-reducible cross-links via regulated, enzymatic reactions.  The rate 

limiting step in this process has been found to be the oxidation of lysine and 

hydroxylysine residues by the enzyme lysyl oxidase.  This enzymatic oxidation creates 

acid-stable hydroxylysyl pridinoline (HP) cross-links within collagen (Gosselin et al., 

1998).  These cross-links are nonreducible and increase in number with age.  These 

biochemical cross-links between collagen fibers provide strength and stability to the 

muscle by giving it its characteristic one-third staggered arrangement (Haus et al., 2007). 

Increased cross-links with age could affect normal mechanotransduction by 

increasing the stiffness of the ECM.  The accumulation of cross-links is thought to be due 

in part to decreased protein turnover with age and also due to decreased susceptibility to 

proteolysis via the ubiquitin proteosome (Gosselin et al, 1998).  The ultimate 

consequence of the cross-linking is that skeletal muscle becomes stiffer with age and this 

may alter the contractibility of muscle (Kovanen, 1989).   

Changes in the ECM May Impair Mechanotransduction. 

The ECM is intimately connected with the sarcolemma of the muscle cell.  

Increased stiffening of the ECM would lead to alterations in the flexibility of the 

sarcolemma, and could impair its ability to sense mechanical stimuli that once elicited a 

biochemical response. Collagen fibrils in the ECM undergo a normal, enzymatically 
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regulated stiffening with age.  They are also subject to a non-enzymatic stiffening process 

known as glycation.  This ultimately increases the stiffness of the collagen network, and 

thus the ECM surrounding muscle, and could impair mechanotransduction.   

Non-enzymatic cross-linking: glycation. In addition to the normal enzymatically 

formed cross-links in collagen with age, non-enzymatic biochemical linkages have been 

found in connective tissue (Haus et al., 2007).  These linkages occur through the process 

of glycation.  Advanced glycation endproducts (AGEs) are the products of glycation 

reactions, and they accumulate in vivo on proteins and long-lived molecules such as 

collagen (Alikhani et al., 2007).  They have also been found in serum albumin, lens 

crystalline, and collagen within the ECM (Grillo & Colombatto, 2008).  They are now 

known to be associated with normal aging and neurodegenerative diseases, such as 

Alzheimer’s and Parkinson’s disease. 

Process of glycation. Glycation describes the spontaneous nucleophilic addition 

reaction between a free amino group and a carbonyl group from a reducing sugar to form 

a freely reversible Schiff base (Ahmed, 2005).  More specifically, it occurs between the 

terminal or lysine-ε amino group of a protein or peptide and a sugar (Lapolla et al., 2004).  

Glycation can also occur between a sugar and an amino group of phospholipids and 

nucleic acids (Grillo & Colombatto, 2008).  This is a non-enzymatic reaction and results 

in the formation of a Schiff base.  The Schiff base slowly undergoes rearrangement and 

transitions into the Amadori product, which is also called fructosamine.  Formation of the 

Amadori intermediate designates the early glycation process.  Upon further 
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rearrangement followed by dehydration, condensation, fragmentation, oxidation and 

cyclization reactions, the early glycation end products become irreversible advanced 

glycation end products (AGEs). 

Types of AGEs. AGEs are complex, heterogenous molecules that induce protein 

cross-linking, exhibit browning, and generate fluorescence (Ahmed, 2005).  More than a 

dozen AGEs have been identified, and they are classified into three basic categories: 

fluorescent cross-linking, non-flourescent cross-linking, and non-cross-linking.  Cross-

linking AGEs consist of molecules such as pentosidine, FFI, NFCI, and crossline 

(Ahmed, 2005; Paul & Bailey, 1996).  Pentosidine is a cross-link between lysine and 

arginine residues in proteins, and has been seen in elevated levels in diabetic patients 

(McCance et al., 1993).  However, pentosidine has been discounted as a major 

contributor to cross-linking, and FFI has been found to be an artifact of an extraction 

procedure (Paul & Bailey, 1996).  The structure of NFC1 is currently unknown.   

The second class of AGEs is non-fluorescent cross-linking, and consists of 

imidazolium dilysine cross-links, alkyl formyl glycosyl pyrrole (AFGP) cross-links, and 

arginine-lysine imidazole (ALI) cross-links, among others (Ahmed, 2005).  The last class 

of AGEs is non-cross-linking.  The two most studied AGEs in this group are 

Carboxymethllysine (CML) and pyrraline.  CML is a non-fluorescent glycoxidation 

product that accumulates with age, and is formed by the oxidative breakdown of Amadori 

productis and during metal-catalysed oxidation of polyunsaturated fatty acids in the 

presence of protein.   
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Although CML is a non-cross-linking AGE, it has still been associated with 

harmful effects.  One study found that injecting CML into craniotomy defects in non-

diabetic mice lead to significant inhibition of bone repair, and resembled the lesions 

induced in the diabetic mice (Santana et al., 2003).  CML-modified collagen has also 

been shown to induce osteoblastic apoptosis when injected into non-diabetic mice 

(Alikhani et al., 2007). Although CML formation has been shown to occur through 

oxidative processes as well as glycation (Dunn, McCance, Thorpe, Lyons, & Baynes, 

1991), it has also been shown to increase on skin collagen in diabetic patients without a 

more pronounced increase in oxidative stress compared with non-diabetic controls (Dyer, 

et al., 1993).  CML is now seen as a biomarker of both oxidative stress and the presence 

of other AGEs within body tissues (Grillo & Colombatto, 2008; McCance et al., 1993). 

Overall, AGEs increase tissue stiffness. AGEs play a pivotal role in the dysfunction 

of collagenous tissue (Paul & Bailey, 1996).  The most damaging AGEs are those that 

induce cross-links within the collagen triple helix.  This is because the cross-linking 

occurs in the middle of the helix, rather than at the globular ends, so the overall 

conformation of the protein changes.  This leads to rapid stiffening of the collagen matrix 

formed by connected collagen fibrils and makes it more resistant to degradation, and 

leads to accumulation of AGEs over the lifespan (Thompson, 2009).  While glycation and 

AGE formation is a slow process that requires most of the lifetime, it is not a highly 

regulated process like normal collagen maturation (Haus et al., 2007).  The accumulation 

of AGEs in collagen over the lifespan alters collagen’s charge profile and likely alters its 
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interactions with cells and other matrix components (Paul & Bailey, 1996).  Because the 

sarcolemma is intertwined with the ECM of the muscle cell, any alteration in the 

structure of collagen would lead to an alteration in normal mechanotransduction.  This 

would limit the muscular response to resistance exercise which would manifest through 

reduced hypertrophy and altered gene expression, as has been cited. 

Summary 

The loss of both the quality and quantity of skeletal muscle with age is a well 

known phenomenon (Frischknecht, 1998).  With the rising elderly population in both the 

United States and worldwide, sarcopenia is a major public health issue (Marcell, 2003).  

It is a multi-factorial process that occurs from a lack of physical activity (Rolland & 

Pillard, 2009), inadequate protein intake (Rantanen et al., 2003), chronic inflammation 

(Przybyla et al., 2006), alpha motor neuron denervation and a subsequent loss of type II 

motor units (Grounds, 2002), among other causes.  Regardless of its exact cause, 

sarcopenia has debilitating effects on the elderly and leads to decreased functional and 

motor abilities. This leads to a loss of independence and a greater burden on the 

individual’s family as well as society in terms of the health care costs incurred (Janssen et 

al., 2004).  

While sarcopenia and muscle atrophy are part of the aging process, elderly 

skeletal muscle still retains the ability to respond and adapt to loads imposed (Fiatarone et 

al., 1990; Fiatarone et al., 1994).  However, the adaptation is attenuated compared with 

younger skeletal muscle, and elderly skeletal muscle also requires more time to achieve 



Texas Tech University, Kyrstin Eklund, August, 2011 

44 

 

full recovery (Baker et al., 2010; Brooks &Faulkener, 1990; Smith et al., 1998).  Altered 

gene expression of myogenic regulatory factors such as MyoD and myogenin, along with 

a lack in the reduction of myostatin, contribute to this altered response process following 

resistance exercise. Additionally, elevation of inflammatory cytokines inhibits the 

proliferation and differentiation of satellite cells at the basement membrane (Morley et 

al., 2001; Przybyla et al., 2006). This further inhibits the adaptability of elderly skeletal 

muscle.  

One additional mechanism that may exist for sarcopenia is the fact that the 

structure of collagen changes with age and the effects of AGEs (Gosselin et al., 1998).  

Because the ECM of muscle is composed largely of collagen, this could interfere with 

normal mechanotransduction and may explain the altered gene response seen in elderly 

skeletal muscle. Only one study has examined the relationship between changes in ECM 

structure, AGEs, and muscle function with age (Haus et al., 2007). An additional study 

investigated the presence of advanced glycation end products (AGEs) in skeletal muscle, 

and found a greater accumulation in elderly skeletal muscle compared with young (Snow 

et al., 2007). This is one area where the literature is lacking.  

Enzymatically regulated cross-links give collagen extra support and contribute to 

the viscoelastic properties of muscle (Gosselin et al., 1998; Haus et al., 2007).  The non-

enzymatic cross-links induced by AGEs, however, alter the composition of the collagen 

fibrils by changing their charge profile (Paul & Bailey, 1996).  The increased cross-links 

in collagen would increase the stiffness of the ECM surrounding each muscle fiber and 
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bundle.  An increase in the ECM could impede normal mechano-sensation by muscle 

cells, because a greater force would be required to induce the same deformation that was 

sensed before the alteration in the ECM.  These alterations would impair normal 

mechanotransduction and limit the ability of elderly skeletal muscle to adapt and 

maintain its strength.  Glycation of the ECM could be one of the contributors to reduced 

gene expression following resistance exercise in elderly skeletal muscle.  

In light of this information, the current study hypothesizes that there will be an 

increased amount of advanced glycation end products and thus increased stiffness in the 

muscles of old rats compared with young. Additionally, there is a relationship between 

gene expression, glycation, muscle stiffness and age which will be important in 

understanding the mechanisms of sarcopenia.    
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CHAPTER III 

METHODS 

The loss of muscle strength associated with aging is a serious problem for older 

adults as it impairs mobility and increases risk for falls (Baumgartner, 1999; Thomas, 

2010).  There are many factors that contribute to age related strength loss, as was 

previously discussed.  One factor that has not been fully explored is the stiffening of 

muscle connective tissue.  It is known that connective tissue increases in stiffness with 

age (Kovanen, 1989).  It is also known that aged muscle does not respond to exercise as 

effectively as young muscle.  This altered response may be due to an impaired ability of 

the muscle cells to sense exercise due to the increasing stiffness of the connective tissues. 

If this is the case, the muscle would sense less exercise and consequently become weaker.   

The purpose of this study is to examine stiffness and gene expression response to 

exercise in muscles from rats across a wide age range.  Additionally, the accumulation of 

advanced glycation end products will be examined, as they may be a cause of increased 

muscle stiffness.  If the stiffening of connective tissue is determined to be a major factor 

in age related strength loss, interventions can be planned to counteract this and hopefully 

improve the quality of life and health of older adults. 

Subjects 

 Twenty-nine Male Brown Norway Hybrid (F/BN) rats aged 6, 12, 18, 24, 27, 30, 

32, 35, 36, and 37 months were used.  Thirty rats were initially purchased for the study, 
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but one 36 month rat was sacrificed prior to testing due to medical reasons.  The ages of 

these rats span the human adult lifespan, as is depicted in Table 1.  As was stated earlier, 

gender differences to exercise may exist.  To reduce this variation, this study used only 

male rats.  Thirty rats are more than sufficient for gaining 80% power at an alpha level of 

0.05.  Approximately twenty animals will allow for an R squared value of 0.4 with 80% 

power.  This will also allow for ten animals to be used to examine likely non-linear 

effects.  These rats were purchased from the National Institute on Aging.  Upon arrival, 

the rats were kept in standard wire cages in the animal care facility for a minimum of 

seven days prior to exercise testing.  They were housed one per cage, allowed food and 

water ab libitum, and underwent a standard 12 hour dark/light cycle.  

Table 1.  The ages of rats and humans with respective life expectancy.  

  

Instrumentation 

 A custom built rodent dynamomter based off of studies by Cutlip et al. (1997, 

2004, 2006) was used for all exercise stimulation.  The dynamometer was connected to a 

Grass Medical SD9 muscle stimulator, which was computer controlled through a Lab 

View program.  Grass Medical E2 platinum electrodes were placed to span the peroneal 

nerve of the rat’s left hindlimb to induce concentric contractions of the extensor 

digitorum longus muscle.  A custom built material testing device was used to 

90 75 50 25 10

25 29 34 37 38

56 70 80 90 95

*Data from National Institute on Aging (2009); 
#
Data from National Center for 

Health Statistics (2007)

Rat Age (mo)*

Human Age (yr)
#

Life Expectancy( %)
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mechanically stretch the non-exercised extensor digitorum longus muscle of each rat to 

test for muscle stiffness.   

Design of the Study 

This is a quasi-experimental study.  Gene expression in response to exercise is the 

dependent variable.  Gene expression was measured using Real Time Reverse 

Transcriptase Polymerase Chain Reaction (qPCR).  It is known that gene expression in 

response to exercise is altered with age (Dennis et al., 2008; Jozsi, et al., 2000), and this 

study hypothesizes that increased muscle stiffness is a mechanism for this reduced gene 

response due to altered mechanotransduction.  Gene expression was quantified through 

the expression of myostatin. However, myogenin was also analyzed.  This is because of 

the function of myostatin as a negative muscle regulator and that it is has been shown to 

have an altered response to exercise with aging ( Dennis et al., 2008; Haddad & Adams, 

2006; Kim et al., 2005) and to be a negative regulator of muscle growth and hypertrophy 

(Carnac, Vernus, & Bonnieu, 2007).  A good marker of myostatin’s importance is 

“muscle doubling,” or unregulated muscular hypertrophy that occurs from loss of 

myostatin (Lee et al., 2009).  

Muscle stiffness, glycation, and age are the independent variables.  Age was 

manipulated by using different aged rats.  Using the different ages manipulated muscle 

stiffness, because muscle stiffness (Gao et al., 2008) and glycation (Snow et al., 2007) 

has been shown to increase with age.  Glycation was quantified using a pepsin-digestion 
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experiment and quantification of insoluble collagen just as Candido et al. (2003) did.  The 

amount of insoluble collagen was approximated through a hydroxyproline assay  

Animal Setup and Testing 

The animal set up followed that of Cutlip et al. (2004, 2006) and Geronilla et al. 

(2003).  A custom built dynamometer described by Cutlip et al. (1997) was used along 

with a Labview-based virtual instrument.  This is a software program that controlled both 

the rodent dynamometer and the data acquisition board, which recorded the muscular 

force produced at the given stimulation.  A muscle stimulator was used (SD9, Grass 

Medical Instruments, Quincy, MA) to deliver the electrical stimulus for each contraction.  

Rats were anesthetized with isoflourane gas using a small animal anesthetic system.  

Once anesthetized, the rat’s left hindlimb was shaven with clippers and then placed on a 

heated platform.  Platinum stimulating electrodes were inserted subcutaneously to span 

the peroneal nerve of the left hindlimb. The animal was then placed into a custom built 

dynamometer designed to measure joint torque and angle as well as control movement 

speed.  The foot of this leg was secured to the load cell fixture of the custom built 

dynamometer by an elastic sleeve. 

The exercise protocol chosen for this study was adapted from Cutlip and 

colleagues (1997).  This protocol was chosen to minimize stress on the animals and to 

allow tight control of the exercise dose. The joint position as defined by the angle 

between the tibia and the plantar surface of the foot.  The angular position of the load cell 

corresponded to the angular position of the ankle.  Forces were applied to an elastic 
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sleeve fitted over the dorsum of the foot and translated to the load cell transducer in the 

load cell fixture.  Force production was measured at the interface between the sleeve and 

the dorsum of the foot.    

A Model SD9 muscle stimulator (Grass Medical Instruments) was used to deliver 

electric stimulation to maximally stimulate the muscle (120Hz square wave-pulse with a 

duration of 0.2ms at 4 volts).  Using maximal stimulation allows for comparison between 

young and old in the worst/best possible case.  If the muscles of the elderly rats have 

impaired mechanotransduction during a maximum intensity contraction, 

mechanotransduction would certainly be impaired at all lower contraction intensities.   

The exercise protocol consisted of three sets of ten concentric contractions 

produced at the stimulation found to elicit maximal force production for each rat, and 

done at a velocity of 30 degrees/second.  At the completion of each concentric 

contraction, the stimulation to the muscle was terminated, and the hindlimb was returned 

to the starting position.  Ten seconds of rest were given between repetitions and two 

minutes of rest were given between each set to minimize the effects of neuromuscular 

fatigue.  

Data Collection 

 Eight hours post exercise, each rat was sacrificed through an overdose of carbon 

dioxide and subsequent decapitation.  The extensor digitorum longus (EDL) and the 

tibialis anterior (TA) of both legs were excised.  Briefly, the muscles will be used as 

follows.  The TA of the exercised leg (left) was used for gene expression, and the TA of 
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the non-exercised leg (right) served as the internal control.  The TA of the right leg was 

used for AGE quantification via pepsin digestion of collagen.  The EDL of the non-

exercised leg was used to measure muscle stiffness.  The EDL has a low pennation angle 

and a regular cross-section, making it more feasible for mechanical testing (Morrow, 

Donahue, Odegard, & Kaufman, 2010).  The TAs were snap-frozen in liquid nitrogen and 

stored at -80
o
C for later use.   

Mechanical testing set-up.  Mechanical testing of the EDL was done in the non-

exercised (right) limb to test for muscle stiffness.  Testing of muscle stiffness was done 

within one hour of excision to avoid the effects of rigor mortis.  The non-exercised limb 

was tested as it is possible that during the exercise protocol, the ECM could have been 

damaged and altered the muscle’s material properties.  The EDL was connected to the 

muscle testing device through a muscle-muscle clamp set up, similar to that of Morrow et 

al., (2010).  Care was taken to ensure that the muscle was clamped at the base so that 

force generation was through the muscle belly.  

 The elastic modulus was determined by the ratio of the normalized stress over the 

normalized strain.  Resting length (Lo) was determined by stretching the muscle until 

force was developed.  The cross sectional area of the EDL was determined to obtain 

normalized stress.  The cross sectional area was found by directly measuring the 

thickness and width with dial calipers, and approximating the muscle using the equation 

of an ellipse.  This formula was: [(thickness)*(width)*(pi)]/4.  
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Upon review of the literature, studies have preconditioned muscles using 10 to 20 

cycles at a set lengthening rate (Leitschuh, Doherty, Taylor, Brooks, & Ryan, 1996; 

Taylor, Dalton, Seaber, & Garrett, 1990).  This study followed suite and preconditioned 

the EDL with 10 cycles at a rate of 2cm/min to ten percent beyond L0. This has been 

demonstrated to be a length that does not induce permanent structural damage (Taylor et 

al., 1990). Following these cycles, the muscle was stretched at a rate of 2cm/min until 

failure.  The force and displacement were sampled at roughly 50 Hz.   

Stiffness testing was done by continually stretching the muscle until failure.  

Deformation and the force or tension developed in the muscle were continually recorded.  

Muscle does not respond in the same manner as a liner material, however, for a constant 

loading rate, the elastic modulus can be determined.  When stretched to failure, muscle 

experiences two distinct types of deformation: elastic deformation, where all elongation 

can be recovered and the muscle can return to its resting length, and plastic deformation, 

in which further elongation is irreversible (Milani, Matheus, Gomide, Volpon, & 

Shimano, 2008).  The muscle stiffness and moduli were determined as the slope of the 

linear region of the load-deformation and stress-strain plots respectively.  It should be 

noted that the stress-strain plot is generated by normalizing the load-displacement curve.  

Load is normalized to area, giving stress, and displacement is normalized to resting 

length, giving strain.  The elastic region was determined using regression analysis, and 

the non-linear region of the curve was discarded.  
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RNA extraction.  The right and left TA muscles were stored in a -80
o
C freezer 

until used for total RNA extraction.  A Qiagen RNeasy Micro Fibrous Tissue kit was 

used to extract the RNA from a sample of each TA for each rat.  Approximately 10 to 15 

mg of frozen muscle tissue was placed into RLT lysis buffer, and allowed to come to 

room temperature.  This was done to allow penetration of the lysis buffer throughout the 

tissue and to aid in tissue disruption.  Once the tissue was thawed, it was homogenized 

with the hand-held homogenizer in pulses of fifteen seconds six times.  The tissue was 

allowed to sit in the buffer for approximately five seconds in between each fifteen second 

pulse. 

Following homogenization, 10ul of Protease K was added to each tube, and 

samples were thoroughly mixed by pipetting.  They were then incubated at 65
o
C for ten 

minutes.  After this, a series of washes, spins, and discarding of the supernatant was done.  

This isolated the RNA from the muscle tissue, and retained it within the mini spin 

column.  RNase-free water used in the final elution step was heated by incubation in a 

water bath at 50
o
C for two minutes before application to the column to elute the RNA.  

The column was then allowed to sit for five minutes before the final spin.  RNA 

concentration and quality were checked using a Nanodrop Spectrophotometer and 

ensuring a 260/280 ratio of 2.0 or greater.  Samples were labeled and stored in the -80
o
C 

until reverse transcription. 

RT-PCR.  20ul of cDNA was made using 3ul of each RNA sample and the 

contents of the Verso cDNA Synthesis kit (Thermo Fisher) to generate a total of 60 vials 
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of cDNA.  The cDNA was made using a 3 to 1 random hexamer to oligo dT mix.  The 

reaction cycle used was as follows:1 Hold at 49
o
C for 30 minutes, followed by 1 Hold at 

95
o
C for 2 minutes, followed by 1 Hold at 4

o
C until the tubes were removed and stored.  

Each vial was clearly labeled and stored at -80
o
C until use in qPCR.   

 qPCR assay methods.  qPCR was done to examine gene expression in myostatin 

and myogenin.  A SYBR-Green Master Mix Low Rox (2X SYBR Green Master Mix) 

qPCR reagent kit was used to measure mRNA expression of the genes listed.  All 

reactions were run in triplicate, and the contents of each reaction were mixed in separate 

tubes with fifteen percent extra volume to ensure accurate pipetting into the individual 

wells.   

qPCR assay optimization.  Optimization of the qPCR assay consists of acquiring 

a relative standard curve with an efficiency between 1.9 and 2.1, as well as an R
2
 value 

greater than 0.99 (Applied Biosystems, 2008a). The R
2
 value gives a measurement of 

replicate consistency, and provides validity in the assay.  The efficiency refers to the 

ability of the primers to efficiently anneal, and is calculated by raising 10 to the negative 

inverse of the slope of the standard curve.  A slope close to -3.3 is 100 percent efficient.   

Two sets of primers were tested in the optimization procedures.  The sequences 

and accession numbers for these primers can be found in Appendix A.  Primers were 

designed for MyoD, cyclin D1, MGF, myostatin and myogenin.  However, during the 

optimization procedures, it was found that MyoD, cyclin D1 and MGF were unreliable.  

Because of this, only myostatin and myogenin were used, and B2M was used for the 
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housekeeping gene.  The B2M housekeeping gene was chosen because its expression is 

not affected by exercise (Mahoney et al., 2004) or age (Koppelkamm et al., 2010).  

 The qPCR assay was optimized through various trials at different temperatures, 

magnesium chloride concentrations, and primer concentrations.  It is suggested to run a 

temperature gradient in order to find the optimal annealing temperature for the primers 

(Thermo Scientific, 2009).  Four separate runs were performed at 53
o
C, 55

o
C, 57

o
C and 

59
o
C.  The best efficiencies were obtained at 57

o
C, so this was the temperature used for 

all subsequent runs.  

Magnesium chloride is supplied in a separate tube with the premixed, optimized 

SYBR master mix.  Magnesium is an ion that helps the polymerase enzyme bind to and 

elongate the DNA strands efficiently.  It can be optimized by increasing its concentration 

by 0.5mM increments, not to exceed a final concentration of 6mM.  Three concentrations 

(3mM, 3.5mM, and 4mM) of magnesium were used and the best efficiency results 

occurred with the 3.5mM concentration.  The results of these efficiency curves are shown 

in Figure 1a through 1i.  It should be noted that the curves displayed are not the only 

optimization curves that were performed.  Curve depicting both primer sets as well as 

different temperatures can be found in Appendix A.  Finally, two primer concentrations 

were used to see which gave optimal results.  It was found that 70nM gave the greatest 

efficiency compared with 95nM. 

The optimized assay yielded R
2
 values >.98 and efficiencies of 1.99, 1.93, and 

2.03 for B2M, myostatin, and myogenin, respectively.  These primer efficiencies are 
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Figures 1d, 1e, and 1f. Gene expression in the exercised left leg was compared to the 

levels of the non-exercised right leg, and then normalized to the B2M housekeeping gene, 

according to the following equation:  

Ratio = [(Etarget)
ΔCt

target
(control-sample)

]/[(Eref)
ΔCt

ref
(control-sample)

] (Pfaffl, 2001). 

  
Figure 1a.  Primer efficiency curve for B2M using 3mM MgCl resulting in efficiency 

of 1.85. 



Texas Tech University, Kyrstin Eklund, August, 2011 

57 

 

Figure 1b.  Primer efficiency curve for B2M using 3.5mM MgCl resulting in efficiency 

of 1.99. 

 

 
Figure 1c.  Primer efficiency curve for B2M using 4mM MgCl resulting in efficiency of 

1.95. 
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Figure 1d.  Primer efficiency curve using for Myogenin 3mM MgCl resulting in 

efficiency of 1.89. 

 

 

 
Figure 1e.  Primer efficiency curve for Myogenin using 3.5mM MgCl resulting in 

efficiency of 2.03. 
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Figure 1f.  Primer efficiency curve for Myogenin using 4mM MgCl resulting in 

efficiency of 1.89. 

 

 

  
Figure 1g.  Primer efficiency curve for Myostatin using 3mM MgCl resulting in 

efficiency of 1.76. 
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Figure 1h.  Primer efficiency curve for Myostatin using 3.5mM MgCl resulting in 

efficiency of 1.93. 

 

   

 

  
 Figure 1i.  Primer efficiency curve for Myostatin using 4mM MgCl resulting in 

efficiency of 2.23. 
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 qPCR data collection.  As was stated before, each reaction was done in triplicate.  

Each cDNA sample concentration was determined on the NanoDrop spectrophotometer 

so that it could be diluted to a final concentration of 100ng/ul in a final volume of 25ul.  

The appropriate volume of cDNA was pipetted into individual microcentrifuge tubes and 

water was added to reach a final volume of 25ul.  These tubes were then spun and 

vortexed before adding the appropriate amount of cDNA into each reaction tube.   

Another set of microcentrifuge tubes was made for each primer for each plate.  

These tubes were labeled according to the rat cDNA and primer that was placed into 

them.  Each tube containing a template reaction had 6.9ul of forward and reverse primers, 

6.9ul of cDNA, 13.8ul of RNase-free water, and 34.5ul of SYBR.  The control tube 

contained 2.3ul of forward and reverse primers, 6.9ul of water and 11.5ul of SYBR.  The 

tubes were spun and vortexed after the primers, water and cDNA had been added, except 

in the case of the control tubes in which no cDNA was added.  SYBR was then added to 

the tubes, the tubes were inverted and spun.  The centrifugations were all quick spins 

lasting 10 seconds in duration.  To ensure that no gradient had built up in the tubes 

between mixing them and adding the contents to each reaction well, the contents were 

gently swirled with the pipette tip before dispensing 20ul into each well.  For an example 

of a plate set up, see Appendix A. 

Based off of optimization trials, the data were collected under the following 

conditions: an initial 15 minute stage at 95
o
C, followed by a denaturation step at 95

o
C for 

15 seconds, followed by an annealing step at 57
o
C for 30 seconds and an extension step 
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at 72
o
C for 31 seconds.  The polymerase in the SYBR Low Rox mix is a Hot Start 

polymerase and requires an initial 15 minute activation step at 95
o
C.  Each reaction 

contained one stage at these conditions.  Forty cycles of denaturation, annealing and 

extension were then performed for each run.  Data were measured in the 72
o
C extension 

step.  All reactions were done in an ABI 7500 Standard machine using ABI Prism 96 well 

Optical Reaction Plates and Microcap Optical 8-Cap Strips purchased from Applied 

Biosystems.  Melt curves were performed at the completion of each data collection run to 

ensure only one product formed.  If the presence of a secondary product was seen, the 

well was noted and accounted for in the analysis. 

AGE Quantification by Collagen Digestion.  To quantify the amount of 

glycation in the muscle sample of each rat, a pepsin digestion similar to Candido et al. 

(2003) was conducted.  As shown in Figure 2, a standard curve for hydroxyproline was 

created based off the protocol of Reddy and Enwemeka (1996).  This was done to ensure 

a linear relationship between hydroxyproline concentration and absorbance.  Briefly, 

aliquots of standard hydroxyproline, ranging from 2 to 20ug, were prepared from a stock 

solution of a concentration of 1mg/ml and mixed gently in 2N sodium hydroxide 

(NaOH).  The total volume was 50ul.  Samples were hydrolyzed by autoclaving at 120
o
C 

for 20 minutes in o-ring screw-capped polypropylene tubes.  450ul of Chloramin T 

reagent was added to the hydrolyzate and mixed gently.  It was then allowed to oxidize at 

room temperature for 25 minutes.  Following this, 500ul of Ehrlich’s reagent was added 

to each sample, mixed gently, and then incubated at 65
o
C for 20 minutes to allow the 
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color to develop.  The absorbance of each sample was measured at 550nm in a 

spectrophotometer.  

 After an initial optimization period, 100mg of each right TA was cut into uniform 

pieces and added to 3ml of 200ug/ml acetic-acid pepsin in 15ml conical vials.  These 

vials were shake-incubated at 37
o
C at 300 revolutions per minute overnight.  250ul of 

supernatant were removed at 2 hours and 24 hours post digestion.  The 2 hour samples 

were stored overnight at -80
o
C.  Once the 24 hour samples were obtained, 25ul of each 

sample was run through the procedure listed for the standard curve and the absorbance 

was obtained at a 550nm wavelength. 

The amount of glycation was determined by analyzing the ratio of collagen digested 

at twenty-four hours to that of collagen digested at two hours.  A larger ratio is indicative 

of a more resistant muscle to pepsin digestion, and thus degradation.  This ratio indirectly 

approximates the amount of cross-linked collagen within the muscle and the amount of 

glycation.   
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Figure 2.  The standard curve of hydroxyproline.  

 

Analysis 

 A multiple regression analysis was done using the independent variables of age, 

muscle stiffness, and glycation to predict the dependent variable of gene expression for 

each rat.  A multiple regression analysis examines the relationship between independent 

variables and a dependent variable, making this the ideal statistic (Hill & Lewicki, 2007).   

A backward stepwise removal method was employed to determine which variable 

best predicts gene expression. The three variables, age, muscle stiffness, and glycation, 

were added to the equation and the R
2
 value calculated.  Then, one variable was removed 

from the calculation, and the effects on R
2
 were calculated.  The independent variable 

that best predicts the dependent variable of gene expression was found. 
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CHAPTER IV 

RESULTS 

Due to various outlier values in gene expression, muscle stiffness, or glycation, 

only the values for 24 rats were used in running the correlation and regression equations.  

Rat 6C was excluded to an outlier value of glycation.  18C was excluded in the plot for 

age versus myogenin gene expression, and 30A was excluded for the age versus 

myostatin plot due to outlier fold changes of 97.84 and 23.7, respectively.  Rats 30B and 

35A were excluded due to technical difficulties in examining muscle stiffness.  Table 2 

gives a brief visual summary of the trends seen in the data.   

Correlations were run between age, muscle stiffness and glycation, and regressions 

were done using these variables to predict gene expression for myogenin and myostatin. 

The model for myogenin was non-significant with F(3,23) = 2.912, p = 0.060.  Likewise, 

the model for myostatin predicts seventeen percent of the variance and is non-significant 

with F(3,23) = 2.576, p = 0.082.  A backwards, stepwise regression found age was the 

best predictor of gene expression for myogenin (myogenin = -0.502*(age) + 2.180, 

p=0.012) rather than the hypothesized muscle stiffness.  However, no significant 

predictor was found for myostatin expression.   
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Table 2.  Mean ±SD for the variables of interest by age.  All groups had 3 rats unless 

specified. 

 

 

 

  

Age Stiffness Glycation Myogenin Myostatin

Tot.(N=24)

37

36 (N=2)

2.20 ± 1.7

3.27 ± 3.28

1.25 ± 0.73

1.84 ± 1.39

2.49 ± 0.78

4.5 ± 4.33

-0.50 ± 1.82

-1.33 ± 2.44

-2.34 ± 4.04

-0.18 ± 1.86

-0.33 ± 1.25

-1.08 ± 2.43

0.17 ± 0.48-0.6 ± 0.622.61 ± 2.221.81 ± 0.1335 (N=2)

-0.55 ± 0.29-0.72 ± 0.852.09 ± 0.741.66 ± 0.6832

-1.16 ± 2.77-1.1 ± 2.042.47 ± 1.920.95 ± 0.4127

0.34 ± 0-2.96 ± 03.69 ± 02.88 ± 030 (N=1)

-0.27 ± 0.830.61 ± 0.782.33 ± 2.131.64 ± 0.3412

-1.02 ± 0.860.22 ± 0.952.05 ± 2.061.28 ± 0.4224

1.36 ± 1.482.89 ± 3.590.84 ± 0.371.55 ± 0.346 (N=2)

1.17 ± 1.370.16 ± 3.131.51 ± 0.820.78 ± 0.2918
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Muscle Stiffness 

 A clear pattern of age related changes in muscle stiffness was not seen.  However, 

there did appear to be an age effect.  Based on visual observation of the data, which 

indicated a change in the data at age 30 months, rats were categorized into an old (≥30 

months) and a young (<30 month) to examine the effect of age on muscle stiffness.  The 

average Young’s modulus for the young rats was 1.34 ±0.367, and for the old rats was 

2.582±1.38.  An independent student’s t-test was run to determine if a significant increase 

in stiffness occurred between the two groups.  There was a significant difference between 

the two groups, t= -2.827, df= 14, p= 0.013.  Interestingly, the muscle stiffness for the 

young rats fell within a rather narrow range (0.57 to 1.89 N/mm
2
).  Five out of the eleven 

old rats fell well outside of this range.  This increase occurred at 30 months and was 

variable with age (Figure 3). 

  
Figure 3. Modulus versus age.  Blue line denotes 3 SD above the mean of the Young’s 

modulus for the young rats.  Green line denotes 3 SD below. 
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No clear relationship was found between muscle stiffness and glycation, as can be seen in 

Figure 4.   

 
Figure 4.  Glycation versus muscle stiffness.  No clear relationship was found. 

 

There was also no clear relationship between muscle stiffness and gene expression, 

depicted in Figures 5 and 6.  

 
Figure 5.  Myogenin gene expression versus stiffness.  No clear relationship was found. 
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Figure 6.  Myostatin gene expression versus stiffness.  No clear relationship was found. 

 

Gene Expression 

 Mygogenin and age were significantly correlated, r =-0.502, p=0.012.  This was 

the only significant finding for gene expression and age.  The relative gene expression for 

myogenin for rat 18C was 97.84 and is not included in Figure 7a for myogenin.  

Likewise, the myostatin relative gene expression for rat 30A is not included in Figure 7b 

for myostatin because the relative fold change was determined to be 23.7.  Both of these 

values indicate extreme fold change responses and were determined to be outliers. 
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Figure 7a.  Relative gene expression of myogenin to B2M following resistance 

exercise expressed as a percent fold change.  

 

  
Figure 7b.  Relative gene expression of myostatin to B2M following resistance 

exercise expressed as a percent fold change. 
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AGE Quantification by Collagen Digestion 

 As stated in the methods section, a pepsin digestion experiment based off Candido 

et al. (2003) was conducted to indirectly measure the amount of glycation in the muscle 

samples.  It was expected that glycation and therefore the absorbance ratio would 

increase as a function of age.  However, there was no clear pattern.  There was high 

variability in this measurement, which may reflect high biological variability or 

variability within this measure as can be seen in Figure 8.  No significant relationship was 

found between glycation and gene expression (Figures 9 and 10).  

 
Figure 8. Glycation versus age.  No clear relationship was found.  
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Figure 9.  Normalized gene expression for myogenin versus glycation.   

 

  
Figure 10.  Normalized gene expression for myostatin versus glycation.   

.   
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CHAPTER V 

DISCUSSION 

There are many well documented contributing factors to sarcopenia, such as poor 

nutrition (Janssen et al., 2004) and decreased physical activity (Rolland & Pillard, 2009) 

with age.  Because the extracellular matrix of muscle increases in stiffness with age (Gao 

et al., 2008), the current study examined the hypothesis that altered mechanotransduction 

occurs in aging and results in altered gene expression.  Age, muscle stiffness, and 

glycation were examined to see which variable would best predict gene expression.  It 

was hypothesized that muscle stiffness would be the best predictor of gene expression.   

The primary finding of the current study was that a significant inverse relationship 

was seen between myogenin gene expression and age.  Gene expression, overall, was 

unreliable in producing consistent results across the age spectrum, and the relative 

changes in myostatin expression were un-interpretable.  It was also found that muscle 

stiffness fell within a tight range (0.57 to 1.89 N/mm
2
) for rats aged 6 to 27 months.  A 

variable increase in stiffness was seen at age 30 months, and five out of the eleven old 

(30-37 month) rats had stiffness values that fell well beyond this range.  Additionally, 

there was a high degree of variability in the measurement of glycation, and this variable 

was not found to correlate significantly with any other variable examined. 
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Muscle Stiffness 

 There was a significant difference between the elastic modulus of young and old 

rats.  However, a closer examination reveals that this is a function of approximately half 

of the older rats falling well outside the normal range.  While this result was unexpected, 

it is consistent with previous research (Domire, McCullough, Chen, & An, 2009; 

Gajdosik et al., 2005; Gao et al., 2008).  Gao et al. (2008) examined the stiffness of the 

tibialis anterior in two groups (young, 4 month; old 24 month) of male Wistar rats.  The 

resting length of the TA epimysium was determined, and was then stretched at a rate of 

10mm/s to determine the stress/strain relationship.  They found that the modulus was 

ninety-eight percent greater in the old epimysium compared with the young.  Though the 

authors do not mention this, the variation within the standard deviation for the old rats is 

of interest.  The standard error of the mean varied considerably for the old rats compared 

with the young when the muscle was stretched beyond 1.2mm, as is shown in Figure 11.  

This variation could be caused by a similar mechanism as the current study with some 

individuals having much higher values. 

 Gajdosik et al. (2005) examined passive elastic joint stiffness in young (20 to26 

years) and old (68 to 87 years) women.  The older women were found to have decreased 

dorsiflexion range of motion (ROM) compared with the younger women.  Again, the 

variability of stiffness was not examined explicitly.  However, a close examination of the 

results does suggest agreement with the current study’s results.  The younger women had 

a much smaller standard deviation in passive elastic stiffness than did the older women 
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(0.40± 13 vs 0.71± 31, younger and older respectively).  Though this study also gives 

support for a high degree of variability in muscle stiffness with aging, it was a less direct 

measurement than Gao et al. (2008) or the current study.  Gajdosik et al. (2005) examined 

total joint stiffness, so the stiffness, and variability therein, may be due to connective 

tissue within the joint rather than the muscle itself.   

  

Figure 11.  The stress strain relationship of the epimysium of rats.  Adapted from Goa 

et al., (2008).  

A more direct measurement of muscle material properties has also shown variability 

in muscle stiffness with aging.  Domire et al. (2009) conducted a magnetic resonance 

elastography (MRE) study with twenty healthy females, ranging in age from fifty to 

seventy years.  Although the relationship between shear modulus and age was not 

significant, the study did see a dramatic increase in the shear modulus a portion of the 
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oldest subjects tested.  This can be seen in Figure 12 and parallels the results of the 

current study.   

Figure 12.  Shear modulus vs. age, adapted from Domire et al. (2009).  

 

If muscle stiffness does in fact result in strength loss, it would be expected that the 

amount of strength loss of older adults would also be variable.  Akima and colleagues 

(2001) seems to support this.  They tested the peak torque production with men and 

women in age groups of 20, 30, 40, 50, 60, and 70, and found a marked decline in peak 

torque production in men and women near age sixty-five.  Up until this age, the decline in 

peak torque production was gradual.  Based off life expectancy percentages, this age 

roughly corresponds to 28 months in hybrid BN rats.  The current study is limited in that 

no 28 month rats were tested.   
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Gene Expression 

The results of gene expression through qPCR were unable to consistently show a 

response to exercise.  Figure 7a gives visual support for the significant inverse 

relationship found between age and myogenin expression.  In contrast, it is clear from 

Figure 7b that no consistent expression was found for myostatin.  Even though three rats 

were found to have a roughly 4-fold decrease in myostatin expression, the remaining rats 

appear to have had no change in relative gene expression.  Two possible explanations for 

this result are that the rats were sacrificed at the incorrect time, or that they did not incur 

a sufficient stimulus to result in a measureable change in gene expression.   

Time point analysis in human studies.  After a review of the literature, five 

studies using human subjects were found relevant to examine the timing of sacrifice in 

the current study.  However, two studies Dennis et al. (2008) and Kim et al. (2005) only 

examine time points beyond what was used in the current study.  Dennis et al. (2008) had 

subjects aged 32 ± 7 years and 72 ± 5 years complete a single session of one set at 80% 

of the subject’s 1RM to failure of a bilateral leg press, bilateral leg curl, and bilateral leg 

extension.  Muscle biopsies were taken prior to exercise and 72 hours post exercise.  It 

was found that young skeletal muscle experienced a fifty percent reduction in myostatin 

expression at the 72 hour time point, but the mRNA expression level in the elderly was 

not significantly altered.  Likewise, Kim et al. (2005) found a forty-four percent reduction 

in myostatin mRNA expression 24 hours post exercise.  The study consisted of 38 

subjects, grouped by age (60-75 yr and 20-35yr) and gender, who completed three sets of 
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eight to twelve repetitions of a squat, leg press, and knee extension at 70% of 1RM.  

Biopsies were taken in the left leg prior to exercise and in the right leg 24 hours post 

exercise.  While both of these studies found significant decreases in myostatin mRNA 

expression post exercise, it is difficult to conclusively say that this decrease was seen 

only at 72 and 24 hours post, respectively.  There is a strong possibility that these levels 

were declining earlier post exercise. 

Three studies were reviewed which examined gene expression at earlier time 

points.  Psilander et al. (2003) had young males (23.9±2.2 yr) complete four sets of six to 

eight and ten to twelve repetitions on a leg press and then a knee extension machine.  

Ninety seconds of rest were given between repetitions and three minutes of rest were 

given between exercise machines.  Muscle biopsies were taken at 1.5 hours pre-exercise, 

and 0, 1, 2, 6, 24, and 48 hours post.  It was found that myogenin mRNA was 

significantly increased 440% from baseline values at six hours post exercise.  Based on 

these findings, the current study should have found an increase in myogenin gene 

expression.   

Likewise, Yang et al. (2005) conducted a resistance exercise protocol with men 

and women aged 25 years.  Subjects completed three sets of ten repetitions of a bilateral 

knee extension exercise at 70% of 1RM.  Biopsies were taken immediately before, 

immediately after, and 1, 2, 4, 8, 12, and 24 hours post exercise.  Myogenin was found to 

be significantly upregulated at eight and twelve hours post exercise.  This again provides 

justification for using an eight-hour post exercise time of sacrifice.  Finally, Raue et al. 
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(2006) used 23 year and 85 year old women.  These subjects also completed three sets of 

ten repetitions at 70% of 1RM of concentric knee extension.  Biopsies were taken before 

exercise and four hours post.  It was found that myostatin was downregulated 2.2 fold at 

four hours post exercise in both young and old groups.  They also saw a nearly 2-fold 

increase in myogenin expression at four hours post exercise, but this was not significant. 

Time point analysis in rat studies. Peters et al. (2003) used adult Sprague 

Dawley rats in their resistance exercise protocol.  Each rat completed thirty eccentric 

contractions by inducing thirty-eight degrees of ankle plantarflexion over 400ms.  This 

was repeated at two minute intervals to yield a total of sixty minutes for the exercise 

protocol.  Rats were sacrificed at 3, 6, 12, 24, 28, 72, 120, and 240 hours post exercise.  

Myogenin peaked in expression at 24 hours post, but as can be seen in Figure 13, 

myogenin was elevated at 3, 6, and 12 hours relative to the control.  Interestingly, 

myostatin mRNA expression was found to be elevated at thirty minutes and 3 and 6 hours 

post exercise.  This increase in myostatin conflicts with the previous literature examined 

which provide clear evidence of myostatin as a negative muscle regulator that decreases 

in mRNA levels following resistance exercise in young populations.  One possible 

explanation for these findings it that myostatin may increase immediately after 

completion of damage-inducing exercise to halt the possibility of hypertrophy until the 

damage is repaired.  At that point, the expression may become suppressed.  
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Figure 13.  Myogenin mRNA expression following acute resistance exercise in Peters 

et al. (2003). 

 

Another study, using young (6 month) and old (30 month) Fisher Brown Norway 

rats, found changes in gene expression following two bouts of acute resistance exercise 

(Haddad & Adams, 2006).  The rats performed three maximal isometric contractions per 

minute with a four second duty cycle and sixteen seconds of rest at 20 volts and 56 Hz for 

each session.  This continued for the total session duration of thirty minutes.  Myogenin 

mRNA expression was analyzed at 0, 24, and 48 hours post exercise. 

There was a significant decrease in myostatin mRNA expression in the young rats 

at 24 hours post exercise, but not in the old.  There was also a significant increase in 

myogenin at 24 hours post exercise that occurred only in the young rats.  It is difficult to 

conclusively rule out any suppression of myostatin or increase in myogenin before twelve 

hours post exercise, since no data were collected.   

For completeness, two additional studies that did not entail the use of resistance 

exercise were reviewed.  Adams et al. (1999) conducted a unilateral removal of the 

gastrocnemius and soleus from 72 female Sprague Dawley rats.  This was done to 
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overload the plantaris for 6, 12, 24, and 48 hours post surgery, as well as 2, 7, and 12 

days post surgery.  It was found that myogenin expression was elevated at 12 hours post 

surgery.  This study provides further rationale for the eight hour time of sacrifice used in 

the current study, but the method of overload was most likely different.  Unilateral 

removal of muscle may have overloaded the remaining muscle to a greater extent than the 

exercise protocol of this study did to the dorsiflexors analyzed.  

Matsakas, Friedel, Hertrampf, & Diel (2005) used 10 twelve week old male 

Wistar rats in an endurance swim protocol.  Rats were separated into a trained and control 

group.  Each rat in the trained group completed two bouts of sixty minutes of swimming 

exercise for five days.  Another group of rats were used for a time course experiment.  

Twelve of these rats completed one 60 minute swimming session and were sacrificed at 7 

and 24 hours post.  Six other rats completed three days of swim training and were 

sacrificed 24 hours after the last swimming session.  

Gene expression analysis revealed a decrease in myostatin levels in the trained 

rats regardless of the time point of sacrifice.  Additionally, myostatin mRNA was 

significantly decreased in the trained group at 7 hours but not 24 hours after the single 

swim session.  Decreased myostatin levels were also found 24 hours after the three day 

swim training, and this decrease was significantly lower than the decrease found in the 

group who had only one session of swimming training.  This study points to the 

possibility that regular exercise can aid in hypertrophy by reducing the expression of 
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myostatin.  This study provides further evidence that downregulation of myostatin can be 

seen as early as 7 hours after a protocol with mechanical stretch.   

In summation, it appears that the time of sacrifice used in the current study was in 

line with previous research and should have allowed for gene expression change to be 

detected.  One reason for the inconclusive gene expression found is that the exercise 

protocol may not have been strenuous enough.  The frequency of stimulation as well as 

the number of repetitions completed may be necessary to cause gene expression changes.  

This idea will be explored in the next section.   

Intensity of resistance exercise protocols.  The current study had each rat 

complete three sets of ten maximal concentric contractions, done at a stimulation level 

between four and nine volts.  The previous human studies also used concentric 

contractions.  However, previous rat studies generally studied eccentric or isometric 

contractions.  Concentric contractions produce less force compared with eccentric and 

isometric contractions (Hill, 1938).  This is because of the relationship between force 

production and velocity of shortening.  As the velocity of shortening increases, the 

amount of force production decreases.  Concentric contractions are done at an increased 

rate of contraction, resulting in the least amount of force produced.  Therefore, it is 

possible that this protocol was not strenuous enough to elicit detectable changes in gene 

expression. 

Heinemeier et al. (2007) provides some evidence that a more strenuous protocol 

should have been used to detect gene expression changes.  This study used young adult 
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Sprague Dawley rats and placed them into one of three groups: isometric contraction, 

concentric contraction, or eccentric contraction.  Rats were trained for four consecutive 

days on a rat ergometer.  The right foot of each rat was placed on the footplate at an angle 

of 44 degrees relative to the tibia.  The concentric group completed a contraction through 

a range of motion of 44 to 64 degrees while the eccentric group completed contractions 

through a range of motion of 44 to 24 degrees.  Each rat completed two sets on the first 

day of training, three sets on the second day, and four sets on the third and fourth days of 

training.  The right leg was stimulated through the sciatic nerve for two seconds with 

eighteen seconds of rest between repetitions.  A set was defined as ten stimulations 

separated by five minutes of rest. 

Rats were sacrificed 24 hours after the last exercise bout.  It was found that 

myostatin mRNA expression decreased eight-fold in the eccentric group and 4-fold in the 

isometric group.  The concentric group also experienced a decrease in myostatin mRNA, 

but it was only a 2-fold decrease.  This study points out a couple of points in regards to an 

exercise protocol.  First, the rats completed four bouts of training and this training was 

progressive in volume.  This may indicate that a protocol increasing in volume may be 

necessary to cause relative changes in gene expression from baseline values.  Secondly, 

different contraction types were analyzed.   

Another aspect to consider is that the total amount of loading may have been 

insufficient.  Kosek, Kim, Petrella, Cross, and Bamman (2006) conducted a sixteen week 

training intervention study with young (20-35 yr) and old (60-75 yr) men.  It was found 
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that myogenin mRNA was significantly elevated at 24 hours post acute resistance 

exercise in the young group, but not in the old.  Myogenin mRNA expression did not 

reach a significant increase in the old men until the biopsy taken 24 hours after the final 

training session.  The current study found an inverse relationship between myogenin gene 

expression and age.  It may be that elevated expression in elderly skeletal muscle requires 

a longer period of time.   

Additionally, though the intensity of the exercise protocol may explain the 

inconsistent gene expression results obtained, another factor to consider is the sensitivity 

of qPCR.  While qPCR is extremely sensitive in detecting changes in gene expression, it 

is limited to detecting changes down to a two-fold difference (Applied Biosystems, 

2008b).  Because the current study used only concentric contractions, and Heinemeier et 

al. (2007) found concentric contractions to induce a two-fold change in gene expression, 

the current study may not have caused measurable changes in gene expression.  

Heinemeier et al. (2007) used a greater volume of exercise, and saw the greatest changes 

in gene expression in the group with eccentric contractions.  As demonstrated in Table 3, 

the intensity of the exercise protocol, rather than the time of sacrifice, does seem to be a 

likely reason for the inability of qPCR measurements to consistently show response to 

exercise.  
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Table 3.  Summation of gene expression response by exercise study.  Myostatin is 

indicated in purple, myogenin in red. The direction of the arrow indicates the direction 

of relative gene response following exercise.  Studies highlighted in orange indicate rat 

subjects instead of human. 

 

Myogenin mRNA expression and aging.  It has been demonstrated that 

myogenin mRNA and protein expression demonstrate a blunted increase across the age 

spectrum in skeletal muscle of rats that has been denervated (Dedkov et al., 2003; 

Kostrominova et al., 2000), has been suspended and made non-weight bearing (Alway, 

Lowe, & Chen, 2001), or that has undergone overload through bupvacaine injection 

(Marsh et al., 1997).   

Resistance exercise interventions have also produced similar results.  Kosek et al. 

(2006) found increased myogenin mRNA at 24 hours post acute resistance exercise both 

before and after a sixteen week training program in young skeletal muscle.  This increase 

was seen in elderly skeletal muscle only after the sixteen week intervention.  Somewhat 

in contrast to this, Hulmi et al. (2007) saw a significant increase in myogenin mRNA one 
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hour post resistance exercise in older ( 62 ± 6.3 yrs), but did not find a significant 

increase at the completion of the 21 week intervention.  The significant inverse 

relationship found between myogenin and age in the current study parallel these findings, 

as well as those of Raue et al. (2006) and Haddad and Adams, (2006).  It can be stated 

that gene expression in response to exercise or overload intervention is altered in elderly 

skeletal muscle.  

Glycation 

 Glycation is a spontaneous, non-enzymatically regulated reaction between the 

carbonyl on a reducing sugar and a free amino group on a protein, peptide, or sugar 

(Lapolla et al., 2004).  Collagen is a polymer found in the basement membrane of skeletal 

muscle and provides structural stability (Kovanen, 1989).  As aging occurs, collagen 

undergoes normal, enzymatically regulated cross-linking, as well as non-enzymatically 

regulated (Haus et al., 2007).  Advanced glycation end products, which are the products 

of glycation, have been found to accumulate with age (Thompson, 2009).  Because of 

this, it was hypothesized that glycation would increase as a function of age.  However, 

the current study did not find this relationship.  Interestingly, the amount of glycation in 

rat 30 was the highest found.  This rat also had the first muscle stiffness value above the 

normal range of the young rats.  Though no significant relationship was found between 

glycation and stiffness, the fact that these glycation and stiffness values correlate indicate 

that a relationship may exist, given a larger sample size.  
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 The variability in the current study may reflect biological or measurement 

variability.  However, the protocol did result in consistently higher absorbances at 24 

hours.  Furthermore, the protocol has been shown to have a high degree of repeatability 

for the measurement of cross-linking in muscle tissue (Candido et al., 2003).  A possible 

explanation for this is that the protocol used in the current study had been carried out 

using left ventricle tissue from rats rather than skeletal muscle.  It may be that this tissue 

is more collagenous than skeletal muscle tissue.  Additionally, there was more tissue 

available for the digestion in the heart.  The combination of these two effects would have 

increased absorbance values across the board and increased the signal to noise ratio for 

the absorbance measurements. 

Implications and Conclusion 

 The significant inverse relationship found between myogenin and age provides 

some evidence that gene expression is affected with age.  This finding is consistent with 

the previous literature demonstrating reduced myogenin gene expression in elderly 

skeletal muscle following exercise compared to young muscle.  Future studies should 

attempt to detect changes in gene expression to a greater degree than the current.  Even 

though qPCR is a very sensitive procedure, it may be limited if the only changes seen in 

gene expression are near two-fold.   

 Based off the inconsistent gene expression results and a brief review of the 

literature, it was possible that concentric contractions may not be strenuous enough to 

induce detectable gene expression changes.  Future studies could examine different 
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contraction types or different volumes of concentric contractions and how they affect 

gene expression.  However, it is known that eccentric contractions are considered 

damage-inducing (Brooks & Faulkner, 1990), and so there is a possibility that the 

significant gene expression changes seen following exercise represent changes in 

response to damage instead of adaptation.  Additionally, most activities of daily living do 

not involve maximal eccentric contractions and therefore may not be appropriate to study 

in the elderly.  Another possibility is to examine an alternative measurement for the 

response to exercise.  For example, protein expression has been used to examine age 

related changes in response to resistance exercise (Thomson & Gordon, 2006).  

 Although no relationship was found between glycation and stiffness or glycation 

and age, there were various data points that could suggest a relationship to exist given a 

larger sample size.  Future work should focus on optimization of procedures in detecting 

the amount of glycation.  It is possible that the ratio of pepsin to tissue sample was 

suboptimal and did not yield optimal digestion.  Altering either of these values and seeing 

how absorbance is affected would be useful for future work.  Another avenue for future 

work would be to find a more detailed procedure to quantify the amount of collagen in 

muscle tissue.  If collagen could be isolated cleanly from muscle tissue, another type of 

analysis such as mass spectrophotometry could possibly be used to quantify glycation.  

 Possibly the most significant finding of the current study was that muscle stiffness 

was seen to variably increase after age 30 months.  If stiffness is proven to be a 

contributor to sarcopenia, this study presents the possibility that not all people will 
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experience this effect as they age.  Therefore, interventions designed to target muscle 

stiffness should be targeted to specific individuals.  Developing a screening tool to 

determine muscle stiffness would be an important area for future research.  

 



Texas Tech University, Kyrstin Eklund, August, 2011 

90 

 

REFERENCES 

Adams, G. R., Haddad, F., & Baldwin, K. M. (1999).  Time course of changes in markers 

of myogenesis in overloaded rat skeletal muscles.  Journal of Applied Physiology, 

87, 1705-1712. 

Adams, G. R., & McCue, S. A. (1998). Localized infusion of IGF-I results in skeletal 

muscle hypertrophy in rats. Journal of Applied Physiology, 84(5), 1716-1722.  

Ahmed, N. (2005). Advanced glycation endproducts - role in pathology of diabetic 

complications. Diabetes Research and Clinical Practice, 67(1), 3-21. doi: 

10.1016/j.diabres.2004.09.004 

Akima, H., Kano, W., Enomoto, Y, Ishizu, H., Okada, M, Oishi, Y.,… Kuno, S. Y. 

(2001). Muscle function in 164 men and women aged 20-84 yr.  Medicine & 

Science in Sports & Exercise, 33(2), 220-226.  

Alway, S. E., Lowe, D. A., & Chen, K. D. (2001). The effects of age and hindlimb 

suspension on the levels of expression of the myogenic regulatory factors MyoD 

and myogenin in rat fast and slow skeletal muscles. Experimental Physiology, 

86(4), 509-517. 

Alikhani, M., Alikhani, Z., Boyd, C., MacLellan, C. M., Raptis, M., Liu, R. K., . . . 

Graves, D. T. (2007). Advanced glycation end products stimulate osteoblast 

apoptosis via the MAP kinase and cytosolic apoptotic pathways. Bone, 40(2), 

345-353. doi: 10.1016/j.bone.2006.09.011 

Alt, N., Carson, J. A., Alderson, N. L., Wang, Y. P., Nagai, R., Henle, T., . . . Baynes, J. 

W. (2004). Chemical modification of muscle protein in diabetes. Archives of 

Biochemistry and Biophysics, 425(2), 200-206. doi: 10.1016/j.abb.2004.03.012 

Applied Biosystems.  (2008a).  Real-Time PCR: Understanding CT.  Foster City, CA.  

Applied Biosystems.  (2008b).  Real-Time PCR vs. Traditional PCR.  Foster City, CA. 

Baker, B. A., Hollander, M. S., Kashon, M. L., & Cutlip, R. G. (2010). Effects of 

glutathione depletion and age on skeletal muscle performance and morphology 

following chronic stretch-shortening contraction exposure. European Journal of 

Applied Physiology, 108(3), 619-630. doi: 10.1007/s00421-009-1258-4 



Texas Tech University, Kyrstin Eklund, August, 2011 

91 

 

Bailey, A. J., Paul, R. G., & Knott, L.  (1998). Mechanisms of maturation and ageing of 

collagen.  Mechanisms of Ageing and Development, 106, 1-56.  

Bamman, M. M., Ragan, R. C., Kim, J.-s., Cross, J. M., Hill, V. J., Tuggle, S. C., & 

Allman, R. M.  (2004).  Myogenic protein expression before and after resistance 

loading in 26 and 64-yr-old men and women.  Journal of Applied Physiology, 97, 

1329-1337. doi: 10.1152/japplphysiol.01387.2003 

Bassey, E. J., Fiatarone, M. A., Oneill, E. F., Kelly, M., Evans, W. J., & Lipsitz, L. A. 

(1992). Leg extensor power and functional performance in very old men and 

women. Clinical Science, 82(3), 321-327.  

Baumgartner, R. M., Koehler, K. M., Gallagher, D., Romero, L., Heyrnsfield, S. B., Ross, 

R. R….Lindeman, R. D.  (1998).  Epidemiology of sarcopenia among the elderly 

in New Mexico.  American Journal of Epidemiology, 147(8), 755-763.  

Baumgartner, R. N. (1999). Epidemiology of sarcopenia among the elderly in New 

Mexico. American Journal of Epidemiology, 149(12), 1161-1161.  

Bickel, C. S., Slade, J., Mahoney, E., Haddad, F., Dudley, G. A., & Adams, G. R. (2005). 

Time course of molecular responses of human skeletal muscle to acute bouts of 

resistance exercise. Journal of Applied Physiology, 98(2), 482-488. doi: 

10.1152/japplphysiol.00895.2004 

Booth, F. W., & Lees, S. J. (2007). Fundamental questions about genes, inactivity, and 

chronic diseases. Physiological Genomics, 28(2), 146-157. doi: 

10.1152/physiolgenomics.00174.2006 

Brew, K., Dinakapandian, D., & Nagase, H. (2000). Tissue inhibitors of 

metalloproteinases: Evolution, structure and function. Biochimica Biophysica 

Acta-Protein Structure and Molecular Enzymology, 1477(1-2), 267-283.  

Brooks, S. V. & Faulkner, J. A. (1990).  Contraction-induced injury: Recovery of skeletal 

muscles in young and old mice.  The American Journal of Physiology, 258(3), 

C436-C442.  

Brooks, S. V. & Faulkner, J. A. (1994). Skeletal muscle weakness in old age: Underlying 

mechanisms. Medicine and Science in Sports and Exercise, 26(4), 432-439. 



Texas Tech University, Kyrstin Eklund, August, 2011 

92 

 

Brooks, S. V., Opiteck, J. A., & Faulkner, J. A. (2001). Conditioning of skeletal muscles 

in adult and old mice for protection from contraction-induced injury. Journals of 

Gerontology Series a-Biological Sciences and Medical Sciences, 56(4), B163-

B171.  

Burkholder, T. J. (2007). Mechanotransduction in skeletal muscle. Frontiers in 

Bioscience, 12, 174-191.  

Candido, R., Forbes, J. M., Thomas, M. C., Thallas, V., Dean, R. G., Burns, W. 

C.…Burrell, L. M. (2003).  A breaker of advanced glycation end products 

attenuates diabetes-induced myocardial structural changes.  Circulation Research, 

92, 785-792.  

Carmeli, E., Coleman, R., & Reznick, A. Z. (2002). The biochemistry of aging muscle. 

Experimental Gerontology, 37, 477-489.  

Carnac, G., Vernus, B., & Bonnieu, A. (2007). Myostatin in the pathophysiology of 

skeletal muscle. Current Genomics, 8(7), 415-422. 

Carson, J. A., & Wei, L. (2000). Integrin signaling's potential for mediating gene 

expression in hypertrophying skeletal muscle. Journal of Applied Physiology, 

88(1), 337-343.  

Cartee, G. D. (1994). Aging and skeletal muscle: Response to exercise. Exercise and 

Sport Sciences Reviews, 22, 91-120.  

Chen, X., & Li, Y. (2009). Role of matrix metalloproteinases in skeletal muscle: 

Migration, differentiation, regeneration and fibrosis. Cell Adhesion and 

Migration, 3, 337-341. 

Clark, K. A., McElhinny, A. S., Beckerle, M. C., & Gregorio, C. C. (2002). Striated 

muscle cytoarchitecture: An intricate web of form and function. Annual Review of 

Cell and Developmental Biology, 18, 637-706. doi: 

10.1146/annurev.cellbio.18.012502.105840 

Cutlip, R. G., Stauber, W. T., Willison, R. H., Mcintosh, T. A., & Means, K. H. (1997). 

Dynamometer for rat plantar flexor muscles in vivo. Medical Biological 

Engineering and Computers, 35, 540-543.  



Texas Tech University, Kyrstin Eklund, August, 2011 

93 

 

Cutlip, R. G., Geronilla, K. B., Baker, B. A., Kashon, M. L., Miller, G., R., & Schopper, 

A. W. (2004). Impact of muscle length during stretch-shortening contractions on 

real-time and temporal muscle performance measures in rats in vivo. Journal of 

Applied Physiology, 96, 507-516. doi: 10.1152/japplphysiol.00046.2003 

Cutlip, R. G., Baker, B. A., Geronilla, K. B., Mercer, R. R., Kashon, M. L., Miller, G. R., 

Mulasits, Z., & Alway, S. E. (2006). Chronic exposure to stretch-shortening 

contractions results in skeletal muscle adaptation in young rats and maladaptation 

in old rats. Applied Physiology of Nutrition & Metabolism, 31, 573-587. doi: 

10.1139/H06-033 

Cutlip, R. G., Baker, B. A., Hollander, M., & Ensey, J. (2009). Injury and adaptive 

mechanisms in skeletal muscle. Journal of Electromyography and Kinesiology, 

19(3), 358-372. doi: 10.1016/j.jelekin.2008.06.007 

Dalal, M., Ferrucci, L., Sun, K., Beck, J., Fried, L. P., & Semba, R. D. (2009). Elevated 

Serum Advanced Glycation End Products and Poor Grip Strength in Older 

Community-Dwelling Women. Journals of Gerontology Series a-Biological 

Sciences and Medical Sciences, 64(1), 132-137. doi: 10.1093/gerona/gln018 

Danowski, B. A., Imanakayoshida, K., Sanger, J. M., & Sanger, J. W. (1992). Costameres 

are sites of force transmission to the substratum in adult-rat cardiomyocytes. 

Journal of Cell Biology, 118(6), 1411-1420.  

Dedkov, E. L., Kostrominova, T. Y., Borisov, A. B., & Carlson, B. M.  (2003).  Myod 

and myogenin protein expression in skeletal muscles of senile rats.  Cell Tissue 

Research, 311, 401-416.  

Dennis, R. A., Przybyla, B., Gurley, C., Kortebein, P. M., Simpson, P., Sullivan, D. H., & 

Peterson, C. A. (2008). Aging alters gene expression of growth and remodeling 

factors in human skeletal muscle both at rest and in response to acute resistance 

exercise. Physiological Genomics, 32(3), 393-400. doi: 

10.1152/physiolgenomics.00191.2007 

Dennis, R. A., Zhu, H. Y., Kortebein, P. M., Bush, H. M., Harvey, J. F., Sullivan, D. H., 

& Peterson, C. A. (2009). Muscle expression of genes associated with 

inflammation, growth, and remodeling is strongly correlated in older adults with 

resistance training outcomes. Physiological Genomics, 38(2), 169-175. doi: 

10.1152/physiolgenomics.00056.2009 

Doherty, T. J. (2003).  Invited review: Aging and Sarcopenia. Journal of Applied 

Physiology, 95, 1717-1727. doi: 10.1152/japplphysiol.00347.2003 



Texas Tech University, Kyrstin Eklund, August, 2011 

94 

 

Domire, Z. J., McCullough, M. B., Chen, Q. S., & An, K. N. (2009). Feasibility of using 

magnetic resonance elastography to study the effect of aging on shear modulus of 

skeletal muscle. Journal of Applied Biomechanics, 25(1), 93-97.  

Dulhunty, A. F., & Franzini-Armstrong, C. (1975). The relative contributions of the folds 

and caveolae to the surface membrane of frog skeletal muscle fibers at different 

sarcomere lengths. Journal of Physiology, 250, 513-539.  

Dunn, J. A., McCance, D. R., Thorpe, S. R., Lyons, T. J., & Baynes, J. W. (1991). Age-

dependent accumulation of N-epsilon-(Carboxymethyl)lysin and N-epsilon-

(Carboxymethyl)hydroxylysine in human skin collagen. Biochemistry, 30(5), 

1205-1210.  

Dyer, D. G., Dunn, J. A., Thorpe, S. R., Bailie, K. E., Lyons, T. J., McCance, D. R., & 

Baynes, J. W. (1993). Accumulation of Maillard reaction-products in skin 

collagen in diabetes and aging. Journal of Clinical Investigation, 91(6), 2463-

2469.  

Edmondson, D. G., & Olson, E. N. (1993). Helix-loop-helix proteins as regulators of 

muscle-specific transcription.  Journal of Biological Chemistry, 268(2), 755-758.  

Evans, W. J. (1995). What is sarcopenia? Journals of Gerontology Series a-Biological 

Sciences and Medical Sciences, 50, 5-8.  

Eynon, N., Yamin, C., Ben-Sira, D., & Sagiv, M. (2009). Optimal health and function 

among the elderly: lessening severity of ADL disability. European Review of 

Aging and Physical Activity, 6(1), 55-61. doi: 10.1007/s11556-009-0048-7 

Faulkner, J. A., Larkin, L. M., Claflin, D. R., & Brooks, S. V.  (2007).  Age-related 

changes in the structure and function of skeletal muscles.  Journal of Clinical and 

Experimental Pharmacology and Physiology, 34, 1091-1096.  

Fayet, G., Rouche, A., Hogrel, J-Y., Tome, F. MS., & Fardeau, M. (2001). Age-related 

morphological changes of the deltoid muscle from 50 to 79 years of age. Acta 

Neuropathologica, 101, 358-366. doi: 10.1007/s004010000294 

Fell, J., & Williams, A. D. (2008).  The effect of aging on skeletal-muscle recovery from 

exercise: Possible implications for aging athletes.  Journal of Aging and Phyiscal 

Activity, 16, 97-115.  



Texas Tech University, Kyrstin Eklund, August, 2011 

95 

 

Fiatarone, M. A., Marks, E. C., Ryan, N. D., Meredith, C. N., Lipsitz, L. A., & Evans, W. 

J. (1990). High-intensity strength training in nonagenarians--Effects on skeletal 

muscle. JAMA-Journal of the American Medical Association, 263(22), 3029-

3034.  

Fiatarone, M. A., Oneill, E. F., Ryan, N. D., Clements, K. M., Solares, G. R., Nelson, M. 

E., . . . Evans, W. J. (1994). Exercise training and nutritional supplementation for 

physical frailty in very elderly people. New England Journal of Medicine, 

330(25), 1769-1775.  

Frischknecht, R. (1998). Effect of training on muscle strength and motor function in the 

elderly. Reproduction Nutrition Development, 38(2), 167-174.  

Gajdosik, R. L., Vander Linden, D. W., McNair, P. J., Riggin, T. J., Albertson, J. S., 

Mattick, D. J., & Wegley, J. C. (2005). Viscoelastic properties of short calf 

muscle-tendon units of older women: Effects of slow and fast passive dorsiflexion 

stretches in vivo. European Journal of Applied Physiology (95), 131-139. doi: 

10.1007/s00421-005-1394-4 

Gao, Y. X., Kostrominova, T. Y., Faulkner, J. A., & Wineman, A. S. (2008). Age-related 

changes in the mechanical properties of the epimysium in skeletal muscles of rats. 

Journal of Biomechanics, 41(2), 465-469. doi: 10.1016/j.jbiomech.2007.09.021 

Geronilla, K. B., Miller, G. R., Mowrey, K. F., Wu, J. Z., Kashon, M. L., Brumbaugh, K., 

. . . Cutlip, R. G. (2003). Dynamic force responses of skeletal muscle during 

stretch-shortening cycles. European Journal of Applied Physiology, 90(1-2), 144-

153. doi: 10.1007/s00421-003-0849-8 

Giancotti, F. G., & Ruoslahti, E. (1999). Transduction - Integrin signaling. Science, 

285(5430), 1028-1032.  

Goldspink, G., & Howells, K. F. (1974). Work-induced hypertrophy in exercised normal 

muscles of different ages and the reversibility of hypertrophy after cessation of 

exercise. Journal of Physiology, 239, 179-193.  

Goldspink, G., & Harridge, S. D. R. (2004). Growth factors and muscle ageing. 

Experimental Gerontology, 39(10), 1433-1438. doi: 10.1016/j.exger.2004.08.010 

Gosselin, L.E., Martinez, D. A., Vailas, A. C., & Sieck, G. C. (1994).  Passive length-

force properties of senescent diaphragm: relationship with collagen 

characteristics.  The American Physiological Society, 2680-2685.   



Texas Tech University, Kyrstin Eklund, August, 2011 

96 

 

Gosselin, L. E., Adams, C., Cotter, T. A., McCormick, R. J., & Thomas, D. P. (1998). 

Effect of exercise training on passive stiffness in locomotor skeletal muscle: Role 

of extracellular matrix. Journal of Applied Physiology, 85(3), 1011-1016.  

Grillo, M. A., & Colombatto, S. (2008). Advanced glycation end-products (AGEs): 

involvement in aging and in neurodegenerative diseases. Amino Acids, 35(1), 29-

36. doi: 10.1007/s00726-007-0606-0 

Grounds, M. D. (2002). Reasons for the degeneration of ageing skeletal muscle: A central 

role for IGF-1 signalling. Biogerontology, 3(1-2), 19-24.  

Haddad, F., & Adams, G. R. (2002). Exercise effects on muscle insulin signaling and 

action selected contribution:  Acute cellular and molecular responses to resistance 

exercise. Journal of Applied Physiology, 93,394-403.  doi: 

10.1152/japplphysiol.01153.2001 

Haddad, F., & Adams, G. R. (2006). Aging-sensitive cellular and molecular mechanisms 

associated with skeletal muscle hypertrophy. Journal of Applied Physiology, 

100(4), 1188-1203. doi: 10.1152/japplphysiol.01227.2005 

Hakkinen, K., Pakarinen, A., Kraemer, W. J., Newton, R. U., & Alen, M. (2000). Basal 

concentrations and acute responses of serum hormones and strength development 

during heavy resistance training in middle-aged and elderly men and women.  

Journal of Gerontology, 55A(2), B95-B105.  

Hameed, M., Orrell, R. W., Cobbold, M., Goldspink, G., and Harridge, S. D. R. (2002).  

Expression of IGF-1 splice variants in young and old human skeletal muscle after 

high resistance exercise.  Journal of Physiology, 547(1), 247-254. doi: 

10.1113/jphysiol.2002.032136 

Hasty, P., Bradley, A., Morris, J. H., Edmondson, D. G., Venuti, J. M., Olson, E. N., & 

Klein, W. H. (1993). Muscle deficiency and neonatal death in mice with a 

targeted mutation in the myogenin gene. Nature, 364(6437), 501-506.  

Haus, J. M., Carrithers, J. A., Trappe, S. W., & Trappe, T. A. (2007). Collagen, cross-

linking, and advanced glycation end products in aging human skeletal muscle. 

Journal of Applied Physiology, 103(6), 2068-2076. doi: 

10.1152/japplphysiol.00670.2007 

Hayakawa, T., Yamashita, K., Ohuchi, E., & Shinagawa, A. (1994). Cell growth-

promoting activity of tissue inhibitory of metalloproteinases-2 (TIMP-2).. Journal 

of Cell Science, 107, 2373-2379.  



Texas Tech University, Kyrstin Eklund, August, 2011 

97 

 

Heinemeier,K. M., Olesen, J. L., Schjerling, P., Haddad, F., Langberg, H., Baldwin, K. 

M., & Kjaer, M.  (2007).  Short-term strength training and the expression of 

myostatin and IGF-I isoforms in rat muscle and tendon: differential effects of 

specific contraction types.  Journal of Applied Physiology, 102, 573-581.   

Hernandez, C. J., Tang, S. Y., Baumbach, B. M., Hwu, P. B., Sakkee, A. N., van der 

Ham, F., …Keaveny, T. M. (2005).  Trabecular microfracture and the influence 

ofpyridinium and non-enzymatic glycation-mediated collagen cross-links.  Bone, 

37(6), 825-832.  doi: 10.1016/j.bone.2005.07.019 

Hill, A. V.  (1938).  The heat of shortening and the dynamic constants of muscle.  

Proceedings of the Royal Society of London, Series B, Biological Sciences, 

126(843), 136-195.  

Hill, M., & Goldspink, G. (2003). Expression and splicing of the insulin-like growth 

factor gene in rodent muscle is associated with muscle satellite (stem) cell 

activation following local tissue damage. Journal of Physiology-London, 549(2), 

409-418. doi: 10.1113/jphysiol.2002.035832 

Hill, M., Wernig, A., & Goldspink, G. (2003). Muscle satellite (stem) cell activation 

during local tissue injury and repair. Journal of Anatomy, 203(1), 89-99.  

Hill, T., & Lewicki, P.  (2007).  General Regression Models. In STATISTICS Methods 

and Applications.  Retrieved from: http://www.statsoft.com/textbook/general-

regression-models/#stepwise 

Hulmi, J. J., Ahtiainen, J. P., Kaasalainen, T., Pollanen, E., Hakkinen, K., Alen, M., . . . 

Mero, A. A. (2007). Postexercise myostatin and activin IIb mRNA levels: Effects 

of strength training. Medicine & Science in Sports & Exercise, 39(2), 289-297. 

doi: 10.1249/01.mss.0000241650.15006.6e 

Hyde, Z., Flicker, L., Almeida, O. P., Hankey, G. J., McCaul, K. A., Chubb, J. A., & 

Yeap, B. B. (2010). Low free testosterone predicts frailty in older men: the health 

in men study. The Journal of Clinical Endocrinology and Metabolism, 95(7), 

3165-3172.  

Iannuzzi-Sucich, M., Prestwood, K. M., & Kenny, A. M. (2002). Prevalence of 

sarcopenia and predictors of skeletal muscle mass in healthy, older men and 

women. Journals of Gerontology Series a-Biological Sciences and Medical 

Sciences, 57(12), M772-M777.  



Texas Tech University, Kyrstin Eklund, August, 2011 

98 

 

Janssen, I., Shepard, D. S., Katzmarzyk, P. T., & Roubenoff, R. (2004). The healthcare 

costs of sarcopenia in the United States. Journal of American Geriatric Society, 

52(1), 80-85.  

Jensky, N. E., Sims, J. K., Rice, J. C., Dreyer, H. C., & Schroeder, E. T. (2007). The 

influence of eccentric exercise on mRNA expression of skeletal muscle 

regulators. European Journal of Applied Physiology, 101, 473-480. 

doi:10.1007/s00421-007-0521-9 

Jozsi, A. C., Dupont-Versteegden, E. E., Taylor-Jones, J. M., Evans, W. J., Trappe, T. A., 

Campbell, W. W., & Peterson, C. A. (2000). Aged human muscle demonstrates an 

altered gene expression profile consistent with an impaired response to exercise. 

Mechanisms of Ageing and Development, 120(1-3), 45-56.  

Kadi, F., Johansson, F., Johansson, R, Sjostrom, M., & Henriksson, J. (2004).  Effects of 

one bout of endurance exercise on the expression of myogenin in human 

quadriceps muscle.  Journal of Histochemical Cellular Biology, 121, 329-344.  

doi: 10.1007/s00418-0630-z 

Kenny, A. M., Dawson, L., Kleppinger, A., Iannuzzi-Sucich, M., & Judge, J. O. (2003). 

Prevalence of sarcopenia and predictors of skeletal muscle mass in nonobese 

women who are long-term users of estrogen-replacement therapy.  Journal of 

Gerontology, 58A(5), 436-440.  

Kim, J-S., Cross, J. M., & Bamman, M. M. (2005).  Impact of resistance loading on 

myostatin expression and cell cycle regulation in young and oldermen and 

women.  American Journal of Physiology, Endocrinology, and Metabolism, 288, 

E1110-E1119.  doi: 10.1152/ajpendo.00464.2004 

Klein, C., Cunningham, D. A., Paterson, D. H., & Taylor, A. W. (1998).  Fatigue and 

recovery contractile properties of young and elderly men.  European Journal of 

Applied Physiology and Occupational Physiology, 57(6), 684-690. 

Koppelkamm, A., Vennemann, B., Fracasso, T., Lutz-Bonengel, S., Schmidt, U., & 

Heinrich, M.  (2010).  Validation of adequate endogenous reference genes for the 

normalisation of qPCR gene expression data in human post mortem tissue. 

International Journal of Legal Medicine, 124, 371-380. doi:10.1007/s00414-010-

0433-9 



Texas Tech University, Kyrstin Eklund, August, 2011 

99 

 

Kosek, D. J., Kim, J.-S., Petrella, J. K., Cross, J. M., & Bamman, M. M. (2006). Efficacy 

of 3 days/wk resistance training on myofiber hypertrophy and myogenic 

mechanisms in young vs. old adults. Journal of Applied Physiology, 101, 531-

544. doi: 10.1152/japplphysiol.01474.2005 

Kovanen, V. (1989). Effects of ageing and physical training on rat skeletal muscle. An 

experimental study on the properties of collagen, laminin, and fibre types in 

muscles serving different functions. Acta Physiologica Scandinavica, 135(s577), 

9-56.  

Kostrominova, T. Y., Macpherson, P. C. D., Carlson, B. M., & Goldman, D.  (2000).  

Regulation of myogenin protein expression in denervated muscles from young 

and old rats.  American Journal of Physiology--Regulatory, Integrative and 

Comparative Physiology, 279, R179-R188.  

Kraemer, W. J., Hakkinen, K., Newton, R. U., Nindl, B. C., Volek, J. S., McCormick, M., 

. . . Evans, W. J. (1999). Effects of heavy-resistance training on hormonal 

response patterns in younger vs. older men. Journal of Applied Physiology, 87(3), 

982-992.  

Krajnak, K., Waugh, S., Miller, R., Baker, B., Geronilla, K., Alway, S. E., & Cutlip, R. 

G. (2006). Proapoptotic factor Bax is increased in satellite cells in the tibialis 

anterior muscles of old rats. Muscle & Nerve, 34(6), 720-730. doi: 

10.1002/mus.20656 

Krasnoff, J. B., Basaria, S., Pencina, M. J., Jasuja, G. K., Vasan, R. S., Ulloor, J… 

Murabito, J. M. (2010). Free testosterone levels are associated with mobility 

limitation and physical performance in community-dwelling men: The 

Framingham Offspring study.  The Journal of Clinical Endocrinology and 

Metabolism, 95(6), 2690-2699.  

Landi, F., Abbatecola, A. M., Provinciali, M., Corsonello, A., Bustacchini, S., 

Manigrasso, L., . . . Lattanzio, F. (2010). Moving against frailty: Does physical 

activity matter? Biogerontology, 11(5), 537-545. doi: 10.1007/s10522-010-9296-1 

Langley, B., Thomas, M., Bishop, A., Sharma, M., Gilmour, S., & Kambadur, R. (2002). 

Myostatin inhibits myoblast differentiation by downregulating MyoD expression. 

The Journal of Biological Chemistry, 277(51), 49831-49840.  



Texas Tech University, Kyrstin Eklund, August, 2011 

100 

 

Lapolla, A., Fedele, D., Reitano, R., Arico, N. C., Seraglia, R., Traldi, P., . . . Tonani, R. 

(2004). Enzymatic digestion and mass spectrometry in the study of advanced 

glycation end products/peptides. Journal of the American Society for Mass 

Spectrometry, 15(4), 496-509. doi: 10.1016/j.jasms.2003.11.014 

Laroche, D. P., Roy, S. J., Knight, C. A., & Dickie, J. L. (2008). Elderly women have 

blunted response to resistance training despite reduced antagonist coactivation. 

Medicine and Science in Sports and Exercise, 40(9), 1660-1668. doi: 

10.1249/MSS.0b013e3181761561 

Larsson, L., Grimby, G., & Karlsson, J. (1979). Muscle strength and speed of movement 

in relation to age and muscle morphology. Journal of Applied Physiology: 

Respiratory, Environmental, and Exercise Physiology, 46(3), 451-456.  

Lee, C. Y., Hu, S. Y., Gong, H. Y., Chen, M. H. C., Lu, J. K., & Wu, J. L. (2009). 

Suppression of myostatin with vector-based RNA interference causes a double-

muscle effect in transgenic zebrafish. Biochemical and Biophysical Research 

Communications, 387(4), 766-771. doi: 10.1016/j.bbrc.2009.07.110 

Leitschuh, P. H., Doherty, T. J., Taylor, D. C., Brooks, D. E., & Ryan, J. B. (1996).  

Effects of postmortem freezing on tensile failure properties of rabbit extensor 

digitorum longus muscle tendon complex. Journal of Orthopaedic Research, 

14(5), 830-833.  

Lexell, J., Taylor, C. C., & Sjostrom, M.  (1988).  What is the cause of ageing atrophy? 

Total number, size, and proportion of different fiber types studied in whole vastus 

lateralis muscle from 15-to-83-year-old men.  Journal of the Neurological 

Sciences, 84: 275-294.  

Lluri, G., Langlois, G. D., Soloway, P. D., & Jaworski, D. M. (2008). Tissue inhibitor of 

metalloproteinase-2 (TIMP-2) regulates myogenesis and beta 1 integrin 

expression in vitro. Experimental Cell Research, 314(1), 11-24. doi: 

10.1016/j.yexcr.2007.06.007 

Mahoney, D. J., Carey, K., Fu, M.-H., Snow, R., Cameron-Smith, D., Parise, G., & 

Tarnopolsky, M. A.  (2004).  Real-time RT-PCR analysis of housekeeping genes 

in human skeletal muscle following acute exercise.  Physiological Genomics, 18, 

226-231. doi:10.1007/s00414-010-0433-9 

Marcell, T. J. (2003). Sarcopenia: Causes, consequences, and preventions. Journals of 

Gerontology Series a-Biological Sciences and Medical Sciences, 58(10), 911-916.  



Texas Tech University, Kyrstin Eklund, August, 2011 

101 

 

Marsh, D. R., Criswell, D. S., Carson, J. A., & Booth, F. W. (1997). Myogenic regulatory 

factors during regeneration of skeletal muscle in young, adult, and old rats. 

Journal of Applied Physiology, 83(4), 1270-1275.  

Marshall, C. (1999). How do small GTPase signal transduction pathways regulate cell 

cycle entry? Current Opinion in Cell Biology, 11(6), 732-736.  

Matsakas, A., Friedel, A., Hertrampf, T., & Diel, P.  (2005).  Short-term endurance 

training results in a muscle-specific decrease in myostatin mRNA content in the 

rat.  Acta Physiological Scandinavia, 183, 299-307.  

McBride, T. A., Gorin, F. A., & Carlsen, R. C. (1995).  Prolonged recovery and reduced 

adaptation in aged rat muscle following eccentric exercise.  Mechanisms of 

Ageing and Development, 83, 185-200.  

McCance, D. R., Dyer, D. G., Dunn, J. A., Bailie, K. E., Thorpe, S. R., Baynes, J. W., & 

Lyons, T. J. (1993). Maillard reaction-products and their relation to complications 

in insulin-dependent diabetes-mellitus. Journal of Clinical Investigation, 91(6), 

2470-2478.  

Milani, J. G. P. O., Matheus, J. P. C, Gomide, L. B., Volpon, J. B., and Shimano, A. C. 

(2008). Biomechanical effects of immobilization and rehabilitation on the skeletal 

muscle of trained and sedentary rats. Annals of Biomedical Engineering, 36(10), 

1641-1648. doi: 10.1007/s10439-008-9542-8 

Morley, J. E., Baumgartner, R. N., Roubenoff, R., Mayer, J., & Nair, K. S. (2001). 

Sarcopenia. Journal of Laboratory and Clinical Medicine, 137(4), 231-243.  

Morrow, D. A., Donahue, T. L. H., Odegard, G. M., & Kaufman, K. R. (2010). 

Transversely isotropic tensile material properties of skeletal muscle tissue. 

Journal of the Mechanical Behavior of Biomedical Materials, 3(1), 124-129. doi: 

10.1016/j.jmbbm.2009.03.004 

Myer, P., & Armitage, D. (2004). Rattus norvegicus. Retrieved from: 

http://animaldiversity.ummz.umich.edu/site/accounts/information/Rattus_norvegi

cus.html#2649a122b31f150188db7bf58888be7c 

National Center for Health Statistics.  (2007).  United States life tables, 2004.  

Hyattsville, MD: Arias, E. 



Texas Tech University, Kyrstin Eklund, August, 2011 

102 

 

National Institute on Aging.  (2009).  Strain survival information.  Retrieved from: 

http://www.nia.nih.gov/ResearchInformation/ScientificResources/AgedRodentCo

loniesHandbook/StrainSurvivalInformation.htm 

Nishimura, T., Nakamura, K., Kishioka, Y., Kato-Mori, Y., Wakamatsu, J., & Hattori, A. 

(2008). Inhibition of matrix metalloproteinases suppresses the migration of 

skeletal muscle cells. Journal of Muscle Research and Cell Motility, 29(1), 37-44. 

doi: 10.1007/s10974-008-9140-2 

Owino, V., Yang, S. Y., & Goldspink, G. (2001). Age-related loss of skeletal muscle 

function and the inability to express the autocrine form of insulin-like growth 

factor-1 (MGF) in response to mechanical overload. Febs Letters, 505(2), 259-

263.  

Pardo, J. V., Siliciano, J. D., & Craig, S. W. (1983). A vinculin-containing cortical lattice 

in skeletal-muscle--Transverse lattice elelments (costameres) mark sites of 

attachment between myofibrils and sarcolemma. Proceedings of the National 

Academy of Sciences of the United States of America-Biological Sciences, 80(4), 

1008-1012.  

Paul, R. G., & Bailey, A. J. (1996). Glycation of collagen: The basis of its central role in 

the late complications of ageing and diabetes. International Journal of 

Biochemistry & Cell Biology, 28(12), 1297-1310.  

Payne, G. W. (2006). Effect of inflammation on the aging microcirculation: Impact on 

skeletal muscle blood flow control. Microcirculation, 13(4), 315-324. doi: 

10.1080/10739680600618918 

Pel-Littel, R. E., Schuurmans, M. J., Emmelot-Vonk, M. H., & Verhaar, H. J. J. (2009). 

Frailty: Defining and measuring of a concept. Journal of Nutrition Health & 

Aging, 13(4), 390-394. doi: 10.1007/s12603-009-0051-8 

Peters, D., Barash, I. A., Burdi, M., Yuan, P. S., Mathew, L., Friden, J., & Lieber, R. L. 

(2003). Asynchronous functional, cellular and transcriptional changes after a bout 

of eccentric exercise in the rat. Journal of Physiology-London, 553(3), 947-957. 

doi: 10.1113/jphysiol.2003.048462 

Petrella, J. K., Kim, J.-S., Tuggle, C., Hall, S. R., & Bamman, M. M. (2005). Age 

differences in knee extension power, contractile force, and fatigability. Journal of 

Applied Exercise Physiology, 98, 211-220.  



Texas Tech University, Kyrstin Eklund, August, 2011 

103 

 

Pfaffl, M. W. (2001).  A new mathematical model for relative quantification in real-time 

RT-PCR.  Nucleic Acids Research, 9(00), 2002-2007.  

Prado, L. G., Makarenko, I., Andresen, C., Kruger, M., Opitz, C. A., & Linke, W. A. 

(2005). Isoform diversity of giant proteins in relation to passive and active 

contractile properties of rabbit skeletal muscles. Journal of General Physiology, 

126(5), 461-480.  

Przybyla, B., Gurley, C., Harvey, J. F., Bearden, E., Kortebein, P., Evans, W. J., . . . 

Dennis, R. A. (2006). Aging alters macrophage properties in human skeletal 

muscle both at rest and in response to acute resistance exercise. Experimental 

Gerontology, 41(3), 320-327. doi: 10.1016/j.exger.2005.12.007 

Psilander, N., Damsgaard, R., & Pilegaard, H. (2003). Resistance exercise alters MRF 

and IGF-I mRNA content in human skeletal muscle. Journal of Applied 

Physiology, 95(3), 1038-1044. doi: 10.1152/japplphysiol.00903.2002 

Rantanen, T., Volpato, S., Ferrucci, L., Heikkinen, E., Fried, L. P., & Guralnik, J. M. 

(2003). Handgrip strength and cause-specific and total mortality in older disabled 

women: Exploring the mechanism. Journal of the American Geriatrics Society, 

51(5), 636-641.  

Raue, U., Slivka, D., Jemiolo, B., Hollon, C., & Trappe, S.  (2006).  Myogenic gene 

expression at rest and after a bout of resistance exercise in young (18-30 yr) and 

old (80-89 yr) women.  Journal of Applied Physiology, 101(1), 53-59.  

Raue, U., Slivka, D., Minchev, K., & Trappe, S. (2009). Improvements in whole muscle 

and myocellular function are limited with high-intensity resistance training in 

octogenarian women. Journal of Applied Physiology, 106(5), 1611-1617. doi: 

10.1152/japplphysiol.91587.2008 

Reddy, G. K., & Enwemeka, C. S.  (1996).  A simplified method for the analysis of 

hydroxyproline in biological tissues.  Clinical Biochemistry, 29(3), 225-229. 

Rittweger, J. (2007). What is new in neuro-musculoskeletal interactions: 

Mechanotransduction, microdamage and repair? Journal of Musculoskeletal & 

Neuronal Interactions, 7(2), 191-193.  

Rolland, Y., & Pillard, F. (2009). Validated treatments and therapeutic perspectives 

regarding physical activities. Journal of Nutrition Health & Aging, 13(8), 742-

745. doi: 10.1007/s12603-009-0208-5 



Texas Tech University, Kyrstin Eklund, August, 2011 

104 

 

Roubenoff, R. (2000a).  Sarcopenia: A major modifiable cause of frailty in the elderly.  

The Journal of Nutrition, Health, and Aging, 4(3), 140-142. 

Roubenoff, R. (2000b). Sarcopenia and its implications for the elderly. European Journal 

of Clinical Nutrition, 54(3), S40-S47. 

Samarel, A. M. (2005). Costameres, focal adhesions, and cardiomyocyte 

mechanotransduction. American Journal of Physiology-Heart and Circulatory 

Physiology, 289(6), H2291-H2301. doi: 10.1152/ajpheart.00749.2005 

Santana, R. B., Xu, L., Chase, H. B., Amar, S., Graves, D. T., & Trackman, P. C. (2003). 

A role for advanced glycation end products in diminished bone healing in type I 

diabetes. Diabetes, 52, 1503-1510.  

Schram, M. T., Schalkwijk, C. G., Bootsma, A. H., Fuller, J. H., Chaturvedi, N., 

Stehouwer, C. D. A., & Complications, E. P. (2005). Advanced glycation end 

products are associated with pulse pressure in type 1 diabetes - The EURODIAB 

Prospective Complications Study. Hypertension, 46(1), 232-237. doi: 

10.1161/01.HYP.0000164574.60279.ba 

Schulte, J. N., & Yarasheski, K. E. (2001). Effects of resistance training on the rate of 

muscle protein synthesis in frail elderly people. International Journal of Sport 

Nutrition and Exercise Metabolism, 11, S111-S118.  

Semba, R. D., Bandinelli, S., Sun, K., Guralnik, J. M., & Ferrucci, L. (2010). 

Relationship of an advanced glycation end product, plasma carboxymethyl-lysine, 

with slow walking speed in older adults: The InCHIANTI study. European 

Journal of Applied Physiology, 108(1), 191-195. doi: :10.1007/s00421-009-1192-

5 

Shapiro, B. P., Owan, T. E., Mohammed, S. F., Meyer, D. M., Mills, L. D., Schalkwijk, 

C. G., & Redfield, M. M. (2008). Advanced glycation end products accumulate in 

vascular smooth muscle and modify vascular but not ventricular properties in 

elderly hypertensive canines. Circulation 118, 1002-1010. 

Smith, S. A., Montain, S. J., Matott, R. P., Zientara, G. P., Jolesz, f. A., & Fielding, R A. 

(1998).  Creatine supplementation and age influence muscle metabolism during 

exercise.  Journal of Applied Physiology, 85, 1349-1356. 



Texas Tech University, Kyrstin Eklund, August, 2011 

105 

 

Slivka, D., Raue, U., Hollon, C., Minchev, K., & Trappe, S. (2008). Single muscle fiber 

adaptations to resistance training in old (> 80 yr) men: Evidence for limited 

skeletal muscle plasticity. American Journal of Physiology-Regulatory Integrative 

and Comparative Physiology, 295(1), R273-R280. doi: 

10.1152/ajpregu.00093.2008 

Snow, L. M., Fugere, N. A., & Thompson, L. V. (2007). Advanced glycation end-product 

accumulation and associated protein modification in type II skeletal muscle with 

aging. Journals of Gerontology Series a-Biological Sciences and Medical 

Sciences, 62(11), 1204-1210.  

Srivastava, D., & Yu, S. H. (2006). Stretching to meet needs: Integrin-linked kinase and 

the cardiac pump. Genes & Development, 20(17), 2327-2331. doi: 

10.1101/gad.1472506 

Tamaki, T., Uchiyama, S., Uchiyama, Y., Akatsuka, A., Yoshimura, S., Roy, R. R. and 

Edgerton, V. R.  (2000). Limited myogenic response to a single bout of weight-

lifting exercise in old rats.  American Journal of Physiology and Cell Physiology, 

278, 1143-1152.  

Tang, S. Y., Zeenath, U., & Vashishth, D.  (2007).  Effects of non-enzymatic glycation 

on cancellous bone fragility.  Bone, 40(4), 1144-1151.  

Taylor, D. C., Dalton, J. D., Seaber, A. V., & Garrett, W. E. (1990). Viscoelastic 

properties of muscle-tendon units. The American Journal of Sports Medicine, 

18(3), 300-309.  

Thermo Scientific.  (2009).  QPCR Optimization & Troubleshooting Guide.  Foster City, 

CA.  

Thomas, D. R. (2010). Sarcopenia. Clinics in Geriatric Medicine, 26(2), 331-346. doi: 

10.1016/j.cger.2010.02.012 

Thompson, L. V. (2009). Age-related muscle dysfunction. Experimental Gerontology, 

44(1-2), 106-111. doi: 10.1016/j.exger.2008.05.003 

Thomson, D. M., & Gordon, S. E.  (2006).  Impaired overload-induced muscle growth is 

associated with diminished translational signalling in aged rat fast-twitch skeletal 

muscle.  Journal of Physiology, 574(1)¸291-305.  



Texas Tech University, Kyrstin Eklund, August, 2011 

106 

 

Urso, M., Scrimgeour, A. G., Chen, Y. W., Thompson, P. D., & Clarkson, P. M. (2006). 

Analysis of human skeletal muscle after 48 h immobilization reveals alterations in 

mRNA and protein for extracellular matrix components. Journal of Applied 

Physiology, 101(4), 1136-1148. doi: 10.1152/japplphysiol.00180.2006 

Vashishth, D., Gibson, G. J., Khoury, J. I., Schaffler, M. B., Kimura, J., & Fyhrie, D. P. 

(2001). Influence of nonenzymatic glycation on biomechanical properties of 

cortical bone. Bone, 28(2), 195-201.  

Verzijl, N., DeGroot, J., Ben Zaken, C., Braun-Benjamin, O., Maroudas, A., Bank, R. A., 

. . . TeKoppele, J. M. (2002). Crosslinking by advanced glycation end products 

increases the stiffness of the collagen network in human articular cartilage - A 

possible mechanism through which age is a risk factor for osteoarthritis. Arthritis 

and Rheumatism, 46(1), 114-123.  

Visse, R., & Nagase, H. (2003). Matrix metalloproteinases and tissue inhibitors of 

metalloproteinases - Structure, function, and biochemistry. Circulation Research, 

92(8), 827-839. doi: 10.1161/01.res.0000070112.80711.3d 

Volpi, E., Ferrando, A. A., Yeckel, C. W., Tipton, K. D., & Wolfe, R. R. (1998). 

Exogenous amino acids stimulate net muscle protein synthesis in the elderly. 

Journal of Clinical Investigation, 101(9), 2000-2007.  

Wang, J. H., & Li, B. (2010). Mechanics rules cell biology Sports Medicine Athroscopy, 

Rehabilitation, Therapy, & Technology, 2(16), 1-7. 

Welle, S., & Thornton, C. A. (1998). High-protein meals do not enhance myofibrillar 

synthesis after resistance exercise in 62- to 75-yr-old men and women. American 

Journal of Physiology, Endocrinology, and Metabolism, 274(4), 677-683.  

Wojcik, S., Nogalska, A., Engel, W. K., & Askansas, V. (2008). Myostatin and its 

precursor protein are increased in the skeletal muscle of patients with Type-II 

muscle fibre atrophy. Folia Morphologica, 67(1), 6-12.  

Yang, S. Y., Alnaqeeb, M., Simpson, H., & Goldspink, G. (1996). Cloning and 

characterization of an IGF-1 isoform expressed in skeletal muscle subjected to 

stretch. Journal of Muscle Research and Cell Motility, 17(4), 487-495.  

Yang, Y., Creer, A., Jemiolo, B., & Trappe, S.  (2005).  Time course of myogenic and 

metabolic gene expression in response to acute exercise in human skeletal muscle.  

Journal of Applied Physiology, 98, 1745-1752.  



Texas Tech University, Kyrstin Eklund, August, 2011 

107 

 

APPENDIX A 

PRIMER DESIGN AND QPCR ASSAY OPTIMIZATION 

The initial primer set was chosen by finding the accession number and cds 

sequence for each gene off NCBI.  Once the sequence was found, it was entered into 

Integrated DNA Technology’s primer design website.  The first primer pair that came up 

for each gene was chosen.  These primers were not analyzed for the possibility of self-

dimer, hetero-dimer or hairpin structures.  Figures 14a through 14f, and 15a through 15f 

demonstrate the results of this initial primer set.  Figures 14a through 14f are the first 

primer efficiency curves that were done. 

 
Figure 14a.  Primer efficiency from 2.22.11 yielding an efficiency of 1.92.   
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Figure 14b.  Primer efficiency from 2.22.11 yielding an efficiency of 2.78. 

 

  
Figure 14c.  Primer efficiency from 2.22.11 yielding an efficiency of 2.69. 
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Figure 14d.  Primer efficiency from 2.22.11 yielding an efficiency of 2.00. 

 

 
Figure 14e.  Primer efficiency from 2.22.11 yielding an efficiency of 1.98. 
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Figure 14f.  Primer efficiency from 2.22.11 yielding an efficiency of 1.96. 

 

Although cyclin D and myostatin had good efficiencies, their R
2
 values were poor, and it 

was determined to run each assay in triplicate from this point forward.  Another curve 

was run under the same conditions on February 28, 2011.  The results of this curve can be 

seen in Figures 15a through 15f.  
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Figure 15a.  Primer efficiency from 2.28.11 yielding an efficiency of. 1.74. 

 

 

  
Figure 15b.  Primer efficiency from 2.28.11 yielding an efficiency of. 2.13. 
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Figure 15c.  Primer efficiency from 2.28.11 yielding an efficiency of. 2.71. 

 

 

 
Figure 15d.  Primer efficiency from 2.28.11 yielding an efficiency of. 1.82. 
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Figure 15d.  Primer efficiency from 2.28.11 yielding an efficiency of. 2.22. 

 

 

 
Figure 15d.  Primer efficiency from 2.28.11 yielding an efficiency of. 1.84. 
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After four weeks of troubleshooting the qPCR primer efficiency assay, it was 

determined that the original primers ordered were the most likely cause of the 

inconsistent assay results.  A week was taken to redesign primers.  The sequences and 

accession numbers for both primer sets are given below in Tables A1 and A2.  B2M was 

chosen for the housekeeping gene in place of GAPDH after a review of the literature 

revealed B2M to more stable across age and in response to age.   

Table A1.  Original primer set ordered. 

  

Gene and Accession # Forward Primer Reverse Primer 

Myostatin: NM_019151.1 TGACGGCTCTTTGGAAGATGACGA ATATCCACAGCTGGGCCTTTACCA 

MyoD:  NM_176079 ACATCCTCAAGCGATGCAGAACAG AAATCGGATTGGGCTTTGAGCCTG 

MGF:  NM_052807.2 GGGCATTGTGGATGAGTGTTGCTT TGGAACGAGCTGACTTTGTAGGCT 

Myogenin:   NM_017115.2 TGGTCCCAACCCAGGAGATCATTT ACATATCCTCCACCGTGATGCTGT 

Cyclin D1: NM_171992.4 TGCTGCAAATGGAACTGCTTCTGG AAGGTCTGTGCATGTTTGCGGATG 

GAPDH:  NM_017008.3 
TGACTCTACCCACGGCAAGTTCAA ACGACATACTCAGCACCAGCATCA 
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Table A2.  Second primer set ordered.  These primers were used in the final qPCR 

assay optimization and to collect the data reported. 

 

Efficiency curves were run at different annealing temperatures to determine which 

produced optimal primer binding and thus optimal results.  The annealing temperature is 

estimated based off the recorded melting temperature (Tm).  This temperature is 

calculated by weighting the amounts of the four bases of DNA, along with a few other 

factors.  Well designed primers should not see dramatic changes in efficiency when 

temperature changes of one to two degrees are used for the annealing stage.  Because of 

this, MGF, cyclin D, and MyoD were excluded from full optimization.  This is discussed 

in the sections following.  Figures 16a through 16c depict the curves run using B2M, 

myogenin and myostatin and an annealing temperature of 55
o
C.  Only three primers were 

run in this curve in order to save reagents for subsequent runs.   

Gene and Accession # Forward Primer Reverse Primer 

Myostatin:  NM_019151.1 GTAACAGACACACCCAAGAG GCAATAATCCAGTCCCATCC 

MyoD:  NM_176079 GACCTCTTTCCTTTCCTCAC  TCTCCACAAACAACAGGG  

MGF:  NM_052807.2 GCTTGCTCACCTTTACCAGC AAATGTACTTCCTTTCCTTCTC 

Myogenin:   NM_017115.2 TGAGATGAGAGAGAAGGGAG TACACAAAGCACTGGAAGG  

Cyclin D1: NM_171992.4 CAGCGGTAGGGATGAAATAG TTCAACCTGATGTGAGTGG  

B2M: NM_012512.1 
CCAACTTCCTCAACTGCTAC GAGCCAGGATGTAGAAAGAC 
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Figure 16a.  Primer efficiency done at 55

o
C yielding an efficiency of. 1.85. 

 

  
Figure 16b.  Primer efficiency done at 55

o
C yielding an efficiency of. 3.70. 
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Figure 16c.  Primer efficiency done at 55

o
C yielding an efficiency of. 1.76. 

 

The efficiencies were lower than desired, and another optimization trial was run 

the following day.  This run gave no amplification of the MGF transcript.  The second 

primer set ordered for MGF was based on a published study by Hill and Goldspink 

(2003).  However, because no amplification was seen, this transcript was excluded from 

further optimization.  Another temperature optimization curve was run on four days later 

and with an annealing temperature of 57
o
C, and the results are shown in Figures 17a 

through 17e.  Because of the high variability in cyclin D expression, this transcript was 

excluded from further optimization. 
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Figure 17a.  Primer efficiency done at 57

o
C yielding an efficiency of 1.95. 

 

 

  
Figure 17b.  Primer efficiency done at 57

o
C yielding an efficiency of 1.81. 
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Figure 17c.  Primer efficiency done at 57

o
C yielding an efficiency of 1.89. 

 

  
Figure 17d.  Primer efficiency done at 57

o
C yielding an efficiency of 2.52. 
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Figure 17e.  Primer efficiency done at 57

o
C yielding an efficiency of 3.73.  

 

A final temperature optimization curve was run with an annealing temperature of 

59
o
C.  The results are found in Figures 18a through 18d.  The high variability between 

replicate values seen in MyoD resulted in its exclusion from subsequent optimization.  

From this point forward, only B2M, myogenin and myostatin were run for qPCR data 

collection.  If there had been more time and funding available, the optimization of the 

three excluded genes may have been attempted. 
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Figure 18a.  Primer efficiency done at 59

o
C yielding an efficiency of 1.73 

 

  
Figure 18b.  Primer efficiency done at 59

o
C yielding an efficiency of 1.66 
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Figure 18c.  Primer efficiency done at 59

o
C yielding an efficiency of 1.89 

 

  
Figure 18d.  Primer efficiency done at 59

o
C yielding an efficiency of greater than 

1000.  Because of the extreme variability between replicates, this gene transcript was 

excluded.  
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Table A3: qPCR plate set-up. 

 B2M Myostatin Myogenin 10 11 12 

6A R 
1 2 3 4 5 6 7 8 9 12B 

R 

12B 

R 

12B 

R 

6A L 
         12B 

L 

12B 

L 

12B 

L 

6B R 
         12B 

R 

12B 

R 

12B 

R 

6B L 
         12B 

L 

12B 

L 

12B 

L 

6C R 
         12B 

R 

12B 

R 

12B 

R 

6C L 
         12B 

L 

12B 

L 

12B 

L 

12A R          Con Con Con 

12 B L             
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APPENDIX B 

TABLES OF STATISTICS FROM SPSS 

Table C1.  Correlations of the variables were run using SPSS. 

 
 

Table C2.  Model summary for regression equation to predict myogenin gene 

expression. 

 
  

Age Stiffness Myogenin Myostatin Glycation

Age 1 0.346 -0.502* -0.373 0.224

0.098 0.012 0.072 0.292

N 24 24 24 24 24

Stiffness Myogenin Myostatin Glycation

Stiffness 1 -0.266 0.129 -0.047

0.209 0.549 0.826

N 24 24 24 24

Myogenin Myostatin Glycation

Myogenin 1 0.289 -0.299

0.171 0.156

N 24 24 24

Myostatin Glycation

Myostatin 1 0.123

0.567

N 24 24

Pearson Correlation

Sig (2-tailed)

CORRELATIONS

*. Correlation is significant at the .05 level

Pearson Correlation

Sig (2-tailed)

Pearson Correlation

Sig (2-tailed)

Pearson Correlation

Sig (2-tailed)

Model R R
2

Adjusted 

R
2

SE of 

estimate

1 0.551 0.304 0.2 1.66

Model Summary
a

a. Predictors: collagen, stiffness, age for myogenin
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Table C3.  ANOVA for the model predicting myogenin gene expression. 

 
 

Table C4.  Coefficients for the model predicting myogenin gene expression. 

 
 

Table C5.  Model summary for regression equation to predict myostatin gene 

expression. 

 
  

Sum of 

Squares
df

Mean 

square
F Sig

1 Regression 24.18 3 8.06 2.912 0.06

Residual 55.362 20 2.768

Total 79.542 23

ANOVA
b

Model

a. Predictors: collagen, stiffness, age   b. DV: myogenin

Model t Sig.

B Std. Error β Tolerance VIF

1 Constant 2.582 0.995 2.594 0.017

age -0.074 0.038 -0.407 -1.978 0.062 0.822 1.216

stiffness -0.181 0.269 -0.135 -0.674 0.508 0.864 1.158

collagen -0.234 0.211 -0.214 -1.106 0.282 0.932 1.073

Coefficients
a

Unstandardized Standardized Collinearity Stat.

a. Dependent Variable: myogenin

Model R R
2

Adjusted 

R
2

SE of 

estimate

2 0.528 0.279 0.171 1.656

Model Summary
a

a. Predictors: collagen, stiffness, age for myostatin
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Table C6.  ANOVA for the model summary predicting myostatin gene expression. 

 
 

Table C7.  Coefficients for the model predicting myostatin gene expression. 

 
 

Table C8.  Step-wise backward removal regression model summary for myogenin gene 

expression. 

 
  

Sum of 

Squares
df

Mean 

square
F Sig

2 Regression 21.211 3 7.07 2.576 0.082

Residual 54.893 20 2.745

Total 76.104 23

ANOVA
b

Model

a. Predictors: collagen, stiffness, age   b. DV: myostatin

Model t Sig.

B Std. Error β Tolerance VIF

2 Constant 0.601 0.991 0.606 0.551

age -0.098 0.037 -0.546 -2.608 0.017 0.822 1.216

stiffness 0.432 0.267 0.33 1.617 0.122 0.864 1.158

collagen 0.279 0.21 0.261 1.328 0.199 0.932 1.073

Coefficients
a

Unstandardized Standardized Collinearity Stat.

a. Dependent Variable: myostatin

Model R R
2

Adjusted 

R
2

SE of 

estimate

3 .502
a

0.252 0.218 1.6448

Model Summary

a. Predictors: Age
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Table C9.  ANOVA for step-wise regression model for myogenin gene expression. 

 
 

Table C10.  Coefficients for step-wise regression model for myogenin gene expression. 

 

Sum of 

Squares
df

Mean 

square
F Sig

3 Regression 20.02 1 20.02 7.4 .012
a

Residual 59.522 22 2.706

Total 79.542 23

ANOVA
b

Model

a. Predictors: age   b. DV: myogenin

Model t Sig.

B Std. Error Beta

3 (Constant) 2.18 0.929 2.347 0.028

age -0.092 0.034 -0.502 -2.72 0.012

Coefficients
a

a. Dependent Variable: myogenin

Unstandardized Standardized 


