ABSTRACT
An Investigation of the Effects of Regular Exercise in Older Males on Oxidative Stress,
Skeletal Muscle Apoptosis, and atrophy-related Gene Expression in Response to
Muscle Insult
Thomas W. Buford, Ph.D.
Mentor: Darryn S. Willoughby, Ph.D.
The purposes of the present study were to examine the role of physical activity in
males between 55-75 years of age on skeletal muscle strength and biochemical pathways
indicative of muscle atrophy before and after eccentric treadmill exercise. Twenty-seven
apparently-healthy, non-smoking men (62.22+6.16 yr, 175.26+5.31 cm, 88.74+12.53 kg)
participated in the study and were grouped at either physically-active (N=14, at least 15
hours of exercise per month) or sedentary (N=13, no regular exercise). Following a
familiarization session, participants completed skeletal muscle performance testing as
well as an eccentric treadmill protocol (-17.5% grade) consisting of three 15 minute sets
at 75% of VO2max. Participants donated venous blood prior to, immediately following,
and 24h following exercise and a muscle biopsy sample prior to, 3h following, and 24h
following exercise. Muscle performance was determined using a Biodex Isokinetic
Dynamometer. Venous blood was analyzed for CK, LDH, cortisol, TNFα, IL1β, protein
carbonyls, 8-isoprostane, and total antioxidant activity. Skeletal muscle tissue samples
were analyzed for mRNA expression of atrophy-related genes (Atrogin1, MURF1,

FOXO1, FOXO3, IKKB, Ubiquitin, Ubiqutin E2, HSP27, HSP72, Id1, Id2, Id3,
Myostatin, 20S C2, 20S C3, Calpain1, and Calpain2), protein content of pIKBα,
Caspase3, Bax, and Bcl2, and DNA binding activity of p53, NFkB p50, NFkB p65, and
GC receptor. At baseline, significant differences existed between groups for body weight
(p=0.047), VO2max (p<0.001), % body fat (p<0.001), SBP (p=0.032), mRNA expression
of FOXO1 (p=0.043), protein content of Bax (p = 0.015), and several muscular
performance variables. Following exercise, significant group x time interactions were
observed for cortisol (p=0.048), FOXO1 (p=0.001), IKKB (p=0.013), and ID1 (p=0.049),
while a number of group differences were observed for individual time points that
indicate improved muscular aging in the physically-active group. The results of the
present study indicate that regular physical activity in advanced age attenuates eccentric
exercise-induced muscle force decrements. Meanwhile, sedentary individuals appear to
exhibit altered muscular signaling in an apparently unsuccessful attempt to preserve
muscle mass and force production.
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CHAPTER ONE
Introduction
Background
Aging is a slow-developing, continuous process that compromises the normal
function of various organs and organs systems. Adult skeletal muscle is a post-mitotic
tissue, and muscle mass is maintained or increased partially via activation of skeletal
muscle stem cells known as satellite cells which donate myonuclei to the existing muscle.
However, in aged skeletal muscle, these cells can reach a state of senescence and fail to
contribute to the regeneration of skeletal muscle tissue (Hamada, Vannier, Sacheck,
Witsell, & Roubenoff, 2005b). Skeletal muscle comprises a large portion of the human
body, and senescent changes to this tissue create numerous problems for older adults.
Older adults typically experience age-related declines in skeletal muscle mass and
strength; a condition known as sarcopenia. Sarcopenia has been hypothesized to be a
progressive atrophy and loss of muscle fibers as well as a reduction in muscle “quality”
due to the infiltration of fat and other non-contractile material such as connective tissue
(Brooks & Faulkner, 1994; McNeil, Doherty, Stashuk, & Rice, 2005).
These events typically result in significant losses in muscle function and force
production capacity within older individuals. Over 20 years ago, Lexell, Taylor, and
Sjostrom (1988) noted that there is a nearly 40% loss of muscle mass of people in their
80s compared to when they were in their 20s. On average, individuals tend to lose
muscle mass at a rate of 1-2% per year past the age of 50 (Hiona & Leeuwenburgh, 2008;
Marcell, 2003). As the world population grows ever older, the loss of skeletal muscle
1

function impacts ever-increasing numbers of people and their ability to carry out daily
tasks such as climbing stairs, rising from the toilet, or carrying groceries. In addition to
the individual loss of functional capabilities, the economic impact of sarcopenia is also
dramatic, as it has been estimated that the direct healthcare costs of sarcopenia in the U.S.
were approximately $18 billion at the turn of the century (Janssen, Shepard, Katzmarzyk,
& Roubenoff, 2004).
Declines in muscle function related to advanced age have been attributed to
changes in, and complex interactions between, intrinsic factors such as neuromuscular
transmission, muscle architecture, fiber composition, excitation-contraction coupling, and
muscle metabolism (Ryall, Schertzer, & Lynch, 2008), and extrinsic factors such as
nutrition and exercise (Carmeli, Coleman, & Reznick, 2002). These processes that
underlie age-related skeletal muscle atrophy are intricately complex and are yet to be
adequately elucidated. Specific mechanisms that have been reported to contribute to
sarcopenia include (yet are not limited to) denervation (Sacheck et al., 2007),
mitochondrial dysfunction (Gianni, Jan, Douglas, Stuart, & Tarnopolsky, 2004) nuclear
apoptosis (Siu, Pistilli, Butler, & Alway, 2005), reduced satellite cell activation (Kadi,
Charifi, Denis, & Lexell, 2004), and/or increased transcription of atrophy-inducing genes
(Clavel, Coldefy, Kurkdjian, Salles, Margaritis, & Derijard, 2006). Recent research has
also focused on stress-associated signal transduction pathways that may lead to the
collapse of mitochondrial function and thus, apoptotic cell death (Hiona &
Leeuwenburgh, 2008).
Loss of myofibrillar protein is typically the result of a combination of both
reduced protein synthesis and increased proteolysis. Healthy adults typically synthesize
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and degrade approximately 300g of protein per day (Mitch & Goldberg, 1996), and thus a
small, but significant, change in either will have an impact on either protein synthesis or
degradation, and thus can have a significant impact on muscle mass (Franch & Price,
2005). At the whole body level, regulation of skeletal muscle protein is affected by
factors such as nutrition and exercise (or lack thereof in each case). These factors then
contribute to the levels of hormones and cytokines within the systemic microenvironment
that determine whether signaling for hypertrophy or atrophy will be favored within the
cell (Guttridge, 2004). For example, insulin and insulin-like growth factor-1 (IGF1) are
important mediators of muscle cell growth. Both insulin and IGF1 stimulate protein
synthesis via activation of phosphoinositol 3 kinase (PI3K), protein kinase B (AKT), and
mammalian target of rapamycin (mTOR) to subsequently activate initiation factor 4E
binding protein (4EBP) and ribosomal S6 kinase 1 (S6k1) (Bodine et al., 2001).
Removal of these factors, however, stimulates proteolysis by blocking activation of the
hypertrophic factors and activating atrophy mechanisms such as nuclear factor kappa B
(NFkB) and atrogene transcription (Glass, 2005). Meanwhile, the presence of
inflammatory molecules such as cytokines (e.g., TNFα & IL1β) (Roubenoff, 2003) or
glucocorticoids (GCs) (Kayali, Young, & Goodman, 1987) will also induce muscle
catabolism via activation of programmed processes specific for the degradation of
cellular proteins.
Four primary processes exist for actually carrying out the processes of protein
degradation within skeletal muscle. These include the ubiquitin-proteasome system,
Ca2+-dependent proteolysis (calpains), lysosomal autophagy, and caspasedependent
apoptosis. The lysosomal and proteasomal systems are capable of exhaustive degradation
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of cell proteins, while the Ca2+- and caspasedependent mechanisms are thought to
perform limited (Roth, Metter, Ling, & Ferrucci, 2006)proteolysis due to restricted
specificity (Costelli et al., 2005). Intracellular muscle proteolysis has primarily been
associated with the ubiquitin-proteasome system and apoptotic signaling, while the other
two systems have been primarily associated with disuse- and disease-induced atrophy.
The physiological significance of the calpain system is still largely unknown. However,
this system is known to play some role in the mechanisms of sarcopenia, as increases in
intracellular Ca2+ and subsequent calpain activation are known to induce mitochondrial
apoptosis via activation of several members of caspasedependent proteolytic pathway
such as cytochrome C and caspase 12 (Dupont-Versteegden, 2005). Likewise, autophagy
may play some role in sarcopenia, as inadequate nutrition is common in elderly
populations and is the only proteolytic system known to be regulated by the nutritional
state of the cell (Deldicque, Theisen, & Francaux, 2005). In addition, autophagy has
been shown to be activated by the transcription factor forkhead box 3 (FOXO3) (Zhao et
al., 2007), which is more commonly associated with ubiquitin-proteasome proteolysis via
up-regulation of the MURF1 and Atrogin1 atrogenes.
The ubiquitin-proteasome system and caspasedependent apoptosis are controlled
by highly intricate and inter-related signal transduction cascades. Each of these cascades
is regulated tightly by both extracellular and intracellular mechanisms. As stated
previously, the primary extracellular signals that regulate these processes are the
presence/absence of hormones, growth factors, cytokines, and GCs. Inside the cell, the
ubiquitin-proteasome system can be activated via either TNFα, NFkB, GCs, or inhibition
of the PI3K pathway and activation of atrogenes via the FOXO transcription factors
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(Wing, 2005). Apoptosis induction shares several activating signals with the proteasome
system as either nuclear or mitochondrial apoptosis may be induced via TNFα, NFkB,
GCs, and possibly through a myogenic repressor mechanism which may be regulated by
PI3K signaling (Alway, Degens, Krishnamurthy, & Smith, 2002). In addition, apoptotic
signaling is dependent on the proteasome system at several points of signaling including
the need for degradation of inhibitor of kappa B (IKB) and Bcl2 family members (Yang
& Yu, 2003). This intricate network of interactions between proteolytic mechanisms
makes it important to think of these atrophy-related mechanisms in a broader context than
simply the individual component itself.
Another factor reported to play a role in both ubiquitin-proteasome and apoptosis
activity is oxidative stress. Over 50 years ago, Harman (1956) first proposed the free
radical theory of aging by which by-products of oxidative metabolism known as reactive
oxygen species (ROS) contribute to the aging process by accumulating and altering cell
components. This theory hypothesized a correlation between aerobic metabolism,
cumulative oxidative damage, and senescence. The modern version of the free radical
theory is referred to as the oxidative stress theory of aging and states that there is a
disruption in the delicate balance between ROS generation and antioxidant/repair systems
with age (Radak et al., 2004). Typically, cells respond to episodes of oxidative stress in
order to prevent further tissue damage, however aging is accompanied by failure of this
process. Hence, aging is associated with an increase in oxidative damage to
biomolecules, especially those with a high level of oxygen consumption, including
skeletal muscle. Mitochondria, one of the primary sources of ROS, are particularly
affected, leading to changes in their structure as well as in the genetic information of
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mitochondrial DNA. ROS may also alter the EC coupling mechanism by modifying Ca2+
transport in and out of the sarcoplasmic reticulum.
Exactly how an oxidative insult plays a role in age-related decreases of muscle
performance and mass has not been fully described. Aged muscle has been reported to
contain an increased number of products of lipid and DNA oxidation when compared to
younger muscle (Mecocci et al., 1999). It has been reported that some components of the
enzymatic scavenger system (catalase, glutathione transferase, superoxide dismutase) are
significantly depressed in elderly versus younger muscle (Fulle et al., 2004).
Interestingly, sarcopenia affects males to a greater extent than females (Janssen,
Heymsfield, Wang, & Ross, 2000). Though these changes may be due the fact that men
have greater muscle mass, they are more likely due to a disparity in the effectiveness of
the antioxidant systems. Women have been reported to have greater values of enzymatic
antioxidants than matched male samples (Fano et al., 2001; Pansarasa, Bertorelli,
Vecchiet, Felzani, & Marzatico, 1999), and thus oxidative damage is more evident in
muscle samples from males as compared to females. These differences may also be
explained by higher levels of estrogen in female muscle, as estrogen is thought to possess
antioxidant-like properties.
In accordance with the General Adaptation Syndrome originally proposed by
Hans Selye in the 1950s (Selye & Horava, 1953), exercise training and subsequent
recovery can provide a number of benefits to the body by activating the body’s natural
adaptive mechanisms. Endurance exercise can increase muscle resistance to fatigue
while resistance exercise can improve the strength, mass, and power of skeletal muscle.
Basic mechanisms that contribute to these adaptations may include (though certainly not
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limited to) improved mitochondrial function (Melov, Tarnopolsky, Beckman, Felkey, &
Hubbard, 2007), increased antioxidant enzyme activity (Shin, Lee, Song, & Jun, 2008),
reduced oxidative stress (Bloomer et al., 2006), reduced production of pro-inflammatory
cytokines (Greiwe, Cheng, Rubin, Yarasheski, & Semenkovich, 2001), and/or reduced
myofibrillar apoptosis and ubiquitin-proteasome activity (Willoughby, Taylor, & Taylor,
2003). Therefore, older individuals who regularly engage in exercise training may be
able to delay the detrimental effects of aging on skeletal muscle.
One of the primary benefits of regular exercise is an improved ability to cope with
physiological stressors as they are encountered. For older individuals the ability to
prevent and/or recover from severe skeletal muscle trauma is paramount to maintaining
quality of life. Previous investigations (Malm et al., 2004; Sacheck et al., 2006) have
shown downhill treadmill running to be an safe and appropriate model for inducing
muscle insult and acute proteolysis as it induces both oxidative stress through
respiratory/metabolic activity and muscle damage via eccentric contractions. Thus this
model will be utilized to examine the differences in skeletal muscle atrophy machinery
between active and inactive older adult males.
Purposes of the Study
The primary purpose of the present study was to determine if/how markers of (a)
systemic oxidative stress and inflammation, (b) skeletal muscle apoptosis and atrophyrelated gene transcription, and (c) muscle atrophy related transcription factor DNAbinding differ between sedentary and physically-active older males at rest and following
strenuous eccentric exercise. A secondary purpose was to examine the functional
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performance of skeletal muscle at baseline and following muscle damage as assessed by
isokinetic and isometric muscle testing.

Hypotheses
H1
At baseline, no significant differences in skeletal muscle mRNA expression of
genes related to skeletal muscle atrophy (Atrogin1, MURF1, FOXO1, FOXO3, IKKB,
Ubiquitin, Ubiqutin E2, HSP27, HSP72, Id1, Id2, Id3, Myostatin, 20S C2, 20S C3,
Calpain1, Calpain2) will exist between groups.
H2
At baseline, no significant differences in skeletal muscle levels of proteins related
to mitochondrial and/or nuclear apoptosis (Bax, Bcl2, Caspase3) will exist between
groups.
H3
At baseline, serum levels of cortisol, TNFα, and IL1β will not significantly differ
between groups.
H4
At baseline, levels of nuclear bound transcription factors related to skeletal
muscle atrophy (NFkB p50, NFkB p65, GC receptor, p53) will not significantly differ
between groups.
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H5
At baseline, plasma antioxidant status and markers of oxidative stress (8isoprostane, protein carbonyls) will not be significantly different between groups.
H6
Eccentric exercise will induce increases in circulating cortisol, inflammatory
cytokines, plasma antioxidant activity, and markers of oxidative stress.
H7
Eccentric exercise will induce increases in skeletal muscle mRNA expression of
the expressed atrophy-related genes.
H8
Eccentric exercise will induce increases in the assessed skeletal muscle markers
of apoptosis.
H9
Eccentric exercise will induce increases in nuclear binding of the assessed
transcription factors.
H10
Active individuals will produce significantly more force during muscular testing
at baseline compared to their sedentary counterparts.
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H11
Muscular force decrements following the eccentric exercise will be significantly
less in the active group as compared to sedentary.
H12
No significant difference between groups will be observed following eccentric
exercise for variables which were not significantly different at baseline.
H13
No significant differences will be observed between groups for average intake of
calories, macronutrients, vitamin C, or vitamin E, or selenium for the 7 days prior to
testing.
Delimitations
This study was completed using the following guidelines:
1. Apparently healthy males between the ages of 55-75 participated in the study.
2. Participants were recruited from the student and faculty/staff populations at
Baylor University and in the Waco community (Appendix A).
3. Participants were required to obtain physician approval before participating in
the study.
4. Participants conducted the exercise testing sessions within the Center for
Exercise, Nutrition, and Preventative Health Research.
5. Muscle biopsies from the vastus lateralis of the dominant leg were collected at
3 points during the study.
6. Venous blood was sampled at 3 points during the study.
10

7. All participants reported to the laboratory in a fasted state.
8. All participants refrained from strenuous activity/exercise for two days prior
to testing.
Limitations
1. The sample size was limited to those who came forward to participate in the
study, which may limit the degree of which inferences can be made to a larger
population.
2. The sensitivity of the technologies and protocols that will be used to identify
quantifiable changes in the criterion variables.
3. The daily schedules of each participant and inherent circadian rhythms that
exist for all humans as a result of slightly different testing times, stresses, etc.
Assumptions
1. All participants followed study guidelines and put forth maximal effort in all
exercise testing.
2. Participants fasted for at least eight hours prior to reporting for testing.
3. Participants refrained from exercise for 48 hours prior to testing.
4. All participants maintained their regular dietary habits throughout the study.
5. Participants accurately answered all relevant medical questioning with no
knowledge of contraindications to any of the prescribed treatments involved
with this protocol.
6. All assay reagents and equipment used in the sample analysis are accurate and
reliable in quantification of the criterion variables.
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7. All methods are previously established and are accurate and reliable methods
for determination of the criterion variables.
Definition of Terms
1. Sarcopenia – An age-related gradual decline in skeletal muscle mass and
quality.
2. Proteolysis – The hydrolysis of proteins into peptides and amino acids by
cleavage of their peptide bonds.
3. Ubiquitin proteolytic system – The post-translational modification of a protein
by the covalent attachment of one or more ubiquitin monomers. Ubiquitin is
used by cells to label old, damaged, or misfolded proteins for destruction in a
proteasome.
4. Calpain proteolytic system – A family of calcium-dependent, non-lysosomal
cysteine proteases expressed ubiquitously in mammals and many lower
organisms.
5. Apoptosis – Programmed cell death as signaled by the nuclei in normally
functioning human and animal cells when age or state of cell health and
condition dictates.
6. Caspase – Degrades DNA during apoptosis.
7. TNFα – A protein of 157 amino acids with a wide range of pro-inflammatory
actions. Preferentially kills tumour cells in vivo and in vitro, causing necrosis.
8. NF-κB – A protein complex found in all cell types. It is involved in cellular
responses to stimuli such as stress, cytokines, free radicals, ultraviolet
irradiation, and bacterial or viral antigens.
12

9. Bax – A protein known to regulate the apoptosis response. Its primary role is
thought to be of a pro-apoptotic nature.
10. Bcl2 - A protein known to regulate the apoptosis response. Its primary role is
thought to be anti-apoptotic in nature.
11. Eccentric – A dynamic muscle contraction in which the muscle is forcibly
lengthened.
12. Percutaneous – Passing through the skin. The muscle biopsy procedures are
percutaneous in nature.
13. Proteosome – A multi-catalytic protein which is responsible for the actual
breakdown or degradation of the proteins that are passed through the
ubiquitin-proteolytic pathway.
14. Reactive Oxygen Species (ROS) – Also called free radicals. By-products of
oxidation-reduction reactions (redox) which have unpaired electrons and
cause oxidative stress.
15. Vastus Lateralis – A skeletal muscle located on the lateral portion of the thigh
that will be used for all muscle biopsies.
16. Gene transcription – The process through which a DNA sequence is
enzymatically copied by an RNA polymerase to produce a complementary
RNA.
17. Atrogene – A gene responsible for the induction of skeletal muscle atrophy
(i.e. MURF1 and Atrogin1).
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CHAPTER TWO
Review of Literature
Effects of Aging on Muscle Mass and Strength
In the development of sarcopenia, muscle mass is lost due to the combination of
loss of muscle fibers as well and atrophy of other fibers (Lexell et al., 1988). Age-related
atrophy has been shown to be primarily due to selective loss and atrophy of the fasttwitch (type II) fibers (Larsson, Sjodin, & Karlsson, 1978; Lexell et al., 1988). The loss
of type two fibers therefore leads to a greater percentage of type I fibers and a subsequent
loss of muscular strength and power. It is interesting to note the differences between
sarcopenia and other atrophy-conditions in terms of fiber type affected; as disuse and
immobilization atrophy show preferential atrophy of the slow-twitch fibers (Sacheck et
al., 2007). The loss of fast-twitch fibers in older individuals may be partially due to the
fact that fast-twitch fibers are more sensitive to the catabolic effects of GCs (Fischer,
Sun, Gang, Pritts, & Hasselgren, 2000), and older individuals suffer from the loss of the
protective effects of androgens and estrogens following adrenopause/menopause.
Kostka (2005) reported that maximal power production of the quadriceps
decreases 62% between the ages of 20-29 and 80-89 while Melov et al. (2007) reported
that older adults were 59% weaker than younger adults as measured by isometric peak
torque of the knee extensors on the dominant leg. However, the detrimental effects of
aging to skeletal muscle can be partially counter-acted by a healthy lifestyle that
encompasses physical exercise. The Melov group reported that a 6-month resistance
training program improved strength such that the older adults were only 38% weaker
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following training (Melov et al.). Recent evidence has also shown that regular exercise
including resistance training can increase muscle strength even in older individuals
undergoing voluntary weight loss to combat obesity (Frimel, Sinacore, & Villareal,
2008). While the topic of sarcopenia is typically connected with resistance training, a
balanced training regimen including aerobic exercise and stretching may provide even
greater benefit. For example, aerobic exercise can increase production of endogenous
antioxidant enzymes (Shin et al., 2008). Endurance exercise, however, does not load the
muscle to the same degree as resistance training. Resistance training can thus be a
critical tool for maintenance or gain of muscle mass in older individuals. In fact, even
individuals who have been sedentary into their 70’s and 80’s can increase muscle mass
through resistance training (Fiatarone et al., 1994). In addition, the time commitment can
be minimal, as maintenance of muscle strength in persons between 65 and 80 has been
shown with exercise only one day a week following an initial 12 week training strengthbuilding regimen (Trappe, Williamson, & Godard, 2002). Improvements in muscle mass
and function from exercise can result in improvements in neural transmission, increases
in satellite cell activation and anabolic signaling, or reductions in proteolytic
mechanisms. The latter will serve as the focus of the rest of the present review.
Mechanisms of Proteolysis
Ubiqutin-Proteasome System
Of the proteolytic mechanisms, the ubiquitin-proteasome system is likely the most
well understood. This system works as the body’s garbage can, as it is responsible for the
identification and destruction of abnormal or damaged proteins. This system works via
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two distinct steps. First, damaged or unrecognized proteins are “tagged” for destruction
by a poly-ubiquitin chain. Following polyubiquination, the 26S proteasome is
responsible for proteolysis of these proteins. Ubiquitin is an abundant 76 amino acid, 8
kDa peptide found in all eukaryotic cells and is an essential cofactor in ATP-dependent
degradation of proteins (Glickman & Ciechanover, 2002; Lecker, Solomon, Mitch, &
Goldberg, 1999). To date no function has been ascribed to free ubiquitin, rather, its
function arises from its covalent attachment to other proteins. The attachment is in the
form of an isopeptide bond between the carboxy group of the C-terminal glycine of
ubiquitin and the e-amino group found on the side chain of lysine residues (Wing, 2005).
Occasionally, however, ubiquination may occur on the α-amino group of the initial amino
acid of the target protein. Substrate ubiquination requires the cooperative action of at
least three classes of proteins known as E1 (ubiquitin activating), E2 (ubiquitin
conjugating), and E3 (ubiquitin ligating). Ubiquitin activation is a two-step process by
which: a) ATP is hydrolyzed and the energy is coupled to adenylation of ubiquitin on its
C-terminal glycine and b) ubiquitin is transferred to the cysteine residue of the active site
of E1 to form an ubiquitin-thiol ester linkage (Wing, 2005). E1 then transfers the
activated ubiquitin onto the active site cysteine of E2. E3 then recognizes substrates, and
proceeds to bind E2 and allows transfer of ubiquitin onto proteins. In some situations,
another enzyme, E4, is utilized to elongate short ubiquitin chains that are already attached
to the substrate (Koegl et al., 1999). In eukaryotes, there is only one E1 enzyme, yet this
enzyme supplies activated ubiquitin to a family of E2s that then supply and even larger
subset of E3 enzymes. The previously mentioned atrogin1 and MURF1 are musclespecific E3 enzymes that up-regulated the muscle atrophy process.
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Following poly-ubiquination; proteolysis of short-lived or regulatory proteins,
whether from the cytoplasm, the nucleus, or the ER, is carried out predominantly by the
proteasome. The proteasome (aka 26S proteasome) is a ~2.5 MDa complex made up of
at least 32 subunits that are highly conserved (Glickman & Ciechanover, 2002). The
overall structure can be divided into two major subcomplexes: the 20S catalytic particle
that contains the protease subunits and the 19S regulatory particle that regulates the
function of the catalytic subunit. This subunit is a barrel-shaped structure made up of
four rings of seven subunits each. The two inner rings contain the proteolytic active sites
facing inward into a sequestered proteolytic chamber (Heissmeyer, Krappmann,
Wulczyn, & Scheidereit, 1999). One or two regulatory particles then attach to the surface
of the outer rings of the 20S CP to form the 26S proteasome.
mRNA expression of the 20S proteasome is thought to be elevated in atrophying
muscles (Attaix, Ventadour, Codran, Bechet, Taillandier, & Combaret, 2005; Lecker,
Goldberg, & Mitch, 2006), while the 19S particle does not appear to be increased in
conjunction to the rates of proteolysis, but rather independently (Attaix et al., 2005).
However, data on muscle expression of proteasomal pathways in aging are conflicting,
and it is essentially unknown whether proteasome activities are perturbed during the
aging process (Bossola, Pacelli, Costelli, Tortorelli, Rosa, & Doglietto, 2008).
Investigations have reported age-related increase (Clavel et al., 2006; Raue, Slivka,
Jemiolo, Hollon, & Trappe, 2007) or decrease (Edstrom, Altun, Hagglund, & Ulfhake,
2006) in MURF1 and atrogin1 mRNA, up-regulation (Giresi et al., 2005; Raue et al.,
2007) or down-regulation (Edstrom et al., 2006) of FOXO transcription factors, and no
changes in ubiquitin mRNA or proteasome activity (Bossola et al., 2008).
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Calpains
While the ubiquitin-proteasome system is quite active during situations of muscle
atrophy, it cannot degrade intact myofibrils (Solomon, Baracos, Sarraf, & Goldberg,
1998). This responsibility falls to the calpains; which are calcium-activated cysteine
proteases that are normally present in the cytosol in an inactive state. The calpains have a
limited and specific effect on myofibrillar proteins. They do not cleave the proteins into
free amino acids, and they can not cleave undenatured myosin and actin (Goll,
Thompson, Taylor, & Christiansen, 1992). Instead, they are responsible for degrading
proteins that are involved in the assembly and scaffolding of myofibrillar proteins such as
titin and nebulin (Jackman & Kandarian, 2004).
Increases in intracellular calcium can activate the calpains; however, their binding
affinity for calcium is relatively low. To induce significant skeletal muscle degradation,
high concentrations are needed to saturate the multiple binding sites or factors such as
close proximity to the calcium channels are needed to induce near maximal activation.
Therefore, transient increases in intracellular calcium are not likely to upregulate the
calpains. Sustained increases in intracellular calcium capable of upregulating calpains
has been shown to occur in sepsis and muscle wasting disorders (Christensen, Shtifman,
Allen, Lopez, & Querfurth, 2004). These effects may also be enhanced through the
calcium-mediated binding of calpain to calpastatin, the inhibitor of calpain activity. In
fact, sepsis has been directly shown to increase calpain activity in skeletal muscle via
decreases in calpastatin activity (Wei et al., 2005).
Less is known about the effects of calpains in sarcopenic muscle, however.
Aging muscle has been associated with increased intramuscular calcium concentrations
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(Fraysse et al., 2006; Fulle et al., 2005) and impaired calcium transport and
excitation/contraction coupling (Viner, Ferrington, Williams, Bigelow, & Schoneich,
1999). Dargelos et al. (2007) recently showed that aging skeletal muscle also shows
increases in calpain activity with concominant decreases in calpastatin activity. This is
notable as calpains are closely linked to myogenic cell proliferation, migration, and
differentiation (Raynaud, Carnac, Marcilhac, & Benyamin, 2004), and thus may play a
role in impairment of satellite cell proliferation and migration with senescent muscle
(Dargelos, Poussard, Brule, Daury, & Cottin, 2008). In addition, sarcopenic muscle has
been shown to have increased levels of calpain-mediated apoptosis triggers inducing
factor (AIF) and caspase 12 (Dirks & Leeuwenburgh, 2004). These recent data indicate
that calpains undoubtedly play a crucial role in the development of sarcopenia, yet the
exact mechanisms by which this occurs remain unknown.
Lysosomal Autophagy
Autophagy is the process by which a cell’s own components are delivered to
lysosomes for bulk degradation. In addition to proteasomes, lysosomes are the second
major intracellular proteolytic system in mammalian cells. Autophagy is the major
pathway for the degradation of cytoplasmic elements. Acid hydrolases in lysosomes
degrade most membrane and extracellular proteins taken up by endocytosis, cytoplasmic
proteins, and organelles through this process (Scott & Klionsky, 1998). At least three
methods of autophagy have been described in mammalian cells, and these methods differ
in the mode of protein delivery to the lysosomes (Vicencio et al., 2008). These methods
include macro-, micro-, and chaperone-mediated autophagy. Interestingly, the ultimate
cell fate following autophagy is also variable. In many situations autophagy promotes
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cell survival, while it may serve as a backup cell death mechanism when apoptosis is
inhibited (Shimizu et al., 2004).
The contribution of autophagy to muscle atrophy typically receives the least
attention of the proteolytic mechanisms however an increased capacity for lysosomal
proteolysis has been demonstrated in atrophying muscle cells (Mammucari et al., 2007;
Zhao et al., 2007). In addition, mechanisms of autophagy have been demonstrated to
work coordinately with the ubiquitin-proteasome system (Zhao, Brault, Schild, &
Goldberg, 2008). Thus autophagy may play a much larger role in muscle atrophy than
was once thought. However, even less literature exists for the autophagic contribution to
age-related atrophy than does for the calpain system. Autophagy has primarily been
related to situations of disuse, fasting, and disease states such as cancer, diabetes, and
renal failure. While little information exists, the possibility of lysosome involvement is
possible as: a) cellular cytoplasmic contents decline with age, b) autophagy is connected
to the proteolytic pathway via the FOXO transcription factors, c) and macroautophagy is
inhibited by the insulin/IGF1 receptor pathway with primary negative regulation
occurring at mTOR (Vicencio et al., 2008). Investigations into autophagic regulation of
cell death and cell survival are certainly needed to determine what role this process plays
in vivo in skeletal muscle during the aging process.
Apoptosis
The role of myonuclear loss in age-related muscle atrophy is garnering increased
attention from researchers (Alway & Siu, 2008; Dupont-Versteegden, 2005, 2006).
Apoptosis is essential for eliminating damaged or harmful cells and for proper tissue
turnover. This process has several distinct morphological characteristics that include cell
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shrinkage, cell membrane blebbing, chromatin condensation, internucleosomal
degradation of chromosomal DNA, and formation of membrane-bound apoptotic bodies
(Alway & Siu). Apoptosis was originally described as a process that was responsible for
elimination of entire cells. However, skeletal muscle differs from most tissues as it is one
of three cell types which are multinucleated. Typically, the nuclear population of
myofibers is maintained by a quiescent population of muscle cells located under the basal
lamina known as satellite cells. With age, however, it appears that the number of satellite
cells available for regeneration decreases (Collins, Zammit, Ruiz, Morgan, & Partridge,
2007; Kadi et al., 2004; Renault, Thornell, Eriksson, Butler-Browne, & Mouly, 2002).
Thus the loss of myonuclei to apoptosis appears to be critically relevant process to the
pathogenesis of sarcopenia.
Although not typically recognized as a proteolytic mechanism, apoptosis is
typically inititated and executed by a family of cysteine proteases known as caspases.
Lee and colleagues (Lee, Dai, Hu, Wang, Du, & Mitch, 2004) added to this connection
by showing that serum deprivation-induced activation of Bax could not be reversed by
insulin in the presence of PI3K inhibition. Since PI3K inhibition was necessary for
proteolysis during atrophy, it was concluded that proteolysis and apoptosis must be
related. In addition, apoptosis has been intricately linked to ubiquination by processes
including activation of the TNF receptor and subsequent NFkB activation (Yang & Yu,
2003).
Apoptotic signaling is mediated by either the death receptor pathway or the
mitochondria-dependent pathway. The death receptor pathway is initiated by binding of
triggers such as TNFα to intracellular receptors that lead to subsequent activation of
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caspase8. The mitochondrial pathway is initiated by cellular stress or DNA damage
through the activation of p53, a transcription factor that regulates the expression of
numerous numerous genes involved in apoptosis induction (Gao et al., 2001). p53 is
capable of inducing Bax, a pro-apoptotic activator that stimulates the mitochondria to
release several caspase activators such as cytochrome C. Cytochrome C then forms a
complex with Apaf1 and procaspase 9 in the presence of ATP, which leads to activation
of caspase 9 (Gao et al.). Caspase 9, as well as caspase 8, is recognized as upstream
apoptosis initiators which activate downstream caspases such as 3, 6, and 7 (Salvesen &
Dixit, 1997).
Several animal studies have recently implicated apoptosis in the development of
sarcopenia. A recent study reported an age-related increase in p53 and related mediators
in aging mice (Edwards, Anderson, Yuan, Kendziorski, Weindruch, & Prolla, 2007).
Chung and Ng (2006) reported the detection of DNA laddering in aged rat skeletal
muscle via labeling of DNA fragments with Taq DNA polymerase. The same
investigation revealed significant age-related alterations in apoptosis regulatory proteins
p53, Bcl2, Apaf1, cleaved caspase9, pro-caspase12, and pro-caspase7, as well as the antiapoptotic heat-shock proteins (HSPs) 27, 60, and inducible 70. These changes occurred
between middle-age and senescence, and the results appear to indicate an increase in the
activation of the mitochondria-dependent apoptosis pathway. In addition, Baker and
Hepple (2006) recently showed increases in gene expression for caspases 3, 8, 9, and
apoptosis inducing factor in aged Fischer 344 X Brown Norway rats that correlated with
the progression of sarcopenia. The group did, however, also note decreases in expression
of Bax, Bcl2, and Apaf1. The complete nature of the contribution that apoptosis and the
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other proteolytic mechanisms make to age-induced muscle atrophy is yet to be adequately
described in humans, as is the interplay between these mechanisms.
Induction of Atrophy Signaling
Pro-inflammatory Cytokines
Pro-inflammatory cytokines represent one of the most powerful proteolytic
signals in human skeletal muscle. While aging has been associated with increased levels
of IL6 (Roubenoff, Harris, Abad, Wilson, Dallal, & Dinarello, 1998), the primary
discussion of these cytokine-mediated proteolytic mechanisms here will focus on TNF
and IL1. The effects of IL6 are both pro- and anti-inflammatory, and thus it is a much
weaker pyrogen than either TNF or IL1. In addition, IL6 has been shown to repress
TNFα (Xing et al., 1998) while enhancing anti-inflammatory cytokines IL1 receptor
antagonist (IL1ra) and IL10 (Steensberg, Fischer, Keller, Moller, & Pedersen, 2003).
Thus it appears that the presence of elevated levels of IL6 in older individuals is likely to
act in repression of TNFα.
The precise role of pro-inflammatory cytokines in sarcopenia is complicated by
the fact research concerning the contribution of muscle-derived cytokines which act in an
autocrine fashion is still in its infancy. While increased levels of circulating cytokines
have been well-established in various chronic disease states, the effects of locally-derived
cytokines have recently garnered much attention. In fact, skeletal muscle is now known
to be more than just an organ of locomotion, but rather, can also be viewed as an
endocrine organ due to its ability to produce cytokines such as IL6 and TNFα
(Plomgaard, Penkowa, & Pedersen, 2005; Steensberg, van Hall, Osada, Sacchetti, Saltin,
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& Klarlund Pedersen, 2000). Proper understanding of these data is imperative, as levels
of circulating cytokine levels do not necessarily represent tissue effects. However, little
attention has been paid to the levels of intracellular cytokine receptors. These levels
could represent a critical piece of information relating age-related atrophy to the systemic
levels of cytokines.
The number of intracellular receptors for pro-inflammatory cytokines is critical in
determining the extent of activity in skeletal muscle as the cytokines signal through
complex signaling cascades. The NFkB signaling pathway is one such cascade affected
by these cytokines that appears to regulate numerous cellular processes. NFkB refers to a
structurally related family of eukaryotic transcription factors which regulate a variety of
cellular responses by either induction or repression of gene expression (Li, Malhotra, &
Kumar, 2008). There are five NFkB family members: RelA (p65), RelB, c-Rel, p50, and
p52. These family members form different NFkB complexes by differing combinations
of homo- and hetero-dimers. Upon translocation to the nucleus, NFkB is responsible for
upregulation of various inflammatory and anti-apoptotic proteins. These transcription
factors also play a critical role in the regulation of skeletal muscle mass. In regard to
sarcopenia, NFkB exhibits its greatest effects via upregulation of transcription of various
components of the ubiquitin-proteasome system such as ubiquitin conjugating enzyme
(E2), MURF1, and the proteasome C3 subunit.
IL1β signals through the IL1 receptor (IL1R), which does not have catalytic
activity and use intracellular adaptors and signal-transducing molecules to activate NFkB
(Yamamoto & Akira, 2005). IL1R activation of the classical p50/p65 NFkB pathway
shares a common structural motif with Toll-Like Receptor (TLR) signaling that includes
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two major adaptor molecules: myeloid differentiation primary response gene 88 (MyD88)
and TIR domain-containing adaptor protein inducing IFN-beta (Hacker & Karin, 2006).
MyD88 is most utilized by IL1B, and MyD88 activation of NFkB also depends on a
TRAF molecule (TRAF6) (Cao, Xiong, Takeuchi, Kurama, & Goeddel, 1996). IRAK1
and IRAK4, molecules belonging to the IL1R associated kinase family, are also involved
in the activation of NFkB (Cao, Henzel, & Gao, 1996), as they are necessary for the
recruitment of TRAF6 to MyD88. Sequentially, dimerization of MyD88 leads to
activation of IRAK, which then recruits TRAF6. TRAF6 can then activate IKKB and
begin the degradation of IkB and subsequently, activate NFkB.
TNFα exerts its catabolic effects via two membrane-bound receptors (TNFR1 and
TNFR2) that are similar in structure and function to the IL1R. These two receptors are
homologous in their extracellular domains but are structurally different in their
cytoplasmic domains (Dirks & Leeuwenburgh, 2006). TNFR1 contains a death domain,
whereas TNFR2. In addition, TNFR1 mediates signaling for both apoptosis and cell
survival, while TNFR2 transduces signals favoring cell survival. Whether the cell
undergoes apoptotic elimination or continues to signal by way of NFkB is determined (at
least partially) by the presence of adaptor proteins within the cytoplasm of the cell. The
adaptor proteins include TNFR-associated death domain (TRADD), TNFR-associated
factor 2 (TRAF2), receptor-interacting protein-1 (RIP1), and fas-associated death domain
(FADD) (Guttridge, Mayo, Madrid, Wang, & Baldwin, 2000). In activating NFkB,
TRADD associates with TNFR1 and is able to recruit RIP1 and TRAF2 to form a
TNFR1-TRADD-RIP1-TRAF2 complex. IkB kinase (IKKB) is then recruited to the
complex where it becomes activated. IKKB then phosphorylates IkB, allowing
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ubiquination and degradation of IkB and subsequently translocation of NFkB to the
nucleus. To induce apoptosis, however, TRADD can recruit RIP1 and FADD to form a
TNFR1-TRADD-RIP1-FADD complex that leads to procaspase8 activation.
It is interesting to note the ability of TNFα to promote either cellular apoptosis or
cellular survival. This phenomenon is an interesting, yet fairly common, occurrence that
complicates the understanding of cellular signaling. In addition, TNFα is capable of
inhibiting the PI3K pathway as well (Williamson, Kimball, & Jefferson, 2005), possibly
through a p38-dependent pathway (Glass, 2005). These types of interactions thus make it
necessary to simultaneously examine multiple pathways because of cross-talk between
them. Most notably, the NFkB cascade is known to induce a myriad of intracellular
effects. While it primarily promotes cellular survival, there is also potential for cross-talk
with p53 that could lead to apoptosis via IKKα (Tergaonkar & Perkins, 2007).
Exercise appears to influence both the systemic circulation and local production
of pro-inflammatory cytokines, although conflicting data exist. Chronic resistance
exercise has been reported to significantly decrease skeletal muscle mRNA for TNFα in
frail elderly men (Greiwe et al., 2001), while the anti-inflammatory effects of exercise on
the systemic circulation are well-documented (Petersen & Pedersen, 2005). Several
studies have shown an impaired inflammatory response to acute exercise in elderly
humans (Hamada, Vannier, Sacheck, Witsell, & Roubenoff, 2005b; Jozsi et al., 2000),
however a clear limitation of each of these investigations is that the authors compared the
older individuals to young counterparts. In order to elucidate the effects of exercise,
irrespective of aging per se, investigations should compare age-matched persons of
different activity levels. A recent study reported that neither plasma IL1β or TNFα
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differed by activity level in older individuals (Stewart et al., 2007). However, periods of
inactivity have been reported to significantly increase skeletal muscle apoptosis
(Leeuwenburgh, Gurley, Strotman, & Dupont-Versteegden, 2005). It is possible that the
critical link to explaining the benefits of exercise lies in downregulation of cytokine
receptors and/or changes in adaptor proteins for TNFα and/or IL1β. Pistilli, Jackson, and
Always (2006) recently reported increased TNFR1 and FADD mRNA as well as caspase
activity in skeletal muscle of aged rodents. To the authors’ knowledge, no human data
exists investigating this mechanism.
Aging and exercise also appear to influence the production of molecular
chaperones known as heat shock proteins (HSP’s). HSP’s are highly conserved
cytoprotective proteins that respond during stressful events such as increased
temperature, hypoxia, glucose deprivation, and/or cellular damage. The upregulation of
HSPs after stressful episodes is thought to restore cellular homeostasis, facilitate
successful repair from injury, and protect the cell against further insults (Morton et al.,
2008). These proteins can be divided into five major families based on their size,
structure, and function: HSP110, HSP90, HSP70, HSP60, and HSP27. In regard to a
relationship to pro-inflammatory cytokines, HSPs play a role in both NFkB activation
and apoptotic signaling. HSP27 has been reported to inhibit inflammatory cytokine
mediated NFkB activation via decreased IKK activity (Park, Gaynor, & Kwak, 2003) as
well as in the prevention of apoptosis (Bruey et al., 2000). HSP70 has also been reported
to reduce apoptosis (Ravagnan et al., 2001), while HSP 60 has been reported to both
induce and repress apoptosis (Gupta & Knowlton, 2005; Xanthoudakis et al., 1999).
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Chung and Ng (2006) have reported that aged rodent muscle shows increased
regulatory proteins for apoptosis and also exhibits significant increases in HSP’s 27, 60,
and 72. Thus it appears that aged muscle may try to compensate for altered proteolytic
functioning. Exercise training has been reported to alter basal levels of HSPs, but these
changes appear to be tissue specific. In a rodent model, Murlasits, Cutlip, Geronilla, Rao,
Wonderlin, and Alway (2006) reported significant increases in HSP72 (inducible form of
HSP70) and HSP25 (member of HSP27 family) in skeletal muscle due to 4.5 weeks of
heavy resistance exercise. Morton et al. (2008) also reported increased basal levels of
intramuscular HSPs in aerobically trained men; although this study was performed using
younger males. However, Simar, Malatesta, Badiou, Dupuy, and Caillaud (2007)
reported a down-regulation of HSP72 in leukocytes physically-active persons between
the ages of 60-90 years. The authors speculated that this response was due to a reduction
of oxidative damage induced by preserving antioxidant capacity.
Free Radicals/Oxidative Stress
Free radicals are molecules or molecular fragments containing one or more
unpaired electrons that are capable causing damage to other biomolecules. ROS
represents the most important class of radical species in living systems (Valko, Leibfritz,
Moncol, Cronin, Mazur, & Telser, 2007), although nitric oxide (NO•) represents a
prominent reactive nitrogen species (RNS). These free radicals are typically produced
during normal cellular respiration and metabolism. The most prevalent ROS within
biological systems are superoxide (O2•-), hydroxyl (•OH), and hydrogen peroxide (H2O2),
while other common radicals include singlet oxygen (O-) and hydroperoxyl (HOO•).
Mitochondria are the major source of ROS, and the primary ROS is produced when
28

molecular oxygen accepts one free electron to form superoxide. It has been estimated
that 1-3% of all electrons that pass through the electron transport chain generate
superoxide instead of contributing to the reduction of oxygen to water (Valko et al.).
Following the production of superoxide, several reactions can then occur which produce
other free radicals and are outlined below (Clarkson & Thompson, 2000).
O2 + e-

O2-•

O2-• + H20

HO2• + OH-

HO2• + e- + H
H2O2 + e-

Superoxide radical

H2O2

• OH + OH-

Hydroperoxyl radical
Hydrogen Peroxide
Hydroxyl Radical

Oxidative stress results from an overproduction of these ROS and/or a deficiency in the
capacity of cellular antioxidants to quench them. The hydroxyl radical is especially
deleterious as is the most reactive of the free radicals. In the presence of various
transition metals (e.g., Fe3+, Cu2+), the hydroxyl radical is known to directly target
cellular lipids, proteins, nucleic bases, causing DNA base modification or fragmentation
(Van Remmen, Hamilton, & Richardson, 2003).
While ROS obviously can negatively influence tissue homeostasis; evidence is
also increasing that ROS are not merely damaging agents but are also useful signaling
molecules that regulated growth, differentiation, proliferation, and apoptosis (Ji, 2007).
The key determinant to whether ROS express positive or damaging effects appears to be
concentration of these molecules. The effects of free radicals present with hormetic
function. Hormesis refers to a dose-dependent relationship in which a low dose of a
substance is stimulatory and high dose is inhibitory (Gomez-Cabrera, Domenech, Ji, &
Vina, 2006). For example, small levels of hydrogen peroxide increase Ca++ release from
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the sarcoplasmic reticulum and increase force production, whereas a massive increase
leads to a marked decline in force production via alterations in Ca++ release kinetics
(Andrade, Reid, & Westerblad, 2001). Within any individual, the threshold concentration
of ROS that will produce toxic effects is likely to change based on systemic levels of
enzymatic and non-enzymatic antioxidants. The primary enzymatic antioxidants
responsible for quenching free radicals are glutathione peroxidase (GPX), catalase, and
superoxide dismutase (SOD); while a number of non-enzymatic antioxdants exist,
including glutathione (GSH), ascorbic acid, tocopherols, retinol, uric acid, and HSPs
among others. Nutritional status is critical for not only levels of the fat-soluble vitamins,
but micronutrients are also critical for the formation of Manganese SOD (Mn-SOD) in
mitochondria, Copper-Zinc SOD (Cu-Zn-SOD) in the cytosol, and the selenoprotein
GPX. While the nutritional status of older individuals may change for various reasons,
there are several effects on the ROS-quenching ability of the endogenous antioxidant
system that may be attributable to aging per se. Because of the importance of diet to the
antioxidant defense system, it is necessary to control for these habits when trying to
determine the effects of other variables on oxidative stress and visa versa.
As noted previously, oxidative stress is thought to be a primary contributor the
aging of tissues. An investigation by de la Asuncion et al. (1996) has previously reported
that aging causes oxidation of mitochondrial glutathione (GSH), which accounts for the
cellular oxidation of GSH (and thus a decrease in antioxidant defenses). In addition, this
alteration in GSH is associated with increases in 8-oxo-deoxyguanosine (8-OHdG), an
indicator of DNA damage. Age-related oxidative stress is also thought to accelerate
telomere shortening (von Zglinicki, Saretzki, Docke, & Lotze, 1995). Telomere
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shortening provides the signal for the cell cycle to cease and enter into senescence. In
older skeletal muscle, this provides a significant problem because a reduced antioxidant
capacity of satellite cells is partially responsible for impairments in muscle repair (Fulle
et al., 2005). The effects of oxidative stress on muscle proteolytic mechanisms are even
more pronounced than on muscle regeneration. In addition to the death-receptor
pathway; the other major apoptotic signaling pathway originates within the
mitochondrion, primarily via the production of ROS (Adhihetty, O’Leary, & Hood,
2008). Apoptotic-induced cellular death is commonly caused by damage to
mitochondrial DNA due to the proximity of mitochondrial DNA to the primary source of
ROS (inner mitochondrial membrane), relative lack of repair mechanism, and lack of
protective histones (Dirks & Leeuwenburgh, 2005). Over the course of the aging
process, an accumulation of DNA alterations and mutations can lead to impairments in
protein synthesis and ATP generation, and thus cell viability is compromised (Hiona &
Leeuwenburgh, 2008). Tamilselvan, Jayaraman, Sivarajan, and Panneerselvam (2007)
reported that aged rat muscle showed increases in cytochrome c release and subsequent
caspase3 activity compared to younger rat muscle. A previous study using a human
model had also reported that mitochondrial DNA deletions were present in 6 out of 8
older men yet in none of the younger men using long-range polymerase chain reaction
(Gianni et al., 2004)
The deleterious effects of ROS on muscle tissue are not limited to apoptosis,
however, as they are also capable of expressing their effects in other manners. In
addition to apoptosis, ROS-induced signal transduction may be broadly divided into four
other categories: a) hormone, cytokine, and growth factor modulation, b) ion channel
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modulation, c) gene transcription, and d) neuron-modulation (Ji, 2007). A nonproteolytic contribution of oxidative stress to sarcopenia is thought to be via ROSinduced impairing ryanodine receptors that are responsible for the Ca++ release from the
sarcoplasmic reticulum (Eu, Sun, Xu, Stamler, & Meissner, 2000). In addition to p53induced apoptosis, proteolytic modes of ROS action also include the activation of IKK’s
and subsequent activation of NFkB (Gloire, Legrand-Poels, & Piette, 2006) and upregulation of the ubiquitin ligases (Li, Chen, Li, & Reid, 2003).
Regular exercise has been shown to promote antioxidant activity and attenuate
oxidative stress in both rodent (Radak et al., 2004) and human models (Shin et al., 2008).
Acute exercise is widely known to increase free radicals and subsequent tissue damage
due to increases in respiratory chain activity (Radak, Chung, Koltai, Taylor, & Goto,
2008). However, repetitive exercise appears to provide benefit by adaptation, particularly
of antioxidant enzymes and oxidative damage repair systems (Gomez-Cabrera et al.,
2006). These adaptations are systemic, and thus provide benefit to not only skeletal
muscle, but also reduce damage to other cell and tissue types (Goto, Naito, Kaneko,
Chung, & Radak, 2007; Simar, Malatesta, Badiou, Dupuy, & Caillaud, 2007). Aerobic
(Gomez-Cabrera et al.) and anaerobic (Parise, Brose, & Tarnopolsky, 2005) exercise
modes appear to provide this benefit. In the aged population, however, simply being
moderately physically-active appears to substantially limit oxidative damage (Simar et
al., 2007). Questions remain, however, as to whether these benefits are due to reduced
free radical production or increases in defense systems. Interestingly, Parise, Brose, and
Tarnopolsky (2005) not only noted increases in mitochondrial antioxidant enzymes, but
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this group also observed significant increases in complex IV activity of the ETC in older
persons following 14 weeks of resistance training.
Repression of Anabolic Signaling
While the regulation of anabolic signaling does not initially appear to be catabolic
in nature, several specific proteins act as repressors of anabolic signaling. These proteins
are technically “anti-anabolic” yet this practically amounts to a catabolic mechanism.
Two primary anabolic repressors are currently known: myostatin and the inhibitors of
DNA binding (ID). Myostatin was initially identified as a novel member of the
transforming growth factor β (TGF-β) that inhibited muscle growth (McPherron, Lawler,
& Lee, 1997). Later renamed, this factor inhibits satellite cell proliferation and
differentiation (Langley, Thomas, Bishop, Sharma, Gilmour, & Kambadur, 2002;
McCroskery, Thomas, Maxwell, Sharma, & Kambadur, 2003). Loss of myostatin
function in either knockout mice or mice treated with inhibitors leads to up to a 2-fold
increase in skeletal muscle mass (Lee & McPherron, 2001). Myostatin exerts its effects
in skeletal muscle via the Activin type II receptors and subsequently inhibits proliferation
by induction of p21, a prominent cell cycle inhibitor, while preventing myoblast
differentiation by inhibiting MyoD and myogenin. Typically, myostatin activity has been
attributed by the phosphorylation of Smad transcription factors following binding the
Activin receptor (Ryall et al., 2008). Recent evidence has shown, however, that FOXO
transcription factors also regulate the expression of myostatin in skeletal muscle (Allen &
Unterman, 2007).
The mechanisms that regulate myostatin activity are still not well understood,
however, evidence has recently been shown to indicate that it plays a significant role in
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the development of sarcopenia (Baumann, Ibebunjo, Grasser, & Paralkar, 2003; Leger,
Derave, De Bock, Hespel, & Russell, 2008). Using a rodent model, Allen and Unterman
(2007) reported that expression of both FOXO1 and myostatin mRNA is significantly
greater in fast-twitch muscle compared to slow-twitch. These results are intriguing as
sarcopenia is primarily a result of the atrophy/loss of fast-twitch muscle fibers. Leger et
al. (2008) recently reported that myostatin mRNA and protein was significantly elevated
by 2 and 1.4 fold in skeletal muscle from older (70 + 0.3 yr) as compared to younger (20
+ 0.2 yr) men. Baumann et al. (2003) reported similar results in a rodent model,
however, conflicting data exists as Kawada, Tachi, and Ishii (2001) reported that the
myostatin protein content in skeletal muscle remained constant in male mice from 5 to 92
weeks of age.
Id proteins are basic helix-loop-helix proteins that act as negative regulators of the
MRF family in several ways. Ids prevent the initiation of transcription by suppressing
the formation of MRF-E protein heterodimers and instead forming MRF-Id heterodimers
that are unable to bind to E boxes because they lack a DNA binding region (Alway,
Degens, Krishnamurthy, & Smith, 2002; Navarro, Valentinis, Belletti, Romano, Reiss, &
Baserga, 2001). Always, Degens, Lowe, and Krishnamurthy (2002) reported that Id
mRNA levels were ~300-900% higher and protein levels were ~17-740% higher in
skeletal muscle from old rats as compared to young. While this group and others have
reported that mRNA of MyoD and myogenin is increased in aged muscle (Alway,
Degens, Lowe et al.; Musaro, Cusella De Angelis, Germani, Ciccarelli, Molinaro, &
Zani, 1995), protein levels of these MRFs were lower in aged plantaris and
gastrocnemius muscle while being similar in the soleus. This same group reported
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increases of 9,500% and 300% in BAX and caspase 9 proteins that correlated with
increases in Id mRNA and protein (Alway, Degens, Krishnamurthy et al.). These results
indicate a likely effect of the Id on apoptotic signaling, but this mechanism is yet to be
confirmed.
The effect of exercise training on anabolic repressors remains an area in need of
much investigation. Studies on training and myostatin have revealed mixed results, while
the author is not aware of any studies that have investigated the effects of training on the
Ids. In addition, available studies on myostatin have typically utilized younger
participants, although Roth, Martel, Ferrell, Metter, Hurley, and Rogers (2003) reported a
similar myostatin mRNA response in subjects of varied age and both genders. As would
be expected, the majority of studies have used resistance training protocols; however,
Matsakas, Friedel, Hertrampf, and Diel (2005) reported reductions in myostatin mRNA
within skeletal muscle of rats following 3-days of swim-training. As stated, available
data were mixed concerning the effects of strength training on myostatin. Willoughby
(2004) reported increases in serum myostatin as well as muscle mRNA following 12
weeks of heavy resistance training. Hulmi and colleagues (Hulmi et al., 2007) also
reported increases in myostatin mRNA, while decreases in mRNA (Roth et al., 2003) and
plasma myostatin (Walker, Kambadur, Sharma, & Smith, 2004) have also been reported
following similar training protocols. These results are puzzling as acute resistance
exercise typically decreases myostatin (Costa et al., 2007; Hulmi et al., 2007; Raue,
Slivka, Jemiolo, Hollon, & Trappe, 2006; Walker et al., 2004). It is likely that increases
in mysostatin following resistance training are compensated for by reported decreases in
the activin IIb receptor (Hulmi et al.; Willoughby). It is perhaps possible that an up-

35

regulation of myostatin occurs as a preventative mechanism to prevent un-regulated
muscle growth which will again take effect when exercise-induced effects on the activin
receptor subside. However, this mechanism would not explain the decreases in myostatin
observed in other studies. More data were needed concerning the effects following
differing types of training protocols in various populations. Perhaps, however, the most
intriguing report to date concerning myostatin and exercise is that neither mRNA nor
protein levels differed between subjects exhibiting training induced hypertrophy and
those exhibiting little muscle atrophy following training (Kim, Petrella, Cross, &
Bamman, 2007). These findings were observed in younger and older adults of both
genders and raise many questions concerning the potential role of myostatin in myofiber
growth given the mixed results in response to exercise.
Glucocorticoids
In aging, both males and females experience a loss of gonadal sex hormones in a
period that is known as adrenopause or menopause respectively. The loss of these
hormones is highly correlated with the loss of muscle mass and strength (Lee, McArdle,
& Griffiths, 2007). Meanwhile, circulating levels of cortisol remain surprisingly
unaltered during aging. Secretion of these hormones by the adrenals is regulated via the
hypothalamo-pituitary axis (HPA), whereby adrenocorticotrophic hormone (ACTH)
produced by the anterior pituitary causes an immediate increase in the secretion of GCs.
GC levels are then maintained, at least in part, by a feedback loop with the hypothalamus
and anterior pituitary.
While the removal of the gonadal hormones plays critical roles in impairing the
anabolic and muscular repair processes; the loss of these hormones also leaves an
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individual susceptible to the atrophic effects of GCs. GCs have been reported to
antagonize the IGF1/insulin stimulated pathways, block production of IGF1, and
upregulate proteolysis via the ubiquitin-proteolytic, lysosomal, and calpain systems
(Schakman, Gilson, & Thissen, 2008). Although a comprehensive understanding of how
GCs regulate skeletal muscle mass has not yet been determined, it has been shown that
GCs are capable of inducing atrogin1 and MURF1 expression (Sacheck, Ohtsuka,
McLary, & Goldberg, 2004; Sandri et al., 2004) via increases in the FOXO transcription
factors (Imae, Fu, Yoshida, Noguchi, & Kato, 2003). Sacheck et al. (2004) also reported
that dexamethasone (Dex), a synthetic GC, inhibited growth of myofibrillar proteins.
Dex consistently upregulated proteolysis by 18%, while proteolysis was increased even
further (22%) with the addition of the thyroid hormone triiodothyronine. In addition,
recent evidence also indicates that GCs are also capable of inducing anabolic repressors
via decreasing MyoD without affecting Id1 expression (Sun, Trausch-Azar, Muglia, &
Schwartz, 2008) and inducing myostatin (Gilson et al., 2007; Ma et al., 2003).
Muscle damage has been reported to increase serum cortisol levels (Malm et al.,
2000) as well as induce significant increases in skeletal muscle GC receptors
(Willoughby et al., 2003). While Willoughby and colleagues observed concomitant
increases in mRNA and protein for components of the ubiquitin-proteolytic system.
However, these affects were tempered by a second exercise bout indicating an adaptive
mechanism. These results indicate an effect of decreased GC sensitivity that has been
observed with exercise training (Duclos, Corcuff, Pehourcq, & Tabarin, 2001; Silva et al.,
2008) which complements sex hormone adaptations. These adaptations may significantly
decrease the extent of muscle loss in older individuals. Recent research has indicated that
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sarcopenic individuals have elevated cortisol levels compared to other healthy adults
(Waters, Qualls, Dorin, Veldhuis, & Baumgartner, 2008). However, Traustadottir,
Bosch, and Matt (2005) reported that physically-fit older women had significantly lower
cortisol and ACTH responses to a battery of stressors than older unfit women, and that
this response was similar to that of younger unfit women.
Physiological Effects of Strenuous Downhill Treadmill Exercise
Eccentric exercise involving lengthening muscle contractions have long been
known to induce muscle damage by disruption of the sarcolemma (Clarkson, Byrnes,
McCormick, Turcotte, & White, 1986; Friden, Sjostrom, & Ekblom, 1983; Newham,
McPhail, Mills, & Edwards, 1983). These events lead to decreases in force production
(Clarkson, Nosaka, & Braun, 1992; Ebbeling & Clarkson, 1989) and increases in
delayed-onset muscle soreness (DOMS) that typically peak 2-3 days following the
muscle injury (Clarkson et al., 1992). These disruptions to the sarcolemma present as
ultrastructural damage, such as Z-line streaming (Friden et al., 1983), and myofibrillar
leakage of proteins (e.g., creatine kinase (CK), lactate dehydrogenase (LDH), myoglobin,
myosin heavy chain, and troponin-I) (Armstrong, Ogilvie, & Schwane, 1983; Sorichter et
al., 1997). In addition, eccentric exercise is known to cause increases in serum
glucocorticoids (Malm et al., 2000). An inflammatory response to the muscle damage is
also typically mounted by the immune system and is generally induced by elevated
concentrations of circulating leukocytes (Cannon, Fielding, Fiatarone, Orencole,
Dinarello, & Evans, 1989; Round, Jones, & Cambridge, 1987). Additionally, the
neutrophils that migrate to the site of damage release reactive oxygen species during the
oxidative burst (Finaud, Lac, & Filaire, 2006).
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In contrast to eccentric exercise, high-intensity, concentric endurance exercise
leads to metabolic stress of the exercised muscles, which results in temporary muscle
fatigue, but not in DOMS (Malm et al., 2004). Aerobic endurance exercise has also
shown dramatic changes in plasma concentrations of cytokines (Brenner, Natale,
Vasiliou, Moldoveanu, Shek, & Shephard, 1999; Nieman et al., 2001) responsible for
regulation of the inflammatory response. Nieman et al. (2003) also reported that 3 hours
of running induced significant increases in skeletal muscle mRNA of TNFα and IL1β. In
addition, aerobic endurance exercise leads to increased oxygen consumption by the
exercising muscle, thus increasing mitochondrial respiration and free radical production
(Mastaloudis, Leonard, & Traber, 2001). However, the antioxidant capacity of the
individual must be overwhelmed for oxidative damage to occur. Oxidative stress has
thus been correlated to VO2 (Ashton et al., 1998), and thus low-intensity exercise
(< 65%) is likely not sufficient to induce oxidative stress. However, other studies
(Chevion et al., 2003; Dawson et al., 2002) have reported no increases in oxidative stress
following intense (<85%) aerobic exercise. However, these results could be due to
differences in antioxidant status or exercise protocol.
Integrating aerobic exercise with an eccentric component provides a proteolytic
challenge to muscle as it induces increases in serum cortisol (Malm et al., 2000), cytokine
transcription within skeletal muscle (Louis et al., 2007), systemic oxidative stress
(Sacheck, Milbury, Cannon, Roubenoff, & Blumberg, 2003), and sarcolemmal disruption
(Eston, Finney, Baker, & Baltzopoulos, 1996). Evidence consistently shows that
participants experience significant increases in CK and DOMS, with concominant
decreases in maximal isokinetic force following this type of exercise (Eston et al.; Malm
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et al., 2000; Sacheck et al., 2003). However, Eston et al. (1996) reported that prior
training reduced muscle damage, strength loss, and perceived DOMS following downhill
running.
Louis et al. (2007) have previously examined mRNA expression of proteolytic
genes from 1-24 hours post-exercise in experienced runners following 30 minutes of
downhill running at 65% of VO2max. In this population, mRNA expression for MURF1,
atrogin1, and FOXO3 increased significantly (p < 0.05) at 1, 2, and 4 hours post-exercise
(3.6, 1.6, 1.9 fold respectively). Expression of genes for myostatin was suppressed 3.6
fold (p < 0.05) between 8-12 hours post-run, while calpain-1 expression decreased 1.3
fold (p < 0.05) 1 hour post-exercise and calpain2 showed a significant (p < 0.05) 2.6 fold
increase at 24-hours post-exercise. TNFα, meanwhile, showed a biphasic response with
significant increases immediately following, 12 hours, and 24 hours post-exercise.
In terms of oxidative stress, Sacheck et al. (2003) reported that downhill exercise
induced significant increases in plasma F2α isoprostanes and malondialdehyde (MDA) in
physically-active older males. Meanwhile, 8-hydroxy-2’-deoxyguanosine (8-OHdG)
from isolated leukocytes was unaffected by exercise. In a follow-up study, the changes in
the markers observed in this study were correlated to IL6, yet no data exists concerning
their relationship to TNFα and IL1β. You, Goldfarb, Bloomer, Nguyen, Sha, and
McKenzie (2005) analyzed the oxidative stress response to downhill exercise in a rodent
model using protein carbonyls and MDA. A significant (p < 0.05) increase in protein
carbonyls was observed in plasma as well as vastus intermedius and soleus muscle 2
hours following completion of the run. MDA however appeared unresponsive to the
exercise challenge.
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Hamada, Vannier, Sacheck, Witsell, & Roubenoff (2005a) did not examine
oxidative stress but did report mRNA expression of TNF α and IL1B following downhill
running in physically-active men between the ages of 66 and 78 years old. Transcript
accumulation of TNFα increased 1.8 fold (p < 0.05) while IL1β expression showed a
strong increase (2.8 fold, p < 0.05). However, Malm et al. (2004) reported that skeletal
muscle inflammation did not occur at 48 hours post-exercise in conjunction with
increased DOMS and CK levels. This group observed no significant increases in serum
TNFα following 45 minutes of eccentric running at either -4 or -8 degrees. In addition,
IL1β was not increased in muscle at 48 hours post-exercise. These changes are certainly
interesting, however, they do not rule out the possibility of changes in the intramuscular
receptors for these cytokines following exercise.
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CHAPTER THREE
Methods
Participants
Twenty-seven apparently-healthy, non-smoking males between the ages of 55-75
(13 sedentary and 14 physically-active) participated in the study. Prior to the study,
participants were considered physically active by participating in running/jogging,
basketball, or resistance training, etc. for at least 15 hours per month. Participants were
required to attain physician approval to participate in the study. Only participants
considered as either low or moderate risk for cardiovascular disease, with no
contraindications to exercise, and who had not consumed any nutritional supplements one
month prior to the study were allowed to participate. In addition, participants had not
taken supplemental androgens in the previous six months prior to participation. All
eligible participants were asked to provide oral and written informed consent based on
university-approved documents (Appendices B and C). Verbal explanation of the
purpose of the research, the protocol to be followed, and the experimental procedures to
be used were given to the participants. Participants were instructed to refrain from
exercise for 48 hours and fast for 8 hours prior to testing. They were also asked to record
their dietary intake for 7 days prior to exercise testing (Appendix D).
Dependent variables determined from blood samples include cytokines (IL1beta,
TNFalpha), cortisol, and markers related to antioxidant capacity/oxidative stress (total
antioxidant activity, 8-isoprostane, protein carbonyls). Dependent variables evaluated
from the muscle samples include transcription factor binding activity (GC receptor, p53,
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NFkB p65, NFkB p50), apoptosis-related proteins (Caspase 3, Bax, and Bcl2), and
mRNA expression of MURF1, Atrogin1, FOXO1, FOXO3, Ubiquitin, E2, HSP27,
HSP72, 20S beta subunit, 20S alpha subunit, IKKB, Id1, Id2, Id3, Myostatin, Calpain 1,
and Calpain 2.
Entry and Familiarization Session
Participants expressing interest in participating in this study were interviewed on
the phone and/or via email to determine whether they appeared to qualify to participate in
this study. Participants believed to meet eligibility criteria were then invited to attend an
entry/familiarization session. Participants were asked to bring signed physician approval
of participation to the familiarization session. During this session, the potential
participants signed Informed Consent Statements and complete personal and medical
histories (Appendices C, E, and F). Participants then underwent a general physical
examination to confirm eligibility for the study. Participants meeting entry criteria were
familiarized with the study protocol and the tests to be performed, via a verbal and
written explanation outlining the study design (Appendix G). Body mass and height were
then measured prior to performing a maximal cardiovascular treadmill test to determine
cardiovascular fitness level. Participants were also familiarized with the equipment that
would be utilized for muscle strength testing.
Exercise Testing Session
Upon reporting to the lab for the primary exercise testing session, body mass of
the participants was measured prior to assessment of hemodynamic safety variables.
Body composition was then measured using Dual X-ray absorptiometry (DEXA).
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Following the DEXA scan, participants then donated muscle and venous blood samples
prior to performing muscular strength testing. Participants performed a standard warmup consisting of 5 minutes on a stationary bicycle at a comfortable speed before
performing muscle strength testing. Participants then performed a downhill exercise test
consisting of three 15 minute sets separated by a five minute rest (75% VO2, -17.5%
grade). Immediately following the exercise test, participants donated a second venous
blood sample. Approximately 3 hours following the completion of exercise, participants
then donated a second muscle biopsy sample. Approximately 24 hours following the
initial exercise session, participants then returned to the lab for a final blood sample,
biopsy, and muscle strength assessment.
Body Composition
Body composition/bone density were determined using a calibrated Discovery W
dual-energy x-ray absorptiometry (DEXA) (Hologic, Waltham, MA) by licensed
personnel with limited x-ray technology training. The DEXA body composition test
involves having the participant lie in a supine position in a pair of shorts and a t-shirt. A
low dose of radiation scans their entire body for approximately 6 minutes. The DEXA
segmented regions of the body (right arm, left arm, trunk, right leg, and left leg) into
three compartments for determination of fat, soft tissue (muscle), and bone mass.
Additionally, a subsection is generated to isolate the lower leg region for the
determination of upper leg muscle mass. Radiation exposure from DEXA for the whole
body scan is approximately 1.5 mR per scan. The maximal permissible x-ray dose for
non-occupational exposure is 500 mR per year. Total radiation exposure is
approximately 1.5 mR for the entire study. The accuracy of the DEXA is generally ±2%
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for fat mass, lean mass, and total mass as assessed by direct comparison with
hydrodensitometry and scale weight.
Muscle Strength Testing
Following the initial baseline blood/biopsy samples; participants warmed-up on a
stationary bicycle ergometer for 5 minutes. Maximal isokinetic dynamic strength and
peak isometric torque were assessed with a concentric/eccentric knee extension/flexion
protocol using a Biodex-System 3 (Biodex Medical Systems, Inc., Shirley, NY, USA).
Each of these strength assessment sessions consisted of participants performing three
sub-maximal trial repetitions at an estimated effort of 25%, 50%, 75%, and two maximal
(100% effort) repetitions, a rest period of 1 minute, followed by 3 maximal isometric
contractions on each leg. Participants then performed five maximal (100% effort)
concentric (extension)/eccentric (flexion) repetitions at 60 degrees/second on each leg.
These contractions were performed over a 75 degree range of motion. Muscle strength
testing was completed prior to, and 24 hours following, the eccentric exercise protocol.
Perceived Muscle Soreness
As a subjective indicator of the severity of muscle injury, perceived soreness was
assessed along a 13-cm scale [Appendix H (0 = no soreness, 13 = extreme soreness)].
Participants rated their level of soreness before, 3h post-exercise, and 24h post-exercise
by drawing an intersecting line across the continuum line extending from 0 to 13. The
distance of each mark was measured from 0, and the measurement was used as the
perceived soreness level.

45

Venous Blood Sampling
Participants were required to fast for at least eight hours prior to donating blood.
Blood samples were obtained by standard/sterile procedures by personnel who are
experienced in phlebotomy and qualified to do so under guidelines established by the
Texas Department of Health and Human Services. Venous blood samples were obtained
from the antecubital vein into 10 mL collection tubes using a standard VacutainerTM
apparatus. The study personnel wore personal protective clothing (gloves, lab coats, etc.)
when handling blood samples. Participants sat in a phlebotomy chair prior to having
their arm cleaned with a sterile alcohol wipe and sterile gauze. A standard rubber
tourniquet was then placed on the brachium. After palpation of an antecubital vein, a 23
gauge sterile needle attached to a plastic vacutainer holder was inserted into the vein
using standard procedures. One lithium heparin plasma separation vacutainer tube (green
tops) and one serum separator tube (red top) were inserted into the vacutainer holder for
blood collection in succession using multiple sample phlebotomy techniques. Once
samples were obtained, the vacutainer holder and needle was removed. Needles were
discarded as hazardous waste in a plastic sharps container. The site of the blood draw
was then cleaned with a sterile alcohol wipe and gauze and a sterile Band-Aid was placed
on the site. The blood collection tubes were labeled by laboratory technicians and
plasma/serum samples were centrifuged at 2,400 rpm for 15 min, transferred into labeled
serum storage containers, and prepared for storage into a -80°C freezer for future
analyses.
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Muscle Biopsies
Participants were required to fast for at least eight hours prior to donating muscle.
Employing the Bergstrom technique, percutaneous muscle biopsies (approximately 50-70
mg) were obtained under local anesthesia of 1% Xylocaine with epinephrine from middle
portion of the vastus lateralis muscle of the dominant leg at the midpoint between the
patella and the greater trochanter of the femur at a depth of 2-3 cm. Muscle samples were
obtained by standard/sterile procedures by personnel who were experienced in
performing the procedure. After removal, the tissue sample were immediately frozen in
liquid nitrogen and then stored at –80°C for future analyses. After the initial biopsy,
attempts were made to extract tissue during the subsequent biopsies from the same
location by using the pre-biopsy scar, depth markings on the needle, and a successive
puncture that was made approximately 0.5 cm to the former from medial to lateral.
Participants were then provided written and verbal instructions on how to properly care
for the incision site following the biopsy (Appendix I).
Assessment of Hemodynamic Safety Markers
Before and after the exercise testing session, assessment of participants’ heart rate
and blood pressure was conducted. Heart rate was determined by palpation of the radial
artery using standard procedures, and blood pressure was assessed after five minutes of
rest by auscultation of the brachial artery using a mercurial sphygmomanometer.
Dietary Records and Analysis
The participants’ diets were not standardized, but participants were required to
keep dietary records for 7 days prior to the exercise testing sessions. The 7-day dietary
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records were evaluated with the ESHA Food Processor 8.6 (ESHA Research, Salem, OR)
dietary assessment software program to determine the average daily macronutrient
consumption of fat, carbohydrate, protein, and micronutrient consumption of vitamins C
and E in the diet.
Serum and Muscle Protein Analysis
Blood values for markers of oxidative stress as well as skeletal muscle
determination of apoptosis-related proteins, transcription factor binding activity, were
determined by using Enzyme-Linked Immuno-absorbent Assay (ELISA). The principle
of the enzyme immunoassay is based on multiple steps. First, human antigen within
samples is captured by antihuman immunoglobulins for the specific target protein. The
resulting complex is immobilized and bound to the wells of the microtiter plate coated by
a pre-titered amount of anchor antibodies. Secondly, there is the simultaneous binding of
a second biotinylated antibody to the protein target. Thirdly, unbound material is washed
away, followed by the conjugation of horseradish peroxidase to the immobilized
biotinylated antibodies. Any free enzyme is then washed away and lastly there is a
quantification of immobilized antibody-enzyme conjugates by monitoring horseradish
peroxidase activities in the presence of the substrate 3.3’, 5.5’ tetramethylbenzine.
Enzyme activity can then measured spectrophotometrically using a Wallac Victor-1420
microplate reader (Perkin-Elmer Life Sciences, Boston, MA) by increased absorbency at
either 405 or 450nm. A set of standards are used to plot a standard curve from which the
amount of target protein in the unknown samples and controls could be directly read.
Serum cytokines TNFα and IL1β were determined using commercially available
assay kits from Invitrogen Corp. (Carlsbad, CA) and Ray-Biotech Inc. (Norcross, GA),
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respectively. Plasma antioxidant activity, plasma protein carbonyls, and serum 8isoprostane were analyzed using commercial assay kits from Cayman Chemical (Ann
Arbor, MI). Levels of DNA binding for p53, glucocorticoid receptor, NFkB p65, and
NFkB p50 were analyzed using TF ELISA assays from Panomics, Inc. (Freemont, CA).
Assessment of mitochondrial proteins Bax, Bcl2, and caspase 3 were analyzed using
ELISA kits from Assay Designs, Inc. (Ann Arbor, MI).
To determine muscle levels of muscle proteins related to apoptosis, approximately
25 mg of each muscle sample was removed, weighed, and subsequently placed in an
autoclaved microcentrifuge tube. The skeletal muscle samples were homogenized using
a kit-supplied cell extraction buffer (1 mM EDTA, 6 M Urea, 0.5% Triton-X 100,
0.0005% Tween 20 in PBS) and a handheld Kontes tissue homogenizer. The cell
extraction buffer was supplemented with 1mM phenylmethanesulphonylfluoride (PMSF)
and a protease inhibitor cocktail (Cat. P2714, Sigma Chemical Company, St. Louis, MO).
Ultimately, a 0.3 M PMSF stock solution in dimethyl sulfoxide (DMSO) was produced.
Next, 17 μL of this stock solution was added to 5mL of cell extraction buffer to create a
final concentration of 1 mM PMSF. The protease inhibitor cocktail is comprised of a
combination of water- soluble protease inhibitors with broad specificity for the inhibition
of serine, cysteine, and metallo-proteases. Five hundred µL of protease inhibitor cocktail
was added to 5 mL of cell extraction buffer. As a result of the unstable nature of PMSF,
this solution was created and added to the cell extraction buffer immediately before the
process of muscle homogenization. Five hundred µL of completed cell extraction buffer
was then added to each muscle sample. To create the final muscle homogenate, the tissue
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was then homogenized via a hand held Kontes pestle in an autoclaved microcentrifuge
tube.
To determine transcription factor binding, approximately 25 mg of each muscle
sample was removed, weighed, and subsequently placed in an autoclaved microcentrifuge
tube. These samples were prepared using a nuclear extraction kit and a handheld Kontes
tissue homogenizer. Briefly, this extraction procedure utilized nuclear extraction buffers
supplemented with 100 mM DTT, protease inhibitors, and phosphatase inhibitors.
Samples were assayed for protein content according to the Lowry method (Lowry,
Rosebrough, Farr, & Randall, 1951) and DNA binding activity was expressed relative to
protein content of the sample.
Skeletal Muscle Total RNA Isolation
Approximately 10 mg of muscle tissue was be placed in a microfuge tube and
homogenized with a plastic pestle in a 500 µl of monophasic solution of phenol and
guanidine isothiocyanate contained within the TRI-reagent (Sigma Chemical Co., St.
Louis, MO). The muscle homogenate was allowed to stand for five minutes at room
temperature to allow for the complete dissociation of nucleoprotein complexes, at which
point 100 µl of chloroform was added. The solution was mixed and allowed to sit at
room temperature for 10 minutes and then centrifuged at 12,000 x g for 15 minutes. The
supernatant was removed and transferred to a new microfuge tube at which point 250 µl
of isoproponol was added. The solution was mixed and allowed to sit at room
temperature for 10 minutes and then centrifuged at 12,000 x g for 10 minutes. The
supernatant was discarded and the RNA pellet washed with 500 µl 75% ethanol and
centrifuged for five minutes at 7,500 x g. The ethanol wash was repeated a second time
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at which point the supernatant was removed and the RNA pellet allowed to air dry for 10
minutes prior to being dissolved in 50 µl of nuclease-free water. The total RNA
concentration was determined spectrophotometerically (Helio γ, Thermo Electron,
Milford, MA) by optical density (OD) at 260 nm using an OD260 equivalent to 40 μg/μl,
and the final concentration expressed relative to muscle wet-weight. Test-retest
reliability of performing this procedure of total RNA expression on samples in this
laboratory has demonstrated low mean coefficients of variation and high reliability
(1.8%, intraclass r = 0.96). Aliquots (5 μl) of total RNA samples were then separated
with 1% agarose gel electrophoresis, ethidium bromide stained, and monitored under an
ultraviolet light (Chemi-Doc XRS, Bio-Rad, Hercules, CA) to verify RNA integrity and
absence of RNA degradation. This procedure yielded intact RNA, free of DNA and
proteins as indicated by prominent 28s and 18s ribosomal RNA bands, as well as an
OD260/OD280 ratio of approximately 2.0.
Reverse Transcription and cDNA Synthesis
Two μg of total skeletal muscle RNA was then reverse-transcribed to synthesize
cDNA using the iSscript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). A reverse
transcription reaction mixture [2 μg of cellular RNA, 5x reverse transcription buffer (20
mM Tris-HCL, pH 8.3; 50 mM KCl;2.5 mM MgCl2; 100 μg of bovine serum
albumin/ml), a dNTP mixture containing 0.2 mM each of dATP, dCTP, dGTP, and
dTTP, 0.8 μM MgCl2, 0.5 μg/μl of oligo(dT) 15 primer, and 25 u/μg of MMLV RNAase
H+ reverse transcriptase enzyme (Bio-Rad, Hercules, CA)] was incubated at 25°C for
five minutes, 42°C for 30 minutes, heated to 85°C for 10 minutes, and then quick-chilled

51

on ice. The cDNA concentration was determined by using an OD260 equivalent to 50
μg/μl and the starting cDNA template concentration was standardized by adjusting all
samples to 200 ng prior to amplification.
Oligonucleotide Primers for PCR
The mRNA sequences of human skeletal muscle published in the NCBI Entrez
Nucleotide database (www.ncdi.nlm.hih.gov) were used to construct oligonucleotide
PCR primers using Beacon Designer software (Bio-Rad, Hercules, CA). Table 1 shows
the sense sequence, anti-sequence, amplicon size, and NCBI accession number for each
gene assessed in the study. The sense and anti-sense primers were synthesized
commercially (Integrated DNA Technologies, Coralville, IA). β-actin was used as an
external control standard for each reaction due to its consideration as a constitutively
expressed “housekeeping gene”.
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Table 1
mRNA Sequences of Primers Used in the Real-time PCR Procedure
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Primer Name

NCBI Accession #

Sense Sequence (5’ → 3’)

Anti-Sense Sequence (5’ → 3’)

Amplicon Size (bp)

Beta-Actin

NM_001101

ATC GTG CGT GAC ATT AAG

GTC ATC ACC ATT GGC AAT

102

FOXO1

NM_002015

TCC TAC GCC GAC CTC ATC

GCA CGC TCT TGA CCA TCC

94

FOXO3

NM_001455

GCT CAC TTC GGA CTC ACT TAG

AGG ACA TCA TCG GAT CAT TGC

137

IKKB

NM_001556

AAC CAG CAT CCA GAT TGA C

GCC ATC ATC CGT TCT ACC

156

HSP 27

U75898

CTA TGT CCT GCC TGC TGA TG

GCT GCC TCC TCC TCT TCC

174

HSP 72

BC002453

TGC TGA CCA AGA TGA AGG AG

TGC GAG TCG TTG AAG TAG G

94

Ubiquitin

M26880

CGT CTC AGA GGT GGG ATG C

TGC TGG TCA GGA GGA ATG C

137

Ubiquitin E2

U39318

GAC CCT CCA GCA CAA TGT TC

AGA ATA CAC CGC CTT GAT ATG G

106

Atrogin1

NM_058229

ATG TGG GTG TAT CGG ATG G

AAG GCA GGT CAG TGA AGG

106

MURF1

NM_002931

GCC TTC TTC GCC TTC TCC

AGC TCA TAC AGA CTC AGT TCC

121

20S C2

D00759

TGC GTC AGG AGT GTT TGG

CAT AAC CAG CAA TAA GGA GAC C

150

20S C3

D00760

AAC TTG TCC AGA TTG AAT ATG C

TCG CTC ATC ATA CAG AAT GG

128

Calpain 1

NM_005186

TCT GGA TGG AGT TGT GAC C

CTG GTG TGG TGT GGT AGG

139

Calpain 2

NM_001748

GTG GTG GTG GAT GAC AGG

CGT TGA TCT TGG CGT ATG C

115

Id1

NM_002165

GAA CGG CTG TTA CTC ACG

ATC TCC ACC TTG CTC ACC

75

Id2

NM_002166

CCC TGT GGA CGA CCC GAT G

ATC TTG CTC ACC TTC TTG TTC TGG

105

Id3

NM_002167

TGA CTT CAC CAA ATC CCT TCC

AGC CAC TCC TTC CAC ACC

180

Myostatin

NM_005259

CAT GAT CTT GCT GTA ACC TTC C

GCA TCG TGA TTC TGT TGA GTG

140

Real-Time PCR Amplification and Quantitation
Two hundred ng of cDNA was added to each of the 25 μl PCR reactions using iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA). Specifically, each PCR reaction will
contain the following mixtures: [10x PCR buffer, 0.2 μM dNTP mixture, 2.0 μM of a
cocktail containing both the sense and antisense RNA oligonucleotide primers, 2 mM
MgCL2, 1.0 u/μl of hot-start iTaq DNA polymerase, SYBR Green I dye, and nucleasefree dH2O]. Each PCR reaction was amplified using real-time quantitative polymerase
chaine reaction (PCR) (iCycler IQ Real-Time PCR Detection System, Bio-Rad, Hercules,
CA). The amplification profile is run for 40-cycles employing a denaturation step at
95°C for 30 seconds, primer annealing at 58°C for 30 seconds, and extension at 72°C for
30 seconds. Fluorescence is measured after each cycle, resulting from the incorporation
of SYBR green dye into the amplified PCR product. To help control for differences in
amplification efficiency during thermocycling, all PCR reactions were prepared from the
same stock solution. The specificity of the PCR was demonstrated with absolute negative
controls using separate PCR reactions containing no cDNA template or primers, and a
single gene product will be confirmed using DNA melt curve analysis. Additionally,
positive amplification of mRNA was assessed using aliquots (20 μl) of the PCR reaction
mixtures that were electrophoresed in 1% agarose gels in 1X Tris-Acetate-EDTA (TAE)
buffer (Figure 1). The gel was stained with ethidium bromide (present in the TAE buffer
at 1 μg/ml) and illuminated with UV transillumination (Chemi-Doc XRS, Bio-Rad,
Hercules, CA).
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Figure 1. Illustration of PCR amplicons assessed via agarose gel electrophoresis
The relative expression of mRNA was assessed by determining the ratio between the CT
values of each target mRNA and the CT values for β-actin for each muscle sample
obtained at each sampling point. Test-retest reliability of performing this procedure of
mRNA expression on samples in this laboratory has demonstrated low mean coefficients
of variation and high reliability (1.6%, intraclass r = 0.95). The fold change in
expression was then calculated using the ∆∆CT method.
Statistical Analyses
An independent samples t-test was calculated on all dependent variables to
determine if significant differences exist at baseline between the two groups.
MANOVAs (grouped for variables of blood, skeletal muscle protein, and skeletal muscle
mRNA) were analyzed for this experiment based on dependent variables that were likely
to be related to one another. In addition, the use of a MANOVA analysis also prevents
the chance of committing a Type I error that could result from the use of repeated
univariate ANOVA procedures; in contrast, this will increase the likelihood of
performing type II error, particularly with a low n-size. Relative to all dependent
variables, a 2 (group) x 3 (time points) repeated measures multivariate analysis of
variance (MANOVA) mixed methods with the repeated measures on the second factor
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was utilized. Separate ANOVAs on each dependent variable were conducted as followup tests to the MANOVA. To control for alpha inflation of the ANOVA, the Bonferroni
test was utilized.
In addition to reporting probability values, an index of effect size was calculated
to reflect the magnitude of the observed effect. The index of effect size utilized was
partial Eta squared (η2), which estimates the proportion of variance in the dependent
variable that can be explained by the independent variable. Partial Eta squared effects
sizes have been determined to be: weak = 0.17, medium = 0.24, strong = 0.51, very
strong = > 0.70 as previously described (O'Connor et al., 2007). In addition, for all
statistical analyses not meeting the sphericity assumption for the within-subjects
analyses, a Huynh-Feldt correction factor was applied to the degrees of freedom in order
to increase the critical F-value to a level that would prevent the likelihood of committing
a type I error. All statistical procedures were performed using SPSS© 16.0 software
(Chicago, IL) and a probability level of <0.05 was adopted throughout.
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CHAPTER FOUR
Results
Participants
Twenty-seven males volunteered to participate in the study and their demographic
information is presented in Table 2. Results showed significant (p > 0.05) differences
between groups for body Weight, VO2max, % body fat, and SBP; confirming a difference
in fitness level. All participants completed the required testing procedures.
Table 2
Baseline Participant Demographic Data
Variable

Active

Sedentary

Group Sig.

Age (years)

60.71 ± 5.54

63.85 ± 6.59

p = 0.192

Height (cm)

176.44 ± 4.54

173.99 ± 5.95

p = 0.238

Body Weight (kg)

84.20 ± 7.24

93.69 ± 15.25

p = 0.047*

VO2max (ml/kg/min)

34.04 ± 3.5

25.52 ± 5.15

p < 0.001*

Lean Mass (kg)

55.83 ± 5.15

56.16 ± 7.30

p = 0.892

% Body Fat

24.38 ± 4.96

31.71 ± 4.44

p < 0.001*

Resting Heart Rate (bpm)

65.0 ± 8.44

68.54 ± 6.28

p = 0.231

SBP (mm Hg)

122.0 ± 13.06

136.62 ± 19.86

p = 0.032*

DBP (mmHg)

76.71 ± 9.34

79.08 ± 7.05

p = 0.468

Note: All data are presented as mean ± standard deviation.
* = significantly different between groups.
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Dietary Recall Analyses
Multivariate analysis of selected dietary nutrients revealed a trend for group
differences (p = 0.051). Data for specific nutrients is shown in Table 3. No significance
between groups was observed for daily kcal, protein, carbohydrate, fiber, vitamin A, or
vitamin C. A trend for higher fat intake in the active group was observed (p = 0.079),
while this group also reported significantly higher intake of selenium (F= 10.696, p =
0.003, power = 0.881, partial η2 = 0.300) than did the sedentary group.
Table 3
Average Daily Intake of kcals and Selected Nutrients during the 7 Days Prior to Testing
Variable

Active

Sedentary

Group Sig.

Avg. Daily Kilocalories
(kcal)

2149.81 ± 352.93

1975.75 ± 293.58

p = 0.178

Avg. Daily Protein (g)

83.47 ± 16.41

82.77 ± 20.84

p = 0.922

Avg. Daily Carbohydrate (g)

259.58 ± 70.75

236.93 ± 44.68

p = 0.334

Avg. Daily Total Fat (g)

88.86 ± 17.73

76.94 ± 15.87

p = 0.079

Avg. Daily Fiber (g)

21.55 ± 9.50

19.56 ± 6.71

p = 0.538

Avg. Daily Vitamin A (ug)

378.83 ± 253.12

391.90 ± 448.48

p = 0.926

Avg. Daily Vitamin C (mg)

64.82 ± 40.71

56.96 ± 49.03

p =0.653

Avg. Daily Selenium (ug)

66.12 ± 21.05

41.69 ± 17.42

p = 0.003*

Note: All data are presented as mean ± standard deviation.
* = significantly different between groups.
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Muscular Soreness and Serum Markers of Muscle Damage
Data for perceived muscle soreness and proxy measures of muscle damage
assessed in serum are shown in Table 4. MANOVA analysis of muscle soreness, CK,
and LDH revealed a trend (p = 0.079) for group differences with significant time (Wilks’
Lambda = 0.055, F (6, 20) =57.230, p < 0.001, partial η2 = 0.945, power =1.000) and
group x time interactions (Wilks’ Lambda = 0.485, F (6, 20) = 3.544, p = 0.015, partial η2
= 0.515, power =0.862). Univariate analysis revealed no baseline differences between
groups for any of these three variables. However, significant group x time interactions
were observed for both creatine kinase (F= 11.242, p = 0.002, power = 0.926, partial η2 =
0.310) and lactate dehydrogenase (F= 3.273, p = 0.046, power = 0.596, partial η2 =
0.116). Subsequently, a significant group difference was observed for CK at 24h postexercise (F= 10.655, p = 0.003, power = 0.880, partial η2 = 0.299) with a trend (p = .095)
group differences for LDH at 24h post-exercise.
Muscular Strength Measurement
More importantly, the active individuals were able to better maintain muscular
force production even in the face of higher indices of muscle damage. Muscular strength
of the quadriceps muscles before and following the eccentric exercise bout was assessed
via isometric and isokinetic contractions using a Biodex dynamometer. Tables 5 and 6
show strength data for each group in the dominant and non-dominant legs, respectively.
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Table 4
Data for Muscle Soreness and Serum Indicators of Muscle Damage
Active

Sedentary

Baseline
Group
Sig.

Group x
Time
Sig.

Time
Sig.

Baseline

3h PostExercise

24h PostExercise

Baseline

3h PostExercise

24h PostExercise

0.00+0.00

4.64+3.27

6.28+2.90

0.34+1.22

5.19+3.25

6.73+2.73

p = .309

p = .988

p < .001*

Creatine
Kinase
(U/L)

106.43+39.33

171.29+56.93

1013.14+320.30

82.23+36.83

156.69+121.71

612.15+317.45

p = .112

p = .002*

p < .001*

Lactate
Dehydroge
nase (U/L)

137.79+15.76

174.79+28.72

174.14+25.51

145.69+36.88

167.54+24.82

154.92+31.84

p = .470

p = .046*

p < .001*

Variable
Muscle
Soreness
(Arbitrary
Units)
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Note:

Data presented as mean ± standard deviation.
* = statistically significant effect.

Table 5
Muscular Performance Data from the Biodex Dynamometer for the Dominant Leg
Active
Variable

Sedentary

Baseline
Group Sig.

Group x
Time Sig.

Time Sig.
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Baseline

24h Post-Exercise

Baseline

24h Post-Exercise

Isometric Peak
Torque (ft-lbs)

118.13±21.43

93.44±30.09

103.31±23.15

72.45±20.51

p = 0.096

p = 0.486

p < 0.001*

Isometric Peak
Torque/Body Weight

0.639±0.108

0.503±0.144

0.504±0.145

0.362±0.128

p = 0.011*

p = 0.899

p < 0.001*

Isokinetic Extension
Peak Torque (ft-lbs)

100.36±25.09

85.32±29.69

80.44±16.60

53.45±13.77

p = 0.189

p = 0.084

p < 0.001*

Isokinetic Extension
Peak Torque/ Body
Weight

0.547±0.138

0.463±0.150

0.402±0.108

0.271±0.095

p = 0.006*

p = 0.193

p < 0.001*

Isokinetic Flexion
Peak Torque (ft-lbs)

135.09±38.09

104.62±37.45

120.25±16.13

75.92±25.34

p = 0.206

p = 0.166

p < 0.001*

Isokinetic Flexion
Peak Torque/ Body
Weight

0.741±.226

0.570±0.206

0.599±0.130

0.382±0.152

p = 0.059

p = 0.387

p < 0.001*

Note: All data are presented as mean ± standard deviation.
* = statistically significant effect.

Table 6
Muscular Performance Data from the Biodex Dynamometer for the Non-dominant Leg
Active
Variable

Sedentary

Baseline
Group Sig.

Group x
Time Sig.

Time Sig.
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Baseline

24h Post-Exercise

Baseline

24h Post-Exercise

Isometric Peak
Torque (ft-lbs)

122.80±23.45

96.35±26.94

106.62±23.40

79.34±16.87

p = 0.085

p = 0.911

p < 0.001*

Isometric Peak
Torque/Body Weight

0.664±0.118

0.518±0.124

0.516±0.116

0.392±0.096

p = 0.003*

p = 0.563

p < 0.001*

Isokinetic Extension
Peak Torque (ft-lbs)

114.71±31.88

97.06±33.85

88.72±23.41

66.49±17.63

p = 0.024*

p = 0.496

p < 0.001*

Isokinetic Extension
Peak Torque/ Body
Weight

0.622±0.168

0.525±0.167

0.440±0.130

0.334±0.105

p = 0.004*

p = 0.785

p < 0.001*

Isokinetic Flexion
Peak Torque (ft-lbs)

147.18±44.51

116.64±51.23

125.16±31.04

87.83±30.94

p = 0.151

p = 0.532

p < 0.001*

Isokinetic Flexion
Peak Torque/ Body
Weight

0.787±0.260

0.639±0.255

0.621±0.158

0.440±0.180

p = 0.058

p = 0.579

p < 0.001*

Note: All data are presented as mean ± standard deviation.
* = statistically significant effect.

Multivariate analysis of strength variables on the dominant leg revealed a trend (p
= 0.090) for group, a significant (Wilks’ Lambda = 0.239, F (6, 20) = 10.619, p < 0.001,
partial η2 = 0.761, power = 1.000) time effect, while significance was not observed for the
group x time interaction. For the non-dominant leg, multivariate analysis revealed
significant group (Wilks’ Lambda = 0.545, F (6, 20) = 2.786, p = 0.039, partial η2 =
0.455, power = 0.754) and time (Wilks’ Lambda = 0.287, F (6, 20) = 8.295, p < 0.001,
partial η2 = 0.713, power = 0.999) effects, with a trend (p = 0.075) for a group x time
interaction.
At baseline, significant differences existed between groups for isometric peak
torque relative to body weight for the dominant leg (F= 7.521, p = 0.011, power = 0.750,
partial η2 = 0.231) and the non-dominant leg (F= 10.805, p = 0.003, power = 0.885,
partial η2 = 0.302). Additionally, baseline differences existed between groups for
isokinetic peak torque relative to body weight during the extension portion of the
movement on dominant (F= 9.118, p = 0.006, power = 0.827, partial η2 = 0.267) and nondominant legs (F= 9.82, p = 0.004, power = 0.853, partial η2 = 0.282), as well as for
absolute peak torque on the non-dominant leg during the same movement (F= 5.757, p =
0.024, power = 0.636, partial η2 = 0.187).
No significant group x time interactions were observed; however, a trend was
observed for isokinetic peak torque during extension (p = 0.084). However, strength data
were additionally assessed as percentages changes from baseline (Figures 2 and 3). A
significant group difference was observed for peak torque of the dominant leg during
extension (F= 5.885, p = 0.023, power = 0.645, partial η2 = 0.191). Additionally, a trend
was observed for the same variable on the non-dominant leg (p = 0.052). These data
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indicate a significantly greater ability of the active group to sustain muscular force
production during concentric muscle movement following eccentric exercise.

Figure 2. Percentage change from baseline in isometric peak torque for dominant and
non-dominant limbs, respectively.
Note: Data shown as mean minus standard deviation.

Figure 3. Percentage change from baseline in isokinetic peak torque for dominant and
non-dominant limbs for extension and flexion movements, respectively.
Note:

Data shown as mean minus standard deviation.
* = Significantly (p < 0.05) different between groups.
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Blood Indices of Oxidative Stress
Data for blood indices of oxidative stress are shown in Table 7 and Figures 4-6.
Multivariate analysis of blood markers of oxidative stress indicated significant group
differences (Wilks’ Lambda = 0.599, F (3, 23) = 5.128, p = 0.007, partial η2 = 0.401,
power = 0.869), while significant time or interaction effects were not observed. Total
plasma antioxidant activity did not reveal a significant group x time interaction across all
time-points; however, a large decrease in antioxidant activity was observed in the
sedentary group at 24 hours post-exercise.
Because of the potential for the significant difference in selenium intake to affect
antioxidant activity, selenium was included as a covariate in this analysis. Homogeneity
of slopes was confirmed, and the ANCOVA confirmed a significant difference between
groups at 24 hours post-exercise (F = 6.72, p = 0.016, power = 0.701, partial η2 = 0.219).
Similarly, no group x time interaction was observed for serum 8-isoprostane. However, a
trend (p = 0.065) for greater 8-isoprostane in the active group was observed at baseline,
with significantly greater serum content at 3 (F = 4.953, p = 0.035, power = 0.570, partial
η2 = 0.165) and 24 hours (F = 4.943, p = 0.017, power = 0.570, partial η2 = 0.206) postexercise. For plasma protein carbonyls, a trend for a time effect (p = 0.081) was
observed, while no trends or significant differences existed for group or the group x time
interaction.
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Table 7
Biochemical Indices of Antioxidant Activity and Oxidative Stress
Active
Variable

Baseline

Total Plasma
Antioxidant
Activity
(mM)

Sedentary
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Post-Exercise

24h PostExercise

Baseline

1.28+0.66

1.42+0.90

1.22+0.63

Serum 8isoprostane
(pg/ml)

124.48+54.41

134.37+68.39

Plasma
Protein
Carbonyls
(nmol/ml)

6.35+3.30

8.22+5.14

Baseline
Group
Sig.

Group x
Time
Sig.

Time
Sig.

Post-Exercise

24h PostExercise

0.95+0.53

1.00+0.61

0.62+0.30

p = 0.173

p = 0.688

p = 0.173

138.07+58.47

89.27+38.09

85.72+40.72

91.15+32.51

p = 0.065

p = 0.826

p = 0.805

6.15+2.82

6.68+7.10

9.17+9.32

5.33+3.29

p = 0.878

p = 0.797

p = 0.081

Note: All data are presented as mean ± standard deviation.

Figure 4. Plasma total antioxidant activity (mM) during the 24 hour testing period
Note: Data shown as mean + standard deviation.
* indicates a significant (p < 0.05) difference between groups.

Figure 5. Serum 8-isoprostane (pg/ml) during the 24 hour testing period.
Note: Data shown as mean + standard deviation.
* indicates a significant (p < 0.05) difference between groups.
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Figure 6. Plasma protein carbonyls (nmol/ml) during the 24 hour testing period.
Note: Data shown as mean + standard deviation.

Blood Indices of Systemic Inflammatory Stress
Serum TNFα, IL1β, and cortisol were analyzed as relevant indicators of systemic
inflammatory stress (Table 8, Figures 7-9). Multivariate analysis indicated a significant
time effect (Wilks’ Lambda = 0.514, F (6, 20) = 3.154, p = 0.024, partial η2 = 0.486,
power = 0.813), with no significance observed for group or interaction terms. Univariate
analysis indicated no significant effects for TNFα or IL1β; although, a trend for time was
observed for TNFα (p = 0.065). Further, no significant group differences were observed
for serum cortisol at any individual time-point; however, a significant group x time
interaction (F = 3.223, p = 0.048, power = 0.589, partial η2 = 0.114) was observed.
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Table 8
Blood Indices of Systemic Inflammatory Stress
Active

Sedentary

Baseline
Group
Sig.

Group x
Time Sig.

Time
Sig.

Baseline

PostExercise

24h PostExercise

Baseline

PostExercise

24h PostExercise

TNFα (pg/ml)

17.27+7.09

21.08+11.51

20.59+6.43

20.49+6.77

21.75+3.55

22.03+5.96

p = 0.239

p = 0.555

p = 0.065

IL1β (pg/ml)

0.63+0.81

1.22+2.72

1.66+1.66

2.99+5.76

2.76+4.98

1.45+2.48

p = 0.140

p = 0.127

p = 0.789

36.06+19.05

29.33+12.82

29.04+9.38

25.99+10.47

34.41+17.02

29.76+13.47

p = 0.105

p = 0.048*

p = 0.718

Variable

Cortisol
(µg/dl)

Note:
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All data are presented as mean ± standard deviation.
* = statistically significant effect.

Figure 7. Serum TNFα (pg/ml) during the 24 hour testing period
Note: Data shown as mean + standard deviation.

Figure 8. Serum IL1β (pg/ml) during the 24 hour testing period
Note: Data shown as mean + standard deviation.
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Figure 9. Serum cortisol (µg/dl) during the 24 hour testing period
Note: Data shown as mean + standard deviation.
indicates a significant (p < 0.05) group x time interaction across all time
points.

Skeletal Muscle Atrophy-Related Gene Expression
Five 2 x 3 MANOVA’s were conducted for atrophy-related gene expression
based on physiological function of the included genes. Data from these analyses are
included in Table 9. For mRNA expression of the heat shock proteins 27 and 72, a
significant multivariate time effect (Wilks’ Lambda = 0.686, F (4, 148) = 7.671, p <
0.001, partial η2 = 0.172, power = 0.997) was observed with no significant group effect or
group x time interaction. For MURF1, Atrogin1, FOXO1, and FOXO3, a significant
group x time interaction (Wilks’ Lambda = 0.732, F (8, 144) = 3.038, p = 0.003, partial
η2 = 0.144, power = 0.953) was observed, while no significance existed for group or time
effects. For calpain1 and calpain2, a significant group effect (Wilks’ Lambda = 0.919, F
(2, 74) = 3.273, p = 0.043, partial η2 = 0.081, power = 0.605) was observed, while no
significance existed for time or interaction terms. For components of the ubiquitin
72

proteasome system, significant multivariate effects were observed for group (Wilks’
Lambda = 0.792, F (4, 72) = 4.739, p = 0.002, partial η2 = 0.208, power = 0.940) and time
(Wilks’ Lambda = 0.642, F (8, 144) = 4.466, p = 0.039, partial η2 = 0.199, power =
0.996) with the interaction term showing no statistical significance. Finally, statistical
multivariate effects were observed for group (Wilks’ Lambda = 0.842, F (5, 71) = 2.667,
p = 0.029, partial η2 = 0.158, power = 0.782), time (Wilks’ Lambda = 0.726, F (10, 142)
= 2.468, p = 0.009, partial η2 = 0.148, power = 0.937), and the group x time interaction
(Wilks’ Lambda = 0.766, F (10, 142) = 2.026, p = 0.035, partial η2 = 0.125, power =
0.871) for ID1, ID2, ID3, IKKB, and Myostatin. Meanwhile, trends for group existed for
HSP27 (p = 0.092), Ubiquitin E2 (p = 0.088), and Atrogin1 (p = 0.090), while a trend
existed for ID2 (p = 0.059). In addition, significant group effects were seen for IKKB (F
= 8.764, p = 0.004, power = 0.832, partial η2 = 0.105) and 20S C2 (F = 8.622, p = 0.004,
power = 0.337, partial η2 = 0.103).
Additionally, mRNA expression changes from baseline to 3h post-exercise and
24h post-exercise were examined as fold changes via the ΔΔCT method. These results
are shown in Figures 10-13. A trend for significance was observed at 3h post-exercise
for HSP27 (p = 0.072), Calpain2 (p = 0.062), 20S C2 (p = 0.082), Ubiquitin E2 (p =
0.070), and IKKB (p = 0.054). Significant differences in fold changes were observed for
MURF1 at 3h post-exercise (p = 0.039), FOXO1 at 3h post-exercise (p < 0.001),
Calpain1 at 3h post-exercise (p = 0.028), IKKB at 24h post-exercise (p = 0.010), and ID1
at 3h post-exercise (0.025).
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Table 9
Skeletal Muscle mRNA Expression of Target Gene Compared to β-actin Control
Active

Sedentary
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Baseline
Group Sig.

Group x
Time Sig.

Time Sig.

0.99+0.06

p = 0.950

p = 0.101

p = 0.738

1.20+0.12

1.12+0.16

p = 0.651

p = 0.805

p < 0.001*

0.97+0.05

0.94+0.05

0.95+0.04

p = 0.289

p = 0.118

p = 0.871

1.11+0.07

1.13+0.05

1.08+0.08

1.08+0.04

p = 0.987

p = 0.442

p = 0.084

0.95+0.03

0.93+0.05

0.94+0.03

0.90+0.04

0.92+0.03

p = 0.043*

p = 0.001*

p < 0.882

0.95+0.04

0.96+0.06

0.97+0.06

0.97+0.06

0.94+0.06

0.94+0.05

p = 0.540

p = 0.333

p = 0.783

Calpain1

1.00+0.03

1.01+0.03

1.01+0.04

1.02+0.04

1.00+0.04

1.02+0.04

p = 0.146

p = 0.210

p = 0.778

Calpain2

0.99+0.07

1.02+0.04

1.04+0.09

1.00+0.06

0.98+0.05

1.01+0.07

p = 0.575

p = 0.277

p = 0.198

Ubiquitin

1.32+0.10

1.43+0.10

1.39+0.15

1.31+0.12

1.36+0.12

1.39+0.16

p = 0.866

p = 0.551

p = 0.045*

Ubiquitin E2

1.10+0.07

1.15+0.04

1.14+0.10

1.10+0.07

1.09+0.09

1.11+0.09

p = 0.984

p = 0.350

p = 0.566

20S C2

0.99+0.05

1.02+0.04

1.02+0.09

0.98+0.07

0.95+0.07

0.98+0.06

p = 0.485

p = 0.312

p = 0.765

20 C3

1.07+0.06

1.09+0.04

1.07+0.09

1.06+0.07

1.03+0.08

1.05+0.08

p = 0.740

p = 0.504

p = 0.976

Myostatin

0.97+0.04

0.95+0.05

0.93+0.05

0.98+0.07

0.94+0.05

0.93+0.03

p = 0.553

p = 0.596

p = 0.005*

IKKB

0.95+0.04

0.97+0.03

1.01+0.06

0.96+0.04

0.94+0.03

0.94+0.06

p = 0.588

p = 0.013*

p = 0.290

ID1

0.94+0.04

0.96+0.03

0.95+0.04

0.96+0.03

0.94+0.03

0.95+0.03

p = 0.137

p = 0.049*

p = 0.769

ID2

0.94+0.04

0.96+0.05

0.96+0.06

0.95+0.04

0.92+0.05

0.94+0.03

p = 0.712

p = 0.232

p = 0.831

ID3

0.90+0.03

0.90+0.03

0.89+0.04

0.89+0.03

0.89+0.04

0.89+0.02

p = 0.312

p = 0.675

p = 0.666

Baseline

3h PostExercise

24h PostExercise

Baseline

3h PostExercise

24h PostExercise

HSP 27

1.00+0.42

1.04+0.46

0.99+0.08

1.00+0.07

0.97+0.07

HSP 72

1.02+0.06

1.23+0.18

1.11+0.09

1.03+0.09

MURF1

0.95+0.05

0.97+0.04

0.97+0.06

Atrogin1

1.13+0.05

1.11+0.04

FOXO1

0.91+0.03

FOXO3

Note:

All data are presented as mean ± standard deviation. * = statistically significant effect.

Figure 10. Fold changes in atrophy-related gene expression at 3h post-exercise
Note: Data shown as mean + standard deviation.
*= significantly (p < 0.05) different between groups.

Figure 11. Fold changes in atrophy-related gene expression at 3h post-exercise
Note: Data shown as mean + standard deviation.
*= significantly (p < 0.05) different between groups.
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Figure 12. Fold changes in atrophy-related gene expression at 24h post-exercise.
Note: Data shown as mean + standard deviation.

Figure 13. Fold changes in atrophy-related gene expression at 24h post-exercise.
Note: Data shown as mean + standard deviation.
*= significantly (p < 0.05) different between groups.
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Skeletal Muscle Atrophy-Related Proteins
Data for skeletal muscle content/activity of proteins related to skeletal muscle
atrophy are shown in Table 10 and Figures 14-17. Multivariate analysis of
phosphorylated IKBα, caspase3, Bax, and Bcl2 indicated a trend (p = 0.074) for group
differences, with no significance or trend observed for time or interaction effects.
Univariate follow-up indicated a significant time effect for Bax (F = 4.324, p = 0.019,
power = 0.726, partial η2 = 0.147), group x time interaction for caspase3 activity (F =
3.490, p = 0.038, power = 0.626, partial η2 = 0.122), and a trend for the interaction effect
of Bcl2 (p = 0.091). At baseline, significant group differences were observed for Bax (F
= 6.897, p = 0.015, power = 0.714, partial η2 = 0.216) and caspase3 activity (F = 4.642, p
= 0.041, power = 0.544, partial η2 = 0.157), while a trend for significance was observed
for phosphorylated IKBα (p = 0.063). Additionally, the ratio of Bcl2 to Bax content was
calculated (Figure 18), and univariate analysis revealed a significant time effect (F =
3.614, p = 0.034, power = 0.642, partial η2 = 0.126). A trend for baseline differences was
observed (p = 0.085), while a significant difference between groups existed at 24 hours
post-exercise (F = 8.290, p = 0.008, power = 0.790, partial η2 = 0.249).
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Table 10
Skeletal Muscle Expression of Proteins Relevant to Muscle Atrophy
Active

Sedentary
Baseline
Group Sig.

Group x
Time
Sig.

Time
Sig.

Baseline

3h PostExercise

24h PostExercise

Baseline

3h PostExercise

24h PostExercise

pIKBα
(S32)
(U/mg)

0.83+0.89

1.16+1.29

1.11+1.31

1.71+1.44

2.01+1.98

2.26+2.04

p = .063

p = .778

p = .187

Caspase3
activity
(U/mg)

8.70+2.08

8.16+1.41

8.09+1.68

7.20+1.47

8.45+1.67

8.87+2.53

p = .157

p = .038

p = .497

Bax
(pg/mg)

144.83+51.37

160.95+53.68

171.39+50.69

95.39+46.01

127.42+51.46

138.04+63.02

p = .015*

p = .747

p =.019*

Bcl2
(pg/mg)

306.67+58.87

263.34+74.15

257.04+68.91

266.66+99.22

273.04+120.84

345.66+256.18

p = .210

p = .091

p = .521

Bcl2/Bax
ratio

2.40+0.89

1.82+0.92

1.61+0.55

3.31+1.64

2.76+2.26

2.63+1.19

p = .085

p = .973

p = .034*

Variable
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Note:

All data are presented as mean ± standard deviation.
* = statistically significant effect.

Figure 14. Skeletal muscle content of IKBα phosphorylated at serine 32 (U/mg muscle)
during the 24 hour testing period.
Note: Data shown as mean + standard deviation.

Figure 15. Skeletal muscle content of active caspase3 (U/mg muscle) during the 24 hour testing
period
Note: Data shown as mean + standard deviation.
* = significantly different between groups.
† indicates a significant (p < 0.05) group x time interaction across all time points.
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Figure 16. Skeletal muscle content of Bax (pg/mg muscle) during the 24 hour testing period
Note: Data shown as mean + standard deviation.
* = significantly different between groups.

Figure 17. Skeletal muscle content of Bcl2 (pg/mg muscle) during the 24 hour testing
period
Note: Data shown as mean + standard error.
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Figure 18. Skeletal muscle ratio of Bcl2 to Bax during the 24 hour testing period
Note: Data shown as mean + standard deviation.
* = significantly different between groups.

Skeletal Muscle Transcription Factor/DNA Binding
Data for binding of selected transcription factors to DNA is shown in Table 11
and Figures 19-22. Multivariate analysis indicated a significant Group effect (Wilks’
Lambda = 0.554, F (4, 22) = 4.427, p = 0.009, partial η2 = 0.446, power = 0.874), while
no significance existed for the time or interaction terms. The p50 and p65 subunits of
NFkB showed significant elevations in DNA binding in response to the exercise [p50 (F
= 4.086, p = 0.026, power = 0.675, partial η2 = 0.140), p65 (F = 3.200, p = 0.049, power =
0.586, partial η2 = 0.113)]. Additionally, the sedentary group showed significantly
greater DNA binding activity of NFkB p65 at both 3 (F = 5.382, p = 0.029, power =
0.607, partial η2 = 0.177) and 24 (F = 4.297, p = 0.049, power = 0.513, partial η2 = 0.147)
hours post-exercise compared to the active group. Meanwhile, GC receptor binding was
significantly greater in the active group at 3 hours post-exercise (F = 6.679, p = 0.016,
power = 0.700, partial η2 = 0.211) compared to the sedentary group.
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Table 11
Skeletal Muscle Transcription Factor/DNA Binding Activity Expressed as Optical Density Relative to Sample Protein Content
Active

Sedentary

Baseline

3h PostExercise

24h PostExercise

p53

0.225+0.035

0.223+0.044

NFkB p50

0.507+0.049

NFkB p65
GC receptor

Variable
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Note:

Baseline
Group Sig.

Group x
Time Sig.

Time Sig.

0.260+0.082

p = 0.698

p = 0.570

p = 0.479

0.553+0.107

0.579+0.238

p = 0.370

p = 0.646

p = 0.026*

0.302+0.042

0.333+0.053

0.339+0.072

p = 0.134

p = 0.526

p = 0.049*

0.394+0.073

0.391+0.085

0.424+0.109

p = 0.187

p = 0.321

p = 0.391

Baseline

3h PostExercise

24h PostExercise

0.228+0.048

0.231+0.038

0.250+0.053

0.584+0.118

0.560+0.114

0.483+0.087

0.276+0.044

0.287+0.050

0.291+0.048

0.424+0.041

0.458+0.045

0.440+0.092

All data are presented as mean ± standard deviation.
* = statistically significant effect.

Figure 19. Skeletal muscle p53/DNA binding activity
Note: Data shown as mean plus standard deviation.

Figure 20. Skeletal muscle NFkB p50/DNA binding activity
Note: Data shown as mean plus standard deviation.
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Figure 21. Skeletal muscle NFkB p65/DNA binding activity
Note: Data shown as mean plus standard deviation.
* = significantly different between groups.

Figure 22. Skeletal muscle GC receptor/DNA binding
Note: Data shown as mean plus standard deviation.
* = significantly different between groups.
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CHAPTER FIVE
Discussion
Introduction
The musculoskeletal system comprises a large majority of the human body and is
responsible for producing movement. Reduced functioning of this organ system is the
primary cause of functional disability. During the aging process, dysfunction of this
system becomes increasingly likely as evidenced by disease prevalence of conditions
such as sarcopenia, osteoporosis, and/or osteoarthritis. Typically, however; aging is
accompanied by a decrease in physical activity, which can also contribute to these
conditions. Biochemical signaling within tissues in an important research tool that can
indicate potential functional impairment before it occurs. This signaling provides
information concerning the functional state of the tissue at the cellular level. In addition,
using exercise as an experimental model in which to induce muscular trauma allows for
observation of the muscle tissue under stressful conditions. Yet, it also remains critically
important to examine functional ability skeletal muscle at the whole-body level. After
all, biochemical analyses provide insight that will ultimately amount to little significance
if not combined with measures of functional performance. The present study examined
functional ability of skeletal muscle as well as numerous biochemical factors at rest and
following exercise-induced muscle damage in an attempt to delineate differences among
older individuals who were either sedentary or regular exercisers.
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Muscle Damage and Function
The aging process is typically accompanied by changes in body composition,
which can lead to increases in adipose tissue mass with concomitant decreases in skeletal
muscle mass (Kyle, Genton, Hans, Karsegard et al., 2001a; Kyle, Genton, Hans,
Karsegard et al., 2001b). This loss of muscle tissue is quickly followed by a decline in
physical strength in only a few hours (Jubrias, Odderson, Esselman, & Conley, 1997) and
can likely instigate the development of functional disability. It is difficult to ascertain,
however, if aging per se is the direct cause of these changes because advanced age is
usually accompanied by decreased physical activity. The benefits of exercise (whether
aerobic or anaerobic) are well known; however, less is known concerning the interaction
of exercise and the aging process. As such, a single study using rodents (Rosa, Silva,
Ihara, Mora, Aboulafia, & Nouailhetas, 2005) has shown a responsiveness of rodent
skeletal and cardiac muscles to lifelong exercise that resulted in prevention of enhanced
oxidative stress and muscle atrophy.
Meanwhile, eccentric exercise, such as that performed in the present study,
typically induces large decreases in force production which coincide with large increases
in proxy measures of muscle damage such as serum CK and LDH. A recent study
reported that training status in rodents was an important factor in the number and severity
of muscle injuries following eccentric contractions (Lynch, Faulkner, & Brooks, 2008).
This study reported eccentric contractions to produce significantly higher force deficits
and increased breakage rates in single fibers from untrained rodents than in those which
had undergone six weeks of treadmill training. Interestingly, the authors also reported no
significant difference in the same parameters between fibers of young and old rats that
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had undergone the exercise training. It was hypothesized that the weaker sarcomeres of
the older rodents were replaced by stronger ones in response to the slight intracellular
damage and degeneration that accompanies exercise training. Further knowledge is
needed, however, utilizing human models.
In the present study, significant differences in muscular force production ability
existed between the groups at baseline. Quadriceps peak torque relative to body weight
was significantly higher in the trained group for isometric (p = 0.011) and isokinetic
extension (p = 0.006) exercises, with a trend observed for isokinetic flexion (p = 0.059).
These data are partially a function of significantly higher body weight (p = 0.047) and fat
mass (p < 0.001) in the sedentary group; however, they are functionally important
because movement, stability, and the ability to prevent falls all require control over the
entire body mass.
The exercise protocol chosen for the present study was selected based on previous
evidence of usage in older individuals (Hamada et al., 2005b; Sacheck et al., 2003). In
the present study, the intensity was based on a percentage of VO2max in order to keep the
relative intensity of the overall exercise the same, regardless of training status. In so
doing, those individuals with a higher VO2max (i.e., the trained group) underwent a
larger number of lengthening contractions. Subsequently, group x time interactions were
observed for CK and LDH indicating a much greater increase in these parameters in the
trained group. However, a previous review argues that while these serum measures may
be good indicators of damage to the sarcolemma, they do not accurately depict damage to
the muscle contractile components (Warren, Lowe, & Armstrong, 1999). These authors
concluded that functional measures such as force production capacity are the most useful
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methods of assessing muscle damage, and that the serum measures do not show strong
correlation with functional indices. The present study supports this hypothesis as the
trained group showed lower force decrements and no difference in perceived muscle
soreness in spite of the larger number of contractions and elevations in CK and LDH.
While only isokinetic flexion on the dominant leg showed statistical significance, the
practical importance is quite high given large disparity in the percentage decrement in
force production between groups, especially with the isokinetic contractions.
Systemic Stress
Circulating levels of cortisol, TNFα, and IL1β were examined in the present study
because they are relevant indictators of systemic stress and because of their role in the
activation of proteolysis or apoptosis. Cortisol is a stress hormone produced by the HPA
axis, of which production stays relatively unchanged during the aging process.
Additionally, pro-inflammatory cytokines such as TNFα and IL1β are often observed to
be elevated (though sub-acutely) in situations of advanced age. A theory known as the
inflammation hypothesis of aging (Chung, Kim, Kim, & Yu, 2001) proposes that this low
level inflammation is necessary as part of a daily response to interactions with the
environment, and thereby trading short-term benefit for long-term damage. Meanwhile,
this all occurs in the face of a loss of protective gonadal sex hormones. The combination
of these events leads to multiple potential mechanisms that might be partially responsible
for inducing muscle atrophy.
In the present study, no significant group or time effects were observed for serum
cortisol; however, a significant group x time interaction (p = 0.048) was observed. While
cortisol was surprisingly higher in the active group than the sedentary group at baseline,
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it decreased following exercise in the trained group while spiking noticeably in the
sedentary group. Cortisol is historically difficult to analyze in response to exercise
because of its pulsatile manner of release based on circadian rhythms. Eccentric
treadmill exercise has previously demonstrated increases in serum cortisol (Malm et al.,
2000; Malm et al., 2004), however alternative evidence exists suggesting that cortisol
may follow a diurnal decrease following the exercise (Smith et al., 1998). During a
normal day in the absence of a major stressor, highest concentrations of cortisol are
typically observed early in the morning. As a result, one would expect lower
concentrations at the post-exercise sampling point which typically occurred around noon.
This occurred in the active group; however, the sedentary group showed a marked
increase. The following morning, serum cortisol remained below baseline in the active
group and above baseline in the sedentary group. The observed cortisol response appears
to indicate a greater stress response to the exercise in the sedentary group. However, it
must be acknowledged that blood concentrations of any hormone are a function of not
only production, but also of clearance. Willoughby, Taylor, and Taylor (2003)
previously reported significant increases in GC receptors in response to damaging
exercise. Very surprisingly, DNA binding activity of the GC receptor within skeletal
muscle was greater in the active group, with a significant difference at 3h post-exercise.
While previous reports indicate decreased basal GC sensitivity in trained individuals
(Duclos et al., 2001; Silva et al., 2008), this sensitivity remains necessary following
damaging exercise to promote cell repair. Although speculative, it appears that trained
individuals may have a greater ability of the GC receptor to bind cortisol following
stressful exercise and remove it from the bloodstream. Subsequently, the production of
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cortisol may be reduced in response to large amounts of DNA-bound receptor within
exercised skeletal muscle.
For the inflammatory cytokines TNFα and IL1β, no significant effects were
observed; although a trend for an increase in TNFα was observed across both groups (p =
0.065). These results are in agreement with those of Malm et al. (2004) who reported no
significant changes in these cytokines within the circulation for seven days following an
exercise protocol similar to the present study. It should be noted that skeletal muscle is
now known to produce cytokines that often act in an autocrine fashion. Two published
studies (Hamada et al., 2005a; Louis et al., 2007), as well as unpublished data from the
Exercise and Biochemial Nutrition Lab at Baylor University using similar eccentric
treadmill protocols, have reported significant skeletal muscle mRNA increases in these
cytokines following this type of exercise. Given the known ability of muscle to produce
these cytokines as proteins, it is highly likely that at least some of these mRNA were
translated into proteins. Therefore, even though no group differences existed in the
measured circulating cytokines, differences may exist locally within the skeletal muscle.
What remains to be seen then, is what effect the skeletal muscle receptors have on these
circulating levels. Circulating levels of TNF receptors 1 and 2 have been associated with
cardiovascular disease as well as functional disability (Cesari et al., 2003; Penninx et al.,
2004). Therefore, it seems extremely pertinent to examine skeletal muscle content of
these receptors. It remains possible that exercise induces increases in skeletal muscle
receptors for these cytokines, thereby facilitating their removal from the bloodstream.
Such a response would also likely initiate further signaling cascades. As such, analysis of
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these receptors seems pertinent and is an aim of the study investigator to perform followup analysis on the remaining muscle samples to examine these receptors.
Oxidative Stress
Indices of antioxidant activity and oxidative stress were analyzed within the
present study because of their importance in recovery from intense physical exercise as
well as their known contribution to muscle atrophy signaling pathways. Few studies,
however, have examined the effects of muscle-damaging exercise on oxidative stress, and
more studies are also needed to delineate the effects of aging in conjunction with training
status. Oxidative stress is thought to increase as a function of decreased age and is
therefore a concern for older individuals. Regular physical exercise has been reported to
improve cellular repair mechanisms and decrease measures of oxidative stress within the
blood (Goon, Aini, Musalmah, Anum, Nazalmoon, & Ngah, 2009) and skeletal muscle
(Radak, Atalay, Jakus, Boldogh, Davies, & Goto, 2009). The present study examined the
effects of regular exercise on total plasma antioxidant activity as well as blood indices of
lipid peroxidation (8-isoprostane) and protein oxidation (carbonyls). Additional analysis
is also planned to examine DNA damage within skeletal muscle as a more direct indicator
of potential atrophy signaling via oxidative stress.
Plasma total antioxidant activity represents the ability of the blood to neutralize
ROS or RNS derivatives (Nikolaidis, Jamurtas, Paschalis, Fatouros, Koutedakis, &
Kouretas, 2008). The present antioxidant assay was performed with a trolox-based
method, meaning that water-soluble antioxidants have the greatest influence in the assay
(Yeum, Russell, Krinsky, & Aldini, 2004). Vitamins A and E, the primary fat-soluble
antioxidants, were assessed via dietary intake logs and revealed no significant differences
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between groups. The dietary logs did reveal a significant difference between groups for
intake of the mineral selenium, a primary component of the glutathione antioxidant
system. Therefore, selenium was included as a covariate in the analysis of antioxidant
activity. However, this difference in intake appeared to have no significant effect on
antioxidant capacity of the plasma.
The primary finding in relation to oxidative stress was the significant difference
between groups in terms of total plasma antioxidant activity at 24 hours post-exercise. At
baseline and immediately post-exercise, the groups were not different according to
statistical significance, yet practical significance may be in play as the groups differed by
35 and 42%, respectively. At 24 hours post-exercise, a major depression in antioxidant
activity of the sedentary group lead to a significant difference between groups. The
antioxidant activity of the active group also dipped slightly below basal levels, but not
nearly to the degree of the sedentary group. This likely indicates the antioxidant system
of the sedentary individuals to be physiologically overwhelmed.
Due to considerations for cost and subject recruitment, a limitation of the present
study was the number of potential blood draws. Few previous studies exist that have
examined protein oxidation and lipid oxidation in response to muscle-damaging exercise,
and thus a firm time-frame of production of these substances is still being determined.
Measurement of lipid peroxidation following muscle-damaging exercise has typically
favored measurement of thiobarbituric-acid reactive substances (TBARS) or
malondialdehyde (MDA). Meanwhile, only one research group has examined protein
carbonyl formation in response to damaging exercise (REF) and these protocols were
without an aerobic component. One could suggest that effects might have been missed in
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the analysis of these parameters by limiting the blood draws to a 24 hour window
following exercise. Given the results of the present study; however, this seems unlikely.
Significant increases in lipid peroxidation are typically observed no sooner than
24 hours post-exercise in humans (Nikolaidis et al., 2008). This increase is likely the
result of peroxidation of cellular membranes rich in polyunsaturated fatty acids. Our
results indicate a significantly higher serum content of 8-isoprostane in the active group
as compared to the sedentary group. This finding was initially puzzling, as it would seem
to indicate a greater level of oxidative stress in the active group. However, a study done
20 years ago reported that those subjects with the greatest increases in CK also had the
greatest increases in lipid peroxidation (Maughan, Donnelly, Gleeson, Whiting, Walker,
& Clough, 1989). Because of the differences in number of contractions between groups
and the disparity in fitness level, the active group showed higher levels of CK and LDH.
Interestingly, CK was not significantly correlated to 8-isoprostane at any time point, but
LDH showed a significant positive correlation to 8-isoprostane at 24 hours post-exercise
(R = 0.397, p = 0.041). Therefore it appears that measures of lipid peroxidation are likely
not the best indices of oxidative stress following exercise protocols in which absolute
levels of muscle damage are likely to differ.
For protein carbonyls, it does not appear likely that a physiological response
outside of the 24 hour window was missed, as elevations occurred immediately after
exercise and had returned to (or below) baseline by the next morning. The previously
mentioned human studies (REF) did report significant increases in protein carbonyls at 24
and 48 hours; however, a rodent study involving downhill running reported a significant
increase in protein carbonyls at 2 (but not 48) hours post-exercise. In the present study, a
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trend (p = 0.081) was observed for a time effect for carbonyls and an approximate 44%
increase immediately post-exercise that was not statistically significant. It remains
possible that significant elevations occurred at some point from post-exercise to the next
morning. It does not appear likely that exercise training status would have altered the
levels of carbonyls, however.
Apoptosis
Apoptosis has long been known to be involved in the pathogenesis of several
disease states, and it has recently been suggested that apoptosis plays a prominent role in
the progression of muscle atrophy (Marzetti & Leeuwenburgh, 2006). Most research in
animal models appears to indicate that both aging and muscle disuse increase apoptosis
(Leeuwenburgh, Gurley, Strotman, & Dupont-Versteegden, 2005; Siu, Pistilli, Butler, &
Alway, 2005), while chronic exercise has been reported to decrease apoptosis (Song,
Kwak, & Lawler, 2006). However, three distinct gaps exist in the literature in regard to
apoptotic signaling: a) the interaction between age and activity level has not been well
delineated, b) relatively little clinical human research has been performed, and c) a
comparison of training models has yet to be performed. The data in the present study
related to apoptosis are quite interesting and may shed light on the importance of physical
exercise to the remodeling of skeletal muscle in advanced age.
In response to exercise, the present data agree with the existing belief that acute
exercise induces skeletal muscle apoptosis (Arslan, Erdem, Sivri, Hascelik, & Tan, 2002;
Podhorska-Okolow, Sandri, Zampieri, Brun, Rossini, & Carraro, 1998). A decreased
Bcl2/Bax ratio indicates a greater content of pro-apoptotic Bax at 3 and 24 hours postexercise in each group. While a significant interaction was not observed, a significant
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difference between groups was observed at 24 hours post-exercise. This difference
indicates a significantly lower Bcl2/Bax ratio in the active group, indicative of higher
apoptosis. However, this is somewhat deceiving as Bcl2 went up dramatically in the
sedentary group simultaneous to the sharp increase in Bax. Thus, the skeletal muscle
mitochondria of the sedentary group appeared to be much more affected by the exercise
than were those of the active group. In addition, p53 binding activity increased following
exercise in the sedentary group and was accompanied by an increase in caspase3 activity.
Meanwhile, the active group showed almost no change in p53 binding and a slight dip in
caspase3 activity following the exercise. These data appear to indicate a more dramatic
response of the mitochondrial apoptotic signaling proteins to the exercise in the sedentary
group, as would be expected with a lack of training adaptations to exercise.
Basal data related to apoptotic signaling are more intriguing, however. Taken
together, the indices of apoptosis indicate that the sedentary individuals show a distinctly
anti-apoptotic basal profile as compared to the active group as evidenced by the fact that
the skeletal muscle of the sedentary group contained greater basal content of
phosphorylated IKBα, a greater Bcl2/Bax ratio, and lower Bax content and Caspase3
activity. These data conflict with most data that suggest exercise training leads to
decreased apoptotic signaling (Marzetti, Lawler, Hiona, Manini, Seo, & Leeuwenburgh,
2008). However, the majority of studies that indicate exercise training to decrease
nuclear apoptosis are performed using aerobic models of rodent wheel running. Yet, 12
of the 14 active individuals in the present study indicated performing some resistance
training regularly. Resistance training provides a hypertrophic stimulus capable of
increasing IGF1, myogenic regulatory factor activation, and stimulating satellite cell
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activation. In combination with these effects, apoptosis could provide positive benefit of
clearing cell debris prior to the addition of new myonuclei. A possible mechanism by
which this adaptation might occur is via the cytokine IL15. IL15 is known to have been
expressed by skeletal muscle and has also been reported as an anabolic signal to muscle
(Quinn, Haugk, & Grabstein, 1995). IL15 has been reported to be anti-apoptotic in a
rodent model of cancer cachexia (Figueras et al., 2004), yet a more recent study (Pistilli
& Alway, 2008) indicated that IL15 acts as a promoter of apoptotic-activity in otherwise
healthy animals. Recent evidence has shown that acute resistance exercise increases
IL15 content within skeletal muscle (Nielsen et al., 2007). Given the fact that the
majority of the individuals in the active group participate in resistance training, it appears
possible that IL15 may be a signaling mechanism to induce apoptosis prior to myogenic
signaling.
Additionally, a series of studies by Siu and Alway (Siu & Alway, 2005, 2006; Siu
et al., 2005) have reported that aging seems to alter the regulation of apoptotic signaling
and that the old animals they examined (akin to the untrained individuals in the present
study) showed up-regulations in anti-apoptotic pathways. These authors proposed that
the older animals had developed an anti-apoptotic adaptation to try to preserve
myonuclei. The present study appears to indicate that this effect is occurring in older
untrained individuals, yet is attenuated by regular exercise (possibly because myonuclei
are frequently being replaced). Most research has focused on aging-related atrophy and
disuse atrophy as separated conditions; however, it is critical that future research be
conducted which examines the separate and interaction effects between the two to
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accurately determine what is causing muscle loss in otherwise healthy individuals of
advanced age.
Given the discussed information; the results from the present study indicate three
possible explanations: a) the total mitochondrial content of the sedentary group is
decreased and therefore mitochondrial protein content is lowered as well, b) the sedentary
group has reduced apoptotic activity in a possible attempt to prevent myonuclei loss
through anti-apoptotic activity in the face of increased proteolytic signaling via NFkB
and FOXO1, or c) exercise training in the active group has induced an adaptation for
enhanced clearing of old myonuclei in favor of new myonuclei via the induction of
satellite cell activation and anabolic signaling. Future studies are needed examining total
mitochondrial content and overall cell death to confirm any of these hypotheses.
Proteolysis
To date, there appear to be no published studies examining the effects of downhill
running on proteolytic gene expression and transcription factor/DNA binding activity in
older individuals. One previous study does exist that examined proteolytic gene
expression in response to this type of exercise, but it was performed in younger males
(Louis, Raue, Yang, Jemiolo, & Trappe, 2007). In terms of these variables, in the present
study it was hypothesized that no significant differences would exist between groups at
baseline. This hypothesis held true for all variables except for gene expression of
FOXO1. This finding is interesting given the known contribution of the FOXO
transcription factors to muscle atrophy via induction of Atrogin1 and MURF1. The
previously cited finding that fast-twitch muscle shows elevated FOXO1 is perplexing,
however. Although muscle fiber histochemistry was not performed in the present study;
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it would seem logical that the active individuals would have greater content of fast-twitch
fibers. Given this, it appears that fiber type distribution is possibly a small contributor to
determining FOXO1 mRNA expression across groups of individuals with different
training regimens.
In terms of a response to exercise, it was hypothesized that exercise would cause
increases in these genes. Louis (Louis et al., 2007) reported post-exercise increases in
Atrogin1, MURF1, and FOXO3 within the gastrocnemius muscle of young males
following downhill running. However; this group reported a significant decrease in
myostatin mRNA expression, a finding observed for both groups in the present study.
Additionally, Raue et al. (Raue, Slivka, Jemiolo, Hollon, & Trappe, 2007) observed
significant increases in Atrogin1 and MURF1 in response to resistance exercise in
women with an average age of 85 years. These changes in gene expression are thought to
corroborate well with the onset of muscle protein breakdown following exercise that
precedes myogenic gene up-regulation (Louis et al., 2007)).
The sedentary group showed a response that was almost completely unexpected.
In fact, this group showed a response that indicates an impaired proteolytic response to
exercise. The majority of the proteolytic genes examined actually declined in the
sedentary group, and several of these (IKKB, Calpain1, ID1, FOXO1, and Calpain1)
were significantly different than the increases observed in the active group. In
combination with previous data which have indicated that older untrained individuals
have increased myogenic mRNA expression (Musaro et al., 1995) and altered apoptotic
signaling (Siu et al., 2005), in an apparent final attempt by the muscle to preserve protein,
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these data indicate a significant alteration in the machinery responsible for the regulation
of skeletal muscle mass.
Jozsi et al. (Jozsi et al., 2000) previously reported that aged skeletal muscle
exhibits an altered response to exercise indicative of a greater stress or damage response.
Our data indicate that physical activity can blunt these age-related changes at least to
some extent. Interestingly, the sedentary group did show significantly greater elevations
in nuclear binding of the p65 subunit of NFkB in response to the exercise. This response
may be due to the lower level of antioxidant activity shown in the plasma of the sedentary
individuals. Previous reports have suggested that regular exercise can down-regulate
NFkB activation through the enhancement of cellular defense mechanisms; with specific
reference to reduced glutathione levels (Radak et al., 2004). Physiological stress may
have conceivably overwhelmed the systemic antioxidant system likely contributed to upregulations in NFkB binding activity following exercise in the sedentary group. While
NFkB does not appear to be responsible for regulating the proteolytic genes in the
sedentary group following exercise, another possibility likely exists. Because NFkB is
also a crucial regulator of cellular inflammation, it seems plausible that impaired
proteolytic signaling in untrained older individuals may be due to altered NFkB
signaling, as it is possibly steered toward inducing inflammatory genes while proteolytic
response is either greatly delayed and/or blocked.
Conclusions and Future Directions
Given the complex nature of age-related muscle atrophy, additional studies
utilizing a number of research models are needed. The present study indicated that
regular exercise can ameliorate some of the detrimental physical effects that occur with
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the combination of advanced age and inactivity such as increased adiposity, decreased
cardiovascular fitness, and decreased muscular strength. Additionally, regular exercise
appears to at least partially maintain proper functioning of several mechanisms related to
skeletal muscle atrophy that are known to be impaired in older and/or sedentary
individuals. Yet, much remains to be discovered in this area. The interactions between
advanced age and physical activity level and their effects on skeletal muscle mass and
strength remain unclear as most studies still examine age-related skeletal muscle atrophy
and disuse-atrophy as separate conditions. Specific areas of future research concerning
age-related skeletal muscle atrophy noted within this text include the role of skeletal
muscle receptors for pro-inflammatory cytokines, skeletal muscle DNA damage via
oxidative stress, and the effects of regular exercise on total mitochondrial number and
exercise-induced cell death. In addition, future studies are needed to expand the time
frame past 24 hours post-exercise to examine issues of timing following the eccentric
exercise to explore these pathways.
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APPENDIX A
Study Flyer

HELP RESEARCH THE AGING PROCESS!
Want to make $100 with only 24 hours required…
…Or information concerning your skeletal muscle
or bone health?
Adult Men Needed for a
Health, Aging, and Exercise Performance
Study
Researchers in the Exercise & Biochemical Nutrition Lab at
Baylor University are recruiting 30 healthy men between the
ages of 55-70 to participate in a study to evaluate the effects of
a nutritional supplement on age-related skeletal muscle loss.
Subjects will be required to exercise and donate tissue samples.
Eligible participants will receive $100 for completing the study,
along with free muscle strength testing and body composition
analysis. Information regarding the utility of exercise with
aging will be gained through the study as well.
For more information contact:
Thomas Buford
Exercise & Biochemical Nutrition Lab
MCL 122
254/710-4012
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APPENDIX B
Application to the Baylor IRB for Review of Research/Activity Proposal

Part 1: Signature Page
1. Name
2. Email Address

Thomas Buford, M.S., CSCS________
Thomas_Buford@baylor.edu

3. Complete Mailing Address
Exercise and Biochemical Nutrition Lab, Marrs
McLean 117, Baylor University__________________________
4. Position

Doctoral Research Assistant________________

5. Faculty Advisor (if researcher is Graduate Student) Dr. Darryn Willoughby
6. Department/School
7. Telephone #

x4012

HHPR/SOE
FAX #

x3527_______________

8. Are you using subjects in research (Y or N) Y or in teaching exercises (Y or N)?
9. Title of the research project/teaching exercise:
An investigation of the effects of regular exercise in older males on oxidative stress,
skeletal muscle apoptosis, and atrophy-related gene expression in response to muscle
insult
10. Please return this signed form along with all the other parts of the application and
other documentation to the University Committee for Protection of Human Subjects in
Research; Dr. Matt Stanford, P.O. Box 97334, Waco, TX 76798-7334. If you have
questions, or if you would like to see a copy of the OHRP Report on protection of human
subjects in research, contact Dr. Stanford at 254-710-2236.
__________________________________________
Signature of Principal Investigator

__________________
Date

________________________________________________________________________
Signature of Faculty Advisor (required if researcher is a Graduate Student)
Departmental Review: _____________________________________________________
Department Chair or the Chair’s Designate
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Part 2: Introduction and Rationale
Skeletal muscle comprises a large portion of the human body, and senescent
changes to this tissue create numerous problems for older adults. The decline of skeletal
muscle mass and strength due to advanced age is known as sarcopenia. Nearly 20 years
ago, Lexell and colleagues noted that there is a nearly 40% loss of muscle mass of people
in their 80’s compared to when they were in their 20’s 1. On average, individuals tend to
lose muscle mass at a rate of 1-2% per year past the age of 50 2, 3. As the world
population grows ever older, the loss of skeletal muscle function impacts ever-increasing
numbers of people and their ability to carry out daily tasks such as climbing stairs, rising
from the toilet, or carrying groceries. In addition to the individual loss of functional
capabilities, the economic impact of sarcopenia is also dramatic, as it has been estimated
that the direct healthcare costs of sarcopenia in the U.S. were approximately $18 billion
at the turn of the century 4.
Adult skeletal muscle is a post-mitotic tissue, and muscle mass is maintained or
increased partially via activation of skeletal muscle stem cells known as satellite cells
which donate myonuclei to the existing muscle. However, in aged skeletal muscle, these
cells can reach a state of senescence and fail to contribute to the regeneration of skeletal
muscle tissue. The processes that underlie age-related skeletal muscle atrophy are
intricately complex and are yet to be adequately elucidated. Sarcopenia has been
hypothesized to be a progressive atrophy and loss of muscle fibers as well as a reduction
in muscle “quality” due to the infiltration of fat and other non-contractile material such as
muscle tissue 5, 6. These changes are attributed to change in and complex interactions
between intrinsic factors such as neuromuscular transmission, muscle architecture, fiber
composition, excitation-contraction (EC) coupling, and muscle metabolism 7, as well as
extrinsic factors such as nutrition and exercise 8. Recent research has also focused on
stress-associated signal transduction pathways that may lead to the collapse of
mitochondrial function and thus, apoptotic cell death.
Over 50 years ago, Harman first proposed the free radical theory of aging by
which by-products of oxidative metabolism known as reactive oxygen species (ROS)
contribute to the aging process by accumulating and altering cell components 9. This
theory hypothesized a correlation between aerobic metabolism, cumulative oxidative
damage, and senescence. The modern version of the free radical theory is referred to as
the oxidative stress theory of aging and states that there is a disruption in the delicate
balance between ROS generation and antioxidant/repair systems with age 10. Typically,
cells respond to episodes of oxidative stress in order to prevent further tissue damage,
however aging is accompanied by failure of this process. Hence, aging is associated with
an increase in oxidative damage to biomolecules, especially those with a high level of
oxygen consumption, including skeletal muscle. Mitochondria, one of the primary
sources of ROS, are particularly affected, leading to changes in their structure as well as
in the genetic information of mitochondrial DNA (mtDNA). ROS may also alter the EC
coupling mechanism by modifying Ca2+ transport in and out of the sarcoplasmic
reticulum.
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Exactly how an oxidative insult plays a role in age-related decreases of muscle
performance and mass has not been fully described. Aged muscle has been reported to
contain an increased number of products of lipid and DNA oxidation when compared to
younger muscle 11. It has been reported that some components of the enzymatic
scavenger system (catalase, glutathione transferase, superoxide dismutase) are
significantly depressed in elderly versus younger muscle 12. Interestingly, sarcopenia
affects males to a greater extent than females 13. Though these changes may be due the
fact that men have greater muscle mass, they are more likely due to a disparity in the
effectiveness of the antioxidant systems. Women have been reported to have greater
values of enzymatic antioxidants than matched male samples 14, 15, and thus oxidative
damage is more evident in muscle samples from males as compared to females. These
differences may also be explained by higher levels of estrogen in female muscle, as
estrogen is thought to possess antioxidant-like properties.
Thus the purpose of the present investigation is to determine how regular exercise
affects skeletal muscle resistance to oxidative stress and subsequent apoptotic signaling
and gene expression of atrophy-related genes. In addition, the relationship between the
systemic markers of oxidative stress and skeletal muscle indicators of atrophy will be
examined.

Part 3: Methodology
Participants
Approximately 30 non-smoking males between the ages of 55-70 (15 sedentary and 15
physically-active) will be recruited for this study. An additional 15 sedentary, nonsmoking males between the ages of 18-30 will be recruited as an inactive control.
Participants will be considered physically active if exercising at least 2-3x per week, yet
must not resistance train the lower body more than twice per week. Prior to participation
in the study, all potential participants in the older age group must provide written
physician approval. All eligible participants will be asked to provide written consent
based on university-approved documents. All participants wishing to proceed with the
study will undertake a maximal treadmill test to determine maximal oxygen consumption
capabilities.
Participants who qualify for the study will be cleared for participation by successfully
completing a series of health screening examinations (i.e., questionnaire, blood pressure
assessment) by qualified research staff members. All participants will not be allowed to
participate if they meet any of the following exclusionary criteria: 1.) do not have their
physician’s approval to participate in the study (older groups only) 2.) currently have any
metabolic disorder including known electrolyte abnormalities; heart disease, arrhythmias,
diabetes, thyroid disease, or hypogonadism; 3.) a recent history of hypertension,
hepatorenal, musculoskeletal, autoimmune, or neurologic disease; 4.) currently taking
thyroid, hyperlipidemic, hypoglycemic, anti-hypertensive, or androgenic medications; 5.)
have taken nutritional supplements or performance enhancing aids (i.e. creatine, HMB,
androstenedione, DHEA, etc) that may affect exercise performance within two months
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prior to the start of the study; and/or, 6.) report any unusual adverse events associated
with this study that in consultation with the supervising physician recommends removal
from the study. All participants meeting entrance criteria will sign informed consent
statements in compliance with the Human Participants Guidelines of Baylor University
and the American College of Sports Medicine.
Study Site
All supervised testing and training will be conducted in the Exercise & Sport Nutrition
Laboratory (ESNL), the Athletic Training & Sports Medicine Lab and/or the Exercise
Physiology Biochemistry Lab in the Department of Health, Human Performance, and
Recreation at Baylor University.

Experimental Design
Table 1 shows the general research design and time course for assessments. The
independent variables will be group and number of testing/evaluation times during the
study. Dependent variables will include systemic markers of oxidative stress, serum
cytokines, skeletal muscle markers of apoptosis, and skeletal muscle atrophy-related gene
expression.

Entry and Familiarization Session
Subjects expressing interest in participating in this study will be interviewed on the phone
to determine whether they appear to qualify to participate in this study (Please refer to
Selection Criteria listed below.) Older males will be asked to obtain physician approval to
participate in the study. Individuals believed to meet eligibility criteria will then be
invited to attend an entry/familiarization session. During this session, subjects will sign
Informed Consent Statements and complete personal and medical histories. Subjects will
then undergo a general physical examination to determine whether they meet eligibility
criteria. Subjects meeting entry criteria will be familiarized to the study protocol via a
verbal and written explanation outlining the study design. Participants will then complete
a maximal treadmill test to determine a baseline fitness level.

Testing Session
Participants will be instructed to refrain from exercise for 48 hours and fast for 8-hours
prior to exercise testing. Prior to testing, participants will be weighed and measured for
height. Following these assessments, participants will have resting heart rate and blood
pressure determined using standard procedures. Body composition will then be measured
using Dual X-ray Absorptiometry. Participants will then donate approximately 20 ml of
fasting blood using venipuncture techniques of an antecubital vein in the forearm
according to standard procedures. Serum analysis will include clinical chemistry panels,
inflammatory cytokines/chemokines (TNFα, IL1β), total antioxidant status, and relevant
indicators of systemic oxidative stress (8-isoprostane, protein carbonyls, 8-OHdG). A
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percutaneous muscle biopsy will be obtained from the vastus lateralis muscle using
standard procedures. Muscle samples will be frozen at -80°C until assayed. Skeletal
muscle gene expression of MURF1, Atrogin1, FOXO1, FOXO3, Ubiquitin, E2, HSP27,
HSP72, 20S beta subunit, 20S alpha subunit, NFkB, IKKB, Id1, Id2, Id3, Myostatin,
Calpain 1, and Calpain 2 will be determined from samples. Muscle protein will be
analyzed for phosphorylated IKBα, Caspase 3, Cytochrome c, TNF receptor1, IL1
receptor, Glucocorticoid Receptor, Phosphorylated AKT, Apaf1, Bax, and Bcl2.
Following the baseline blood/biopsy samples, participants will warm-up on a stationary
bicycle ergometer for 5 minutes. Maximal isokinetic dynamic strength and peak isometric
torque will be assessed with a concentric knee extension/flexion protocol using a BiodexSystem 3 (Biodex Medical Systems, Inc., NY, USA). Each of these strength assessment
sessions will consist of participants performing three sub-maximal trial repetitions at an
estimated effort of 25%, 50%, 75%, and two maximal (100% effort) repetitions, a rest
period of one minute, followed by 3 maximal isometric contractions on each leg.
Participants will then repeat the warm-up protocol prior to performing five maximal
(100% effort) concentric (extension)/eccentric (flexion) repetitions at 60 degrees/second
on each leg. The contractions will be performed over a 75 degree range of motion.
Muscle strength testing will occur prior to, and 24 hours following, the eccentric exercise
protocol in the older males.
Older participants will then undertake a downhill exercise protocol (-17.5% grade)
consisting of 3 sets of 15 minutes with 5 minutes rest at 75% of VO2max. Immediately
following the running protocol, participants will donate venous blood according to
standard procedures to be analyzed for whole blood and serum variables previously
mentioned. Approximately 3 hours following the completion of exercise, participants will
donate a muscle sample to be analyzed for gene expression of MURF1, Atrogin1,
FOXO1, FOXO3, Ubiquitin, E2, HSP27, HSP72, 20S beta subunit, 20S alpha subunit,
IKKB, Id1, Id2, Id3, and Myostatin. Participants will then return approximately 24 hours
following the completion of exercise for a final biopsy to be assayed for protein content
of phosphorylated IKBα, Caspase 3, Cytochrome c, TNF receptor1, IL1 receptor,
Glucocorticoid receptor, Phosphorylated AKT, Apaf1, Bax, and Bcl2 and gene
expression of NFkB, Calpain 1 and Calpain 2.
Blood Collection and Muscle Biopsy Procedures
Venous blood samples will be obtained from the antecubital vein into a 10 ml collection
tube using a standard vacutainer apparatus. Blood samples will be allowed to stand at
room temperature for 10 min and then centrifuged. The serum will be removed and
frozen at -80°C for later analysis. Percutaneous muscle biopsies (50-70 mg) will be
obtained from the middle portion of the vastus lateralis muscle of the dominant leg at the
midpoint between the patella and the greater trochanter of the femur at a depth between 1
and 2 cm. After removal, adipose tissue will be trimmed from the muscle specimens and
will be immediately frozen in liquid nitrogen and then stored at -80°C for later analysis.
For older individuals there will be a total of 2 blood samples and 3 muscle samples taken
during the course of the study (noted in table 1). Young individuals will donate 1 blood
and 1 muscle sample.
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Dietary Records
The participants’ diets will not be standardized, yet they will be required to keep dietary
records (log) for the 7 days prior to the exercise session. The dietary recalls will be
evaluated by investigators with a dietary assessment software program (Food Processor,
Inc.) to determine the average daily macronutrient consumption of fat, carbohydrate, and
protein in the diet prior to exercise.
Statistical Analysis
Data will be analyzed using with SPSS for Windows Version 15 software (SPSS Inc.,
Chicago, IL). Protein and mRNA expression data will be analyzed via separate single
factor multivariate analyses of variance (MANOVAs). Correlational analyses will be run
on muscle variables as related to serum markers of oxidative stress and skeletal muscle
markers of atrophy. Data will be considered significantly different when the probability
of error is 0.05 or less. Tukey’s honestly significant differences post-hoc procedures will
be performed when a significant interaction is observed. Data will be presented at an
appropriate scientific conference (e.g., American College of Sports Medicine,
Experimental Biology, etc) and published in a peer reviewed scientific journal (e.g.,
Medicine & Science in Sport and Exercise, Nutrition, International Journal of Sport
Nutrition and Exercise Metabolism, etc).
Research Team
Darryn Willoughby, Ph.D., CSCS, EPC, FACSM, FISSN. Dr. Willoughby is the
director of the Exercise and Biochemistry Nutrition Laboratory (EBNL) at Baylor
University and is an Associate Professor. His expertise is in the areas of molecular and
exercise biochemical response to exercise. He has conducted numerous studies in the
areas of molecular and cellular adaptations with exercise. Dr. Willoughby will supervise
all aspects of data collection and provide administrative oversight of the study.
Thomas Buford, MS, CSCS. Mr. Buford is an Exercise Physiologist who currently
serves as a doctoral research assistant in the Exercise Biochemical Nutrition Laboratory
at Baylor University. He has been involved in several projects involving the exercise and
biochemical nutritional techniques that will be used in this investigation. He will serve as
the primary investigator for the study.
Matt Cooke, PhD. Dr. Cooke is currently Assistant Professor in Health, Human
Performance, and Recreation at Baylor University. Dr. Cooke has previous research
experience in the sport nutrition industry, specifically in the areas of protein
supplementation and training adaptations. He will serve as one of the principal
investigators of the study assisting with data collection and analysis.
Brian Shelmadine, MS, CSCS Mr. Shelmadine is an Exercise Physiologist who
currently serves as a doctoral research assistant in the Exercise and Biochemical Nutrition
Laboratory at Baylor University. He has been involved in several projects involving the
exercise and biochemical nutritional techniques that will be used in this investigation.
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Geoffrey Hudson, MA, CSCS. Mr. Hudson in an Exercise Physiologist who currently
serves as a doctoral research assistant in the Exercise and Biochemical Nutrition
Laboratory at Baylor University. He has been involved in several projects involving the
exercise and biochemical nutritional techniques that will be used in this investigation.
Ronald Wilson, MD. Dr. Wilson serves as medical supervisor for the Center for
Exercise, Nutrition and Preventive Health Research for the entire Health, Human
Performance and Recreation department at Baylor University.
Research Assistants. Research assistants will be assigned to assist in data collection and
analysis.
Procedures
Medical Monitoring. Interested participants will be invited to familiarization sessions.
During this time, participants will sign consent forms and complete medical history
information. Participants will then undergo a general exam by trained laboratory
personnel to determine whether the subject meets entry criteria to participate in the study.
This exam will include evaluating the medical and training history questionnaires and
performing a general physical examination according to ACSM exercise testing
guidelines. Based on this examination, participants will be assessed for their risk of
cardiovascular disease and contraindications to exercise and then a recommendation will
be made on whether the participant meets entry criteria and may therefore participate in
the study. If deemed eligible, participants will be required to obtain medical clearance
from their personal physician to participate in the study and prior to participating in
baseline assessments. Trained, non-physician exercise specialists certified in CPR will
supervise participants undergoing testing and assessments. A telephone is in the
laboratory in case of any emergencies, and there will be no less than two researchers
working with each participant during testing sessions. In the event of any unlikely
emergency one researcher will check for vital signs and begin any necessary
interventions while the other researcher contacts Baylor’s campus police at extension
2222. Instructions for emergencies are posted above the phone in the event that any other
research investigators are available for assistance. Participants will be informed to report
any unexpected problems or adverse events they may encounter during the course of the
study to Mr. Thomas Buford. If clinically significant side effects are reported, the
participants will be referred to discuss the problem with Ronald Wilson, MD for possible
medical follow-up. Dr. Wilson is one of the Sports Medicine physicians for Baylor
University and is an adjunct Professor in the Department of HHPR. He has agreed to
provide medical support and consultation for this study and to our lab. Dr. Wilson will
evaluate the complaint and make a recommendation whether any medical treatment is
needed and/or whether the participant can continue in the study. If Dr. Wilson feels
medical follow-up is necessary, the participant will be referred to obtain medical
treatment from their personal physician. This is a similar referral/medical follow-up
system that Baylor athletes are provided with the exception that participants in this study
will not be provided medical care. New findings and/or medical referrals of unexpected
problems and/or adverse events will be documented, placed in the participants research
file, and reported to the Baylor IRB committee.
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Screening for Cardiopulmonary Disease Risk and Exercise Contraindications.
All participants will have their risk of cardiopulmonary disease and their possible
contraindications to exercise assessed by Certified Exercise Physiologists and the
laboratory nurse in accordance to standard procedures described by the American College
of Sports Medicine (ACSM) (ACSM’s Guidelines for Exercise Testing and Prescription,
6th ed. Williams & Wilkins Publishers, 2000). Only those participants considered as low
risk for cardiovascular disease with no contraindications to exercise will be considered as
eligible to participate in the study. These guidelines are outlined and presented below:
ACSM Risk Stratification Criteria for Cardiovascular Disease
Low Risk
Younger individuals (men < 45 years of age; women < 55 years of age) who are
asymptomatic for cardiovascular disease and possess no more than one positive
cardiovascular disease risk factor.
Moderate Risk
Older individuals and/or those who are asymptomatic for cardiovascular disease and
possess two or more cardiovascular disease risk factors.
High Risk
Individuals with one or more signs/symptoms suggestive of/or cardiovascular disease.
ACSM Criteria for Signs and Symptoms Suggestive of Cardiovascular Disease
1. Pain, discomfort in the chest, neck, jaw, arms, or other areas that may be due to
myocardial ischemia.
2. Shortness of breath at rest or with mild exertion.
3. Dizziness or syncope.
4. Orthopnea or paroxysmal nocturnal dyspnea.
5. Ankle edema.
6. Palpitations or tachycardia.
7. Intermittent claudication.
8. Known heart murmur.
9. Unusual fatigue or shortness of breath with usual activities.
ACSM Absolute and Relative Contraindications to Exercise
Absolute Contraindications
1. Unstable angina.
2. Uncontrolled dysrhythmias.
3. Recent EKG changes and cardiac events.
4. Acute myocarditis or pericarditis.
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5. Acute pulmonary embolism or acute myocardial infarction.
6. Severe aortic stenosis.
7. Dissecting aneurysm.
8. Acute infections.
Relative Contraindications
1. Left main coronary stenosis.
2. Severe hypertension (> 200/110).
3. Tachycardia or bradycardia.
4. Uncontrolled metabolic disease.
5. High-degree AV block.
6. Chronic infectious disease.
7. Cardiomyopahty and outflow obstructions.
8. Stenotic valve disease.
9. Ventricular aneurysm.
Blood Samples. Subjects will fast overnight for eight (8) hours and then donate
approximately 4 teaspoons of fasting venous blood (20 milliliters). Blood samples will be
obtained using standard phlebotomy procedures using standard sterile venipuncture of an
antecubital vein by laboratory technician’s trained in phlebotomy in compliance with
guidelines established by the Texas Department of Health and Human Services. The
phlebotomists and lab technicians will wear personal protective clothing (gloves, lab
coats, etc.) when handling blood samples. Subjects will be seated in a phlebotomy chair.
Their arm will be cleaned with a sterile alcohol wipe and sterile gauze. A standard rubber
tourniquet will then be placed on the brachium. An antecubital vein will be palpated and
then a 23 gauge sterile needle attached to a plastic vacutainer holder will be inserted into
the vein using standard procedures. Two serum separation vacutainer tubes (red tops) and
two plasma separation tubes (green top) will be inserted into the vacutainer holder for
blood collection in succession using multiple sample phlebotomy techniques. Once
samples are obtained, the vacutainer holder and needle will be removed. The needle will
be discarded as hazardous waste in a plastic sharps container. The site of the blood draw
will then be cleaned with a sterile alcohol wipe and gauze and a sterile Band-Aid will be
placed on the site. The blood collection tubes will be labeled and placed in a test tube
rack. Laboratory technicians (who have received blood borne pathogen training and will
be wearing personal protective clothing) will centrifuge the serum samples, transfer
serum into labeled serum storage containers, and prepare samples for shipment or storage
into a refrigerator or freezer for subsequent analysis.
Muscle Biopsies. Percutaneous muscle biopsies (approximately 50-160mg) will be
obtained from the vastus lateralis of each participant’s thigh using standard procedures
under the supervision of Dr. Darryn Willoughby who has extensive experience doing
biopsy related research17-18. Samples will be extracted under local anesthesia of 2%
Xylocaine with epinephrine from the middle portion of the muscle at the midway
between the patella and the greater trochanter of the femur. For each biopsy (pre- and
post-exercise), muscle tissue will be extracted from the same location by using the
previous incision and depth markings on the needle. First, the participant will lie supine

111

or assume a comfortable reclining position on a sterilized table. Once the extraction point
is identified, the area will be shaved clean of leg hair, washed with an antiseptic soap and
cleaned with rubbing alcohol. In addition, the biopsy site will further be cleansed by
swabbing the area with Betadine (fluid antiseptic) and then draped. A small area of the
skin approximately 2 cm in diameter will be anesthetized with a 1.0 mL subcutaneous
injection of Xylocaine. Once anesthetized, a scalpel point will be used to produce the
initial biopsy site by making an incision approximately 1 cm in length through the skin,
subcutaneous fat, and fascia lata. Due to the localized effects of the anesthetic, the
participant should feel no pain during this process. The biopsy needle will be advanced
into the incision approximately 1 cm and during this part of the procedure the subject
may feel pressure to the thigh area. Once the muscle sample has been obtained, pressure
will be immediately applied. Since the subject will be required to perform a series of
exercise performance tests and the incision being so small with minimal bleeding; only a
butterfly bandage will be required to close the incision, which will then be covered with a
pressure bandage. The subject will then perform the series of exercise performance tests.
Post-exercise, a second muscle tissue sample will be extracted from the same location by
using the previous incision and depth markings on the needle. Once the muscle sample
has been obtained, pressure will be immediately applied and the wound will immediately
be bandaged. The incision is then closed with steri-strips or butterfly bandages which are
appropriately anchored to prevent loosening and then the closure is covered by a small
band aid and then this in turn is covered by a large pressure bandage.
Following all biopsy procedures, the needle and scalpel blade will be discarded as
hazardous waste in an appropriately-labeled plastic sharps container. The site of the
biopsy will be cleaned with a sterile alcohol wipe and gauze. The alcohol wipe and gauze
then will be discarded in a appropriately labeled biohazard waste receptacle. The tissue
sample will be stored at –70°C for future analyses. Once the local anesthesia has taken
effect (approximately 2-3 minutes) the biopsy procedure will take approximately 15-20
seconds. Written instructions for post-biopsy care will be given to the subjects. The
participant will be instructed to leave the bandages on for 24 hours (unless unexpected
bleeding or pain occurs) and asked to report back to the lab within 24 hours to have the
old bandages removed, the incision inspected and new bandages applied. The participant
will be further advised to refrain from vigorous physical activity during the first 48 hours
post-biopsy. These suggestions will minimize pain and possible bleeding of the area. If
needed, the subject may take non-prescription analgesic medication such as Tylenol to
relieve pain if needed. However, medications such as aspirin, Nuprin, Bufferin, or Advil
will be discouraged as these medications may lead to ecchymosis at the biopsy site.
Soreness of the area may occur for about 24 hours post-biopsy.
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Dietary Inventories. Subjects will record all food and fluid intake on dietary record
forms three days during each week and one weekend day for the length of the study in
order to standardize nutritional intake. Dietary intake will be assessed using the Food
Processor III Nutrition Software.
Resting Heart Rate & Blood Pressure. Heart rate will be determined by palpitation of
the radial artery using standard procedures16, or by use of a Polar (Lake Success, NY)
heart rate monitor. Blood pressure will be assessed in the supine position after resting for
5-min using a mercurial sphygmomanometer using standard procedures32.
Dual-Energy X-Ray Absorptiometer (DEXA). Body composition measurements will
be determined by qualified personnel (in compliance with State Regulations) using a
Hologic Discovery W dual energy x-ray absorptiometer (Waltman, MA). This system
segments regions of the body (right arm, left arm, trunk, right leg, and left leg) into three
compartments (i.e., bone mass, fat mass, and fat-free/soft tissue mass). Quality control
(QC) calibration procedures will be performed on a spine phantom (Hologic XCALIBER Model DPA/QDR-1 anthropometric spine phantom) prior to each testing
session. In addition, weekly calibration procedures will be performed on a density step
calibration phantom.
Muscular Testing Procedures. Maximal isokinetic dynamic strength and peak isometric
torque will be assessed with a concentric knee extension/flexion protocol using a BiodexSystem 3 (Biodex Medical Systems, Inc., NY, USA). Each of these strength assessment
sessions will consist of participants performing three sub-maximal trial repetitions at an
estimated effort of 25%, 50%, 75%, and two maximal (100% effort) repetitions, a rest
period of one minute, followed by 3 maximal isometric contractions on each leg.
Participants will then repeat the warm-up protocol prior to performing five maximal
(100% effort) concentric (extension)/eccentric (flexion) repetitions at 60 degrees/second
on each leg. The contractions will be performed over a 75 degree range of motion.
Muscle strength testing will occur prior to, and 24 hours following, the eccentric exercise
protocol.
Cardiopulmonary Exercise Tests. Cardiopulmonary exercise tests will be performed
by certified exercise physiologists in accordance to standard procedures described by the
American College of Sports Medicine’s (ACSM) Guidelines for Exercise Testing and
Prescription32. A sterile mouthpiece attached to a head harness will be secured on the
subject. The subject will then have a noseclip placed on their nose. Resting expired gases
will be collected using the Parvo Medics 2400 TrueMax Metabolic Measurement System.
Once the subject is ready to begin the test protocol, the subject will straddle the treadmill
with both legs while the treadmill is turned on at a speed of 1.7 mph and at a 0% grade.
The subject will then use one foot to repeatedly swipe the belt in order to gauge the speed
of the motion. Once the subject is familiar with this speed, the subject will step onto the
belt while still gripping the handrail with both hands. Once the subject becomes
comfortable walking on the treadmill, he/she will let go of the handrail and begin walking
freely. In order to minimize risks associated with maximal treadmill exercise, differing
cardiopulmonary tests will be conducted for each group. Young subjects will perform a
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standard symptom-limited Bruce treadmill maximal exercise test32 using the following
speeds and grades:
Stage
1
2
3
4
5
6
7

Speed
1.7
2.5
3.3
4.2
5.0
5.5
6.0

Grade (%)
10
12
14
16
18
20
22

Duration (Min.)
3
3
3
3
3
3
3

Older subjects will utilize a Balke protocol in which the treadmill speed is constant.
Beginning at an incline of 0%, the incline is increased 2% after the first minute, and 1%
each minute thereafter. This protocol should allow for a more gradual increase in
intensity, and thereby reduce the risk of adverse cardiovascular events. The testing speed
for the older/inactive group will be 3.3 mph, while the active group will be tested at 4.5
mph.
The subject will be encouraged to exercise to their maximum unless the subject
experiences clinical signs to terminate the exercise test as stated by the ACSM’s
Guidelines for Exercise Testing and Prescription (i.e., angina, dyspnea, dizziness, a
decline in systolic blood pressure, dangerous dysrhythmias [increasing or multi-form
premature ventricular contractions, ventricular tachycardia, supraventricular tachycardia,
new atrial fibrillation, or A-V block], lightheadedness, confusion, ataxia, cyanosis,
nausea, excessive rise in systolic blood pressure over 250 mmHg or diastolic over 120
mmHg, chronotropic impairment, failure of the monitoring system, or other signs or
symptoms for terminating the test). The test may also be terminated at the request of the
subject. Once the exercise test is complete, the subject will observe a 3-6 minute active
recovery period followed by a 3-6 minute seated recovery period. Heart rate (HR) and
expired gases will be monitored continuously throughout the exercise test. Ratings of
perceived exertion (RPE) will be obtained toward the end of each stage. Subjects will be
asked to report any unusual signs or symptoms to the exercise specialists during the
exercise test. This test will determine maximal aerobic capacity and anaerobic threshold.
Results of this test will be forwarded to the subject’s personal physician if any unusual or
abnormal results are observed. In this case, the subject’s personal physician will have to
once again clear the subject for participation in the study before the subject will be able to
start the diet/training portion of the study.

Equipment
Digital Scale. Total body weight will be determined using a digital scale accurate to
±0.02 kg. The scale is calibrated by placing certified 25-kg weights and balancing the
scale. Other than general instructions, special skills are not required to measure body
weight.
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Mercurial Sphygmomanometer. Blood pressure will be assessed by auscultation of the
brachial artery using a mercurial sphygmomanometer using standard clinical procedures.
Dual-Energy X-Ray Absorptiometer (DEXA). Body composition measurements will
be determined by qualified personnel (in compliance with State Regulations) using a
Hologic Discovery W dual energy x-ray absorptiometer (Waltman, MA).
Heart Rate Assessment. Resting and exercise heart rate will be determined by
palpitation of the radial or carotid pulse or by attaching a Polar heart rate monitor (Lake
Success, NY) to the subjects’ wrist and/or a sensor strap to their chest.
Muscular Performance Testing Equipment. Muscle performance testing will be
completed with the Biodex-System 3 (Biodex Medical Systems, Inc., NY).
Cardiopulmonary Exercise Tests. Maximal cardiopulmonary measurements will be
obtained using Parvo Medics 2400 TrueMax metabolic measurement system. Subjects
run on a Trackmaster TMX425C treadmill (Newton, KS).

Subjects
Recruitment
Approximately 45 apparently healthy male subjects between the ages of 18-30 or 55-70
will participate in this study. A recruitment flyer that will be posted on campus, at area
fitness centers, and on the Internet (www3.baylor.edu/HHPR/ESNL) is attached.
Selection Criteria
Active participants will be untrained from the standpoint that they will not have engaged
in consistent weight training with their lower body (> 2x week) for three months prior to
the study; however, all must be recreationally active. Sedentary individuals must not
regularly participate in exercise activities. Subjects will not be allowed to participate in
the study unless cleared to participate by their personal physician
Compensation or Incentives
Older subjects completing all familiarization and testing sessions as well as turning in all
required materials (i.e., food and training logs) will be paid $100. Younger subjects will
be paid $50 for completing the single session of baseline testing. Subjects will also be
free fitness assessments during the course of the study as described above and may
receive information regarding results of these tests if they desire. If subjects are Baylor
students, they will not receive any academic credit for participating in this study.
Potential Risks
Subjects who meet eligibility criteria will donate about 4 teaspoons (20 milliliters) of
venous blood once (young) or twice (old) during the study using standard phlebotomy
procedures. This procedure may cause a small amount of pain when the needle is
inserted into the vein as well as some bleeding and bruising. The subject may also
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experience some dizziness, nausea, and/or faint if they are unaccustomed to having blood
drawn. Subjects will also donate muscle samples once (young) or thrice (old) during the
study. Subjects donating muscle biopsies may experience some anxiety before this
procedure regarding a perception of pain or discomfort. The biopsy procedure may cause
a small amount of bleeding and/or pain as the incision is made and the sample is
extracted from the muscle. However, once the anesthesia takes affect, there is usually
only mild pressure and a small amount of bleeding as the needle is inserted and extracted.
During the biopsy procedure, subjects may experience a slight localized cramping
followed by brief and minor aching but these symptoms usually go away when the needle
is withdrawn. Frequently, subjects feel little or no sensation at all. Although the muscle
selected for biopsy (vastus lateralis) has no major blood vessels or nerves in the areas
where the biopsy needle will be inserted, there is the rare occurrence of compressing or
cutting small nerve branches, which can sometimes cause temporary tingling and
numbness in the skin. These responses, when they have occurred, have dissipated in a
few days or weeks. After the needle is withdrawn, pressure is applied to the site of the
incision to prevent any unwarranted bleeding (there is usually very little bleeding). After
the biopsy, the muscle is likely to be moderately sore for about 24 hours. This soreness is
similar to muscle soreness following unusually vigorous exercise or a muscle injury
especially if muscle is compressed against a bone (e.g., “charley horse”). Complications
accompanying this procedure are rare and no complications have been observed in
subjects who have donated biopsies in the EBNL in previous studies. The primary risks,
however, include bleeding, hematoma (bruising), infection, and slight scarring of the
skin. Some individuals may develop keloid scarring the site of incision. Also, some
individuals may have an allergic reaction to the anesthetic, such as a local rash, or
difficulty breathing. To minimize these risks, the amount of anesthetic used will be
approximately 2-4% of the maximal dose for a normal sized individual. Every precaution
will be made to keep these risks to a minimum. Additionally, these potential risks can be
prevented and/or treated with rest, ice, compression, elevation, and adhering to postbiopsy care instructions. Taking a mild non-prescription pain medication such as Tylenol,
providing the subject can tolerate these medications, is also recommended for pain. In all
these procedures, care is taken to employ precautions to avoid infection, including the
“universal precautions” for the handling of blood and infectious materials. Muscle
biopsies do not cause any permanent damage with the exception of a small scar which
should become undetectable over time, although some individuals may develop keloid
scarring at the site of the incision.
Researchers involved in collecting data represent trained, non-physician, certified
exercise specialists (American Society of Exercise Physiologies Certified Exercise
Physiologist, Certified Strength & Conditioning Specialists, Certified Athletic Trainers,
and/or American College of Sports Medicine Health Fitness InstructorSM, Exercise
TechnologistSM, Exercise SpecialistsSM, or Program DirectorSM for Preventive and
Rehabilitative Exercise Programs). All personnel involved in collecting data will be
certified in CPR, which is also a condition to holding these professional certifications.
Testing personnel will have a cell-phone available in case of any emergencies. In the
event of any unlikely emergency one researcher will check for vital signs and begin any
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necessary interventions while the other researcher contacts 911. Researchers will follow
school emergency procedures in case of an emergency.
Potential Benefits
The main potential benefit that may be obtained from this study is to determine the
health status of bone and skeletal muscle tissues as quantified by DEXA. The study will
also provide knowledge concerning mechanisms that may underlie skeletal muscle
atrophy in advanced age, and what role exercise can play in attenuating these responses.
Subjects may gain knowledge concerning exercise techniques in addition to the
monetary compensation.
Assessment of Risk
As with any exercise, participants are at risk for muscle strains/sprains and other various
injuries from completing the exercise. The greatest risk associated with participating in
this study will be donating blood and muscle tissue samples. However, since those
obtaining blood and muscle tissue samples are trained phlebotomists and non-physician,
certified exercise specialists, these risks will be minimal. Consequently, it is our view
that the potential benefits of subjects participating in this study outweigh the potential
risks.
Confidentiality
Information obtained from this research (including questionnaires, medical history,
laboratory findings, or physical examination) will be kept confidential to the extent
permitted by law. However, according FDA regulations, records will be open to FDA
representatives to review if necessary. This may include questionnaires, medical history,
laboratory findings/reports, statistical data, and/or notes taken throughout this study.
Records of the research may also be subpoenaed by court order or may be inspected by
federal regulatory authorities. Data derived from this study may be used in reports,
presentations and publications. However, subjects will not be individually identified
unless they give their written consent.
Data Analysis, Presentation, & Publication
Data will be analyzed using with SPSS for Windows Version 15 software (SPSS Inc.,
Chicago, IL). Protein and mRNA expression data will be analyzed via separate single
factor multivariate analyses of variance (MANOVAs). Correlational analyses will be run
on muscle variables as related to serum markers of oxidative stress and inflammation.
Data will be considered significantly different when the probability of error is 0.05 or
less. Tukey’s honestly significant differences post-hoc procedures will be performed
when a significant interaction is observed. Data will be presented at an appropriate
scientific conference (e.g., American College of Sports Medicine, Experimental Biology,
etc) and published in a peer reviewed scientific journal (e.g., Medicine & Science in
Sport and Exercise, Nutrition, International Journal of Sport Nutrition and Exercise
Metabolism, etc).
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APPENDIX D
Dietary Record

Baylor University
Exercise & Sport Nutrition Laboratory

NAME __________________________________ Date ________________________
INSTRUCTIONS
1.

2.
3.

Record everything you eat for 7 days (including one weekend day). If you eat
pretzels, record how many. If you eat a bag of chips, record the number of ounces.
For drinks, record the number of cups or ounces. Record everything you drink
except water.
Record the food, amount, brand name, and preparation methods. For example: baked
vs. fried chicken; 1 cup of rice; 2 teaspoons of margarine; 1 cup of 2% milk;
McDonald’s, Healthy Choice, or Frosted Flakes.
Record immediately after eating. Waiting until that night may make it difficult to
remember all foods and quantities.

Food (include brand)

Method of Preparation

Quantity (cups, oz., no.)

BREAKFAST:
_________________________
_________________________
_________________________
LUNCH:
_________________________
_________________________
_________________________
_________________________
DINNER:
_________________________
_________________________
_________________________
SNACKS:
_________________________
_________________________
_________________________
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APPENDIX E
Personal Information Sheet
Baylor University
Exercise & Sport Nutrition Laboratory
Personal Information
Name: _____________________________________________________________
Address: ____________________________________________________________
City: ________________________ State: _________ Zip Code: _________
Home Phone:
Beeper: (
Fax:: (

(

) _______________

Work Phone: (

) ________________

Cellular (

) __________________

) ________________

) ____________________

email address: ___________________

Birth date: _____ / _____ / _____ Age: _____ Height: _____ Weight: ______
Exercise History/Activity Questionnaire
1. Describe your typical occupational activities.

2. Describe your typical recreational activities.

3. Describe any exercise training that you routinely participate.

4. How many days per week do you exercise/participate in these activities?

5. How many hours per week do you train?

6. How long (years/months) have you been consistently training?
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APPENDIX F
Medical History Inventory
BAYLOR UNIVERSITY
EXERCISE & SPORT NUTRITION LABORATORY
Medical History Inventory
Directions. The purpose of this questionnaire is to enable the staff of the Exercise and Sport
Sciences Laboratory to evaluate your health and fitness status. Please answer the following
questions to the best of your knowledge. All information given is CONFIDENTIAL as described in
the Informed Consent Statement.
Name:_____________________________________ Age _____Date of Birth_______________
Name and Address of Your
Physician:_____________________________________________________
MEDICAL HISTORY
Do you have or have you ever had any of the following conditions? (Please write the date when
you had the condition in blank).
____ Heart murmur, clicks, or other cardiac findings?
____ Frequent extra, skipped, or rapid heartbeats?
____ Chest Pain of Angina (with or without exertion)?
____ High cholesterol?
____ Diagnosed high blood pressure?
____ Heart attack or any cardiac surgery?
____ Leg cramps (during exercise)?
____ Chronic swollen ankles?
____ Varicose veins?
____ Frequent dizziness/fainting?
____ Muscle or joint problems?
____ High blood sugar/diabetes?
____ Thyroid Disease?
____ Low testosterone/hypogonadism?
____ Gluacoma?

____ Asthma/breathing difficulty?
____ Bronchitis/Chest Cold?
____ Cancer, Melanoma, or Suspected
Skin Lesions?
____ Stroke or Blood Clots?
____ Emphysema/lung disease?
____ Epilepsy/seizures?
____ Rheumatic fever?
____ Scarlet fever?
____ Ulcers?
____ Pneumonia?
____ Anemias?
____ Liver or kidney disease?
____ Autoimmune disease?
____ Nerve disease?
____ Psychological Disorders?

Do you have or have you been diagnosed with any other medical condition not listed?
_____________________________________________________________________________
_____________________________________________________________________________
Please provide any additional comments/explanations of your current or past medical history.
_____________________________________________________________________________
_____________________________________________________________________________
Please list any recent surgery (i.e., type, dates etc.).
_____________________________________________________________________________
_____________________________________________________________________________
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List all prescribed/non-prescription medications and nutritional supplements you have taken in the
last 3 months.
_____________________________________________________________________________
Do you regularly or irregularly take aspirin, coumarin, warfarin, ibuprofen, naproxen, or any other
blood thinners/non-steroidal anti-inflammatory medications? ________ If so, which ones/how
often? _____________________________
_____________________________________________________________________________
What was the date of your last complete medical exam?
_____________________________________________________________________________
Do you know of any medical problem that might make it dangerous or unwise for you to
participate in this study (including strength and maximal exercise tests) ____ If yes, please
explain:
_____________________________________________________________________________
Recommendation for Participation
____ No exclusion criteria presented. Subject is cleared to participate in the study.
____ Exclusion criteria is/are present. Subject is not cleared to participate in the study.
Signed: ___________________________________ Date: ________________________
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APPENDIX G
Overview of the Research Design
Table G1
Overview of the Study Research Design
FAM Session

Exercise Testing
8:00 AM

Familiarization session, complete
paperwork. Review medical history

Body Mass
Hemodynamic Assessment
Body Composition

Complete paperwork.
Medical Information, Informed
Consent, Contact Info
If qualified and wishing to
continue:
Familiarization to Biodex

8:30 a.m.
Blood Sample
Muscle Biopsy Sample
Biodex Protocol

9:00 a.m.
Downhill Running Protocol

Maximal VO2 Testing
10:00 a.m.
Blood Sample
1:00 p.m.
Muscle Sample
8:00 AM (NEXT DAY)
Muscle Sample
Blood Sample
Biodex Protocol
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APPENDIX H
Perceive Muscle Soreness Rating

Baylor University
Exercise and Biochemical Nutrition Laboratory
Perceive Muscle Soreness Rating
Directions:
Considering the overall severity of soreness in your thigh muscle upon movements such
as sitting and standing, draw an intersecting line across the continuum line extending
from 0-10. This mark will indicate your level of soreness (0 = no soreness, 10 = extreme
soreness). The distance of each mark will be measured from zero and the measurement
utilized as the perceived soreness level.
Testing Session:

Date:

0

10
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APPENDIX I
Wound Care for the Muscle Biopsy Procedure
Complications resulting from the muscle biopsy procedure are rare. Furthermore, after
the procedure, you can reduce your risk of chance of infection by adhering to the
following course of action for wound care:
For approximately 24 hours post biopsy
• leave the bandage(s) on for 24 hours (unless unexpected bleeding or pain occurs,
which should be immediately reported to the lab)
• lightly clean around the bandage(s) if necessary
• report back to the lab within 24 hours to have the old bandage(s) removed, the
incision inspected, and new bandages applied
• refrain from vigorous physical activity during the first 48 hours post-biopsy
After the 24-hour follow up (for approximately 72 hours post biopsy)
• leave the butterfly bandage in place
• adequately cleanse the area surrounding the bandage with soap and water every 46 hours, and pat the area dry
• reapply a fresh adhesive bandage
At approximately 72 hours post biopsy
• return to the lab
• allow the incision sight to be inspected and new bandages applied
• leave these bandages on for 24 hours (unless unexpected bleeding or pain occurs)
• return to normal hygiene practices unless complications arise
Possible Pain Side Effects
Soreness of the area may occur for about 24 hours post-biopsy. Following the procedures
outlined above should significantly minimize pain and possible bleeding of the area.
However, some subjects experience no significant pain post biopsy.
☺ If needed, the subject may take non-prescription analgesic medication such as
Tylenol to relieve pain if needed.
Medications such as aspirin, Advil, Bufferin, or Nuprin, are discouraged as they
may lead to excess bruising at the biopsy site.
If any questions or complications arise please contact:
Matthew Cooke, Ph.D.
(254) 710-4025
Matt_Cooke@baylor.edu

or
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Thomas Buford, M.S.
(254) 710-4012
Thomas_Buford@baylor.edu
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