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ABSTRACT 

 
 

There has never been an outcome measure for human health more important than 

VO2peak, yet we know nothing about the molecular triggers for its decline with aging. 

Peak aerobic capacity (VO2peak) is a strong predictor of morbidity and mortality. 

Lifetime-apex VO2peak is the highest value for VO2peak during the life course and declines 

beginning the 3rd decade of human life. I examined the ability of chronic voluntary wheel 

running, or 5-weeks of AICAR administration, to delay the chronological age at which 

the decline of lifetime-apex VO2peak begins and potential underlying molecular 

mechanisms. Experiment one consisted of female rats with (RUN) and without (NO 

RUN) running wheels that underwent frequent VO2peak tests beginning at 10-weeks of age 

and continuing until 27-weeks of age. Lifetime apex-VO2peak occurred at 19 weeks of age 

in both groups, decreasing thereafter. On average, VO2peak measured across experiment 

one was ~25% higher in RUN. Experiment two used the AMPK-agonist AICAR, 

beginning at 17-weeks of age to test if the chronological age for lifetime-apex VO2peak 

decline could be shifted to an older age. Two groups of female rats, AICAR (0.5 mg/kg 

daily) and vehicle (VEH, saline) were used for 5-weeks and all animals were sacrificed at 

22-weeks of age. Compared to VEH group, AICAR rats showed significantly higher 

body weights, muscle weights, heart weights and lower % body fat. Additionally, AICAR 

was able to delay the initial decline by one-week, from 19- to 20-weeks of age, but was 

lowered to VEH levels at 22-weeks of age. Transcriptomic analysis of the lateral head of 

the tricep muscle from experiment one animals revealed mRNA differences in RUN vs. 

NO RUN, suggesting differing skeletal muscle gene regulation immediately prior to 
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lifetime-apex VO2peak decline. Two phases of life were examined, pre-apex VO2peak (17- 

to 19-weeks of age) and post-apex (19- to 27-weeks of age). These data indicate that rat 

wheel running increases VO2peak 25% and is not sufficient to delay the chronological age 

of lifetime-apex VO2peak decline, whereas AICAR delayed it one week. Transcriptomic 

analysis of experiment one offers target molecules that play a role in: 1) the causation of 

the decline occurring at 19-weeks of age, and 2) potential genes and mechanisms 

contributing to the initiation of decline in lifetime-apex VO2peak. 
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Chapter 1: Introduction and Background 

 

 

Maximal oxygen consumption (VO2max) 

 

Cardiorespiratory fitness (CRF) is the maximal ability of the body’s 

cardiovascular, circulatory and respiratory systems to supply oxygen to skeletal muscles 

during physical activity. There are many synonymous terms used to describe CRF, such 

as physical fitness, aerobic fitness, and maximal/peak oxygen consumption (VO2max/peak). 

The term ‘aerobic fitness’ will be used for the remainder of the introduction. Importantly, 

I introduce the term “lifetime-apex VO2peak,” which refers to the highest value for VO2peak 

during the life course. The gold standard for the assessment of aerobic fitness is the 

VO2max/VO2peak test, as defined by Hill and Lupton in 1923. However, long before Hill 

set foot in the lab, several key scientific advances occurred that made his experiments and 

subsequent discoveries possible. Much of Hill’s work and inspiration came from Antoine 

Lavousier and Nath Zunts, who first described respiration gas physiology and constructed 

the first treadmill, respectively (144). Along with these scientific advances, and several 

decades after the introduction of the first treadmill, the development of spirometers, 

Douglas bags and Haldane’s absorption methods, the stage was set for Hill to conduct his 

pioneering studies of oxygen consumption and the important role it has come to play in 

basic exercise physiology. In summary, Hill’s predecessors provided him most of the 

tools to make his discovery of VO2max. 

In Hill’s seminal study, it was documented that the ability to increase oxygen 

consumption with increased workload varied between individuals and was higher in 

endurance-trained subjects. Perhaps most important and accepted as dogma today, is 



 
 

2 

Hill’s definition for maximal oxygen consumption, that states: VO2max is the oxygen 

uptake attained during maximal exercise intensity despite further increases in workload. 

Additionally, he suggested that the main links in the oxygen transport system 

incorporated the respiratory, circulatory and skeletal muscle systems (53). The following 

statement from their paper still provides an accurate understanding of the findings to this 

day: 

 

“However much the speed be increased beyond this limit, no further increase in 

oxygen intake can occur: The heart, lungs, circulation, and the diffusion of 

oxygen to the active muscle-fibers have attained their maximal activity.”  

 

Indeed, it is quite remarkable that the interpretations of Hill over 90 years ago are 

still acknowledged and largely unchallenged today. Fast-forward over half a century, and 

the fundamental ideals that Hill applied to himself (Hill was one of the subjects in the 

study) and other subjects in his 1923 publication are still considered the gold standard for 

cardiorespiratory fitness today. Moreover, VO2max is one of the most ubiquitous 

measurements in all of exercise science and has been used in the clinical setting to assess 

athletic performance, a marker of population-based fitness, cardiovascular disease, and 

multiple chronic diseases (79, 143). In order to better understand Hill’s conclusion from 

his experiments, it is important to acknowledge the path that oxygen takes from ambient 

air to skeletal muscle. Next, a brief description of oxygen’s journey from air to muscle 

mitochondria will be presented. 

The air that we breathe is primarily composed of nitrogen and oxygen, 78.09 % 
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and 20.95%, respectively. The inspired oxygen from ambient air is transported via 

diffusion from the alveolar sacs within the lungs to the blood. This freshly oxygenated 

blood is returned to the left heart. The left ventricle is responsible for pumping this 

oxygenated blood, delivering it to the periphery. Once at the periphery, oxygen diffuses 

through the muscle cell membrane and into the mitochondria where it combines with H+ 

ions to create water, and facilitates ATP-synthase’s role in ATP production. The 

efficiency of each of the abovementioned processes will vary largely, depending on the 

training status of an individual and as a result, VO2max will reflect this. Furthermore, the 

metabolic state of the body, and more specifically, skeletal muscle, and its oxygen 

demand (e.g. exercise state) will ultimately determine O2 kinetics. 

VO2max can be expressed in absolute terms (l/min) or in relative terms 

(ml/kg/min). Values can range from 15 ml/kg/min in the elderly and exceed 90 ml/kg/min 

in highly trained professional cross-country skiers. The ability of oxygen to be delivered 

to working muscle will ultimately determine an individuals’ VO2max. It is posited that the 

most important contributing physiological adaptation to endurance training responsible 

for increased aerobic fitness is an increase in stroke volume achieved by enhanced pump 

efficiency (14). Perhaps more important than determining athletic performance is the 

ability of aerobic fitness to be used as a strong indicator and predictor of mortality and 

morbidity (18, 20, 74). 

When carrying out a standard laboratory test for oxygen consumption, there are 

certain criteria that must be met in order for VO2max to be achieved. The three parameters 

are a blood lactate concentration over 7 mM, a maximum heart rate within 10% of the 

subjects age-adjusted maximum, and a RER > 1.15 (61). If these parameters are not met, 
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then the test is considered a VO2peak test, referring to peak oxygen consumption instead of 

maximal. The term VO2max will be used for the remainder of the introduction and 

background, but importantly VO2peak terminology will be used for all data presented in 

the following chapters. This is due to my inability to measure any of the three parameters 

that constitute a confirmed VO2max. It has been previously established that VO2peak 

measurements agree with VO2max measurements from the same animal (15, 28). 

Therefore, for the sake of my dissertation, peak values are sufficient to address my 

questions. 

The overall themes of my dissertation are shown in Fig 1.1. The main concept 

         
Figure 1.1 – Three theoretical methods to modulate lifetime-apex VO2peak. 

Lifetime-apex VO2peak can be either: #1 – delayed from falling, #2 – elevated higher 

in early life, or #3 – prevented from falling until later life. TRAIN and TR refer to 
exercise training, and SED refers to sedentary conditions. 
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being addressed regards lifetime-apex VO2peak and preventing or delaying its initial 

decline with aging, which will ultimately increase the years of life healthy and free from 

chronic disease(s), commonly referred to as healthspan. Figure 1.1 indicates this by three 

separate hypotheses. Number one refers to the idea that the decline can be delayed 

through maintaining sufficient physical activity with aging. Number two illustrates the 

concept that with sufficient physical activity during growth and development years, 

lifetime-apex VO2peak can be established and ‘set’ at a higher value compared with 

inactivity. Finally, number three develops the novel hypothesis that with sufficient 

physical activity, the chronological age when lifetime-apex VO2peak begins to initially 

decline, can be delayed, thus promoting increased life years free from chronic disease.  

 

 

VO2max – implications for public health 

Physical activity was first associated with health during the 5th century BC when 

Hippocrates wrote the following:  

 

“All parts of the body, if used in moderation and exercise in labors to which each 

is accustomed, become thereby healthy and well developed and age slowly; but if 

they are unused and left idle, they become liable to disease, defective in growth 

and age quickly.”  

 

It wasn’t until the 1950’s when Morris and colleagues published their pioneering 

work on London transit workers, that the health benefits of physical activity took hold 

and starting gaining traction. It was discovered that the bus conductors, compared to the 
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drivers, due to their higher physical activity levels achieved as a result of climbing the 

stairs of double-decker buses multiple times a day, had lower incidence of heart disease 

(94). Since that time, it has become well accepted that physical activity is associated with 

not only decreased disease risks, but also increased aerobic fitness.  

The state of being subject to death (mortality) and the relative incidence of 

disease (morbidity) are strongly associated with aerobic fitness. Additionally, aerobic 

fitness is inversely related to mortality (18, 74). One way that aerobic fitness can be 

expressed is using metabolic equivalent (MET), and this is used as a measure of overall 

“fitness” and health. One MET is equivalent to 3.5 ml O2/kg/min and is considered 

resting metabolic rate and maximal METs are multiples of resting metabolic rate. Taken 

together, there are direct links between physical activity, aerobic fitness, health, mortality 

and morbidity. Next, epidemiological evidence will be presented to offer support for 

these associations.  

In a 1989 prospective study, Blair et al examined the physical fitness and risk of 

all-cause mortality and cause-specific mortality in 10,224 men and 3,120 women. 

Physical fitness was assessed using a maximal treadmill exercise test and time to 

exhaustion was used to categorize patients on their fitness levels (note – authors found 

that treadmill time was highly correlated with measured maximal oxygen uptake in men, 

r = 0.92, and women, r = 0.94). The authors concluded two major findings: 1) low 

physical fitness was an important risk factor in both men and woman for cardiovascular 

disease and cancer, and 2) higher levels of physical fitness appear to delay all-cause 

mortality (18). Note that the maximal oxygen uptake data are adjusted for age, serum 
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cholesterol level, blood pressure, smoking habit, fasting blood glucose level, family 

history of CVD, and length of follow-up.  

A 2010 review by Kokkinos and Myers, compiled a wealth of data showing a 

strong dose-response relationship for VO2max and mortality risk. For example, mortality 

risk was three times higher for men with a maximal MET < 4 compared to max MET > 

10. In both young and elderly subjects, a reduction in mortality per MET increase ranged 

between 10% and 25% (12, 17, 45, 75, 93, 97, 98). Specifically, in one of the studies 

examined, the Veterans Exercise Testing Study, it was found that a 15% lower mortality 

risk was reported for every 1-MET increase in exercise capacity. The above studies 

demonstrate the important links between aerobic fitness and mortality in humans; data 

also exists in rodents showing similar findings (72).  

 The best evidence from animal models supporting the strong association between 

aerobic capacity and positive health outcomes comes from selectively bred rats. For 

example, using a heterogeneous rodent model system that divides for intrinsic (untrained) 

aerobic exercise capacity, Koch et al have shown that inherent aerobic capacity is linked 

with health and survivability. Using rats selectively bred for low (LCR) and high (HCR) 

capacity running, they were able to recapitulate the above-mentioned human data. The 

authors concluded that low aerobic fitness is associated with: increased mortality, and 

reduced: longevity, ability for mitochondrial regeneration, metabolic control in the heart, 

and antioxidant status (73). Perhaps, the more important outcome from this study is the 

development of a suitable animal model to continue the study of the associations between 

longevity and aerobic capacity.  
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The American Federation for Aging Research, in agreement with the idea of the 

proposed aerobic hypothesis of longevity (68), and the above-mentioned studies, suggest 

that one’s current aerobic capacity predicts the rate of aging, and therefore is predictive 

of longevity. Both human and rodent data offer strong associations between aerobic 

fitness/capacity and health outcomes/longevity. It is these reasons that warrant a further 

understanding of the potential reasons for the decline in aerobic fitness with aging. This 

understanding will prove to be challenging due to the complexity and integrative 

physiological nature of aerobic fitness. Currently, it is not well established what organ 

system is rate limiting for the determination of VO2max, and therefore could be 

responsible for the initial decline of VO2max with aging. As enumerated next, an 

introduction into the current literature that examines the proposed rate limiting organ 

systems and physiological mechanisms for VO2max will provide a foundation for the 

overall hypothesis of my dissertation.  

 

Physiological systems contributing to VO2max decline with aging 

In the 90-plus years since Hill and Lupton published the first VO2max testing data 

and offered speculation as to the limiting physiological factors responsible, debate has 

continued with little to no progress having been made to address this issue. There are two 

looming, important questions regarding VO2max: 1) what tissues/organ-systems limit 

VO2max during an acute maximal exercise test, and 2) why does VO2max decline with 

aging? Although two different questions, finding answers and mechanisms for #1, could 

assist in answering #2, and begin to establish a mechanistic basis for development of 

therapies. There is a paucity of data surrounding question #2, therefore, data and theories 

will be presented that have been published regarding question #1. Longitudinal data in 
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humans is lacking for two reasons: the nature of the question requires testing to begin 

early in life, and also the continued testing throughout life is challenging. In search of the 

appropriate model to address this question, rodent models offer shortened-life cycles and 

access to any tissue. 

There has been considerable debate regarding question #1, what tissues/organ-

systems limit VO2max during an acute maximal exercise test? While there is no single 

accepted organ system, the three leading candidates are: heart, brain, and skeletal muscle 

(16, 79, 135). Briefly, the leading evidence will be presented for each organ system as it 

relates to limiting VO2max.  

First, evidence for the hearts ability to pump oxygenated blood from the left 

ventricle will be presented as limiting. There is a large amount of evidence that suggests 

highly trained endurance athletes have large VO2max values due to the large stroke volume 

achieved by a larger end diastolic volume (EDV) (79). Furthermore, evidence in support 

of the heart being rate-limiting comes from experiments where arm exercise is 

superimposed on maximal two-legged exercise. Under these conditions when leg blood 

flow is already maximal, arm blood flow is increased, reducing blood flow availability to 

the legs. Cardiac output is already at a maximum during two-legged exercise, thus it 

cannot be further increased when additional exercising muscle is recruited (125). This 

example illustrates the hearts ability to pump a finite amount of blood during exercise. In 

a 2000 review by Bassett and Howley, they provide evidence that increases in VO2max 

with training are primarily due to increases in maximal cardiac output and not peripheral 

mechanisms. Also – they present the case of over perfusion of skeletal muscle. In this 

situation, skeletal muscles capacity to use this oxygen is increased accordingly, thus not 
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rate –limiting (14, 123).  

 Tim Noakes, a leading proponent of ‘the central governor theory’, notes that even 

A.V. Hill eluded to the hypothesis that the brain acts as a governor, as early as 1923, 

when Hill is quoted in his paper saying, “a governor, perhaps in the heart, but 

alternatively in the CNS, regulates exercise intensity at the extreme, as to protect critical 

organs from ischemic damage” (135). The premise of the ‘central governor’ theory rests 

on the notion that cerebral oxygenation plays a critical role in exercise regulation at 

maximal effort. This can be realized in studies where subjects exercise under chronic 

hypobaric hypoxia at 5000 meters altitude, compared to subjects exercising at sea level. 

Integrated EMG recordings indicate that with increasing exercise intensity, the 

recruitment of more motor units occurs at sea level but not at 5000 meters. This suggests 

that the CNS, during chronic hypobaric hypoxia, may play a role in limiting exhaustive 

exercise.  

In an average adult male and female, skeletal muscle comprises roughly 42% and 

36%, respectively, of total body mass. When comparing an endurance trained individual 

to one who is sedentary, it can be assumed that if high cardiac output benefits oxygen 

transport, then all other aspects in the stepwise delivery of oxygen to the contracting 

skeletal muscle need to function better. This is realized when high cardiac output causes 

increased transit time for blood to the muscle and if the muscle cannot efficiently extract 

oxygen in that abbreviated time, then what good is the adaptation? It can be contested 

that improvements in capillarity, diffusion, and utilization by skeletal muscle 

mitochondria are greatly improved with endurance training. The mitochondria’s ability to 

adapt, respond and increase oxidative capacity with training suggests that the skeletal 
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muscle plays a role in limiting VO2max in an acute exercise test. Next, additional data will 

be presented to support the notion that skeletal muscle plays a sizable role in the decline 

of lifetime-apex VO2peak in rodents.  

 

 

Skeletal muscles role in determining VO2max 

Skeletal muscle comprises the largest component of fat free body mass in humans 

and is vital for nutritional, physiological, and metabolic processes (71). Additionally, it 

constitutes almost half of total body mass, declines with aging, uses the most oxygen 

during exercise (of any organ system), plays a fundamental role in whole body 

metabolism, and manipulation of genes has been shown to alter VO2max (26). Oxygen 

conductance from blood to skeletal muscle increases with endurance training primarily 

due to higher blood flow and increased diffusion capacity (111). With an increased 

supply of oxygen available at the level of the muscle that can now enter the mitochondria 

and facilitate oxidative phosphorylation, it is adaptive for mitochondrial enzymes to also 

increase with endurance training (134). When examining a rodent model for selectively 

bred high and low endurance capacity, after seven generations, Britton and Koch found 

that differences in VO2max and endurance capacity are primarily due to peripheral muscle 

adaptations (59). Interestingly, in later generations (generation 15), it was shown that 

delivery of oxygen to skeletal muscle rather than the capacity of skeletal muscle to use 

oxygen, was responsible for continued divergence of endurance capacity (60). The above 

lends support to the importance of skeletal muscle as it relates to determining and 

adaptations to VO2max. Alternatively, with detraining and aging, skeletal muscle mass and 

functional capacity declines, along with VO2max. 
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In human skeletal muscle, the following decline with aging: the activity of 

oxidative enzymes, mRNA transcripts encoding mitochondrial proteins, rates of synthesis 

for contractile and mitochondrial proteins (13, 115, 129). Additionally, Table 1.1 

describes many important age-related changes that occur in skeletal muscle in both 

mammals and Drosophila. The rat is composed primarily of Type II fast glycolytic 

muscle fibers (7). It is important to mention that depending on the type of muscle, 

whether Type 1 – slow oxidative, type II – fast glycolytic, or type II – fast oxidative 

glycolytic, a different phenotype will be observed. More important than phenotype is the 

molecular characterization of the 3 aforementioned fiber types. Due to the rat being 

~70% type II fast glycolytic fibers, the molecular adaptations to exercise or 

pharmacological manipulation could depend on muscle fiber type.  

It is for the aforementioned reasons that skeletal muscle was chosen for the 

elucidation of molecular targets that influence the initial decline in VO2peak with aging. I 

appreciate that skeletal muscle is most likely not the single factor responsible for the 

initiation of the decline in VO2peak. However, considering the data that supports skeletal 

muscle’s role in everything from training to detraining to aging – it was our first choice 

as to what organ system to start with. Furthermore – Dr. Booth has extensive experience 

with skeletal muscle work from the gene level all the way to phenotypic characterization. 

The mitochondria’s role with oxygen consumptions and exercise will be presented next in 

order to develop my hypothesis.  
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Mitochondrial biogenesis 

One of the health benefits of regular endurance exercise is the increase in 

mitochondrial content, referred to by many as mitochondrial biogenesis. This occurs in 

multiple tissues types but most importantly, the brain (136), heart (76), skeletal muscle 

(64). Mitochondrial biogenesis is a multi-step, complex process whereby the coordination 

of mitochondrial and nuclear genomes leads to de-novo formation of new mitochondria. 

The end result of this is the ability of the mitochondria and skeletal muscle to increase 

energy production via oxidative phosphorylation. The first studies of skeletal muscle 

mitochondrial biogenesis were conducted in the 1970s and thyroid hormone was used to 

induce biogenesis (154). Normal rats were given thyroid hormone for weeks and it was 

shown that mitochondrial protein markers were increased. Holloszy’s lab was the first to 

show that exercise, and specifically, high-intensity interval treadmill training was capable 

of inducing mitochondrial adaptations in skeletal muscle (what was later termed 

mitochondrial biogenesis) (57). Briefly, the molecular signaling events for mitochondrial 

Feature Mammals* Drosophila 

Decreased regenerative capacity via satellite cells Yes NA 

Decreased capillarization Yes NA 

Increased mitochondrial dysfunction Yes Yes 

Increased oxidative stress Yes Yes 

Increased DNA damage Yes Yes 

Transcriptional changes Yes Yes 

Defects in Ca2+ homeostasis Yes Unknown 

Increased apoptosis Yes Yes 

Oxidative stress response Yes Yes 

Partial decrease in protein synthesis  Yes Yes 

 

Table 1.1 - Changes in skeletal muscle associated with aging in mammals and 

Drosophila (adapted from (34) *Studies mostly in rodents. ‘NA’ indicates not 

applicable to Drosophila. Unknown infers a paucity of data on feature 
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biogenesis, although not completely understood, will be outlined. Figure 1.2 summarizes 

the exercised-induced processes leading to mitochondrial biogenesis. An established 

connection exists between healthy aging and mitochondrial biogenesis (82). On the 

contrary, mitochondrial dysfunction is associated with most chronic diseases (81, 103). It 

is plausible, considering the link between mitochondrial content and VO2max that 

mitochondrial content decreases or its dysfunction may play a role in the decline of 

VO2max with aging.  

 

 

 

 

 

 

 

 

 

 

 

 

 
      
 
Figure 1.2 - Endurance exercise induced activation of 

mitochondrial biogenesis.  Note – this is a summary of the major 

steps involved. 
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Acute exercise produces a cascade of intracellular events including calcium 

release, reactive oxygen species (ROS) production and ATP turnover. The cellular 

response to these perturbations is to activate kinases (AMPK, CAMK2, p38/MAPK14) 

and phosphatases that signal downstream transcription factors (PGC1α, NRF1/2, TFAM, 

Sirt1) (Fig. 1.2). These transcription factors increase expression of genes that will 

ultimately lead to increases in mitochondrial biogenesis proteins as an adaptive response 

to exercise. PGC1α has been deemed a master regulator of mitochondrial biogenesis due 

to its varied roles in response to endurance exercise (80). Most notably, PGC1α binds and 

coactivates NRF1, NRF2 and TFAM (58). TFAM, or mitochondrial transcription factor 

A is the link between PGC1α and its ability for mitochondrial and nuclear genomic 

regulation of mitochondrial biogenesis. Additionally, PGC1α can be deacetylated by 

SIRT1, which allows PGC1α to coactivate the increased transcription of gluconeogenic 

genes (113).  

Pgc1α mRNA and protein are significantly elevated after a single bout of exercise 

(3, 11). PGC1α protein increases in response to a long-term training program in rats 

(139), thus proving that PGC1α is sufficient to induce mitochondrial biogenesis through 

its interaction with many kinases, transcription factors and proteins. Interestingly, 

evidence exists that argues PGC1α may not be obligatory for exercised-induced 

mitochondrial biogenesis. In Pgc1α knockout mice, compared to control mice, 

mitochondrial volume is lower in skeletal muscle and a reduced expression of Tfam and 

cytochrome c is observed (78). Furthermore, mice lacking Pgc1α display decreased 

exercise capacity and ADP-stimulated respiration (58). Taken together, it appears that 

PGC1α activity is important for mitochondrial biogenesis but not necessarily obligatory 
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(77). Conversely, skeletal muscle specific over expression of Pgc1α augments exercise 

performance, VO2peak, and mitochondrial markers (26).  

Calvo et al. demonstrated that upregulation of Pgc1α in skeletal muscle increased 

gene expression of mitochondrial pathways including oxidative phosphorylation, fatty 

acid oxidation, and ROS scavenging. Further, they showed increased mtDNA and 

enhanced citrate synthase activity. The authors concluded from their studies that animals 

with upregulation of Pgc1α may be better prepared to handle a metabolic challenge and 

suggest Pgc1α overexpression as a viable therapeutic strategy for the treatment of 

diabetic patients (26). 

It is clear that endurance exercise stimulates mitochondrial biogenesis (64). With 

an endurance exercise protocol that is greater than several weeks, VO2max will also be 

augmented. The association between mitochondrial biogenesis, its regulation and VO2max 

is an established one. However, the link that has not yet been studied is the role that 

mitochondrial biogenesis and its regulatory genes play in the decline of lifetime-apex 

VO2peak. Equally important to mitochondrial adaptations, but not described here are the 

phenomena of mitochondrial fusion, fission and mitophagy, all of which play a 

coordinated role with biogenesis in response to regular endurance exercise but are beyond 

the scope of this dissertation (2, 35, 161).  

My hypothesis being developed is that mitochondrial regulatory genes play a role 

in the decline of lifetime-apex VO2peak. Stated alternatively, that transcription of 

mitochondrial biogenesis-related genes decline is a causal mechanism for lifetime-apex 

VO2peak decline. Therefore, I speculate that through exercise, or a drug, that increases 

Pgc1α, or other markers of mitochondrial biogenesis, it is likely that lifetime-apex 
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VO2peak can be modulated and the initial decline can be delayed to an older chronological 

age. Next, AMP-activated protein kinase (AMPK) will be presented as a central player in 

the exercise-related adaptations of mitochondria and VO2peak. 

 

 

AMPK and its role in muscle metabolism 
 

 AMP-activated protein kinase (AMPK) is a cellular energy and nutrient sensor 

that has been conserved evolutionarily and is ubiquitously expressed in most eukaryotes. 

It appears as heterotrimeric complexes comprising catalytic α subunits and regulatory β 

and γ subunits (46). AMPK responds to the ratio of AMP:ATP in a cell. When a cell 

becomes energy depleted, ATP levels decline while AMP levels rise. AMP can bind 

directly to AMPK, causing a conformational change that promotes subsequent 

phosphorylation and also protects it from dephosphorylation (159). Alternatively, the 

serine/threonine kinase LKB1 can phosphorylate the threonine 172 residue in the 

activation loop of AMPK, thus activating it (49, 127, 158). The kinase activity of the α 

subunit increases >100-fold after phosphorylation (50). The end result of AMPK 

activation is a net cellular response to produce more energy, and turn on genes that will 

promote energy production programs via mitochondrial biogenesis, for example 

activation of PGC1α, modulates SIRT1 and ultimately turns on “endurance” genes. At 

the same time, AMPK can inhibit cellular growth when nutrients are low through the 

suppression of mTORC1 (90). Under such conditions, the cell is essentially turning off 

all anabolic processes and promoting catabolic events in an attempt to increase 

availability of energy.  
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 Beyond its important role in energy homeostasis, AMPK has been studied for its 

ability to extend lifespan and increase endurance. In a 2014 Cell Metabolism review, 

AMPK is described as pro-longevity and data supports that it promotes healthy aging. 

Activating or overexpression of AMPK orthologs in Caenorhabditis elegans, Drosophila, 

and worms increased lifespan (1, 6). Several pharmacological agents are known to 

activate AMPK and produce the downstream effects. Resveratrol, AICAR, and the 

commonly prescribed diabetic drug Metformin have all been shown to act as AMPK-

agonists (47, 51). Of particular interest to exercise, aerobic capacity, and my dissertation 

is AICAR. 

 In a 2008 Cell paper by Evan’s group, sedentary rats were administered AICAR 

for 5-weeks and endurance was tested after the treatment. The authors concluded that the 

successful activation of AMPK using AICAR was able to increase endurance by 45% 

(99). Furthermore, gene expression analysis of skeletal muscle revealed 32 oxidative 

metabolism genes that were upregulated after AICAR treatment. From the findings of 

this paper, they suggest 4 reasons why AMPK is central to the genetic adaptation to 

exercise: 1) AMPK is a metabolic sensor and detects low ATP levels (95, 107), 2) 

AMPKs long term effects are modulated by gene expression regulation, 3) AMPK 

translocates to the nucleus during exercise, where it can interact with transcription factors 

(86), and 4) AMPK-knockout mice exhibit decreased voluntary exercise (95, 141).  

 Given the important links between exercise, VO2max, healthspan and AMPK, I 

hypothesized that activation of AMPK using AICAR would be able to increase VO2peak 

and delay the chronological age of the initial decline in lifetime-apex VO2peak.    
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The overall hypotheses for my dissertation are as follows:  

 

 

 Chronic voluntary wheel running will increase lifetime-apex VO2peak and also 

delay the initial decline for it to an older chronological age. 

 

 

 Pharmacological activation of AMPK will increase lifetime-apex VO2peak and also 

delay the initial decline for it to an older chronological age. 

 

 

 Skeletal muscle factors associated with metabolism, mitochondrial biogenesis, 

and angiogenesis will be decreased corresponding with the initial decline in 

lifetime-apex VO2peak. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1.3 – Summary of approaches and overall experimental design 

employed to determine skeletal muscles contribution to VO2peak decline with 

aging.  
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Chapter 2: Failure of Chronic Voluntary Running to Delay the Decline in Lifetime-

Apex VO2peak 
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ABSTRACT 

 There has never been an outcome measure for human health more important than 

VO2peak (peak aerobic capacity), yet nothing is known regarding its decline with aging. 

VO2peak is a strong predictor of morbidity and mortality. The highest lifetime point for 

VO2peak (lifetime-apex VO2peak) occurs during the third decade of life and begins 

declining after. In the current experiment, I examined the ability of chronic voluntary 

wheel running in rats to delay the chronological age at which the initial decline of 

lifetime-apex VO2peak begins. The experiment consisted of female rats with (RUN) and 

without (NO RUN) running wheels that underwent frequent VO2peak tests beginning at 

10-weeks of age and continuing until 27-weeks of age. RUN averaged 99 km and 27 

hours per week of run distance and time, respectively. The lifetime-peak for run distance 

(139 km/wk) and time (35 hour/wk) occurred during the 10th week of age in RUN. 

Lifetime apex-VO2peak occurred at 19 weeks of age in both RUN and NO RUN, 

decreasing thereafter. On average, VO2peak measured across the 17-week experimental 

timeline was ~25% higher in RUN. Two phases of life were examined, pre- (17 to 19-

weeks of age) and post lifetime-apex VO2peak (19 to 27-weeks of age) and skeletal muscle 

was examined for citrate synthase activity and protein analysis. These data indicate that 

rat wheel-running increases VO2peak 25% and is not sufficient to delay the chronological 

age of the initial decline in lifetime-apex VO2peak. Additionally, skeletal muscle 

mitochondrial markers increased with wheel running but did not correlate with the 

decline in lifetime-apex VO2peak. 
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INTRODUCTION 

Aging is associated with diminished physical activity levels (121, 153), lower 

aerobic power/VO2peak/cardiorespiratory fitness (8-10, 24, 33, 42, 43, 70, 85, 87, 110, 

151), and increased chronic diseases (20). Chronic diseases, in turn, lower the quality of 

life, increase healthcare costs, and cause increased mortality (19, 140). The above 

associations can further be extended as it is well documented that endurance-trained 

humans have higher VO2peak than the sedentary at any given age, with both trained and 

sedentary having declines in VO2peak with aging (104, 114, 146, 153).  

Further, genetic inheritance (142), endurance training status, or both may 

influence the difference in VO2peak between trained and non-trained individuals (25). An 

example of the importance of maintained daily physical activity preserving VO2peak is the 

Dallas bed rest study. Originally published in 1968, 5 healthy subjects underwent 

extensive physiological testing at baseline, after 3 weeks of bed rest and again after 8 

weeks of intensive dynamic exercise training. Fast forward 30 years and the same 5 

subjects returned to the lab and underwent the same physiological testing. The authors 

concluded that 3 weeks of continuous bed rest by healthy 20-yr-old men caused a greater 

decline in VO2peak than 30 years of free-living from 20 to 50 years of age (87). Moreover, 

the authors concluded that the primary reason for the observed decline in VO2peak was 

attributable to peripheral oxygen extraction rather than central cardiovascular factors, 

stating “there was no decline in maximal cardiac function despite 3 decades of aging, 

with the decline in HRmax balanced by an increase in SVmax.” Together, the factors of 

physical activity levels, aging, chronic diseases, and genes likely have complex 

interdependencies in determining and regulating lifetime apex-VO2peak.  
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Human data infer the chronological age for the highest lifetime VO2peak (termed 

herein, “lifetime apex VO2peak”) is in the third decade of life (104, 114, 146). My primary 

hypothesis then is that by adding sufficient physical activity to increase lifetime-apex 

VO2peak early enough in life would postpone the chronological age for the initial decline 

of lifetime-apex VO2peak to an older age. The translational value would be that a later 

chronological age for the initial decline in lifetime-apex VO2peak would likely postpone 

chronic diseases, and thus, extend not only lifespan, but also more importantly, health 

span. To my knowledge, no data exists regarding: a) the organ system, and b) the 

molecular mechanisms governing the chronological age for the initial decline of lifetime-

apex VO2peak and its modulation or lack thereof by increased physical activity.  

A single animal study was found that partially addresses our interest in lifetime-

apex VO2peak. Rats underwent treadmill training and did not alter their lifetime-apex 

VO2peak (102). However, the treadmill study had some limitations, 1) VO2peak only 

increased 8% between the trained and control animals, so it could be contended that the 

volume of activity was not sufficient to increase VO2peak, therefore not altering when 

lifetime-apex VO2peak declines, 2) weekly exercise was limited to only 5 hours; and 3) no 

discussion of lifetime-apex VO2peak was made in reference to their data. In the current 

study, I hypothesized that chronic voluntary wheel running would increase VO2peak and 

also delay the chronological age of the initial decline in lifetime-apex VO2peak. 

Furthermore, I hypothesized that mitochondrial factors in skeletal muscle would play a 

role in the decline of lifetime-apex VO2peak with wheel running.  
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METHODS 

Animal Use and Care 

All animal procedures outlined below were approved by the University of 

Missouri’s Animal Care and Use Committee. Rats included in all experiments were 

acquired from our selectively bred colony maintained at the University of Missouri and 

described elsewhere (109). High voluntary rats (HVR, n = 40) were chosen due to their 

willingness to perform repeated (up to 11 times) peak oxygen uptake (VO2peak) testing 

over a 17-week duration. Females were used because they run higher distances and match 

non-voluntary runner’s body weight better than males (37, 102). Rats for all experiments 

were chosen randomly in equal numbers from six litters bred specifically for these 

experiments. 

 

Voluntary wheel running 

Rats were divided equally into two groups, a wheel group (RUN) and a non-wheel 

group (NO RUN). The RUN group was introduced to running wheels at 5-weeks of age 

and had free access for the duration of the study. Nightly running distances were recorded 

using Sigma Sport BC 800 bicycle computers (Sigma Sport USA LLC, IL, USA). The 

NO RUN rats were group housed in standard cages starting at 5-weeks and for the 

entirety of the experiment. The first VO2peak measurements began at 10-weeks of age and 

were repeated at 12, 14, 16, 18, 19, 20, 21, 22, 24, and 26-weeks in both groups. 
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VO2peak testing and determination of lifetime-apex VO2peak 

Beginning at 8-weeks of age, all rats were familiarized to a belt-driven treadmill, 

in order to teach the rat how to properly maintain running at the front of the treadmill. As 

the purpose of the experiment was to compare VO2peak tests between groups, all rats had 

to be taught to perform VO2peak tests. Each rat walked at 15 m/min for five minutes, three 

times per week for two weeks, until 10-weeks of age when the first VO2peak test was 

administered. Rats were VO2peak tested using the Metabolic Modular Treadmill 

(Columbus Instruments, Columbus, OH USA). Before each testing session, Oxymax 

software (Columbus Instruments, Columbus, OH, USA) and treadmill were calibrated 

according to the manufacturer instructions. Briefly, rats were put into the treadmill 

chamber and a tight seal was ensured before all gas recordings began. Each rat was 

allowed 5 minutes to acclimatize and capture baseline gas readings. Starting treadmill 

speed was set at 15 m/min for three minutes. Note that incline was kept constant at 5 

degrees for all tests. Next, a gradual increase in treadmill speed of 5 m/min every two 

minutes occurred until the rat failed to maintain position on the treadmill, at which point 

the test was concluded and the VO2peak was pronounced. Test termination was determined 

by either: the rat sitting on the shock grid (3 Hz and 1.5 mA) at the back of the treadmill 

for greater than five seconds, or the rat repeatedly going on and off the shock grid five 

consecutive times. It has been previously documented in untrained rats that, within the 

same animal, results from maximal oxygen tests whereby a plateau is not observed agree 

closely with those in which a true max or plateau in oxygen consumption is achieved (15, 

28). It was decided pre-hoc that three time points be selected for sacrifice and tissue 

collection for elucidation of molecular mechanisms (see Fig. 2.3), two lifetime pre-apex 
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VO2peak points, 17 and 19 weeks of age and one lifetime post-apex VO2peak at 27 weeks of 

age. Note that within RUN and NO RUN, rats were randomly assigned to 17, 19, and 27-

week time points before the experiment started. At the respective time points, rats were 

asphyxiated using CO2 between 1400 and 1800 hours three days after their last VO2peak 

test. Skeletal muscle was flash frozen in liquid N2 and stored at -80° C for later analysis. 

 

Justification for selection of skeletal muscle  

The yet-to-be established rate-limiting organ system responsible for a single 

VO2peak test is likely to play a sizable role in setting the lifetime-apex VO2peak; and could 

also contribute to its subsequent decline with aging. Therefore, due to the complex 

interactions of the organ systems regulating VO2peak, and the controversy over the 

limiting organ to a single VO2peak, I focused on a single tissue type – skeletal muscle – for 

the following reasons: skeletal muscle: 1) is the largest organ system, 2) mitochondria are 

the last stop for O2 in the convective cascade to facilitate oxidative phosphorylation 

during exercise, 3) mass decreases with aging, 4) performs physical exercise and uses the 

most O2 during exercise, and 5) peroxisome proliferator-activated receptor gamma, 

coactivator 1 alpha (Pgc1) overexpression increases mitochondrial content which is 

associated with increased VO2peak in rodents. The lateral head of the triceps muscle was 

selected for all measurements due to its involvement with wheel running and expected 

exercise adaptations. Further, this muscle is primarily type II fast glycolytic in nature.  
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Western blotting 

Briefly, 45-50 mg of previously frozen muscles were bead homogenized using 

RIPA buffer (50 mM Tris-HCL (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 1% SDS, 1X protease/phosphatase inhibitor cocktail) that employed a 

Tissuelyser (Qiagen, The Netherlands) at 20 Hz for 1 min. The homogenate was rotated 

for 30 min at 4° C, centrifuged at 12,000 g for 10 min, and the resultant supernatant was 

obtained for Western blotting. Protein concentrations were determined using the BCA 

assay (Pierce Biotechnology, Rockford, IL, USA) and 20 μg of protein in loading buffer 

was loaded onto 10% SDS-PAGE gels. Next, proteins were transferred to nitrocellulose 

membranes and all blots were incubated with Ponceau S (Sigma, St Louis, MO, USA) to 

validate equal loading across samples and lanes. Primary antibodies (Santa Cruz 

Biotechnology, Inc., USA) were rabbit polyclonal PGC-1α (H-300) at 1:1000, SIRT1 (H-

300) at 1:1000, and Anti-Rt/Ms Total OxPhos Complex Kit was used at 1:10,000 (Novex, 

Life Technologies, USA). All the above antibodies that had been diluted in Tris-buffered 

saline + Tween-20 with 5% nonfat dry milk were applied to membrane overnight at 4°C. 

The following day, horseradish peroxidase-conjugated secondary antibody (1:1000; Cell 

Signaling Technology, Inc., Danvers, MA, USA) was applied for 1 h at room 

temperature, and ECL substrate (Pierce Biotechnology) was then applied for 5 min prior 

to exposure. Band densitometry was performed using Kodak 4000R Imager and 

Molecular Imagery Software (Kodak Molecular Imaging Systems, New Haven, CT, 

USA) 
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Citrate synthase activity 

Citrate synthase was used as a determinant of mitochondrial content (41). Briefly, 

skeletal muscle homogenates were incubated in the presence of oxaloacetate, acetyl-CoA, 

and DTNB. Detection of DTNB using spectrophotometry at a wavelength of 412 nm was 

utilized as an index of enzyme activity.  

 

Statistical analysis 

 All analytical procedures were performed using Microsoft Excel v2011 

(Microsoft Corp., Redmond, Washington) and SAS v9 (SAS Institute Inc., Cary, NC, 

USA). The decline for lifetime-apex VO2peak was determined using the Dunnett method to 

adjust for multiple comparisons. A Student’s t-test was used to determine if statistical 

significance (alpha level < 0.05) was present for body and muscle weights, body fat 

percentages, and qRT-PCR data.  

 

RESULTS 

Animal characteristics 

Physical activity is known to be important for the maintenance of a healthy 

weight. The starting body weights of all rats were the same (Table 2.1). The ending body 

weights of the 17RUN, 19RUN and 27RUN groups were not different. Access to a voluntary 

running wheel was sufficient to keep the RUN-rats weight the same from 17 to 27 weeks 

of age. The only significant difference in the NO RUN group was that 27NORUN rats were 

significantly heavier than 17NORUN rats (p<0.05).  
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Table 2.1 Animal characteristics at time of sacrifice. Rat numbers for both RUN and NO 

RUN were: 17-week n = 4, 19-week n = 5, and 27-week n = 8. 

* indicates difference between 27NORUN and 17NORUN 

# indicates differences between 27NORUN and 27RUN  

§ indicates significant difference between 19RUN  

 indicates significant difference between 19NORUN. 

 
 17RUN 17NO RUN 19RUN 19NO RUN 27RUN 27NO RUN 

Starting body weight, g 143 ± 4.9 140 ± 4.6 143 ± 5.6 147 ± 1.6 154 ± 4.9 141 ± 6.6 

Ending body weight, g 274 ± 

11.4 

274 ± 12.5 291 ± 10.2 319 ± 13.9 293. ± 11.6 331 ± 6.4*# 

Percent body fat, % ND ND 13.3 ± 1.1 21.1 ± 2.8 11.6 ± 1.4 18.9 ± 2.2 

Lean body mass (g) 243 ± 8.5 234 ± 15.4 240 ± 6.3 242 ± 12.4 257 ± 4.6 262 ± 7.7 

Tricep, mg 251 ± 31 264 ± 29 238 ± 25 253 ± 39 284 ± 21 289 ± 19 

Gastrocnemius, g 1.57 ± 

0.05 

1.61 ± 

0.08 

1.53 ± 0.04 1.58 ± 0.04 1.61 ± 0.06 1.67 ± 0.04 

Soleus, mg 173 ± 

12.8 

153 ± 8.0 182 ± 15 166 ± 7.7 184 ± 5.7 172 ± 7.3 

VO2peak (l/min) ND ND 0.026 ± 

0.001 

0.023 ± 

0.005 

 0.019 ± 

0.0008§ 

 0.019 ± 

0.0005 

VO2peak (ml/kg/min) ND ND 91 ± 2.5 70 ± 1.9 71 ± 3.1§ 57 ± 1.0 

VO2peak (ml/kg 

LBM/min) 

ND ND 108 ± 2.6 93 ± 3.6 76.2 ± 3.4§ 73.5 ± 2.0 

VO2peak (ml/kg-0.75/min) ND ND 65.7 ± 2.23 53.5 ± 2.5 50.1 ± 

2.02§ 

44 ± 0.94 

 

 

 

 

* indicates significance (p < 0.05) from 17RUN 

# indicates significance (p < 0.05) from 17NO RUN 

(ND = not determined) 
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VO2peak testing began at 10-weeks of age and continued for all three age groups 

until 17, 19, and 26 weeks of age. Interestingly, voluntary wheel running from 5 to 10 

weeks of age in RUN increased VO2peak measured at 10-weeks by ~22% compared to NO 

RUN, and maintained an average of 25% higher VO2peak across all subsequent 

measurements (Fig 2.1). Contrary to my hypothesis that the initial decline from lifetime-

apex VO2peak would be delayed, the chronological age when it initially declined occurred 

at 19-weeks of age in both RUN and NO RUN, showing it to be independent of voluntary 

 
Figure 2.1 - VO2peak through the early life course of rats. Significance was 

determined from the baseline value recorded at 10-weeks of age for each group. 

Significant drop from baseline occurred at 19 weeks of age in both groups. Different 

letters indicate significant differences (p < 0.05) in VO2peak between points. The 

arrows indicate the three times of animal/tissue collection, which occurred at 17 

(n=4), 19 (n=5), and 27 (n=8) weeks of age in but RUN and NO RUN groups. 

Animals numbers for VO2peak testing for both RUN and NO RUN between 10 and 

17 weeks, 19 weeks, and 20 to 26 weeks were n = 20, n =16, and n = 11, 

respectively. 
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wheel running. This occurred in both groups, VO2peak declining in parallel from 20-weeks 

until 22-weeks of age, with the absolute difference between RUN and NO RUN 

remaining approximately the same from 20 to 26 weeks of age. Importantly, the lifetime 

apexes for voluntary running distances and VO2peak were disassociated in age, happening 

at 10 and 19 weeks, respectively, in RUN.  

Voluntary wheel running for RUN began at five weeks of age and continued for 

the duration of the study. The lifetime-peak for run distance (139 ± 11.5 km/wk) and time 

(35 ± 1.5 hrs/wk) occurred during the 10th week of age in RUN (Fig 2.2). At 14 weeks of 

age the fall became significant, and then tended to level off beginning at 22 weeks of age. 

RUN averaged 99 ± 12 km per week and run time average of 27 ± 2 hrs per week for the 

duration of the study.  

 

 
Figure 2.2 Voluntary running data for the RUN group. Wheel running began at 5 

weeks of age. Value on y-axis signifies kilometers and hours ran during that week. 

Statistical analysis was performed comparing all points to the highest point, occurring 

at 10 weeks of age denoted by #. Significance was determined with a p-value < 0.05. 
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Due to the mitochondria, and more specifically, oxidative phosphorylation being 

at the end of O2 cascade, citrate synthase activity and oxidative phosphorylation complex 

proteins were examined as indices of mitochondrial content with the decline in lifetime-

apex VO2peak. I hypothesized that the forelimb lateral head of the tricep muscle would 

show a greater mitochondrial adaptation to wheel running than hind limb muscles (112). 

Our rationale was the lateral head of the tricep muscle had greater energy utilization as its 

contraction pulls the running wheel to rotate. Triceps citrate synthase activity showed a 

wheel-running effect, being ~282%, 304%, 368% higher in RUN at 17-, 19-, and 27-

week time points compared with NO RUN (Fig. 2.4a), while the soleus showed no 

exercise effect (Fig. 2.4b). In contrast, no significant aging-associated decrease occurred 

 
Figure 2.3 – Proposed approach for molecular mechanisms governing decline in 

lifetime-apex VO2peak. Pre-apex (17- to 19-weeks) will serve as potential causal 

mechanisms, whereas post-apex (19- to 27-weeks) time points can offer insight into 

mechanisms that may be contributing to the continued decline. NOTE – VO2 lines 

are drawn for purposes of explanation and are not real data.   
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in citrate synthase activity for either RUN or NO RUN, which disassociates it from the 

decline in lifetime-apex VO2peak.  

 

 

Additionally, mitochondrial oxidative phosphorylation complex proteins were 

assayed to test the hypothesis if their levels were decreasing with age, thus partially 

explaining the decrease in lifetime-apex VO2peak. Interestingly, complex I showed 258%, 

307%, and 367% (Fig 2.5a), complex II showed 199%, 256%, 220% (Fig 2.5b), and 

complex III showed 503%, 456%, 551% (Fig 2.5c) increased expression in the RUN 

group at all three ages, respectively, compared to NO RUN. Complex V did not show an 

age or wheel running effect (Fig 2.5d). No age-associated decline was observed with any 

complexes.  

 
Figure 2.4. Citrate synthase activity in the triceps and soleus muscles. Asterisk 

indicates significance (p < 0.05) between groups under horizontal bar. No age  

differences were noted. 
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Two key mitochondrial biogenesis-related proteins were assessed for their role in 

the decline of lifetime-apex VO2peak. PGC1α and SIRT1 proteins both were significantly 

higher in RUN compared to NO RUN at all three time points, but did not show a time 

course or aging effect (Fig 2.6).  

 
 

Figure 2.5. Oxidative phosphorylation protein complexes in the triceps muscle. 

A. complex I – NADH dehydrogenase, B. complex II – cytochrome b-c, C. 

complex III – cytochrome bc complex, D. complex V – ATP-synthase, E. Photo 

of western blot. Asterisk indicates significance (p < 0.05) between groups under 

horizontal bar. No age differences were noted.  
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Figure 2.6 - Mitochondrial biogenesis proteins in the triceps muscle. A. PGC1α protein 

expression in the tricep muscle. B. SIRT1 protein expression in the tricep muscle. 

Asterisk indicates significance (p < 0.05) between groups under horizontal bar. No age 

differences were noted.  
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DISCUSSION 

In the current experiment, I tested the primary hypothesis that voluntary wheel 

running would delay the initial decline in lifetime-apex VO2peak to an older chronological 

age in rats. Unexpectedly, I did not confirm my hypothesis and observed that the initial 

decline in lifetime-apex VO2peak began at the same chronological age of 19 weeks in both 

RUN and NO RUN. Citrate synthase activity and protein analysis were performed on 

skeletal muscle and comparisons were made between the pre and post lifetime-apex 

VO2peak to better understand if canonical molecular exercise responses are responsible for 

our first mentioned findings.  

The discussion will be divided into three parts: 1) Voluntary running’s inability 

to delay the chronological age at which the first significant drop in VO2peak from lifetime-

apex occurred and novel observations on the shape of the VO2peak curve from 10-27 

weeks of age, 2) Voluntary running’s ability to maintain VO2peak above sedentary levels 

by a similar percentage (~25%) throughout the study, and 3) skeletal muscle molecular 

markers associated with the decline in lifetime-apex VO2peak.  

Part 1: Voluntary running’s inability to modulate lifetime-apex VO2peak and novel 

observations on the shape of VO2peak from 10-27 weeks of age 

No delay in the chronological age for the initial decline of lifetime-apex VO2peak 

was observed when rats had access to voluntarily running wheels for the previous 13 

weeks, refuting our primary hypothesis. Further, the age fixation for the initial decline 

from lifetime-apex VO2peak occurred even in the presence of a 25% increase in VO2peak 

that had been maintained during the previous 9 weeks. It is unlikely, in the RUN group, 

that the decline in voluntary wheel running distance was an initiating factor for the 
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decline in lifetime-apex VO2peak due to 9 weeks difference between the initial decline in 

voluntary wheel running distance at 10 weeks of age (Fig 2.2) and the later initial decline 

in lifetime-apex VO2peak at 19 weeks of age. Taken together, one interpretation is that the 

mechanism triggering the initial decline in VO2peak is independent of the 25% higher 

values induced by running nor a drop in wheel running distance. My interpretation is that 

my findings are suggestive of a ‘pre-destined’ or ‘aging-dependent’ initial decline on 

lifetime-apex VO2peak that occurs independent of the environmental factor of wheel 

running.  

Part 2: Voluntary running ability to maintain VO2peak above sedentary levels by a 

similar percentage (~25%) throughout the study. 

To describe the various phases of life from 5 to 29 weeks of age, part 2 is 

presented as 3 phases of life (5-19 weeks; 19 weeks; and 19-27 weeks of age).  

Phase 1 (5-19 weeks of age) Little information is available for pre-pubertal 

VO2peak in any species. The importance of maintaining a high VO2peak throughout the life 

course is illustrated by its ability to predict morbidity and mortality (18, 20, 74). A study 

in Danish adolescent girls showed that over a 3-year period from 16-19 years, VO2peak 

declined (5). Due to VO2peak’s establishment in the early life, our data suggests, that in 

rats, VO2peak had already reached its peak by no later than 10 weeks of age. Therefore, 

any environmental influences (exercise) needed to further optimize VO2peak must to be 

present early (before 10 weeks of age, which is the age of the onset of puberty in rats) in 

order to set lifetime-apex VO2peak as high as possible, before its decline. 

I was surprised to observe the relatively flat VO2peak for 9 weeks (ages 10-19 

weeks of age), encompassing puberty and post-puberty. Published human data on lifetime 
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VO2peak shows it already declining during the third decade of life, suggestive of a sharp 

apex followed by a sharp decline. Longitudinal data is too sparse on the same subjects in 

the second decade of life to provide insight. Due to convention of the terms VO2max and 

VO2peak, it is commonly assumed that the ‘event’ for the lifetime-apex (inflection point)-

VO2peak is a sharp point, with an immediate decline. Interestingly, our data and limited 

other human data suggest that VO2peak is flat for weeks (in rodents) and potentially 

years/decades (in humans), respectively, before its eventual initial decline is observed. 

Taken together, the lifetime-apex VO2peak could be a prolonged event that begins earlier 

in life than implied previously as the third decade of human life. This leads to the 

question of the chronological age at which it first declines, described next in phase 2. 

Phase 2 (19 weeks of age) The VO2peak values at the inflection point for its initial 

decline in RUN (~90 ml/kg/min) are closely representative of VO2peak values in highly 

trained humans (~80 ml/kg/min), and previously published rat values (15, 54, 156). There 

are no human data that show definitive VO2peak values before the decline and our rat data 

shows the pre-apex values, making it novel. Further, due to the 25% increase in lifetime-

apex VO2peak in the RUN group, I observed the expected exercise effect in regards to 

VO2peak trainability shown in many rodent studies (31, 162). Previous human studies have 

shown that with varying degrees of endurance training, VO2peak increases ranged from 4 – 

23 % (21, 44, 69, 131), which demonstrates similar percentage changes in humans and 

my rats. In summary, my rat lifetime-apex VO2peak data is similar to previous 

observations.  

Phase 3 (19-27 weeks of age) The shape of the decay (post-apex) of rat VO2peak 

uniquely recapitulates that found for humans. VO2peak in human adolescent girls declines 
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at or around the onset of puberty (5). Despite vastly different lifespans in rodents and 

humans - the shapes of my lifetime-apex VO2peak curve are strikingly similar to other 

previously observed in both rodents and humans.  

Importantly, within my experiment, the decline in RUN and NO RUN curves 

were similar in shape, albeit the RUN curve is ~25% higher than the NO RUN.  In one of 

the few longitudinal studies examining VO2peak in the same human subjects over a two-

decade period, Trappe et al. (146) showed in formerly world class runners that VO2peak 

decline was less (~5-7% per decade) than age-matched fit and untrained runners (~15% 

per decade). Most notably, two highly trained subjects that maintained the same volume 

of training over the 22-yr study, showed no decrease in VO2peak (146). My data is 

discordant with this because the RUN group experienced the decrease in voluntary wheel 

running weeks prior to the initial decline in lifetime-apex VO2peak. Taken together, I posit 

that the connection between decreasing physical activity and declining lifetime-apex 

VO2peak is not held within my rodent model.  

Part 3: Skeletal muscle molecular markers associated with lifetime-apex VO2peak 

decline 

 I hypothesized that mitochondrial factors would be associated with the lifetime-

apex VO2peak observed. More specifically, that several mitochondrial factors would 

decline prior to, or in parallel with, the decline in lifetime-apex VO2peak, thus providing 

partial explanation for the role skeletal muscle in the initial decline. Considering that 

endurance training augments mitochondrial factors associated with positive health 

outcomes, while conversely, aging and detraining lead to changes associated with 

mitochondrial dysfunction (128, 152) and negative health outcomes – I hypothesized a 
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further link between the initial decline in VO2peak and mitochondrial factors depending on 

exercise training status. Interestingly, there were no associations between citrate synthase 

activities, protein levels of PGC1α, SIRT1, nor any of the mitochondrial oxidative 

phosphorylation complex proteins and lifetime-apex VO2peak in my data. It is probable 

that skeletal muscle mitochondrial factors may not contribute to the initial decline in 

lifetime-apex VO2peak in my model. Further, the exercise protocol and duration is likely to 

influence the molecular response from skeletal muscle as well as VO2peak. Various 

protocols of endurance exercise are known to induce varying degrees of skeletal muscle, 

and more specifically, mitochondrial adaptations. For example, high intensity interval 

training (HIIT) has been shown to favor high citrate synthase, mitochondrial gene 

expression and mitochondrial biogenesis in skeletal muscle (105, 106, 126). In a recently 

published study, supervised moderate-endurance training for 6-weeks increased VO2peak 

in humans, the authors concluded that haematological parameters instead of skeletal 

muscle factors were responsible for the increased VO2peak. Multiple skeletal muscle 

factors did increase including capillary-to-fiber ratio and total mitochondrial density but 

OXPHOS did not. I speculate that the relatively low intensity, intermittent wheel running 

performed by the rats in this study may be insufficient to affect skeletal muscle’s ability 

to modulate the chronological age when lifetime-apex VO2peak first drops. To my 

knowledge, this is the first study examining the initial decline in lifetime-apex VO2peak 

and skeletal muscle contributing role. 
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Limitations 

My results are limited to the subjects of my experiment – female Wistar rats. 

However, I know of no previous comparable results in any species, as to my knowledge, 

this is the first time that the experiment has been published. My VO2 tests were peak 

measurements and not maximal, but as described in a prior section, the differences 

between VO2peak and VO2max are minor, and are not clinically meaningful. I was not able 

to attain VO2peak measurements prior to 10-weeks of age. 
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ABSTRACT 

 There has never been an outcome measure for human health more important than 

VO2peak, yet we know nothing about the molecular triggers for its drop with aging. Peak 

aerobic capacity (VO2peak) is a strong predictor of morbidity and mortality. Lifetime-apex 

VO2peak starts to decline beginning in the 3rd decade of human life. As a follow up to 

voluntary wheel running, I next wanted to test the ability of 5-weeks of AICAR 

administration to delay the chronological age at which the initial decline of lifetime-apex 

VO2peak begins. I used the AMPK-agonist AICAR, beginning at 17-weeks of age, 2-

weeks before the lifetime-apex VO2peak occurring at 19-weeks. Two groups of female 

rats, AICAR (0.5 mg/g daily) and vehicle (VEH, saline) were used. AICAR rats received 

daily injections for 5 weeks until 22-weeks of age. Compared to VEH group, AICAR rats 

showed significantly higher body weights, muscle weights, heart weights and lower % 

body fat. Additionally, AICAR was able to delay the chronological age for the initial 

decline by one-week, from 19-weeks to 20-weeks of age, but was lowered to VEH levels 

at 22-weeks of age. In contrast to voluntary wheel running, these data indicate that 

AICAR is capable of delaying the chronological age of the initial decline in lifetime-apex 

VO2peak, but was unable to increase VO2peak. These data support a novel finding 

considering pharmacological interventions to prevent or delay aspects of aging, such as 

VO2peak, are becoming more important due to humans living longer.   
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INTRODUCTION 

Considering that chronological aging cannot be halted, methods that aim to deter 

biological aging are being explored. Biological aging is considered the sequential 

switching on and off of certain genes, with senescence being defined as the time when 

age-associated deficits are manifested (67). Specifically, genes and molecular targets with 

known pharmacologic activators that control key biological processes such as 

mitochondrial function and metabolic homeostasis have emerged over the past decade. 

An emerging molecular target is the cellular energy sensing protein, AMPK. When 

AMPK becomes activated by phosphorylation of the α2-catalytic subunit during low 

cellular energy conditions, it activates PGC1α. Through activation of PGC1α and 

alterations of NAD+/NADH ratios, a cellular recipe for catabolic processes ensues in 

order to restore cellular ATP levels (108). One common method to activate AMPK in any 

tissue is with the AMP analogue 5-Aminoimidazole-4-carboxamine ribonucleoside 

(AICAR) (22, 101, 124).  

AICAR was first studied for its role in reducing myocardial ischemic injury (96). 

The idea behind it was based on a phenomenon called preconditioning, which can be 

described as a brief period of coronary artery occlusion followed by reperfusion prior to 

prolonged ischemia. AICAR has been shown to precondition the heart through its ability 

to increase GLUT-4 transporter translocation to the cell membrane (120). It wasn’t until 

Graham Hardie’s lab demonstrated that AICAR was a specific technique for activating 

AMPK (29) in skeletal muscle that it began to be studied for its metabolic effects. 

Until 1997, AICARs effects in skeletal muscle metabolism were largely 

unexplored. The Winder group demonstrated using hind limb perfusion in rodents that 
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AICAR increased skeletal muscle AMPK activation, which led to increases in: 

phosphorylation of the downstream target acetyl-CoA carboxylase (ACC), fatty acid 

oxidation, and glucose uptake (155). The authors concluded that these findings supported 

the connection between skeletal muscle contraction increasing the ability of muscle to 

meet energy needs through increased fatty acid oxidation and glucose uptake. Then in 

2000, Winder and coauthors extended their reports that chronic AMPK activation might 

mediate the effects of muscle contraction on some, but not all, biochemical adaptations of 

muscle to endurance exercise training (155).  

In a 2008 Cell paper, the Evans lab, in search of orally active compounds that 

mimic exercise, showed that chronic activation of AMPK using AICAR in non-exercised 

mice improved running endurance time by 45% (99). In addition, Evan’s group 

demonstrated that AICAR increased the expression of 32 genes linked to oxidative 

metabolism. Given that most people do not meet the U.S. physical activity guidelines 

(147), the identification by the Evan’s lab (99) of the orally active agent, AICAR, was a 

breakthrough in the search for molecules that mimic partial effects of exercise. To extend 

upon this, I wanted to utilize AICAR in order to study its ability to modulate or delay the 

initial decline in lifetime-apex VO2peak.   

Further, AMPK activation has been linked to aging, lifespan lengthening (23), and 

increasing health span in diabetics (84). Considering the important connection between 

lifetime-apex VO2peak and aging, and the aforementioned studies linking AMPK 

activation with enhanced endurance through skeletal muscle mediated mechanisms, I 

wanted to examine AICAR’s ability to increase VO2peak and delay the chronological age 

for the initial decline. Herein, I hypothesized that chronic AMPK activation by daily 
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subcutaneous injection of AICAR would postpone the chronological age at which the 

initial decline in lifetime-apex VO2peak begins. Furthermore, based on the evidence 

presented above, I hypothesized that AICAR will increase VO2peak, comparable to 

voluntary running from chapter 2. The translational value would be that a later 

chronological age for the initial decline of lifetime-apex VO2peak would likely postpone 

chronic diseases, and thus, extend not only lifespan, but also more importantly, 

healthspan. To my knowledge, no data exists regarding the chronological age for the 

lifetime-apex VO2peak and/or its modulation by pharmacological intervention. 

 

METHODS 

Animal Use and Care 

All animal procedures outlined below were approved by the University of 

Missouri’s Animal Care and Use Committee. Rats included in all experiments were 

acquired from our selectively bred colony maintained at the University of Missouri and 

described elsewhere (109). Female high voluntary running (HVR) rats were chosen for 

all experiments (n = 15). HVR rats were chosen due to their availability and willingness 

to perform repeated peak oxygen uptake (VO2peak) testing over a 12-week experimental 

timeline. Females were chosen because they run higher distances and match non-

voluntary runner’s body weight better than males (37, 102). Rats for all experiments were 

chosen equally from two litters bred specifically for these experiments. 
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AICAR administration 

Rats were divided into two groups, one group (AICAR, n = 8) received daily 

subcutaneous injections of AICAR suspended in saline (0.5 mg/g), and the other (VEH, n 

= 7) received only saline. All injections were performed between 0800 and 1000 daily. 

The first VO2peak measurements began at 10-weeks of age and were repeated at 12, 14, 

16, and 18-weeks of age. The AICAR group began receiving drug injections at 17-weeks 

of age. It was determined from experiment one that AICAR administration would begin 

2-weeks prior to the lifetime-apex VO2peak. Reasons for selection of times include cost of 

AICAR and unpublished pilot data that showed administration of AICAR for one-week 

was sufficient to increase AMPK phosphorylation and downstream target activation. 

Concurrent with injection, all rats underwent weekly VO2peak testing beginning at 18-

weeks of age until 22-weeks of age. During the 22nd week of life, rats were asphyxiated 

using CO2 between 1400 and 1800 hours three days after their last VO2peak test. Skeletal 

muscle was flash frozen in liquid N2 and stored at -80° C for later analysis. 

 

VO2peak testing 

Beginning at 8-weeks of age, all rats underwent acclimatization to a belt-driven 

treadmill, in order to teach the rat how to properly maintain running at the front of the 

treadmill. As the purpose of the experiment was to compare VO2peak test between groups, 

all rats had to be taught to perform VO2peak tests. Each rat walked at 15 m/min for five 

minutes, three times per week for two weeks, until 10-weeks of age when the first 

VO2peak test was administered. Rats were VO2peak tested using the Metabolic Modular 

Treadmill (Columbus Instruments, Columbus, OH USA). Briefly, rats were put into the 
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treadmill chamber and a tight seal was ensured before all gas recordings began. Each rat 

was allowed 5 minutes to acclimatize and capture baseline readings. Treadmill speed was 

set at 15 m/min for three minutes. Next, a gradual increase in treadmill speed of 5 m/min 

every two minutes occurred until the rat failed to maintain position on the treadmill, at 

which point the test was concluded and the VO2peak was pronounced. Test termination 

was determined by either: the rat sitting on the shock grid at the back of the treadmill for 

greater than five seconds, or the rat repeatedly going on and off the shocker grid five 

consecutive times. 

 

Western blotting 

Briefly, 45-50 mg of previously frozen muscles were bead homogenized using 

RIPA buffer (50 mM Tris-HCL (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 1% SDS, 1X protease/phosphatase inhibitor cocktail) that employed a 

Tissuelyser (Qiagen, The Netherlands) at 20 Hz for 1 min. The homogenate was rotated 

for 30 min at 4° C, centrifuged at 12,000 g for 10 min, and the resultant supernatant was 

obtained for Western blotting. Protein concentrations were determined using the BCA 

assay (Pierce Biotechnology, Rockford, IL, USA) and 20 μg of protein in loading buffer 

was loaded onto 10% SDS-PAGE gels. Next, proteins were transferred to nitrocellulose 

membranes and all blots were incubated with Ponceau S (Sigma, St Louis, MO, USA) to 

validate equal loading across samples and lanes. Primary antibodies (Santa Cruz 

Biotechnology, Inc., USA) were rabbit polyclonal AMPKα1/2 (H-300) at 1:1000, rabbit 

polyclonal phospo-AMPKα1/2 (Thr 172) at 1:1000, rabbit polyclonal PGC-1α (H-300) at 

1:1000, phospo-ACC at 1:1000, and Anti-Rt/Ms Total OxPhos Complex Kit was used at 
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1:10,000 (Novex, Life Technologies, USA). All the above antibodies that had been 

diluted in Tris-buffered saline + Tween-20 with 5% nonfat dry milk were applied to 

membrane overnight at 4°C. The following day, horseradish peroxidase-conjugated 

secondary antibody (1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA) was 

applied for 1 h at room temperature, and ECL substrate (Pierce Biotechnology) was then 

applied for 5 minutes prior to exposure. Band densitometry was performed using Kodak 

4000R Imager and Molecular Imagery Software (Kodak Molecular Imaging Systems, 

New Haven, CT, USA) 

 

qRT-PCR 

 For quantitative real-time polymerase chain reaction, 5 μg of RNA was reverse 

transcribed to cNDA using a kit per manufacturer instructions (Applied Biosystems, 

Carlsbad, CA). Gene specific primers were constructed using PrimerExpress3.0 software 

(Applied Biosystems) (Table 3.1). The master mix (nuclease-free water, gene-specific 

forward and reverse primers, and Fast SYBR Green) and 100 ng of cDNA were assayed 

in duplicate for the target genes shown in Table 3.1. mRNA expression values were 

quantified using the 2ΔΔCt  method, whereby ΔCt = 18S Ct – gene of interest Ct, and then 

normalized to VEH group values for the respective gene.  
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Statistical analysis 

 All data are presented as means ± SEM. All analytical procedures were performed 

using Microsoft Excel v2011 (Microsoft Corp., Redmond, Washington) and SAS v9 

(SAS Institute Inc., Cary, NC, USA). The decline for lifetime-apex VO2peak was 

determined using the Dunnett method to adjust for multiple comparisons. A Student’s t-

test was used to determine is statistical significance (alpha level < 0.05) was present for 

body and muscle weights, body fat percentages, and qRT-PCR data.  

 

RESULTS 

Animal characteristics 

There was no significant difference in body weights at the start of this experiment. 

At the time of sacrifice at 22-weeks of age, rats receiving AICAR for 5 weeks had 

significantly larger body weights, lateral head of the tricep, gastrocnemius, soleus, heart 

and smaller percent body fat compared to the VEH group (p < 0.05, Table 3.2). 

 

 Primer Sequence (5’  3’) 

Gene Forward Reverse 

Pgc1α GCCGCTAGAGGTGAAATTCTTG CATTCTTGGCAAATGCTTTCG 

Ampk CTCGCCCAATTATGCTGCAC GGCCTGCGTACAATCTTCCT 

Sirt1 TTGTGAAGCTGTTCGTGGAGA CTGGCTTCATGATGGCAAGTG 

Sirt3 ACATGTGGCTGATTTCGCCT AGTCGGGGCACTGATTTCTG 

p38mapk TCATGGCTGAGCTGTTGACC CCCCGTCAGACGCATTATCT 

Hk1 AGGGGGATTTCATTGCCCTG TCTTCTCGTGGTTCACCTGC 

Tbc1d4 TCGGGTTTGTTTCCCAGAGAG GAACCTTCTTTTGCATGACGCC 

 
Table 3.1 - Forward and reverse primer sequences for quantitative real-time PCR 
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Remarkably, the change in body fat percentage during the five weeks of AICAR or VEH 

was a 5.8% and 1.0% decrease, respectively.  

 

 

 

 

 

 

 

 

 

 
 VEH AICAR % difference 

17wk body weight, g 282.0 ± 7.9 284.6 ± 7.4  

22wk body weight, g 294.7 ± 6.7 323.6 ± 6.3* 9.8 

Δ 17-22wk bw, g 12.7 39  

17wk body fat, % 17.0 ± 1.7 17.1 ± 1.6  

22wk body fat, % 16.0 ± 1.4 11.3 ± 1.3* 41.5 

Δ 17-22wk bf, % 1.0 5.8  

Tricep, mg 230 ± 0.8 277 ± 0.14* 20.4 

Gastrocnemius, g 1.55 ± 0.03 1.77 ± 0.07* 14.2 

Soleus, mg 151 ± 0.3 170 ± 0.6* 12.6 

Heart, g 0.89 ± 0.02 1.1 ± 0.03* 23.6 

 

bw = body weight, bf = body fat 

* Indicates significance (p < 0.05) from VEH group.  

 
Table 3.2 - Animal characteristics after 5-weeks of AICAR 
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AICAR administration beginning at 17-weeks of age delayed the decline in 

lifetime-apex VO2peak by 1-week, showing the initial decline beginning at 20 weeks 

instead of 19-weeks (Figure 3.1). The VEH group VO2peak values and decline match the 

NO RUN group from experiment one, confirming that the vehicle did not affect VO2peak.  

 

In order to prove that AICAR had the desired effect on AMPK activation, western 

blots were performed assessing levels of phosphorylated AMPK and ACC. I validated 

using immunoblots that pAMPK and pACC are statistically elevated in the AICAR group 

compared to the VEH group (p < 0.05, Fig. 3.2). 

 
 

Figure 3.1 - VO2peak curves with AICAR administration starting at 17-weeks. 

Significance for the decline in lifetime-apex VO2peak was determined from the 

baseline value recorded at 10-weeks of age for each group. * indicates a 

significant decline for the VEH group. # indicates a significant decline for the 

AICAR group. Week 10 values were selected as baseline and all values were used 

to observe the % difference from baseline.   
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 qRT-PCR was performed to assess mRNA levels of known metabolic and 

mitochondrial biogenesis genes. It is known that physical activity increases mitochondrial 

biogenesis gene expression; therefore if AICAR ‘mimics’ some effects of exercise, I 

wanted to assess the levels of important metabolic and mitochondrial genes. The mRNA 

levels of several mitochondrial and metabolic genes are shown in Figure 3.3.  

 
 
Figure 3.2 – Western blot validation of AICAR’s ability to activate AMPK. A) 

pAMPK, B) pACC. Both targets are significantly elevated (p < 0.05) in AICAR rats 

compared to VEH rats.  

 
Figure 3.3 - Transcript levels of mitochondrial and metabolic genes after 5-weeks 

of AICAR. Significance is indicated by * (p < 0.05). 
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At the mRNA level, Pgc1α, Sirt1, and p38 were not different between VEH and AICAR. 

Ampk, Sirt3, and Tbc1d4 mRNA were significantly decreased in AICAR muscle (p < 

0.05). Hk1 was the only transcript assayed that was elevated after 5-weeks of AICAR 

treatment (p < 0.05).  

 

In an attempt to provide a mechanism whereby AICAR delayed lifetime-apex 

VO2peak by one-week, I developed the hypothesis that a potential mechanism for the 

AICAR-induced shift in the initial decline of lifetime-apex VO2peak was due to increased 

mitochondrial biogenesis coordinated by increased PGC1α, considered by many as a 

master regulator of mitochondrial biogenesis. Therefore PGC1α protein was assayed to 

examine weather AICAR increased its levels. It has been previously shown that 14-days 

of AICAR treatment increased PGC1α protein levels in skeletal muscle, specifically in 

white skeletal muscle, which is composed of > 90% type IIB fibers (65). It appears that 

although PGC1α trended to increase, it was a non-significant trend (p = 0.10).  

 

 

            
 

Figure 3.4 – PGC1α protein levels in tricep muscle after 5-weeks of AICAR. A 

non-significant trend is noted for the 1.7-fold increase in AICAR compared to VEH.   
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 Next, I wanted to assess the protein levels of the mitochondrial oxidative 

phosphorylation complexes. This would provide a further understanding if the delayed 

lifetime-apex VO2peak is indeed via mitochondrial adaptations induced by AICAR. Figure 

3.5 indicates that there are significant increases in complexes II and V (p < 0.05) and 

non-significant trends for complexes I (p = 0.07) and IV (p = 0.10) in AICAR rats 

compared to VEH. Complex III was undetectable on my western blots (Figure 3.5). 

 

 

 

 

 
 

Figure 3.5 – Oxidative phosphorylation protein complexes in the tricep muscle after 

5-weeks of AICAR. A and C are non-significant trends for complexes I and IV. B 

and D are significant (p < 0.05). Note that 47kD complex III was undetectable on 

the blot. 
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DISCUSSION 

In the current experiment, the primary hypothesis tested was AICAR 

administration would increase VO2peak and more importantly, delay the chronological age 

for the initial decline in lifetime-apex VO2peak in rats. AICAR was able to delay the 

decline by one week, but did not increase VO2peak compared to the VEH group. VO2peak is 

achieved by the integrated effort of multiple organ systems, including neural, pulmonary, 

cardiovascular, skeletal muscle, and others during a single VO2peak test using a ramp-up 

protocol (135). The system that is rate-limiting to a single VO2peak test remains 

unresolved (135). However, the rate-limiting system can change in an individual 

depending upon age, disease, and/or altitude. For example, in a 30-year follow up to the 

Dallas Bed Rest Study, the authors concluded that impaired efficiency of maximal O2 

extraction at the level of the skeletal muscle was responsible for the observed decline in 

cardiovascular capacity (87, 88). Therefore, I wanted to test AICAR’s ability, through 

skeletal muscle mediated mechanisms, to delay the initial decline in lifetime-apex 

VO2peak. 

AMPK increases skeletal muscle mitochondrial biogenesis transcription factors 

and genes (117, 138, 155); therefore the ability of AICAR to delay the decline in 

lifetime-apex VO2peak by one week is not surprising. Interestingly, AICAR did not 

increase VO2peak compared to VEH rat, as I observed with the RUN group in experiment 

one of this dissertation. Based upon the paper of Narkar et al. (99), I expected AICAR to 

increase the absolute value of lifetime-apex VO2peak. They had reported, “even in 

sedentary mice, 4 weeks of AICAR treatment alone induced metabolic genes and 

enhanced running endurance (distance) by 44%” (99). Such increases in endurance 



 
 

57 

running distance could be expected to increase VO2peak. The title of the Cell paper stated 

that AICAR was an “exercise mimetic” (99). Further, they also reported that over a 12-hr 

period their non-exercised mice, “increased oxygen consumption without changing body 

weight” relative to vehicle. Thus, I was surprised that sedentary rats treated with AICAR 

for 5 weeks failed to increase their VO2peak. In addition, it doesn’t appear from my 

VO2peak data that AICAR was able to ‘mimic’ exercise from my data.   

The energy sensor, AMPK, is a crucial regulator of energy metabolism, at both 

the cellular and whole-body levels (122). AMPK also controls integrated signaling 

networks, which have been found to have major roles in the regulation of the aging 

process (For review see (122)).  Some of the specific signaling networks integrated with 

aging include: CRTC-1/CREB signaling, SIRT1 signaling, FoxO axis, p53 pathways, 

NF-κB signaling, Nrf2/SKN-1 signaling, and mTOR/ULK1 regulation (122). Two 

common functional characteristics produced from some of the aforementioned networks 

are efficient autophagic clearance and increased stress resistance (122). They state that 

both features can improve the healthspan and in that way also extend the lifespan. It is 

unknown if any of the aforementioned AMPK actions signal lifetime-apex of VO2peak to 

decline. However, considering chronic AMPK-activation in my study was able to delay 

the initial decline of lifetime-apex VO2peak, it is plausible that one or many of the 

aforementioned signaling pathways are implicated in this outcome of delayed drop in 

lifetime-apex VO2peak. Future studies should evaluate connections between aging, 

lifetime-apex VO2peak decline and the aforementioned signaling pathways. 

Unexpectedly, I observed an increase in body weight and muscle mass after 5-

weeks of AICAR. This was surprising considering that AMPK activation is known to 
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attenuate muscle hypertrophy signaling via mTOR inhibition (27, 149). Moreover, 

AICAR-induced AMPK activation negatively regulates myotube hypertrophy through the 

modification of heat shock proteins (38). The decrease in percent body fat in AICAR 

animals is not surprising considering that AMPK activation leads to an increase in fatty-

acid oxidation via increased CPT1, among other factors, associated with fatty acid 

metabolism. The food intake in my experiment was not accounted for, leading to 

speculation that AICAR rats may have experienced increased appetite and therefore 

increased food intake. However, increased food intake would not account for the decrease 

in percent body fat in AICAR rats even with the increase in overall body weight. Further, 

a previous study documented no food intake differences between AICAR given for 4-

weeks and control animals (155). 

Overall, I speculate that AICAR-mediated skeletal muscle mitochondrial effects 

may play a role in the observed one-week delay of the decline of lifetime-apex VO2peak. 

Future experiments should aim to elucidate additional signaling mechanisms and provide 

a deeper molecular understanding at the level of the skeletal muscle of AICAR’s effect 

on lifetime-apex VO2peak. Additionally, the off target effects of AICAR should also be 

examined to assess if it is able to enhance any other organ system(s) ability to modulate 

lifetime-apex VO2peak. 

 

Limitations 

My study only included female rats. It is possible that the response to AICAR 

would be different in male rats. However, I know of no previous comparable results in 

any species, as to my knowledge, this is the first time that the experiment has been 
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published. Due to the expense of AICAR, I had to limit both my animal numbers as well 

as the number of time points that I was able to take. Future experiments should extend the 

time course of AICAR administration with the hypothesis of observing a more robust 

effect on the delay. Additionally, one major limitation is the focus of skeletal muscle 

only. I did not assess the heart or brains of these animals to investigate off-target effects 

of the AICAR. 
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ABSTRACT 

Lifetime-apex VO2peak decline with aging is inevitable and begins to occur during 

the third decade of life in humans. To date, no study has examined any implicated organ 

system(s) and furthermore, the molecular mechanisms involved with the initial decline 

(pre-apex) and also the continued decline (post-apex) of lifetime VO2peak. The following 

experiment consisted of transcriptomic analysis (RNA-seq) of the lateral head of the 

tricep muscle from rats in Chapter 1 experiments. Two groups of rats were used; the 

RUN group had access to voluntary running wheels, while NO RUN did not. VO2peak 

testing began at 10-weeks of age and continued bi-weekly for the duration of the study. 

RNA-seq revealed mRNA differences in RUN vs. NO RUN, suggesting differing skeletal 

muscle gene regulation immediately prior to lifetime-apex VO2peak decline and continuing 

post-apex. I tested the principle hypothesis that mRNAs related to muscle metabolism, 

mitochondrial biogenesis and angiogenesis would be decreased pre-apex and thus causal 

for the decline. The hypothesis was not confirmed and instead pre-apex gene pathway 

changes included: chemokine signaling, thrombin signaling, and protein kinase A 

signaling. Further, post-apex (19 to 27-week) top regulated pathways were EIF2 

signaling, PTEN signaling, and PI3K signaling. The top regulated network for both pre-

apex and post-apex was cellular assembly and organization. The angiogenic factor 

Angiomotin (Amot) was discovered to be downregulated post-apex and its expression 

correlated strongly with the decline in lifetime-apex VO2peak from 19 to 27-weeks. 

Overall, transcriptomic analysis of skeletal muscle offers potential novel target genes and 

molecules that play a role in: 1) the causation of the decline beginning at 19-weeks of 
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age, and 2) potential genes and mechanisms contributing to the initiation of decline in 

lifetime-apex VO2peak. 

 

INTRODUCTION 

VO2peak is achieved by the integrated effort of multiple organ systems, including 

neural, pulmonary, cardiovascular, skeletal muscle, and others during a single VO2peak 

test using a ramp-up protocol (135). The system that is limiting to VO2peak remains 

unresolved (135), however, the rate-limiting system can change in an individual 

depending upon age, disease, and/or altitude. In a 30-year follow up to the Dallas Bed 

Rest Study, the authors concluded that impaired efficiency of maximal O2 extraction was 

responsible for the observed decline in cardiovascular capacity with aging from 20-50 

years old (87).  

The yet-to-be established rate-limiting organ system responsible for a single 

VO2peak test is likely to play a sizable role in setting the lifetime-apex VO2peak and also 

determining the subsequent decline with aging. Therefore, due to the complex 

interactions of these organ systems regulating VO2peak, our limited resources and interests 

led us to arbitrarily focus on only one of the potential limiting organ systems. I thus 

focused on a single tissue type – skeletal muscle – for the following reasons: skeletal 

muscle is: 1) the largest organ system, 2) mitochondria are the last stop for O2 in the 

convective cascade to facilitate oxidative phosphorylation during exercise, 3) mass 

decreases with aging, 4) uses most O2 during exercise, and 5) Peroxisome proliferator-

activated receptor gamma, coactivator 1 alpha (PGC1) overexpression increases 
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mitochondrial content and increases VO2peak in rodents. Further, adding skeletal muscle 

mass by adding arm exercise to leg exercise increases VO2peak.  

Next-generation RNA-sequencing (RNA-seq) is a powerful tool capable of 

providing a better understanding of complex transcriptomes. Unlike older methods 

(microarray, SAGE, and CAGE) that produce high background and have other technical 

limitations (150), RNA-seq is highly reproducible, detects low abundance mRNAs, and is 

capable of generating millions of reads per sample (83, 89). In addition, RNA-seq is an 

unbiased approach that is invaluable in understanding and elucidating novel and 

unexpected mechanisms. 

In search for peripheral mechanisms that may influence the decline in VO2peak 

from its apex, I performed RNA-sequencing (RNA-seq) on the lateral head of the tricep 

muscle from animals in experiment one. This was done to test the hypothesis that 

mRNAs related to muscle metabolism, mitochondrial biogenesis and angiogenesis would 

be decreased and thus associated with the initial decline. Further, I expected to discover 

multiple novel and important transcriptional changes both pre- and post-apex that may 

prove important in the determination of the decline in lifetime-apex VO2peak and also 

provide potential targets to pursue with future experiments. 

 

 

METHODS 

Animal Use and Care 

All animal procedures outlined below were approved by the University of 

Missouri’s Animal Care and Use Committee. Rats included in all experiments were 

acquired from our selectively bred colony maintained at the University of Missouri and 
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described elsewhere (109). Female high voluntary running (HVR) rats were chosen for 

all experiments (n = 35). HVR rats were chosen due to their availability and willingness 

to perform repeated peak oxygen uptake (VO2peak) testing over a 17-week duration. 

Females were chosen because they run higher distances and match non-voluntary 

runner’s body weight better than males (37, 102) Rats for all experiments were chosen 

equally from six litters bred specifically for these experiments. 

 

Voluntary wheel running 

Rats were divided equally into two groups, a wheel group (RUN) and a non-wheel 

group (NO RUN). The RUN group was introduced to running wheels at 5-weeks of age 

and had free access for the duration of the study. Nightly running distances were recorded 

using Sigma Sport BC 800 bicycle computers (Sigma Sport USA LLC, IL, USA). The 

NO RUN rats were group housed in standard cages starting at 5-weeks and for the 

entirety of the experiment.  

 

VO2peak testing and determination of lifetime-apex VO2peak 

Beginning at 8-weeks of age, all rats underwent acclimatization to a belt-driven 

treadmill, in order to teach the rat how to properly maintain running at the front of the 

treadmill. As the purpose of the experiment was to compare VO2peak tests between 

groups, all rats had to be taught to perform VO2peak tests. Each rat walked at 15 m/min for 

five minutes, three times per week for two weeks, until 10-weeks of age when the first 

VO2peak test was administered. Rats were VO2peak tested using the Metabolic Modular 

Treadmill (Columbus Instruments, Columbus, OH USA). Briefly, rats were put into the 
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treadmill chamber and a tight seal was ensured before all gas recordings began. Each rat 

was allowed 5 minutes to acclimatize and capture baseline readings. Treadmill speed was 

set at 15 m/min for three minutes. Next, a gradual increase in treadmill speed of 5 m/min 

every two minutes occurred until the rat failed to maintain position on the treadmill, at 

which point the test was concluded and the VO2peak was pronounced. Test termination 

was determined by either: the rat sitting on the shocker at the back of the treadmill for 

greater than five seconds, or the rat repeatedly going on and off the shocker five 

consecutive times. For experiment one, it was decided pre-hoc that three time points be 

selected for sacrifice and tissue collection, two lifetime pre-apex VO2peak points, 17 and 

19 weeks of age and one lifetime post-apex VO2peak at 27 weeks of age. Note that within 

RUN and NO RUN, rats were randomly assigned to 17, 19, and 27-week time points 

before the experiment started. At the respective time points, rats were asphyxiated using 

CO2 between 1400 and 1800 hours three days after their last VO2peak test. Skeletal muscle 

was flash frozen in liquid N2 and stored at -80° C for later analysis. 

 

RNA sequencing 

RNA-seq procedures were completed by the University of Missouri DNA Core 

facility as previously described (109, 145). Briefly, RNA was isolated using the Trizol 

method followed up by using Qiagen RNeasy (Qiagen, Germantown, MD) clean-up 

methods and the resultant concentration was determined using Nanodrop 1000 (Thermo 

Scientific, Waltham, MA). RNA integrity was confirmed using the BioAnalyzer 2100 

automated electrophoresis system (Bio-Rad, Hercules, CA) preceding cDNA library 

construction. RNA-seq read results were obtained from the DNA Core, and NextGene 
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Software was used to process all files through to the alignment to a custom mRNA 

reference library that had been modified and updated from the publically available rattus 

norvigecus NCBI library [method described elsewhere (109)]. All data manipulation and 

statistics were performed using Microsoft Excel v.2007. The following filters were 

implemented based on previous publications (52, 91, 109, 133, 145, 164); unique mRNA 

sequences had to have had: counts per million reads (CPM) minus 2-standard deviations 

> 0, reads per kilobase per million reads (RPKM) > 1, fold-change value of > ± 1.2-fold 

for any comparison, and a false discovery rate (FDR) < 0.05 (Fig 4.1). All transcripts that 

met filtering criteria were input into the bioinformatics software Ingenuity Pathway 

Analysis (IPA, Qiagen USA) to elucidate gene networks and/or biological functions 

within the filtered transcripts. Additionally, I searched for all transcripts that coded for 

transcription factors in the filtered data. Correlation coefficients were calculated between 

RPKM values and VO2peak values for each animal. The following five comparisons were 

made in order to address my hypotheses: 17- to 19-week RUN and NO RUN (#1 and #2), 

19- to 27-week RUN and NO RUN (#3 and #4), and 19-week RUN to 19-week NO RUN 

(#5). The purpose of comparisons #1 and #2 were to understand changes pre-apex, #3 and 

#4 were to understand post-apex changes and #5 was to elucidate if an exercise effect 

was present.  

 

qRT-PCR 

 For quantitative real-time polymerase chain reaction, 5 μg of RNA was reverse 

transcribed to cNDA using a kit per manufacturer instructions (Applied Biosystems, 

Carlsbad, CA). Gene specific primers were constructed using PrimerExpress3.0 software 
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(Applied Biosystems) (Table 4.1). The master mix (nuclease-free water, gene-specific 

forward and reverse primers, and Fast SYBR Green) and 100 ng of cDNA were assayed 

in duplicate for the target genes shown in Table 4.1. mRNA expression values were 

quantified using the 2ΔΔCt  method, whereby ΔCt = 18S Ct – gene of interest Ct, and then 

normalized to VEH group values for the respective gene.  

 

 

 

RESULTS 

Bioinformatic analysis using Ingenuity Pathway Analysis software allowed for 

novel transcriptomic interactions and trends as lifetime-apex VO2peak reached peak and 

the subsequent decline. The purpose of RNA-seq on skeletal muscle was to understand 

how skeletal muscle, with out without running, at the level of gene regulation, may be 

controlling the initial decline of lifetime-apex VO2peak. Table 4.2 shows that the average 

percent alignment of sequencing reads was > 90% in all groups. 

 

 Primer Sequence (5’  3’) 

Gene Forward Reverse 

Maz GGCATCTTCATAGCACCCGA GAGCAAGGGGCCCTACATTT 

Xpo7 ATGAATGGAGCAAAATGGCG CCTGCAGTCGAGTGGTTGTAT 

Mecp2 ACTCTTGAACACTCTTGAACACG ACACCTCTGGGGAACACTTTG 

 
TABLE 4.1 - Forward and reverse primer sequences for quantitative real-time PCR 
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Group 

 

Avg. reads 

 

Avg. matched reads 

% 

matched 

    

17RUN 45,601,166 42,006,603 92% 

17NO RUN 47,602,143 43,602,143 91% 

19RUN 48,192,287 44,120,532 92% 

19NO RUN 40,135,983 36,065,507 90% 

27RUN 44,470,465 40,645,570 91% 

27NO RUN 46,468,932 41,671,363 90% 

 
TABLE 4.2 - RNA sequencing read information. 17RUN and 17NORUN, n = 4; 

19RUN and 19NORUN, n = 5; 27RUN, n = 8; 27NORUN, n = 7 

 
FIGURE 4.1 – Filtering process for RNA-sequencing comparisons.17RUN, 

17NORUN, 19RUN, 19NORUN, 27RUN and 27NORUN skeletal muscle comparisons and the 

total # of trancripts that met all filters are indicated. 
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The IPA generated Top Canonical Pathways for the shared transcripts between 17 

and 19-weeks of age are as follows (Fig 4.2). The top canonical pathways inclusive of 

both RUN and NO RUN from 17 to 19-weeks were: chemokine signaling (5 mRNAs, 3 

upregulated (Calm1, Ppp1r12a, Ppp1r12b) and 2 downregulated (Camk2g, Cfl1), and 

thrombin signaling (7 mRNAs, 4 upregulated (Arhgef12, Itpr1, Ppp1r12a, Ppp1r12b) and 

3 downregulated (Camk2g, Elk1, Prkce). The functions of the top network for the shared 

transcripts were: 1) cellular assembly and organization, 2) DNA replication, 

recombination, and repair, 3) cell death and survival. The mRNAs included in this 

network were Bmi1, Cox5a, Dlat, Drosha, Eid1, Eif4g3, Ercc5, H2afx, Hcn2, Hipk2, 

Lrp4, Mecp2, Mgmt, Mpdz, Mre11a, Myo1c, Nufip2, Pdlim5, Ppm1a, Prkce, Pten, 

Rbfox2, Xpo7, Ybx2. 

 

 

 

 

 

 

 

 

 

 

 

 

              
FIGURE 4.2 - Top pre-apex regulated pathways from IPA analysis for RNA-

seq of tricep muscle (17 to 19 weeks of age). For both RUN and NO RUN 

group, mRNAs that met all filters and had ± 1.2-fold change from 17 to 19 

weeks of age were input into IPA for pathway analysis. 367 mRNAs were 

unique to RUN, 1587 mRNAs were unique to NO RUN, and 168 common to 

both groups were input into IPA for pathway analysis. Parentheses indicate 

number and direction of mRNAs in each pathway. 
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The IPA generated Top Canonical Pathways for the shared transcripts between 19 

and 27-weeks of age are as follows (Fig 4.3). The top canonical pathways inclusive of 

both RUN and NO RUN from 19 to 27-weeks were: eIF2 signaling (11 mRNAs 

upregulated (Eif1, Eif4g3, Gsk3b, Pdpk1, Rpl13, Rpl17, Rpl27, Rpl30, Rpl31, Rpl35, 

Rps17), and PTEN signaling (6 mRNAs, 5 upregulated (Pten, Synj1, Pdpk1, Gsk3b, 

Rac1) and 1 downregulated (Bmpr2)). The functions of the top network for the shared 

transcripts were: 1) cellular assembly and organization, 2) cell morphology, and 3) cell-

to-cell signaling and interaction. The mRNAs included in this network were Aif1, Akap6, 

Akip1, Amot, Cacna2d1, Clip1, Dmd, Dtna, Dync1li2, Dyrk1a, Glul, Gpam, Kif2ia, 

Mafg, Mib1, Myo5a, Pafah1b1, Rab10, Rassf8, Sh3pxd2a, Sorbs1, Synj1, Ttl.  

           
FIGURE 4.3 - Top post-apex regulated pathways from IPA analysis for RNA-seq 

of tricep muscle (19 to 27 weeks of age). For both RUN and NO RUN group, 

mRNAs that met all filters and had ± 1.2-fold change from 19 to 27 weeks of age 

were input into IPA for pathway analysis. 877 mRNAs were unique to RUN, 261 

mRNAs were unique to NO RUN, and 187 common to both groups were input 

into IPA for pathway analysis. Parentheses indicate number and direction of 

mRNAs in each pathway. 
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An alternative analysis looking at the total number of transcripts altered in RUN, 

NO RUN and shared between the two (RUN and NORUN) was carried out for pre-apex 

(17 to 19-weeks) and post apex (19 to 27-weeks) (Fig 4.4). Pre-apex RUN, NO RUN, and 

shared numbers of differentially regulated transcripts were 367, 1587, and 168, 

respectively. Post-apex RUN, NO RUN, and shared numbers of differentially regulated 

transcripts were 877, 261 and 187, respectively. 

 

Mitochondrial biogenesis and metabolism related transcripts were hypothesized to 

decline with the decline in lifetime-apex VO2peak. The following genes known to play a 

large role in mitochondrial biogenesis were examined from my data set (Table 4.3): 

Ppargc1α, Pparγ, Pparα, Pparδ, Sirt1, Sirt, Nrf1, p38mapk, Prkaa1, Prkaa2. Only 

Ppargc1α and Pparα were significantly altered in RUN between 19 and 27 weeks of age. 

 
FIGURE 4.4 - Number of mRNA changes between 17 to 19 weeks and 19 to 27 

weeks of age. The white, black, hashed bars indicate the RUN group, NO RUN group, 

and SHARED between both RUN and NO RUN, respectively. The specific numbers 

of transcripts in each group are displayed above the bars. 
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There was no change in Pparδ, Sirt3, Nrf1, p38mapk, Prkaa1, Prkaa2. Additionally, Pparγ 

and Sirt1 were not detected in the RNA-seq data set.  

The angiogenic factor, angiomotin (Amot) mRNA level was correlated with 

VO2peak decline. Follow-up protein analysis was performed and this data is shown in 

Figure 4.5. AMOT protein trended to decrease with the decline in VO2peak.  

Select genes were chosen and validated with qRT-PCR (Fig 4.6). Maz was 

identified with RNA-seq to be downregulated in both RUN and NO RUN pre-apex. qRT-

PCR supports this with non-significant trends (p = 0.10 for RUN and p = 0.07 for 

NORUN). Xpo7 was upregulated pre-apex in both RUN and NO RUN. qRT-PCR shows 

a trend (p = 0.19) for NORUN for Xpo7. Lastly, Mecp2 was upregulated post-apex in 

RUN and NORUN and confirmed with qRT-PCR in RUN and NORUN (p = 0.01 and p = 

0.02, respectively) 
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FIGURE 4.5 - Angiomotin mRNA, protein expression and correlation to VO2peak 

post-apex. Panel A shows mRNA expression from RNA-seq analysis (* indicates 

significant drop from 19 to 27-wks in both RUN and NO RUN, p < 0.05). Panel B 

shows the ratio of Amot isoforms p80 to p130 (* indicates significance with p < 0.05 

and trends are indicated with respective p-values.) Panels C and D are correlation 

graphs for VO2peak and RPKM of Amot mRNA for RUN and NO RUN, respectively. 

 
FIGURE 4.6 - qRT-PCR validation of select transcripts from RNA-seq analysis. A. 

Maz and Xpo7 were determined to be differentially regulated pre-apex (17 to 19-

weeks), and B. Mecp2 was upregulated post-apex (19 to 27-weeks) in both RUN and 

NORUN groups. 
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In order to understand if canonical exercise induced genes and pathways were up 

regulated at the lifetime-apex VO2peak, 19RUN transcripts were compared to 19NORUN. The 

top 3 IPA-generated pathways inclusive of the upregulated and downregulated mRNAs, 

in RUN are shown in Table 4.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

76 

 

 



 
 

77 

 

 The top correlated transcripts to VO2peak decline occurring from 19- to 27-weeks 

of age are shown in Table 4.5. The top up- and downregulated transcripts for the pre-

apex time point of 17- to 19-weeks are shown in Table 4.6. The top up- and 

downregulated transcripts for the post-apex time points of 19- to 27-weeks are shown in 

Table 4.7. 
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DISCUSSION 

It is well established that aerobic fitness and mortality risk have a strong inverse 

relationship (12, 17, 18, 45, 75, 93, 97, 98). The abovementioned studies are 

epidemiological, cross-sectional studies that lack any physiological and/or molecular 

description. In an attempt to elucidate potential molecular targets for future therapies, one 

goal of my dissertation was to take the leap and provide a molecular understanding, using 

RNA-sequencing, of skeletal muscles role in the decline of lifetime-apex VO2peak. As 

discussed in chapter 2, chronic voluntary wheel running was unable to delay the 

chronological age for the initial decline in lifetime-apex VO2peak.  

My pre-hoc plan was to use transcriptomics to identify potential molecular targets 

to explain our primary hypothesis that voluntary running would shift to later the life event 

of an initial decline in the lifetime apex VO2peak. My rationale for this approach was that 

no substantial targets were available due to the novelty of our inquiry. The rejection of 

my hypothesis altered our question, but did not change the experimental strategy. A lack 

of known targets regulating the initial decline in lifetime-apex VO2peak remained due to 

the paucity of publications on this topic. I selected the strategy of global transcriptomics 

and bioinformatics to generate a future scientific basis for target analysis, rather than a 

shotgun approach of select targets based on undocumented educational guesses. 

Discussion of findings is based upon three phases of inquiry: 1) overall observations from 

RNA-sequencing analysis; 2) analysis of genes that are associated with my hypotheses, 

and 3) novel genes and pathways identified from Ingenuity Pathway Analysis software, 

and transcription factor search. 
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Considering the lifetime-apex VO2peak curves are near-mirror images of one-

another (i.e., lifetime-apex VO2peak declined at 19-weeks in both groups, albeit the RUN 

was ~25% higher than NO RUN), I did not expect to observe large differences pre- and 

post-apex in total number of transcripts differing between RUN and NO RUN. 

Unexpectedly, transcripts were not mirror images between RUN and NO RUN. Between 

17 and 19 weeks of age (pre-apex), 4-fold fewer differentially expressed transcripts 

occurred in RUN, compared to NO RUN. The inverse occurred post-apex (between 19 

and 27 weeks), the 3-fold more differentially expressed transcripts occurred in RUN, as 

compared to NO RUN.  

Taken together, I show that, at the mRNA level, voluntary running is modulating 

the transcriptomic profile differently than when sedentary. I speculate that due to skeletal 

muscle undergoing remodeling in the presence of voluntary wheel running, the turning on 

and off of genes would be expected to differ in muscle from NO RUN rats. 

Notwithstanding, I find this a remarkable observation considering that both groups 

declined at 19-weeks, yet drastic differences in gene expression pre- and post are 

occurring between groups – begging the question, why are the transcriptomes pre and 

post-apex for RUN and NORUN so different? I next looked to common transcripts 

shared between RUN and NO RUN both in pre-and post-apex.   

Delving deeper into oxygen’s arrival at skeletal muscle and eventual delivery to 

the mitochondrial electron transport chain (ETC) to produce ATP, I investigated genes 

with known functions ranging from blood supply (capillarity/angiogenesis), 

mitochondrial biogenesis, to oxidative phosphorylation. I hypothesized that transcripts 

for all three aforementioned categories would fall preceding/concurrent with the initial 
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decline in lifetime-apex VO2peak, and in some instances, remain downregulated post-apex 

from 19 to 27-weeks.  

In response to muscle contraction during exercise, cellular signals increase 

angiogenic factors and initiate capillary growth (56). I identified the angiogenic factor 

angiomotin (Amot) in both RUN and NO RUN declining post-apex and having a strong 

correlation (r = 0.72 and 0.76, respectively) with lifetime-apex VO2peak decline. This 

unexpected finding suggests that, at some level, angiogenesis is down post-apex, given 

that Amot is known to be an indicator of exercise-induced angiogenic activity in skeletal 

muscle (116). Angiomotin mRNA can be spliced, resulting in two isoforms of mature 

protein, p80 and p130. It has been suggested that the ratio of p80 to p130 is indicative of 

the enhanced angiogenic ability of skeletal muscle to respond to exercise training (116). 

Therefore, this suggests that skeletal muscles reduced capacity to initiate 

angiogenesis post-apex may contribute to the decline in VO2peak. On the other hand, 

vascular endothelial growth factor (Vegf) is a central player in the angiogenic response, 

and two other important factors, angiogenin (Ang), angiopoetin 1 (Angpt1) do not 

support the angiogenesis claim due to their not changing in my data. However, I 

speculate that it is possible that a sufficient drop in one angiogenic factor could be rate-

limiting to angiogenesis, thus contributing to the decline in lifetime-apex VO2peak.  

Looking deeper into oxygen’s arrival at skeletal muscle, markers of mitochondrial 

biogenesis were explored for their role in modulating lifetime-apex VO2peak. Pgc1α has 

emerged as a master regulator of mitochondrial biogenesis (40, 100), with overexpression 

in skeletal muscle causing increased mitochondria and VO2peak in rodents (26). 

Interestingly, inconsistencies between RUN and NO RUN suggest that Pgc1a is 
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associated, as hypothesized, with the decline of lifetime-apex VO2peak, but only in the 

RUN group. Pgc1α mRNA levels increased from 17 to 19-weeks in NO RUN, but 

showed a decrease from 19 to 27-weeks in the RUN group. Additionally, PGC1α protein 

levels showed a robust exercise effect, however, failed to correlate by dropping with the 

decline in lifetime-apex VO2peak in either group. The Ppar family of transcription factors 

work in concert with Pgc1α to coordinate mitochondrial biogenesis (148). In my 

experiment, running was not sufficient to keep Pparα transcript levels from dropping 

when comparing 19 to 27-weeks. This result is surprising considering that PPARα 

activators have been proposed as candidates for antiaging (39, 137) in addition to the well 

established ability of exercise to delay aging (19). 

Contrary to some literature that shows decrements in mitochondrial oxidative 

capacity with detraining (152) and aging (128), my data does not show the same trends. 

At the protein level, as shown in Chapter 2 – oxidative phosphorylation complexes 

showed a robust exercise effect but did not correlate with decreases in VO2peak. The 

aforementioned references refer to detraining and aging being 3-weeks of inactivity and 

multiple decades of aging, respectively. For example, Wibom et al (119) demonstrated 

that 6-weeks of supervised endurance training followed by 3-weeks of detraining in 

humans caused decreases in mitochondrial enzymes and decreased ATP production. A 

2005 PNAS study (128) demonstrated that age-related declines in mtDNA and reduced 

levels of mitochondrial gene transcripts and protein were closely related with declining 

capacity for mitochondrial ATP production in skeletal muscle. The same lab showed that 

mRNA abundance of three transcription factors, [PGC1α, NRF-1, and TFAM] which 

regulate mitochondrial biogenesis, did not change with aging (130). Notwithstanding, my 
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rats are aging and are experiencing some level of detraining, especially in the RUN 

group, I would speculate that the lack of ‘significant’ detraining or aging is responsible 

for the absence of mitochondrial oxidative capacity declines in my model.  

When analyzing the transcriptomics, I feel that the shared transcript changes in 

RUN and NO RUN from 17- to 19-weeks and 19- to 27-weeks are most important to 

discuss, given that the chronological age for lifetime-apex VO2peak decline was not 

changed with voluntary wheel running. Of the top-regulated transcripts shared between 

RUN and NO RUN pre-apex (17- to 19-weeks), some are worth discussing as they relate 

to muscles ability to affect the decline in lifetime-apex VO2peak. Top transcripts increasing 

expression from 17- to 19-weeks shared between RUN and NO RUN have broad 

functions pertaining to cytoskeletal integrity (Sgcd (92), Kif5a) and 

nuclear/transcriptional regulation (Atrx (62), Xpo7). Given that the rats were still 

undergoing some level of normal growth, it is not surprising these gene categories are 

enriched immediately prior to the pre-apex VO2peak decline. Transcripts that are 

downregulated in the weeks before the decline may prove more “causal” or “associative” 

to the beginning of the decline. Homeodomain interacting protein kinase 2 (Hipk2) and 

dystonin (Dst) are two shared transcripts that are downregulated from 17- to 19-weeks of 

age. Hipk2 is known to be associated with myoblast proliferation due to its ability to alter 

gene expression in the initial steps of myogenesis (32). Additionally, drastic Hipk2 

suppression in primary human satellite cells has been shown to induce the cyclin-

dependent kinase inhibitor p21, which promotes cell-cycle arrest (63). Dystonin has been 

briefly described in skeletal muscle whereby it plays a critical role in cross-linking of 

actin and desmin filaments and is important for establishing and maintaining proper 
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cytoarchitecture in mature muscle (30). Another possible explanation for mRNAs 

decreasing from 17 to 19-wks is that they may be decreasing from birth or some point 

after birth until 19-wks.  

Genes that are regulated post-apex (19- to 27-weeks) can offer insight into the 

continued maintenance for the decline in lifetime-apex VO2peak. For example, angiomotin 

was found to be downregulated post-apex, therefore it is speculative that some reduction 

of angiogenic potential is explaining the decline in lifetime-apex VO2peak observed 

beginning at 19-weeks and continuing until 22-weeks of age. Another interesting mRNA 

that was downregualted post-apex in both RUN and NORUN was Sox6. Sox6 is a 

transcriptional activator required for the normal development of multiple cell types, but 

most importantly, skeletal muscle cells. It has been explored for its role in regulation of 

fast-twitch muscle fiber differentiation in zebrafish (66) and mouse myotubes (4). It was 

documented using ChIP-seq that Sox6 protein binds to 1,066 different sites in the genome 

that orchestrates the development and phenotype of skeletal muscle (4). Furthermore, in 

the absence of Sox6, slow fiber-specific gene expression is upregulated, thus confirming 

its role as a transcriptional repressor in muscle development (4).  

Based on the abovementioned knowledge, I would lend speculation that the 

downregulation of Sox 6 mRNA in the skeletal muscle of both RUN and NORUN rats is 

contributing to the development of skeletal muscle phenotype as these animals age – thus, 

potentially contributing to the decline in lifetime-apex VO2peak. Interestingly, since 

lifetime-apex VO2peak reached its lowest point at 22-weeks and remained there until 27-

weeks – I had to assume that the changes observed at 27-weeks of age are representative 
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of what occurred at 22-weeks of age. The absence of a 22-week old group for 

comparisons of muscle transcript changes is a limitation to the current experiments.  

 Given that skeletal muscle growth and adaptation are dependent on the 

orchestration of many genes and their respective proteins, activators, coactivators, 

repressors, and transcription factors – I show a muscle specific TF may play a role in the 

initial decline of lifetime-apex VO2peak. Maz (Myc-associated zinc-finger protein) mRNA 

in the lateral head of the tricep muscle was downregulated 35% from 17 to 19 weeks of 

age. Maz appears to be implicated in a wide range of transcriptional roles within 

myocytes (55). Hauscha’s lab has concluded that a role for Maz in the development and 

maintenance of muscle phenotype, in part, is suggested by activation of key muscle 

transcription factors (55). Taken together, Maz and modulation of its downstream 

effectors may contribute to skeletal muscles role in the initial decline in lifetime-apex 

VO2peak. It is possible that transcripts like Maz and Sox6, that act as transcription factors 

may be playing a much broader role through their ability to influence and modulate the 

expression of countless other genes.  

Interestingly, when I performed a comparison between 19-week RUN and 

NORUN to observe the exercise mediated transcripts; the top three pathways confirm the 

expected exercise effect. One of those pathways was ‘oxidative phosphorylation’, 

inclusive of 73 mRNAs upregulated in the RUN group compared to NORUN. These 

included mRNAs that code for various protein subunits of the five oxidative 

phosphorylation complexes. Albeit mRNAs associated with cytochrome c and ATP-

synthase were present, over half of the 73 total mRNAs were specific to NADH 

dehydrogenase (complex I), suggesting that in my model, exercise is increasing 
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transcription of mRNAs coding for complex I at the lifetime-apex of VO2peak occurring at 

19-weeks. 

Limitations 

Limitations include RNA-sequencing only skeletal muscle. The lateral head of the 

tricep muscle is primarily a fast, type II fiber type muscle, therefore any conclusions 

made from these studies has to be made with that in consideration. Also – the lack of 

functional mitochondrial measurement and respiration limit my conclusions on the RNA-

sequencing data.  
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CHAPTER 5: Conclusions and Future Directions 

 

  

Overall, the major emphasis of my dissertation was two-fold: (1) testing the 

ability of two methods to delay the initial decline in lifetime-apex VO2peak in rats, and (2) 

testing the hypothesis that skeletal muscle is involved in the decline and develop a 

mechanistic and molecular understanding of skeletal muscle’s role in determining the 

initiation of the onset for the decline in lifetime-apex VO2peak. Emphasis one (Chapters 2 

and 3) utilized two methods, voluntary wheel running (Chapter 2) and the 

pharmacological agent, AICAR (Chapter 3) and examined their individual abilities to 

modulate or prevent the decline of VO2peak in rats. In both experiments, VO2peak 

measurements were obtained beginning at 10-weeks and continuing until 22-weeks 

(AICAR experiment) and 26-weeks of age (voluntary running). Emphasis two (Chapter 

4) used RNA-seq to uncover novel genes within skeletal muscle from Chapter 2 rats 

playing a role in the initial decline of lifetime-apex VO2peak.   

An important underlying point to all of my experiments is the introduction of the 

term “lifetime-apex VO2peak.” I use this term to describe peak oxygen consumption at its 

highest point in the lifetime of the rat. However, I acknowledge that I am only looking at 

a narrow window of the rat’s lifespan – 10-weeks at the time of the first test until 27-

weeks, at the time of sacrifice. A major limitation is my assumption that I have captured 

lifetime-apex VO2peak because I do not have VO2peak measurements from zero to ten 

weeks of age. Further, VO2peak was a flat line (plateau) from 10-weeks until 19-weeks 

when I observed the first decline in Chapter 1. The previous statement may be a 
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limitation, but it is also a novel finding of my experiments – going against the idea that 

VO2peak declines from a sharp inflection point, analogous to a mountain peak.  

 The conclusion from Chapter 2 was that voluntary wheel running was able to 

increase lifetime-apex VO2peak compared to control animals. I observed a ~25% increase 

in the VO2peak curve in the RUN group. The ability of physical activity via wheel running 

to increase VO2peak is not a novel finding but confirms literature sources (162), (31). 

However, the inability of wheel running to delay the initial decline in lifetime-apex 

VO2peak was both unexpected and novel. Considering that physical activity enhances and 

modulates numerous physiological systems, it was unexpected that it does not delay the 

initial decline of lifetime-apex VO2peak to an older age. Further, data from these animals 

shows that citrate synthase, PGC1α, SIRT1, OXPHOS proteins and muscle mass are not 

associated with the initial decline and thus not contributing as causal for the initial 

decline in lifetime-apex VO2peak. This is the first time physical activity has been tested for 

the ability to delay the initial decline in lifetime-apex VO2peak. 

 The conclusion from Chapter 3 is that 5-weeks of AICAR administration 

prevented the initial decline in lifetime-apex VO2peak by one week, but did not increase 

VO2peak. AICAR has been shown to increase ‘endurance’ (99) via increasing oxidative 

gene signatures and mitochondrial adaptations. To this end, I hypothesizd that AICAR 

would increase lifetime-apex VO2peak. My rationale was because AICAR activates 

AMPK, and thereby increases mitochondrial content and biogenesis. However, AICAR 

did not increase VO2peak (hypothesis not held), but was able to delay the initial decline by 

one-week, with lifetime-apex VO2peak decline beginning at 20-weeks and continued 

though 21-weeks (hypothesis held). I conclude that skeletal muscle-mediated 
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mitochondrial mechanisms downstream of AMPK are responsible for the delay of the 

initial decline for lifetime-apex VO2peak, but these were insufficient to increase VO2peak. 

Additionally, AICAR may be acting via mechanisms independent of skeletal muscle and 

possibly through increased motivation via neural mechanisms.  

 The conclusion from Chapter 4 is that skeletal muscles’ role in the attainment and 

subsequent decline is different than the hypothesized role. I hypothesized that genes 

related to muscle metabolism, mitochondrial biogenesis and angiogenesis would be 

decreased pre-apex and be causal or associative for the initial decline in lifetime-apex 

VO2peak. Metabolism and mitochondrial biogenesis genes did show some changes 

between conditions and time points, but the changes were inconsistent. Interestingly, pre-

apex genes in these categories were almost all uniformly upregulated, refuting my 

hypothesis that their decrease pre-apex is causal. Conversely, Pgc1α and Pparδ were both 

downregultaed post apex in the RUN group, but not in NORUN. The canonical genes 

associated with angiogenesis were not identified as playing a role in the decline of 

lifetime-apex VO2peak. Vascular endothelial growth factor (Vegf), angiogenin (Ang), 

angiopoetin 1 (Angpt1) all appear not to be important pre-apex or post-apex for the 

decline in lifetime-apex VO2peak. Interestingly, RNA-seq, western blotting, and 

correlation with declining VO2peak, identified angiomotin, an angiogenic factor that plays 

an important role in the ability of skeletal muscle to increase angiogenesis (116).  
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Table 5.1 – Overall hypotheses and conclusions from dissertation.  

 

 

 

Pre-hoc hypothesis 

Was 

hypothesis 

held? 

Conclusion 

(1) Voluntary running would delay the 

initial decline for lifetime-apex VO2peak to 

an older age 

NOT 

held 

Three replications (one with wheel 

running and two in sedentary rats) that 

lifetime-apex VO2peak happened at 19 

weeks of age 

(2) Lifetime VO2peak would have a sharp 

rise before it falls 

NOT 

held 

VO2peak was flat from 10-wks to 19-

wks as measured in our study 

(3) Decrease in lifetime-apex for voluntary 

running distance/week would occur 

preceding the initial decline in lifetime-

apex VO2peak 

 

NOT 

held 

Initial decline of lifetime-apex VO2peak 

occurred at 19 wks of age, which was 9 

wks after the lifetime-apex for voluntary 

wheel running distance/night. 

(4) Decrease in skeletal muscle mass 

would occur preceding the initial decline in 

lifetime-apex VO2peak 

NOT 

held 

Masses of triceps, gastrocnemius, and 

soleus muscles did not change from 17-

27 wks of age in either voluntary 

running group or non-voluntary running 

group 

(5) Decrease in skeletal muscle 

mitochondrial content would occur 

preceding the initial decline in lifetime-

apex VO2peak 

 

NOT 

held 

Citrate synthase activity, mitochondrial 

OXPHOS proteins, PGC-1 and SIRT1 

protein did not show an age-dependent 

decline preceding the initial drop. 

(6) Overall transcriptomes would be 

similar due to the same initial decline of 

lifetime-apex VO2peak 

NOT 

held 

Overall number of differentially 

expressed genes was discordant between 

RUN and NO RUN both pre-apex and 

post-apex. 

(7) Angiogenesis mRNAs would be 

associated with the initial decline in 

lifetime-apex VO2peak 

HELD for one 

angiogenic 

mRNA 

From 19 to 27 wks in both RUN and NO 

RUN: Angiomotin mRNA decreased, 

this decrease was significantly correlated 

to the decline in VO2peak (r = 0.76) and 

Angiomotin p80/p130 ratio protein 

trended to decrease 

(8) Mitochondrial biogenesis mRNAs 

would be associated with the initial decline 

in lifetime-apex VO2peak 

NOT 

held 

No associated decreases in mRNAs for 

PGC-1, PPAR, and PPAR 

(9) AMPK agonist AICAR would delay the 

initial decline in lifetime-apex VO2peak 
HELD 

AICAR delayed the age for the initial 

decline of lifetime-apex VO2peak by one 

week from 19 to 20-wks of age 

(10) AMPK agonist AICAR would 

increase VO2peak 

NOT 

held 

No increase in VO2peak at any of the time 

point compared to vehicle 
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Connecting the dots: Skeletal muscle and VO2peak 

 

 Can VO2peak be modulated? If yes, what role might skeletal muscle play? 

 

It is well established that VO2peak declines as a result of advancing age (104, 114, 

146, 153). However, nothing is known regarding the organ system(s) that contribute to 

trigger the beginning of the decline. Due to a paucity of data on my above question, I 

turned to a different, yet similar enough area of the literature to gain background 

information and posit hypotheses. For close to 100 years, since VO2max was discovered 

by A.V. Hill – many have speculated what limits VO2max? It is important to recognize 

that this is a very different question than “why does VO2max decline with age?” The 

leading organ systems that have been discussed as limiting an individual’s acute, one 

time measured VO2max are: skeletal muscle, the heart and the brain. Evidence has been 

presented that supports and opposes all three (14, 16, 48, 79, 135, 157), with no absolute 

and general consensus. It was logical for me to choose skeletal muscle due to the 

previously mentioned reasons, but mostly due to skeletal muscle’s indispensible role in 

performing physical exercise.  

 Originally, my project started out with the goal of successfully VO2peak testing the 

same rat subsequently test after test until a lifetime-apex VO2peak was reached and then to 

capture the decline. Due to the novelty of my inquires, many of the decisions in regards 

to time course and sacrifice time points were an educated guess based on one previous 

publication. I expected the lifetime-apex to occur at or around 20-weeks of age based on 
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the work of Pica and Brooks 1982 work (102). As discussed in previous chapters, this 

work made no mention of my question(s) regarding the lifetime-apex for VO2peak, nor did 

it provide any statistics as to when a decline occurred. After I made the decision pre-hoc 

to collect skeletal muscle tissue at 17, 19, and 27-weeks of age, it was just a matter of 

waiting to see if the VO2peak values matched the pre, apex, and post that I hypothesized. 

Interestingly, my pre-hoc hypothesis was right and sacrificing animals for tissue 

collection and analysis at 17 and 19-weeks was the correct decision.  

 The short answer to the question, “Can lifetime-apex VO2peak be modulated?” is 

“yes”. I have shown that it can be successfully modulated using AICAR. However, 

voluntary running was unsuccessful at delaying the initial decline. Inputting the search 

terms “AICAR” and “VO2peak” in to PubMed (http://www.ncbi.nlm.nih.gov/pubmed) 

returns zero publications. My data investigating AICAR and its effects on multiple 

aspects of VO2peak and lifetime-apex VO2peak is novel. I am the first to show that AICAR 

is unable to increase VO2peak in rats. In spite of the 2008 Cell publication that showed 

AICARs’ ability to increase ‘endurance’ by 45% in non-exercised mice (99), this 

supposed increase in ‘endurance’ did not equate to an increased VO2peak in my rats given 

AICAR.   

In one study that administered AICAR for 4-weeks, it was shown to increase the 

abundance of mitochondrial ETC proteins in an AMPK-dependent manner (22). 

Specifically, in wild type rats, protein abundance of oxidative phosphorylation complexes 

I, IV, and V was elevated compared to vehicle (22) after AICAR. The authors further 

extend their findings and show that AICAR increased expression of SIRT3 in a PGC1α-

dependent manner. This is all to say that AICAR successfully elevates mitochondrial 
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biogenesis proteins in the above-mentioned study and these findings are in support of my 

hypothesis and data that show plausibility for mitochondrial-mediated mechanisms to be 

responsible for the delay of the initial decline in lifetime-apex VO2peak. Notwithstanding, 

this does not explain why AICAR failed to increase VO2peak compared to the VEH group. 

I speculate that several reasons could account for this failure, including: amount of drug 

administered, age of animals at onset of drug administration, and/or negative effects on 

the animals that prevented their peak exertion during testing.  

The amount of AICAR given in my experiment was 0.5 mg/g. This is similar to 

several other publications (22, 99, 101) and less than others, who report using as high as 

1.0 mg/g (138, 155). Interestingly, I conducted a pilot experiment using both a high dose 

(1.0 mg/g) and a lower dose (0.5 mg/g). Rats receiving 1.0 mg/g were found dead after 2 

days of administration, therefore the already reported, efficacious dose of 0.5 mg/g was 

deemed appropriate after I showed with Western blot validation that AICAR increased 

phosphorylation of ACC and AMPK. Looking back, I could have tried a dose in between 

0.5 and 1.0 mg/g, possibly 0.75 mg/g that could have produced a more pronounced 

pharmacological (desired) effect than the 0.5 mg/g dose but not lethal like the 1.0 mg/g 

dose.  

The age at starting AICAR injections and the length of time given could have 

been altered in such a way to modify my outcome on lifetime-apex VO2peak. For example, 

the duration of administration was one week longer than most reports of four weeks, but 

the age at which I began AICAR may have been too late in the lifecourse. Considering 

that no one has examined AICAR effect on VO2peak or VO2max, only resting VO2 (99), it 
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is possible that if AICAR would have been given beginning earlier in the rats life, the 

effect on VO2peak could have been more pronounced.  

Lastly, the effects of AICAR may have resulted in unknown or undocumented 

deleterious physiological changes to the rats that prevented them from reaching a true 

VO2peak value. Only one study has documented AICAR pharmacokinetics and safety 

parameters in human patients (36) and besides low bioavailability after oral 

administration, no toxicity was reported with doses ranging from 10 to 100 mg/kg. 

Further, my AICAR rats had larger body weights and decreased percent fat, a unique 

observation. It is also plausible that the increase in muscle mass experienced by the 

AICAR rats caused some level of inhibition on their abilities to reach VO2peak. However, 

this is unlikely as larger skeletal muscle mass causes greater absolute VO2peak. 

Next, voluntary running and the inability to alter the chronological age of 

lifetime-apex VO2peak will be discussed in further detail. Voluntary wheel running 

beginning at 5-weeks of age increased the value of lifetime-apex VO2peak but was unable 

to delay when the apex declined. No evidence on physical activity’s ability to modulate 

lifetime-apex VO2peak exists, making speculation on this novel finding challenging. What 

is known about voluntary wheel running in rodents is that it confers a host of beneficial 

physiological effects, including but not limited to; increased mitochondrial 

content/biogenesis (112), decreased fat mass (163), and increased VO2peak (31, 162). 

However, my current data is the first to show that chronic voluntary wheel running does 

not alter when lifetime-apex VO2peak declines. I speculate that this could be an intensity-

dependent phenomenon and/or the observation that rats intermittently jump in and out of 

the wheel and therefore are not experiencing the full, potential effects of the wheel 
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running at a high enough intensity for long enough duration, as it relates to maximizing 

VO2peak and the systems regulating it.  

At the level of the transcriptome – several conclusions can be drawn. The first and 

most important is the rejection of my main hypothesis - mitochondrial factors would be 

decreased, contributing to the initial decline in lifetime-apex VO2peak. It should be noted 

that although major mitochondrial biogenesis-related genes are not contributing at the 

level hypothesized, they are still playing some role. As already noted, genes like Pgc1α 

and Pparδ were both downregultaed post apex in the RUN group, but not NORUN. One 

thought is that, based on the transciptome alone, skeletal muscles role appears different 

than hypothesized. However, this makes the limitation of not having skeletal muscle 

mitochondrial functional measurements that much more pressing for future studies. 

Alternatively, one could argue that based on the presented data, functional experiments 

on mitochondria would not be supported by the data from a future follow-up that 

measures mitochondrial function.  

Due to many of the genes changing pre- and post-apex yet to be described in 

skeletal muscle, it makes these newly recognized genes ripe for future follow-ups in 

terms of skeletal muscle physiology and function. Further, I conclude, although many 

genes are changing that don’t point to an expected or hypothesized role in muscle, that 

many of these are simply being modulated due to growth and development of the rats 

during the time course studied. Very interesting is the data on the total number of 

transcripts altered pre- and post-apex. Figure 4.4 shows the remarkable difference 

between RUN and NO RUN for the transcriptional changes. Pre-apex the NO RUN rats 

experienced five-fold more differentially expressed transcripts. One hypothesis for this is 
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that the number of unfavorable or deleterious genes being turned on pre-apex in the NO 

RUN group compared with the RUN is increased. Also post-apex, why would the inverse 

occur, the RUN group had more genes altered compared to NO RUN? This is especially 

unique because both groups saw the initial decline occur at the same age. The question 

then is; what is skeletal muscle mRNA expression doing differently in RUN compared to 

NORUN that requires vastly less genes pre-apex? These data have generated more 

questions than they have answers and I can only continue to speculate on the outcomes of 

these data at present.    

The discovery of genes like Amot, Sox6, and Maz are exciting and warrant 

further research into their roles in skeletal muscle and as it relates to whole body 

physiology and lifetime-apex VO2peak decline. Genes likes Sox6 and Maz, which are 

known to be critically important transcription factors in multiple cell types, mediate 

various cellular functions (118, 132, 160), and I would speculate that these, in 

combination with other genes are playing a potential larger role than cannot be explained 

by simply expression of mRNA. Follow up protein analysis of MAZ revealed dissimilar 

data and non-significant trends. 

   

Future Directions 

 Based on the data presented in Chapter 2 and 3, I would suggest that an 

interesting future experiment would be to combine voluntary wheel running or exercise 

and AICAR in the same animals. Considering the inverse phenotypes produced by 

voluntary wheel running and AICAR is provocative. Voluntary wheel running increased 

VO2peak values but did not delay the initial decline and AICAR did not increase VO2peak 
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values but did delay the initial decline by one week supports the interrogation of their 

combined effects. It is also realized that additional organ systems need to be studied, 

namely the heart. One future direction that is currently being explored is the heart and its 

role at the gene and molecular level. The importance of cardiorespiratory fitness due to 

its ability to predict death and lifespan is still in its infancy and the mainstream media and 

scientific community have yet to grasp the unparalleled impact that elucidating additional 

mechanisms beyond the data presented herein.  

 

  

Commentary and Opinions 

The average human lifespan has increased dramatically in the last 100 years. 

Unfortunately, with an extending lifespan, healthspan is not experiencing the same trend 

with increasing years. For many, the last years of life are commonly spent with chronic 

diseases or confined to assisted care living centers due to physical frailty. I believe, along 

with Dr. Booth and many others, that if we can extend healthspan, not only lifespan, the 

impact will be positive for us as individuals but also for both lower healthcare costs and 

government spending.  

 Whether I am in agreement with the development of therapeutics for people that 

cannot or will not be physically active, it is an inevitable future field of research. 

Considering that AICAR and other pharmaceuticals have been proposed and investigated 

for extending and promoting healthspan, my research looked to extend upon this as it 

relates to cardiorespiratory fitness, due to it’s role in healthspan.  
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Ultimately, I am skeptical as to what or when we will see any direct benefit of this 

research to humans. I feel that beginning to study these phenomena, as I have done, is 

very exciting and will get more people thinking about physical activity and the important 

connection with cardiorespiratory fitness and VO2peak. Ultimately, the greater scientific 

community knows and understands that exercise works, and that it will augment and 

maintain VO2peak, therefore by increasing awareness of these indispensible links, 

healthspan may be increased and talked about a little more. It is also evident that 

increasing amounts of money and research are centered on aging and more specifically, 

healthy aging. It is my belief that physical activity/exercise, VO2peak, and healthy aging 

go hand-in-hand. I just need to figure out how to get the word out and spread the news.  
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APPENDIX 

 

APPENDIX A: Detailed description of Rat VO2peak testing protocol  

 

On the day of testing rats, machine needs to be turned on at least 2 hours prior to 

using. Columbus Instruments requires this and it ensures the O2 sensor has adequate time 

to warm up. Next step is to calibrate the Oxymax system. This can be done under the tab 

that says ‘Tools’, then click the button that says ‘calibration’. This will bring up a new 

window. The machine needs to be calibrated for CO2 and for O2, each of which has its 

own button. Before calibration begins, O2-calibration gas tank needs to be turned on. 

Start with the CO2 calibration first – follow prompt and hit next. CO2 calibration takes ~5 

minutes. When CO2 is completed, proceed with O2 next. Calibrating O2 requires 

adjustment with knobs on machine. O2 value should read 20.50 %. After it tells you the 

current calibration, which will be ± 20.5, use the adjustment knobs to get it to read 20.5. 

Once this is completed, the machine is calibrated and ready to run the first rat.  

Body weight and rat I.D. need to be entered for a rat before the test can be started. 

Once rat is in the chamber, ensure that both doors are sealed and press started experiment 

button under the ‘experiment’ tab. Software will require ~3-5 minutes to initialize before 

the first baseline VO2 reading appears. I usually wait for ~10 readings to appear before I 

begin the treadmill protocol.  

Once baseline VO2 readings are recorded, turn the speed dial to 5 m/min and 

continue for 2 minutes. Next increase speed gradually until 15 m/min and remain here for 

3 minutes. From this point on, increase the speed 5 m/min every 2 minutes until the rat 

can no longer maintain position on the treadmill belt. Note that at all times, rat must be 
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monitored for proper position on the treadmill. If at any time that rat shows unwillingness 

to maintain position on belt, then speed should be turned down or stopped until rat is 

properly positioned on the belt. Each and every rat is different and can vary from test to 

test. It appears that, for some reason or another, rats will show willingness to test one day 

and not the next. Also – beyond the above-mentioned protocol, each rat requires some 

level of individuality in regards to the test. Some rats need to be pushed a little bit more 

in order to get them to a speed that is comfortable for them to run at. For example – a rat 

might display unwillingness to maintain position on belt at a speed of 15 m/min, but if 

the rat can be pushed through and reach a speed of 25 or 30 m/min, it may surprisingly 

display willingness to run.  

Additionally, female rats appear to test better than male rats, with one caveat, the 

estrous cycle. Female rats, as they age will gain less body mass, and therefore will be 

smaller and more willing to run. Also female rats voluntarily run greater distances in a 

running wheel. The caveat being that the four-day estrous cycle observed in females 

introduces some variability in their willingness to test. From my experience, a rat will be 

most willing to perform a VO2peak test the day before proestrus. A rat is deemed 

untestable if the rat cannot make it to a speed that is sufficient to elicit a VO2peak reading 

that is in the ballpark of where it is expected. For example, if a rat fails to achieve 20 

m/min, then the corresponding VO2peak value will be very low – indicating that the test 

was unsuccessful. In this event, the rat will need to be brought back the subsequent day 

and an attempt at a retest will need to be made.  

At the point in the test where the rat is reaching a high enough speed where it 

begins to show signs of failure, several criteria need to be met. The rat will either need to 
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sit on the shocker, unwilling to move for > 5 seconds or repeatedly go on and off the 

shocker > 5 times back-to-back. If either of these criteria is met, then the VO2peak can be 

determined at that point. At this point, the treadmill is stopped and the rat is left in the 

chamber until the VO2peak reading levels off and then begins to fall. Usually this is one to 

three minutes before this occurs.  

 I have found that in my hands, when rats receive a reward for running on the 

treadmill, the rats appear to show increased willingness in subsequent treadmill tests. 

Therefore, after all treadmill training (acclimatization) sessions as well as VO2peak tests, 

each rat was singly caged and given several sucrose pellets. These pellets are standard for 

psychological testing on rodents and are seen as a positive reinforcement. The rat 

remained singly caged until it consumed the sucrose pellets. Note that not all rats 

consumed sucrose pellets after each and every test.  
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APPENDIX B: RNA-sequencing Analysis 

 

 I was fortunate enough to learn how to process RNA-sequencing data from Kevin 

Wells, who is an associate professor of Genetics in the Animal Sciences Department here 

at Mizzou. I was given the task of learning the technique(s) and applying it to an 

Ossabaw Pig data set that Dr. Booth was collaborating on with Dr. Scott Rector. The end 

result of my work on this project was a successful first-author publication for myself. I 

will briefly describe the procedural format learned and followed for the analysis of the 

current RNA-sequencing data as well as many others in the Booth Lab. 

 

The overall order of operations for RNA-sequencing is outlined in brief next: 

 Send isolated RNA samples to DNA core at Mizzou 

 Receive compressed files from core when sequencing is complete 

 Download compressed files 

 Decompress files 

 Trim each file 

 Convert each file 

 Align each file 

 Generate excel files with all comparisons 

 Perform filters, statistics and analysis 

 

The first step upon receiving the sequenced files from the core is to download them 

from the MU core repository where they live indefinitely. For this, I was given access to 

the Animal Sciences Server that is maintained by Kevin Wells and Robert Schnabel. The 
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files are very large as they contained gigabytes of data. Attempting to complete this task 

on a ‘normal’ computer with standard processing power is impossible. The Core server is 

outfitted with very robust processing power and potential. In order to work with them, 

they must first be unzipped using WinZip. Every time a file is manipulated, a new file in 

created. It is important to keep track of what and where each file from each step goes and 

where it ends up. After unzipping, each file must have adapter sequences trimmed off. 

Simply put, an adaptor is an identifier sequence that the core attaches to each 50-100 

base-pair sequence. This allows the core to properly sequence the unknown bases while 

‘holding’ on to the adaptor sequence. Once the unknown sequence is recorded, the 

adaptors are no longer needed and must be removed. On the Animal Sciences server there 

is a special script that is titled ‘adaptortrim’ and it must be executed and ran on each file. 

Upon trimming the adaptors, the files are formatted as FASTQ, but need to be in FASTA 

format in order to allow for alignment using the software package NextGene. Nextgene 

has a function that will convert a FASTQ to a FASTA. Once this is completed, the next 

and file step is to align each file to a reference library.  

 Choosing the reference library for the alignment step will determine how much of 

your data will be usable. For example – if out of all the reads attained in sequencing, only 

75% of them align successfully to the reference library, then the other 25% of your data 

is not accounted for. The most common approach at this step is to use the publicly 

available reference library for your respective species – in my case it was Pig for the 

current project, but Rat for my dissertation. Thankfully, Kevin Wells likes to attain > 

85% reference alignment. This allows for the majority of your RNA-sequencing reads to 

be used and thus provide more valid and strong conclusions of the data. In short, Kevin 
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took the publicly available Pig reference library and aligned our data to that. He then took 

the unknown reads (i.e. the reads that did not have a matching gene in the reference 

library) and using software, built back onto the public library and identified most, if not 

all the unknown sequences (genes). The end result is a much more robust and accurate 

reference library that facilitates the usage of more data. This same task was carried out 

for my Rat RNA-sequencing.  

 Once the data is aligned – the end output that I utilize is reads per kilobase per 

million reads (RPKM), and total read counts. From total counts, I calculate the counts per 

million reads or CPM. I perform the first filter on CPM, with CPM – 2StDev being 

greater than zero. All transcripts that meet this criteria are filtered on RPKM > 1, fold-

change > ± 1.2 and a FDR < 0.05. For any time-point or group comparison, all transcripts 

that meet the above filtering criteria are used to make conclusions from my data.  
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APPENDIX C: Abstracts from 1st author manuscripts 

 

UNIQUE TRANSCRIPTOMIC SIGNATURE OF OMENTAL ADIPOSE TISSUE 

IN OSSABAW SWINE: A MODEL OF CHILDHOOD OBESITY 

 

 
Toedebusch RG, Roberts MD, Wells KD, Company JM, Kanosky KM, Perfield JW, 

Ibdah JA, Booth FW, Rector RS 

 
Physiological Genomics 

May 2014 

 
Abstract 

To better understand the impact of childhood obesity on intra-abdominal adipose 

tissue phenotype, a complete transcriptomic analysis using deep RNA-sequencing (RNA-

seq) was performed on omental adipose tissue (OMAT) obtained from lean and Western 

diet-induced obese juvenile Ossabaw swine. Obese animals had 88% greater body mass, 

49% greater body fat content, and a 60% increase in OMAT adipocyte area (all P < 0.05) 

compared with lean pigs. RNA-seq revealed a 37% increase in the total transcript number 

in the OMAT of obese pigs. Ingenuity Pathway Analysis showed transcripts in obese 

OMAT were primarily enriched in the following categories: 1) development, 2) cellular 

function and maintenance, and 3) connective tissue development and function, while 

transcripts associated with RNA posttranslational modification, lipid metabolism, and 

small molecule biochemistry were reduced. DAVID and Gene Ontology analyses showed 

that many of the classically recognized gene pathways associated with adipose tissue 

dysfunction in obese adults including hypoxia, inflammation, angiogenesis were not 

altered in OMAT in our model. The current study indicates that obesity in juvenile 

Ossabaw swine is characterized by increases in overall OMAT transcript number and 



 
 

109 

provides novel data describing early transcriptomic alterations that occur in response to 

excess caloric intake in visceral adipose tissue in a pig model of childhood obesity. 
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POSTPRANDIAL LEUCONE AND INSULIN RESPONSES AND TOXILOGICAL 

EFFECTS OF A NOVEL WHEY PROTEIN HYDROLYSATE-BASED 

SUPLEMENT IN RATS 

 

Toedebusch RG, Child TE, Hamilton SR, Crowley JR, Booth FW, Roberts MD 

 

Journal of the International Society of Sports Nutrition 

 

June 2012 

 

Abstract 

The purpose of this study was: aim 1) compare insulin and leucine serum 

responses after feeding a novel hydrolyzed whey protein (WPH)-based supplement 

versus a whey protein isolate (WPI) in rats during the post-absorptive state, and aim 2) to 

perform a thorough toxicological analysis on rats that consume different doses of the 

novel WPH-based supplement over a 30-day period. In male Wistar rats (~250 g, n = 40), 

serum insulin and leucine concentrations were quantified up to 120 min after one human 

equivalent dose of a WPI or the WPH-based supplement. In a second cohort of rats (~250 

g, n = 20), we examined serum/blood and liver/kidney histopathological markers after 30 

days of feeding low (1human equivalent dose), medium (3 doses) and high (6 doses) 

amounts of the WPH-based supplement. In aim 1, higher leucine levels existed at 15 min 

after WPH vs. WPI ingestion (p = 0.04) followed by higher insulin concentrations at 60 

min (p = 0.002). In aim 2, liver and kidney histopathology/toxicology markers were not 

different 30 days after feeding with low, medium, high dose WPH-based supplementation 

or water only. There were no between-condition differences in body fat or lean mass or 

circulating clinical chemistry markers following the 30-day feeding intervention in aim 2. 

In comparison to WPI, acute ingestion of a novel WPH-based supplement resulted in a 
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higher transient leucine response with a sequential increase in insulin. Furthermore, 

chronic ingestion of the tested whey protein hydrolysate supplement appears safe. 
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APPENDIX D: Abstracts from co-author manuscripts 

 

 

MU OPIOID RECEPTOR MODULATION IN THE NUCLEUS ACCUMBENS 

LOWERS VOLUNTARY RUNNING IN RATS BRED FOR HIGH RUNNING 

MOTIVATION 

 

Ruegsegger GN, Toedebusch RG, Will MJ, Booth FW 

 

Neuropharmacology 

 

June 2015 
 

Abstract 

The exact role of opioid receptor signaling in mediating voluntary wheel running 

is unclear. To provide additional understanding, female rats selectively bred for 

motivation of low (LVR) versus high voluntary running (HVR) behaviors were used. 

Aims of this study were 1) to identify intrinsic differences in nucleus accumbens (NAc) 

mRNA expression of opioid-related transcripts and 2) to determine if nightly wheel 

running is differently influenced by bilateral NAc injections of either the mu-opioid 

receptor agonist D-Ala2, NMe-Phe4, Glyo5-enkephalin (DAMGO) (0.25, 2.5 μg/side), or 

its antagonist, naltrexone (5, 10, 20 μg/side). In Experiment 1, intrinsic expression of 

Oprm1 and Pdyn mRNAs were higher in HVR compared to LVR. Thus, the data imply 

that line differences in opioidergic mRNA in the NAc could partially contribute to 

differences in wheel running behavior. In Experiment 2, a significant decrease in running 

distance was present in HVR rats treated with 2.5 μg DAMGO, or with 10 μg and 20 μg 

naltrexone between hours 0-1 of the dark cycle. Neither DAMGO nor naltrexone had a 

significant effect on running distance in LVR rats. Taken together, the data suggest that 

the high nightly voluntary running distance expressed by HVR rats is mediated by 

increased endogenous mu-opioid receptor signaling in the NAc, that is disturbed by either 
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agonism or antagonism. In summary, our findings on NAc opioidergic mRNA expression 

and mu-opioid receptor modulations suggest HVR rats, compared to LVR rats, express 

higher running levels mediated by an increase in motivation driven, in part, by elevated 

NAc opioidergic signaling. 
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HERBAL ADAPTOGENS COMBINED WITH PROTEIN FRACTIONS FROM 

BOVINE COLOSTRUM AND HEN EGG YOLK REDUCE LIVER TNF-α 

EXPRESSION AND PROTEIN CARBONYLATION IN WESTERN DIET 

FEEDING IN RATS 

 

Mobley CB, Toedebusch RG, Lockwood CM, Heese AJ, Zhu C, Krieger AE, Cruthirds 

CL, Hofheins JC, Company JM, Wiedmeyer CE, Kim DY, Booth FW, Roberts MD 

 

Nutrition and Metabolism (London) 

 

April 2014 

 

Abstract 

BACKGROUND: 

We examined if a purported anti-inflammatory supplement (AF) abrogated Western-diet 

(WD)-induced liver pathology in rats. AF contained: 1) protein concentrates from bovine 

colostrum and avian egg yolk; 2) herbal adaptogens and antioxidants; and 3) acetyl-L-

carnitine. 

METHODS: 

Nine month-old male Brown Norway rats were allowed ad libitum access to WD for 41-

43 days and randomly assigned to WD + AF feeding twice daily for the last 31-33 days 

(n = 8), or WD and water-placebo feeding twice daily for the last 31-33 days (n = 8). Rats 

fed a low-fat/low-sucrose diet (CTL, n = 6) for 41-43 days and administered a water-

placebo twice daily for the last 31-33 days were also studied. Twenty-four hours 

following the last gavage-feed, liver samples were analyzed for: a) select mRNAs (via 

RT-PCR) as well as genome-wide mRNA expression patterns (via RNA-seq); b) lipid 

deposition; and, c) protein carbonyl and total antioxidant capacity (TAC). Serum was also 

examined for TAC, 8-isoprostane and clinical chemistry markers. 
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RESULTS: 

WD + AF rats experienced a reduction in liver Tnf-α mRNA (-2.8-fold, p < 0.01). Serum 

and liver TAC was lower in WD + AF versus WD and CTL rats (p < 0.05), likely due to 

exogenous antioxidant ingredients provided through AF as evidenced by a tendency for 

mitochondrial SOD2 mRNA to increase in WD + AF versus CTL rats (p = 0.07). Liver fat 

deposition nor liver protein carbonyl content differed between WD + AF versus WD rats, 

although liver protein carbonyls tended to be lower in WD + AF versus CTL rats 

(p = 0.08). RNA-seq revealed that 19 liver mRNAs differed between WD + AF versus 

WD when both groups were compared with CTL rats (+/- 1.5-fold, p < 0.01). 

Bioinformatics suggest that AF prevented WD-induced alterations in select genes related 

to the transport and metabolism of carbohydrates in favor of select genes related to lipid 

transport and metabolism. Finally, serum clinical safety markers and liver pathology (via 

lesion counting) suggests that chronic consumption of AF was well tolerated. 

CONCLUSIONS: 

AF supplementation elicits select metabolic, anti-inflammatory, and anti-oxidant 

properties which was in spite of WD feeding and persisted up to 24 hours after receiving 

a final dose. 
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NUCLEUS ACCUMBENS NEURONAL MATURATION DIFFERENCES IN 

YOUNG RATS BRED FOR LOW VERSUS HIGH VOLUNTARY RUNNING 

BEHAVIOUR 

 

Roberts MD, Toedebusch RG, Wells KD, Company JM, Brown JD, Cruthirds CL, 

Heese AJ, Zhu C, Rottinghaus GE, Childs TE, Booth FW 

 

Journal of Physiology 

 

May 2014 

 

Abstract 

We compared the nucleus accumbens (NAc) transcriptomes of generation 8 (G8), 

34-day-old rats selectively bred for low (LVR) versus high voluntary running (HVR) 

behaviours in rats that never ran (LVR(non-run) and HVR(non-run)), as well as in rats 

after 6 days of voluntary wheel running (LVR(run) and HVR(run)). In addition, the NAc 

transcriptome of wild-type Wistar rats was compared. The purpose of this transcriptomics 

approach was to generate testable hypotheses as to possible NAc features that may be 

contributing to running motivation differences between lines. Ingenuity Pathway 

Analysis and Gene Ontology analyses suggested that 'cell cycle'-related transcripts and 

the running-induced plasticity of dopamine-related transcripts were lower in LVR versus 

HVR rats. From these data, a hypothesis was generated that LVR rats might have less 

NAc neuron maturation than HVR rats. Follow-up immunohistochemistry in G9-10 

LVR(non-run) rats suggested that the LVR line inherently possessed fewer mature 

medium spiny (Darpp-32-positive) neurons (P < 0.001) and fewer immature (Dcx-

positive) neurons (P < 0.001) than their G9-10 HVR counterparts. However, voluntary 

running wheel access in our G9-10 LVRs uniquely increased their Darpp-32-positive and 

Dcx-positive neuron densities. In summary, NAc cellularity differences and/or the lack of 
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running-induced plasticity in dopamine signalling-related transcripts may contribute to 

low voluntary running motivation in LVR rats. 
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COMPARING SERUM RESPONSES TO ACUTE FEEDINGS OF AN 

EXTENSIVELY HYDROLYZED WHEY PROTEIN CONCENTRATE VERSUS 

A NATIVE WHEY PROTEIN CONCENTRATE IN RATS: A METABOLOMICS 

APPROACH 

 

Roberts MD, Cruthirds CL, Lockwood CM, Pappan K, Childs TE, Company JM, Brown 

JD, Toedebusch RG, Booth FW 

 

Applied Journal of Physiology, Nutrition, and Metabolism 

 

February 2014 

 

Abstract 

We examined how gavage feeding extensively hydrolyzed whey protein (WPH) 

versus a native whey protein concentrate (WPC) transiently affected serum biochemical 

profiles in rodents. Male Wistar rats (250-300 g) were 8 h fasted and subsequently fed 

isonitrogenous amounts of WPH or WPC, or remained unfed (control). Animals were 

sacrificed 15 min, 30 min, and 60 min post-gavage for serum extraction, and serum was 

analyzed using untargeted global metabolic profiling via gas chromatography/mass 

spectrometry (MS) and liquid chromatography/MS/MS platforms. We detected 333 

serum metabolites amongst the experimental and control groups. Both WPH and WPC 

generally increased amino acids (1.2-2.8-fold), branched-chain amino acids (1.2-1.7-

fold), and serum di- and oligo-peptides (1.1-2.7-fold) over the 60 min time course 

compared with control (q < 0.05). However, WPH increased lysine (false discovery rate 

using a q-value <0.05) and tended to increase isoleucine and valine 15 min post-feeding 

(q < 0.10) as well as aspartylleucine 30 min post-feeding compared with WPC (q < 0.05). 

While both protein sources led to a dramatic increase in free fatty acids compared with 

control (up to 6-fold increases, q < 0.05), WPH also uniquely resulted in a 30 min post-

feeding elevation in free fatty acids compared with WPC (q < 0.05), an effect which may 
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be due to the robust 30 min postprandial increase in epinephrine in the WPH cohort. 

These data provide a unique postprandial time-course perspective on how WPH versus 

WPC feedings affect circulating biochemicals and will guide future research comparing 

these 2 protein sources. 
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SUDDEN DECREASE IN PHYSICAL EVOKES ADIPOCYTE HYPERPLASIA 

IN 70- TO 77-DAY-OLD RATS BUT NOT 49- TO 56-DAY OLD RATS 

 

Company JM, Roberts MD, Toedebusch RG, Cruthirds CL, Booth FW 

 

American Journal of Physiology – Regulatory, Integrative and Comparative Physiology 

 

December 2013 

 

Abstract 

The cessation of physical activity in rodents and humans initiates obesogenic 

mechanisms. The overall purpose of the current study was to determine how the cessation 

of daily physical activity in rats at 49-56 days of age and at 70-77 days of age via wheel 

lock (WL) affects adipose tissue characteristics. Male Wistar rats began voluntary 

running at 28 days old and were either killed at 49-56 days old or at 70-77 days old. Two 

cohorts of rats always had wheel access (RUN), a second two cohorts of rats had wheel 

access restricted during the last 7 days (7d-WL), and a third two cohorts of rats did not 

have access to a voluntary running wheel after the first 6 days of (SED). We observed 

more robust changes with WL in the 70- to 77-day-old rats. Compared with RUN rats, 

7d-WL rats exhibited greater rates of gain in fat mass and percent body fat, increased 

adipocyte number, higher percentage of small adipocytes, and greater cyclin A1 mRNA 

in epididymal and perirenal adipose tissue. In contrast, 49- to 56-day-old rats had no 

change in most of the same characteristics. There was no increase in inflammatory 

mRNA expression in either cohort with WL. These findings suggest that adipose tissue in 

70- to 77-day-old rats is more protected from WL than 49- to 56-day-old rats and 

responds by expansion via hyperplasia. 
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PHENOTPIC AND MOLECULAR DIFFERENCES BETWEEN RATS 

SELECTIVELY BRED TO VOLUNTARILY RUN HIGH VS. LOW NIGHTLY 

DISTANCES 

 

Roberts MD, Brown JD, Company JM, Oberle LP, Heese AJ, Toedebusch RG, Wells 

KD, Cruthirds CL, Knouse JA, Ferreira JA, Childs TE, Brown M, Booth FW 

 

American Journal of Physiology – Regulatory, Integrative and Comparative Physiology 

 

June 2013 

 

Abstract 

The purpose of the present study was to partially phenotype male and female rats 

from generations 8-10 (G8-G10) that had been selectively bred to possess low (LVR) vs. 

high voluntary running (HVR) behavior. Over the first 6 days with wheels, 34-day-old 

G8 male and female LVRs ran shorter distances (P < 0.001), spent less time running (P < 

0.001), and ran slower (P < 0.001) than their G8 male and female HVR counterparts, 

respectively. HVR and LVR lines consumed similar amounts of standard chow with or 

without wheels. No inherent difference existed in PGC-1α mRNA in the plantaris and 

soleus muscles of LVR and HVR nonrunners, although G8 LVR rats inherently 

possessed less NADH-positive superficial plantaris fibers compared with G8 HVR rats. 

While day 28 body mass tended to be greater in both sexes of G9-G10 LVR nonrunners 

vs. G9-G10 HVR nonrunners (P = 0.06), body fat percentage was similar between lines. 

G9-G10 HVRs had fat mass loss after 6 days of running compared with their prerunning 

values, while LVR did not lose or gain fat mass during the 6-day voluntary running 

period. RNA deep sequencing efforts in the nucleus accumbens showed only eight 

transcripts to be >1.5-fold differentially expressed between lines in HVR and LVR 

nonrunners. Interestingly, HVRs presented less Oprd1 mRNA, which ties in to potential 
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differences in dopaminergic signaling between lines. This unique animal model provides 

further evidence as to how exercise may be mechanistically regulated. 
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POTENTIAL CLINICAL TRANSLATION OF JUVENILE RODENT 

INACTIVITY MODELS TO STUDY THE ONSET OF CHILDHOOD OBESITY 

 

Roberts MD, Company JM, Brown JD, Toedebusch RG, Padilla J, Jenkins NT, Laughlin 

MH, Booth FW 

 

American Journal of Physiology – Regulatory, Integrative and Comparative Physiology 

 

August 2012 

 

Abstract 

According to the latest data from the Center for Disease Control and Prevention 

17%, or 12.5 million, of children and adolescents aged 2-19 years in the United States are 

obese. Physical inactivity is designated as one of the actual causes of US deaths and 

undoubtedly contributes to the obesity epidemic in children and adults. Examining the 

effects of inactivity on physiological homeostasis during youth is crucial given that 58% 

of children between the ages 6-11 yr old fail to obtain the recommended 60 min/day of 

physical activity and 92% of adolescents fail to achieve this goal [Troiano et al. Med Sci 

Sports Exerc. 40, 2008]. Nonetheless, invasive mechanistic studies in children linking 

diminished physical activity with metabolic maladies are lacking for obvious ethical 

reasons. The rodent wheel lock (WL) model was adopted by our laboratory and others to 

study how different organ systems of juvenile rats respond to a cessation of daily physical 

activity. Our WL model houses rats in cages equipped with voluntary running wheels 

starting at 28 days of age. After a certain period of voluntary running (3 to 6 wk), the 

wheels are locked, thus preventing the rats' primary source of physical activity. The 

studies discussed herein suggest that obesity-associated maladies including skeletal 

muscle insulin resistance, hypothalamic leptin resistance, fatty acid oxidation 

impairments in skeletal muscle and adipose tissue, nonalcoholic fatty liver disease, and 
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endothelial dysfunction are initiated in juvenile animals that are restrained from voluntary 

exercise via WL. The use of the juvenile rodent WL or other inactivity models will 

continue to provide a powerful clinical translational tool that can be used for primordial 

prevention of human childhood obesity. 
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