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ABSTRACT 

 

The increased prevalence of obesity and diabetes threatens both the real and 

economic health of western counties.  Importantly, the physiological and pathological 

responses of adipose tissue (WAT) to excess energy intake and energy expenditure are 

critical to maintaining energy homeostasis.  In peripheral tissues, such as skeletal muscle, 

liver and recently WAT, mitochondria dysfunction is associated with obesity and 

diabetes.  Furthermore, although obesity and diabetes have a genetic component it is now 

also appreciated that they also have an epigenetic component, such as aberrant DNA 

methylation.  There were two major goals of this dissertation, 1) If in response to 

inactivity and hyperphagia there is a decrease in fatty acid oxidation and mitochondria 

concentration in WAT, similar to skeletal muscle and liver and 2) Whether physical 

active and sedentary mice have differentially methylated DNA in skeletal muscle.  First 

(chapter 2) I established that the increase in abdominal WAT during inactivity occurs 

even when food intake is restricted to the level of always-sedentary animals.  A follow-up 

study (chapter 3) showed that the increase in WAT is not associated with a decrease in 

acid oxidation adipocytes fatty, which was increased compared to sedentary animals 5 

and 173 hours following inactivity, but was associated with a decrease in skeletal muscle 

fatty acid oxidation.  The changes in WAT fatty acid oxidation occurred independent of 

changes in markers of mitochondrial concentration and in order to test whether physical 

activity can prevent the reduced WAT mitochondria in obesity, a hyperphagic rat model 

was employed.  Markers of WAT mitochondrial protein content (cytochrome c, COXIV-

subunit I, and citrate synthase activity) significantly increased from 13 to 40 weeks in the 

wild type rats, were significantly attenuated in the hyperphagic sedentary rats, but were 
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partially restored to the wild type levels with wheel running in the hyperphagic rats.  

While decreases in mitochondrial concentration is not causal, it may be linked with 

aging, with future studies necessary to determine the mechanisms by which this is 

occurring.  Although strong evidence suggest that differences in DNA methylation in 

physically active and sedentary animals can occur, I was unable to verify candidate genes 

selected based on initial microarrays.  However, two novel physical activity responsive 

genes were found, Dnmt3a and Pitx3.  Perhaps, the slow turnover combined with only a 

moderate phenotype in response to voluntary wheel running makes skeletal muscle less 

likely to have physical activity induced differences in DNA methylation.  Clearly, future 

studies are needed.  In summary, WAT oxidative phenotype is modified by aging and 

physical activity, while it remains unclear whether DNA methylation differences in 

skeletal muscle can occur. 
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Chapter 1:  Introduction 

 

 

 In the past several decades the prevalence of obesity and type 2 diabetes has risen 

dramatically.  In the United States the prevalence of overweight adults (25-30 BMI) has 

increased from 47% to 66% while the prevalence of obesity (>30 BMI) has increased 

from 15% to 32%, from 1976-2004 (204).  Similarly, the prevalence of type 2 diabetes, 

or non-insulin-dependent diabetes mellitus in adults (>20 years of age) has increased 

from 5% of the United States population in 1960 to more than 10% of the population in 

2007 (107).  The increasing frequency of children with type 2 diabetes led to the removal 

of the descriptor “adult onset” and it is now predicted that the number of type 2 diabetic 

children will surpass the number of children with insulin dependent diabetes mellitus, or 

type 1 diabetes (6).   

In 2004, diabetes was the sixth most common cause of death in the United States 

and obesity, due to inactivity and poor nutrition, the second most frequent cause of 

preventable death (190).  Additionally, type 2 diabetes increases the risk of heart disease, 

high blood pressure, blindness, kidney disease, diseases of the nervous system, 

amputation, dental diseases, pregnancy complications, and immune system disorders 

according the U.S. National Institutes of Health 

(http://diabetes.niddk.nih.gov/complications/index.htm). Obesity also increases the risk 

of cardiovascular disease, osteoarthristis, urinary incompetence, sleep disorders, cancer, 

and gallbladder diseases (http://www.obesityresearch.nih.gov/health/public.htm#5).  Not 

surprisingly, diabetes and BMI are tightly linked with 85% of diabetics being overweight, 
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64% of those obese (1).  While these epidemics cause much suffering, the economic 

consequences are also significant including a projected 47 billion dollars in direct costs 

and an additional 109 billion dollars in indirect costs for type 2 diabetes alone (271).  

With both an increasing number of people affected by the disease and increasing costs, 

overcoming these “twin” epidemics of obesity and type 2 diabetes is critical to the long-

term economic and real health of our nation.    

Fortunately, a number of epidemiological studies suggest that prevention of type 2 

diabetes is possible through lifestyle interventions.  In the Finnish Diabetes Prevention 

Study, a 58% reduction in diabetes incidence occurred with lifestyle modifications in 

subjects with abnormal glucose tolerance (167).  While in the U.S. Diabetes Prevention 

Program, lifestyle modifications resulted in a similar reduction of 58% in new type 2 

diabetics despite only 58% of subjects adhering to the lifestyle treatment (156).  This 

suggests lifestyle might be even more effective at preventing diabetes when actually 

adhered to.  In fact, for every 6.9 subjects that adhere to a lifestyle intervention one case 

of diabetes is prevented, while pharmacological treatment of 13.9 subjects with 

Metformin was necessary to prevent one case of type 2 diabetes (156).  In the Harvard 

Nurses study, poor lifestyle choices led to 91% of new diabetes diagnosis, again 

suggesting lifestyle changes can almost completely prevent type 2 diabetes (127). These 

studies defined lifestyle modifications as only 30 minutes of brisk walking a day as the 

physical activity component (156, 167).  This amount of physical activity is also 

recommended by the American College of Sports Medicine and American Heart 

Association, but yet only 50% of Americans currently meet these activity guidelines, 

which undoubtedly has increased the prevalence of diabetes in the United States (117).   
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THE ROLE OF ADIPOSE TISSUE IN METABOLIC HOMEOSTASIS 

Central to understanding the connection between obesity and how it increases the 

risk of developing diabetes and other metabolic diseases is understanding the physiology 

and pathophysiology of white adipose tissue (WAT) in response to a positive energy 

balance.  WAT is the major organ for storage of excess energy in humans and individual 

adipocytes contain more than 80% lipid by mass (133).  Although all cells contain lipid 

membranes, fatty acids, steroids, and isopretones, 90% of lipid in humans is stored as the 

neutral lipid triacylglyceride (TAG), in adipocytes (314).  In times of positive energy 

balance WAT can respond by increasing cell size, by hypertrophy, or increasing cell 

number, by hyperplasia, and the formation of new adipocytes through adipogenesis of 

preadipocytes.  Conversely, brown adipose tissue disposes of excess energy as heat 

through uncoupling energy utilization and ATP production, is only present in significant 

amounts in rodents and infants, and has an origin more similar to skeletal muscle than to 

WAT (253, 292).   Although recent evidence suggests a maintenance of adipocyte cell 

number in human adults (272), this is still controversial since hyperplasia is routinely 

seen in rodents (68, 135, 170, 178, 183) and humans (3, 93, 305).   

The “thrifty gene hypothesis” by Neel (198) articulated the selective advantages 

and importance of storing energy in WAT during periods of energy excess to improve 

survival during times of famine. In the Paleolithic hunter-gatherer environment, WAT 

was essential for free fatty acid (FFA) homeostasis balancing the release of FFAs, as fuel 

for extended bouts of physical activity, with FFA storage (23, 55).  Since fatty acids are 
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toxic it is important to sequester them in the WAT as TAGs, a neutral lipid, to minimize 

their negative effects.   

The hormone insulin is the primary regulator of glucose and fatty acid metabolism 

in WAT under fed conditions.  Increased insulin, as in the fed state, increases glucose and 

fatty acid uptake into WAT (243), partly through increases in fatty acid synthase activity 

and expression (30, 42).  Decreased insulin occurs during fasting or exercise allowing 

catecholamines such as epinephrine and norepinephrine to control lipolysis.  High 

catecholamines increase lipolysis and the mobilization of FFAs through increasing the 

activity of lipases in WAT.  Although insulin and catecholamines are the primary 

regulators of lipolysis, more recent studies indicate a more complex regulatory system.  

For example increased lipolysis by both atrial and brain natriuretic peptides, in vivo and 

in vitro, is independent of catecholamines (92, 194, 256).  Additionally, increased 

glycerol concentration, a marker of lipolysis, occurs in response to small pulses of growth 

hormone in the femoral and abdominal WAT, although the physiological relevance in 

humans is questionable (105). Through inhibition of the anti-lipolytic effect of insulin, 

cytokines, such as tumor necrosis factor alpha (TNF-α), also increase lipolysis (96).  

The two major lipase enzymes responsible for lipolysis of TAGs to FFA are 

hormone sensitivity lipase and WAT specific lipases.  These enzymes are differentially 

regulated at rest and in response to catecholamines in human adipocytes (14). Additional 

mechanisms for increasing lipolysis and lipid mobilization occur through increases in 

lipid-droplet associated proteins, such a perilipin (106), adipocyte fatty acid-binding 

protein (267).  Another lipid-droplet protein, fat-specific protein 27, conversely increases 

lipid storage and decreases lipolysis (229). Insulins anti-lipolytic action is mediated 
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through tyrosine kinase receptor signaling (207), while other anti-lipolytic molecules 

such as niacin (142), prostaglandin E2 (59), and neuropeptide Y (301) signal through a 

family of Gi receptors.    

Failure to suppress lipolysis and/or respond to insulin signaling results in a failure 

of WAT to expand and excess circulating FFA.   Increased circulating FFAs leads to the 

ectopic storage of fatty acids in tissues such as liver, skeletal muscle, and pancreas (101, 

230, 257, 263, 296).  This ectopic lipid storage, termed lipotoxicity, is linked with insulin 

resistance and abnormal glucose metabolism in skeletal muscle and liver (249).  In 

support of this, acute infusion of FFAs is capable of causing insulin resistance in healthy 

individuals (78).  Conversely, lowering of circulating fatty acids with the anti-lipolytic 

drug Acipimox partially increases peripheral glucose uptake in response to insulin (246).  

Furthermore the inability to store excess fatty acids in WAT of individuals with 

lipodystrophy is associated with insulin resistance and ectopic storage of lipid in skeletal 

muscle, despite individuals being of normal weight (82, 235).  However, increased 

ectopic storage of neutral lipid species, TAG, in skeletal muscle of highly trained 

endurance athletes, suggests only certain lipid species such as ceramide, diacylglycerides, 

or specific fatty acids are responsible for insulin resistance in skeletal muscle (79, 161).   

Lowering of FFAs in insulin resistance individuals does not fully reverse insulin 

resistance, indicating additional mechanisms responsible for insulin resistance must exists 

(246).  One such mechanism is likely endoplasmic reticulum (ER) stress.  In the WAT 

and liver of obese insulin-resistant individuals ER stress is caused by an increase in 

trafficking of misfolded proteins that exceeds the ERs capacity (36, 109).  The increase in 

misfolded proteins is partially caused by an oversupply of nutrients and causes insulin 
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resistance by activating inflammatory pathways and increasing reactive oxygen species 

production (123, 345). Conversely markers of ER stress are reduced in the liver and 

WAT following gastric bypass surgery and a reduction in WAT mass (109). 

ADIPOSE TISSUE DIFFERENTIATION 

 During a state of chronic positive energy balance maintaining energy homeostasis 

by the differentiation of preadipocytes into adipocytes through a process termed 

adipogenesis is critical.  Preadipocytes are fibroblast-like cells that reside in the stromal 

vascular fraction (SVF) of WAT.  In addition to preadipocytes the SVF contains smooth 

muscle cells, endothelial cells, monocytes, and macrophages (119).  However it is the 

differentiation of preadipocytes that leads to the formation of mature adipocytes.  

Differentiation of preadipocytes is increased by insulin (100),  gluccocoricoids (336), and 

angiotensin II (244).  Conversely, inhibition of differentiation occurs in response to 

catecholamines (350) and cytokines (169).  Importantly, increased differentiation of 

preadipocytes is inversely related to proliferation thus a population of preadipocytes is 

unable to differentiate and proliferate simultaneously.    

Differentiation is initiated through a well-characterized transcriptional cascade of 

different transcription factors.  Initially two basic loop helix transcription factors, 

CCAAT/enhancer binding protein beta and delta (C/EBPβ and C/EBPδ), increase causing 

an increase in the transcription factor peroxisome proliferator-activated receptor gamma 

(PPARγ) (63, 112).  PPARγ is necessary for preadipocyte differentiation and directly 

increases CCAAT/enhancer binding protein alpha (C/EBPα), which helps maintains 

PPARγ expression and leads to the formation of a mature adipocyte.  Mature adipocytes 

are characterized by both lipogenic responses to insulin and the expression of lipoprotein 
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lipase (LPL) and glycerol-3-phosphate dehydrogenase (GPDH) (111).  Decreased 

lipogenesis and adipogenesis is present in the WAT of obese type 2 diabetics, revealing 

the importance of adipogenesis in maintenance of metabolic and FFA homeostasis.  For 

example, the decreased expression of the adipogenic proteins sterol regulatory element 

binding protein-1c (SREBP-1c) and PPARγ (but not C/EBPα or C/EBPδ), occurs in 

obese type 2 diabetics, but not BMI matched non-diabetic individuals (80).   

In addition to differentiation of preadipocytes, the other cells within the SVF such 

as endothelial, monocytes, and macrophages, play an important role in angiogenesis and 

extracellular matrix (ECM) remodeling during adipogenesis.  During adipogenesis the 

ECM shifts from predominately collagen types I/III, fibronectin, and ß1-integrins to 

predominately collagen type IV and entactin (254, 273).  Furthermore, breakdown of the 

ECM with the matrix metalloproteases (MMPs), 2 and 9, and the membrane-anchored 

MMP, is necessary for adipogenesis (45, 61).  Likewise, blocking angiogenesis with a 

vascular endothelial growth factor antibody prevents adipocyte adipogenesis, and leads to 

adipocyte hypertrophy (200).  The adipocyte hypertrophy further exacerbates the reduced  

adipogenesis by increasing adipocyte hypoxia, a known inhibitor of adipogenesis (151).  

This underscores the importance of how the process of ECM remodeling, angiogenesis, 

and adipogenesis are coordinated to expand WAT depots.     

ADIPOSE TISSUE AS AN ENDOCRINE ORGAN 

 In order for the WAT to carry out such a wide range of physiological tasks 

adipocytes release many proteins that have significant endocrine, paracrine, and autocrine 

effects.  The first protein discovered to be synthesized and secreted only by adipocytes 

was leptin in 1994 (346).  Leptin is critical in the regulation of appetite and energy 
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balance.  Since 1994, several proteins, now termed adipokines, were discovered to be 

exclusively or predominately expressed and secreted by adipocytes including: 

adiponectin (250), resistin (278), visfatin (91), apelin (44), and retinol binding protein 

four (RBP-4) (340).  Of these known adipokines adiponectin is a well-established anti-

inflammatory protein capable of improving insulin sensitivity, reducing cardiovascular 

disease, and is decreased in diabetic and obese individuals (306).  Resistin is believed to 

antagonize insulins action and is also elevated in the serum of obese individuals.  

However, resistin is also high in endurance-trained individuals, making its true biological 

function unclear (219, 222).  Visfatin is secreted to a greater extent by visceral than 

subcutaneous fat and is believed to lower glucose levels, although it is unclear the 

mechanism of action (91).  Apelin, like adiponectin, has beneficially effects on the 

cardiovascular system and is capable of increasing heart contractility and potentially 

improves vascular relaxation (29, 348).  While RBP-4 is a strong predictor type 2 

diabetes and more highly secreted from visceral than subcutaneous WAT, the evidence of 

RBP-4 playing a casual role in insulin resistance is limited (104, 154).  In addition to 

these adipokines adipocytes express many other proteins involved in matrix remodeling 

(226), angiogenesis (49), and energy homeostasis (10).   

Adipocytes can increased secretion of pro-inflammatory proteins such as, 

interleukin-6 (IL-6), TNF-α, monocyte chemoattractant protein-1 (MCP-1), and 

interferon-γ-inducible protein (265), during hypertrophy.  Similarly, adipocyte 

hypertrophy is associated with decreased secretion of the anti-inflammatory proteins IL-

10 and adiponectin (265).  The increase in pro-inflammatory molecules, especially MCP-

1, from hypertrophied adipocytes leads to the recruitment of activated macrophages to 
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expanding WAT depots (286).  Activated macrophages can then further increase the 

release of pro-inflammatory cytokines such as TNF-α, and IL-6 (322).  Importantly, the 

macrophages, and other cells within the SVF fraction release much higher amounts of 

pro-inflammatory proteins than adipocytes (83). The local increased inflammation causes 

insulin resistance in the adipocytes causing an inability of insulin to suppress lipolysis 

and a subsequent elevation in circulating free fatty acids.  Systemically, the increases in 

TNF-α and IL-6 originating from WAT depots may contribute to the low-grade 

inflammation typical of both cardiovascular disease and insulin resistance (8).  

Prevention of macrophage recruitment by tissue specific receptor knock-outs or 

antibodies that block macrophage binding is sufficient to prevent macrophage infiltration 

and subsequent inflammation of WAT following high-fat feeding in rodents (287, 321).  

Furthermore, preventing hypertrophy of adipocytes by increasing adipogenesis (150), or 

reducing adipocyte size after bypass surgery and weight loss (48) also reverses the 

macrophage infiltration and inflammatory phenotype within WAT.  
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REGIONAL DIFFERENCES IN ADIPOSE TISSUE DEPOT PHENOTYPE   

 Just as different skeletal muscle fibers types have different phenotypes, different 

WAT depots have very different phenotypes.  In 1954, Jean Vague noticed a sexual 

difference in regional adiposity, with male adiposity more pronounced in the abdominal 

area, and females adiposity more pronounced on the limbs (299).  He also made the 

connection that abdominal adiposity regardless of gender was more highly correlated 

with diabetes (299).  Today, the abdominal adiposity recognized by Jean Vague is 

considered a visceral WAT depot, while the “limb” adiposity is considered a 

subcutaneous adipose depot.  Additionally, visceral WAT includes depots surrounding 

the vasculature (perivascular) and heart (epicardial), while subcutaneous WAT can be 

anatomically divided into the superficial-subcutaneous WAT, directly below the skin, and 

the deep-subcutaneous WAT (7).  Perivascular WAT has a phenotype similar to visceral 

WAT (58), while deep-subcutaneous WAT has an intermediate phenotype between 

visceral and superficial subcutaneous WAT (310).   

In addition to diabetes, high amounts of visceral WAT depots are independently 

associated with insulin resistance, cardiovascular disease (CVD), and systemic low-grade 

inflammation (27, 337). This is in part due to the differences in visceral and subcutaneous 

phenotypes.  Intrinsic differences in metabolism, that include lower leptin/adiponectin 

release (196, 303) higher cytokine release (86, 90), higher lipolytic response to 

catecholamines (13), and lower differentiation capacities (304) in visceral than 

subcutaneous WAT.  Visceral WAT also has more macrophage infiltration with obesity 

compared to subcutaneous WAT (47, 115).   
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The amount and distribution of visceral and subcutaneous WAT is 

pharmacologically manipulated by a class of drugs called thiazolidinediones (TZD).  

TZDs are PPARγ agonists that reduce visceral adiposity, while increasing subcutaneous 

adiposity (308).  This adipose redistribution is associated with adipogenesis of 

hypertrophied subcutaneous adipocytes typically leading to a gain in WAT, but an 

increase in whole-body and peripheral insulin sensitivity (193, 308).  An example of the 

metabolic benefits of adipose redistribution is the leptin receptor deficient (ob/ob) mice 

that also overexpress adiponectin (also a PPARγ agonist).  These mice have twice as 

much adipose as regular ob/ob mice, but remain as insulin sensitive and are metabolically 

similar to wild type sedentary mice (150).  Not surprisingly, these mice have massive 

subcutaneous depots but very little visceral WAT (150). 

ADIPOSE TISSUE MITOCHONDRIA 

As the primary site of ATP synthesis in most cell types, mitochondrial function 

and/or content is tightly linked to cellular function and health.  Mitochondria form a 

reticulum in which individual mitochondria are constantly undergoing fission, fusion, and 

autophagy to maintain a population of healthy mitochondria (74).   Skeletal muscle has 

tremendous plasticity in mitochondrial adaptation and is capable of increasing 

mitochondrial content proportionally to the metabolic stress of endurance training (85).  

Conversely, cessation of endurance training leads to a decrease in mitochondrial content 

(67).  Interestingly, reductions in mitochondrial content and/or function in neurons, 

smooth muscle cells, endothelial cells, liver, skeletal muscle, or pancreatic-β cells is 

associated with a number of diseases, including; neurodegenerative disease, 

atherosclerosis, non-alcoholic fatty liver disease, and diabetes (217, 233, 258, 297).  
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Whether the reduction in mitochondria directly contributes to the cause or indirectly 

plays only an associative role in the development of these chronic diseases remains 

unknown (125, 155). 

A reduction of mitochondria in WAT is also associated with type 2 diabetes and 

obesity (60, 239, 284, 300).  Choo et al (60) showed that mitochondrial ATPase proteins, 

mitochondrial DNA (mtDNA), mitochondrial respiration, and fatty acid oxidation (FAO) 

in adipocytes were decreased in diabetic leptin deficient (db/db) mice and ob/ob mice.  

Others have shown that high-fat feeding reduces mitochondrial concentration, 

peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α), and 

FAO in WAT of mice (239) and rats (284).  Conversely, reverses the reductions in WAT 

mitochondrial concentration is accomplished with PPARγ agonist treatment using TZDs 

in diabetic humans (37, 38), db/db mice, ob/ob mice, high-fat fed mice, and in vitro 

(239).  However, PPARγ agonist treatment is ineffective in increasing WAT 

mitochondrial content in patients given antiviral therapies that cause mitochondria 

toxicity (181). Additionally, increased mitochondrial enzyme concentrations in 

adipocytes is accomplished with both pharmacological agents that increase cAMP, such 

as epinephrine or forskolin (38, 283), or physiological stimulus, like swimming, that also 

increase cAMP (275, 283).    

  One of the major purposes of mitochondria is to generate ATP used to carry out 

a variety of energy requiring processes.  Although the ATP demands of adipocytes are 

less than in working skeletal muscle there are several metabolic and physiological 

processes within adipocytes that require significant ATP production.  De novo 

lipogenesis in WAT requires acetyl-CoA, which is created in the mitochondria by the 
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oxidation of pyruvate (309).  However, acetyl-CoA is unable to directly cross the 

mitochondrial membrane.  Acetyl-CoA and oxaloacetate can combine via citrate synthase 

forming citrate, which is subsequently moved to the cytosol and simultaneously 

converted back to acetyl-CoA and oxaloacetate by ATP citrate lyase, which is located in 

the mitochondrial membrane (19).  This shuttle provides the cytosolic acetyl-CoAs 

necessary for de novo lipogenesis and requires ATP at several steps.  Alternatively, ATP 

production is increased during fatty acid cycling, which is characterized, by increased 

lipolysis and subsequent fatty acid re-esterification.  Two examples of when fatty acid 

cycling occurs are experimentally increasing serum leptin with an adenovirus (262) and 

overexpression of desnutrin (4), both of which prevent obesity in response to a high fat 

diet.  However, others have shown that leptin increases FAO of exogenous fatty acids 

over endogenously stored triacylglycerides, which does not result in fatty acid cycling 

(328).  Future studies are needed to reconcile these differences in the literature. 

In support of mitochondria playing an important role in lipogenesis Kaaman et al 

(139) showed that in humans mtDNA copy number in isolated subcutaneous adipocytes 

strongly correlates to basal and insulin stimulated de novo lipogenesis, but not lipolysis.  

They also showed a weak inverse association with mtDNA and age.  Likewise, age-

associated decreases in mitochondria have been previously shown in metabolically active 

tissues such as skeletal muscle and liver (46, 186).  However, in wild type mice 

increasing in age from 0.5 years of age to 1.5 years of age resulted in a transient increase 

in epididymal WAT mitochondrial proteins.  By 2.5 years of age WAT mitochondrial 

proteins fell to similar values as seen in the 0.5 year old mice. (143).  Interestingly, unlike 

the wild type mice, in mice with a WAT specific knockout of the insulin receptor 



 14 

mitochondrial protein concentration remained high at 2.5 years of age (143).  However, 

these mice had reduced lipogenesis, suggesting that WAT mitochondria is not related to 

increased lipogenesis (143).  Another potential role for WAT mitochondria is their 

importance in the synthesis of adipocyte specific proteins, exemplified by a recent report 

showing the necessity of mitochondria for adiponectin synthesis (19).     

CHANGES IN ADIPOSE TISSUE WITH INCREASED PHYSICAL ACTIVITY 

 A negative energy balance is required for weight loss which can be achieved 

through increased energy expenditure or decreased energy intake.  A meta analysis by 

Miller et al  (187) in 1997 showed that exercise alone (74 studies) resulted in an average 

weight loss of 2.4 kg, diet alone 10.7 kg (224 studies), and diet plus exercise 11.0 kg (119 

studies).  However, since the average daily caloric restriction was 500-1000 kcal/day, 

while the increase in energy expenditure only reached 142-214 kcal/day (1000-1500 

kcal/week) this finding is not unexpected. 

For weight maintenance only 4 of 14 random clinical trials reviewed by Catenacci 

and Wyatt (53) showed exercise to be significantly better at weight maintenance than no 

intervention.  However, this was not surprising considering 42-72% of subjects reported 

to have discontinued exercise in three studies (218, 302, 332), and the 58% of individuals 

who did exercise averaged were only able to average 42 minutes/week of walking in one 

study (218).  Strong evidence suggests that if subjects maintained high exercise levels 

weight maintenance is possible.  Indeed, in cross sectional studies, the National Weight 

Control Registry (153) and  others (116, 145) report that 90% of people averaging greater 

than 2,500 kcal/week of energy expenditure through exercise maintain signigicant weight 

loss.  Similarly, using the gold standard (double-labeled water) for energy expenditure 
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studies, women needed 77-80 minutes of exercise/day for successful maintenance of 

weight loss (252, 320).  The STRRIDE study used multiple doses of exercise to show that 

the equivalent of jogging 20 miles/week was necessary for reductions in abdominal 

adiposity, but only the equivalent of 12 miles/week could prevent gains in abdominal 

adiposity (266).   

Various exercise modalities can decrease adiposity in numerous obesity 

paradigms in rodents. Voluntary wheel running is sufficient to prevent weight gain in 

hyperphagic Osaka Long Evans Transgenic Fatty (OLETF) rats (195, 232).  Eight weeks 

of treadmill training can reverse increases in visceral and subcutaneous adiposity in wild 

type rats after eight weeks of a high fat diet (98).  Swimming rats swimming either 3 x 30 

minutes/day or a continuous 90 minutes/day reduces visceral adiposity on a high-fat diet 

(255).   Wheel running following caloric restriction, maintains a body weight and 

adiposity similar to rats never caloric restricted, while rats without access to running 

wheels became heavier than the always ad libitum fed control group (175).  In summary 

both human and rodent data indicate that increases in physical activity are an effective 

treatment and prevention measure against obesity.   

INCREASED ADIPOSE TISSUE WITH PHYSICAL INACTIVITY 

 In cross-sectional studies reductions in leisure-time physical activity, or increases 

in physical inactivity, are correlated with significant weight gain (102, 251, 330).  This 

also occurs in highly trained individuals such as female swimmers whom, two months 

following the cessation of training had a 4.3 kg increase in fat mass, an amount 

equivalent to the reduction in calories expended through training (9).  Likewise, after the 

end of their competitive season male competitive cyclists gain 5% absolute body fat in 2 
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months (99).  A large prospective study showed inactivity increases in abdominal fat 

mass in male and female runners in a dose-dependent manner (329).  Finally, when males 

decreased compliance to resistance exercise to only 14% fat mass increased about 6 kg or 

20% during the 24 months following a 6-month period utilizing resistance training for 

weight maintenance (42). 

 Rodent models show similar changes in adiposity following physical inactivity.  

In high-fat fed rats cessation of 6 weeks of treadmill training for 2 weeks, resulted in an 

increase in food intake, retroperitoneal, and epididymal WAT mass to the level of the 

non-trained rats (12).  Adults rats fed low fat chow and given access to running wheels 

for 8 weeks show an increase in epididymal fat mass, adipocyte diameter, and adipocyte 

number, during 1 week of inactivity.  A second week of inactivity that did not further 

increase any of the adiposity markers (170).  In lean and obese rats, given access to a 

running wheel for 3 hours/day as rat pups during weaning and then 24 hours/day until 8 

weeks of age, fat mass was reduced, but subsequently surpassed that of control rats after 

8 weeks of no access to running wheels (279).  Following 3 weeks of voluntary wheel 

running Kump and Booth (163) saw a 25% and 48% increase in epididymal and omental 

WAT mass during just 53 hours of inactivity, respectively.   

 The rapid increases in fat mass observed with the onset of physical inactivity 

maybe explained by several mechanisms. Following the cessation of physical activity 

most studies have reported a significant increase in food intake relative to always-

sedentary animals (12, 163, 279).  In 1 week of inactivity increase fatty acid delivery to 

WAT  occurs through a 155% increase in WAT tissue LPL activity, and may contribute 

to the increased WAT mass (170).  Furthermore, cessation of wheel running for 4, but not 
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9 days enhances insulin-stimulated glucose uptake and likely lipogenesis, in isolated 

adipocytes (69).  In agreement the lipogenic enzymes GPDH, citrate cleavage enzyme, 

and malic enzyme all increased in a 2 week period of sedentary cage activity that 

followed 6 weeks of treadmill training in rats (76).  A shorter length of inactivity shows 

that while 5 hours after the cessation of voluntary wheel running palmitate incorporation 

into TAG is reduced 73% relative to sedentary animals, it increases 14-fold, and to a 

level above that of sedentary animals by 10 hours (163).  This rapid increase is in part 

due to an increase in mitochondrial glycerol-3-phosphate acyltransferase-1 activity and 

protein concentration (164).  Together these studies demonstrate a rapid upregulation of 

the enzymes necessary for storage and conversion of FFAs to TAG in WAT following 

the cessation of physical activity.  

ANIMAL MODELS OF PHYSICAL ACTIVITY, INACTIVITY, AND OBESITY 

 Three main models of physical activity in rodents are used; voluntary wheel 

running, treadmill running, and swimming.  Forced treadmill and swimming training are 

capable of rapidly and robustly increasing skeletal muscle mitochondrial content (17, 85).  

However, this increase is in part due to the larger stress response forced exercise elicits 

and may not be as representative of how humans historically engaged in physical activity 

(55).  More similar to hunter-gatherer human type physical activity is voluntary wheel 

running which is intermittent over a period of 12 hours (55, 65).  A limitation of 

voluntary wheel running is that while total duration and distance exceeds that of 

treadmill-trained rats, classical exercise adaptation phenotypes are relatively modest, with 

both only a 20-30% increase in mitochondrial enzymes and no increase in treadmill 

tested maximal oxygen consumption (162, 170).  Thus, voluntary wheel running is a 
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good model of increased physical activity (akin to increased leisure time activity), but not 

exercise training.  Preventing access to voluntary wheels is done to transiently study 

inactivity.  This differs from a classical detraining study, during which cessation of swim 

or treadmill training occurs.   

 A variety of obesity models in rodents exist.  The three most commonly utilized 

models in mice are the ob/ob mice, which lack the long form of the leptin receptor, the 

db/db mice, which lacks the leptin gene, and diet induced obesity (DIO) in C57/BL6 mice 

(236).  ob/ob and db/db mice both show disruptions in glucose homeostasis at ~3 weeks 

of age and develop diabetes at the relatively young age of ~10 weeks.  In C57/BL6 mice, 

which are sensitive to DIO, feeding a relatively high-fat diet (40-65% calories from fat) 

for as short as 4 weeks increases WAT mass and circulating insulin levels, which full 

diabetes at a much later age (40, 57).  DIO allows the ability to study adult mice, but 

disadvantages such as the heterogeneity of response and strain differences exist (282).  

Importantly, most models of rodent obesity exhibit severely reduced voluntary wheel 

running activity (138, 279).   

 The OLETF rat is unique because it is has normal voluntary wheel running 

activity, but is also a monogenetic model of obesity (195, 232).  Discovered in a Long 

Evans colony in the 1980s in Japan, the OLETF rat lacks the cholecystokinin A receptor 

1 in the brain, making it hyperphagic and predisposed to develop obesity (144).  OLETF 

rats progress to hyperglycemia by 12 weeks of age and clinical diabetes by 40 weeks of 

age, making it an excellent model for studying the progression of diabetes in adult 

animals (192).  Unlike other rodent models of obesity, such as Zucker rat, the OLETF rat 

will use a running wheel.  Voluntary wheel running in OLETFs prevents non-alcoholic 
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fatty liver and the progression to diabetes, but through a mechanism that fails to 

significantly alter skeletal muscle phenotype (188, 195, 232). 

THE EPIGENOME 

Francis Collins has stated that genes alone do not tell the whole story; increases in 

chronic diseases cannot be due to major shifts in the human gene pool as those changes 

take much more time to occur. Rather, they must be due to environmental changes, 

including diet and physical activity, which may produce disease in genetically 

predisposed persons (64). 

Unlike genetic mutations or single nucleotide polymorphisms, epigenetic 

modifications do not result in changes in the DNA sequence.  Instead DNA packing or 

confirmation is indirectly modified by histone modifications (e.g. acetylation or 

methylation) or directly modified by methylation of the cytosine base in CpG 

dinucleotides (28).  There are over a 100 known histone modifications, some of which 

exert their effect by recruiting specific transcription factors or modifying chromatin to 

allow an increase (chromatin opening) or decreasing (chromatin compaction) in gene 

expression (158). DNA methylation only occurs at cytosines followed by guanines 

dinucleotides (CpG) within the entire mammalian genome.  Importantly, CpG 

dinucleotides are underrepresented in the genome compared to what is expected by 

chance (94).  However, some regions exhibit a much higher frequency of CpGs and are 

termed CpG islands (CGIs).  CGIs are arbitrarily defined by length (500bp-3000bp), 

cytosine/guanine content (>50%), and CpG frequency (>60%) (94).  Importantly, these 

CGI are found in an estimated 60-72% of promoters and first exons and are key sites 

where CpG methylation varies in cancer (84, 247).   
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MOLECULAR MECHANISMS CONTROLLING CPG METHYLATION AND GENE 
EXPRESSION 
 
 Methylation of cytosines in CpGs is catalyzed by the DNA methyltransferase 

class of enzymes which transfer a methyl group to the carbon 5 position of cytosine to 

produce 5-methyl cytosine (295).  Methylation of CpGs can be divided into two basic 

types, either maintenance of methylation that occurs exclusively on the daughter strand 

during DNA replication, or de novo methylation of DNA in non-dividing cells.  During 

the replication of cells DNA methyltransferase 1 (Dnmt1) has a 7-21 fold greater 

preference to methylate hemimethylated dsDNA rather than unmethylated DNA, 

suggesting a role in methylation maintenance (228).  However, each replication of 

artificially methylated DNA in mouse cells losses 5% of the CpG methylation indicating 

the fidelity of Dnmt1 is not perfect (327). Furthermore, the Dnmt1-/- mouse has normal 

methylation of 80% of its CpGs indicating other DNA methyltransferase are clearly 

involved in methylation maintenances (234). Responsible for de novo methylation the 

DNA methyltranferases, Dnmt3a and Dnmt3b, were discovered in 1998 by Okano et al 

(208); who showed they contain non-overlapping functions, and are upregulated during 

development.    

 The mechanisms through which the DNA methyltranferases target particular 

CpGs is poorly understood.  Evidence suggests repeated sequences within the DNA seem 

preferentially targeted for de novo methylation (95), as are CpGs within CGI (118, 206). 

Targeting specific CpGs for de novo methylation by recruitment of Dnmt3a may occur 

through histone modifications, such as dimethylation of lysine three on histone four 

(347).  Conversely, a decrease in CpG methylation does occur in rat myoblasts although 

such a putative demethylase enzyme has not been characterized in mammals (323).  
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Furthermore, demethylase activity of, methyl binding protein 2 (MBD2), Dnmt3a, and 

Dnmt3b, is present in vitro, but this has yet to be verified in vivo (30).   

Generally, 

methylation of CpGs 

represses mRNA 

transcription by two main 

mechanisms; 1) directly 

inhibiting the binding of 

certain proteins, or 2) 

indirectly recruiting 

additional proteins to the 

promoter that block the binding of transcription factors (Figure 1-2).  An example of the 

former is CpG methylation at the H19/Igf2 locus that blocks the vertebrae enhancer 

protein CTCF from binding the DNA, leading to decreased transcription of Igf2 (25).  

Additionally, binding of methylated DNA by the proteins MBD1, MBD2, MBD3, and 

MeCP2 can both recruit co-repressor complexes to the methylated DNA and block 

transcription factors that enhance transcription from binding (31).  

CPG METHYLATION IN CANCER AND CHRONIC DISEASES 

 In tumorgenesis the entire genome is generally hypomethylated, except the 

promoters of tumor suppressor genes, which are hypermethylated, and whose expression 

is consequently repressed (22).  Interestingly, this hypomethylation of the genome also 

seems to play a role in the development of cancer, as the hypomethylation present in the 

Dnmt1-/- mouse is associated with an increased incidence of T cell lymphomas (97).  On 

Figure 1-2 

Figure 1-2  Dense methylation at CpG Islands can inhibit binding of 
transcription factors and mRNA trnslation directly and indirectly. 
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the other hand, hypermethylation of tumor suppressor genes, such as p16INK4a, is one of 

the earliest changes in cancer cells that prevents normal cell growth checkpoints both in 

cell culture models of cancer (87) and human carcinomas (24).  An insight into how 

increases in CGI methylation progress spatially was accomplished by overexpressing 

dnmt3a.  Overexpression of dnmt3a increases de novo methylation of the E-cadherin 

promoter first occurs at either end and then progresses towards the middle of the CGI, 

eventually covering the entire island (103).  An increase in DNA methylation in the 

promoter of the genes that are methylated in colon cancer also occurs with aging, 

suggesting an environmental role in DNA methylation (5, 134). 

 A landmark study by Fraga et al (88) comparing monozygous twins provided 

substantial indirect evidence that environmental factors are capable of changing DNA 

methylation patterns.  The authors compared total DNA methylation content and 

variability in circulating leukocytes of monozygous twins ranging from 3-74 years old, 

with a mean age of 30.6 years old.  The older the twin pair, the greater difference in total 

methylated DNA and methylation variability.  Differences in the amount of DNA 

methylation between different aged twins were confirmed with both bisulfite sequencing 

of specific genes and a global technique using a methylation-sensitive endonuclease (88).  

Another group, showed age-dependent increases in promoter DNA methylation of the 

estrogen receptor alpha gene in the right atrium of humans, veins, and arteries; as well as 

greater methylation within atheroscleric plaque regions of vessels relative to non-diseased 

area in the same individual studying the promoter (225).  Increased promoter methylation 

of estrogen receptor beta decreases gene expression following repeated passages of 

smooth muscle cells, but is prevented by pharmacological inhibition of DNA methylation 
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(148).   Interestingly, increases in DNA methylation in leukocytes of subjects with 

chronic kidney disease positively correlates with cardiovascular disease risk (277).  

Collectively these studies indicate that differences in DNA methylation can arise from 

environmental factors and play a role in disease development. 

EPIGENETIC CHANGES DUE TO ENVIRONMENTAL CHANGES 

 There are several examples of epigenetic changes due to the environmental 

differences in developing mammals worth noting.  For example, an increase in the 

behavior of pup licking by mothers leads to reduced methylation of the growth hormone 

receptor promoter in pup mice (318).  While feeding pregnant (A(vy)/a) mice a methyl-

supplemented diet leads to hypermethylation of the agouti gene in and yellow coat color 

in offspring (333).  Although exercise has not been shown to cause changes in CpG 

methylation, it has been shown to change histone modifications. Acute exercise in rats 

results in a two-fold increase in acetylation of histone 3 allowing the transcription factor 

MEF2A to bind the promoter of the GLUT4 gene and increase mRNA expression (269).  

SUMMARY OF RATIONALE AND HYPOTHESES FOR ALL EXPERIMENTS 

 WAT phenotype has long been known to influence chronic disease such as 

diabetes and cardiovascular disease, while a role of aberrant DNA methylation is just 

now beginning to be appreciated.  The overall rationale for this dissertation was to 

determine the effects of changes in physical activity levels on established and potential 

risk factors known for chronic diseases. 

Chapter 2:  Rationale:  During the cessation of physical activity, an increase in 

food intake is observed above that of always-sedentary animals in concert with an 

increase in WAT.  The question of whether the increase in WAT during physical 
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inactivity is due to inactivity or elevated food intake remains to be answered.  

Hypothesis:  Pair feeding of rats during a period of 173 hours of inactivity to that of 

sedentary rats will prevent the gain in WAT mass normally seen with cessation of 

voluntary wheel running. 

Chapter 3:  Rationale:  During the cessation of physical activity a reduction in 

fatty acid catabolism in skeletal muscle occurs and may contribute to the increase in 

WAT mass.  The question of how quickly following inactivity FAO falls in skeletal 

muscle, and whether it also falls in liver and WAT remains unknown.  Hypothesis:  FAO 

and markers of mitochondrial activity will fall to sedentary levels in skeletal muscle, 

liver, and WAT following 173 hours of inactivity. 

Chapter 4:  Rationale:  In rodents that become obese, mitochondrial content in 

WAT is reduced.  Swimming exercise increases mitochondrial content in WAT in 

healthy rats, but it remains unknown whether voluntary wheel running can prevent the 

reduction of mitochondrial content in obese rodents.  How WAT mitochondrial content 

during the progression to diabetes changes remains unknown.   Hypothesis:  Voluntary 

wheel running will prevent a decrease in WAT mitochondrial concentration in 

hyperphagic rats and aging will differentially affect healthy and obese rats white WAT 

mitochondrial content. 

Chapter 5:  Rationale:  Evidence suggests that changes in environment are likely 

to cause differences in DNA methylation that are associated with chronic diseases.  

Increased physical activity reduces chronic diseases, but it remains unknown if physical 

activity can change DNA methylation.  Hypothesis:  Voluntary wheel running and 
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sedentary mice will have different global DNA methylation patterns, which lead to 

differences in mRNA expression of differentially methylated genes.  
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Chapter 2:  Inactivity Induces Increases in Abdominal Fat1 
 
 
 
ABSTRACT 

Previously, inducing inactivity for 53 h after 21 days of voluntary running resulted 

in a 25 and 48% increase in epididymal and omental fat pad weights, respectively, while 

rats continued to eat more than a group that never had access to a running wheel.  We 

wanted to test the hypothesis that inactivity, independent of excessive caloric intake, 

could induce an increase in fat pad mass. Twenty-one-day-old rats were given access to 

voluntary running wheels for 42–43 days so that they were running 9 km/day in the last 

week of running, after which wheels were locked for 5, 53, or 173 h (WL5, WL53, 

WL173) before the rats were killed. During the 53 and 173 h of inactivity, one group of 

animals was pair fed (PF) to match sedentary controls, whereas the other continued to eat 

ad libitum (AL). Epididymal and retroperitoneal fat masses were significantly increased 

in the WL173-PF vs. the WL5 group, whereas epididymal, perirenal, and retroperitoneal 

fat masses were all significantly increased in the WL173-AL group compared with the 

WL5 group. Additionally, hyperplasia, and not hypertrophy, of the epididymal fat mass 

was responsible for the increase at WL173-AL as demonstrated by a significant increase 

in cell number vs. WL5, with no change in cell diameter or volume. Thus two important 

findings have been elucidated: 1) increases in measured abdominal fat masses occur in 

both AL and PF groups at WL173, and 2) adipocyte expansion via hyperplasia occurred 

with an ad libitum diet following cessation of voluntary running.  

 

                                                             
1 This chapter is presented exactly as published by Laye et al JAP, 2007 
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INTRODUCTION 

 The Centers for Disease Control (CDC) has classified tobacco, poor diet, and 

physical inactivity as "actual causes" of premature death, distinguishing them from heart 

disease and malignant neoplasm as "leading causes" of death (189). The CDC defines 

physical inactivity as, "not engaging in any regular pattern of physical activity beyond 

daily functioning" (http://www.cdc.gov/nccdphp/dnpa/physical/terms/index.htm.2006); 

the model of inactivity employed here ceases voluntary running of rats with only regular 

cage activity remaining. Of the three major actual causes of death, physical inactivity has 

received the least attention. Having previously studied physical inactivity in rodents as a 

further reduction in activity from sedentary or caged conditions by physical restraint (41, 

288), we have altered our approach by developing a model that would more closely 

approximate comparison between innate and voluntary physical activity with more 

sedentary but ambulatory conditions. It is known that the provision of running wheels to 

"caged" rats and mice results in their running 2–15 km per night, depending on the strain 

(72, 238); thus animals provided access to running wheels are naturally more physically 

active than caged animals. In conjunction with the CDC classification of physical 

inactivity as an actual cause of premature death, we speculated that allowing rats to have 

access to running wheels and then systematically locking the wheels would provide 

insight into processes important during the transition from the natural state of physical 

activity to a more sedentary existence in caged animals.  

Upon locking the wheels of rats to induce physical inactivity, we unexpectedly 

observed a rapid (53 h) increase in epididymal and omental WAT masses (163). This 
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observation could be important because human visceral obesity is associated with higher 

incidence of premature death from the cardiometabolic syndrome (34, 73). However, in 

the "wheel-lock" (WL) model employed, rats ate ad libitum and consumed more food 

than sedentary rats during both the voluntary running and the 53 h of wheel lock 

(inactivity) period, compared with age-matched rats that never had access to running 

wheels (163). Therefore, it remained uncertain whether the increase in WAT was solely 

due to excess food consumption rather than decreased physical activity. The present study 

was designed to specifically test the hypothesis that excess food intake was exclusively 

responsible for the increase in abdominal fat by feeding one group of rats ad libitum (AL) 

while limiting food intake of a second group ["pair fed" (PF)] to that of age-matched, 

always sedentary rats. The basis for selecting the three time points for AL and PF groups 

after locking wheels was determined from our laboratory's previous findings and are as 

follows: 1) 5 h (WL5) because the acute exercise effects on basal glucose uptake into 

epitrochlearis muscle had disappeared (162); 2) 53 h (WL53) because enhanced insulin 

sensitivity had returned to sedentary levels (162) and epididymal and omental fat masses 

increased (163); and 3) 173 h (WL173) to ensure that the 53-h increase in fat mass was 

not a transient effect and that the period of inactivity was of sufficient length to test the 

hypothesis.  

METHODS 

Materials.   Nylon mesh was from Sefar America (Kansas City, MO). All other 

reagents were either from Sigma or Fisher.  

Animal protocol.   The animal protocol was approved by the Institutional Animal 

Care and Use Committee at the University of Missouri-Columbia. Thirty-six, male 
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Fischer 344 x Brown Norway F1 hybrid rats (Harlan) were obtained in the fourth week of 

life. Animals were randomly separated into single cages with access to running wheels 

(WL) and those without access to the wheels (SED). Rats assigned to running groups 

were immediately housed (at the age of 21 days) in cages equipped with a voluntary 

running wheels outfitted with a Sigma Sport BC 800 bicycle computer (Cherry Creek 

Cyclery, Foster Falls, VA) for measuring daily running activity. Voluntary running was 

selected to approximate the more natural activity state of the animal. The selection of the 

age of the rats was based on our laboratory's previous observation that the first night's 

running distance in voluntary wheels by rats in the fifth week of life was threefold longer 

than rats in the eighth week of life (6 vs. 1.5 km) (163, 164). Therefore, we hypothesized 

rats in their fourth week of life would run further total distances than those in their fifth 

week. Cages were in temperature-controlled animal quarters (21°C) with a 0600–1800 

light:1800–0600 dark cycle that was maintained throughout the experimental period. Two 

cohorts of equal numbers were obtained that had initial body weights of 38.8 ± 1.0 and 

33.0 ± 0.9 g and who ran an average of 9.49 ± 1.00 and 8.16 ± 0.74 km daily, 

respectively, during the last week of running.  

All animals were provided 200 g of standard rodent chow (Formulab 5008, Purina 

Mills, St. Louis, MO) in new cages at the beginning of each week when cages were 

changed and body weights obtained between 0800 and 1000. Animal cages were changed 

7 days before the rats were killed for each group based on a dip in food intake that was 

noted the day after changing cages (see days –9 and –2 in Figure 2-2A). Running activity 

(for groups with wheel access) was obtained every day of running between 0800 and 

1000. Body mass and food intake were measured daily during the fifth and sixth week of 
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running and following locking of the wheels. Rats in running groups had access to wheels 

and food and water ad libitum for 42 or 43 days, at which time (0600) wheels were locked 

for all groups (Figure 2-2). One group of rats was anesthetized [ketamine (80 mg/kg), 

xylazine (10 mg/kg), and acepromazine (4 mg/kg)] and killed by exsanguination by 

removal of the heart 5 h (1100; WL5) after locking of wheels; a group of sedentary rats 

were killed at the same time. The remaining four groups of rats were divided into two 

main groups (either fed AL or PF to the predicted amount of food being eaten per gram of 

body weight by an age-matched group that never had access to running wheels). These 

two main groups of rats were further assigned so that they underwent 53 h (WL53-AL 

and WL53-PF) or 173 h (WL173-AL and WL173-PF) of wheel lock (designated 

"inactivity"); these groups were killed after being anesthetized (as above) at 1100 after 

either 53 or 173 h of inactivity. All animals had access to food until the day of death, 

when food was removed at 0600.  

Increases in upper body fat in humans are reported to worsen metabolic risk 

factors, but whether this incremental effect is due to abdominal subcutaneous or 

intraperitoneal fat is disputed (307). Selection of fat depots was based on body cavity; 

epididymal (intraperitoneal), perirenal (intraperitoneal), and retroperitoneal 

(extraperitoneal) WATs were removed from exsanguinated animals and weighed. 

Epididymal fat was divided and placed into osmium tetraoxide or blocked in paraffin 

following an overnight fix in formalin for microscopic examination. Epididymal fat was 

selected because of its well-defined anatomic boundaries in the intraperitoneal cavity.  

Adipocyte isolation.   Adipocytes from epididymal fat pads were isolated by a 

modification of the Rodbell method (237) as modified by our laboratory (163).  
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Adipocyte size and number.   Preparation of epididymal WAT for determination 

of cell size and number was performed essentially as described by Cartwright (50), as 

previously delineated by our laboratory (163). Cell volumes were directly measured with 

a Coulter counter, and the total number of cells was then calculated from the average cell 

volume and the weight of the entire epididymal fat pad. For morphometric 

determinations, sections were stained with hematoxylin and eosin. Thirty random 

adipocytes from two different areas of the microscopic section for each sample to verify 

Coulter counter data were measured at a x20 magnification using Image Pro (Silver 

Spring, MD) imaging software.  

Statistics.   For each outcome measure, a one-way analysis of variance was done 

using the MIXED procedure (SAS, Carry, NC). Pairwise comparisons were done using 

least squares means (SAS) but only for the five pairs of interest (WL5 vs. WL53-AL; 

WL5 vs. WL53-PF; WL5 vs. WL173-AL; WL5 vs. WL173-PF; and WL173-AL vs. 

WL173-PF). The 25 P values obtained from these comparisons were then used in the 

PROC MULTTEST (the procedure approaches the multiple testing problem by adjusting 

the p-values from a family of hypothesis tests, SAS) to obtain the set of comparisons that 

met an approximate 0.05 false discovery rate adjustment (26). Significance for all tests 

was set at P < 0.05. All data are presented as means ± SE. 

RESULTS 

In the final week of running, rats ran 9 km/day (Figure 2-1B). On the final day 

of 42 or 43 days of running, the absolute food intakes of WL rats (23.5 ± 0.5 g/day) was 

23% more (P < 0.001) than SED rats (19.1 ± 0.7 g/day) (Figure 2-2A). In the first 24 h, 

when wheels were locked, there was an immediate drop in food intake of 11 and 24% for 
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the WL-AL and WL-PF groups, respectively (Figure 2-2B); WL-PF rats consumed what 

SED rats were eating per gram of body weight (Figure 2-2B/C). The WL-AL group 

consumed significantly more food during days 1–3 of wheel lock (P < 0.005) (Figure 2-

2B). However, by day 4 of wheel lock, this statistical difference no longer existed as 

determined by repeated-measures ANOVA (P = 0.06–0.08 for days 4–6, P = 0.57 for day 

7 (Figure 2-2B). 

 Body weights (g) at death were not statistically different between groups (Table 

2-1). During the 7 days of WL the WL173-AL and WL173-PF groups gained 9.14 ± 4.2 

and 1.4 ± 2.6 g of body weight, respectively. In the first cohort (n = 5 for Sed, n = 2–3 for 

other groups) of animals, muscle weights for soleus and plantaris were taken and 

determined to not differ among groups (data not shown). 
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Epididymal fat masses (g) of WL173-PF and WL173-AL were both significantly 

(P < 0.05) greater than WL5 (Figure 2-3A, Table 2-1). However, WL5 was not different 

from WL53-PF, WL-53AL, and SED. Perirenal fat mass (g) of WL173-AL was 

significantly greater (P < 0.05) than WL5 (Figure 2-3B, Table 2-1). However, WL5 was 

not different from WL53-PF, WL53-AL, WL173-PF, or SED. Retroperitoneal fat masses 

(g) of WL173-PF and WL173-AL were both significantly (P < 0.05) greater than WL5 

(Figure 2-3C, Table 2-1). However, WL5 was not different than WL53-PF, WL53-AL, or 

SED. WL173-PF tended to have slightly, nonsignificantly, less fat gains than WL173-AL 

for all three fat masses, which could be related to WL173-AL consuming more food on 
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the first 3 days of inactivity (Figure 2-2). Altogether then, the hypothesis that excess food 

intake was exclusively responsible for the increase in abdominal fat from WL5 to WL173 

is deemed not to be held for two of the three determinations; i.e., epididymal and 

retroperitoneal fat increased at WL173 in the PF condition. 

Epididymal adipose cell volume did not significantly differ between WL5 and any 

group as determined with a Coulter counter (see methods for details) (Figure 2-4, Table 

2-1).  No differences in adipocyte diameters were observed between WL5 and WL173-

AL (Figure 2-5). Only diameters (µm) from WL5 and WL173-AL were calculated via 

microscope method to verify Coulter counter data. The values were 71.1 ± 1.99, and 74.4 

± 3.45 for WL5 and WL173-AL, respectively. The diameters (µm) from the Coulter 

counter were not different between WL5 and other groups (Table 2-1). The coulter 

counter and microscopic (Figure 2-5) methods were in agreement that no difference 

existed for adipocyte cell size. Both methods gave a 4.6%, nonsignificant, higher value 

for cell diameter in WL173-AL than in WL5. 

Adipocyte number (x106) in the epididymal fat pad was significantly greater (P < 

0.05) in WL173-AL (10.76 ± 1.06) than WL5 (7.63 ± 0.64) (Figure 2-6, Table 2-1). 

Adipocyte numbers per epididymal fat pads for remaining groups were not different from 

WL5. 

DISCUSSION 

The sole purpose of the present study was to test whether pair-feeding (food 

intake levels provided at levels of age-matched rats never having access to running 

wheels) would entirely prevent the increase abdominal fat that occurs in ad libitum eating 

upon locking running wheels. A major finding of the present study is that pair feeding 
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during inactivity did not prevent epididymal and retroperitoneal, but it did prevent the 

perirenal, fat masses from increasing in size after rats ceased 42–43 days of daily 

voluntary running. Therefore, the hypothesis that excess food intake was exclusively 

responsible for the increase in abdominal fat is rejected; the alternative hypothesis that 

excess food is not exclusively responsible is thus accepted. A new hypothesis generated 

from these observations is that physical inactivity likely plays some role in increased 

abdominal fat in the model employed in the present experiments. Another major finding is 

that adipocyte hyperplasia was present at the seventh day after ceasing voluntary running 

in those rats ad libitum fed.  

Pair feeding during inactivity did not totally prevent the gain in mass of 

epididymal and retroperitoneal fat masses at the seventh day of inactivity. When 

comparing the 173rd with 5th h of inactivity after ending 42 nights of voluntary running, 

PF and AL groups had increases in epididymal fat mass of 34 and 50% and in 

retroperitoneal fat mass of 93 and 101% (Figure 2-3 A and C, black bars). Importantly, 

body weights only increased by 0.5 and 3.5% during the 7 days of inactivity, in the 

WL173-PF and WL173-AL, respectively. Thus body growth alone cannot fully account 

for the increases in fat mass. For perirenal fat mass, an increase of 85% occurred from the 

5th to the 173rd h of inactivity for the AL-ed group. However, the difference from the 5th 

to the 173rd h of inactivity was 52% in the pair-fed group (P = 0.19). No significant 

differences existed at the 173rd h of inactivity between PF and AL groups for any of the 

three fat masses. Similar results were obtained when specific fat masses were normalized 

to body weight (Figure 2-3, A–C, gray bars), suggesting that increases in fat masses 

during inactivity were in large part independent of body mass. These observations suggest 
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that inactivity after voluntary running, independent of excess caloric intake, leads to the 

enlargement of abdominal fat. The major limitation to the interpretation is the absence of 

indirect calorimetry to more precisely balance caloric intake with expenditure in the 

inactivity period; therefore, our interpretations are based on pair feeding. An alternative, 

but not contradictory, interpretation is that physical activity performed voluntarily slowed 

the growth of abdominal WAT, and the ensuing physical inactivity permitted catch-up 

growth. Nonetheless, whatever the interpretation, the rapid growth of abdominal WAT 

opens a future opportunity to dissect mechanisms by which reductions in the caloric 

expenditure of physical activity increases the partition of calories to fat masses.  

Three observations from our laboratory's earlier study (163) provide notions as to 

how maladaptations to physical inactivity may have played some role in the increased 

epididymal fat mass, which are 1) inactivity would omit the nightly 80% suppression of 

palmitate incorporation into TAG and increase in lipolysis; 2) palmitate incorporation 

into triacylglycerol of epididymal fat overshot sedentary values by fourfold at the 10th h 

of the light cycle (i.e., the 10th h after the wheels were locked to prevent further running); 

and 3) a three- to fourfold overshot in palmitate incorporation into triacylglycerol was 

maintained at the 29th and 53rd h of inactivity after the last night (in contrast to the 80% 

suppression seen 24 and 48 h earlier at the 5th h after the last night of running). The 

overshoot of palmitate incorporation into TAG at the 29th and 53rd h after running did 

not occur after only a single night of running (164), suggesting a potential enzymatic 

adaptation, such as mitochondrial glycerol-3-phosphate acyltransferase enzyme activity, 

an enzyme that catalyzes the first committed step in TAG and phospholipid biosynthesis, 

was 48, 45, and 58% higher than sedentary values at 10, 29, and 53 h of wheel lock, 
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respectively (164). Because the percent increase in palmitate incorporation into TAG was 

many fold greater than the increase in glycerol-3-phosphate acyltransferase activity, 

increases TAG hydrolysis (lipoprotein lipase), free fatty acid transport (fatty acid 

translocase/CD36), or other potential adaptations could also enhance triacylglycerol 

stores.  

These findings may apply to the gains in fat mass found in human subjects. For 

example, Yanovski et al. (341) observed almost 10% of subjects gained 2.3 kg in an 6-

wk period; the greatest gain being 4.07 kg. The laboratory of Bouchard et al. (224) 

reported that human fat mass increased an average of 14.3% over a 22-day period; the 

largest gain was 3.2 kg. The two major differences between the above-mentioned human 

studies and the present rodent study are the percent increases and rate of increase in fat 

mass gained in humans are less than rats. Potential explanations are the larger relative 

metabolic rate seen in rats and/or shorter life span of the rat compared with humans. 

Additionally, in human studies total fat mass rather than depot specific masses were 

measured, which may mask gains in a few specific fat depots.  

Some (69, 76, 164, 170), but not all (11), studies have reported increases in 

abdominal fat following the cessation of physical activity in rats. For example, there is a 

41% increase in epididymal fat mass (76), a 53% increase in parametrial adipocyte 

volume (69), a 23% increase in epididymal adipocyte diameter, and 25 and 18% increases 

in epididymal mass and adipocyte volume (163), respectively, 14, 4, 7, and 2 days, 

respectively, following the cessation of exercise training. In the latter study, our 

laboratory used a model of inactivity where wheels are locked after voluntary running; 

the wheel locked (former runners) continued to consume 20% more food for the first 2 
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days of wheel lock than age-matched sedentary (163), raising the concern that the 25% 

gain in epididymal fat mass was because of higher food consumption and because of not 

physical inactivity.  

The enlargement of fat masses raises the question of whether the increase is 

associated with adipocyte hypertrophy or hyperplasia, or both. In our laboratory's 

previous study (163), no adipocyte hyperplasia was observed at the 53rd h of inactivity. 

In the present study, an unanticipated 41% increase in epididymal fat pad cell number was 

observed at the 173rd h of inactivity in WL173-AL with no change in cell size. However, 

in WL173-PF with a 33% increase in epididymal mass, neither the 26% increase in cell 

number (P = 0.16) nor the 6% increase in cell volume (P = 0.48) was statistically 

significant. The mechanism for the increase in epididymal fat mass in WL173-PF is likely 

to be hyperplasia, but a larger number of observations are necessary to reach statistical 

significance. A power calculation based on the standard deviations and means of the cell 

number data for the PF group, as well as the assumption that a difference of 50% would 

be clinically meaningful, found that nine per group would give a power of 80% in the 

WL173-PF group.  

The presence of adipocyte hyperplasia in 7 days of physical inactivity in ad 

libitum-fed rats as employed here is somewhat faster than that occurring in a diet-induced 

obesity model, described next. At 6 wk of age, rats given a 60% fat diet for 3 wk 

quadrupled epididymal fat mass (178). However, increases in adipocyte size reached an 

essential plateau after the first week, which Li et al. (178) interpreted to imply that any 

subsequent increase in epididymal wet weight from 1 to 3 wk of the high-fat diet was 

largely the result of hyperplasia. Similarly, human subjects overfed for 8 wk gain 3–4 kg 
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in fat mass, which according to Levine et al. (176) is likely due to hyperplasia as mean 

adipocyte size in subcutaneous WAT did not increase. Therefore, there is evidence that 

humans can undergo adipocyte hyperplasia in the relatively short duration of weeks 

similar to rats when in a positive-calorie state.  

Previous studies have shown adipocyte hyperplasia, but these studies compared 

separate groups of exercising and sedentary animals and also were not designed to 

measure durations of inactivity as short as in the present study. Sedentary rats, either pair 

weighted to the exercising group or ad libitum fed, had 28 or 54%, respectively, more 

adipocytes per epididymal fat pad than a group of rats participating in a 14- to 16-wk 

swim training program (211). Craig et al. (69) showed that sedentary rats had 108% more 

epididymal adipocytes than rats that had voluntarily ran in wheel from 6 to 12 mo of age 

(and subjected to an 8% food restriction for approximately the last 2 mo). In addition, 

we have observed that 87-wk-old sedentary female rats had 123% greater number of 

adipocytes in the ovarian fat pad than age-matched rats that had access to running wheels 

beginning at 4 wk of age (D. S. Kump and F. W. Booth, unpublished observation; n = 3 

per group). Taken together, our results extend these observations to show that it takes 

only 7 days of inactivity for adipocyte hyperplasia to occur in ad libitum-fed rats. Future 

studies need to determine whether known inducers of adipocyte hyperplasia (108) occur 

between inactivity days 2–7 because our laboratory's earlier paper (163) found no 

increases in peroxisome proliferator-activated receptor-γ and CCAAT/enhancer binding 

protein-α protein levels in epididymal fat at 53 h of inactivity after 21 days of voluntary 

running.  
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Disproportional greater rates of fat deposition relative to lean tissue are well 

documented in infants born small for gestational age and/or whose growth faltered during 

infancy and childhood, but who show subsequent catch-up growth (210), and in adults 

(81) recovering body weight after weight loss due to a variety of conditions (war-related 

famine, poverty-related undernutrition, experimental starvation, anorexia nervosa, and 

other clinical hypermetabolic conditions such as cancer, septic shock, and acquired 

immunodeficiency syndrome). The rapid increase in abdominal fat encountered after 

running ceases in young rats may be have similar biochemical drives as the 

aforementioned examples.  

Differences in outcomes for adipocyte hypertrophy have been noted between the 

present and our laboratory's previous study (163); that may be, in part, due to the two 

experimental designs used. Rats in the present and previous reports (162-164) were given 

access to running wheels in the fourth and fifth week of life, respectively, ran 2 and 6 km 

the first night, respectively, and had access to running wheels for 6 and 3 wk, 

respectively. The two designs produced remarkably different outcomes. Rats in the 

present and our laboratory's previous reports (162-164) ran distances of 9 and 5 km/day 

during the last week of running, respectively, and they had body masses, skeletal muscles, 

and epididymal adipocyte volumes that were similar in size and larger, respectively.  

Attention to the specificity of the model needs to be made. Inactivity (and the 

lagging attenuation in caloric expenditure) follows a period of caloric intake and 

expenditure that are greater than in rats never having access to voluntary running. Thus it 

is inactivity coming after a chronic period of daily running that produces the enlargement 

of fat pads. A potential speculation is that daily activity inhibits adipocyte proliferation in 
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young animals and that the induction of physical inactivity allows for adipocyte 

hyperplasia. Because very young rats were used in the study, a future study needs to 

examine more mature rats.  

In summary, physical inactivity, independent of excess caloric intake, is 

associated with rapid increases abdominal WAT masses. Furthermore, adipocyte 

hyperplasia in epididymal fat was present by the seventh day of inactivity in the ad 

libitum-eating group. 
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Chapter 3:  Cessation of daily wheel running differentially alters fat 
oxidation capacity in liver, muscle, and adipose tissue2 

 
 
ABSTRACT 

Physical inactivity is associated with the increased risk of developing chronic 

metabolic diseases.  To understand early alterations caused by physical inactivity, we 

utilize an animal model in which rats are transitioned from daily voluntary wheel running 

to a sedentary condition.  In the hours and days following this transition, WAT mass 

rapidly increases, due in part to increased lipogenesis.  However, whether a concurrent 

decrease in fatty acid oxidative capacity (FAO) in skeletal muscle, liver, and WAT 

occurs during this period is unknown.  Following six weeks of access to voluntary 

running wheels (average distance of ~6 km a night), rats were rapidly transitioned to a 

sedentary state by locking the wheels for 5 hours (WL5) or 173 hours (WL173).  

Complete (14C  palmitate oxidation to 14CO2) and incomplete (14C palmitate oxidation to 

14C labeled acid soluble metabolites) was determined in isolated mitochondrial and whole 

homogenate preparations from skeletal muscle and liver and in isolated adipocytes.  

Strikingly, the elevated complete FAO in the red gastrocnemius at WL5 fell to that of rats 

that never ran (SED) by WL173.  In contrast, hepatic FAO was elevated at WL173 above 

both WL5 and SED groups; while in isolated adipocytes, FAO remained higher in both 

running groups (WL5 and WL173) compared to the SED group.  The alterations in 

muscle and liver fat oxidation were associated with changes in carnitine palmitoyl 

transferase-1 activity and inhibition, but not significant changes in other mitochondrial 

enzyme activities.  In addition, PGC-1α mRNA levels that were higher in both skeletal 

                                                             
2 Chapter is published exactly as by Laye et al JAP, 2009 
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muscle and liver at WL5 fell to SED levels at WL173.  This study is the first to 

demonstrate that the transition from high to low daily physical activity causes rapid, 

tissue-specific changes in FAO.   

INTRODUCTION 

Alterations in our current environment, including physical inactivity and the 

excessive consumption of high calorie/fat foods, are root causes for the rapid rise of 

obesity and diabetes in humans (16, 55, 128, 242).  Although many investigations have 

detailed the role of over-nutrition following changes in substrate utilization and storage, 

the effects of a transition from high to low physical activity remain largely understudied 

and underappreciated.   

Our research group utilizes “the rodent wheel lock model” to study acute 

transitions from high to low levels of daily physical activity (162-164, 173, 195, 232). 

After days or weeks of daily voluntary wheel running (2-15 km/night), wheels are locked 

for progressive periods of time (from 5 to 173 hours) providing an acute window of time 

to study the metabolic alterations that ensue.  While resulting in only modest increases in 

mitochondrial enzymes compared to forced treadmill training (85, 162), voluntary wheel 

running (5-15 km/night) can increase energy expenditure far greater than treadmill 

training (~2 km/60 min treadmill bout).  Thus, it is a good model to study the transition 

from high to low daily physical activity, but an inappropriate model to study detraining.  

In our previous studies, the sudden cessation of daily running caused rapid and robust 

increases in the weight of retroperitoneal and omental fat pads after 53 and 173 hours of 

wheel lock whose causes are beginning to be explained by intrinsic changes in substrate 

partitioning and not simply a positive energy balance due to decreased daily energy 
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expenditure (163, 173).  For example, rates of key enzymes in WAT de novo lipogenesis 

and palmitate incorporation into adipose triglycerides remain significantly higher in the 

hours and days immediately following wheel lock (163, 164) and after the cessation of 

forced treadmill running (76).  Although, enhanced de novo lipogenesis could partially 

explain the rapid increases in fat pad weight after the cessation of activity, we also 

speculated that rapid decreases in fatty acid oxidative capacity (FAO) of skeletal muscle, 

liver, and WAT also may play a significant role.   

Decreased FAO in metabolic tissues has been strongly associated with chronic 

disease(s) (33, 121, 126, 130, 146, 149, 264).  Though findings are not universal (113, 

161), extremely obese and type 2 diabetic subjects display reduced systemic and skeletal 

muscle FAO, which has been linked to increased adiposity, increased intramuscular lipid 

storage, and skeletal muscle insulin resistance (33, 126, 149, 290).  Decreased hepatic 

FAO directly causes or increases susceptibility for fatty liver and steatosis (131, 232) and 

also has been linked to increased susceptibility to diet-induced obesity (136).  In addition 

to skeletal muscle and liver FAO in adipocytes has become an important area of study.  

FAO is decreased in the WAT of db/db mice (60) and mitochondrial markers are also 

reduced in the adipocytes of several animal models of type 2 diabetes and obesity (71, 

300).  However, while it is well known that increased physical activity decreases the risks 

of type 2 diabetes and obesity it remains unknown whether physical activity modifies 

adipocyte FAO.     

The aim of this study was to determine if the cessation of voluntary wheel running 

leads to concurrent alterations in tissue fatty acid catabolism, carnitine palmitoyl 

transferase-1 (CPT-1) activity and regulation, and mitochondrial enzyme activity.  Since 
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the transition from high to low physical activity is likely to cause systemic changes, we 

assessed FAO and mitochondrial function in WAT, liver, and mixed skeletal muscle in 

hopes of better understanding the integrative response(s) of an organism to reductions in 

energy expenditure and rapid gains in adiposity.  We hypothesized, that the transition 

from high to low physical activity would lead to a coincident reduction in FAO and 

mitochondrial enzyme activity in skeletal muscle, liver, and adipocytes.  

METHODS 

Animal protocol.   The animal protocol was approved by the Institutional Animal 

Care and Use Committee at the University of Missouri-Columbia. Thirty-six, male 

Fischer 344 x Brown Norway F1 hybrid rats (Harlan) were obtained at 21 days of age. 

Animals were randomly separated into those with access to running wheels (WL) and 

those without access to the wheels (Sed). Rats assigned to running groups were 

immediately housed (at the age of 21 days) in cages equipped with a voluntary running 

wheels outfitted with a Sigma Sport BC 800 bicycle computer (Cherry Creek Cyclery, 

Foster Falls, VA) for measuring daily running activity. Voluntary running was selected to 

approximate the more natural physical activity level of the animal.  Rats were maintained 

on a 12-h light, 12-h dark cycle that ran from 0600 to 1800.  Running activity was 

obtained every day of running between 0800 and 1000, and rats in the running group had 

access to wheels and food and water ad libitum until ~9 wk of age, at which time (0600) 

wheels were locked. Rats were anesthetized [ketamine (80 mg·kg–1), xylazine (10 mg·kg–

1), and acepromazine (4 mg·kg–1)] and killed by exsanguination by removal of the heart 

either 5 h (WL5), or 173 h (WL173) after locking of wheels; the sedentary rats (SED) 

were sacrificed at the same time. All animals were fasted for 5 hours prior to sacrifice. 
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Dual-energy X-ray absorptiometry (DEXA).  One week prior to and the day of 

sacrifice animals were anesthetized with isoflurane (one week prior) or ketamine (80 

mg·kg–1), xylazine (10 mg·kg–1), and acepromazine (4 mg·kg–1) (day of sacrifice) and 

whole-body composition was measured using a Hologic QDR-1000/w DEXA machine 

calibrated for rats.    

Serum measures.  Plasma glucose (Sigma), triglycerides (Sigma), and free fatty 

acids (FFAs; Wako Chemicals, Richmond, VA) were measured with commercially 

available kits according to the manufacturer's instructions. 

Adipocyte isolation.   Adipocytes from epididymal fat pads were isolated by the 

method of Rodbell (237) and modified by us (163).  Fresh triplicate 30 μL aliquots of 

packed adipocytes were used for FAO and a single 30 μL aliquot frozen at -80° C for 

DNA content, with the remainder lysed in Cell Lytic (Sigma, USA) for enzyme activity 

assays. 

Adipocyte DNA content.  DNA content in isolated adipocytes was determined by 

the flurometric assay described by Labarca and Paigen (168).  Briefly, packed adipocytes 

were lysed in 2M NaCl, 50 mM NaPO4 (pH 7.4) and 20 ul added to 80 μL of working 

solution (0.04 μg/mL of Hoeschst #33258, 10 mM Tris-HCl, 1mM EDTA, 200 mM 

NaCl, pH 7.4) in a 96-well plate.  Samples were excited at 356 nm resulting in an 

emission at 458 nm.  Calf thymus DNA (Sigma, USA) was used to generate a standard 

curve. 

Tissue homogenization procedure. Red gastrocnemius and livers were quickly 

excised from anesthetized rats and placed in ice-cold isolation buffer (100 mM KCl, 40 

mM Tris·HCl, 10 mM Tris-base, 5 mM MgCl2·6H2O, 1 mM EDTA, and 1 mM ATP; pH 
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7.4). For fresh acid oxidation assays, 50–100 mg of tissue was thoroughly minced with 

scissors in 200 µl SET buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris·HCl, and 2 

mM ATP; pH 7.4) and then the buffer volume was brought up to yield a 20-fold (wt/vol) 

diluted sample. This was transferred to a 3-ml Potter-Elvehjem glass homogenization 

vessel. Tissue suspensions were mechanically homogenized on ice with a Teflon pestle at 

10 passes over the course of 30 s at 1,200 rpm. Homogenates were kept on ice until 

oxidation experiments were performed. 

Mitochondrial isolation from red gastrocnemius skeletal muscle and liver.  

Mitochondrial suspensions were prepared according to modified methods of Koves et al. 

(159, 160).  A portion of the red gastrocnemius and liver was quickly excised from 

unconscious rats and placed in 5 ml of fresh buffer A (100 mM KCl, 50 mM MOPS, 5 

mM MgSO4, 1 mM EGTA, 1 mM ATP, pH 7.4).  The tissue was then minced and 

suspended 7-fold (wt/vol) in buffer A, and homogenized for 15 s.  The homogenate was 

then centrifuged at 800 g for 10 min at 4°C and the supernatant was filtered through gauze 

and set aside.  The remaining pellet was resuspended in buffer A, homogenized, and the 

homogenate was then centrifuged at 800 g for 10 min at 4°C.  The remaining supernatant 

was added to the previously set aside supernatant after filtering through gauze.  The 

pooled supernatants were centrifuged at 9,000 g to pellet the mitochondria.  The pellet 

was resuspended in buffer B (buffer A, 0.2% BSA, pH 7.4), and centrifuged at 8,000 g 

before the pellet was washed and resuspended in buffer C (100 mM KCl, 50 mM MOPS, 

0.5 mM EGTA, pH 7.4) and centrifuged for 10 min at 7,000 g.  The final pellet was 

resuspended in 0.5 ml of sucrose EDTA (SET) buffer and protein content was 

determined. 
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Fatty acid oxidation. FAO was measured with radiolabeled [1-14C]palmitate 

(American Radiochemicals) in fresh  red gastrocnemius skeletal muscle and liver 

homogenates and isolated mitochondria using modified methods of  Dohm et al. (77, 

232).  The reaction buffer used for whole homogenates utilized a cold palmitate 

concentration of 200 µM while the reaction buffer used for isolated mitochondria utilized 

a concentration of 50 µM.  For isolated adipocytes, 30 µl of freshly isolated 

adipocytes/reaction was added to 120 µl reaction buffer in a trapping device with an 

adjacent chamber containing 100 µl of NaOH that captured the 14CO2, representing the 

complete oxidation radiolabeled palmitate, when 100 µl of perchloric acid was added to 

the reaction following a two-hour incubation at 37º C. The 14C labeled acid soluble 

metabolites, representing incomplete FAO were also collected. 

Citrate synthase, beta-hydroxyacyl-CoA dehydrogenase (β-HAD), and 

cytochrome c oxidase activity. Citrate synthase and β-HAD activities were determined in 

red gastrocnemius, liver, and adipocyte homogenates using the methods of Srere et al 

(274) and Bass et al (21), respectively, and as previously described by our group (232).  

β-HAD activity was undetectable in the adipocyte fraction.  Cytochrome c oxidase 

activity was determined by a commercially available kit (Sigma, St. Louis, MO, USA) in 

all three tissues as previously described by our group (232).  All assays were performed 

at 37˚C. 

CPT-1 assay CPT-1 activity and inhibition by malonyl-CoA using modified 

methods of Koves et al. (161).   90 µl of reaction buffer (117 mM Tris HCl, 0.28 mM 

reduced Glutathione, 4,4 mM ATP, 50 uM Palmitoyl-CoA, 4 mg/ml Rotenone, 0.1% 

BSA) containing 0.2 mM [3H]-Carnitine and either 0 or 10 µM malonyl-CoA was added 
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to 10 µl of isolated mitochondria of red gastrocnemius skeletal muscle and liver 

homogenate for 6 min at 37oC.  [3H]palmitoyl-carnitine formed was extracted with 350 µl 

of water-saturated butanol, quantified by liquid-scintillation counting, and normalized to 

protein content. 

Statistics. Each outcome measure was examined in 6-8 animals. For each outcome 

measure, a one-way analysis of variance was performed (Sigma Stat).  However, if 

normality of the data set failed, a Kruskal-Wallis ANOVA on ranks was performed, with 

Dunn’s method comparison (control group = WL5) as the post-hoc test. A significant 

main effect (p<0.05) was followed-up with Student-Newman-Kuel post-hoc comparisons. 

Values are reported as means ± standard error of the mean (SE), and a P < 0.05 denotes a 

statistically significant difference. 

RESULTS 

 Body Composition. DEXA measures were taken 7 days prior to, and on the day of 

sacrifice to capture any changes leading to sacrifice. In the 173-hour wheel lock period, 

the WL173 group increased percent body fat and total body fat mass by 45% and 46%, 

respectively, (p < 0.05), essentially returning body fat levels to those measured in the 

SED group (Table 3-1).  No changes in percent or total body fat mass occurred in the 7 

days prior to sacrifice in the WL5 or SED groups.  Intriguingly total lean mass showed a 

different pattern than total fat mass (Table 3-1). Total lean mass increased in WL5 and 

SED in the 7 days prior to sacrifice suggesting a positive protein balance (p < 0.05).  In 

contrast the WL173 group did not show a net increase in lean body mass during the 7 

days of wheel lock prior to sacrifice, suggesting different rates of lean mass catabolism 
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and/or anabolism during the 7 days following the cessation of running. All groups gained 

equal body mass in the 7 days prior to sacrifice. 
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 Food Intake and Running Distances. Average daily food intakes during the last 

week of life for WL5 and WL173 were 27% and 37%, respectively, higher than SED 

(p<0.05) (Table 3-1).  This is consistent with our previous findings that voluntary wheel 

running rats have greater food intakes than sedentary counterparts in this strain, age and 

gender of rat (162, 173).  During the 7 days of wheel lock, the WL173 group decreased 

their average daily food intake by 12% (p<0.05) as compared to the previous week; at the 

same time, food intake by the SED group increased 11% (p<0.05).  Therefore, any 

differences detected were not due to overeating by the WL173 group since they ate a 

similar level to the SED during the 173 hrs of WL.   

Neither total 6-wk nor average daily running distances (6.12 vs. 5.43 km/day, 

p=0.42) differed between WL5 and WL173 groups. The average daily running distance in 

the last week of running was 8.87 km and 9.73 km in WL5 and WL173 groups, 

respectively (p=0.68).   

 Fat Pad and Serum Characteristics. Absolute epididymal fat masses did not differ 

among groups (p=0.086), but when normalized to total mass, WL5 were lower than 

WL173 by 25% (p<0.05).  Serum triglycerides (p=0.146), FFAs (p=0.188), and glucose 

(p=0.147) did not statistically differ among WL5, WL173, and SED groups (Table 3-2).   
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3 

  Fatty Acid Oxidation and Mitochondrial Enzyme Activities.  Complete [14CO2] 

and incomplete [14C labeled acid soluble metabolites (ASM)] capacity for palmitate 

oxidation was determined in isolated mitochondria or whole tissue homogenates from red 

gastrocnemius muscle and liver.  In addition, complete and incomplete FAO was also 

measured in isolated adipocytes from epididymal fat pads.  For whole red gastrocnemius 

homogenate, palmitate oxidation at WL5 was 33% and 50% higher than WL173 and 

SED, respectively, (p=0.059; Figure 3-1A).  For isolated mitochondria from the red 

gastrocnemius muscle, complete palmitate oxidation to CO2 was 91% higher at WL5 

compared with SED (p<0.05, Figure 3-1B) but did not differ from WL173 (p=0.24).  

 

                                                             
3 Serum measurements data collected by RS Rector and lab of JP Thyfault 
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4 

In a contrast to what was found in the red gastrocnemius skeletal muscle, 

complete hepatic FAO increased after the transition to physical inactivity.  Whole liver 

homogenates from the WL173 group completely oxidized 65% and 46% more palmitate 

than WL5 and SED groups respectively (p<0.05; Figure 3-2A).  Total palmitate oxidation 

                                                             
4 Data collected by lab of JP Thyfault 



 57 

(CO2 + ASMs) in liver did not differ among groups, an effect potentially in part due to 

the contribution of extra-mitochondrial peroxisomal activity.  In addition, complete 

oxidation in the isolated liver mitochondria was not statistically different among groups, 

but showed a similar trend as the whole homogenate (Figure 3-2B).   

5 

 

                                                             
5 Data for figure collected by RS Rector 
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In isolated epididymal adipocytes, complete palmitate oxidation was 81% higher 

in the WL5 compared to SED (p<0.05) and 71% higher in the WL173 compared to SED 

(p<0.05), but not different between WL5 and WL173 when normalized to the volume of 

packed adipocytes (Figure 3-3A).  However, when complete palmitate oxidation was 

normalized to DNA content (ng of DNA/30μL of packed adipocytes) WL173 no longer 
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remained significantly higher than SED group (Figure 3-3B).  Total palmitate oxidation 

(CO2 + ASMs) in the adipocytes did not differ among groups.  

6 

No statistically significant differences in β-hydroxy-acetyl-CoA dehydrogenase, 

citrate synthase, or cytochrome c oxidase activities in red gastrocnemius, liver, or isolated 

adipocytes were detected among groups (Table 3-3). 

 CPT-1 activity. In isolated mitochondria from red gastrocnemius muscle, the WL5 

group had 41% higher baseline CPT-1 activity than the WL173 group (p<0.05) but WL5 

did not differ from SED.  As expected, the addition of 10 μM malonyl-CoA caused 

decreases in CPT-1 activity in all three groups (Figure 3-4).  Unexpectedly, the change in 

CPT-1 activity from baseline to 10 μM malonyl-CoA was nearly twice as much (delta) in 

the WL5 group compared to the WL173 and SED groups (p<0.05), suggesting a greater 

                                                             
6 Data for Red Gastrocnemius collected by JP Thyfault lab, for liver by RS Rector 
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CPT-1 sensitivity to malonyl-CoA in a physically active condition (WL5) that was lost 

after 7 days of lowered physical activity (WL173).  No differences in the CPT-1 activity 

of isolated mitochondria from liver existed among groups for 0 or 10 μM malonyl-CoA 

concentrations.  

7 

                                                             
7 Data Collected by JP Thyfault lab 
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8 

PGC-1α mRNA Levels.  PGC-1α  mRNA levels were significantly higher at WL5 

compared with the SED group in both red gastrocnemius and liver (Figure 3-5A, 3-5B).  

The transition from WL5 to WL173 led to a 35% and 68% decrease in red gastrocnemius 

                                                             
8 Data for Red Gastrocnemius (A) collected by JP Thyfault lab, for Liver (B) by RS Rector 
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(p = 0.05) and liver (p < 0.05) PGC-1α mRNA levels, respectively.  Consequently, 

WL173 and SED groups PGC-1α mRNA did not differ in red gastrocnemius (Figure 3-

5A).  Remarkably in the liver, WL173 PGC-1α mRNA fell to levels significantly less 

than the SED group (Figure 3-5B).  In epididymal WAT, PGC-1α mRNA did not differ 

among groups (Figure 3-5C). 

DISCUSSION  

The transition from high to low physical activity in our rat model caused: 1) 

dissimilar responses for FAO in skeletal muscle (decreasing from its elevated value in 

daily running), liver (increasing from its unchanged value in daily running), and WAT 

(maintenance of its increased value in daily running); 2) decreased CPT-1 activity and 

increased CPT-1 sensitivity to malonyl-CoA inhibition in muscle; 3) reduced PGC-1α 

mRNA in both skeletal muscle and liver; and 4) impaired growth of lean body mass 

compared to animals that sustain wheel running or the sedentary condition.   

The transition from high to low physical activity likely decreases FAO in skeletal 

muscle by decreasing cellular energy requirements and decreasing PGC-1α expression, a 

critical transcriptional co-activator that coordinates increases in FAO enzyme, 

mitochondrial biogenesis, and a general increase in oxidative capacity.  Observing similar 

trends in both homogenate and mitochondrial fraction leads us to speculate that the 

changes in FAO are not entirely due to a mass action effect, but also in part to an inherent 

change in mitochondrial “quality”, which may be related to PGC-1α expression.   

PGC-1α, as a co-activator, putatively increases FAO by increasing the promoter 

activity and thus expression of pyruvate dehydrogenase kinase-4 and CPT-1 (180, 325).  

This results in more acetyl CoA being derived from fatty acids and increased fatty acid 
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entry into the mitochondria (159).  Unlike muscle, where energy derived from FAO fuels 

muscle contraction, an increase in hepatic PGC-1α mediated FAO provides a key source 

of ATP for ketogenesis and gluconeogenesis during fasting conditions (342).  A 

limitation of the current study is that we did not measure oxidation of substrates, malate 

or pyruvate, that are commonly used to assess mitochondrial function.  

Exercise causes an acute and transient increase in skeletal muscle PGC-1α gene 

expression (17, 223).  Conversely, we show here that the cessation of daily physical 

activity reduces skeletal muscle PGC-1α expression in 173 h supporting earlier work in 

which more extreme forms of physical inactivity reduced skeletal muscle PGC-1α in 

humans (291).  We also witnessed that CPT-1 activity, a downstream target of PGC-1α, 

decreased in red gastrocnemius skeletal muscle after the cessation of daily running.  

Reduced PGC-1α expression in skeletal muscle has been linked to insulin resistance in 

sedentary subjects (191, 216), leading us to speculate that a physical inactivity induced 

drop in PGC-1α is linked to skeletal muscle insulin resistance.   

To our knowledge, this is the first report to measure changes in hepatic PGC-1α 

expression after chronic voluntary exercise or after a transition to inactivity.  We 

speculate that daily exercise increases hepatic PGC-1α in a similar manner to fasting as 

both stimuli rely on increased hepatic glucose output to restore or sustain plasma glucose 

homeostasis.  Interestingly, in contrast to what was found in muscle, the reduction in 

hepatic PGC-1α expression found after wheel lock was associated with increased 

complete hepatic FAO and no change in CPT-1 enzyme activity.  Further research is 

needed to fully understand hepatic PGC-1α gene expression, its regulation by exercise, 

and its role in controlling hepatic FAO. 
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Intracellular accumulation of malonyl-CoA reduces fat and increases glucose 

utilization by the mitochondria (20, 184).  The current findings show a greater reduction 

in CPT-1 activity in the presence of 10 uM malonyl-CoA in the WL5 group suggesting 

that skeletal muscle mitochondrial fatty acid entry may be more tightly regulated in 

wheel running rats, than SED rats.  Potentially, this would allow for skeletal muscle to be 

more responsive in switching substrate utilization to match current energy demands.  In 

addition, the CPT-1 responses to 10 uM malonyl CoA were similar between SED and 

WL173 skeletal muscle, suggesting that the enhanced exercise-induced regulation of 

CPT-1 by malonyl CoA is quickly lost if daily physical activity is not maintained.  A lack 

of malonyl CoA inhibition is also noted with type 2 diabetes, where isolated skeletal 

muscle mitochondria have greater FAO than healthy controls despite having elevated 

malonyl CoA levels (20).  Collectively, these observations suggest that physical activity 

modulates plasticity for malonyl-CoA’s effects on skeletal muscle CPT-1 activity.    

We speculate that the observed increase in complete FAO in liver during 7-day 

periods of decreased physical activity, in addition to the expansion of WAT, may help 

prevent excess lipid storage in lean animals on a low-fat diet.  The findings that complete 

hepatic FAO is increased after the cessation of wheel running is opposite to our previous 

findings in hyperphagic, obese OLETF rats in which the cessation of wheel running for 7 

days reduced hepatic palmitate oxidation to sedentary levels (232).  These differences 

may be due to the larger body fat stores and /or older age in the OLETF rat.  It is 

important to emphasize that the witnessed changes were for complete FAO (14C palmitate 

to 14CO2) or the complete breakdown of fatty acids through the TCA cycle, rather than 

the incomplete oxidation of fatty acids (14C palmitate to 14C labeled acid soluble 
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metabolites) in which fatty acids are only processed through β-oxidation.  The difference 

between complete and incomplete FAO is significant for two reasons, 1) only complete 

FAO is coupled to significant ATP production, and 2) as suggested by Koves et al (161) 

complete FAO is less likely to produce intermediate metabolites that may negatively 

impact metabolic processes.  In addition, our FAO measurements represent the maximal 

capacity or potential to oxidize fatty acids, and because they are not in-vivo measures 

they should be interpreted cautiously.   

Unlike skeletal muscle and liver, adipocyte FAO remained elevated over the SED 

group with 7 days of physical inactivity.  Mitochondrial DNA number (mtDNA) from 

human subcutaneous fat is positively associated with increased lipogenic enzymes (139), 

and we previously have demonstrated that cessation of voluntary wheel running increased 

protein and enzyme activity for mitochondrial glycerol-3-phosphate acyltransferase, a 

rate-limiting lipogenic enzyme, in WAT in rats (164).  In addition, although our 

unpublished preliminary work has found no significant change in red gastrocnemius or 

liver triglyceride content, there is a significant increase in adipocyte triglyceride 

deposition after the cessation of wheel running in wild-type rats on a low-fat diet (163, 

173).  The exercise-induced increase in adipose FAO in WAT with ceased running may 

partially supply ATP for free fatty acid reesterfication, an energy costly process, or the 

increased ATP may be used to synthesize adipokines like adiponectin, a process shown to 

require functional mitochondria (157).   

To our knowledge this is the first evidence that the cessation of voluntary running 

acutely (for at least 173 h) attenuates lean body mass growth.  We have also recently 

reported that lean body mass significantly decreases in young healthy men who decrease 
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their daily walking from 10,501 to 1,344 steps for 2 wks (209).  The apparent change in 

lean mass in both studies leads us to question if the attenuated growth or loss of muscle 

mass in both studies is linked to a repartitioning of glucose and amino acids away from 

skeletal muscle (loss of insulin sensitivity) and/or decreased FAO.  Because of the 

importance of lean body mass in metabolic health, future research is needed to study 

these interactions.  

In conclusion, we show that FAO in skeletal muscle, liver, and adipocytes display 

strikingly different responses to a 1-wk transition from high to low daily physical 

activity, a period in which fat pad mass increases rapidly.  In addition, we found that two 

factors associated with metabolic disease, skeletal muscle FAO and PGC-1 α, were both 

reduced after the cessation of daily activity.  These results support our overall hypothesis 

that the cessation of daily physical activity quickly alters metabolic function in a manner 

that likely precedes the later development of chronic disease should physical inactivity 

continue. 
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 Chapter 4:  Changes in visceral adipose tissue mitochondrial content 
with type 2 diabetes and daily voluntary wheel running in OLETF rats9 

 
 
 

ABSTRACT 

Using the hyperphagic, obese, Otsuka Long-Evans Tokushima Fatty (OLETF) rat, 

we sought to determine if progression to type 2 diabetes alters visceral white adipose 

tissue (WAT) mitochondrial content and if these changes are modified through 

prevention of type 2 diabetes with daily exercise.  At four wks of age, OLETF rats began 

voluntary wheel running (OLETF-EX) while additional OLETF rats (OLETF-SED) and 

Long-Evans Tokushima Otsuka (LETO-SED) rats served as obese and lean, sedentary 

controls, respectively for 13, 20, and 40 weeks of age (n=6-8 for each group at each age).  

OLETF-SED animals displayed insulin resistance at 13 and 20 weeks and type 2 diabetes 

by 40 weeks.  OLETF-SED animals gained significantly (p<0.001) more weight and 

omental fat mass compared with OLETF-EX and LETO-SED.  Markers of WAT 

mitochondrial protein content (cytochrome c, COXIV-subunit I, and citrate synthase 

activity) significantly increased (p<0.05) from 13 to 40 weeks in the LETO-SED, but was 

significantly attenuated in the OLETF-SED rats.  Daily exercise normalized WAT 

cytochrome c and COXIV-subunit I protein content in the OLETF-EX to the healthy 

LETO-SED animals.  In conclusion, increases in omental WAT mitochondrial content 

between 20 and 40 weeks of age in LETO control animals are attenuated in the 

hyperphagic, obese OLETF rat.  These alterations occurred in conjunction with the 

progression from insulin resistance to type 2 diabetes and were prevented with daily 

exercise.  Reduced ability to increase WAT mitochondrial content does not appear to be a 
                                                             
9 Chapter is written exactly as submitted to J.Physio by Laye et al (submitted March 2009) 
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primary cause of insulin resistance, but may play a key role in the worsening of the 

disease condition.  

INTRODUCTION 

Poor dietary choices and sedentary lifestyles are leading to an obesity epidemic in 

Westernized societies, and recent epidemiological studies suggest an increased risk of 

cardiovascular disease and type 2 diabetes in overweight and obese individuals.  WAT is 

now recognized as more than just an energy reservoir for lipid storage; in fact, it is 

considered an active endocrine organ and an important regulator in glucose homeostasis.  

Overexpression of GLUT4 selectively in WAT has been shown to prevent insulin 

resistance and type 2 diabetes in mice lacking skeletal muscle GLUT4 (51).  High 

amounts of visceral white WAT (WAT) is more closely associated with insulin 

resistance, cardiovascular disease, type 2 diabetes, and systemic low grade inflammation 

than subcutaneous WAT (337).  In addition, reducing the accumulation of WAT is 

considered an important component in preventing the development of type 2 diabetes.  

This is due in part to intrinsic differences in metabolism that include lower anti-

inflammatory leptin and adiponectin release (196, 303),  higher pro-inflammatory 

cytokine release (90), higher lipolytic response to catecholamines (13), and lower 

adipocyte proliferation capacities (304) in visceral versus subcutaneous WAT.   

  Decreases in mitochondrial content are noted in various tissues and often 

associated with disease states (46, 233, 297).  Decreased rates of mitochondrial protein 

synthesis (240) and mitochondrial autophagy (43) leading to an overall decrease in 

mitochondrial volume and ATP generation per given mitochondria (182) are observed in 

aging skeletal muscle.  Furthermore, diabetic humans have reduced skeletal muscle 
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mitochondria (120) that fail to increase ATP production in response to insulin infusion 

(15).  While a prominent role for mitochondrial function is more apparent in skeletal 

muscle, little is known about the physiological relevance of mitochondria in WAT.  

Mitochondria in WAT are necessary for adiponectin synthesis and positively correlated 

with lipogenic potential in human subcutaneous WAT (139, 157).  In addition, reductions 

in WAT mitochondrial content, mitochondrial DNA, and mitochondrial function recently 

have been observed in the epididymal fat of type 2 diabetic mice (60), suggesting a 

potential role for the disruption of WAT mitochondrial content and function in type 2 

diabetes.   

  Increasing physical activity has been shown to increase or prevent age-related loss 

in mitochondrial content and function in skeletal muscle and liver (46, 232), but the 

mechanism through which this occurs remains largely unknown.  Furthermore, there is 

limited evidence that swimming exercise increases WAT mitochondrial content (283) and 

voluntary wheel running increases adipocyte FAO (172) in healthy animals.  

  The Otsuka Long-Evans Tokushima Fatty (OLETF) rats are a commonly studied 

model of obesity and type 2 diabetes (144).  Selectively bred for null expression of the 

cholecystokinin-1 receptor, OLETF rats exhibit a within meal feedback defect for satiety, 

resulting in hyperphagia and obesity, and in the spontaneous development of insulin 

resistance and type 2 diabetes (192).  When allowed to exercise daily on voluntary 

running wheels, the development of insulin resistance and type 2 diabetes is prevented in 

OLETF animals (261).  In addition, we have previously shown that daily exercise 

prevents the accumulation of WAT and also increases hepatic mitochondrial function in 

OLETF rats (232).  However, changes in WAT mitochondrial content and its relationship 
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to glucose homeostasis under sedentary and exercise conditions have yet to be examined 

in omental WAT. 

  Many of the previous reports studied a single age and none have examined 

prospectively the changes in WAT mitochondria content in a rodent model throughout 

the development and progression of insulin resistance and type 2 diabetes.  In addition, 

recent findings indicate that epididymal adipocyte mitochondrial content is reduced in 33 

week old OLETF animals (60), but these reductions in the context of progression from 

insulin resistance to type 2 diabetes was not examined.  Therefore, the purpose of the 

study was to examine changes in omental WAT mitochondrial content in a hyperphagic, 

obese animal model of type 2 diabetes and gain mechanistic insight into the potential role 

these changes may have on the initiation and progression of the disease.  In addition, as 

anti-diabetic therapies have shown promise in altering WAT mitochondrial concentration 

in type 2 diabetic mice (60), we sought to determine the impact of daily physical activity 

on WAT mitochondrial content in a diabetic model.   

METHODS 

Animal protocol.  The animal protocol was approved by the Institutional Animal 

Care and Use Committee at the University of Missouri.  OLETF and LETO male rats at 4 

wks of age were kindly supplied by the Tokushima Research Institute, Otsuka 

Pharmaceutical (Tokushima, Japan).  The OLETF-runners (OLETF-EX) were 

immediately housed (at the age of 28 days) in cages equipped with voluntary running 

wheels outfitted with a Sigma Sport BC 606 bicycle computer (Cherry Creek Cyclery, 

Foster Falls, VA, USA) for measuring daily OLETF running activity.  Voluntary running 

was selected to approximate the more natural activity state of the animal.  Cages were in 
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temperature-controlled animal quarters (21°C) with a 06.00–18.00 h light: 18.00–06.00 h 

dark cycle that was maintained throughout the experimental period. All animals were 

provided standard rodent chow (Formulab 5008, Purina Mills, St Louis, MO, USA) in 

new cages at the beginning of each week when cages were changed and body weights 

obtained between 08.00 and 10.00 h.  Body mass and food intake were measured weekly 

throughout the investigation.  Running activity was obtained daily between 08.00 and 

10.00 h, and rats in the running groups had daily access to wheels and food and water ad 

libitum until designated time of sacrifice (13, 20, or 40 wks of age).  Age-matched, 

sedentary OLETF (OLETF-SED) and LETO (LETO-SED) rats did not have access to 

running wheels throughout the duration of the study.  Rat chow was removed on the day 

of sacrifice at 0600 h.  At 13, 20, and 40 weeks of age, rats were anesthetized with 

sodium pentobarbital (100 mg·kg–1) and killed by exsanguination 53 h after locking of 

wheels; the sedentary rats (OLETF-SED and LETO-SED) were sacrificed at the same 

time.  The timing of the last exercise bout was designed to mirror our previous study 

(232) and also to examine the effects of chronic exercise, not the acute effects, of the last 

bout of exercise.  All animals were fasted for 5 hours prior to sacrifice.   

Dual-energy X-ray absorptiometry (DEXA).  Whole-body composition was 

measured using a Hologic QDR-1000/w DEXA machine calibrated for rats.    

Western blotting.  Western blot analyses were performed for the determination of 

the protein content of cytochrome oxidase IV-subunit I (COX anti-complex IV- subunit I; 

Molecular Probes, Eugene, OR, USA), total cytochrome c (Cell Signaling, Beverly, MA, 

USA), fatty acid synthase (FAS H-300, Santa Cruz Biotechnology, Santa Cruz, CA), 
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FIS1 (Alexis Biochemical, San Diego, CA), and SREBP1c (Santa Cruz Biotechnology, 

Santa Cruz, CA), as previously described (231, 232).   

Fat pad collection. Omental WAT fat pads were removed from exsanguinated 

animals and weighed.  A portion was fixed in formalin, paraffin embedded, stained with 

hematoxylin and eosin, and analyzed for cell diameter and cell number as previously 

described (173).  At least 3 fields of views were used to size >300 adipocytes/animal 

using Image Pro (Silver Spring, MD) imaging software.  An additional portion was frozen 

at -80°C for enzyme activity analyses and western blotting.   

Serum assays.  Serum glucose (Sigma, St. Louis, MO, USA), triglycerides (TG) 

(Sigma, St. Louis, MO, USA), free fatty acids (FFA; Wako Chemicals, Richmond, VA, 

USA), insulin (Linco Research, St. Charles, MO, USA), and leptin (Linco Research, St. 

Charles, MO, USA) were measured using commercially available kits according to the 

manufacturer's instructions.  Hemoglobin A1c (HbA1c) concentrations were determined 

in EDTA-whole blood by the Diabetes Diagnostics Lab at the University of Missouri 

using a boronate-affinity HPLC method (Primus Diagnostics, Kansas City, MO).  

Citrate synthase, Beta-hydroxyacyl-CoA dehydrogenase (β-HAD), and 

cytochrome c oxidase activities.  Citrate synthase and β-HAD activities were determined 

in omental fat homogenate using the methods of Srere et al. (274) and Bass et al. (21), 

respectively, and cytochrome c oxidase activity by a commercially available kit (Sigma, 

St. Louis, MO, USA) as previously described by our group (172, 231, 232).  Both β-HAD 

and cytochrome c oxidase activity was undetectable in omental WAT homogenates.   

Statistics.  Each outcome measure was examined in 5-8 animals/group.  For each 

outcome measure, a one-way analysis of variance was performed (SPSS/15.0, SPSS, 
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Chicago, IL, USA).  A significant main effect (p<0.05) was followed-up with Student-

Newman-Kuel post-hoc comparisons.  Values are reported as means ± standard error of 

the mean (SE), and a P value less than 0.05 denotes a statistically significant difference. 

RESULTS 

Animal characteristics.  Average daily running distance and running time for the 

OLETF-EX groups are shown in Figure 1A and Figure 1B, respectively.  As we have 

previously reported (195), initial running distance at 4 weeks of age averaged ~4 km/d 

(~150 min/d).  Peak distances of ~12 km/d (~275 min/d) were achieved between 8 and 11 

weeks of age, declining to ~7 km/d (~200 min/d) at 20 wk of age, and ~4 km/d (~150 

min/d) by 40 weeks of age.  It remains unknown as to why the OLETF animals exhibited 

decreased voluntary wheel running as they age, but perhaps the OLETFs appropriately 

mirror the human condition in which aging is often associated with reduced physical 

activity. 

Consistent with our previous reports (231, 232), body mass and body fat percent, 

determined by small animal DEXA, was significantly greater in the OLETF-SED animals 

compared with LETO-SED and OLETF-EX at all ages studied (p<0.001, Figure 1C and 

Table 1).  A marker of exercise training, higher heart weight to body weight ratio, was 

found in all OLETF-EX animals compared with OLETF-SED and LETO-SED (Table 1).       

Absolute weekly food consumption was significantly greater (P < 0.05) in 

OLETF-SED and OLETF-EX rats at 13, 20, and 40 wk compared with non-hyperphagic, 

LETO-SED (Table 1).  While absolute weekly food consumption only differed at 40 wk 

between OLETF-EX and OLETF-SED, food consumption relative to body weight was 

significantly greater in the OLETF-EX animals at 13 and 20 weeks of age (Table 1), 
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suggesting that observations in OLETF-EX animals are not due to consuming fewer 

calories. 

Table 4-1. 10 

Table 4-1: Animal characteristics .Values are means ± SE (n = 6-8). Values with 
different letter superscripts within each animal group are significantly different (p < 
0.05).  *Significantly different than other animal groups without symbol at respective age 
(p<0.01). #Significantly different than OLETF-EX at respective age (p<0.01). HW/BW = 
heart weight to body weight ratio. 
 

Serum characteristics.  OLETF-SED animals exhibited age-associated increases 

in serum TG and FFAs and these concentrations were significantly higher than OLETF-

EX and LETO-SED at all ages studied (Table 2). OLETF-SED animals displayed insulin 

resistance by 13 and 20 weeks, demonstrated by elevated levels of insulin and glucose 

compared with OLETF-EX and LETO-SED, and developed overt diabetes mellitus by 40 
                                                             
10 Data collected and analyzed by RS Rector 

    
%  

body fat 
Food 

consumption 
Food  

consumption    HW/BW 
Groups Age (g) (g/wk) (g per wk/g BW)      (mg/g) 

  13 wk 10.0±0.5a  155.2±2.6a    0.43±0.01a 3.37±0.13 a 
LETO-

SED 20 wk 15.4±1.1b  159.1±1.5b    0.33±0.01b 2.92±0.06 b 

  40 wk 21.9±1.3c  164.7±5.6 b    0.30±0.01b 2.58±0.03 c 

 13 wk  7.2±0.7a  247.1±6.61*    0.67±0.02a* 4.00±0.05a* 
OLETF-

EX 20 wk 11.7±2.0b  242.1±4.5*    0.56±0.02b* 3.57±0.10b* 

  40 wk 18.0±1.8c  231.5±8.8*    0.43±0.01c* 3.05±0.06c* 

 13 wk 21.4±1.8a*  214.2±10.2a*    0.41±0.01a 3.11±0.05a 
OLETF-

SED 20 wk 30.2±0.9b*  219.8±10.9a*    0.36±0.01b 2.67±0.07b 

  40 wk 30.6±4.5b* 
           
306.2±21.4b*#    0.45±0.05a*  2.71±0.14b 
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weeks with a ~50% drop in serum insulin and 2-fold increase in HbA1c (Table 2); 

whereas, OLETF-EX animals remarkably maintained glycemic control to the level of the 

healthy LETO-SED animals at all ages studied (Table 2). 

Omental Fat Pad Characteristics.  Omental fat pad mass significantly increased 

from 13 through 40 weeks in all groups (p<0.05) (Figure 2).  However, omental fat pad 

mass increased significantly less in the OLETF-EX and LETO-SED animals at each age 

compared with OLETF-SED (Figure 2).  Mean fat cell diameter increased dramatically 

by 54% in the OLETF-SED from 13 to 20 weeks, corresponding with a drop in cell 

number.  However, by 40 weeks of age, fat cell diameter had returned to 13 week levels 

in the OLETF-SED group, while cell number had increased dramatically (Figure 2). 

Serum leptin, a marker of fat mass, followed a similar pattern as fat cell diameter, with a 

dramatic rise from 13 to 20 weeks followed by a precipitous fall from 20 to 40 weeks 

(Figure 2).   The increase in cell size followed by a subsequent increase in cell number is 

similar to the progression of obesity and diabetes previously reported in high-fat fed mice 

(280).  In addition, while the LETO-SED showed an increase in adipocyte cell number at 

20 wks of age, the OLETF-EX did not have a similar increase until 40 weeks of age.   
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Table 4-2  11 

Table 4-2: Serum characteristics. Values are means ± SE (n=5-8). Values with different 
letter superscripts within each animal group are significantly different (p < 0.05).  No 
significant differences existed within the LETO-SED and OLETF-EX groups for any of 
the measured parameters.  *Significantly different than other animal groups without 
symbol at respective ages (p<0.01).    
 

 

 

 

                                                             
11 Data collected and analyzed by RS Rector 

    Serum TG Serum FFAs 
Serum 
glucose 

Serum 
insulin HbA1c 

Groups Age (mg/dL) (µmol/L) (mg/dL) (ng/ml) (%) 

  13 wk   38.5±5.1 175.2±47.0 253.8±25.7 7.7±0.9 4.7±0.1 
LETO-
SED 20 wk   45.2±4.0 172.9±27.1 348.1±39.2 9.2±0.8 4.6±0.1 

  40 wk   41.5±3.6 179.6±25.1 276.0±16.8 11.1±0.7 4.6±0.1 

 13 wk   53.7±6.6 98.9±5.0 260.4±34.6 8.6±1.5 4.8±0.1 
OLETF-

EX 20 wk   71.2±12.5 127.5±30.3 350.5±52.4 9.9±1.2 4.7±0.1 

  40 wk   81.2±11.2 153.1±20.4 302.1±19.2 11.4±0.8 4.8±0.1 

 13 wk 128.2±14.0a* 222.4±10.7a* 414.3±32.1a* 10.0±1.3a 5.4±0.1a 
OLETF-

SED 20 wk 172.4±28.8b* 306.1±54.0b* 548.5±67.8b* 12.2±0.7a* 5.3±0.1a 

  40 wk 265.0±35.4c* 325.6±62.8b* 683.7±43.6c* 5.0±1.3b* 8.8±0.8b* 
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12 Data collected and analyzed by RS Rector 
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Omental WAT mitochondrial content.  Total cytochrome c protein content, a 

nuclear DNA encoded mitochondrial protein, was significantly increased by 40 weeks in 

the LETO-SED and OLETF-EX animals but not in the OLETF-SED rats (Figure 4A).  

Similarly, protein expression for the mitochondrial DNA encoded protein COXIV-

subunit I was significantly increased at 40 weeks in the LETO-SED and OLETF-EX 

groups, but not the OLETF-SED animals (Figure 4B).  FIS1 protein, a marker of 

mitochondrial fission, did not differ among groups, but did display a dramatic age-

associated reduction in all groups (Figure 4C).  Citrate synthase activity in omental WAT 

tended to be elevated in the OLETF-EX animals compared with OLETF-SED at 13 and 

20 weeks of age (p=0.07; Figure 4D).  LETO-SED and OLETF-SED groups showed an 

age-associated increase from 20 to 40 weeks, with LETO values significantly higher than 

OLETF-EX or OLETF-SED by 40 weeks.  Mitofusion 2, a measure of mitochondrial 

fusion, also was assessed, but blots resulted in extensive non-specific binding combined 

with low signal (data not shown).  In addition, cytochrome c oxidase and β-HAD 

activities were below detectable levels, highlighting the relatively low levels of 

mitochondria in omental WAT (data not shown). 

Lipogenic Proteins in omental WAT.  The OLETF-EX rats exhibited significantly 

elevated FAS protein content compared with LETO-SED and OLETF-SED rats at 13 

weeks of age (Figure 5).  Although there was an age-associated drop in FAS content in 

all groups, the elevated levels in the OLETF-EX group persisted at 20 and 40 weeks of 

age.  SREBP1c did not differ among groups regardless of age (representative western blot 

in Figure 5). 
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13

                                                             
13 Data partially collected by, RS Rector, and SH Warner 
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DISCUSSION 

WAT is becoming widely recognized as an active endocrine organ and an 

important regulator in whole body glucose metabolism.  Limited data suggests that type 2 

diabetes and obesity may be associated with lower epididymal/subcutaneous 

mitochondria content and an increased accumulation of visceral WAT stores (60, 284).  

Here we provide novel mechanistic insight into WAT mitochondrial content changes 

during the transition from insulin resistance (13 weeks) to type 2 diabetes (40 weeks) in a 

well characterized rodent model of hyperphagia-induced obesity and type 2 diabetes.  We 

also examined the changes in WAT mitochondria in animals protected from type 2 

diabetes by daily exercise.  During the progression of type 2 diabetes, WAT 



 83 

mitochondrial content failed to increase in the OLETF-SED animals to the same 

magnitude as in lean, healthy LETO controls.  In addition, daily exercise normalized 

changes in mitochondrial content to the level of the healthy controls.  We also 

demonstrate that FAS protein content decreases from 13 to 40 weeks of age, but is 

sustained at a higher level with daily exercise in the absence of a concurrent increase in 

fat mass.  Lastly, we demonstrate that in the OLETF-SED rats there is a pattern of 

omental WAT expansion with adipocyte hypertrophy and a decrease in cell number 

which is followed by a return of adipocyte diameter and increase in cell number, a 

response that  is similar to that previously reported in high-fat fed mice (280).   

There appears to be an age-associated reduction in mitochondrial content in 

skeletal muscle and liver (46, 186); however, here we demonstrate that omental WAT 

mitochondrial content increased from 20 to 40 weeks of age in the lean, sedentary LETO 

rats.  Similarly, Katic and colleagues (143) found that wild type and adipose tissue-

specific insulin receptor knockout (FIRKO) mice showed a dramatic increase in 

mitochondrial proteins from age 0.5 years to 1.5 years in epididymal WAT.  However, by 

2.5 years of age, mitochondrial protein in epididymal WAT of wild type mice had fallen 

to the 0.5-year level, but remained elevated in the FIRKO mice, which the authors 

postulate might contribute to their extended lifespan.  In this context, our results in 

omental WAT at 40 weeks of age are in agreement with their observations between 0.5 

and 1.5-years of age.  Whether the LETO-SED or OLETF-EX would maintain an 

elevated WAT mitochondrial content and how this might contribute to the lifespan in 

OLETF rats remain unknown but warrants further study. 
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Recent reports suggest that mitochondrial dysfunction exists in epididymal 

adipocytes (a reproductive-associated adipose depot) in type 2 diabetic mice (60).  We 

present similar findings of suppressed mitochondrial protein content in omental WAT (a 

non-reproductive adipose depot) in the type 2 diabetic OLETF rat.  However, based on 

the current observations, differences in WAT mitochondrial content were not present 

until overt diabetes is present, suggesting these changes may not play a causal role in the 

worsening of insulin resistance.  This is in support of previous observations where a 

decrease in WAT mitochondrial content was subsequent to impaired glucose homeostasis 

following high-fat feeding (284).         

To our knowledge, we are the first to demonstrate that increased daily physical 

activity allows for the upregulation of WAT mitochondrial content in the hyperphagic 

OLETF rat, findings not seen in the sedentary OLETF animals.  PPARγ agonists have 

been reported  to reverse reductions in WAT mitochondria content and function in obese 

rodents in a manner similar to the effects of physical activity reported here in (60, 171).  

Although we did not observe a change in total PPARγ  protein in WAT of young wild-

type rats undergoing voluntary wheel running (163), others have shown an increase in 

PPARγ DNA binding activity with wheel running at a similar age (220).  We also 

observed an age-associated decrease in FAS, another PPARγ-responsive protein, 

suggesting that increased PPARγ activity may not be playing a role in the OLETF rat 

used in the current study.  Interestingly, Sutherland and colleagues (283) recently 

demonstrated that 2 hours of swimming a day in rats increases mitochondrial protein 

content in both epididymal and retroperitoneal adipose depots.  The authors attributed 

their findings to increases in circulating catecholamines (283).  However, voluntary 
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wheel running likely does not increase catecholamines as much as swimming (122) and 

we did not observe an increase in mitochondrial content relative to healthy controls as did 

Sutherland and colleagues (283).  These findings collectively emphasize the need for 

future studies addressing the mechanism responsible for omental WAT mitochondrial 

biogenesis and the role physical activity may play in its regulation.    

Mitochondria are dynamic organelles that are consistently undergoing fission and 

fusion to modify their reticulum.  The increase in mitochondrial content in omental WAT 

led us to ask whether a marker of mitochondria fission, FIS1, may have been a 

contributing factor.  FIS1 protein content decreased with age but did not differ among 

groups, suggesting that the differences in mitochondrial content observed in the current 

study are not likely due to FIS1.   Inhibition of FIS1 has been shown to increase a 

senescence-like phenotype of increased elongated mitochondria (174), while decreasing 

the release of cytochrome c and subsequent apoptosis from mitochondria (89).  Future 

studies to assess whether FIS1 protein expression reflects its biological activity in 

adipocytes, as it does in other tissues (343), are clearly needed.   

Because insulin-stimulated lipogenesis is positively correlated to human 

subcutaneous adipose mtDNA copy number (139), we measured FAS and SREBP1c, two 

markers of lipogenesis.  Unexpectedly, SREBP1c protein content did not differ among 

groups; however, in agreement with other studies examining epididymal WAT (201, 

349), we observed an age-associated decrease in FAS expression in omental WAT.  

Although leptin is known to directly downregulate both FAS and SREBP1c (202), 

alternative pathways may be involved since circulating leptin in our animals did not 

inversely correlate with FAS or SREBP1c protein content.  Furthermore, unlike in human 
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subcutaneous WAT (139), we did not observe a positive correlation between FAS protein 

content and markers of mitochondrial content in omental WAT.  However, daily exercise 

resulted in significantly higher FAS protein expression at all ages studied compared with 

sedentary animals.  It has been suggested that loss of mitochondrial content may reduce 

the ability for glucose utilization for lipogenesis in WAT (60).  Thus, suppressed 

mitochondrial content in combination with reduced FAS and a decreased ability to 

convert circulating glucose into fat in the OLETF-SED animals may lead to elevated 

blood glucose levels, exacerbating the diabetic condition.  In addition, the ability of 

exercise to increase FAS in WAT may prevent the accumulation of malonyl-CoA in a 

hyperphagic environment, reduce inhibition of carnitine palmitoyltransferase-1, and 

increase FAO (129).   

The progression of adipocyte hypertrophy is associated with an increase in 

macrophage infiltration and subsequent reduction in both adipocyte number and size 

(280).  Consistent with these findings, adipocyte size in the OLETF-SED group peaked at 

20 wks, corresponding with reduced cell number.  By 40 wks of age, adipocyte size was 

smaller, but omental fat mass was maintained due to adipocyte hyperplasia exceeding the 

cell number at 13 wks of age, all of which was prevented by daily exercise.  Circulating 

serum leptin in OLETF-SED followed a similar pattern as fat cell diameter, with a 

dramatic rise from 13 to 20 weeks followed by a precipitous fall from 20 to 40 weeks. In 

the 40 week OLETF-SED animals, serum leptin was negatively correlated with HbA1c 

and positively correlated with % body fat, suggesting that the inability to continually 

increase the expansion of adipocytes during hyperphagic conditions may negatively 

impact glycemic control.  These findings warrant future investigation.    
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In conclusion, we demonstrate for the first time that increases in omental WAT 

(index of upper visceral WAT) mitochondrial content are attenuated in the hyperphagic, 

obese OLETF-SED rat through 40 weeks of age.  These alterations occurred in 

conjunction with the progression from insulin resistance to type 2 diabetes.  Remarkably, 

these changes were prevented in hyperphagic OLETF-EX animals, implying that the 

changes were independent of dietary energy intake.  The mechanism responsible for the 

increase in mitochondrial content appears to be unrelated to changes in FIS1 and 

lipogenic proteins, and likely does not play a causal role in the development of insulin 

resistance.  However, the failure of WAT mitochondrial content to increase may play a 

key role in the worsening of the type 2 diabetic condition.      
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Chapter 5: Differential DNA Methylation in Skeletal Muscle with 
Physical Activity  

 

 

ABSTRACT 

  Epigenetic modifications can occur either through histone modifications or DNA 

methylation.  Although such modifications do not altering DNA sequence they are 

capable of altering gene expression.  DNA hypermethylation of promoters is associated 

with cancer and atherosclerosis.  Recently several reports suggest that DNA methylation 

can change in response to environmental factors.  However, while the prevalence of 

atherosclerosis and other chronic diseases can be reduced with increased physical 

activity, whether physical activity can change DNA methylation remains unknown.  We 

tested the hypothesis that physical activity would result in differential DNA methylation 

between physically active and sedentary mice on a low or high-fat diet.  Initial screening 

for differential methylation utilized a NimbelGen array.  From this candidate genes were 

screened for mRNA differences.  Of the candidate genes, Pitx3 and Elovl3, had 

significant differences in mRNA levels and an attempt to verify the differential 

methylation was done with two different follow-up techniques.  However, neither 

technique was able to verify differences in methylation.  Thus, although Pitx3 and Elovl3, 

are novel physical activity regulated genes, they do not show differential methylation in 

response to physical activity.  In conclusion, additional candidate genes need to be 

screened or alterations in the experimental design are needed to determine differentially 

methylated DNA due to physical activity. 
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INTRODUCTION  

   Unlike genetic mutations or single nucleotide polymorphisms, epigenetic 

modifications do not result in changes in the DNA sequence.  Instead DNA structure is 

indirectly modified by histone modifications (e.g. acetylation or methylation) or directly 

modified by methylation of cytosines in CpG dinucleotides (28).   

  Although, CpG dinucleotides only occur at 25% of the frequency expected 

throughout most of the human genome, some regions exhibit a much higher frequency.  

These regions, CGIs are somewhat arbitrarily defined by length (200bp-3000bp), 

cytosine/guanine content (>50%), and CpG frequency (>60% expected) (11).  

Furthermore, these CGI are found in an estimated 60-72% of promoters and are key sites 

where CpG methylation can vary (84, 247).  Importantly, current dogma suggests that 

epigenetic changes via DNA methylation are relatively stable, inheritable, and modifiable 

not only during development, but throughout life, e.g., cancer, causing changes in gene 

expression (124).  Typically, methylation of CGIs located within a promoter of a gene 

leads to 1) the binding of methyl-binding proteins, which interact with histone 

deacetylases or other proteins to indirectly inhibit transcription, or 2) directly inhibiting 

transcription factors from binding DNA (30, 114). 

  DNA methylation is essential for normal development and is involved in a 

number of normal physiological processes such as inactivating the X chromosome, 

regulating chromatin structure, allowing tissue specific gene expression, and helping 

control cell differentiation (30, 177).  Conversely, aberrant hypermethylation, occurring 

with cancer is mainly focused on the mechanisms by which hypermethylation of 

promoters in tumor suppressor genes, such as p16, SFRPs, and GATA-4,  silence gene 
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expression (137).  Importantly, CGI hypermethylation occurring early in life also 

increases the risk for later life development of chronic diseases such as type 2 diabetes 

and CVD (315).  During fetal development in rats maternal environmental conditions, 

such as maternal protein restriction, caloric restriction, high-fat feeding, insufficient-

uterine blood flow, and high levels of glucocorticoids, can all increase the likelihood that 

the offspring will develop a chronic disease in adulthood (212).  A role for DNA 

hypermethylation due to the fetal environment, termed developmental programming, has 

recently been established in both embryonic and infancy conditions (268, 316).  For 

instance subtle nutritional differences in utero results in differential methylation of the 

insulin growth factor-2 promoter, providing an attractive mechanistic link between low 

birth weight and later-life diabetes risk (316).   

  Compelling evidence for the existence of alterations in the epigenome throughout 

life comes from a monozygous twin study (88).  While, monozygotic twins are 

epigenetically indistinguishable during the early years of life, older monozygotic twins 

exhibited remarkable differences in their overall content and genomic distribution 

methylated DNA (88).  Furthermore, even within the same individual different blood 

vessels can have different levels of DNA methylation of the promoter of the estrogen 

related receptor-α gene and estrogen related receptor-β gene (148, 225).  Interestingly, 

those vessels with visual signs of disease had higher methylation than those without 

disease within the same individual, suggesting the local environment of a tissue can result 

in differences in DNA methylation.  Together, these studies indicate that increased DNA 

methylation is associated with specific diseases and is likely in part caused by both local 

(cellular niche) and systemic environmental factors such as smoking habits, physical 
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activity, and/or diet. 

  High levels of physical activity are a reduces the risk of developing many chronic 

diseases.  However, the molecular mechanisms underlying this connection remain 

understudied and relatively unknown.  In response to physical activity the plasticity of 

skeletal muscle results in significant biochemical, molecular, and physiological 

adaptations (221).  In addition, more recently acute exercise has been shown to be 

capable of modifying histone in skeletal muscle (185).  However, it remains unknown 

whether acute or chronic exercise can change DNA methylation.  Although, it is known 

that exercise can reduce whole-body inflammation; and both aging and inflammation are 

associated with increased DNA methylation (35, 277).  Thus, it is plausible that increased 

physical activity may alter inflammation and aging associated differences in DNA 

methylation. 

  The purpose of this study was to determine whether epigenetic changes in DNA 

methylation, occur in skeletal muscle following increases in physical activity on a low or 

high-fat diet.  I hypothesized that sedentary and physically active skeletal muscle would 

have differences in DNA methylation of specific genes.  I utilized several microarrays to 

generate lists of candidate genes, which were subsequently screened for differences in 

mRNA levels.  Follow-up techniques to verify the differences in methylation were done 

on the candidate gene Pitx3.    

METHODS 

Animal protocol: Experiment 1 - Non-pregnant female and male C57/BL6 mice 

were purchased from Harlan (Indianapolis, IN) and bred so that multiple litters of 

offspring were born. Within a litter pair, each sex was randomly split and housed 
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individually in cages at 3 weeks of age with or without a 4.5” running wheel (L+5 LF 

RUN), outfitted with a Sigma Sport BC 800 bicycle computer (Cherry Creek Cyclery, 

Foster Falls, VA) to record daily running distances.  Although voluntary wheel running 

results in distances exceeding those of treadmill trained animals (~7 km/night for low-fat 

and ~17 km/night for high-fat wheel running mice vs. ~1-2 km/treadmill session) 

mitochondrial content only increases ~25% compared to ~100% with treadmill running 

(Figure 5-2 and 5-3) (85, 162).  However, VO2 in wheel running mice is doubled resting 

values the duration of the dark cycle, but not during the light cycle (Laye unpublished 

observations). The other paired mouse (L+5 LF SED) was limited to normal cage 

activity. Mice had ad libitum access to a low-fat diet (Formulab 5008, 6.5% energy from 

fat) and water.  The animal room was maintained on a 12 hour light:dark cycle.   

Experiment 2:  Female mice were purchased from Harlan at 9 weeks of age and 

divided into cages with and without a wheel.  Mice had ad libitum access to a high-fat 

diet (Diet 58G8, 45% fat, TestDiet, Richmond, IN) and water for 10 weeks before 

sacrifice.  Mice were anesthetized [ketamine (80 mg/kg), xylazine (10 mg/kg), and 

acepromazine (4 mg/kg)] and killed by exsanguinations, either five hours after the light 

cycle begun, L+5 HF (avoid acute exercise effects), or 1 hour before the light cycle 

begun, L-1 HF, (study acute exercise).  

Tissue Collection: Between 0900-1100 hours (~5 hours after dark cycle ended, 

L+5 groups)  or 0600–0715 hours (~1 hour before dark ended, L-1 groups) whole 

gastrocnemius were harvested bilaterally, frozen in liquid nitrogen, and stored in the -

80°C freezer until further processing.  Retroperitoneal adipose depots and whole hearts 

were removed, weighed, and also flash frozen in liquid nitrogen. 
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 DNA Extraction:  DNA was extracted from muscle with overnight digestion in 

buffer (100 mM NaCl, 10 mM Tris pH 8, 25 mM EDTA pH 8, 0.5% SDS, 0.1mg/mL 

Proteinase K) followed by extraction with Phenol:Chloroform:Isoamyl Alcohol 

25:24:1(pH 8.0) and ethanol precipitation.  Concentration was determined by absorbance 

at 260 and relative purity by 260/280 absorbance ratio. Integrity of genomic DNA was 

assessed by Southern blot. 

 Global Methylation:  Total methylation was measured with the Methylamp 

Global DNA Methylation Quantification Ultra Kit (Epigentek, NY).  The kit utilizes an 

ELISA-like reaction to detect as little as 0.4ng of methylation DNA.    

 Immunoprecipitation of Methylated DNA (MeDIP): MeDIP was performed 

essentially as described by Weber et al (319). Briefly, high quality DNA is reduced to 

200-1000 bp fragments by MseI (New England Biolabs, Ipswich, MA)  enzymatic 

digestion (low-fat fed mice) or sonication (5 x 10 sec, power ~4 Watts) (high-fat fed 

mice).  A portion of DNA is set aside as input DNA at this time. 3µg of DNA is 

immunoprecipitated (IP) with 3 µg of 5-methycytosine antibody (Diagenode, Sparta, NJ) 

at 4°C overnight with gentle agitation in IP buffer.  The antibody is bound to Protein A 

agrose beads (Invitrogen, Carlsbad, CA), released by Proteinase K digestion and the 

enriched fraction of DNA is isolated by ethanol precipitation.   

 MethylCollector Kit:  The MethylCollector kit (Active Motif, Carlsbad, CA) was 

used as a second approach to collect methylation enriched DNA.  This kit utilizes a 

methyl-binding protein (MBD2) with a H-tag to bind DNA fragments containing ≥6 

methylated CpG.  The MBD2 with bound DNA is then captured with anti-h tag antibody 

coated metal beads which is used with a magnetic rack to easily and accurately elute the 
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methylation enriched DNA.  Starting with 1µg of DNA an enriched fraction containing 

~50ng of DNA was obtained and concentrated to ~5ng/µL using a Miniprep PCR clean 

up column (Qiagen, Valencia, CA).  The intra-assay coefficient of variation was 13.27% 

for 5 samples run in parallel, and the interassay variability was 15-30%.  This variability 

is in part due to the low concentration of DNA (3-5ng/µL), which approaches the lower 

detection level of quantification on the nanodrop (2ng/µL).  Enriched and input fractions 

can then be processed for microarray and/or used immediately for PCR.    

 DNA Preparation for NimbleGen Microarray:  10 ng of methylation enriched and 

10 ng of input DNA were amplified using a WGA2 whole genome amplification kit 

(Sigma, St. Louis, MO).  Initially 10 cycles were done to minimize the potential for 

amplification bias, but if less than 4 µg of DNA were obtained additional cycles were 

done until the needed 4-6 µg of high quality (260:280 ration >1.8, 260:230 ratio >2.0) 

DNA for the microarray was obtained.  DNA labeling with Cy5 (methylation enriched 

DNA) and CY3 (input DNA) dyes, followed by co-hybridization, two color scanning 

(532nm = Cy3, 635nm = Cy5), and data analysis as per manufactures instructions was 

done at the University of Missouri DNA Core facilities.  Each NimbleGen array (2007-

02-27 MM8 CpG Promoter, Roche NimbleGen, Madison, WI)  contained 385,000 probes 

of 50-75 bp in length covering all known genes from 1300 bp upstream to 500 bp 

downstream of the transcription start site.  Additionally probes covered all known CGI, 

the smaller (<300 bp) of which, were extended with probes on either end by 200 bp.  

Microarrays were done on a low-fat fed mice (pooled 2 samples for each group) where 

DNA was prepared with MeDIP protocol, high-fat fed mice (pooled 2 samples for each 

group) prepared from the MeDIP protocol, and high-fat fed mice (pooled 4 samples for 
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each group) prepared in duplicate from the MethylCollector Kit.  The log2-ratio p-value, 

assigned to each probe based on the ratio of IP signal to input signal, was used for 

visually (Signal Map program, Nimbelgen, Madison, WI) determining candidate genes.  

Genes were considered likely candidates for differential methylation if they, 1) had 

multiple probes within a single CGI at significance p < 0.01 indicating significantly 

greater methylation than the rest of the genome, 2) these probes were not significant in 

the opposite group, and 3) in the high fat fed animals each set of arrays (MeDIP prepared 

versus MethylCollector prepared) had similar directional changes for the same groups, 

although the magnitude of the changes was not always the same (Figure 5-7).   

RNA Extraction:  Gastrocnemius muscle RNA was extracted as previously done 

with RNeasy kit (Qiagen, Valencia, CA) (164, 172).  Verification of RNA purity and 

quality was done with a nanodrop (260:280 ratio, 260:230 ratio) and visualization of 18S 

and 28S bands by electrophoresis.  cDNA synthesis is performed with equal amounts of 

RNA using ABI cDNA high-capacity synthesis kit. 

RT-PCR:  RT-PCR was done as described previously (25;26).  Briefly, primers 

were designed with Primer Express (ABI, Foster City, CA) and ordered from IDT (Des 

Moines, IA), and a standard curve was run to ensure appropriate efficiencies (90-110%) 

and absence of primer-dimers. Sequences are found in Table 5-1.  Duplicate PCR 

reactions each containing 25 ng of cDNA was performed with the ABI 7000 Sequence 

Detection System (ABI) and Syber Green chemistry (ABI) in a final volume of 25 μL.  

Differences in gene expression were calculated using relative quantification to the control 

gene 18S (which did not differ, p = 0.631 and 0.463, for low-fat fed and high-fat fed mice 

respectively) by the comparative ∆∆CT method (User Bulletin no. 2 ABI PRISM7700 
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Sequence Detection System).  

 

Bisulfite Treatment of DNA:  The ABI kit methylSEQr per manufactures 

instructions was used to convert all unmethylated cytosines to uracils in DNA.  Major 

advantages of this kit are that it requires significantly less input DNA (300 ng) versus 

standard bisulfite treatment (~2-10 ug) and the bisulfite-converted DNA is stable at 4ºC 

for 2+ years versus freezing or immediately using the sample as is the case with 

traditional bisulfite treatments. 

Combined Bisulfite Restriction Assay (COBRA).  Primers for the Pitx3 candidate 

gene spanning 165bp of the 3’UTR (1131 – 1305 of gene) containing two Taq1 

recognition cut sites (Forward 3’ GTTTGAAAGGGGTGTTAGAGTATT 5’, and 

Reverse 3’ ACCAAAAATAAATTAACCCTAAAAA 5’) of the bisulfite treated DNA 
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were designed on MethylPrimerExpress (ABI).  1µL of bisulfite treated DNA undergoes 

two rounds of PCR (12.5 µL of Amplitec Gold DNA Polymerase master mix, 1.25 µL of 

10mM forward and reverse primers, 9 µL of H2O) during which a 5°C reduction in Tm 

(from 60°C to 55°C) occurs in the first 5 cycles (1°C/cycle).  After clean up of the PCR 

reaction with Qiaquick PCR clean-up (Qiagen), the purified product was digested with 

Taq1 restriction enzyme (New England Biolabs) overnight at 65°C.  The digested product 

was run on a 3% agrose gel containing ethidium bromide, visualized under a ultraviolet 

light, and bands quantified using Kodak Imaging Software.  Fragment sizes of 24, 46, 70, 

95, 116, and 165 bp were possible. 

Pyrosequencing.  1 µg of untreated high quality gDNA  (n=5 for each L+5 HF 

RUN and L+5 HF SED) were sent to EpigenDk (Worcester, MA), where they underwent 

bisulfite treatment (Zymo Research EZ DNA methylation kit).  EpigenDk designed one 

set of primers for a 365 bp region of Pitx3 covering from exon 4 into the 3’UTR 

containing 28 unique CpG dinucleotides.  Additionally, 4 separate sequencing primers 

were designed to cover the entire 365 bp amplicon product.  A standard curve containing 

0, 5, 10, 25, 50, 75, and 100% methylated DNA generated a mean r2 = 0.96 when 

averaged across all 28 CpGs.  Individual CpG standard curves ranged from r = 0.93 to r = 

0.98.   

Statistical Analysis.  The study was designed to determine if methylation differed 

with voluntary wheel running, and therefore comparisons were only made within each 

diet group and not between diets.  For the low-fat fed animals a Two-Way ANOVA 

comparing activity (LF-RUN  v LF-SED) and sex (MALE v FEMALE) was done only on 

animal characteristics, while sexes were combined and only t-tests were done for other 
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outcomes with a p<0.05 significance level for all measures.  Post-hoc analysis, when 

necessary, was done with a Student-Newman-Keuls test.  For high-fat fed animals either 

t-tests between RUN and SED were performed unless a Two-Way ANOVA (HF-RUN 

vs. HF-SED, L-1 v L+5) could be performed with data from both L-1 and L+5 groups 

was available.  All tests were performed with SimgaStat software (SysStat Software, 

Germany).   

RESULTS 

Animal characteristics.  Body weights, retroperitoneal adipose mass, heart mass, 

heart mass/BW ratio, and food intakes for L+5 LF mice are given in Table 5-2.  Body 

weights, lean and fat mass, retroperitoneal adipose mass of HF-fed mice (both L+5 and 

L-1) are given in table 5-3.  Over 10 weeks low-fat fed mice averaged  6.94 ± 0.73 

km/night, while the L+5 HF-fed mice averaged 17.52 ± 0.85 km/night (Table 5-3).  L-1 

HF RUN mice averaged the same distance ran on the night of sacrifice as they did 

throughout the 10 wks (14.74 km/night ± 0.74 vs. 15.71 ± 1.71 on last night).  L-1 HF 

RUN and L-1 HF SED mice did not differ in body weight from their L+5 HF 

counterparts (Table 5-3).   
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Training adaptations.  In the low-fat fed mice a significant increase in heart/BW 

ratio (Table 5-2), myogloblin mRNA, and trends for HKII mRNA (p=0.18) and relative 

mtDNA copy number (p=0.56) (Figure 5-2) consistent with the relatively moderate 

training effects seen with voluntary wheel running (163).  In the HF-fed mice there were 

surprisingly no differences in HKII mRNA, myogloblin mRNA, and relative mtDNA 

number existed (Figure 5-3A).  However, citrate synthase activity was significantly 

elevated (p<0.05) in the gastrocnemius of the L+5 HF RUN vs. L+5 HF SED (t-test) 

(Figure 5-3B).    

Methyl Binding Proteins and Methyltransferases.  The mRNA levels of several 

proteins that bind methylated CpGs (MBD2, MBD3, and MeCP2) were unchanged in any 

groups (data not shown).  DNA methyltransferase 1 (Dnmt1) remained unchanged in any 

groups (data not shown).  However, DNA methyltransferase 3A (Dnmt3a) mRNA 

showed both a physical activity (p<0.05, RUN vs. SED group) and a time of day effect 

(p<0.05, L-1 vs. the L+5 group) (Figure 5-3).  Dnmt3b showed a time of day effect 

(p<0.05, L-1 HF vs. L+5 HF), and showed a trend towards a physical activity effect 

(p=0.09) in the HF-RUN vs. HF-SED group) (Figure 5-3).   
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Global DNA Methylation.  Global DNA methylation did not differ between and 

groups (Table 5-4).    

Candidate genes based on Nimbelgen microarray.  In an attempt to maximize the 

likelihood of finding differences in methylation between wheel running and sedentary 

animals I initially focused on genes that were similarly differentially methylated in both 

the low-fat and high-fat fed mice.  FABP3 is an example of a gene meeting the selection 

criteria (Figure 5-1).  The following genes were also initially selected to analyze; MUSK, 

Kelch22, Rcor, Mtm1B, Mtnr1B, SREBP1f, Edgf6, Pitx3, Pip5k3, SEC16A, Pbx3, Ireb2, 

Hdac11, Fxbl 10, Ankrd17,kcnd3, IL11ra2,Tgfb2, Htatip2, Phgdh  and DAP3.  In 

addition to trying to find similar genes between the low-fat and high-fat RUN and SED 

groups, I collected a methylated enriched fraction of DNA using the MethylCollector kit 

from this same cohort of high fat fed animals.  I then compared the arrays utilizing the 

two different techniques to collect methylated DNA (MeDIP vs. MethylCollector), 

although the 5-methylcytosine antibody is (used in MeDIP) and MBD 2 (used in 

MethylCollector) likely to have a different affinity for methylated-cytosines than the 

MBD2.   The following additional candidate genes were found comparing these two sets 

of arrays; Suv420h1, Dact2, Arh28, Telo2, Ztb22, Api5,MKL1-1 and Fgf12.  In several 

cases there was a second gene close to the primary gene of interest and the expression of 

that gene was also measured.   
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Verification of Candidate Genes.   Since we were interested in genes where the 

mRNA levels changed due to differences in methylation I decided to screen candidate 

genes (and when necessary nearby genes) for mRNA differences before proceeding to 

verify methylation differences.  In the L+5 LF group I screened the following genes; Idh, 

Ireb2, Pitx3, Sec16a, kcnd3, Ankrd17, Hdac11,  Elovl3, Tgfb2 for differences in 

methylation.  Several looked promising (SEC16A, Gtgreo22, Idh, Pbx3, Pitx3, Elolv3, 

Tgfb2) and I decided to increase the n from L+5 LF RUN n=3 and L+5 LF SED n=5, to 9 

and 7 respectively.  After the increase in n, only Pitx3 had a trend (p=0.10) to be different 
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(Figure 5-4).  In the L+5 HF groups I screened all of the same genes in the L+5 LF group 

plus the following Arh28, Telo2, Fgf12, Dact2, Suv420h1, Ztb22, Api5, and Mkl1 (Figure 

5-5).  Pitx3, Idh, and Elovl 3 significantly differed between the L+5 HF RUN and L+5 

HF SED, while pbx3 showed a trend (p=0.056) toward being different.   

With very little of the candidate genes showing mRNA differences I decided to 1) 

focus on the high-fat animals since their phenotypes differ more than the low-fat fed 

animals, and 2) add the L-1 HF RUN and L-1 HF SED groups.  The L-1 groups were 

added based on the rationale that a gene that is differentially methylated between runners 

and sedentary mice might only show a difference in mRNA when the animals are actively 

using the running wheel.  I screened Idh, Elovl 3, Pitx3, Arh28, Telo2, Fgf12, Dact2, 

SUV420h1, Api5, Mkl1, and Fbx1 10 for differences in mRNA levels between the L-1 HF 

RUN and L-1 HF SED groups.  While most genes showed changes from the L+5 to L-1 

(Idh, Elovl 3, Pitx3, Telo2, Fgf12, SUV420h1, Mkl1) (Figure 5-6), no significant 

differences between the two L-1 groups occurred.     

Since Pitx3, and Elovl3 share the same 3’UTR, where the CGI that was putatively 

methylated is located(Figure 5-7), and the expression of both genes was lower in the L+5 

HF SED group relative to the L+5 HF RUN group this gene was an attractive target.  

Additionally, several different regulatory mechanisms controlling Pitx3 expression in 

muscle, including an alternative promoter (66) and mi-RNA (147), further encouraged 

the pursuit to verify the differences found in the microarray methylation of the Pitx3 

gene.    
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Pyrosequencing and COBRA of Pitx3 3’UTR CpG Island.  Both pyrosequencing 

and the COBRA assay utilize bisulfite treatment to “lock-in” the methylation status of 

DNA by converting unmethylated to uracils, while methylated cytosines are unaffected.  

The COBRA digests yielded results 4 bands of 165, 119, 95, and 46 bp, and faint band at 

70 bp.  The positive control showed all 5 bands as predicted (Figure 5-8).  No differences 

in band intensity were determined, suggesting no differences in methylation at the CpGs 

within the restriction site (Figure 5-8).  Since COBRA is limited in sensitivity and only 

measured the methylation status of the 2 individual CpGs located at the cut sites for TaqI 

pyrosequencing was simultaneously done in an attempt to detect smaller differences in 

methylation at each of the individual 28 CpGs within the 3’UTR.  Of the 28 CpG 

dinucleotides analyzed, 10 had greater than 10% methylation (Figure 5-X).  Of these 10, 

methylation was consistently 10% higher (absolute difference of 1%) in the L+5 HF SED 

group compared to L+5 HF RUN (Figure 5-9).  However, a one-way ANOVA revealed 

no significant main effect of physical activity across all 28 CpGs.  While, some 

individual CpGs were statistically different when using a t-test, the 1% absolute 

difference is below the sensitivity of the assay and should be interpreted with caution 

(personal communication, Dr. Yan, EpigenDK Inc.). 
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DISCUSSION  

In this study I attempted to find differentially DNA methylation of specific genes 

in skeletal muscle in response to wheel running.  To do this I used a microarray approach, 

initially identifying 21 candidate genes that differed independent of diet (low-fat vs. high-

fat).  Eight additional candidate genes were determined by comparison of  how the 

enriched fraction of methylated DNA was isolated (MeDIP vs. MethylCollector magnetic 

beads).  Candidate genes were initially screened for differences in mRNA (Figures 5-4 

and 5-5).  In order to exclude the possibility that gene expression of candidate genes only 

differed while the animals were actively using the running wheels, a group of animals 

sacrificed one hour prior to the end of the dark cycle was also used to screen the mRNA 

of candidate genes (figure 5-6).  Additionally, to see if physical activity may alter the 

mRNA level of any genes involved in DNA methylation both DNA methyltranferases 

and methyl-binding proteins mRNA were examined.  Interestingly, the de novo 

methyltransferase Dnmt3a was increased in the HF-SED versus the HF-RUN group.   Of 

the candidate genes Pitx3 mRNA was reduced in the HF-SED versus HF-RUN and was 

selected for further methylation verification by pyrosequencing and COBRA analysis.  

However, neither analysis verified the differences found in the microarrays, and thus it is 

unlikely that Pitx3 methylation differs between voluntary wheel running and sedentary 

mice.  At this time, I have been unable to verify differences in methylation of candidate 

genes, suggesting potential limitations with the experimental design, methods or both 

(see discussion below).   

Although differences in DNA methylation of Pitx3 between the HF-RUN and HF-

SED groups were unable to be verified, Pitx3 is still a novel exercise-induced gene. Pitx3 
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expression was thought to be limited to dopaminergic neurons in the brain (203), but 

recently Pitx3 expression was also found in developing skeletal muscle (166).  In skeletal 

muscle the first exon of Pitx3 differs from dopaminergic neurons and is under the 

transcriptional control of an alternative promoter (66).  This alternative promoter for 

Pitx3 contains binding motifs for the transcription factors myogenin and MyoD, which 

are critical to the myogenic program (66).  Interestingly, previous work has shown CpG 

hypermethylation in the brain-specific Pitx3 promoter in breast cancer tissue (75).  

However, my microarray screen did not find differences in the promoter methylation, but 

in a CpG island spanning much of the last exon and 3’UTR (Figure 5-7).   The 3’UTR 

was recently shown to be a binding site for microRNA 133b, which decrease Pitx3 

expression in dopaminergic neurons (147).  It is tempting to speculate that differences in 

miR133b expression or activity might contribute to the differences in Pitx3 mRNA seen 

with physical activity, since I was unable to verify methylation differences. 

Another novel finding was that expression of the de novo methyltransferase, 

Dnmt3a, was decreased in the HF-RUN versus the HF-SED groups.  Expression of  

Dnmt3a in old fibroblasts decreased compared to young fibroblasts; while in cancer cells 

expression increased (52).  While differences in de novo methylation that maybe 

expected with differences in Dnmt3a mRNA methyltransferase-activity independent 

effects for Dnmt3a have been reported, including directly interacting with p53 to inhibit 

transactivation of p21 and inhibit progression of the cell cycle (313).  However, lower 

expression of Dnmt3a can be caused by both estrogen and progesterone (339).  Thus, I 

cannot rule out differences in the estrous cycle between groups contributing to the 

differences in Dnmt3a mRNA levels.         
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Limitations of MeDIP/MethyCollector procedure.   Both MeDIP and 

MethyCollector result in 200-1000bp fragments of methylation enriched DNA.  A 

limitation of this approach is that it only provides a general “roadmap” of where 

differences in methylation are occurring and not the specific CpGs where differences in 

methylation are.  The MethylCollector kit states, “The provided His-MBD2b protein 

binds to all methylated cytosines and the MethylCollector method enriches for DNA 

fragments that contain six or more methylated cytosines” 

(http://www.activemotif.com/documents/149.pdf).   Thus, the MethylCollector kit is 

unable to distinguish between subtle variations in CpG methylation (i.e. 6 versus 8) and is 

most effective at determining substantial differences in CpG methylation over 200-1000 

bp fragments of DNA.  Although this is useful to detecting large differences between 

cancer and non-cancer cells or between different cell types, differential methylation at a 

single CpG can influence gene expression (199).  No data about the sensitivity of the 5-

methylcytosine for methylated CpGs is currently available, making it difficult to compare 

the sensitivity of the two methods.     

Limitations of pyrosequencing.  Bisulfite treatment of DNA keeps all methylated 

CpGs as CpGs, while unmethylated CpGs are converted to UpGs.  Several sequencing 

techniques can exploit this difference in sequence to find differences in methylation.  

Although bisulfite treatment followed by sequencing is considered the gold standard for 

detecting methylation differences significant limitations still exist.  For instance, direct 

sequencing of PCR products can lead to superimposed signals from primer-dimers or 

secondary products, while samples with mixed methylation at each CpGs (as in a tissue 

with multiple cell types in it) will migrate differently over 400 bp frequently causing 
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misalignment.  Furthermore, using direct sequencing differences in absolute methylation 

of less than 10% are not reliably detected, a high number of T’s (typically >9 in a row) in 

an amplicon can increase the likelihood of PCR slippage, and misalignment of signal 

(58).  Alternatively, clone sequencing clones the PCR product into a plasmid, grows up 

the plasmids and sequence individual clone, eliminating mixed methylation and some 

potential misalignment problems.  Limitations with this technique also exist.  Two major 

problems are PCR bias, where unmethylated DNA is amplified more efficiently than 

methylated DNA, and ensuring that a sufficient number of clones (>10) are sequenced so 

a confident interpretation of the methylation status can be made (59).  On the other hand, 

pyrosequencing is considered highly quantitative and more sensitive than direct 

sequencing, without the major drawbacks of sequencing clone (293).  However, the 

sensitivity is still somewhat questionable.  Thus, although there was a consistent 10% 

relative difference in methylation over a section of 8 CpGs in the 3’UTR of Pitx3, an 

absolute difference of 1% methylation is unreliable.     

Limitations of the Experimental Design.  The selected intervention for this study, 

physical activity and diet, does not produce large phenotypic differences over the time, 

10 weeks, studied.  For instance, the differences in phenotype of skeletal muscle between 

mice given access to voluntary wheel running and those not, are as drastic as the 

differences between cancers and non-cancer cells.  In addition the age of the mice at the 

time of sacrifice, 13 weeks for low-fat and 18-20 weeks for high-fat, is the equivalent to a 

young adult in humans, while most differences in CpG methylation in humans do not 

seem to arise until middle to old age (88).  While, voluntary wheel running is protective 

against aging related oxidative damage, 10 weeks is unlikely to be long enough for aging 
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related oxidative stress in skeletal muscle to be significant (70, 88).   Furthermore, 

physical activity reduces local inflammation, which appears to be a key initiator of DNA 

methylation (225, 277, 298).  However, inflammation of skeletal muscle following the 

current intervention is unlikely as high as in cancer or atherosclerotic plaques.  

Potentially the local inflammation in WAT following high-fat diet induced macrophage 

infiltration might cause differences in DNA methylation (322).  A tissue with a more 

dramatic phenotypic in response to voluntary wheel running is might be more likely to 

show a difference in DNA methylation as even the metabolic adaptations to voluntary 

wheel running are nuanced in the gastrocnemius (Figure 5-2 and 5-3).  For example,  the 

hyperphagic obese OLETF rat, voluntary wheel running dramatically improves the liver 

phenotype, but not the skeletal muscle, and may be a better candidate to detect 

differences in CpG methylation In (195, 231).     

In conclusion differences in the genes Pitx3 and Dnmt3a are novel exercise 

induced genes and require further examination.  However, I was unable to verify 

microarray differences in DNA methylation of Pitx3 between voluntary wheel running 

and sedentary mice on a low or high-fat chow diet in skeletal muscle. Changes in the 

experimental design, such as using an alternative model or examining different tissues, 

may also be required to maximize differences in methylation between physically active 

and sedentary animals.   
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Chapter 6:  Discussion 
 
 
 

Overall, the major theme of this dissertation has been to determine how physical 

activity and inactivity modify WAT phenotype.  In this document I have provided novel 

evidence that 1) physical inactivity is sufficient to cause increases in intra-abdominal 

WAT in the absence of caloric overconsumption, 2) voluntary wheel running increases 

FAO in isolated epididymal adipocytes.  The increased FAO is maintained following 173 

hours of inactivity, unlike skeletal muscle and liver, and is independent of changes in 

mitochondrial enzyme concentration, 3) Maturation (from 20 to 40 wks) increases 

omental mitochondrial concentration in wild type sedentary rats, but not hyperphagic 

sedentary rats. Physically active hyperphagic rats have an omental mitochondrial 

concentration between hyperphagic sedentary and wild type sedentary rats.   In addition 

we compared skeletal muscle DNA methylation between physically active and sedentary 

mice.  

PHYSIOLOGICAL GROWTH OF ADIPOSE TISSUE IN RESPONSE TO 
INACTIVITY 
 

There is a growing appreciation for the role of WAT in maintaining energy 

homeostasis and acting as an endocrine organ.  Understanding the physiology and 

pathology of WAT is essential to developing effective preventions and treatments for 

obesity and diabetes (324).  In chapter 2 have shown that daily voluntary wheel running 

in rats reduces WAT, and is a similar physical activity pattern as Paleolithic-era hunter-

gathering humans (55).  Rats wheel running 8-10km/night eat ~25% more food than 

sedentary rats, and continue to do so several days after they cease wheel running (173).   

By pair feeding rats to the level of sedentary rats during the wheel lock period we 
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believed we could prevent the gain in WAT mass.  Thus, it was surprising to find that 

pair feeding rats, failed to prevent the regain of adipose mass (173).  This finding was 

opposite of the original hypothesis and suggests a strong physiological preference for the 

storage of WAT during even when caloric intake is restricted.   

I speculate that daily physical activity requiring increased caloric intake leads to 

metabolic adaptations favoring expanding WAT over increasing lean mass.  Both the 

sedentary and WL5 groups gained similar amounts of lean mass in the one week prior to 

sacrifice (Chapter 3, Table 3-2). However, one week of inactivity prevented any gain in 

lean mass, even in rats allowed ad libitum.  The prevention of gain in lean mass is similar 

during both a paradigm of cessation of voluntary wheel running and the cessation of 

caloric restriction.  For example, following caloric restriction pair feeding rats to the level 

of normal ad libitum fed rats also preferentially increases WAT, similar to what occurs 

during the cessation of voluntary wheel running (54).   

The preferential increase in WAT is likely evolutionarily advantageous.  In 

support of this, females with reduced WAT often have amenorrhea and are unable to 

reproduce with low WAT (56).  Amenorrhea is then prevented if exogenous leptin is 

given to “fool” the body into thinking a higher amount of WAT is present (56). More 

body fat also leads to a longer breeding season and more reproductive success than less 

body fat in male mandrills (326).  Thus, the predisposition to increase fat mass over lean 

mass may at times be beneficial for the reproductive success of the animal in multiple 

ways.  Compensatory mechanisms to reduced WAT also exist in humans.  For example at 

10% loss in weight increases metabolic efficiency, which is reversed by “fooling” the 

body by injecting exogenous leptin (241).  Although evolutionarily conserving energy 
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during periods of reduced WAT was likely beneficial to our ancestors, in our modern 

environment this is undesirable when sustained weight loss is desired. 

A majority of obese individuals are not insulin resistant (64% in ref (73)) and 

likely do not have many metabolic abnormalities.  Whether metabolic abnormalities were 

associated with the increase in WAT following 173 hours of inactivity in unknown.  

Several measurements indicated maintenance of metabolic health during 173 hours of 

inactivity.  For instance, after 173 hours of inactivity no differences in 5 hour fasting 

blood glucose, insulin, or free fatty acids were found (Chapter 2, Chapter 3 and (172, 

173)).  An additional experiment to test this hypothesis was insulin tolerance tests on 

WL5, WL173, and SED animals.  This experiment sought to expand a finding that 

following just 53 hours of inactivity there was reduced glucose uptake into isolated 

skeletal muscle following a sub-maximal dose of insulin (162).  However, no differences 

in whole body insulin sensitivity were found (Appendix Figure A-1).  These 

contradictory results were likely due to 1) a supramaximal intraperitoneal injection of 

insulin during the insulin tolerance test, and/or 2) increases in glucose uptake by WAT 

that compensates for decrease uptake in skeletal muscle.  Changes in GLUT4 content 

would help support hypothesis number 2.  While, no change in GLUT4 concentration 

was found, the increase in WAT mass would result in an increase in the total amount of 

GLUT4 content in WAT (Appendix Figure A-2).   

Another major determinate of metabolic health is the size of the adipocytes 

present.  Initially, I hypothesized that the increase in WAT mass during inactivity would 

occur through adipocyte hypertrophy and not hyperplasia.  Adipocyte hypertrophy would 

also be accompanied by an increase in infiltrating macrophages.  Contrary to this 
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hypothesis WAT mass increased via adipocyte hyperplasia and not hypertrophy.  Thus, 

the finding that infiltrating macrophages did not differ on either a low-fat or high-fat diet 

existed was consistent with previous literature (Appendix Figure A-3).  In summary, in 

rats, the increases in WAT following 173 hours of reduced activity are physiological 

responses that may initially help maintain metabolic homeostasis and possibly improved 

reproductive success rather than pathological responses associated with metabolic 

abnormalities.   

  One of the surprising findings in chapter 2 was the observation that adipocyte 

hyperplasia was occurring within 173 hours of the cessation of voluntary wheel running.  

Following up this observation was the measurement of the protein levels of key 

transcription factors (PPARγ, C/EBPα, and C/EBPβ) involved in adipogenesis.  

However, none of them differed between groups (Appendix B-1).  Potential explanations 

include 1) protein increases that are very transient, 2) to few cells were differentiating to 

significantly change protein expression in the entire adipose depot, and/or 3) changes in 

the functionality of the protein (cytosolic versus nuclear, increased DNA binding) 

without a change in protein concentration.  Consistent with my findings and hypothesis 3, 

voluntary wheel running increases DNA binding activity of PPARγ, without increasing 

total protein in WAT (220).  Thus, measurements of transcriptional activity of key 

adipogenic proteins during inactivity would be prudent in feature experiments.   

FATTY ACID OXIDATION IN ADIPOSE TISSUE OF HEALTHY RATS 

I hypothesized that decreases in FAO in skeletal muscle, liver, and adipocytes 

would be associated with the increase in WAT during inactivity.  Although the pattern of 

FAO in skeletal muscle was similar to that hypothesis, in both liver and adipocytes the 
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pattern differed.  FAO in isolated adipocytes was elevated at both WL5 and WL173 

relative to sedentary animals (Figure 3-3).  In addition to being essential for adipogenesis 

the transcription factor PPARγ helps coordinate upregulation of the genes involved in 

FAO.  For example, in WAT giving a PPARγ agonist, such as a TZD, increases FAO in 

primary isolated adipocytes (60, 171).  Again, the increase in FAO at the WL173 might 

be due to an increase in the DNA binding activity of PPARγ (171, 220). If PPARγ DNA 

binding activity were increased the transcription of genes involved in mitochondrial 

biogenesis would be expected to increase.   However, no such increase in markers of 

mitochondrial content in the WAT with voluntary wheel running occurred (chapter 3, 

table 3-3) (172).   

An alternative mechanism is that the increase in FAO observed at WL5 and 

WL173 is mediated by increased leptin sensitivity in adipocytes.  Leptin can increase 

FAO through the activation and phosphorylation of 5' adenosine monophosphate-

activated kinase (AMPK).  Leptin sensitivity is indirectly measured multiple ways.  One 

such measurement is the phosphorylation of downstream targets in response to a leptin 

stimulation, such as phosphorylation of AMPK or signal transducer and activator of 

transcription 3 (STAT3).  More physiological measurement of leptin sensitivity includes 

the circulating leptin to body fat ratio, a reduction of food intake following a leptin 

injection, or increased FAO in response to leptin injection.  Leptin resistance can occur 

following high-fat feeing in the central nervous system and peripheral tissues, while 

leptin sensitivity is enhances following exercise training (248, 276).  For instance high-fat 

feeing reduces skeletal muscle FAO in response to leptin, but treadmill training prevents 

this reduction.  Furthermore, lower circulating leptin to body weight ratios are present in 
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voluntary wheel running mice on either a high or low-fat diet (Appendix C-1).  In 

response to an acute bout of swimming a subsequent leptin injection enhances 

hypothalamic STAT3 phosphorylation and increases the food reduction, suggesting 

increased leptin sensitivity.  Lastly, circulating leptin to body fat ratio is maintained 

following a 173 hours of wheel lock indicating maintenance of leptin sensitivity during 7 

days of inactivity.  Thus, in summary the enhanced leptin sensitivity due to voluntary 

wheel running that is maintained following 173 hours of inactivity may partially explain 

the increased FAO in isolated adipocytes.  

Increased signaling may occur through increased downstream signaling or 

increased receptor content.  Leptin signals though the gp130 cytokine receptor family 

(285).  Although six leptin receptor (OB-R) isoforms exist, it is believed that only two 

(Ob-Rb and Ob-Ra) are capable of intracellular signaling, which is thought to occur by 

tyrosine kinase induced phosphorylation and activation of various intracellular pathways 

(285).  However, no differences in receptor isoforms Ob-Rb, Ob-Ra, and the soluble 

leptin receptor Ob-Re at the mRNA level existed between any groups (Appendix C-2). 

However, the full length receptor was significantly higher at the protein level in whole 

epididymal WAT of the SED versus WL5 and WL173 groups (Appendix C-3).  

Interestingly, this observation does not suggest that increased leptin receptor content is 

responsible for the increased FAO in WL5 and WL173 groups relative to the SED group.  

Alternative explanations are that the signaling occurs in different receptor isoforms and is 

highly specific and sensitive in regulating AMPK and/or FAO.  Also receptor level 

inhibition by suppressor of cytokine signaling-3 or protein tyrosine phosphatase-1B 

(PTP1B) may be elevated in the SED rats compared to the WL5 and WL173 groups (311, 
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344).  Interestingly, PTP1B is significantly elevated following 53 hours of wheel lock 

compared to the WL5 group in skeletal muscle (162).  Thus, a similar change in PTP1B 

may account the discrepancies in leptin receptor content and FAO in WAT of my 

animals. 

In a tissue that is designed to primarily store fatty acids the role of FAO in 

adipocytes has been understudied and is also not well understood.  In adipocytes it is 

estimated only 0.2% of endogenous fatty acids are oxidized, while 50.1% are released 

and 49.7% are re-esterified in low-fat ad libitum fed rats (312).   However, several studies 

suggest an increase in FAO can be coupled with increases in fatty acid release and fatty 

acid re-esterification, resulting in a futile cycle of fatty acid release and storage, with the 

net result of ATP consumption (4, 141).  Additionally, PPARγ agonist treatment 

increasing esterification and storage of circulating fatty acids in subcutaneous WAT, and 

increases FAO in visceral WAT (171).  Although PPARγ agonist can double the FAO, 

whether such a small absolute increase in FAO is directly involved in the prevention of 

weight gain or metabolic dysfunction within adipocytes remains unknown.  Several 

studies have shown that increases in adipocyte FAO are associated with improved 

metabolic health of the adipocyte, although more mechanistic studies are needed (4, 60, 

171).   

To test the effects of modifying only FAO in adipocytes several approaches could 

be taken.  One approach would be knocking down or overexpressing genes that are only 

involved in FAO, such as Cpt1 or fatty acid binding proteins, while simultaneously 

measuring metabolic processes such as lipogenesis, lipolysis, and/or esterification of 

radiolabeled fatty acids.  This approach would allow insight into the cellular processes 
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that adipocyte FAO is required for.  Another approach is to inhibit FAO with the addition 

of malonyl CoA, however this would also indirectly increase lipogenesis which itself  

increases energy utilization (139).   

MITOCHONDRIAL CONTENT IN ADIPOSE TISSUE DURING THE 
PROGRESSION OF DIABETES  
 

The young sedentary wild type rats used in chapters 2 and 3 are still metabolically 

healthy, insulin sensitive, and not obese.  In chapter 4, a well-characterized rat model of 

obesity, the OLETF rat, was used to examine changes in markers of mitochondrial 

concentration in WAT during the progression of diabetes and with a physical activity 

intervention.  Interestingly, at the younger ages (13, 20 wks) markers of mitochondrial 

concentration only differed slightly between groups (Chapter 4, Figure 4-3).  At these 

ages the sedentary OLETF rats had abnormal glucose homeostasis, but the OLETF-RUN 

and LETO-SED did not.  Not until the OLETF-SED animals were fully diabetic at 40 

wks of age did mitochondrial content differ between them and the OLETF-RUN and 

LETO-SED groups.  Surprisingly, this difference was not because of a decrease in 

mitochondrial concentration in the OLETF-SED group, but due to an increase in the 

OLETF-RUN and LETO-SED groups.  However, voluntary wheel running in wild type 

rats does not increase adipose mitochondrial concentration (172).  Thus, in the OLETFs it 

seems that voluntary wheel running allows mitochondrial content to increase by a similar 

mechanism as occurs with natural aging in wild type sedentary LETO rats.   

The surprising increase in omental mitochondrial concentration of the LETO-

SED/OLETF-RUN rather than a decrease in OLETF-SED was unexpected.  Previous 

studies have interpreted the lower mitochondrial content between obese/diabetic and lean 

mice as a result from a decrease in mitochondrial content of the obese and/or diabetic 
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mice (60, 239, 260).  However, my observations suggest that the age at which animals are 

examined seems critical, and multiple ages are needed to determine the directional 

change in WAT mitochondria concentration.  An example of the usefulness of using 

multiple ages is a study by Sutherland et al (284).  This group demonstrated a decrease in 

WAT mitochondrial following 6, but not 4 or 2 weeks of high fat feeding.  Interestingly 

the decrease in WAT did not occur until after reductions in whole-body glucose disposal 

in response to a glucose tolerance test occurred, suggesting that decreases in WAT 

mitochondria are not casual.  Indeed, my observations also agree that differences in WAT 

mitochondria could not be causal in insulin resistance in the OLETF animals.   

While it seems clear that WAT mitochondria are not casual in diabetes, the 

increase with maturation is puzzling.  A potential explanation is that WAT, like skeletal 

muscle, may increase mitochondrial content in response to insulin signaling, which is 

reduced in type 2 diabetics (281).  In support of this explanation there is an increase in 

circulating insulin at 40 weeks of age (Table 4-2) that might be sufficient to increase 

mitochondria in healthy animals like the OLETF-RUN and LETO-SED groups, but not 

unhealthy ones like the OLETF-SED.  Insulin stimulation of adipocytes also increases 

GLUT4 expression and translocation to the plasma membrane and total GLUT4 content 

in adipocytes is positively associated with whole-body insulin sensitivity (2, 259).  

Caloric restriction like voluntary wheel running increases whole body insulin sensitivity 

and prevents diabetes in OLETF rats (213).  Furthermore, caloric restriction significantly 

increases WAT GLUT4 versus ad libitum fed OLETF rats, without changing in skeletal 

muscle and liver GLUT4 (213).  Importantly, GLUT4 expression is positively associated 

with mitochondrial content in WAT of mice, going up when mitochondrial content is 
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increased and down when decreased (227).  Insulin also increases PPARγ expression, 

with in turn can increase mitochondrial proteins in differentiating insulin sensitive 

adipocytes (37, 60, 171, 227, 331).  Together these observations lead to speculation that 

the increase in omental mitochondrial content is related to the maintenance of insulin 

sensitivity in the OLETF-RUN and LETO-SED groups at 40 weeks of age.  An 

alternative explanation for the increase in mitochondrial concentration is that an increase 

in the proportion of mature adipocytes relative to SFV cell number is occurring.  Mature 

adipocytes contain more mitochondria than preadipocytes (331).  Thus although no 

change in individual adipocyte mitochondrial content may occur, a shift in cell 

population could lead to an increase in mitochondrial concentration of the entire adipose 

depot.  Isolation of mature primary adipocytes could be used to test this hypothesis. 

The role of mitochondria in adipose tissue is not well understood.  While it has 

long been recognized the mitochondria are necessary for generating acetyl-CoA used for 

fatty acid synthesis, the interactions between lipolysis, re-esterification, lipogenesis, and 

WAT mitochondrial content are only partially understood (110, 214, 270).  One way to 

gain insight into this question is partial blockage of ATP production in isolated 

adipocytes with concurrent measures of re-esterification of endogenous and exogenous 

fatty acids, lipolysis, and lipogenesis. Decreasing mitochondrial content by ~20% 

adipocytes through knockdown of mitochondrial transcription factor A, a transcription 

factor important in mitochondrial biogenesis, is an additional approach for studying the 

physiological consequences of reduced mitochondria in adipocytes (260). 
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ALTERNATIVE APPROACHES TO DETECTING PHYSICAL ACTIVITY-
INDUCED DIFFERENCES IN DNA METHYLATION 
 
 Recently, the association between CpG methylation in the promoter of specific 

genes and the progression of chronic diseases has been recognized as a potentially 

important interaction (277, 317).  While increases in physical activity can prevent or 

delay the progression of these chronic diseases, a connection between increased levels of 

physical activity and changes in CpG methylation has not yet been established.  I 

compared DNA methylation data with mRNA expression in skeletal muscle of physically 

active and sedentary mice.  In addition, using pyrosequencing and COBRA analysis I was 

unable to verify DNA methylation differences between groups for the Pitx3 gene that 

were seen initially on the microarray.  There are likely several reasons why methylation 

in my model is unlikely to be detected and/or unlikely to occur.     

 In comparison to the cell types where changes in CpG methylation are most 

commonly found (epithelial, endothelial cells) skeletal muscle has a generally slow 

turnover.  Once de novo methylation of DNA has occurred the methylation is passed on 

to daughter cells during meiosis (234).  Thus, cell types that proliferate more rapidly 

following de novo methylation will increase DNA methylation of the entire cell 

population to a greater extent than cell types that proliferate more slowly or are 

terminally differentiated.  While epithelial and endothelial cells have the potential to 

proliferate, skeletal myocytes are terminal differentiated and unable to further divide.  

Thus, de novo methylation is not passed on to any daughter cells in skeletal myocytes.  

However, CpG methylation could be propagated in skeletal muscle if de novo 

methylation in satellite cells occurs. Increases satellite cell proliferation and subsequent 

incorporation into skeletal muscle myocytes occur during the regrowth and recovery of 
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skeletal muscle following damage or an injury (140).  Thus, only if de novo methylation 

of satellite cell DNA and subsequent proliferation and recruitment of satellite cells occurs 

can DNA methylation increase in myocytes.  However, muscle damage and activate 

satellite cells occurs in response to a single acute bout of voluntary wheel running; but 

repeated bouts of running attenuate the activation of satellite cells (245, 294).  Thus, it is 

possible that following a 10-week voluntary wheel running intervention (as I have used) 

skeletal muscle turnover and satellite cell recruitment is too low for major differences in 

CpG methylation to appear throughout the muscle.  

 Skeletal muscle consists of many different cell types including endothelial, 

fibroblasts, and vascular smooth muscle cells. The different cells type respond to 

increased physical activity differently (152).  Furthermore, different cell types contain 

differences in methylation.  Thus, using whole skeletal muscle, the mRNA and DNA 

contained nucleotides from many different cell types.  A consequence of having multiple 

cell types is that any differences in DNA methylation or mRNA expression that occurred 

in specific cell types may have been diluted. To minimize this dilution effect in future 

studies isolating single muscle fibers or arterioles for DNA and mRNA extraction could 

help (335).  Similarly isolation of endothelial cells, fibroblasts, or smooth muscle cells 

through cell culture techniques or flow cytometry could be done (62, 132, 338).  An 

alternative approach could be to use a tissue such as liver, or WAT might be more likely 

to show differences in DNA methylation due to an increased turnover in response to 

voluntary wheel running  

 Another difficulty in studying CpG methylation is that the rate that differences in 

methylation arise is relatively slow, requiring many years in humans (165) or multiple 
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passages in cell culture (18).  For example only 8-10% of two distinct subject populations 

showed a change after 11 or 16 years in global methylation of greater than 20%, while a 

5% change was seen in 40-63% of the subjects (32).  Interestingly, in addition to a slow 

rate this study (32) and others (39) find a wide between-subject variability in DNA 

methylation.  This variability between subjects would make it difficult to use cross 

sectional studies or make between group comparisons to detect differences in DNA 

methylation.  A better design to detect differences in DNA methylation would be a 

longitudinal study where multiple measurements were taken over a long period of time in 

the same individual.  Furthermore, the high inter-individual variability could lead to a 

large number of false-positives on a microarray when a relatively small number of pooled 

samples are used, which may help explain my observations thus far.  Several alternative 

approaches could be used.  First, in skeletal muscle treatment of the limb on one side of 

the body that allows use of the contra-lateral non-treated limb to act as a control within 

the same individual eliminates the difficulty of high inter-individual variability.  Second, 

repeated measurements, using circulating white blood cells or muscle biopsies, that can 

be taken throughout an intervention reduces inter-individual comparisons, rendering the 

population variability less important.    

 A different exercise and/or experimental design could also be employed in the 

future to maximize the possibility of determining an exercise-induced difference in DNA 

methylation.  If voluntary wheel running remains the exercise modality of choice, 

extending the duration of the experiment from 10 weeks to 1-2 years, when mice are 

middle to old aged, might provide enough time for differences in DNA methylation in 

skeletal muscle to arise (46).  Alternatively, a more specific and robust exercise 
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intervention might be used to increase skeletal muscle adaptation.  One such 

experimental tool is electrical stimulation results in dramatic phenotypic changes that can 

be compared between the stimulated and the non-stimulated leg (179, 334).  Lastly, a cell 

culture design that mimics exercise by pulsing either electrical stimulation (197), or 

caffeine into the media (205) may allow for more genetic manipulation, cell specific 

adaptations, and mechanistic studies, although it is less physiologically relevant.   

 Although, my initial experiments have yet to definitively provide evidence of 

differentially methylated genes with exercise important lessons have been learned with 

regards to the design of future experiments.  Future experimental designs should consider 

the following.  First, I would continue to use voluntary wheel running, but use an 

intervention period of a minimum of 18 months.  Second, I would isolate single fibers 

and skeletal muscle arterioles for all my measurements.  Third, I would make blood 

draws every 3-4 months and isolate white blood cell DNA for within individual 

comparisons.  Finally, I would continue to collect multiple tissues (liver, WAT, colon, 

hypothalamus, heart, vessels) from sacrificed mice and use both MeDIP and bisulfite 

treatment methods to detect DNA methylation differences.  I believe this approach is 

more likely to detect exercise-induced differences in DNA methylation. 

RELEVANCE TO HUMAN HEALTH  

 An often overlooked aspect of the studies conducted in chapters 2-4 is that all of 

the animals used began voluntary wheel running at a young age (3-4 weeks of age).   

These young adults are thus always active, never undergoing periods of inactivity, until 

their wheels are locked or they are sacrificed.  For instance, young rats (4 week old) 

undergoing 3 weeks of wheel running was sufficient to prevent obesity after an additional 
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10 weeks of high-fat diet (215).  However, only 2 weeks of voluntary wheel running 

could not prevent obesity, suggesting a minimum amount of increased physical activity 

exists to alter long-term energy balance (215).  Additionally, long term alteration of 

metabolic phenotype in skeletal muscle of humans following the cessation of endurance 

training has also been reported.  Adult endurance athletes (30 years of age) who had 

trained on average for 10 years, maintained elevated capillarity, and oxidation enzyme 

concentration after cessation of training for 84, suggesting a phenotype “memory” (67).   

Also important is whether beginning an exercise program as an adult will be as 

beneficial as when started in adolescence.  Current dogma suggests adult adipocyte 

number is fixed (272).  Thus, if excess adipocytes are obtained an adolescent, they would 

remain as adult.  Of course weight loss would be possible, but evidence suggests only 

through a reduction in adipocyte cell size and not a reduction in cell adipocyte number.  

Small adipocytes can activate compensatory mechanisms to increase energy intake and 

prevent further weight loss.  Thus, it is critical to maintain a “normal” weight to prevent 

increased adult adipocyte cell number.  These examples along with the data presented in 

chapters 2-4) suggest that starting and maintaining an exercise (or physical activity) 

program throughout adolescence may be beneficial.  However, future studies examining 

the mechanisms and extent of such benefits are clearly needed.  It is intriguing to 

speculate that the long-term maintenance of adolescence phenotype may be mediated by 

DNA methylation since methylation is relatively stable and maintained. 

CONCLUSIONS 

 Although the importance of WAT in whole body metabolic homeostasis has been 

a major focus in the past decade the role of physical activity in regulating DNA 
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methylation changes during aging and chronic disease development is in it is infancy.  

This document summarizes the contributions I have made to each of these fields.  Still, 

studies on the specific physiological role of WAT mitochondria in both healthy and 

disease states are needed.  Similarly, future studies focusing on how environmental 

perturbations, such as physical activity, interact with our epigenomes are critical to 

understanding the importance of epigenetics and chronic diseases. 
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Appendix 
 

 
 
A – METABOLIC HEALTH OF ADIPOCYTES IN RESPONSE TO INACTIVITY 
 
METHODS   
 
 Insulin tolerance tests were done as described in figure legend A-1.  Briefly 

animals were locally anesthetized with topical lidocaine and restrained while a caudal 

catheter was placed.  An initial blood draw was taken for baseline glucose and animals 

were injected with 0.75 U/kg of body weight of insulin.  200-400 µL of blood was drawn 

every 10 minutes.  Dose of insulin was based on Thule et al (289). 

 Western blots were performed as done as described in chapter 4.  Briefly, adipose 

tissue was homogenized in fat homogenization buffer (50 mM Tris-HCl, 225 mM 

sucrose, 1 mM EDTA·Na4, pH 7.4) with protease and phosphotase inhibitors (Sigma, 

MO).  Protein concentrations determined by Bradford Assay (BioRad).  Equal amounts of 

protein in sample buffer (4X:  62.5 mM Tris, pH 6.8, 20% glycerol, 2% SDS, 5% β-

mercaptoethanol, 0.05% bromophenol blue) are loaded on an SDS-Page gel in running 

buffer  (25mM Tris, 192 mM glycine, pH 8.3, 0.1% SDS) at 150V for 70-90 minutes.  

Transfer of proteins to nitrocellulose was done either overnight at 30V or for 1 hour at 

100V in 25 mM Tris, 192 mM Glycine, 20% Methanol, pH 9.3).  Equal loading of 

protein is verified by ponceau staining.  Primary antibodies were used at a concentration 

of 1:200-1000 and secondary at 1:5000-50000 (Pierce) and diluted in Tris-Buffer-Saline 

with 0.1% tween (TBS-T) and 5% BSA (for primary antibody) or non-fat milk (for 

secondary antibody).  All washes (5 X 5 minutes) are done with TBS-T.  Enhanced 
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chemiluminescent was used as instructed by the manufacturer (Pierce) and visualized 

with a Kodak Imaging system.   

 The animals used to looks at macrophage infiltration are the same as those used in 

Chapter 2.  Briefly, Fischer brown Norway 344 rats were obtained at 21 days of age 

(Harlan, IN).  They were given access to running wheels for 6 weeks, after which wheels 

were locked for 5, 53, or 173 hours.  In second group of rats underwent the same 

experimental design except they were fed a high fat diet (35% fat by calories) throughout 

the experimental.  A piece of WAT was places in formalin and embedded in paraffin.  

Slides of WAT were hydrated in progressively higher ethanol concentration, followed by 

an antigen retrieval step at 90°C for 5 minutes.  Excess hydrogen peroxide was quenched 

by immersion in 3% fresh hydrogen peroxide.   Application of an Avidin/Biotin block for 

15 minutes, protein block for 10 minutes, and overnight incubation with an anti-ED1 (rat 

specific macrophage marker, Serotec) at 4°C were performed with washes in TBS-T in 

between each step.  The next morning application of the secondary antibody, label 

(streptavindin), and color reagent (DAB-Chromogen) was applied with washes in TBS-T 

in between each step.  Once color reached the appropriate intensity (10 minutes) slides 

were rinsed in ddH2O, and briefly counter stained with hematoxylin and eosin.  All 

reagents were purchased from DAKO (LSAB + Kit, K0679).  Image J Pro was used to 

quantify the number of ED1 positive nuclei, by first identifying the number of nuclei that 

co-stained for ED1 and hematoxylin and then determining the total number of nuclei in 

the field of view.    
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RESULTS 

 No differences in the insulin tolerance tests (Figure A-1), GLUT4 protein (Figure 

A-2), or percent ED1 positive nuclei (Figure A-3) were found.  For more information 

please see the Discussion (Chapter 6).   
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B – CONCENTRATIONS OF ADIPOGENIC PROTEINS FOLLOWING ADIPOCYTE 
HYPERPLASIA 
 
 
METHODS 

 See chapter 2 for a description of the animals used.  Western blots were 

performed as done as described in chapter 4 and appendix A.  Anti-PPARγ (Cell 

Signaling), anti- C/EBPα (Affinity BioReagents), and anti-C/EBPβ (Santa Cruz) were all 

used at 1:1000 concentrations.   

RESULTS 

 No significant differences in protein concentration of PPARγ, C/EBPα, and 

C/EBPβ in whole WAT or PPARγ in stromal vascular fraction was determined.  

Additionally, C/EBPα was detected only in whole WAT and not the stromal vascular 

fraction.  For more information see the Chapter 6 (Discussion). 
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C – LEPTIN AND WHEEL RUNNING 
 

 
METHODS 

 The cohort of animals used is the same as in chapter 2. Serum leptin was 

measured with ELISA kit (Linco, MO).  A standard curve was generated r2 = 0.99, and 

samples were run in duplicate and with a CV < 10% . 

 mRNA was isolated, primers designed, and RT-PCR performed as described 

elsewhere (Chapters 3 and 5) on the isoforms of the leptin receptors; OB-Rb, OB-Re, and 

OB-Ra. 

 Immunobloting for the full length leptin receptor (Santa Cruz Antibodies, CA) 

was performed as described elsewhere (Appendix A).  The molecular weight of the 

quantified band was 120 kDa, as expected.   

RESULTS 

Absolute serum leptin significantly decreased at WL5 compared to the SED group 

and following 173 hours of inactivity in the ad libitum fed group, and trended to in the 

pair-fed group (Figure C-1A).  When corrected for epididymal WAT mass, the SED 

group has a significantly higher ratio than all other groups (Figure C-1b).   

However, these changes in serum leptin where not associated with any changes in 

the mRNA of the long form of the leptin receptor (OB-Rb), short form (OB-Ra), or the 

secreted form (OB-Re) (Figure C-2).  Conversely, although no change in mRNA in OB-

Rb was detected a large increase in the protein levels of the receptor in the epididymal 

adipose depot of the SED group compared to both the WL5 and WL173-AL group 

(Figure C-3).  This suggests a post translational regulation difference between the groups.   
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