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Abstract 

Adipose tissue is actively involved in both the inflammatory response associated with obesity and 

in the determination of whole body substrate selection. In humans, evidence suggests that exercise 

improves adipose tissue function by reducing adipocyte inflammation; however, the mechanisms by 

which this occurs are not fully understood. It has been suggested that exercise may improve adipose tissue 

function by reducing adipose cell size. It remains unknown whether exercise influences adipose tissue 

function independent of reductions in adipocyte size. Elevated levels of circulating TNF-α and IL-6 are 

both associated with adipose tissue dysfunction and insulin resistance. The purpose of this study was to 

examine whether four weeks of sprint-interval training (SIT) was an effective means of reducing elevated 

circulating TNF-α and IL-6 independent of altering abdominal adipose cell size in men.  8 overweight 

healthy men (age: 25.13 years, weight; 113.5kg). Methods: VO2peak (L/min), adipocyte size, serum IL-6 

and serum TNF-α were measured before and after 16 sessions of sprint interval training over four weeks. 

Results: The key findings of this experiment included that exercise significantly reduces circulating TNF-

α (p=0.03) and IL-6 (p=0.05) independent of changes in weight, waist circumference and abdominal 

adipocyte size in overweight men. VO2 peak also significantly (p=0.04) improved after the four-week 

protocol. These results confirm that exercise can improve adipose tissue function independent of weight 

loss or changes in abdominal adipocyte size. 
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Chapter 1 

Obesity, Adipose Tissue Cell Size, and Inflammation 

1.1 General Introduction:  

Obesity is an increasing problem in Canada and is associated with a greater risk of 

developing chronic diseases such as Type II Diabetes (T2D) and cardiovascular disease (Sheena 

Starky Economics Division 2005), which result in higher morbidity and mortality and are, 

therefore, a major public health problem (Sheena Starky Economics Division 2005). The 

Canadian Health Measures Survey indicated that over 9 million adults were overweight, 7 million 

were obese and, in 2006, 3.9 billion dollars were spent directly on obesity-related disorders 

(Janssen 2013). It is clear that obesity, and related diseases are a problem and, therefore, 

understanding the mechanisms that link obesity and disease is important. 

 

1.2 Inflammation and Obesity-Related Disorders 

 Increases in adipocyte inflammation are associated with dysfunction of the cell 

(Greenberg and Obin 2006; Hirsch and Batchelor 1976; Weyer et al. 2000) and leads to systemic 

inflammation and metabolic abnormalities. Obesity and its related diseases are characterized by 

larger (hypertrophied) cells and inflamed adipocytes (McLaughlin et al. 2010), which when 

compared to lean individuals express increased amounts of proinflammatory cytokines (Borst and 

Conover 2005; Hotamisligil et al. 1995; Kammoun, Kraakman, and Febbraio 2014; Weisberg et 

al. 2003). Cytokines are produced as a protective mechanism in adipose tissue against cellular 

dysfunction and metabolic abnormalities associated with excess caloric intake (Hirsch and 

Batchelor 1976; King and Newmark 2012; Maury and Brichard 2010; Salans, Knittle, and Hirsch 

1968), however, chronic elevations of inflammation in the adipocyte are involved in reduced 

insulin sensitivity and play a role in increased or decreased expression of proteins involved in 
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adipose tissue function (Musi and Guardado-Mendoza 2014). Research has linked obesity, and 

increases in low-grade inflammation in adipocytes, to systemic metabolic dysfunction and disease 

(Ouchi et al. 2011). With obesity, the increases in adipocyte cytokines ultimately enhance the 

amount of cytokines seen in the blood (Eckel, Grundy, and Zimmet 2005). The blood born 

cytokines influence musculoskeletal, cardiac, and liver function and eventually lead to systemic 

dysfunction and disease (Eckel, Grundy, and Zimmet 2005). 

 

1.3 Obesity, Inflammation and Adipose Tissue Cell Size  

Consistent across the literature, enlargement of adipocytes is associated with changes in 

metabolic function such as increased lipolysis and adipocyte insulin resistance (Despres et al. 

1987; Lundgren et al. 2007; Weyer et al. 2000). More specifically, adipocyte size in subcutaneous 

abdominal depots is a predictor of future development of Type 2 Diabetes (Weyer et al. 2000). 

Obese people with large subcutaneous adipocytes are also on average more hyperinsulinaemic 

and glucose intolerant than those with a similar degree of adiposity but with a relatively smaller 

adipocyte size (Hirsch and Batchelor 1976; Krotkiewski et al. 1983; Salans, Knittle, and Hirsch 

1968). These previous findings led researchers to hypothesize that obese individuals with 

increased cell size are more likely to develop obesity-related complications than those who 

become obese without adipocyte hypertrophy via increases in cell number (hyperplasia) 

(Krotkiewski et al. 1983). Hypertrophied adipocytes are positively correlated with increases in 

adipokines, specifically pro-inflammatory adipokines which are cytokines released from the 

adipocyte (Skurk et al., 2007), however, contradicting findings suggest that adipocyte size is not 

directly related to adipocyte inflammation (McLaughlin et al. 2010). It is clear that the link 

between adipocyte size, inflammation and obesity are an important area of study and 

understanding these relationships and the role of inflammation in adipocytes and regulation in the 

system may lead to new insights in determining how to treat or prevent obesity-related diseases. 
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1.4 Mechanisms of Exercise-Mediated Improvements 

Exercise has been proven to be beneficial in reducing obesity, and associated diseases 

along with reducing systemic and adipocyte inflammation (Gleeson et al. 2011) and dysfunction 

such as improvements in glucose and lipid metabolism (Bruun et al. 2006; Skurk et al. 2007). 

Regular exercise has an anti-inflammatory effect and offers protection against low-grade systemic 

inflammation (Højbjerre et al. 2007; Petersen and Pedersen 2005), however, the majority of these 

exercise interventions are accompanied by weight loss and a reduction in adipocyte size (Kondo 

et al. 2006; Bruun et al. 2006; Askew and Hecker 1976). To fully comprehend the exercise-

mediated improvements on the adipose tissue, it is crucial to eliminate as many possible 

mediators, such as weight loss, as they may be eliciting a response. Weight loss is a potential 

mediator that may be inducing positive adaptations in the adipocyte and although studies have 

shown the benefits of exercise, few have examined the effects on adipose tissue function 

independent of weight loss and a reduction in adipocyte size.  

 

 Studies examining exercise-training interventions without weight loss have observed 

decreases in chronic elevations of inflammation from the adipose tissue suggesting a direct effect 

of exercise on adipose tissue function (Dekker et al. 2007; Kohut et al. 2006). Although it has 

been shown that acute bouts of exercise can directly affect the adipose tissue (Højbjerre et al. 

2007), it remains unclear whether reductions in inflammation in exercise training are solely due 

to weight loss and adipocyte size reductions, or if the improvements are mediated through 

exercise pathways independent of weight loss and reduced adipocyte size. 

 

1.5 Sprint Interval Training: Exercise Without Weight Loss 

The benefits of exercise in preventing and improving metabolic complications through 

reductions in fat mass and ultimately adipocyte size are well known (Gleeson et al. 2011). 
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However, it is unknown whether the benefits will occur independent of changes in adipocyte size. 

Some studies have found that exercise programs without weight loss are associated with changes 

in inflammatory factors, and others have shown equivocal results (Hulver et al. 2002; Kelly et al. 

2007; Weisberg et al. 2003; Wellen and Hotamisligil 2003).   

SIT is a type of exercise that requires participants to complete intervals at an intensity 

that is greater than 100% VO2max (Weston, Wisløff, and Coombes 2014) and can improve 

insulin sensitivity without significant weight loss (Richards et al. 2010). 

 

1.6 Thesis Purpose and Objectives and Experimental Approaches 

The objectives of the proposed study are to examine the effects of sprint interval training 

(SIT) on adipocyte size and systemic inflammation. Specifically, the purpose of this study is to 1) 

determine if SIT induces changes in weight and adipocyte size and 2) to investigate the impact of 

SIT on the circulating inflammatory factors TNF-α and IL-6 in the absence of changes in weight 

and adipocyte size. To achieve this, overweight male participants will receive an adipose biopsy, 

blood draw, and VO2 max testing before and after four weeks of SIT. Adipocyte size will be 

measured from the adipose biopsy to examine any changes after training. Serum TNF-α and IL-6 

will be measured in the blood after a minimum of 72 hours post training to control for any acute 

effects of training. 

 

1.7 Thesis Hypothesis 

Hypothesis 1: We expect that sprint interval training will not result in any significant changes in 

weight or abdominal adipocyte size. 

Hypothesis 2: If the abdominal adipocyte size remains unchanged, we expect that TNF-α and IL-

6 levels will decrease in the circulation showing that exercise had effects on the inflammatory 

factors independent of changes in abdominal adipocyte size. 
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1.8 Thesis Organization 

Chapter 2 is a literature review outlining the inflammatory factors and their relationship to 

the adipocyte and metabolic function. It also includes a section covering the benefits of exercise 

with and without weight loss and its relationship to inflammation and adipose tissue function. 

Chapter 3 contains the proposed methods to the study outlining study design and participant info. 

Chapter 4 includes the results and discussion. 
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Chapter 2 

Literature Review 

2.1 Overview 

The following literature review will begin with a brief background on adipose tissue 

function. Following this, the mechanisms linking adipocyte size and inflammation to obesity and 

disease will be covered. Further, the inflammatory factors functions, mechanisms, and 

dysfunctions associated with obesity will then be discussed. Finally, the effects of exercise with 

and without weight loss on adipocyte size and inflammation will be covered. 

2.2 Adipose Tissue Function 

2.2.1 Adipose Tissue and Fatty Acid Metabolism 

 Adipose tissue (AT) is involved in the regulation of fuel availability in the body and does 

so by responding to energy demands by either storing or mobilizing free fatty acids (FFA) also 

known as non-esterified fatty acids (NEFAs) (Musi & Guardado-Mendoza, 2014). Under 

conditions of high-energy demand, human adipose tissue releases fatty acids (FA) into the blood 

stream to be used by muscle and other tissues as a fuel source (Frayn et al., 1994; Vázquez-Vela 

et al., 2008; Karpe et al., 2011). Conversely, when energy demands are low, and substrate is 

abundant, NEFAs are converted to triglycerides (TGs) in adipose tissue for storage (Frayn et al., 

1994; Vázquez-Vela et al., 2008; Karpe et al., 2011) 

2.2.2 Adipose Tissue Function Following Feeding 

  After a meal, insulin is released from beta cells in the pancreas in response to increases 

in circulating glucose in humans as highlighted in a review by Rorsman and Braun (Rorsman & 

Braun, 2013). Following feeding, insulin stimulates tyrosine phosphorylation of insulin receptor 

substrate (IRS) proteins in the adipocyte activating phosphoinositide 3-kinase (PI3K), which 



 

7 

 

results in phosphorylation of protein kinase B (PKB/Akt) which in turn activates 

phosphodiesterase (PDE) (Sesti et al., 2001; Taniguchi et al., 2006). PDE decreases the cellular 

content of cyclic adenosine monophosphate (cAMP) which, when present in high concentrations, 

is responsible for the activation of protein kinase A (PKA) (Choi et al., 2010) (Figure 1). 

Evidence from mouse embryonic fibroblasts demonstrates that, when active, PKA phosphorylates 

both perilipins and HSL (Miyoshi et al., 2006). PKA phosphorylation leads to the breakdown of 

TGs to NEFAs and glycerol, however, when insulin is present this process is inhibited and 

lipolysis is suppressed, an effect which has been observed in human adipocytes (Burns et al., 

1979).  In rat adipocytes, insulin also stimulates glucose transporter type 4 (GLUT4) vesicles to 

be transported to the adipocyte membrane allow the uptake of circulating glucose into the cell to 

be converted to FAs for storage (Cong et al., 1997) (Figure 1.), Glucose transported into rat and 

mouse adipocytes leads to the production of glycerol-3-phosphate (G3P) via glycolysis to create 

more NEFAs to be stored as TGs in the lipid droplet (Chaves et al., 2006; Moraes-Vieira et al., 

2016). 

 Evidence from humans demonstrates that insulin stimulates lipoprotein lipase (LPL) 

which is responsible for the hydrolysis of circulating TGs to NEFAs (Sadur & Eckel, 1982; Karpe 

et al., 2011) (Figure 1). Circulating NEFA’s enter the adipocyte via fatty acid translocase 

(FAT/CD36) (Bonen et al., 2006) where they are esterified to a glycerol backbone to form 

triglycerides and be stored within the lipid droplet (Figure 1.) (Coburn et al., 2000).  Thus, insulin 

is responsible for the uptake and storage of TGs; highlighting that adipose tissue insulin 

sensitivity is important for the proper function of adipose tissue storage of TGs.  
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Figure 1. Adipose Tissue Fat Uptake and Storage. Glycolysis and PDH produce acetyl-CoA in 

the adipocyte, which eventually gets esterified as triglycerides in the endoplasmic reticulum, 

which is then translocated into the lipid droplet (Vázquez-Vela et al., 2008). Circulating TGs 

produce fatty acids via LPL, which are esterified into TGs and are subsequently stored. Insulin 

stimulates IRS-1 which subsequently stimulates PI3K, PKB/Akt and PDE. PDE  (red arrow) 

cAMP suppressing PKA phosphorylation of HSL and perilipin. 

Note: LPL; Lipoprotein Lipase, FAT/CD36; Fatty acid translocase, GLUT4; glucose transporter 

type 4, IRS-1; insulin receptor substrate-1, cAMP; cyclic adenosine monophosphate, PKA; 

protein kinase A, HSL; hormone sensitive lipase, TG; triglyceride, DG; diglyceride, MG; 

monoglyceride, ATGL; adipocyte triglyceride lipase, PI3k; Phosphoinositide 3-kinase, PDE; 

phosphodiesterase. Adapted with permission from: (Vázquez-Vela et al., 2008) 

 

2.2.3 Adipose Tissue Function During Fasting  

In the fasted state, lipolysis in human adipocytes is increased via activation of β-

adrenergic receptors (β-AR) through catecholamine stimulation (Duncan et al., 2007) and 

glucagon released from the pancreas into circulation (Marliss et al., 1970).  Glucagon binds to 

GTP-binding protein (G protein)-coupled receptors which trigger activation of adenylate cyclase 
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(AC) (Vázquez-Vela et al., 2008; Proença et al., 2014). AC increases the cellular content of 

cAMP, which then binds and activates PKA. β-adrenergic stimulation is also responsible for 

activating cAMP by coupling with G-proteins to signal AC (Duncan et al., 2003). Activated PKA 

phosphorylates both perilipins and hormone sensitive lipase (HSL) resulting in translocation of 

HSL to the lipid droplet (Liou et al., 2001a). Perilipins coat the lipid droplet to prevent HSL from 

hydrolyzing TGs however when perilipins are phosphorylated by PKA, they no longer inhibit 

HSL activity (Liou et al., 2001b). Phosphorylation of perilipins results in increased ATGL 

activity in rat adipocytes, which leads to the breakdown of TGs to diglycerides (DGs), and also 

allows for the breakdown of DGs to monoglycerides (MGs) via HSL (Figure 1.) (Fredrikson et 

al., 1986). MGs are subsequently hydrolyzed into NEFAs which are transported to the plasma 

membrane and into the circulation by FATP/CD36, one of several fatty acid transport proteins 

(Coburn et al., 2000; Greenberg et al., 2001a; Vázquez-Vela et al., 2008; Rutkowski et al., 2015) 
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Figure 2. Adipose Tissue Lipolysis. In a fasted state, G-protein coupled receptors activate 

lipolysis, which in turn increases cAMP which phosphorylates perilipins proteins that are located 

in the lipid droplets membrane (Vázquez-Vela et al., 2008; Mcdonough et al., 2013). Activation 

of cAMP allows PKA to phosphorylate HSL and perilipins which trigger translocation from the 

cytoplasm to the lipid droplet allowing for activation of lipolysis (Greenberg et al., 2001b; 

Vázquez-Vela et al., 2008). Note: LPL; Lipoprotein Lipase, FAT/CD36; Fatty acid translocase, 

GLUT4; glucose transporter type 4, IRS-1; insulin receptor substrate-1, cAMP; cyclic adenosine 

monophosphate, PKA; protein kinase A, HSL; hormone sensitive lipase, TG; triglyceride, DG; 

diglyceride, MG; monoglyceride, ATGL; adipocyte triglyceride lipase, PI3k; Phosphoinositide 3-

kinase, PDE; phosphodiesterase, MAPK; mitogen-activated protein kinase, “p”; phosphorylation. 

Adapted with permission from: (Vázquez-Vela et al., 2008) 

 

 There is accumulating evidence from mammalian cells that suggests that in addition to 

PKA activation, G protein-coupled receptors and cAMP can also activate the mitogen-activated 

protein kinase (MAPK) pathways (Gerits et al., 2008; Guilherme et al., 2008a). MAPK are 

protein kinases that phosphorylate and activate downstream transcription factors in human 

adipocytes and thereby regulate the expression of genes involved in lipolysis, including perilipins 
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(Laurencikiene et al., 2007). After phosphorylation and down-regulation of perilipins, HSL 

activity is enhanced resulting in increased lipolysis (Laurencikiene et al., 2007). Activation of 

MAPK has been implicated in adipocyte inflammation and will be discussed further in section 

2.3.2. 

 In summary, adipose tissue is important in metabolism as it regulates the equilibrium 

between fat storage and fat utilization in response to changes in energy demand (Tchernof, 2007). 

Dysfunction of adipose tissue can lead to improper balances in lipid metabolism by reducing the 

ability to uptake, store, and release NEFAs (Ruan et al., 2002). Improper function of adipose 

tissue uptake and storage of NEFAs disrupts metabolism and contributes to adipose tissue 

dysfunction, which will be discussed further in sections 2.3 and 2.4. Further understanding of 

how adipose tissue responds to different stresses and its involvement in metabolic health is 

important in preventing and treating metabolic dysfunction. 

2.2.4 Adipose Tissue as an Endocrine Organ 

 Adipose tissue is considered an endocrine organ because of its ability to secrete 

hormones and adipokines that have specific biological functions (Fantuzzi, 2005). For example, 

leptin is a protein released from the adipocyte that contributes to the control of energy 

metabolism in humans through the regulation of appetite and food intake which was seen in a 

study conducted by Weigle and collagues (1996) and further highlighted in a review conducted 

by Klok et al. (2007) (Weigle et al., 1997; Klok et al., 2007).  Adiponectin is another important 

adipokine released from adipose tissue into the circulation that is involved in increasing insulin 

sensitivity and is negatively associated with BMI in Type 2 Diabetic humans (Lu et al., 2006). In 

a study performed on HEK293 cell cultures, Adiponectin increased insulin sensitivity by 

decreasing NEFA uptake, TG storage, and increasing fat oxidation (Yoon et al., 2006). Adipose 

tissue also releases many other hormones and cytokines including TNF-α and IL-6 that are 

involved in cellular and metabolic function (Kern et al., 2001; Kershaw & Flier, 2015). Improper 
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balance or secretion of TNF-α and IL-6 have contributed to cellular and systemic metabolic 

dysfunction and will be discussed further in sections 2.2.5 and 2.3.1. The endocrine effects 

adipose tissue has on metabolism and function makes this organ a key player in metabolic health.  

2.2.5 Adipose Tissue and Inflammation 

 Adipose tissue inflammation is the elevated release of pro-inflammatory cytokines, 

including IL-6 and TNF-α, in response to changes in energy demands and is involved in 

adipocyte stress responses, including cell hypertrophy, facilitation of adipose tissue expansion, 

and remodeling (Wernstedt Asterholm et al., 2014), altered release of cytokines, and increased 

macrophage infiltration (Weisberg et al., 2003). TNF-α and IL-6 are involved in adipocyte and 

whole body insulin sensitivity and resistance, energy metabolism, and play an important role in 

the expression and regulation of other proteins involved in adipose tissue function (Kern et al., 

2001; Kammoun et al., 2014). Insulin insensitivity is a condition in which cells in our body are 

unable to respond to insulin properly (Olefsky & Kolterman, 1981; Ruan & Lodish, 2003) and 

can progress to systemic insulin resistance leading to T2D and other metabolic complications 

(Hardy et al., 2012) which has been observed in humans and animal models extensively (Kahn, 

1998; Lazar, 2005). Insulin resistance happens when normal concentrations of insulin produce a 

less than normal biological response. In summary, improper release of inflammatory cytokines 

can contribute to AT dysfunction, therefore, understanding how to prevent or treat increased 

levels of inflammation is important.  

 

2.3 Adipose Tissue Dysfunction in Obesity 

2.3.1 Adipose Tissue Dysfunction and Inflammation in Obesity 

Obese individuals exhibit chronically elevated levels of pro-inflammatory cytokines 

including TNF-α and IL-6 that contribute to chronic low grade inflammation (Moller, 2000; 
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Maury & Brichard, 2010; Kammoun et al., 2014).  Although acute inflammation is critical for 

normal function as part of the immune response, chronic release of inflammatory cytokines from 

adipocytes is detrimental to adipocyte health and systemic function as it can lead to insulin 

resistance, T2D, cardiovascular disease (CVD), and other metabolic disorders (Kammoun et al., 

2014). Adipose dysfunction is characterized by hyper-secretion of TNF-α and IL-6, and the 

implications of increases in these pro-inflammatory proteins will be discussed further in sections 

2.4 and 2.5. 

2.3.2 Obesity and Adipocyte Size 

 It is well known that obesity is associated with increased adipocyte size (Salans et al., 

1968; Hirsch & Batchelor, 1976). Specifically, increasing BMI is directly related to increases in 

mean adipocyte size in humans and rodents (Salans et al., 1973; McLaughlin et al., 2010). 

Evidence suggests that the size of the adipocyte influences the overall health of the cell-

influencing factors including storage and mobilization of lipids and release of inflammatory 

factors (Farnier et al., 2003). Further, human adipocyte size is negatively correlated with 

subcutaneous adipocyte and whole body insulin sensitivity (Lundgren et al., 2007; Gustafson et 

al., 2009) and has been identified as a significant predictor of the development of T2D (Skurk et 

al., 2007). The mechanisms behind this relationship currently remain unclear however chemical 

signaling from TNF-α and IL-6 released from the adipose tissue could be involved (Skurk et al., 

2007).  The increases seen in adipose TNF-α and IL-6 are positively associated with adipocyte 

size, insulin resistance, and metabolic dysfunction (Kern et al., 2001), which will be discussed 

further in sections 2.4 and 2.5. 

In addition to being secreted directly by adipocytes, TNF-α and IL-6 are also secreted by 

adipocyte-derived macrophages (Grellner, 2002). In obesity, the enlargement of human 

adipocytes is suggested as a possible contributor to increased macrophage infiltration into the 

adipose tissue (Surmi & Hasty, 2008a). Macrophages are responsible for most increases of pro-
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inflammatory cytokines seen in enlarged adipocytes of mice (Weisberg et al., 2003) and 

macrophage content in the adipose tissue of mice is positively associated with BMI and adipocyte 

size suggesting that adipose tissue macrophages are a primary source of pro-inflammatory 

cytokines (Weisberg et al., 2003). M2 macrophages are responsible for the release of anti-

inflammatory cytokines and M1 macrophages for pro-inflammatory cytokines. During the 

expansion of adipose tissue in obesity, a phenotypic switch from M2 to M1 macrophages 

contribute to increased inflammation (Surmi & Hasty, 2008b). Migration of peripheral blood 

mononuclear cells (PBMCs) towards adipose tissue has also been suggested as a key component 

to the development of chronic low-grade inflammation (Jiao et al., 2009; Kim et al., 2015a) as it 

can stimulate further macrophage infiltration into the adipocyte (Kim et al., 2015b). Macrophages 

infiltrate adipose tissue due to monocyte chemoattractant protein–1 (MCP-1). Chronic elevations 

of MCP-1 may lead to increased levels of TNF-α and IL-6 in the adipose tissue due to increased 

macrophage infiltration and therefore increased adipocyte inflammation as there was an observed 

increase in MCP-1 mRNA in the AT and plasma seen in obese mice (Kanda et al., 2006).   

It currently remains unknown if the changes seen in adipose tissue function in obesity 

including increased inflammation and adipose and systemic insulin resistance are related to 

adipocyte size independent pathways. Further understanding of the mechanisms behind these 

relationships can help increase our knowledge of adipose and metabolic health to help prevent or 

treat obesity related diseases.  

2.4 TNF-α and Metabolic Health 

 Acute elevations of TNF-α have beneficial effects on systemic metabolism and healing 

processes, but chronic elevations can interfere with metabolic health (Musi & Guardado-

Mendoza, 2014). TNF-α is involved in the regulation of glucose and lipid metabolism in humans 

(Sethi & Hotamisligil, 1999) and increased TNF-α  in the adipocyte and circulation is associated 

with the development of whole body insulin resistance in mice and humans (Hotamisligil et al., 
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1995; Hotamisligil, 1999a; Trayhurn & Wood, 2004). Chronic release of TNF-α from enlarged 

adipocytes in obesity is associated with the development of systemic dysfunction making TNF-α 

an important inflammatory factor in metabolic health and disease (Moller, 2000; Weisberg et al., 

2003; Eckel et al., 2005; Ouchi et al., 2011). Further, serum TNF-α concentrations in obese 

humans are significantly greater than those in lean humans and serum concentrations fall 

significantly after weight loss (Dandona et al., 2011). There is also an observed fall in the 

expression of TNF-α following weight loss in adipose tissue in humans suggesting that serum 

levels of this cytokine reflect the expression of TNF-α in adipose tissue (Sewter et al., 1999; 

Bruun et al., 2003; Dandona et al., 2011) 

2.4.1 TNF-α and Glucose Metabolism 

 TNF-α has also been proposed to be an important regulatory factor in glucose metabolism 

(Xu et al., 1999). As mentioned previously, GLUT4 glucose transporter mediates uptake of 

glucose into adipocytes and skeletal muscle (Huang & Czech, 2007). TNF-α plays a role in 

glucose metabolism in mice by down-regulating GLUT4 and inhibiting insulin receptor activity 

in both muscle and adipose tissue thereby decreasing glucose uptake (Stephens et al., 1997; 

Hotamisligil, 1999b). TNF-α has also been proposed to suppress the expression of many proteins 

that are required for insulin-stimulated glucose uptake in adipocytes, including insulin receptor 

(IR) and IRS-1 (Ruan & Lodish, 2003) (Figure 3.). Hotasmisligil et al. (1999) observed a two 

fold increase in insulin-stimulated tyrosine phosphorylation of the insulin receptor in the muscle 

and adipose tissue in TNF-α knock out mice, suggesting that insulin receptor signaling is an 

important target for TNF-α. Thus, it is clear that TNF-α plays an important role in regulating 

glucose uptake in adipocytes and skeletal muscle cells. Chronic elevations of TNF-α can lead to 

adipose glucose metabolism dysfunctions and is, therefore, an important inflammatory factor to 

study when looking at obesity. 
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Figure 3. TNF-α and Adipose Metabolism. TNF-α inhibits GLUT4 translocation and IRS-1 and 

LPL therefore decreasing uptake. TNF-α also increases MAPK and HSL enhancing lipolysis. 

Note: LPL; Lipoprotein Lipase, GLUT4; glucose transporter type 4, IRS-1; insulin receptor 

substrate-1, cAMP; cyclic adenosine monophosphate, PKA; protein kinase A, FFA; free fatty 

acids, HSL; hormone sensitive lipase, TG; triglyceride, DG; diglyceride, MG; monoglyceride, 

ATGL; adipocyte triglyceride lipase, PI3k; Phosphoinositide 3-kinase, PDE; phosphodiesterase, 

p; phosphorylate. Red Lines: Inhibit/Decrease; Black Lines: Activate/Increase. Adapted from: 

(Vázquez-Vela et al., 2008) 

 

 

2.4.2 TNF-α and Adipose Metabolism 

 The acute release of TNF-α from adipose tissue also plays an important role in adipose 

tissue function (Musi & Guardado-Mendoza, 2014). TNF-α inhibits adipogenesis, the process by 

which pre-adipocytes become adipocytes, by suppression of tumor necrosis factor receptor-1 

(TNFR1) activity although the exact role of this pathway is unknown (Sethi & Hotamisligil, 

1999). TNF-α also stimulates lipolysis through increases in hormone sensitive lipase expression 
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and inhibition of lipoprotein lipase (Fried & Zechner, 1989; Saleri et al., 2011). TNF-α is also 

involved in lipid metabolism through activation of MAPK (Greenberg et al., 2001b). More 

specifically, the MAPK pathway has been shown to mediate TNF-α induced serine 

phosphorylation of IRS-1, which has been suggested as another possible mechanism by which 

TNF-α induces adipose tissue insulin resistance when chronically elevated (Engelman et al., 

2000). TNF-α also regulates lipolysis in 3T3-L1 adipocytes by phosphorylating HSL (Greenberg 

& Obin, 2006). It has also been proposed that in a normal state, peroxisome proliferator-activated 

receptor-  (PPAR ), stimulates expression of lipid-droplet proteins such as specific protein 27 

(SP27), cell death-inducing DNA fragmentation factor alpha-like effector A (CIDEA), perilipin, 

adipose differentiation-related protein (ADRP) and S3-12 in adipocytes which inhibit basal 

lipolysis and free fatty acid release (Guilherme et al., 2008b). The normal function of (PPAR ) 

therefore results in regular storage of TGs, however, when there are chronic elevations of TNF-α, 

PPAR  is inhibited resulting in enhanced lipolysis (Figure 4.).  

In summary, TNF-α plays an important role in adipose metabolism by decreasing FA 

uptake and TG synthesis via inhibition of IRS-1 and GLUT4 translocation and contributing to 

enhanced lipolysis through activation of MAPK and HSL (Sethi & Hotamisligil, 1999) (Figure 

3.). Chronic elevations of TNF-α have this effect on adipose tissue function even in the presence 

of insulin (Hotamisligil, 1999b). The pancreas continues to release insulin to promote uptake and 

storage, however, it is blocked by TNF-α which causes insulin insensitivity over time and 

eventually insulin resistance (Hotamisligil, 1999b).  

2.4.3 TNF-α and Adipocyte Dysfunction 

 Chronic elevations of TNF-α in the adipocyte and circulation are positively associated 

with increased adipocyte size and can lead to adipocyte dysfunction, which is characterized by 

the development of insulin insensitivity and resistance (Bahceci & Gokalp, n.d.; Kern et al., 

2001; Sopasakis et al., 2004; Skurk et al., 2007).  Increases in adipocyte or circulating TNF-α 
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secreted from adipose tissue can lead to a state of chronic low-grade inflammation and can affect 

peripheral tissue insulin sensitivity and lead to systemic metabolic dysregulation, which is 

covered in the review by Moller (2000). It is proposed that with chronic elevations, adipose tissue 

TNF-α down regulates PPARγ and expression of the lipid droplets proteins mentioned earlier 

which may contribute to enhanced lipolysis and increased circulating NEFAs (Figure 4.) 

(Guilherme et al., 2008a). 

 

 

Figure 4. Lipolysis in Normal State and Chronic Inflammatory State in Adipose Tissue. A. 

In a normal state, peroxisome proliferator-activated receptor-  (PPAR ), stimulates expression 

of lipid-droplet proteins such as SP27, CIDEA, perilipin, and S3-12 (Blue ovals) in adipose cells 

which inhibit basal lipolysis and free fatty acid release. B. In a chronic inflammatory state, TNF-α 

down regulates expression and ultimately increases lipolysis and release of circulating NEFAs.  

Note: CIDEA; cell death-inducing DNA fragmentation factor alpha-like effector A, NEFAs; Non 

esterified fatty acids, PPAR ; peroxisome proliferator-activated receptor- , SP12- Specific 

Protein 12, SP27- Specific Protein 27, TNF-α; Tumor Necrosis Factor Alpha 

Red Lines: Inhibit/Decrease; Black Lines: Activate/Increase.  Adapted from: (Guilherme et al., 

2008a; Grygiel-Górniak, 2014) 

 

 TNF-α also mediates reductions in NEFA uptake in adipocytes (Ruan et al., 2002) and 

results in an increase in circulating NEFAs, leading to increased storage in peripheral tissues, 
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ultimately contributing to systemic insulin resistance (Kershaw & Flier, 2015). Specifically, the 

excess FA release from increased lipolysis due to elevated secretions of TNF-α from enlarged 

adipocytes in obese individuals results in increased deposition of fat in muscle and liver cells, 

further contributing to the development of insulin resistance of those tissues (Boden, 1997; 

Savage et al., 2007; Vázquez-Vela et al., 2008). Elevations in TNF-α are associated with the 

increases in adipocyte size associated with obesity and adipocyte dysfunction however there are 

many gaps in the literature on the exact pathways and mechanisms involved. Given the role TNF-

α plays on adipocyte dysfunction, it’s important that we further our knowledge in how adipocyte 

size and inflammation are correlated so we can help treat and prevent the associated 

complications. 

2.5 Relationship Between IL-6 and Metabolic Health 

2.5.1 IL-6, Lipid and Glucose Metabolism 

 IL-6 is a cytokine released from adipocytes that, similar to TNF-α, plays a key role in 

human substrate metabolism (Van Hall et al., 2003). IL-6 appears to have both paracrine and 

endocrine functions, including influences on systemic insulin sensitivity and leptin production 

within the adipocyte which was observed in human adipose tissue organ cultures (Trujillo et al., 

2004). IL-6 may directly affect lipid metabolism in obese human adipose tissue by decreasing the 

activity of LPL, an enzyme that regulates uptake of circulating TGs into adipocytes (Figure 5.) 

(Trujillo et al., 2004). IL-6 can also increase fat oxidation in human adipose tissue via AMPK 

activation and therefore appears to be an important modulator of lipid metabolism in humans 

(Van Hall et al., 2003). A study conducted by Bastard (2002) found that in obese humans adipose 

IL-6 levels were correlated with increased fasting plasma glucose, insulin-stimulated glucose 

transport in adipocytes and whole body glucose disposal.  Combined, these results suggest a 

causal role for IL-6 in lipid and glucose metabolism dysfunction leading the progression of 

obesity related diseases.  
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2.5.2 IL-6 and Adipocyte Dysfunction 

 IL-6 can be considered a pro-inflammatory or anti-inflammatory cytokine (Petersen & 

Pedersen, 2005). The anti-inflammatory effects will be discussed further in section 2.6. 

Circulating IL-6 levels in obese humans are correlated with increased plasma NEFA levels and 

systemic insulin resistance (Rotter et al., 2003; Trujillo et al., 2004). In a study conducted on 

humans by Mohamed-Ali et al. (1997), increases in circulating IL-6 appeared to originate from 

adipose tissue suggesting that IL-6 released from adipocytes act systemically (Mohamed-Ali et 

al., 1997a; Bastard et al., 1999, 2002). IL-6 induces insulin resistance in 3T3-L1 adipocytes by 

inhibiting the acute phosphorylation of the insulin signaling components (IRS-1, ERK1/2, 

Akt/PKB) (Figure 5.) (Lagathu et al., 2003). 
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Figure 5. IL-6 and Adipose Tissue Metabolism. IL-6 inhibits insulin signaling and decreases LPL 

activity therefore decreasing TG uptake into the cell. IL-6 also increases plasma NEFA 

concentrations and has been shown to increase lipolysis. 

Note: LPL; Lipoprotein Lipase, FAT/CD36; Fatty acid translocase, GLUT4; glucose transporter 

type 4, IL-6; Interleukin 6, IRS-1; insulin receptor substrate-1, cAMP; cyclic adenosine 

monophosphate, PKA; protein kinase A, FFA; free fatty acids, HSL; hormone sensitive lipase, 

TG; triglyceride, DG; diglyceride, MG; monoglyceride, ATGL; adipocyte triglyceride lipase, 

PI3k; Phosphoinositide 3-kinase, PDE; phosphodiesterase, p; phosphorylate. Red Lines: 

Inhibit/Decrease; Black Lines: Activate/Increase. Adapted from: (Vázquez-Vela et al., 2008) 

 

 In the past, studies found no association between IL-6 and lipolysis in 3T3-L1 or human 

cultured adipocytes (Feingold et al., 1992; Trujillo et al., 2004), however, recently there have 

been contradicting results observed in humans (Van Hall et al., 2003). Kern et al. (2001) found a 

significant relationship between plasma IL-6 and plasma NEFA levels in obese humans 

suggesting increased lipolysis via IL-6. IL-6 has also been found to interact with TNF-α and other 

inflammatory factors in human adipocytes affecting insulin sensitivity and metabolism (Kern et 

al., 2001). Chronic elevations of IL-6 that are released by larger adipocytes are associated with 
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increases in plasma NEFA concentrations, altered cytokine function, and possibly adipocyte 

lipolysis (Kern et al., 2001).  Elevated plasma NEFA concentrations have been suggested to be 

through a decrease in LPL activity, which taken together, would lead to a limitation of energy 

deposition within the adipocytes interfering with metabolism and function which has been 

observed in human and murine models (Greenberg et al., 1992; Trujillo et al., 2004; Musi & 

Guardado-Mendoza, 2014). 

 IL-6 is released from human adipocytes and is released systemically in the circulation 

(Sárvári et al., 2015a). The chronic release of adipose derived IL-6 into systemic circulation is 

seen in obesity related diseases and is associated with many metabolic complications (Bastard et 

al., 2009a). The observations that AT IL-6 release into the circulation is greater in obese subjects 

with enlarged adipocytes supports a possible novel role for IL-6 as a systemic regulator of body 

weight and lipid metabolism (Sárvári et al., 2015b). In summary, IL-6 is important in altering 

adipocyte function under the stress of obesity related diseases. Further understanding of the 

pathways and mechanisms of IL-6 released from the adipose tissue can help find ways to prevent 

or ameliorate the dysfunctions associated with chronic elevations seen within the adipocyte and 

circulation.  

 

2.6 Obesity, Adipocyte size, TNF-α and IL-6 

2.6.1 TNF-α, IL-6, and Obesity 

 As mentioned previously, obesity is characterized by increased fat mass (Weisberg et al., 

2003) and with obesity there is an observed increase in the release of TNF-α from human adipose 

tissue (Samad et al., 1999). Not only does TNF-α alter metabolism and insulin function in knock 

out mouse models (Hotamisligil, 1999a), but it is also a key regulator in the synthesis of IL-6 in 

cultured C6 cells (Tanabe et al., 2010). These previous studies demonstrate how elevations in 

TNF-α can further cause increased chronic low-grade inflammation and ultimately dysfunction 
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within the adipocytes and system. Levels of human adipose tissue TNF-α messenger ribonucleic 

acid (mRNA) are positively correlated with adiposity and decreased after weight loss (Winkler et 

al., 2003). A study conducted by (Roytblat et al., 2000) concluded that serum IL-6 released from 

adipose tissue was significantly elevated in obese patients, demonstrating the relationship 

between obesity and chronic low-grade inflammation. Chronic secretions of pro-inflammatory 

cytokines such as TNF-α and IL-6 from adipocytes are associated with obesity (Kern et al., 1995; 

Greenberg & Obin, 2006). The associations between obesity and elevated amounts of TNF-α and 

IL-6 has been further demonstrated from weight loss studies observing reductions in circulating 

levels (Kern et al., 1995; Loss et al., 2000; Monzillo et al., 2003; Ouchi et al., 2011). 

2.5.2 Adipocyte Size and Inflammation 

 Hypertrophied adipocytes release TNF-α and IL-6 that are involved in chronic low grade 

inflammation seen in obese individuals (Maury & Brichard, 2010; Kammoun et al., 2014). 

Human studies have demonstrated that increased mean adipocyte size is correlated with increased 

adipose tissue derived TNF-α and IL-6, which are associated with insulin resistance, and T2D 

(Morin et al., 1998; Weisberg et al., 2003; Skurk et al., 2007).  

Currently it is clear that obesity is associated with adipocyte size and inflammation. For 

example, Weisberg et al. (2003) found that in humans, with increases in BMI and larger mean 

adipocyte size, there were associated increases in the amount of TNF-α within the adipose tissue. 

Further, Morin et al. (1998), observed that human adipose tissue derived TNF-α was correlated to 

adipocyte size. There is also evidence from human studies that with increased adipocyte size 

there are increases in circulating IL-6 released from adipose tissue (Mohamed-Ali et al., 1997b; 

Skurk et al., 2007). In summary, obesity is associated with increases in TNF-α and IL-6 released 

from adipose tissue into the circulation and the increases in these cytokines are correlated with 

increased adipocyte size (Morin et al., 1998; Weisberg et al., 2003; Skurk et al., 2007; Maury & 

Brichard, 2010; Kammoun et al., 2014)  
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2.7 Exercise 

 Exercise training improves overall health and prevents and helps treat symptoms of CVD 

and metabolic dysfunction (Dubbert et al., 1987). More specifically, engaging in regular exercise 

training puts an individual at lower risk of developing disease by improving cardiovascular 

health, insulin sensitivity, and inflammation (Duncan et al., 2003;  Goodyear et al., 2003; 

Monzillo et al., 2003). Exercise training can also help reduce chronic elevations of circulating 

and adipose tissue TNF-α and IL-6 in humans which was suggested through reductions in weight 

(Bruun et al. 2006; Kondo, Kobayashi, and Murakami 2006) presumably due to a reduction in 

adipocyte size (Askew et al., 1975; Phinney, 1992; You et al., 2006; Thompson et al., 2012). 

However, exercise interventions without weight loss have also reduced circulating (Kohut et al., 

2006; Dekker et al., 2007a) and adipose tissue elevations (Leggate et al., 2012b) of TNF-α and 

IL-6 in humans.  

 As mentioned previously, IL-6 can elicit anti-inflammatory effects. After an acute bout of 

aerobic exercise, circulating IL-6 from contracting muscle is released and has been shown to 

stimulate lipolysis and fat oxidation in human adults (Petersen et al., 2005; Pedersen et al., 2007). 

Circulating IL-6 was found to be elevated for up to 2 hours post in a study done on 16 male 

subjects after running a marathon (Ostrowski et al., 1998) however different exercise types and 

doses may increase circulating IL-6 levels for longer (Pedersen, 2000). Although acute bouts of 

increased IL-6 are beneficial to help restore injured muscle tissue (Bruunsgaard et al., 1997), 

chronic low grade elevations that are seen in obesity can be detrimental to adipose tissue function 

and ultimately cardiovascular health via increased insulin resistance in adipose tissue which can 

lead to systemic insulin resistance (Febbraio & Pedersen, 2002; Bastard et al., 2009b). The acute 

increases of circulating IL-6 seen in aerobic exercise are released from muscle tissue (Ostrowski 

et al., 1998) whereas the chronic circulating IL-6 seen with low grade inflammation and insulin 

resistance is released from adipose tissue (Mohamed-Ali et al., 1997c; Sopasakis et al., 2004). 
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The upcoming sections will discuss indirect and direct effects of exercise on adipose tissue 

function, specifically, the potential direct effects of exercise training on levels of adipose tissue 

TNF-α and IL-6, as well as the relationship between adipocyte size and TNF-α and IL-6. 

2.7.1 Indirect Effects of Exercise on Inflammatory Factors TNF-α and IL-6 

 Many exercise interventions are accompanied by weight loss and subsequent decreases in 

adipocyte size (Askew et al., 1975; Phinney, 1992; You et al., 2006; Thompson et al., 2012).  A 

study done by Larson-Meyer and colleagues (2006) found that a 12.5% increase in energy 

expenditure through structured exercise with a 12.5% calorie reduction resulted in a significant 

decrease in weight and adipocyte size in overweight humans (Larson-Meyer et al., 2006). 

Another study by You and colleagues (2006) found that women in low and high-intensity groups 

walking on a treadmill had significant decreases in weight and adipocyte size (You et al., 2006). 

Two studies conducted by Askew and colleagues (1975,1976) found similar results in exercise 

trained rats that had run on a treadmill and had significant decreases in weight and adipocyte size 

(Askew et al., 1975; Askew & Hecker, 1976).  

Studies have examined exercise training-induced decreases in circulating elevations of 

IL-6 and TNF-α (Katsuki et al., 1998; Bruun et al., 2006; Balducci et al., 2010). A study by 

Bruun and colleagues (2006) found that with moderate intensity aerobic exercise with weight 

loss, there was a decrease in serum IL-6 as well as AT IL-6 expression and TNF-α AT expression 

in obese humans (Bruun et al., 2006). Another study by Katsuki and colleagues (1998) found a 

reduction in circulating TNF-α after obese humans walked 15,000 steps a day for four weeks with 

significant weight loss (Katsuki et al., 1998). Adipocyte size is the strongest predictor of 

increased elevations of IL-6 and TNF-α from human adipose tissue into circulation (Skurk et al., 

2007), however, the aforementioned studies did not measure adipocyte size but did observe 

weight loss making it difficult to conclude whether the observed decreases in inflammation in the 
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studies discussed above were directly related to exercise training, or an indirect effect of exercise 

on adipose tissue function resulting from weight loss (Figure 6.). 

 

Figure 6. Direct and Indirect Effects of Exercise Training on TNF-α and IL-6 

 

 Studies in humans and rodents have shown that exercise with weight loss decreases 

adipocyte cell size and improves adipose tissue function. Improving adipose tissue function 

improves obesity related complications, however, it is currently unknown if there are exercise 

independent effects on circulating TNF-α and IL-6 released from the adipose tissue (Oscai et al., 

1972; You et al., 2006). In summary, it has been found that elevated levels of circulating TNF-α 

and IL-6 in obese humans are decreased with exercise training associated with weight loss and 

adipocyte size reductions, making it difficult to separate the effects of weight loss and examine if 

there are direct effects of exercise training on decreasing elevated levels of adipose TNF-α and 

IL-6 (You et al., 2013).  

2.7.2 Direct Effects of Exercise on the Inflammatory factors TNF-α and IL-6 

 Exercise training in humans indirectly decreases circulating levels of TNF-α and IL-6 

through weight loss (Bruun et al. 2006; Kondo, Kobayashi, and Murakami 2006) and decreases in 

adipocyte size (Tchoukalova et al., 2008). However, other studies have demonstrated  significant 

reductions in circulating IL-6 and TNF-α with different intensities, lengths and volumes of 
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aerobic exercise in various populations without the confounding effects of weight loss (Kohut et 

al., 2006; Dekker et al., 2007a). A study by Kohut and colleagues (2006) found that after older 

adults trained in either an aerobic treadmill intervention or a strength, flexibility, and balance 

intervention for 10 months, only the aerobic intervention lead to significant decreases in 

circulating IL-6. Kohut (2006) also observed that both interventions had decreases in circulating 

TNF-α despite any significant decreases in weight or BMI (Kohut et al., 2006). Another study 

conducted by Dekker and colleagues found that after 12 weeks of aerobic exercise training there 

was a significant decrease in circulating IL-6 in obese men with and without T2D without weight 

loss. However, there was an observed decrease in visceral adiposity suggesting a possible 

decrease in adipocyte size making it unclear if the improvements seen were indirect or direct 

effects of exercise (Dekker et al., 2007b). These findings raise the possibility that exercise 

directly effects AT function and subsequently elevated circulating IL6 and TNF-α; however, 

adipocyte size was not measured in these studies making it difficult to determine if exercise 

training decreased circulating levels of IL-6 and TNF-α independent of adipocyte size reductions.  

 The suggested mechanisms through which exercise training may directly reduce elevated 

circulating IL-6 and TNF-α in obesity include exercise effects on adipose tissue function through 

reductions in hypoxia and increased blood flow resulting in decreased systemic inflammation 

which was observed in rats (You et al., 2013), however, the pathways and mechanisms behind the 

potential direct effects of exercise on adipose tissue function remain unclear (Figure 7.). 
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 Figure 7. Suggested pathways on how exercise training directly improves systemic 

inflammation through improved AT function 

 

 Recent evidence has suggested that in rats, adipose tissue hypoxia may elicit increased 

inflammation through enlarged adipocytes (You et al., 2013). A reduction in blood flow and 

increased hypoxia occur through adipocyte expansion, however, exercise has shown to improve 

adipose function by increasing blood flow, angiogenesis and decreasing hypoxia (Enevoldsen et 

al., 2000). In female rats, exercise training increased angiogenesis and increased blood flow 

reducing hypoxia and associated chronic inflammation (Enevoldsen et al., 2000). A study 

conducted by Disanzo et al. (2014) found an increase in adipose tissue vascular endothelial 

growth factor A (VEGF-A), an important factor of angiogenesis. Disanzo (2014) also observed a 

lowered AT lactate which is an indicator of hypoxia in obese rats after training (Disanzo et al., 

2014) suggesting a potential direct effect of exercise training on increased adipose tissue function. 

Although the direct effects of exercise on improving AT function remains unclear, it has been 

suggested that exercise training stimulates adipose tissue angiogenesis and increases blood flow 

in rats which results in a reduction of hypoxia and the associated chronic inflammation in the 

adipose tissue (Figure 7.) (You et al., 2013). It has been suggested that exercise may also limit the 
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amount of PBMCs that move into inflamed adipose tissue reducing macrophage infiltration 

(Gleeson et al., 2011) and therefore reducing the release of IL-6 and TNF-α within the adipose 

tissue in murine models, however there is limited knowledge if this mechanism occurs in humans. 

It has also been suggested that in murine models the effects of exercise on adipocyte 

inflammation may not only result in a decreased macrophage infiltration into the adipocyte, but 

also a switch from pro inflammatory M1 type to anti-inflammatory M2 type of macrophages 

resulting in an overall decrease in systemic inflammation (Kawanishi et al., 2010a; You et al., 

2013). M1 macrophages produce pro-inflammatory cytokines such as TNF-α and IL-6 whereas 

M2 macrophages produce anti-inflammatory cytokines. Therefore switching the macrophage 

phenotype from M1 to M2 will decrease pro-inflammatory secretion into the adipose tissue 

resulting in a decrease in adipose tissue inflammation in obese mice (Kawanishi et al., 2010b). 

2.7.3 Sprint Interval Training and its Health Related Benefits 

 Regular aerobic endurance exercise training has elicited many improvements in health 

and also reduces the development of CVD in healthy adults (Blair et al., 2015). Since time 

commitment is a major barrier to engaging in regular exercise and many fail to meet current 

exercise guidelines (Stutts, 2002; Duncan et al., 2006) low volume high-intensity exercise 

training has been of interest due to the minimal time commitment involved. SIT involves 

protocols with brief repeated bouts of exercise at supra-maximal intensities (>100%VO2peak) 

(Weston et al., 2014). There have been observed increases in mitochondrial biogenesis and 

improvements seen in insulin sensitivity in healthy adults who performed 6 sessions of 30 second 

bouts of exercise with 4 minute rests (Richards et al., 2010), as well as increased 

cardiorespiratory fitness seen with a similar protocol in obese males (Whyte et al., 2010).  A 

study by Whyte et al. (2010) found that two weeks of SIT on overweight/obese men improved 

insulin sensitivity as well as fasting fat oxidation rate in men. Improvements have also been seen 

in glycolytic and oxidative enzyme content and activity and increased GLUT4 expression in 
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active men (Gibala et al., 2006). The results from the studies mentioned above were 

independently associated with SIT without significant weight loss, suggesting a direct effect of 

exercise and with similar adaptations to traditional exercise training in humans (Burgomaster et 

al., 2008). To our knowledge there is no research on how SIT affects adipocyte size and 

circulating TNF-α and IL-6 however there are a few studies highlighting how high-intensity 

interval training improves AT function and circulating IL-6. One study observed significant 

decreases in circulating IL-6 in overweight and obese males after two weeks of HIIT (Leggate et 

al., 2012a). In obese mice, six weeks of HIIT lowered blood glucose, increased adipose tissue 

insulin sensitivity and increased exercise capacity independent of weight loss (Marcinko et al., 

2015). Given that elevated levels TNF-α and IL-6 have been reduced with exercise interventions 

without weight loss, and moderate intensity exercise and SIT can elicit similar improvements in 

metabolic markers such as insulin sensitivity, SIT should elicit similar responses in circulating 

TNF-α and IL-6. Studies on the direct effects of exercise on these circulating inflammatory 

factors can help lead to further understanding of how to treat and possibly prevent the negative 

outcomes that accompany chronic low-grade inflammation. 

2.7.4 Sprint Interval Training and Adipocyte Size 

 Currently there remains no research on humans and the effects of SIT and adipocyte size. 

Contradicting research indicates SIT to have different results on weight loss with some studies 

observing none (Burgomaster et al., 2008; Richards et al., 2010) and others showing significant 

reductions in weight (Boutcher & Boutcher, 2011; Boer et al., 2014), however, no study has 

examined SIT’s effects on adipocyte size which has been implicated as a key player in 

inflammatory release and T2D (Weyer et al., 2000). Results from past research on SIT in our 

laboratory have found no evidence of weight loss with the protocol used (described in methods), 

therefore utilizing the SIT is expected to avoid reductions in weight typically associated with 

exercise and allow for a more in depth investigation into the direct effect of exercise on adipocyte 
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size and circulating TNF-α and IL-6. No study has yet to examine whether SIT improves chronic 

circulating TNF-α and IL-6 in overweight or obese males and conclude whether the changes seen 

are due to exercise and not weight loss or changes in adipocyte size. Eliminating weight loss as a 

mediator in improvements in inflammation is an important step to determine the direct effects 

exercise has on circulating TNF-α and IL-6. 

 

2.8 Summary 

 In summary, adipocyte size and inflammation are involved in the development in 

metabolic risk and disease (Greenberg & Obin, 2006). Exercise has been shown to ameliorate 

elevated levels of circulating TNF-α and IL-6 however, the relationship between exercise and 

these inflammatory factors has yet to be separated from the confounding effects of weight loss. 

There are equivocal results regarding whether SIT is associated with weight loss, and there are no 

current studies showing if SIT alters adipocyte size therefore it’s difficult to decipher if 

improvements seen in this type of exercise were dependent on weight loss or a direct effect of 

exercise. There has yet to be a study examining if SIT has an effect on the inflammatory factors 

TNF-α and IL-6 independent of weight loss and adipocyte size. If SIT helps decrease circulating 

inflammatory factors independent of weight loss and adipocyte size, it will suggest that there is a 

direct exercise pathway in improving circulating TNF-α and IL-6 which are proposed as 

predictors of insulin resistance and T2D (Kern et al., 2001). I hypothesize that SIT will improve 

circulating TNF-α and IL-6 despite no changes in weight or adipocyte size showing a direct effect 

of exercise. 
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Chapter 3 

Methods 

3.1 Ethics Statement and Experimental Overview 

 All experimental procedures performed on human participants were approved by the 

Health Sciences Human Research Ethics Board at Queen’s University and conformed to the 

Declaration of Helsinki. Verbal and written explanation of the experimental protocol and 

associated risks was provided to all participants prior to obtaining written informed consent.  

 The current study involved the completion of two separate experiments. Experiment 1 

determined the repeatability of our technique for measuring adipocyte size. Experiment 2 

examined the impact of 4 weeks of SIT on adipocyte size and circulating serum levels of TNF-α 

and IL-6.  All physiological testing and training was performed on a Monark Ergomedic 874 E 

stationary ergometer (Vansbro, Sweden). Participants were asked to refrain from alcohol and 

exercise 24 hours before, and caffeine 12 hours before all experimental days in experiment 1 and 

for pre and post training testing days in experiment 2.  

 

3.2 Experimental Design for Experiment 1 

3.2.1 Participants 

Ten recreationally active volunteers (4 male, 6 female) participated in this experiment. To 

be eligible to participate participants were required to: be a non-smoker; be free of cardiovascular 

or metabolic disease; and not currently taking any medication. Participants included 2 lean 

females (waist circumference <80cm), 2 lean males (waist circumference <94cm), 3 overweight 

females (waist circumference >80cm), 1 obese female (waist circumference >88cm), 1 

overweight male (waist circumference >94cm), and 1 obese male (waist circumference >102cm). 

Participant characteristics are reported in table 1. 
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Table 1. Individual Participant Characteristics for Experiment 1 

           

ID Sex Age 

(yrs) 

Body 

Mass 

(kg) 

Height 

(cm) 

Waist 

Circumference 

(cm) 

Mean Adipocyte 

Diameter  

(μm) (pre/post) 

03 M 23 81.6 181 81 59/61 

04 M 29 53.1 172 68 49/46.8  

06 F 22 71.2 169 74 59.2/58.7 

07 F 23 64.4 165 79 62.3/62.7 

08 M 23 108.4 184 101 59.759.7 

09 F 21 83.9 160 88 68.6/71.2 

10 M 28 120 168 123 68.669.3 

11 F 19 83.9 177 93 82.9/79.1 

12 F 21 88.5 173 88 71.6/71.9 

13 F 19 79.4 165 83 61.4/62 

 Mean 22.8 83.4 171.4 87.8 64.6/64.2 

 SD 3.4 19.5 7.6 15.5 9.1/8.9 

Table 1. Note: cm, centimetre; F, female; kg, kilograms; M, male, μm; micrometers, SD; 

Standard Deviation. Mean Adipocyte Diameter is the average of the mean from three different 

images. 

 

3.3 Study Design for Experiment 1 

Participants reported to the lab in the morning following an overnight fast (8-12 h) where 

(height [cm], weight [kg], and waist circumference [cm]) measurements were obtained (visit 1). 

Immediately following anthropometric measurements, an adipose biopsy was taken. Forty-eight 

hours following visit 1, participants returned to the lab following an overnight fast (8-12h) to 

receive a second adipose biopsy on the opposite side of the umbilicus (visit 2). In order to 

standardize the timing of biopsies within female participants’ menstrual cycles, both biopsies 

were taken within the menstrual phase. 
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3.4 Experimental Design for Experiment 2 

3.4.1 Participants 

Eight healthy lean and eight healthy overweight men (treatment group) between the ages 

of 18 to 30 were recruited from the student population from the local Kingston area. To be 

eligible to participate overweight participants were required to: have a waist circumference over 

94cm and lean participants had to have a waist circumference of under 94cm; participate in less 

than 150 min of moderate to vigorous activity per week; be a non-smoker; be free of 

cardiovascular or metabolic disease; and not currently taking any medication. Physical activity 

levels were determined using a Physical Activity Recall (PAR) questionnaire. Individuals who 

did not meet the outlined inclusion criteria were excluded from further participation. Participant 

characteristics for overweight group are presented in table 2. 

3.5 Study Design for Experiment 2 

3.5.1 Screening and Baseline Testing 

Upon arrival to the lab for their initial screening visit, participants completed a 7-day 

PAR.  Participants were instructed to exclude any physical activity they completed within the lab 

during participation in the study in their PAR’s. Participant’s anthropometric measures (height 

[cm], weight [kg], and waist circumference [cm]) were also recorded during this visit.  

 On a separate occasion, participants reported to the lab in the morning following an 

overnight fast (8-12hrs). A resting blood sample of approximately 20ml was taken immediately 

prior to the obtainment of a resting adipose biopsy of ~150mg. Immediately following the 

adipose biopsy, participants were fed a standardized breakfast consisting of a plain bagel (~190 

kcal; 1 g fat, 36 g CHO, 7 g protein) with cream cheese (95.8 kcal; 9.6 g fat, 1.1 g CHO, 1.7g 

protein) and 200 ml of apple juice (90 kcal; 22 g CHO, 0 g fat, 0 g protein). Thirty minutes after 

they finished eating, participants completed a VO2peak incremental ramp test on a cycle 

ergometer. 
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Upon arrival to the lab for their initial screening visit, participants completed a 7-day PAR.  

Participants were instructed to exclude any physical activity they completed within the lab during 

participation in the study in their PAR’s. Participant’s anthropometric measures (height [cm], 

weight [kg], and waist circumference [cm]) were also recorded during this visit.  

 On a separate occasion, participants reported to the lab in the morning following an 

overnight fast (8-12hrs). A resting blood sample of approximately 20ml was taken immediately 

prior to the obtainment of a resting adipose biopsy of ~150mg. Immediately following the 

adipose biopsy, participants were fed a standardized breakfast consisting of a plain bagel (~190 

kcal; 1 g fat, 36 g CHO, 7 g protein) with cream cheese (95.8 kcal; 9.6 g fat, 1.1 g CHO, 1.7g 

protein) and 200 ml of apple juice (90 kcal; 22 g CHO, 0 g fat, 0 g protein). Thirty minutes after 

they finished eating, participants completed a VO2peak incremental ramp test on a cycle 

ergometer. 

3.5.2 Exercise Intervention 

Training was performed four times per week for four weeks, for a total of sixteen 

sessions of sprint interval training on a cycle ergometer. During each training session participants 

completed a 5 minute load-less warm up before performing eight 20-second intervals at ~170% of 

WRpeak separated by 10 seconds of load-less cycling, for a total of four-minutes. At the end of 

each interval, heart rate and RPM was recorded. 

3.5.3 Post-Training Testing 

Post-training testing was completed ~72 hours following the last training session of week 

4 and was conducted in an identical manner as baseline testing. 

3.6 Experimental procedures, Tissues/Sample Collection and Analysis 

3.6.1 Blood Sampling 

Rested blood samples were taken by venipuncture from an antecubital vein in sterile BD 
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Vacutainer® tubes (BD Diagnostics, Franklin Lakes, NJ, USA) coated with the anticoagulant 

ethylenediamine tetraacetic acid (EDTA). Blood samples were left at room temperature to clot for 

30 minutes before being centrifuged for 15minutes at 1000 x g. Samples were aliquoted and 

stored at -80 C until analysis.  

 

3.6.2 Determination of Serum TNF-α and IL-6 

Serum TNF-α and IL-6 samples were run in duplicate and analyzed by enzyme-linked 

immunoassay using ELISA kits from Quantikine (R&D Systems, Minneapolis, MN, USA). Lean 

control samples of serum TNF-α and IL-6 were taking from another study to determine a baseline 

value for each inflammatory factor and a represented in table 3. 

3.6.3 Adipose Biopsy 

 Adipose biopsies were obtained from a site ~5 cm lateral to the umbilicus using the 

Bergstrom needle biopsy technique under sterile conditions with local anesthesia (2% lidocaine, 

with epinephrine). Approximately 50mg of adipose tissue was immediately placed in Krebs 

Ringer Bicarbonate buffer with 4% Bovine Serum Albumin (BSA) and collagenase and incubated 

for one hour for isolation of adipocytes and determination of adipocyte size. 

3.6.4 Isolation of Adipocytes 

 The Krebs Ringer Bicarbonate Buffer was prepared as per manufacture directions 

(Sigma-Aldrich, St-Louis, MO). The morning of the biopsy, 4% BSA and 5mg of collagenase 

(type I, lot no, 81C-0080, Sigma Chemical Co., St Louis, Mo.) were added to the Krebs-Ringer 

Buffer and subsequently fifty milligrams of collected adipose tissue was incubated at 37 ° Celsius 

for one hour. 
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3.6.5 Determination of Adipocyte Size 

Following incubation, 50 μl of the supernatant was pipetted using a siliconized pipette tip 

(Bio Plas, San Rafael, CA) and placed on a microscope slide for analysis. Adipocytes were 

visualized using an AmScope microscope (Irvine, CA) and imaged with a SLR/DSLR Camera 

adapter and a Nikon D90 (Mississauga, ON) camera. A photo was taken of a set scale of 1000um 

at the same magnification for each photo of adipocytes to allow for calibration of images during 

the determination of the cell size. A 440 pixels x 445 pixels rectangle was drawn on the image 

and using ImageJ software (ImageJ 1.48v, National Institutes of Health, USA, Java 1.6.0_65 (32-

bit)) and the diameter of each adipocyte within the rectangle was measured.  

3.6.6 Adipocyte Size Analyses 

For experiment 1, in order to determine intra examiner reliability, two separate 

investigators independently analyzed adipocyte size for each image and comparisons between the 

experimenter scores were compared.  Additionally, inter-sample variability was examined by 

comparing average adipocyte size from three separate images from each sample. 

For experiment 2, one investigator analyzed three images from each visit and the mean adipocyte 

cell size derived from all three images was used as the average adipocyte size for each participant 

at each time point. 

3.6.7 VO2peak Incremental Ramp Test 

Participants completed a VO2peak incremental ramp test to exhaustion on a Monark 

Ergomedic 874E stationary ergometer (Vansbro, Sweden). The VO2peak ramp protocol consisted 

of a five-minute load-less warm-up followed by a step increase to 80 watts (W) for one minute 

and subsequent 25 W per minute until fatigue. This was determined by the inability of the 

participant to maintain a minimum cadence of 70 RPM. Gas exchange and heart rate were 

measured with a metabolic cart (Moxus AEI Technologies, Pittsburgh, PA), calibrated before 

each test using a two-point gas calibration (known gas and atmospheric air) and a 3-liter syringe 
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for volume calibration. The highest value of continuous 30-second averages was taken to 

determine the relative VO2peak, absolute VO2peak, work rate peak (WRpeak) and heart rate peak 

(HRpeak). 

3.7 Statistical Analysis 

3.7.1 Experiment 1 

 To investigate whether adipocyte size was different between investigators, two 

independent t-tests were conducted; one test examined potential differences between investigators 

using the scores from visit 1 and one test examined potential differences between investigators 

using scores from visit 2. To determine inter-rater repeatability an intra-class correlation 

coefficient between investigators was calculated for experiment 1. To determine intra-rater 

repeatability to help establish the repeatability of a measurement from the same investigator on 

three different images from the same visit, an intra-class correlation coefficient was calculated. 

Adipocyte size for visit 1 and visit 2 were examined using a paired t-test with statistical 

significance set at p < 0.05. To observe a potential relationship between waist circumference and 

average adipocyte size, a bivariate correlation was run for males (n=4) and females (n=6) 

separately do to variability of waist circumference size in genders. All statistical analysis was 

performed using SPSS version 18 (SPSS Inc., Chicago, IL, USA). 

3.7.2 Experiment 2 

Paired t -tests were conducted to examine the effects of training on adipocyte size, serum 

IL-6 and TNF-α concentrations, and waist circumference. A t -tests will also be run on the lean 

control blood samples and the intervention group at baseline and after training. Bivariate 

correlations were conducted to examine if there are linear relationships between all the following 

dependent variables: Adipocyte size, IL-6, TNF-α, and waist circumference. Statistical 

significance was accepted at p < 0.05 and all data will be presented as means +/- SD. 
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3.8 Results 

3.8.1 Experiment 1 

 There was no difference t(9) = 0.02, p= 0.99 between visit 1 (mean=64.57 +/- 9.14) and 

visit 2 (mean=64.24 +/- 8.99) for adipocyte size. Between two investigators an independent t-test 

showed no difference between adipocyte size measurements (p=0.13). A high degree of 

repeatability was found between both investigators measurements. The average measure intra-

class correlation coefficient (ICC) between the two investigators was 0.99 with a 95% confidence 

interval from (0.97 to 0.99), p =>0.01). A high degree of repeatability between the three separate 

measurements of adipocyte size of the same participant and time point was found from scores 

from visit 1 ICC= 0.916 with a 95% confidence interval from (0.916 to 0.992) and scores from 

visit 2 ICC= 0.979 with a 95% confidence interval from (0.940 to 0.994). There was a correlation 

between average cell size and waist circumference for males (r=0.89) but it was insignificant 

(p=0.11; n=4). There was a positive (r=0.95) and significant (p =>0.01; n=6) correlation between 

average cell size and waist circumference for females 
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Visit 1                Visit 2 

 

Figure 8. Images of adipocytes from visit 1 and visit 2 of the same participant. All cells 

located within the rectangle were analyzed 

 

 

 

A.         B. 

 

 

Figure 9. Comparison of average cell size between investigators.  Panel A shows the 

relationship of average cell size measured between investigator 1 and 2 for visit 1 and panel B for 

visit 2. 
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Figure 10. Comparison of Waist Circumference to Adipocyte Size. Panel A: There were no 

significant differences (p=0.99) in average adipocyte size between visit 1 and 2. Panel B: The 

relationship between average cell size between visits. Panel C: The relationship between average 

cell size and waist circumference for females. There was a positive (r=0.95) and significant 

(p=0.003) correlation. Panel D: The relationship between average cell size and waist 

circumference for males. There was a positive correlation (r=0.89) but it was not significant 

(p=0.11). 
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3.8.2 Experiment 2 

3.8.3 Participants 

All participant characteristics are presented in Table 2 and 3 below. 
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Table 2. Individual participant characteristics before (pre) and after (post) 4 weeks of training 

 Pre-Training            Post-Training         

 
Age (yrs.) 

Weight 

(kg) 

Height 

(cm) 

Waist 

Circumference 

(cm) 

Relative 

VO2  Peak 

(mL/kg/min) 

Mean 

Adipocyte 

Size (μm) 

 

Serum 

TNF-

α 

 

Serum  

IL-6 
  

Weight 

(kg) 

 

Waist 

Circumference 

(cm) 

Relative 

VO2 Peak 

(mL/kg/min) 

Mean 

Adipocyte 

Size (μm) 

Serum 

TNF-α 

 

Serum 

 IL-6 

MEGA01 26 123.2 183 123 30.8 95.1 0.66 4.23  119.9 121 33.8 94.6 0.45 1.18 

MEGA02 27 130.6 185 121 26.6 94.3 0.6 4.17  133 120 26.1 94.4 0.36 2.39 

MEGA03 20 109.9 181 106.6 47.1 90.2 1.3 2.4  110.1 107 52.3 89.3 0.45 1.08 

MEGA05 29 130.5 185 129.5 31.5 95.2 1.5 2.69  132.9 128 36 95.1 1 2.63 

MEGA08 25 93 191 99 41.6 79.7 0.72 1.73  93 99 46.1 79.1 0.01 0.88 

MEGA09 29 99.6 171 98 40.2 86.5 0.38 0.62  100 99 31.8 86.2 0.408 .54 

MEGA10 20 97.8 170.5 102 34.6 87.1 0.29 1.53  102 105 35 87.4 0.27 1.39 

MEGA11 25 123.5 180 120 32 102.4 -- --  120 121 32 102.7 -- -- 

Mean 25.13 113.5 180.8 112.39 35.55 91.32 0.79 2.48  113.87 112.5 36.7 91.1 0.42 1.44 

SD  15.35 7.0 12.34 6.8 7.0 0.45 1.35  15.0 11.3 8.5 7.16 0.3 0.78 

 

               

Note: cm, centimetre; kilograms; min, minutes; mL, milliliter; Post, post-training; Pre, pre-training; SD, standard deviation; yrs, years. Serum 

samples are in pictograms per milliliter. 
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Table 3. Comparison of Lean and Overweight subjects 

  Lean (n=8) Overweight (Pre) (n=8) Overweight (Post) (n=8) 

Age (yrs.)  19.4 (+/- 0.9) 25.13 25.13 

Weight (kg)  72.3(+/- 8.4) 113.5 (+/- 15.35) 113.87 (+/- 15) 

Height (cm)  180.8  (+/-5) 180.8 (+/- 7) 112.5 (+/- 11.3) 

Waist Circumference (cm)  79.4(+/- 4.5) 112.39 (+/-12.34) 112.5 (+/- 11.3) 

Relative VO2  Peak (mL/kg/min)  49.7 (+/- 6) 35.55 (+/- 6.8) 36.7 (+/- 8.5) 

Serum TNF-α  0.5 (+/- 0.2) 0.79 (+/- 0.45) 0.42 (+/- 0.3) 

Serum IL-6  0.94 (+/-0.3) 2.48 (+/-1.35) 1.44 (+/-0.78) 

Note: cm, centimetre; kilograms; min, minutes; mL, milliliter; Post, post-training; Pre, pre-training; SD, standard deviation; yrs, years. Serum 

samples are in pictograms per milliliter. 
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3.8.4 Fitness 

 Due to one participant feeling ill on his post testing V02peak test, we dropped his 

VO2peak data. After 4 weeks of SIT relative VO2peak significantly increased (p=0.04) (Figure 

11.). SIT did not significantly decrease body weight (p=0.73), or waist circumference (p=0.85) 

after 4 weeks of training (Figure 12.)  

 

Figure 11. Relative VO2peak significantly increased after 4 weeks of training (p=0.04). 
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Figure 12. Panel A. Waist Circumference did not change from baseline after training (p=0.85). 

Panel B. Weight did not change from baseline after training (p=0.73). 

 

3.8.5 Adipose Cell Size, Waist Circumference and Weight 

4 weeks of SIT did not significantly decrease adipocyte size (p=0.21) (Figure 13.). 

Adipocyte size was significantly correlated with weight (r=0.86, 95% CI [-.39 to 0.97], p=0.01) 

(Figure 14.) and waist circumference (r=0.82, 95% CI [0.27 to 0.97], p=0.01) (Figure 15.) before 
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and after (r=0.85, 95% CI [0.36 to o.97], p=0.01), (r=0.79, 95% CI [0.22 to 0.96] p=0.02) 4 

weeks of SIT respectively.  

 

Figure 13. Mean Abdominal Adipocyte Size did not change from baseline after training 

(p=0.21). 
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Figure 14. Panel A: Weight was significantly correlated with mean abdominal adipocyte size at 

baseline (r=0.86, p=0.01). Panel B: Weight was significantly correlated with mean abdominal 

adipocyte size after training (r=0.8, p=0.02). 
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Figure 15. Panel A: Waist circumference was significantly correlated with mean abdominal 

adipocyte size at baseline (r=0.8, p=0.01). Panel B: Waist circumference was significantly 

correlated with mean abdominal adipocyte size after training (r=0.58, p=0.01). 

 

3.8.6 Serum IL-6 

SIT was associated with a  decrease in serum IL-6 (p=0.047) (Figure 16.). Lean controls 

serum IL-6 was significantly lower than baseline IL-6 of overweight participants (p<0.01) (Figure 
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16.). Baseline weight (r=0.82, 95% CI [0.17 to 0.97], p=0.02), and waist circumference r=0.8, 

95% CI [0.13 to 0.96], p= 0.03) were significantly correlated with serum IL-6 however baseline 

adipocyte size was not significantly correlated with serum IL-6 (r=0.74, 95% CI [-0.03 to 0.96], 

p=0.058) (Figure 17.).  

 

 

Figure 16. Panel A: Serum IL-6 was associated with a decrease (p=0.047) after training in obese 

subjects. Panel B: Serum IL-6 was significantly higher (p<0.01) in obese subjects when compared 

to lean subjects. 
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Figure 17. Panel A:  Baseline serum IL-6 was correlated with mean abdominal adipocyte size but 

was not significant (r=0.74, p=0.058). Panel B: Baseline serum IL-6 was positively and 

significantly correlated with weight (r=0.82, p=0.02). Panel C: Baseline serum IL-6 was 

positively and significantly correlated with waist circumference (r=0.8, p=0.03). 
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3.8.7 Serum TNF-α 

SIT was associated with a  decrease in serum TNF- α (p=0.03) (Figure 18.). Lean 

controls serum TNF- α was significantly lower than baseline serum TNF- α of overweight 

participants (p<0.01) (Figure 18.). Baseline weight (r=0.47, 95% CI [-0.44 to 0.90], p=0.22), 

waist circumference r=0.52, 95% CI [-0.29 to 0.91], p= 0.24), and baseline adipocyte size were 

not significantly correlated with serum TNF-α (r=0.14, 95% CI [-0.53 to 0.88], p=0.4) (Figure 

19). 

   

Figure 18. Panel A: TNF-α was associated with a  decrease (p=0.03) from baseline after training. 

Panel B: Serum TNF- α was significantly higher (p<0.01) in obese subjects when compared to 

lean subjects. 



 

53 

 

 

Figure 19. Panel A: Baseline serum TNF-α was weakly correlated with mean abdominal 

adipocyte size but was not significant (r=0.37, p=0.7). Panel B: Baseline serum TNF-α was 

positively and significantly correlated with weight (r=0.47, p=0.02). Panel C: Baseline serum 

TNF-α was positively correlated with waist circumference but was not significant (r=0.52, 

p=0.24). 
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3.8.8 Exercise bout characteristics 

All participants completed each exercise protocol at a work rate corresponding to 149.75 

+/= 9.4 % VO2peak for SIT. Mean prescribed and actual WR for both protocols are presented in 

Table 4. The prescribed mean power in watts was 471.6W. (170%) The actual mean power 

completed was 414.9W. (150%) 

 

ID Prescribed 

Work Rate 

(watts) 

Actual Work 

Rate (watts) 

MEGA01 447.6 378.4 

MEGA02 484 395.9 

MEGA03 591 500.6 

MEGA05 442 360 

MEGA08 488.3 471.5 

MEGA09 466 428.3 

MEGA10 415 382.1 

MEGA11 439 402.3 

Average 471.6125 414.8875 

SD 54.03550255 48.79910531 

 

Table 4. Mean prescribed and actual work rates. 

 

  

 

 

 

 



 

55 

 

Chapter 4: Discussion 

4.0 Overview 

The results of the current study demonstrate that SIT attenuates elevated serum IL-6 and 

serum TNF-α in overweight humans independent of weight loss, changes in waist circumference, 

and changes in abdominal adipocyte size. Exercise training reduces circulating levels of TNF-α 

and IL-6 (Katsuki et al., 1998; Bruun et al., 2006; Balducci et al., 2010) however these 

improvements in circulating inflammation are due to exercise induced weight loss. Elevated 

levels of circulating TNF-α and IL-6 are both positively correlated with adipocyte size (Skurk et 

al., 2007). Training studies have shown that after weight loss, both adipocyte size and circulating 

TNF-α and IL-6 are decreased in humans (You et al., 2013). These results have led to the 

speculation that weight loss and decreased adipocyte size play a key role in exercise training 

improvements in inflammation, however, there have been a few studies that contradict this theory 

(Kohut et al., 2006; Dekker et al., 2007a). For example, exercise training can decrease circulating 

TNF-α and IL-6 independent of weight loss. Whether these results can be explained by changes 

in adipocyte cell size is difficult to determine as cell size was not assessed in these studies (Kohut 

et al., 2006; Dekker et al., 2007a). To date, research has been unable to clearly establish the 

direct effects of exercise independent of weight loss and more specifically adipocyte size.  

 This  study examined the effects of SIT on circulating IL-6 and TNF-α. Although we 

have demonstrated that adipocyte size is correlated with circulating TNF-α and IL-6, our results 

demonstrate that sprint interval training 1) had no effect on body weight or waist circumference 

or adipocyte cell size; and 2) ameliorates elevated circulating serum TNF-α and IL-6 suggesting 

that exercise can impact circulating inflammation independent of weight loss and changes in 

adipocyte size.  

 By using sprint interval training and examining adipocyte size after the training 

intervention, the effect of weight loss and adipocyte size was eliminated. This allowed for a more 
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in depth investigation of the effects exercise has on circulating IL-6 and TNF-α independent of 

weight loss or changes in abdominal adipocyte size.  

4.1 Sprint Interval Training and Weight Loss, Waist Circumference and Adipocyte 

Size 

 To date, research has been unable to clearly establish the effects of exercise on adipose 

tissue function independent of weight loss and adipocyte size. Prior to this study, the effects of 

high intensity exercise on weight loss were equivocal. Past research has shown that high-intensity 

exercise is more effective at reducing subcutaneous abdominal fat than other types of exercise 

(Boutcher 2010, Boer 2014), whereas other research has shown no significant decreases in fat 

after high-intensity interventions (Richards 2010, Burgomaster 2008). A study conducted by 

Leggate and colleagues observed that high-intensity interval training did not induce significant 

weight loss however did observe significant decreases in waist circumference (Leggate et al., 

2012b). Another study by Boudou and colleagues found that high-intensity interval training 

induced decreases in weight, waist circumference and BMI in men with T2D (Boudou et al., 

2003). Despite these contradicting results in the literature, no study has examined the effects of 

high-intensity exercise on abdominal adipocyte size.  

 This is the first study to observe no changes in weight, waist circumference, or abdominal 

adipocyte size following 4 weeks of sprint interval training. This model of SIT is an effective 

protocol to use to study how exercise effects other areas of physiology independent of changes in 

weight loss and adipocyte size. 

4.2 Exercise and Inflammation 

 Exercise indirectly improves circulating and AT levels of IL-6 and TNF-α through 

weight loss (Katsuki et al., 1998; Bruun et al., 2006; Kondo et al., 2006) and associated decreases 

in adipocyte size (Tchoukalova et al., 2008). A few studies found contradicting results and 

demonstrated significant decreases in circulating IL-6 and TNF-α independent of weight loss 
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(Kohut et al., 2006; Dekker et al., 2007b; Leggate et al., 2012b) suggesting that exercise can 

improve circulating inflammation independent of changes in weight. The aforementioned studies 

did not examine adipocyte size therefore they could not conclude if exercise mediated these 

improvements in inflammation through cell size reductions or another exercise mediated 

pathway.  

 Following 4 weeks of sprint interval training, exercise decreased circulating TNF-α and 

IL-6 independent of changes in weight, waist circumference and abdominal adipocyte size. In 

addition to this study being the first to examine decreases in serum TNF-α and IL-6 after sprint 

interval training independent of adipocyte size, it is also the first study to conclude that exercise is 

associated with a decrease in circulating TNF-α and IL-6 independent of decreases in abdominal 

adipocyte size. 

 It is speculated that exercise induced reduction in circulation IL-6 and TNF-α could be 

mediated through reductions in hypoxia and increased blood flow (You & Nicklas, 2008). 

Although this theory hasn’t been fully investigated, it has been shown that with obesity, there is a 

decrease in PO2 in AT which has been associated with increased adipose and macrophage 

derived IL-6 and TNF-α in obese mice (Yeh et al., 2009). A study conducted on rats found that 

exercise training increased angiogenesis and increased blood flow resulting in reduced hypoxia 

and associated chronic inflammation (Enevoldsen et al., 2000). After training, rats were found to 

have an increase in adipose tissue vascular endothelial growth factor A (VEGF-A), an important 

factor for angiogenesis as well as a lowered AT lactate which when elevated, is an indicator of 

hypoxia (Disanzo et al., 2014). It has also been speculated that macrophages can switch from M2 

anti-inflammatory type to M1 pro-inflammatory type after exercise training in murine models 

(You et al., 2006; Kawanishi et al., 2010b). Although we did not measure hypoxia, blood flow or 

angiogenesis, this could be a future research project as these speculations provide possible 
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mechanisms on how exercise reduces circulating inflammation independent of decrease adipose 

cell size.  

4.3 Limitations 

 The sample size  was relatively small making the study underpowered. Another limitation 

was that we did not measure adipose tissue IL-6 and TNF-α. This would allow us to conclude 

where the decreases seen in circulating IL-6 and TNF-α are coming from. However, reductions in 

circulating IL-6 still have clinical meaning. Although AT levels of IL-6 and TNF-α is important 

in determining AT function, circulating IL-6 and TNF-α is still positively associated with insulin 

resistance and glucose uptake. It would also be of interest to investigate the impact on insulin 

action and circulating NEFAs. Examining insulin sensitivity would allow us to see if the observed 

decreases of IL-6 improved insulin action as well as NEFA release. Insulin action as well as 

circulating NEFAs represents an important area for future research to be able to determine if 

exercise also improved adipose tissue function. While we are unable to determine if the decreases 

in IL-6 and TNF-α seen in circulation were due to other adipocytes being reduced from other 

depots (gluteal, femoral) a study conducted by Tchoukalova examined different depots and size 

and found that abdominal adipocyte size is related to body fat distribution.  

 Another limitation is the lack of data collected that could guide us to possible insights on 

how improvements in inflammation were mediated. Examining angiogenesis, hypoxia and blood 

flow in AT would have given us more mechanistic reasoning behind the improvements seen. In 

addition, the participants were not monitored at all times therefore diet and outside physical 

activity (external energy expenditure) could not be accounted for except by their word making 

this a limitation in the study.  

 Although sprint interval training involves minimal time commitment with favorable 

results, translating this protocol to a clinical population may not be practical. However, the results 
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from this study aid to further understand that circulating inflammation can be ameliorated from 

exercise independent of weight loss and adipocyte size. 

4.4 Future Directions 

 This study observed that sprint interval training was able to decrease circulating IL-6 and 

TNF-α independent of weight loss or changes in abdominal adipocyte size. Examining AT levels 

of IL-6 and TNF-α as well as insulin action and NEFA release would have been beneficial to the 

current study and should be examined in future research. Having a larger population and 

examining the effects of this protocol including studies on those with Type 2 Diabetes would be 

of interest. If this protocol significantly decreased circulating inflammation in overweight healthy 

individuals, it would be expected that there would be decreases in those with T2D as well. 

Another future interest would be to examine how inflammation in different depots such as gluteal 

or femoral are effected by SIT.  

 Furthermore, future studies should examine angiogenesis, blood flow, hypoxia in the 

adipose tissue, as well as macrophage polarization. This will allow some clarity on possible 

mechanisms behind exercise-mediated improvements in adipose tissue and circulating 

inflammation. 

4.5 Conclusions 

 After four weeks of sprint interval training, we observed that there were improvements in 

circulating IL-6 and TNF-α independent of changes in weight, waist circumference of abdominal 

adipocyte size in overweight males. This is the first study to examine the effects of sprint interval 

training on adipocyte size. Future research examining IL-6 and TNF-α within the adipose tissue 

in overweight and people with T2D along with examining potential mechanisms would be 

beneficial for a further understand on how exercise ameliorates systemic inflammation. 
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3.0 Appendix 

5.1 Subject Recruitment and Information Forms 
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5.2 Physical Activity Readiness Questionnaire 

Physical Activity Readiness Questionnaire was completed by all subjects prior to subject 

screening. 
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5.3 Consent Form 

 

School of Kinesiology and Health Studies 

Physical Education Centre 

Kingston, Ontario, Canada, K7L 3N6 
 

Consent to Volunteer for Participation in a Study 

 
TITLE:   Effect of exercise training at a variety of intensities on mitochondrial 

function in young lean and obese adults. 

 

PRINCIPAL INVESTIGATOR: Brendon J. Gurd, PhD 

      Queen’s University 

      School of Kinesiology and Health Studies 

      Kingston, Ontario, K7L 3N6 

      613-533-6000 ext. 79023 

 

 

 

 

You are being invited to participate in a study examining the influence of different 

exercise protocols that vary in intensity (difficulty), duration (length) and mode (type) on 

mitochondrial function (the ability of your muscle to produce energy) and exercise 

capacity.  This study will also compare the effects of these different exercise protocols in 

young adults who are either lean or overweight.  You have been invited to participate in 

this study because you are a young adult (20-40 years) who is either lean (waist 

circumference <86 cm) or overweight (waist circumference >94 cm).  The following 

brief is intended to provide you with the details you should be aware of prior to your 

consent as a participant in this study.  Please read the following information carefully and 

feel free to ask any question that you may have. 
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BACKGROUND INFORMATION 

 

Exercise capacity (Fitness) is an important predictor of long term health.  More 

specifically, the ability of your heart and cardiovascular system to deliver oxygen, and 

your muscle’s mitochondria to produce energy (mitochondrial function) can be impaired 

with obesity and is a predictor of both further weight gain and development of type II 

diabetes.  Further, fat cells also contain mitochondria, and decreased mitochondrial 

function in fat is also associated with weight gain and the development of disease.  In 

healthy active populations interval training (repeated bouts of exercise separated by 

periods of recovery) is a potent, time effective stimuli for increasing mitochondrial 

function and exercise capacity.  In addition, recreational activity is recommended as part 

of a healthy lifestyle, however its effects on the heart, the cardiovascular system and 

mitochondrial function and exercise capacity are unknown.  This study will examine the 

ability of different exercise training protocols and modes (cycling, running, whole body 

exercise or recreational games [i.e. sport]) to improve heart, cardiovascular system and 

mitochondrial function and exercise capacity.  We will also ask you a series of questions 

designed to increase our understanding of what type of exercise you would prefer and/or 

are likely to perform during your normal daily routine. 

You will not be able to participate in the study if you have been diagnosed previously 

with any respiratory, cardiovascular (eg. High blood pressure, heart conditions), 

metabolic (eg. Diabetes), neurological or musculoskeletal disease; or you are currently on 

medication; or you are a smoker; or you respond to the exercise protocol in an irregular 

manner (i.e. chest pains, dizziness, shortness of breath, excessive awareness of breathing) 

 

EXPLANATION OF PROCEDURES 

 

Participation 

Participation in the study is voluntary.  You may refuse to participate or withdraw from 

the study at any time with no effect on your academic or employment status. 

Should you chose to participate you will take part in experimental procedures outlines 

below.  These include exercise tests, physiological tests, and one of a selection of 



 

74 

 

exercise training protocols.  The investigator will explain to you, in detail how each of 

these procedures will be conducted in the study in which you have agreed to participate.   

The majority of the procedures described below, and all exercise training will take place 

within the Muscle Physiology Lab at the School of Kinesiology and Health Studies.  

Measurement of muscle oxygenation and cardiac output will be performed in the 

Laboratory of Clinical Exercise Physiology located within Kingston General Hospital.  

Exercise tests: 

During each of the exercise tests you will be required to wear a nose-clip (to prevent you 

from breathing through your nose) and a rubber mouthpiece (similar to breathing through 

a snorkel or diving mask).  This will enable us to measure the volume of air that you 

breathe in and out, and measure the gas concentration in that air.  You may experience 

some initial discomfort from wearing the nose-clip and mouthpiece.  You will also be 

required to wear a heart rate monitor around your chest during all tests.  You will be 

asked to perform each of these tests on one occasion before and one occasion following 

exercise training. 

 
Incremental exercise test:  This test is performed on either a cycle ergometer (a 

stationary bike) or a treadmill and is designed to measure your fitness level.  During 

this test the intensity of exercise increases gradually until you are physically unable 

to continue exercising because the intensity is either too high or too uncomfortable.  

The test will begin with the exercise intensity being very light and easy (very little 

resistance).  After a few minutes the exercise intensity will gradually and 

continuously increase until you are unable to continue because of fatigue, or until 

you wish to stop. 

 
Low-intensity exercise test:  This test is performed on a cycle ergometer (a 

stationary bike) or a treadmill, and is designed to measure heart rate and your ability 

to burn fat during exercise.  This test will last for approximately 1 hour and will 

involve riding or jogging at a low-intensity (slow bike ride or light jog). 

 
Exercise test of maximal power:  This test is performed on either a cycle 

ergometer (stationary bike) or a treadmill and is designed to measure your ability to 
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generate high levels of power during exercise.  This test will involve either all out 

cycling or sprinting and will take between 30 and 60 seconds. 

 
Functional Movement Screen:  This test is designed to test your ability to perform 

a series of movements (squats, hurdle steps, lunges, shoulder rotations, single leg 

raises, push-ups and trunk rotations).  During each of these movements your 

stability and mobility will be assessed.  This test will take approximately 30 minutes 

to complete. 

Psychological Questionnaires: 

On the first visit, prior to the VO2peak test, you will be required to fill out a series 

of questionnaires designed to determine the amount of physical activity you 

regularly perform and to predict whether or not you will enjoy high intensity 

exercise.  It is expected that these questionnaires will take less than 30 minutes to 

complete.   

In addition, during training sessions of this study you will be asked a series of 

questions designed to evaluate how you are feeling towards the exercise you are 

performing.   

Finally, following the exercise protocol you will be asked to fill out a series of 

questionnaires designed to determine how much you enjoyed the exercise and how 

likely you are to part-take in exercise in the future.  These final questionnaires 

should also take less than 30 minutes to complete.  

All results from these questionnaires will be keep private and will be recorded in an 

anonymous fashion (i.e. by subject number rather that by name). 

Physiological tests: 

 Blood sample:  Both before and following training you will be asked to have a 

small sample of blood taken.  You may experience some minor discomfort when this 

small blood sample is drawn from a vein in your arm.  The blood sampling may be 

painful and minor bruising is possible following venous blood sampling but 

generally fades within a few days. 
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 Fat Biopsy:  Before and after training you will be asked to have a small piece of fat 

tissue removed from your abdomen (directly beside your belly button).  This 

procedure is referred to as a biopsy.  The fat biopsies will be taken by a medical 

doctor or by an individual trained in the technique under the supervision of a 

medical doctor.  During the biopsy procedure an area of skin on your abdomen will 

be cleaned with antiseptic (to reduce chances of infections) and frozen with local 

anaesthetic (similar to freezing experienced during dental procedures) to minimize 

pain.  A small incision will be made in your skin (less than 1 cm) and a needle will 

then be inserted into your fat layer and a small piece of tissue will be removed.  

During fat biopsies you may feel slight pressure and/or discomfort in your fat layer 

but this discomfort will pass very quickly.   

 Following your biopsies there may be light bruising in the area where the 

biopsies were taken but this will generally fade within a couple of days.  There is 

also a slight risk of infection following a biopsy but proper sterilization of 

equipment and cleaning of the sampled area minimizes this risk.  If the site of the 

muscle biopsy becomes more tender and redness and/or swelling develops in the 

area over the next five to seven days, or if you have any concerns whatsoever you 

should contact the research person supervising your study immediately and seek 

medical attention as needed.   
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Exercise Training Protocols: 

Any exercise carries a slight risk of heart attack or may be uncomfortable if you are unfit 

or not used to exercise.  The risk of a cardiac event (heart attack, dysrhythmias etc.) in a 

mixed subject population (healthy low risk and unhealthy high risk patients together) is 

approximately 6:10 000, however this risk decreases in a previously healthy (i.e. young, 

moderately active) population.  There may be some minor discomfort during the exercise 

testing.   You may experience increased awareness of breathing, muscle pain and/or 

fatigue, increased sweating, or a general feeling of fatigue or nausea, all of which are not 

unexpected consequences of exercise.  You are being asked to participate in one of the 

following exercise training programs.  The investigator will explain to you exactly what 

is involved in the specific protocol you are being assigned to.  Please initial beside the 

box that is checked. 

□ 
High-intensity exercise training:  This protocol involves riding a bike at a high-

intensity, like an all out sprint, for 1 minutes at a time (called an interval) followed 

by 2 minutes of rest.  This interval will be repeated up to 12 times.  Alternatively 

you may be asked to perform a high-intensity exercise training protocol that 

involved whole body exercise (burpees, push-ups, squats, jumping jacks) for a 

maximum of 8 minutes at a time (20 second intervals separated by 10 seconds of 

rest).  You will be asked to perform one of these protocols 3 times a week for a 

period of 6 weeks.   
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RISK OF INJURY 

 

All exercise also carries a small risk of personal injury.  Should any such injury occur 

during your participation in this study you will be initially cared for by the study 

administrators, all of whom are certified in first aid.  Should further assistance be 

required you will be taken to the university health centre/hospital or emergency as 

required. 

 

POTENTIAL BENEFITS OF PARTICIPATION 

 

You will gain no direct benefit through participation in this study. 

 

CONFIDENTIALITY 

 

During the course of your participation in this study you will not be required to provide 

any personal information beyond your name and phone number (for study purposes 

only).  All information obtained during the course of this study, including your name and 

fitness results, is strictly confidential and your anonymity will be protected at all times.  

Your information will be kept in locked files and will be available only to Dr. Brendon 

Gurd and those working within his laboratory.  Your identity will not be revealed in any 

description or publication. 

By signing this consent form, you do not waive your legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities.  
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VOLUNTARY CONSENT 

I have been given an opportunity to ask any questions concerning the procedures.  All of 

my questions regarding the research project have been satisfactorily answered.  I 

understand that my test results are considered confidential and will never be released in a 

form that is traceable to me.  I do understand that I am free to deny consent if I so desire, 

and may withdraw from the study at any time without any effect on my academic or 

employment status.  

Should I have any questions about the study, I know that I can contact Dr. Brendon Gurd 

(613 533-6000, ext 79023), Dr. Jean Coté, Head, School of Kinesiology and Health 

Studies (613 533-6601).  If you have any concerns about your rights as a research 

participant please contact Dr. Albert Clark, Chair for the Queen’s University Health 

Sciences & Affiliated Teaching Hospitals Research Ethics Board (613 533-6081).  A 

copy of this consent form will be provided me for my records.  My signature below 

means that I freely agreed to participate in this study. 

 

 __________________________________   ________________ 

         Volunteer’s Signature                                   Date  

     

STATEMENT OF INVESTIGATOR 

I, or one of my colleagues, have carefully explained to the subject the nature of the above 

research study.  I certify that, to the best of my knowledge, the subject understands 

clearly the nature of the study and demands, benefits, and risks involved to participants in 

this study. 

 

__________________________________             ________________ 

    Principal Investigator’s Signature              DATE
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