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Abstract 

Introduction: Type 2 diabetes mellitus (T2D) is prevalent within Canada, with a prediction of 5 

million people living with this condition by 2025. Exercise reduces the risk of T2D by improving 

insulin sensitivity. However, recent trials have suggested that exercise training may be less 

efficacious at improving insulin sensitivity in females compared with males, which could have 

implications for the prevention and management of T2D in females. The purpose of this research 

was to examine whether sex influenced the effectiveness of mixed-mode training on glycemic 

control, insulin sensitivity and inflammation in overweight/obese individuals. Methods: Twenty-

seven overweight/obese, sedentary males (n=12) and females (n=15) were recruited for a 12-

week mixed-mode, exercise intervention. Prior to training, participants underwent 

anthropometric, aerobic fitness (V̇O2max test), strength (3-5 RM test) and oral glucose tolerance 

test (OGTT) assessments. Training consisted of 3 weekly sessions involving 30 minutes of 

aerobic and 30 minutes of resistance training. Results: There was no sex difference in glucose 

AUC (p=0.22, ηp
2=0.03) or Cmax (p=0.14, ηp

2=0.03); however, when adjusted for the glucose 

dose relative to LBM, males had a higher glucose AUC (p=0.002, ηp
2=0.18) and Cmax (p=0.001, 

ηp
2=0.19) than females. TNF-α, (p=0.04, ηp

2=0.13) and MIP-1β (p=0.006, ηp
2=0.20) were higher 

in males than females. There was no effect of training on glycemic control, insulin 

resistance/sensitivity indices, pancreatic β-cell function or inflammatory markers. However, the 

absolute change in glucose AUC (males: -99.8 mmol/L·120min, females +58.3 mmol/L·120min, 

p=0.01, d=1.06), Cmax (males: -0.60 mmol/L, females +0.7 mmol/L, p=0.04, d=0.87) and IL-1ra 

(males: -18.2 pg/mL, females +28.9 pg/mL, p=0.02, d=1.20) differed between the sexes. . 

Conclusion: Changes in glycemic control and inflammation following training differed between 

males and females. A sex difference was seen in inflammatory markers; however, further 
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research is required. Finally, females had lower glucose AUC and Cmax relative to LBM 

compared to males, which questions the use of a standard 75g glucose dose during an OGTT as a 

measure of impaired glucose tolerance. 
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Chapter 1: Introduction and Literature Review 

1.0 Literature review 

1.1 Type 2 diabetes mellitus 

Type 2 diabetes mellitus (T2D) is a metabolic disorder which results from the impairment of 

insulin production and/or action, primarily due to the development of insulin resistance at the 

cellular level in response to chronic hyperglycemia (LeBlanc et al., 2019; Olokoba et al., 2012). 

Diabetes Canada indicated that in 2015 there was an estimated 3.4 million Canadians living with 

T2D (Houlden, 2022). It is predicted that by the year 2025, there will be 5 million Canadians 

with T2D, indicative of a 44% increase in T2D prevalence over a 10-year period (Houlden, 

2022). As with many chronic diseases, T2D can be linked to a variety of modifiable risk factors 

including smoking, obesity, poor diet and physical inactivity (Centers for Disease Control and 

Prevention, 2004; Hu et al., 2001). One of the primary risk factors for T2D is obesity, which 

additionally contributes to the development of insulin resistance (Al-Goblan et al., 2014; Kahn et 

al., 2006). Obesity is a critical risk factor due to its ability to desensitize the tissue response to 

insulin. The incorporation of healthy lifestyle habits including a healthy diet and physical activity 

can be useful for preventing T2D as well as mitigating any further progression of the disease 

(Colberg et al., 2010). Improvements include weight loss, reduced risk of cardiovascular disease 

(CVD) and mortality, and improved blood glucose levels due to increases in insulin sensitivity 

(Colberg et al., 2010). Considering the incidence of T2D has drastically increased in the past 

decade, steps should be taken to help reduce to the risk wherever possible (Olokoba et al., 2012). 
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1.2 Development of T2D 

1.2.1 Diagnostic criteria for T2D, impaired fasting glucose and impaired glucose tolerance  

T2D is a chronic disease which is defined by consistently elevated blood glucose levels 

(Punthakee et al., 2020). T2D is diagnosed when fasting blood glucose level is ≥ 7.0 mmol/L, 

glucose concentration following a 2 h oral glucose tolerance test (OGTT) is ≥ 11.1 mmol/L, or 

glycated hemoglobin (HbA1C) is ≥ 6.5% (Punthakee et al., 2020). Abnormalities in blood 

glucose concentrations are observed up to 5 years before (Siu, 2015) a frank diagnosis of T2D is 

made and are typically characterized as impaired fasting glucose (IFG) and impaired glucose 

tolerance (IGT). An individual is considered to have IFG when fasting glucose concentration is ≥ 

6.1, but < 7.0 mmol/L and IGT when glucose concentration at the 120 min time point following 

a 2h OGTT is ≥ 7.8, but < 11.1 mmol/L (Punthakee et al., 2020). Presence of either IGF, IGT or 

an HbA1C between 6.0 – 6.4% is indicative of pre-diabetes (Punthakee et al., 2020). The 

development of IFG, IGT and frank T2D result from the development of insulin resistance and β-

cell dysfunction (DeFronzo et al., 2015). 

1.2.2 Development of insulin resistance and β-cell dysfunction in obesity 

Insulin resistance is defined as the inability of tissues to respond to the insulin signal, 

which attenuates the uptake of glucose into cells (primarily skeletal muscle and adipose tissue) 

and prevents the suppression of endogenous glucose production and release by the liver leading 

to sustained hyperglycemia (DeFronzo et al., 2015). With obesity, it is common for 

hyperinsulinemia to be present, however, whether this is due to hypersecretion of insulin or 

decreased insulin clearance is controversial (Erdmann et al., 2008; Koh et al., 2022). In obesity, 

hyperinsulinemia develops prior to hyperglycemia as a compensatory mechanism to promote 

glucose uptake and maintain normal blood glucose levels (Thomas et al., 2019). Sustained 
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elevated insulin concentrations will cause insulin responsive tissues to decrease their sensitivity 

to the insulin signal, triggering the accumulation of glucose in the blood and further insulin 

release, which in turn will worsen hyperinsulinemia (Thomas et al., 2019). 

Obesity is associated with increased inflammation, hyperglycemia, and insulin resistance, all 

of which can lead to β-cell damage and dysfunction (Cerf, 2013). Impaired β-cell function results 

in impaired insulin secretion, which leads to worsened glycemic control (Cerf, 2013). 

Chronically high blood glucose levels, which result from insulin resistance, impact the 

regenerative properties of β-cells causing a greater level of apoptosis compared to cell growth 

(Marchetti et al., 2007), ultimately leading to decreased β-cell functional mass (DeFronzo et al., 

2015; Saisho, 2015) and decreased insulin secretion, resulting in sustained hyperglycemia and 

furthering β-cell dysfunction (Cerf, 2013). Hyperglycemia also induces a pro-inflammatory state, 

which can lead to mitochondrial stress and subsequent β-cell death (Cerf, 2013). The interplay 

between insulin resistance and β-cell dysfunction is not fully understood; however, both can 

exacerbate each other, resulting in further elevations in glucose concentrations and leading to 

progression of IFG/IGT to T2D (Cerf, 2013). 

1.3 Role of insulin in glucose uptake and metabolism in liver and skeletal muscle 

1.3.1 Insulin secretion and clearance 

Following a meal, the carbohydrates in food are broken down into glucose and absorbed 

into the blood stream, which increases blood glucose levels (Chadt & Al-Hasani, 2020). The 

increase in blood glucose concentration will trigger the release of insulin from the β-cells of the 

pancreas, which occurs in a biphasic pattern (Henquin et al., 2002). In humans, the first phase of 

insulin secretion occurs as a rapid burst within 10 minutes after the increase in blood glucose 

concentration and serves to inhibit endogenous glucose production within the liver (Huang & 
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Joseph, 2014). Alternatively, the second phase of insulin secretion occurs as a progressively slow 

sustained increase in insulin concentration and serves to continue to suppress endogenous 

glucose production, but more importantly, increase muscle glucose uptake to reduce blood 

glucose concentrations (Huang & Joseph, 2014). Insulin will continue to be secreted so long as 

blood glucose concentrations remain elevated and will stop once blood glucose levels have 

dropped back to homeostatic levels (Huang & Joseph, 2014). Upon release from the β-cell, 

insulin travels via the hepatic portal vein to the liver where upwards of 50-80% is cleared during 

first passage (Koh et al., 2022; Najjar & Perdomo, 2019) with the remaining 20-50% entering the 

systemic circulation where it facilitates glucose uptake into various tissues, most notably at the 

muscle (Chadt & Al-Hasani, 2020; Najjar & Perdomo, 2019). Some of the circulating insulin 

(~45-50%) is cleared during its first pass by the kidneys and skeletal muscle with the remaining 

insulin being cleared by the liver, kidneys and skeletal muscle during subsequent passes (Najjar 

& Perdomo, 2019). Insulin clearance is a continuous process with mean time of insulin within 

the circulation being < 10 min (Najjar & Perdomo, 2019). 

1.3.2 Glucose is taken up and stored as glycogen in the liver and skeletal muscle 

Glucose is taken up into skeletal muscle and liver and stored as glycogen to serve as a 

reserve for when energy production is required (Jensen et al., 2011). About 80% of glycogen is 

found in skeletal muscle and the remainder being found in the liver (Jensen et al., 2011). Glucose 

is taken up via the glucose transporter type (GLUT) protein family (Chadt & Al-Hasani, 2020; 

Najjar & Perdomo, 2019). Within skeletal muscle, GLUT4 is the primary transporter into the 

tissue and its incorporation into the membrane of skeletal myocytes is regulated by insulin 

(Chadt & Al-Hasani, 2020) and contraction (Lauritzen, 2013).  This differs from the liver where 

GLUT2 is the main protein for glucose transport however, this isoform does not require insulin 
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and remains on the surface of hepatocytes to allow for continuous glucose uptake (Chadt & Al-

Hasani, 2020). GLUT1 transporters can be found on all cell types within the body and provide 

low level of glucose uptake for basal function (Huang & Joseph, 2014). 

1.3.3 The role of insulin in glucose metabolism in the liver 

Insulin has a multitude of sites where it can bind and trigger downstream events, however 

within the liver, there are certain differences that are not found in other tissues. With respect to 

glucose uptake, GLUT2 proteins permit passive transport of glucose molecules into hepatocytes 

(Adeva-Andany et al., 2016). This facilitative transport allows for bidirectional movement of 

glucose both into and out of the cell with the assistance of sodium-glucose co-transporters 

(Adeva-Andany et al., 2016). Unlike skeletal muscle, the rate of movement via GLUT2 

transporters is directly proportional to the concentration of glucose in the blood stream and does 

not rely on insulin to stimulate transportation (Adeva-Andany et al., 2016). In the fasted state, 

the liver will undergo both glycogenolysis, the breakdown of glycogen stores, and 

gluconeogenesis, the synthesis of glucose molecules, to ensure blood glucose levels remain 

within acceptable ranges (Adeva-Andany et al., 2016). Insulin plays a role in regulating these 

processes as it suppresses both glycogenolysis and gluconeogenesis in the fed state by inhibiting 

phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) enzymes 

(Meshkani & Adeli, 2009). A study by Adkins et al. (2003) found that a higher concentration of 

insulin is required to suppress gluconeogenesis compared to glycogenolysis, indicating that 

glycogen break down is the process that is suppressed first. Furthermore, insulin can also act 

through insulin receptor substrates (IRS) proteins on hepatocytes to activate hepatic insulin 

release through glucokinase (GCK) and glycogen synthase (Petersen et al., 2017). 
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1.3.4 Insulin resistance in the liver 

As the GLUT2 transporters allow for passive diffusion of glucose, insulin resistance will 

affect other aspects of the liver’s involvement in glucose regulation, most notably 

gluconeogenesis and glycogenolysis (Meshkani & Adeli, 2009). Insulin is responsible for 

inhibiting both gluconeogenesis and glycogenolysis, thus insulin resistance attenuates the 

suppression of these processes resulting in excess production and release of glucose into the 

circulation (Hatting et al., 2018; Meshkani & Adeli, 2009). Normally, insulin results in the 

activation of protein kinase B (Akt), which in turn promotes lipogenesis and glycogen synthesis, 

as well as inhibits Forkhead box protein I (FoxO1), which suppresses gluconeogenesis 

(Titchenell et al., 2015); however, in the insulin resistant state, insulin signaling via Akt to 

FoxO1 is blunted and thus so is the suppression of gluconeogenesis (Titchenell et al., 2015). 

Hyperglycemia alone is enough to suppress hepatic glycogenolysis; however, insulin is required 

to stimulate glycogen synthesis (K. F. Petersen et al., 1998), thus in the insulin resistant state 

increased hepatic glucose production is due to increased hepatic gluconeogenesis, not increased 

hepatic glycogenolysis (Shulman, 1999). In addition, circulating free fatty acid (FFA) levels are 

increased in obesity/insulin resistance and can cause accumulation of diacylglycerols (DAG), 

which can activate atypical protein kinase C [aPKC, (Jornayvaz & Shulman, 2012)]. Increased 

aPKC has been found to inhibit IRS phosphorylation, further advancing the development of 

hepatic insulin resistance (Jornayvaz & Shulman, 2012).  

1.3.5 The role of insulin in glucose metabolism in skeletal muscle 

In skeletal muscle glucose uptake is mediated predominately by GLUT 1 and GLUT 4 

(Chadt & Al-Hasani, 2020). At rest in the fasted state basal skeletal muscle glucose uptake 

occurs via GLUT 1 (Chadt & Al-Hasani, 2020). However, in response to both insulin and muscle 
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contraction, GLUT4 is translocated to the sarcolemma and t-tubules in order to increase glucose 

uptake (Chadt & Al-Hasani, 2020). Importantly, insulin and contraction act via different 

signaling pathways that converge at TBC1 domain family member 1 (TBC1D1) and TBC1 

domain family member 4 (TBC1D4) to promote GLUT4 translocation (Chadt & Al-Hasani, 

2020). Furthermore, these two pathways act synergistically with one another to enhance glucose 

uptake (Chadt & Al-Hasani, 2020). Unlike the liver where glucose is released to help maintain 

blood glucose levels, in skeletal muscle, once glycogen has been formed it will remain within 

that tissue as skeletal muscle lacks G6Pase, which prevents the release of glucose into the blood 

stream (Jensen et al., 2011). As such, muscle glycogen acts as a local pool of energy and does 

not contribute to the regulation of blood glucose levels in a fasted state (Jensen et al., 2011). 

1.3.5.1 Insulin-stimulated glucose uptake 

When glucose levels rise following a meal, glucose is taken up by skeletal muscle from 

the blood stream via GLUT4 through activation of the insulin-signaling cascade (Ferrari et al., 

2019). Upon release from the pancreas, insulin travels to skeletal muscle and binds to the insulin 

receptor which is a receptor tyrosine kinase (Ferrari et al., 2019). The insulin receptor will self-

phosphorylate to activate itself and will act on a family of IRS proteins (Ferrari et al., 2019). The 

most common subtypes that are activated are IRS-1 and IRS-2 which will activate 

phosphoinositide 3-kinase (PI3K) (Ferrari et al., 2019). PI3K will drive the synthesis of 

phosphatidylinositol (3,4,5)-trisphosphate (PI3P), a molecule that activates phosphoinositide-

dependent protein kinase 1 (PDPK1) (Ferrari et al., 2019). PDPK1 will then go on to activate 

Akt and aPKC (Ferrari et al., 2019). These two proteins will act on separate pathways to activate 

GLUT4 translocation (Ferrari et al., 2019). Akt phosphorylates TBC1D1 and TBC1D4, which 

permits the dissociation of the Rab protein from guanosine triphosphate (GTP), which in turn 
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allows GLUT4 to translocate to the sarcolemma and t tubules (Ferrari et al., 2019). 

Simultaneously, aPKC will phosphorylate the double C2-like domain-containing protein 

(DOC2B) (Ferrari et al., 2019). The phosphorylated DOC2B can activate the soluble N-

ethylmaleimide-sensitive factor attached protein receptor (SNARE) which works synergistically 

with syntaxin-4 to trigger the translocation of the GLUT4-containing vesicles to the membrane. 

1.3.5.2 Contraction-mediated glucose uptake 

Independent of insulin release, exercise can stimulate glucose uptake via a different 

pathway that converges at TBC1D1 and TBC1D4 (Ferrari et al., 2019). While exact mechanisms 

remain incompletely understood, activation of AMP-activated protein kinase (AMPK), 

Rac1/actin and Ca2+/calmodulin-dependent protein kinase II (CaMK II) have all been found to be 

involved in exercise-induced GLUT4 translocation to the sarcolemma and T-tubules (Ferrari et 

al., 2019; Richter & Hargreaves, 2013; Yue et al., 2021). AMPK phosphorylates and inactivates 

TBC1D1 and TBC1D4 which removes inhibition on Rab GTPases allowing GLUT4 to 

translocate to the membrane (Richter & Hargreaves, 2013). Muscle glucose uptake during 

exercise can increase up to 100x compared with rest, depending on exercise intensity and 

duration (Richter, 2020); however, GLUT4 content at the membrane only increases 2x with 

exercise (Richter, 2020) The greater increase in glucose uptake relative to GLUT4 translocation 

suggests that exercise also increases the intrinsic activity of GLUT4; however, this is 

controversial, and this discrepancy may be due to methodological limitations associated with 

measurement of GLUT4 translocation (Richter, 2020). 
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1.3.6 Insulin resistance in skeletal muscle 

The development of insulin resistance in skeletal muscle affects insulin signaling, glucose 

transport and glucose metabolism (Abdul-Ghani & DeFronzo, 2010) and is due to both receptor 

and post-receptor defects (M. C. Petersen & Shulman, 2018). The content and activation of the 

insulin receptor and subsequent phosphorylation of IRS-1 at the tyrosine site is reduced in the 

skeletal muscle of obese individuals and severely reduced in T2D patients (Cusi et al., 2000; M. 

C. Petersen & Shulman, 2018r). The phosphorylation at the serine site of IRS-1 impairs its 

ability to be phosphorylated at the tyrosine site and thus interrupts the signaling cascade (Cusi et 

al., 2000). Additionally, blunted activation of PI3K and Akt in response to insulin has also been 

found in insulin resistance (Cusi et al., 2000; M. C. Petersen & Shulman, 2018). Together the 

blunting of multiple points in the insulin signaling cascade leads to decreased TBC1D1/TBC1D4 

phosphorylation, which reduces GLUT4 translocation and decreases glucose uptake into the 

myocyte. Within the myocyte there are several mechanisms that have been proposed to be 

involved in the development of insulin resistance through the interruption of the IRS/PI3K 

pathway including accumulation of intracellular fatty acids and/or their metabolites, increased 

inflammation and oxidative stress (Martins et al., 2012; Saini, 2010).  

1.4 Measuring insulin resistance and sensitivity 

1.4.1 Hyperinsulinemic-euglycemic clamp (HEC) 

The hyperinsulinemic-euglycemic clamp is the “gold standard” method used to measure 

how well tissues within the body respond to insulin, also known as insulin sensitivity (J. K. Kim, 

2009). The clamp is performed following an overnight fast (Krentz et al., 2015). During the test 

insulin is administered intravenously at a constant rate to maintain insulin levels above the 

normal range [hyperinsulinemia (J. K. Kim, 2009)]. Insulin is usually administered at 6 
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pmol/kg/min or 0.24 nmol/min/m2 body surface area, with the value relative to body surface area 

being more appropriate for obese individuals (Krentz et al., 2015). Simultaneously, a glucose 

infusion of 20% glucose v/v is also administered to maintain a euglycemic state where blood 

glucose levels are consistent over the period of the test (J. K. Kim, 2009). In order to maintain 

euglycemia, the rate of glucose administration changes depending on the quantity of glucose 

metabolized within the body (J. K. Kim, 2009). The high concentration of insulin in the body 

will suppress endogenous hepatic glucose production, ensuring that any changes in glucose 

concentrations can be associated with the utilization of exogenous glucose by skeletal muscle 

(80%) and adipose tissue (20%) with the respective proportions (Krentz et al., 2015). The test 

takes 120 minutes with the last 30 minutes of the test being considered steady state (Krentz et al., 

2015). The quantity of glucose metabolized is directly measured through the glucose disposal 

rate (J. K. Kim, 2009). The glucose disposal rate is calculated every 20 minutes using the glucose 

infusion rates for four, 5-minute intervals and then adjusted for lean body mass (Singal et al., 

2010). The higher the glucose disposal rate the more insulin sensitive the individual (Stern et al., 

2005). A glucose disposal rate lower than 28 μmol/min/kg lean body mass is indicative of insulin 

resistance (Stern et al., 2005). Since this value is used to measure insulin sensitivity in vivo, these 

tests are highly valued as they provide accurate information regarding the insulin response within 

an individual; however, since the glucose is infused into the individual, bypassing the gut, it is 

not reflective of what happens when glucose is consumed orally as it prevents the incretin effect 

(Holst et al., 2021).  

1.4.2 Oral glucose tolerance test (OGTT) 

The oral glucose tolerance test (OGTT) is an indirect measure of an individual’s insulin 

sensitivity (Muniyappa et al., 2021). Clinically, while the participant is in a fasted state, they 
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consume a 75 g glucose beverage and blood draws are taken at 0, 30, 60, 90 and 120 minutes and 

analyzed for glucose and insulin concentration (Muniyappa et al., 2021). Taking blood 

throughout the test allows for visualization of glucose handling capabilities, specifically in 

relation to their insulin response (Muniyappa et al., 2021). Reference values for blood glucose at 

the 2-hour mark can be used for diagnostic purposes to diagnose impaired glucose tolerance and 

T2D as detailed above (Sakaguchi et al., 2015). Furthermore, fasting values and/or values 

throughout the 2-hours can be used to calculate varying indices of insulin resistance/insulin 

sensitivity as discussed in more detail below (Gutch et al., 2015). Data from the OGTT provides 

information related to the body’s ability to dispose of glucose after consuming a glucose load, 

and thus is an indicator of glucose tolerance; however, as other factors such as insulin secretion 

and incretins also contribute to glucose tolerance, the OGTT does not provide a direct measure of 

insulin sensitivity (Muniyappa et al., 2008). 

1.4.3 Glycated hemoglobin (HbA1C) 

HbA1C is a measure that can be done in blood samples to determine the average blood 

glucose levels of an individual over a period of time, approximately 3 months (Sherwani et al., 

2016). As blood glucose levels can vary greatly throughout the day, glucose analysis on spot 

blood draws might not capture a full picture of the individual’s glycemic control (Sherwani et al., 

2016). In the presence of glucose, the hemoglobin protein found within red blood cells undergo 

reactions to covalently bond the glucose molecule to the hemoglobin protein (Sherwani et al., 

2016). Red blood cells turn over approximately every 120 days allowing changes in blood 

glucose levels to be seen around the 3-month mark (Sherwani et al., 2016). According to 

Diabetes Canada, an A1C between 6.0 and 6.4% is indicative of pre-diabetes and an A1C > 6.5% 

is indicative of T2D (Punthakee et al., 2020). HbA1C levels have been positively correlated with 
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incidence of diabetes and can be used alongside fasting blood glucose (FBG) and OGTTs for risk 

assessment (Sherwani et al., 2016). Another advantage of the HbA1C test is that it does not have 

to be performed in the fasted state, making it easier for sample collection (Jagannathan et al., 

2020). Currently, the American Diabetes Association uses HbA1C levels in its screening and 

diagnosis guidelines however, it should be noted that this should be used in conjunction with 

other measures for determining insulin resistance and potential metabolic syndromes 

(Jagannathan et al., 2020). It is assumed that the level of HbA1C is proportional to the blood 

glucose levels, however, there can be some individual differences in glycation reactions that can 

result in an HbA1C measure that is higher or lower than the corresponding blood glucose levels 

(Jagannathan et al., 2020). A study done by Marini et al. compared the relationship between 

HbA1C and HEC with respect to insulin sensitivity and β cell function in non-diabetic offspring 

of T2D patients and found that patients with an A1C > 5.7% were insulin resistant and had β-cell 

dysfunction, both hallmarks of T2D (Marini et al., 2014).  

1.4.4 Indices of insulin resistance/insulin sensitivity 

There are numerous indices that have been developed that use data from blood samples 

taken in the fasted state and/or during an oral glucose tolerance test. These indices, what they 

measure and their correlation with the HEC are reported in Table 1.1. 
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Table 1.1: Summary of indices of insulin resistance/insulin sensitivity  

 

Index Equation 
What it 

measures 

Correlation 

with HEC 
Cut-off criteria 

Homeostasis 

model 

assessment 

for insulin 

resistance 

(HOMA-IR) 

=
𝐹𝑃𝐼 × 𝐹𝑃𝐺

22.5
 Peripheral insulin 

resistance 

0.88  

(Matthews et 

al., 1985) 

Varies based on 

age, sex, ethnicity 

>2.5 (Gutch et al., 

2015) 

HOMA for 

β-cell 

dysfunction 

(HOMA-B) 

=
𝐹𝑃𝐼 × 20 

𝐹𝑃𝐺 × 3.5
 

 

β cell dysfunction 

0.69 

 (Matthews et 

al., 1985) 

N/A 

Quantitative 

Insulin 

Sensitivity 

Check Index 

(QUICKI) 

 

=
1 

log 𝐹𝐵𝐺 + log 𝐹𝐵𝐼
 

Peripheral insulin  

sensitivity 

0.61 

(Otten et al., 

2014) 

Non-obese: 

0.382±0.007 

Obese: 

0.331±0.010 

(Gutch et al., 

2015) 

Matsuda =
10000

√𝐹𝑃𝐼 × 𝐹𝑃𝐺 × 𝑀𝑃𝐼 × 𝑀𝑃𝐺
 

Whole-body 

insulin  

sensitivity 

0.67 

(Otten et al., 

2014) 

> 4.3 indicates 

insulin resistance 

(Gutch et al., 

2015) 

Stumvoll 

Various linear regression analysis that uses multiple 

time point throughout the OGTT in addition to 

demographic parameters such as age, BMI and sex 

Peripheral insulin  

sensitivity and β 

cell dysfunction  

0.62-0.79 

depending on 

the equation 

used (Gutch et 

al., 2015). 

N/A 

2h Oral 

Glucose 

Insulin 

Sensitivity 

(OGIS) 

= 𝑓(𝐺0,𝐺90,𝐺120,𝐼0,𝐼90,𝐼120,𝐷0) 

 

Peripheral insulin  

sensitivity 

Lean: 0.73, 

Obese: 0.53, 

T2D: 0.57 

(Mari et al., 

2001) 

> 9.8 (Mari et al., 

2001) 

Cederholm =
75000 + (𝐺0 − 𝐺120) × 1.15 × 180 × 0.19 × 𝑚

120 × 𝐺𝑚𝑒𝑎𝑛 × log 𝐼𝑚𝑒𝑎𝑛
 

Peripheral insulin  

sensitivity 

0.533 

(Soonthornpun 

et al., 2003) 

> 79 ± 14 mg 

I2/mmol/mIU/min 

(Cederholm & 

Wibell, 1990) 

McAuley 
(

𝑀𝑓𝑓𝑚

𝐼
) = 𝑒2.63−0.28 ln(𝐼0)−0.31 ln(𝑇𝐴𝐺0) 

 

Peripheral insulin  

sensitivity 

0.317 

(Sarafidis et 

al., 2007) 

> 5.8 (McAuley et 

al., 2001) 

This table shows the various indices used to calculate insulin sensitivity and resistance, how they 

are calculated, their correlation with the gold-standard hyperinsulinemic, euglycemic clamp and 

their diagnostic cutoffs.  FPG - fasting plasma glucose, FPI - fasting plasma insulin, HEC - 

hyperinsulinemic, euglycemic clamp. Matsuda: MPI - mean plasma insulin concentration during 

the OGTT (mIU/l) and MPG mean glucose concentration during OGTT. 2h OGIS: G – plasma 

glucose concentrations, I – plasma insulin concentrations with the specific time point indicated 

in the subscript and D0 – oral glucose dose relative to body surface area (g/m2). Cederholm: 

75,000 – glucose load in an OGTT (mg), G0 – fasting plasma glucose concentration (mmol/l), 
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G120 – plasma glucose concentration at 120 min of OGTT (mmol/l), 1.15 – factor transforming 

whole venous blood glucose to plasma values (not needed is plasma is used), 180 – conversion 

factor for transformation of glucose concentration from mmol/l into mg/dl, 0.19 – glucose space 

in liter per kg of body weight, m – body weight (kg)120 – length of OGTT (min), Gmean – mean 

plasma glucose concentration throughout OGTT (mmol/l) and Imean -mean plasma insulin 

concentration throughout OGTT (mmol/l). McAuley: I0 – fasting plasma insulin concentration 

(mIU/l) and TAG0 – fasting plasma triglycerides concentration (mmol/l).  

  
1.5 Sex differences in T2D 

1.5.1 Prevalence 

The prevalence of T2D varies between males and females across the lifespan. Worldwide 

in 2017, 12.3 million more males have T2D than females, equating to a lower worldwide 

prevalence for females (8.4%) than males [8.9%, (Cho et al., 2018)]. Various studies have found 

that males have a slightly higher prevalence of T2D when compared to females in populations 

from Asian or European decent (Jia et al., 2007; Tracey et al., 2016; Wild et al., 2004; H. Zhang 

et al., 2019). Moreover, prevalence can change over a life course with females having a higher 

prevalence in the youth stage and males having an increased prevalence during midlife 

(Lipscombe & Hux, 2007; Schober et al., 2005). Furthermore, T2D prevalence peaks earlier in 

males (65-69 y) than females [70-79 y, (Cho et al., 2018)], which is in line with the fact that T2D 

risk increases following menopause (Li et al., 2019). 

1.5.2 Glucose uptake and insulin sensitivity 

The analysis of sex differences in insulin sensitivity has shown the potential for dysglycemia 

to present differently in males and females (Lundsgaard & Kiens, 2014). Various studies have 

suggested that males are more prone to developing insulin resistance compared to females 

(Lundsgaard & Kiens, 2014). In the Kuhl study, when comparing glucose handling of 8000 

males and females using an OGTT, it was determined that males were 2 times more likely to 

have IFG and T2D (Kuhl et al., 2005). Another study found that females had a 15% higher rate 
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of glucose clearance compared to males during an intravenous glucose tolerance test (IVGTT) 

(Clausen et al., 1996). When multiple studies that performed HEC were analyzed, the majority of 

the studies showed that females have higher insulin sensitivity compared to males (Lundsgaard 

& Kiens, 2014). These sex differences in insulin sensitivity only seem to be present prior to the 

development of T2D as similar levels of insulin resistance can be found in both sexes as the 

disease progresses (Tramunt et al., 2020a).  

IGT and IFG are two additional measures that are related to an increased risk of T2D and 

CVD and have been found to differ between the sexes (Unwin et al., 2002). Unwin et al. (2002) 

found that males had a higher risk of IFG compared to females however, females had a higher 

risk of IGT compared to males. These differences are speculated to be due to sex differences in 

body composition. Since females typically have a smaller stature and less muscle mass, they 

would inherently have a higher blood glucose concentration 2-hours after consuming 75g of 

glucose as they have less muscle tissue and overall muscle mass to clear the glucose load (Unwin 

et al., 2002). Indeed, differences in height and body surface area have been found to be 

negatively related to 2-h blood glucose concentration and likely explain the sex-based difference 

in IGT (Palmu et al., 2021; Sicree et al., 2008). Thus, when comparing glucose tolerance 

between males and females, consideration must be made to the relative dose of glucose 

administered.  

1.6 Effects of sex hormones on insulin sensitivity 

1.6.1 Estrogens 

Estrogens are a series of steroid hormones mainly produced by the ovaries that act on 

tissues to help develop the female reproductive system and regulate secondary sex characteristics 

(Wise et al., 2009). The most biologically active estrogen is 17β-estradiol [E2, (Wise et al., 
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2009)]. Throughout the menstrual cycle, levels of estrogen fluctuate between 10-300 pg/mL for 

proper signaling of ovulation and to prepare the uterus for pregnancy (Reed & Carr, 2021). 

Following the start of menses, the first ~10 days of the follicular phase consist of the lowest 

estrogen levels, making it the time when estrogen level are most comparable to males who have 

a normal adult range of 40-50 pg/mL (Lundsgaard & Kiens, 2014; Reed & Carr, 2021). Estrogen 

concentrations spike and peak ~12-14 days after the start of menses in order to trigger ovulation 

(Reed & Carr, 2021). Estrogen then declines and then slowly rises and remain high throughout 

the luteal phase and then declines just prior to menses onset (Reed & Carr, 2021). 

Estrogen influences muscle metabolism, physiology and disease risk (Beaudry & Devries, 2019; 

Devries et al., 2005; Horstman et al., 2012). Research has shown that premenopausal females 

have a greater insulin sensitivity than age matched males (Geer & Shen, 2009) and thus are at a 

decreased risk for metabolic syndrome and T2D (Lundsgaard & Kiens, 2014). However, the risk 

increases to the same level as males at menopause (Lindheim et al., 1994). Furthermore, post-

menopausal females who were given intravenous estrogen were seen to have an increase in 

insulin action by 20% (Greising et al., 2009). A study by Moreno et al. (2010) found that 17β-

estradiol treatment in rats improved insulin sensitivity at the level of GLUT4 transporter 

localization. Another study by Matute et al. (1973) found that estradiol has the ability to suppress 

hepatic gluconeogenesis, decreasing the contribution of the liver to elevated glucose levels. A 

study in postmenopausal diabetic women found a significant decrease in HOMA-IR values 

following 12 months of estrogen hormone replacement therapy comparing to those who did not 

receive the therapy (Ryan et al., 2002). Taken together, these studies suggest that estrogen has a 

direct effect on insulin sensitivity and glycemic control.  
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1.6.2 Progesterone 

Progesterone is another sex steroid molecule that is produced for the development of 

secondary sex characteristics (Kim et al., 2016). Normal values in females can range from 2 

ng/mL to 20 ng/mL, with the lowest concentration being found at the beginning of menses in the 

follicular phase and peak concentrations occurring during the luteal phase (Henderson, 2018). 

Progesterone has been found to influence insulin sensitivity through the increase of ROS or 

caspase activity, triggering the death of the pancreatic β-cells that release insulin (Nunes et al., 

2014). As well, a study by Picard et al. found that female mice developed hyperglycemia when 

progesterone levels were increased above normal (Picard et al., 2002). Furthermore, 

progesterone has been found to interrupt the PI3K pathway by degrading IRS-1 and inhibiting 

Akt phosphorylation which stops GLUT4 translocation and decreases glucose uptake (Wada et 

al., 2010). The exact mechanism remains unclear and requires further research. Unsurprisingly 

given the negative effect of progesterone on insulin sensitivity, insulin sensitivity is lowest 

during the luteal phase of the menstrual cycle when progesterone concentrations are at its highest 

(Pulido & Salazar, 1999). A study done in in ovariectomized rhesus monkeys found an increase 

in fasting insulin and insulin during an OGTT following treatment of progesterone and in 

combination with estrogen (Kemnitz et al., 1989). The addition of progesterone to these 

ovariectomized monkeys indicates the potential for the hormone to decrease insulin sensitivity as 

seen with higher levels of fasting insulin and insulin during the OGTT. As these values are used 

for various indices of insulin resistance/sensitivity, this research indicated that progesterone has 

negative effects on insulin sensitivity.   
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1.6.3 Testosterone 

 Testosterone is a sex hormone that assists with the development of secondary sex 

characteristics in males (Kim et al., 2016). Normal ranges in males are from 300-1000 ng/dL and 

in females are between 15-50 ng/dL (Bhasin et al., 2011; Braunstein et al., 2011). This particular 

hormone acts in an anabolic fashion on skeletal muscle to increase gene expression and increase 

size of muscle fibers (Kim et al., 2016). With respect to insulin sensitivity, Chen et al. (2006) 

demonstrated that testosterone concentrations were related to GLUT4 expression, permitting the 

improvement of glucose uptake. Moreover, there seems to be a direct positive correlation 

between serum testosterone levels and insulin sensitivity when specifically looking at a 

population of males (Pitteloud et al., 2005). As well, low testosterone levels have been found to 

increase visceral body fat, which would trigger an increase in the size of adipocytes and further 

the development of insulin resistance (Ottarsdottir et al., 2018). Obesity has been found to cause 

an increase in aromatase activity, causing testosterone to be converted to E2 in adipose tissue 

which would then act in a negative feedback look to further decrease testosterone levels 

(Ottarsdottir et al., 2018). Low testosterone is an independent risk factor for the development of 

T2D (Rao et al., 2013).   

1.7 Inflammation 

1.7.1 Overview 

The inflammatory response is a defense mechanism initiated by the immune system in 

response to harmful stimuli including pathogens, toxic compounds and cell damage (Medzhitov, 

2010). The inflammation response is modulated by cytokines, a family of intracellular signaling 

molecules (Pedersen, 2000; Zhang & An, 2007). Aside from immune cells, cytokines can be also 

be released from various tissues including hepatocytes (hepatokines), skeletal muscle 



19 

 

(myokines), and adipose tissue (adipokines) and act in an autocrine, paracrine and/or endocrine 

fashion to alter metabolic processes to adjust for the state of inflammation (Zhang & An, 2007).  

The inflammatory response involves counteracting signals that will increase the 

inflammatory response and those that will bring the body back to homeostasis (Zhang & An, 

2007). There are cytokines that are pro-inflammatory such as tumor necrosis factor alpha (TNF-

α) and interleukin-12 (IL-12) and others that are anti-inflammatory such as IL-10 and IL-15 

which help to return the body to homeostasis (Pedersen, 2000; Zhang & An, 2007). Interestingly, 

IL-6 can act in both a pro- and anti-inflammatory manner depending on its site of release. IL-6 

released from adipose acts in a pro-inflammatory manner, whereas IL-6 released from muscle 

acts in an anti-inflammatory manner (Pedersen et al., 2001; Wueest & Konrad, 2018). Typically, 

pro-inflammatory cytokines are released in a fixed area to cause local inflammation, however if 

the response is elevated, these factors can leach into the circulation causing damage throughout 

the body if levels remain high, a state known as chronic inflammation (Zhang & An, 2007).  

Obesity is characterized by chronic systemic inflammation and results from over 

production and release of cytokines from adipose tissue (Schmidt et al., 2015). Obese individuals 

have been found to have increased levels of inflammatory markers, particularly IL-6 (Ellulu et 

al., 2017). Adipose tissue has been determined to contribute 1/3 of the total concentration of 

circulating IL-6, clearly correlating obesity as a risk factor to chronic inflammation (Ellulu et al., 

2017). This is also true for TNF-α as adipocytes largely contribute to the production of this pro-

inflammatory cytokine (Ellulu et al., 2017). IL-6 triggers the production of C-reactive protein 

(CRP) from hepatocytes, which serves as an indication of systemic inflammation (Ellulu et al., 

2017). In addition to TNF-α and IL-6, other pro-inflammatory cytokines reported to be elevated 

in obesity include pro-inflammatory IL-5, IL-12 and IFNγ (Schmidt et al., 2015). Importantly, 
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the chronic inflammation observed in obesity has been linked to the development of numerous 

chronic health conditions including T2D (Burhans et al., 2018; Esser et al., 2014; Zatterale et al., 

2020).   

1.7.2 Effects of inflammation on insulin resistance 

There has been a link between low-grade chronic inflammation and an increased risk of 

developing cardiometabolic diseases, such as insulin resistance (de Rooij et al., 2009). Within 

the liver, TNF-α and IL-6 are able to phosphorylate the serine site of IRS-1, rendering it 

incapable of downstream signaling and leading to insulin resistance (Fasshauer & Paschke, 2003; 

Senn et al., 2002). Moreover, activation of hepatic Akt was found to be inhibited by increased 

IL-6 concentrations (Senn et al., 2002). These impedances would impair the suppression of 

glycogenolysis and gluconeogenesis via downstream enzymes such as PEPCK, G6Pase and 

GCK enzymes (Meshkani & Adeli, 2009; M. C. Petersen et al., 2017). In skeletal muscle, 

increased TNF-α concentrations have been linked to insulin resistance via an inhibition of IRS-1 

(Akash et al., 2018). The interruption in this pathway would stop the translocation of GLUT4 to 

the plasma membrane, reducing the capability of skeletal muscle to take in glucose (de Alvaro et 

al., 2004; Fasshauer & Paschke, 2003). A study by Kim et al. (2013) found that increased IL-6 

concentrations contributed to insulin resistance in skeletal muscle via increased toll-like receptor 

4 (TLR-4), which will trigger a larger inflammatory response further inhibiting IRS-1 on serine 

residues (Kim & Sears, 2010). IL-6 also increases skeletal muscle lipolysis and fatty acid 

oxidation (Pedersen, 2017; van Hall et al., 2003; Wolsk et al., 2010), which is important acutely 

to increase fat utilization for energy production, but can further enhance IR development if IL-6 

is chronically elevated, as it will result in dysregulation of fatty acid oxidation and accumulation 

of lipid intermediates (Pedersen, 2017; van Hall et al., 2003; Wolsk et al., 2010).  
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Importantly, as noted above, IL-6 can also act in an anti-inflammatory manner when 

released from skeletal muscle (typically in response to acute bouts of exercise). When IL-6 is 

elevated acutely for short periods of time it can increase insulin sensitivity by increasing AMPK 

activity in adipose tissue and skeletal muscle, subsequently enhancing insulin signal transduction 

and increasing glucose uptake (Pedersen, 2017). Furthermore, IL-6 has also been shown to 

stimulate β-cell proliferation, increasing the number of insulin releasing cells and effectively 

counteracting the effects of apoptosis on β-cell dysfunction (Pedersen, 2017). Thus, IL-6 acts in 

both a positive and negative manner when it comes to insulin resistance depending on its site of 

secretion and whether it is elevated acutely or chronically elevated. 

1.7.3 Effects of acute exercise on inflammation 

In terms of exercise, particular cytokines have been found to increase in response to acute 

exercise to induce specific physiological responses (Rehman & Akash, 2016; Zhang & An, 

2007).  For example, even though the release of IL-6 increases neutrophil recruitment and causes 

inflammation, it also helps the individual to better utilize specific substrates such as FFA 

(Rehman & Akash, 2016; Zhang & An, 2007). IL-6 is one if the first cytokines to be released 

from contracting skeletal muscle during an acute exercise bout and levels increase exponentially 

depending on exercise intensity and duration with the latter being the most important factor 

affecting the magnitude of its release (Pedersen, 2017; Pedersen & Febbraio, 2008). IL-6 acts in 

an autocrine fashion to increase fat oxidation and glucose uptake within skeletal muscle but will 

also act on the liver to increase gluconeogenesis and on adipose tissue to increase lipolysis 

(Pedersen & Febbraio, 2008). As previously mentioned, the acute increase in IL-6 following 

exercise will be beneficial for substrate utilization, increasing insulin sensitivity at the muscle 

and increasing lipolysis within adipose tissue (Pedersen & Febbraio, 2008). Following an acute 
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bout of exercise, IL-6 levels return to baseline approximately 48 hours after the stimulus is 

removed (Niemelä et al., 2016).  

The release of IL-6 during an acute bout of exercise triggers the release of IL-1ra and IL-

10 systemically which have anti-inflammatory actions (Pedersen & Febbraio, 2008). IL-1ra is an 

antagonist molecule that competitively inhibits IL-1α and IL-1β from acting in a pro 

inflammatory pathway (Pedersen & Febbraio, 2008). This differs from IL-10 that is involved in 

regulating cytokine activity by promotion the degradation of cytokine mRNA in addition to 

inhibiting IL-8 in neutrophils (Bogdan et al., 1992; Wang et al., 1994). A study by Dorneles et al. 

(2016) found that levels of IL-8 were found to be lower following a bout of high intensity 

interval exercise and as this molecule is responsible for immune cell recruitment, this would 

trigger an anti-inflammatory effect. Similarly, with macrophage inflammatory protein 1 beta 

(MIP-1), exercise has been found to decrease its activity, effectively lowering the inflammatory 

response post exercise (Dorneles et al., 2016). TNF-α has also been shown to increase following 

an acute bout of exercise (Rahman et al., 2010) but has also been shown to decrease following a 

training regimen over a longer period of time (Jiménez-Maldonado et al., 2019). In addition, 

there appears to be an interaction between IL-6 and TNF-α indicating that IL-6 exerts an anti-

inflammatory response by inhibiting further TNF-α secretion following acute exercise (Petersen 

& Pedersen, 2005). Overall, acute exercise bouts trigger the release of anti-inflammatory 

cytokines, which will aid in lowering basal levels of pro-inflammatory cytokines and reduce the 

chance of chronic systemic low-grade inflammation [see ‘section 1.8.2.2 - effects of exercise 

training on inflammation’, (Pedersen & Febbraio, 2008)]. 
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1.7.4 Sex differences in inflammation 

Biological sex has been found to impact various aspects of the inflammatory response. 

Whether inflammatory status inherently differs between healthy males and females is not well 

studied; however, several trials have reported sex-based differences in inflammatory markers. In 

a trial of 104 participants, levels of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) were 

higher in males compared with females (Bernardi et al., 2020; Ershler & Keller, 2000), which 

may be due to a protective effect of estrogen (Ershler & Keller, 2000). However, another trial 

found no difference in IL-6 concentration between males and females but did report that TNF-α 

was higher in males (Cartier et al., 2009). Interestingly, CRP is frequently reported to be higher 

in females than males (Cartier et al., 2009; Khera et al., 2005; Lakoski et al., 2006; Wener et al., 

2000). Additionally, in overweight/obese individuals with metabolic syndrome, males had higher 

IL-6 and leptin, whereas females had lower adiponectin (ter Horst et al., 2020). Together these 

findings suggest that sex influences pro- and anti-inflammatory status and warrants further 

investigation given the role of inflammation in the development of T2D. 

Sex differences in inflammation can potentially be mediated by sex hormones. 

Androgens have been found to have mainly anti-inflammatory properties whereas estrogens have 

been found to be either pro- or anti-inflammatory depending on the estrogen receptor (ER) 

isoform as well as the type of immune response (Gilliver, 2010; Straub, 2007). Testosterone 

specifically has been found to decrease levels of cytokines, specifically TNF-α and IL-6, which 

in turn decreases the chance that tissues become insulin resistance (Ottarsdottir et al., 2018). 

Another study by Liva & Voskuhl found that testosterone was able to increase the production of 

IL-10, further promoting an anti-inflammatory environment (Liva & Voskuhl, 2001). Estrogens 

have been found to activate various cells related to the inflammation pathway, including 
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macrophage and monocytes (De Paoli et al., 2021), while also directly inhibiting the expression 

of pro-inflammatory cytokines, TNF-α and IL-6 (Straub, 2007). This coincides with the 

upregulation of cytokines that are anti-inflammatory, specifically IL-10 and IL-4 (Straub, 2007). 

A study by Pratap et al. found that estrogens are able to upregulate inflammatory signaling 

through nitric oxide (NO) and nuclear factor κB (NF-κB) pathways via Akt (Pratap et al., 2015). 

Adiposity levels are well known to be different between males and females in addition to 

the knowledge that adipocytes are involved in the systemic inflammation response (Bloor & 

Symonds, 2014). Females store the majority of their adipose tissue in the lower trunk of the body 

as subcutaneous and white adipose tissue [AT (Bloor & Symonds, 2014)]. Males store most of 

their fat in the upper trunk of the body as subcutaneous and visceral white AT (Bloor & 

Symonds, 2014). This poses an issue as visceral white AT has been shown to be more 

metabolically active in the inflammatory response compared to subcutaneous white AT (Ellulu et 

al., 2017). A study by ter Horst et al. (2020) found that in males, adipose tissue inflammation 

was positively correlated with systemic IL-6 and leptin levels, both pro-inflammatory markers. 

This differs from females, which have a negative correlation between inflammation and 

adiponectin, an anti-inflammatory marker (ter Horst et al., 2020). This demonstrates the whole-

body metabolic differences between males and females with respect to inflammation. (ter Horst 

et al., 2020).  

1.8 Effects of exercise training  

1.8.1 Exercise and risk of T2D 

The importance of regular physical activity has become increasingly more evident as it 

has been shown to decrease the risk of various chronic conditions, specifically the development 

of T2D (Colberg et al., 2010). The American Diabetes Association released statements regarding 
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the impacts of exercise on T2D which include research supporting that 2.5 hours of moderate to 

vigorous physical activity a week is recommended for high risk adults to prevent the 

development of T2D (Colberg et al., 2010). In addition to this statement, they have determine 

other effects such as acute effects of an increase in glucose uptake into skeletal muscle and acute 

improvements in the effectiveness of insulin from 2 to 72 hours following an acute training bout 

(Colberg et al., 2010). With respect to chronic effects, it has been reported that both aerobic and 

resistance exercise improve insulin action and blood glucose regulation and that resistance 

exercise can enhance skeletal muscle mass (Colberg et al., 2010). The increase in skeletal muscle 

content following resistance training effectively increases the storage capacity for glucose. This 

in conjunction with the increase in insulin action would permit an individual to better regulate 

blood glucose levels and prevent any pathological deterioration that could lead to T2D. Overall, 

the data from many randomized controlled trials supports the conclusion that the main 

mechanism by which exercise is able to improve the risk of T2D is through improvements of 

glycemic control and insulin sensitivity.  

1.8.2 Aerobic training 

1.8.2.1 Effects on insulin sensitivity and glucose control in liver and skeletal muscle 

Numerous trials have found that aerobic exercise training improves both hepatic and 

peripheral insulin sensitivity (Gregory et al., 2019; van der Heijden et al., 2009; Winnick, 

Sherman, et al., 2008). Specifically, aerobic training for at least 6 weeks with at least three 30-

minute sessions per week has been found to improve glucose handling and decrease insulin 

resistance, determined by improvements in HOMA-IR and blood glucose levels (Damirchi et al., 

2014; Prior et al., 2014; Trachta et al., 2014). Furthermore, a meta-analysis performed by Way et 

al. (2016) found that regular aerobic exercise consisting of at least 3 x 60-minute sessions a week 



26 

 

at moderate-to-vigorous intensity (55 – 70% V̇O2peak) for at least 8 weeks has positive effects on 

insulin sensitivity beyond 72 hours post-exercise in adults with T2D. When looking at glycemic 

control, one must consider the impact of how exercise affects both hepatic and peripheral insulin 

sensitivity.  

The liver is capable of contributing to insulin resistance through the inability to suppress 

endogenous glucose production and studies have examined how exercise impacts this process. A 

study done by van der Heijden et al. (2009) put sedentary adolescents through an aerobic training 

protocol for 12 weeks consisting of 4 x 30 minutes a week at ≥70% of  V̇O2peak. The trial found 

significant decreases in Hepatic Insulin Sensitivity Index (HISI) for both lean and obese 

participants following the training intervention (van der Heijden et al., 2009). Shojaee-Moradie 

et al. (2007) found that 6 weeks of aerobic exercise consisting of 3 x 20-minute sessions at 60-

80% ofV̇O2max improved the ability of insulin to suppress endogenous glucose production; 

however, did not affect fasting glucose or insulin. It has also been found that aerobic training 

induces AMPK activity via an increase in TLR-4 expression in mice, triggering an improvement 

in hepatic insulin sensitivity (M. Wang et al., 2018). The main signaling molecules that are 

upregulated within the liver include IRS-1 via tyrosine phosphorylation and Akt, two critical 

molecules that can be affected by other factors like inflammation (da Cruz Rodrigues et al., 

2021). These findings show that aerobic training improves the ability for insulin to transduce its 

signal within hepatocytes, allowing for better control over endogenous glucose production.  

Aerobic exercise training has also been found to improve peripheral insulin sensitivity 

and/or indices of insulin resistance/sensitivity such as HOMA-IR, QUICKI, Matsuda index, etc. 

A study by Motahari-Tabari (2015) looked at the effects of 8 weeks of aerobic exercise on 

insulin resistance in women with T2D. The exercise group performed 3 x 30 minutes of walking 
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at 60% of HRmax a week and saw significant decreases in plasma glucose, insulin levels and 

HOMA-IR values (Motahari-Tabari et al., 2015). Moreover, 6 months of aerobic training (3 

sessions/week, starting at 15 min/session at 60% HRmax and progressing to 45 min/session at 

75% HRmax) has been found to improve HbA1C levels (-0.51% vs. control), which is indicative 

of improvements in overall glycemic control and subsequently T2D management/prevention 

(Sigal et al., 2007). Furthermore, a meta-analysis looking at the impacts of aerobic, resistance or 

combined training on the impacts of reducing cardiovascular risks in adults with metabolic 

syndrome found that aerobic training of at least 3 x 30 minute sessions at 60-80% HRmax for 12 

weeks significantly decreased fasting insulin levels (Wewege et al., 2018).  

The effects of aerobic training on peripheral insulin sensitivity are mediated by effects on 

insulin signaling within skeletal muscle. Acute bouts of aerobic exercise have been found to 

influence the insulin signaling cascade in various ways including through the upregulation 

GLUT4 translocation to the cell membrane, increased angiogenesis in skeletal muscle to improve 

glucose uptake and increased IRS-1 phosphorylation to improve the insulin signaling cascade 

(Yaribeygi et al., 2019). However, exercise training can further enhance these adaptations. A 

study by Hood et al. (2011) found an increase in GLUT4 protein content and insulin sensitivity 

following 3 x 20 minute sessions (10 x 1 minute intervals at 60% peak power with 1 minute of 

rest) for 2 weeks in older adults. Furthermore, Gillen et al. (2014) found that GLUT4 protein 

concentration increased following 6 weeks of sprint interval training (SIT) protocol with 3 x 10 

minute sessions (3 x 10 sec all out sprints with 2 minute low intensity periods in between) in 

overweight or obese individuals. A much longer study was done in middle age and older adults 

by Ryan et al. (2021) where they did aerobic exercise once a week for 30-50 minutes at an 

intensity of 50-80% HRreserve for a 6 month period. Following training there was an increase  in 
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the ratio of phosphorylated/total protein for Akt, IRS-1 and insulin receptor expression (Ryan et 

al., 2021).  These findings suggest that aerobic training improves insulin sensitivity through 

increased activation of key insulin signaling molecules. A meta analysis done by Richter et al. 

(Richter et al., 2021) suggests a variety of mechansism for the impact of exercise training on 

insulin action including increased expression of GLUT4 and protein hexokinase II, increased 

mitochondria function and volume, and increased activity of TBC1D4 through site specific 

phosphorylation (S704). Cumulatively, these studies demonstrate that aerobic training of at least 

3 x 30 minute sessions a week for 6 weeks at an intensity of 60% V̇O2max is required to improve 

peripheral insulin sensitivity and improvements are mediated through adaptations in the insulin 

signaling cascade.  

1.8.2.2 Effects on inflammation 

Throughout the literature there are some discrepancies regarding the impact of aerobic 

training on inflammation with some studies reporting significant improvements (El-Kader & Al-

Shreef, 2018; Ordonez et al., 2014; Samjoo et al., 2013) while others have not found any 

improvement (Devries et al., 2008; Donges et al., 2010). However, overall several meta-analyses 

have reported that aerobic training improves inflammatory status in various populations (García-

Hermoso et al., 2023; Hayashino et al., 2014; Xing et al., 2022; Zheng et al., 2019). A meta-

analysis by Hayashino et al. found that aerobic exercise 3-4 times a week, for a total of at least 

120 minutes, for 3 months improves inflammation in patients with T2D, specifically by reducing 

IL-6 and CRP levels (Hayashino et al., 2014). Elevated levels of CRP have been associated with 

increased insulin resistance and is correlated with the development of T2D (Gelaye et al., 2010; 

Tabák et al., 2010). Furthermore, a 2019 meta-analysis determine that > 12 weeks of aerobic 

training, 3 x 20–60-minute sessions at 55-70% of HRmax tends to decrease resting concentrations 
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of CRP, TNF, and IL-6 levels (Zheng et al., 2019). An additional meta-analysis from Xing et 

al. (2022) found that aerobic exercise of at least 3 x 30 minute/sessions/week for 12 weeks at of 

any intensity was sufficient to decrease levels of IL-6, CRP and TNF-. García-Hermoso (2023) 

conducted a meta-analysis and found a significant association between changes in TNF- and 

HbA1C, indicating the direct connection between how improvements in inflammation can affect 

glycemic control. This was found with aerobic protocols that included moderate intensity 

continuous training (MICT) and high intensity interval training (HIIT) at a moderate-vigorous 

intensity for at least 3 x 60 minute sessions a week for 24 weeks (García-Hermoso et al., 2023). 

A study done by El-Kader & Al-Shreef (2018) consisted of 3 sessions a week of training for 6 

months with an aerobic group performing 40 minutes a session at 60-80% HRmax. Following 

training there was a decrease in TNF-α and IL-6 concentrations in the aerobic group (-32.7% and 

-31.8% change respectively) (El-Kader & Al-Shreef, 2018). There is clear evidence showing an 

influence of aerobic exercise on improving inflammatory markers; however, it seems that in 

order for aerobic exercise to decrease inflammation, longer sessions are required (≥ 40 minutes).   

In addition, the effect of aerobic training on inflammatory markers must consider sex as a 

factor. A study by Samjoo et al. (2013) found a trend for IL-6 to decrease 21%, despite being 

non-significant, following a 12-week, incremental aerobic training protocol terminating with 3 x 

60 minute biking sessions at 70% V̇O2peak by the final week of training in sedentary obese males.  

These findings differed from a study by Devries et al. (2008) which did not find any decrease in 

inflammatory markers such as IL-6 in an obese female population following a very similar 

protocol. Despite being a similar protocol, there were differences in training volume as 

participants in the Samjoo et al. trial began with double the time of aerobic exercise to those in 

the Devries et al. study. In addition, by week 12, participants in the Samjoo et al. trial were 
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training at a higher intensity at 70% of V̇O2peak compared to 65% of  V̇O2peak in the Devries at al. 

This difference in training volume could have been the variable that triggered the differential 

response instead of the sex based differences. A meta-analysis performed by Del Rosso et al. 

(Del Rosso et al., 2023) looked at the influence of various exercise modalities on cytokines in 

individuals with overweight/obesity. With respect to aerobic exercise, the paper found that MICT 

at an intensity of at least 60% V̇O2peak, for an average of 3.5 days a week for at least 8 weeks 

influenced changes in cytokines in a sex dependent manner as CRP, Il-6 and TNF- decreased in 

males, but did not change in females (Del Rosso et al., 2023). Regardless of the influence of sex, 

the decrease in IL-6 concentration following a training regimen has been correlated with 

decreased risk for chronic low-grade inflammation and subsequently metabolic disease (Pedersen 

& Febbraio, 2008). The influence of sex on the impact of aerobic exercise on inflammation 

requires further investigation in order to make concrete conclusions regarding the presence of 

sex-based differences and the required volume to elicit these differences. Together, the findings 

of these studies indicate that training at least 3 times per week at a moderate-to-vigorous 

intensity for at least 120 minutes per week for at least a 12 week period can improve 

inflammatory status.  

1.8.3 Resistance training 

1.8.3.1 Effects on insulin sensitivity and glucose control in liver and skeletal muscle 

Resistance training has been shown to have similar effects on insulin sensitivity as 

aerobic training (Gordon et al., 2009). A meta-analysis from Mann et al. (2014) found that any 

type of resistance training above 50% of 1RM, at least 3 sessions a week for a minimum of 6 

weeks improved insulin sensitivity with greater increases seen with greater training volumes. 

These adaptations were also predominantly seen in the muscles trained, indicating the need for 
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whole body resistance training (2014) Another meta-analysis by Pan et al. (Pan et al., 2018) 

found that resistance training of at 40-60% of 1RM for 3 sessions a week over at least 2 months 

is effective in lowering HbA1C values in individuals with T2D.  Looking at a randomized 

controlled trial  consisting of 16 weeks of progressive resistance training, 3 sessions a week, with 

60-80% of their 1RM showed improvements in HbA1C values in older adults with T2D 

(Castaneda et al., 2002).  

In the liver, a 12 week resistance training program that involved 2 x 1 hour sessions a 

week of whole body training at 50% of 3RM progressing to 80% 3RM was found to increase 

hepatic insulin sensitivity using the HISI along with a reduction in glycogenolysis following the 

intervention (van der Heijden et al., 2009). A study by Pereira et al. (2019) found that in rat 

models, even a short-term training protocol of 15 sessions improved hepatic insulin sensitivity, 

causing a decrease in hepatic glucose production and reducing liver inflammation through 

increased Akt phosphorylation and decreased TNF-α activity respectively. Similar to aerobic 

training, resistance training improves the liver’s ability to respond to insulin and suppress 

endogenous glucose production (Pereira et al., 2019).  

With respect to peripheral insulin sensitivity, resistance training also has the ability to 

improve the insulin response following training. A trial assessing the impact of resistance 

training in overweight, adolescents found an increase in peripheral insulin sensitivity through a 

frequenetly sampled intravenous glucose tolerance test post training (Shaibi et al., 2006). 

Following a 16-week resistance training program that involved 2 sessions a week progressing 

from 75% to 95% of baseline 1RM, the researchers found a 45% increase in insulin sensitivity in 

the resistance training group compared to 1% decrease in the control group (Shaibi et al., 2006). 

Another trial by Ibañez et al. (2005) found that a 16 week, progressive resistance training 
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program was effective in improving insulin sensitivity through the use of a frequent samples 

glucose tolerance test. This was done in older men with T2D and they performed whole body 

resistance training twice a week working between 50-80% of their 1RM (Ibañez et al., 2005). A 

meta analysis by Consitt et al. (Consitt et al., 2019) found that approximately 3 months of 

resistance training that targets major upper body and lower body muscle groups is effective as 

improving TBC1D4 activity through increased phosphorylated protein content relative to total 

protein content. In addition, a Overall, resistance training of at least 6 weeks at an intensity 

greater than 50% of 1RM targeting the whole body improves insulin sensitivity with a potential 

mechanism being through improved activity within the insulin signaling pathway as seen in an 

acute bout of resistance training.   

1.8.3.2 Effects on inflammation 

Resistance training has been reported to reduce chronic inflammation (de Salles et al., 

2010). A systematic review that examined how resistance training affected TNF-α and CRP 

levels reported that the majority of papers found that CRP, but not TNF-α, decreased with 

resistance training, with a greater response when protocols were > 16 weeks and/or involved 

training intensities > 80% 1RM (de Salles et al., 2010). In addition, CRP decreased to a greater 

extent following resistance training in females compared to males (de Salles et al., 2010), which 

may be particularly beneficial given that numerous studies have reported that CRP is higher in 

females than males (Cartier et al., 2009; Khera et al., 2005; Lakoski et al., 2006; Wener et al., 

2000). A meta-analysis done by Khalafi et al. (2023) found that resistance training targeting 

major muscle groups, for 3 sets of 10-12 reps for a duration of 8 weeks can be effective in 

decreasing levels of CRP.  Another study by Forti et al. (2017) found that resistance training 

decreased concentrations of IL-6 in young adults. The study protocol consisted of 3 sessions a 
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week for 9 weeks of bilateral leg extension with a traditional high load protocol (one set of 10-12 

reps at 80% of 1RM) and low-load protocol until maximal effort was reached (pre-fatiguing 

protocol of 60 reps at 20-25% of 1RM following by one set of 10-12 reps at 40% of 1RM).  A 

study by Donges et al. (2010) looked at the effects of 10 weeks of resistance training and saw a 

decrease in CRP concentrations following the full body resistance intervention, once a week at 

70% of 10RM (Donges et al., 2010). An additional meta-analysis done in older adults found a 

significant decrease in the CRP levels, but only a tendency for IL-6 levels to decrease following 

resistance training (Sardeli et al., 2018). This meta-analysis included studies that involved 

resistance training consisting of 5-8 whole body exercises at a moderate intensity, 3 sessions a 

week for > 8 weeks (Sardeli et al., 2018). Another study done by Santiago et al. (2018), involved 

an 8-week intervention with 3 sessions a week where 8 exercises targeting the entire body were 

done for 1 set within the maximum repetition zone of 8-12 reps and weight was increased if 

participants exceed this rep range. They reported a significant decrease in both IL-6 and TNF-α 

following training, indicating the effectiveness of resistance training on cytokine concentrations. 

Overall, it appears that resistance training that is slightly longer, at least 8 weeks in duration and 

targets major muscle groups has the ability to decrease concentrations of pro-inflammatory 

cytokines. 

1.8.4 Mixed training as an ideal intervention 

When comparing the effects of aerobic and resistance training, there are conflicting results in 

the literature. Certain studies found that aerobic training was more effective at improving glucose 

handling measures including HbA1C and HOMA-IR (Lee et al., 2013; Motahari-Tabari et al., 

2014). However, this finding differs from other studies that found that resistance training was 

more effective at improving these measures (Bweir et al., 2009; Eves & Plotnikoff, 2006). The 
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aforementioned meta-analysis by Pan et al. (2018) investigated the effects of aerobic, resistance 

or a combined intervention on the effects of HbA1C levels of individuals with T2D. It was 

determined that compared to aerobic and resistance training alone, the combined protocols were 

able to elicit a 0.17% and 0.23%, respectively, greater decrease in HbA1C values.  A study done 

by Church et al. (2010) compared the effects of 9 months of aerobic, resistance and a mixed 

mode intervention on HbA1C levels. The aerobic group trained between 50-80% of their V̇O2max 

to expend 12 kcal/kg a week and the resistance group performed 3 sessions a week of 2 x 10-12 

reps of 4 upper body, 3 x 10-12 reps of 3 lower body exercises and 2 x 10-12 reps of abdominal 

exercises. The combined exercise group trained at the same intensity for aerobic exercise to 

achieve a 10 kcal/kg a week energy expenditure and performed 2 resistance sessions a week of 1 

x 10-12 reps of the 9 exercises indicated above. The study found a 0.34% decrease in the 

absolute levels of HbA1C in the combined group, with no change in either the aerobic or 

resistance groups alone. One limitation of this study is they did not control for volume of 

exercise. One limitation of this study is that they did not report the volume of exercise completed 

by each group in common units making it difficult to determine if any training-induced 

differences were due to differences in training volume between the groups. For the aerobic 

training group exercise volume was reported as MET min/week whereas the resistance training 

volume was reported as weight lifted per week. In order to attempt to compare the volume 

between the mixed group and the aerobic and resistance trained group I calculated the relative 

volume of the mixed group to each individual group.  By the final month, the combined group 

had expended less energy during exercise compared to the aerobic group (84.2% of what aerobic 

group expended) and lifted less weight than the resistance group (28.9% of what resistance group 

lifted). Since the volume for each modality is different, it is difficult to make concrete 
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conclusions, however, it does appear that the combined group performed a greater volume of 

training which could explain the difference in responses to the improvement in HbA1C. Studies 

would require a more accurate approximation of volume to ensure all groups are performing a 

similar volume of training.   

Since both aerobic and resistance exercise modes act on similar aspects of the insulin 

signaling pathway, a mixed mode training intervention would be appropriate for improving 

overall insulin sensitivity. To recall the Sigal et al. (2007) study, researchers found a statistically 

significant decrease HbA1C when comparing mixed mode training to resistance training and also 

saw a non-significant decrease in HbA1C when comparing the mixed mode training to aerobic 

training. The aerobic training consisted of 3 sessions/week, from 15-45 min/session at 60-75% 

HRmax and the resistance portion consisted of 3 sets, 8-12 reps each set, 7 exercises covering the 

full body performed with progressive overload being maintained throughout the 6 months (Sigal 

et al., 2007). Similar trends for a greater improvement in fat mass following mixed mode training 

compared with resistance training alone were found when comparing baseline to the 6 month 

time point. Conversely, the mixed mode exercise was more effective at increasing lean body 

mass when compared to the aerobic training group, indicating the importance for resistance 

training in the protocol due the health benefits of increasing lean body mass (Sigal et al., 2007). 

The differential responses in these measures could have been due to the extra exercise volume as 

the combined exercise group completed both the aerobic only and resistance only training 

programs, which makes it difficult to discern if these changes are due to exercise modality or 

volume (Sigal et al., 2007). The use of a mixed mode training ensures a compounding effect on 

the improvement of insulin sensitivity while providing other positive fitness outcomes such as 
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improved cardiovascular health for aerobic training and improved muscle mass and bone mineral 

density with resistance training (Hong & Kim, 2018; Nystoriak & Bhatnagar, 2018).  

Regardless of mode of exercise, it has been found that regular exercise has an anti-

inflammatory effect by reducing inflammatory markers that contribute to a pro-inflammatory 

environment (Pedersen, 2017).  With respect to inflammation, the previously mentioned meta-

analysis by Khalafi et al. (2023) found that protocols that included a combination of aerobic and 

resistance exercise were able to trigger a decrease in IL-6 and CRP levels following the 

intervention. In addition, the decrease in IL-6 was not seen in either the aerobic or resistance 

only protocols; this decrease was only found in the mixed mode interventions. The meta-analysis 

done by Xing et al. (2022) found that combined exercise programs were more effective in 

reducing IL-6 concentrations compared to interventions with only aerobic exercise and no 

statistical difference between the combined and resistance only protocols. The meta analysis by 

Del Rosso el at. (2023) found that combined exercise protocols of aerobic and resistance training 

was more effective in reducing CRP compared to only aerobic training while seeing no 

difference between the mixed modes and resistance training only. A study done by Magalhães et 

al. (2020) compared mixed mode interventions of HIIT or MICT with resistance training and 

found a significant decrease in IL-6 concentrations after 1 year of training, regardless of the type 

of aerobic exercise employed (Table 1.2). While IL-6 was found to decrease, there were no 

statistically significant changes in CRP or TNF-. As aerobic and resistance training have been 

found to affect slightly different markers of inflammation, it is to the benefit of the participant to 

be performing a mixed mode training regimen to gain optimal effects on reducing low grade 

inflammation and subsequently improving insulin sensitivity. 
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Table 1.2: Summary of exercise intervention studies 

Study 

 

Type  Intervention Details 

 

Outcomes 

 

Glycemic control and insulin sensitivity 

 
Castaneda et al., 2002 R Older adults with T2D 

 

F: 3x/week 

I: 60-80% of their 1RM 

T: 50 min/session for 4 months 

T: 5 exercises, whole body resistance 

training  

↓ HbA1C 

Church et al., 2010 AE, R, 

AE+R 

Sedentary adults with T2D 

 

AE: 

F: N/A  

I: 50-80% of V̇O2max (Target was 12 

kcal/kg) 

T: 9 months 

T: Treadmill 

 

R:  

F: 3x/week 

I: 10-12 reps for each exercise  

T: 9 months 

T: 2-3 exercise of upper body, lower body 

and abdominal exercises, whole body 

resistance training 

 

AE+R: 

AE: Target was 10 kcal/kg a week. 

R: 2x/week performing 1 x 10-12 reps of the 

9 exercise listed in the resistance section  

 

AE+R: 

↓ HbA1C levels compared 

to either aerobic or 

resistance groups 

Damirchi et al., 2014 AE Middle aged men with metabolic syndrome 

 

F: 3x/week 

I: 50-60% of V̇O2peak 

T: 25-40 min/session for 6 weeks 

T: Treadmill 

↓ HOMA-IR 

↓ Fasting blood glucose 

Hood et al. 2011 AE  Sedentary older adults 

 

F: 3x/week 

I: 10 x 1 minute intervals at 60% peak 

power with 1 minute of rest 

T: 2 weeks 

T: Cycle ergometer 

↑ Insulin sensitivity 

(HOMA) 

Ibañez et al., 2005 R Older men with T2D 

 

F: 2x/week 

↑ Insulin sensitivity 

during a frequently 

sampled intravenous 

glucose tolerance test 
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I: 50-80%, 3-5 sets for 10-15 reps from 

weeks 1-8 and then 5-6 reps for weeks 9-16 

as loads increased 

T: 45-60 min/session for 4 months  

T: Whole body resistance training 

Matos et al., 2014  AE Non-smoking, sedentary adults 

 

F: 1 session 

I: 60% V̇O2max 

T: 60 min 

T: Cycle ergometer 

↓ IRS-1 serine 

phosphorylation 

↑ GLUT4 translocation 

Motahari-Tabari, 2015  AE Females with T2D 

 

F: 3x/week 

I: 60% of HRmax 

T: 30 min/session for 2 months 

T: Walking 

↓ Plasma glucose 

↓ Insulin  

↓ HOMA-IR 

Pereira et al., 2019  R Obese male mice 

 

F: 5 sessions/week 

I: 70% of maximal voluntary carrying 

capacity (MVCC) 

T: 15 sessions over 3 weeks 

T: Climbing series 

↑ HISI 

↓ Hepatic insulin 

production 

↑Akt phosphorylation 

↓ TNF-α activity 

Prior et al., 2014 AE Sedentary, overweight-obese, older men and 

women with IGT 

 

F: 3x/week 

I: 50-85% % HRreserve  

T: 15-45 min/session for 6 months 

T: Treadmill 

↓ HOMA-IR 

↓ Fasting blood glucose 

Ryan et al., 2021 AE Overweight/obese middle age and older 

adults  

 

F: 1x/week 

I: 50-85% % HRreserve 

T: 30-50 min/session for 6 months 

T: Treadmill 

↑ Phosphylated:total 

protein Akt, IRS-1ratio 

↑ Insulin receptor conten 

Shaibi et al., 2006 R Obese male adolescents  

 

F: 2x/week 

I: 72-97% of baseline 1RM 

T: 60 min/session for 4 months 

T: Whole body resistance training  

↑ Insulin sensitivity 

during a frequently 

sampled intravenous 

glucose tolerance test 

Shojaee-Moradie et al., 

2009  

AE Overweight male adults 

 

F: 3x/week 

I: 60-80% of V̇O2max 

T: 20 min/session for 6 weeks 

T: N/A 

↑ Suppression of 

endogenous glucose 

production from insulin 

 

 fasting glucose/insulin 

Sigal et al., 2007  AE, R, 

AE+R 

Adults with T2D 

 

AE: 

F: 3x/week 

I: 60-75% % HRmax  

AE: 

↓ HbA1C 

 

AE+R: 
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T: 15-45 min/session for 6 months 

T: Treadmill or cycle ergometer 

 

R: 

F: 3x/week 

I: N/A 

T: 6 months 

T: 7 exercises, whole body resistance 

training. 2 → 3 sets of each exercise at max 

weight for 7-9 reps 

 

AE+R: 

Performed the full AE and R protocols 

↓ HbA1C (Greater 

decrease compared to R) 

↑ Lean body mass 

(Greater increase 

compared to AE) 

 

 

Sjøberg et al., 2017 R Health male adults 

 

F: 1 session 

I: 80% of peak work load with 3 x 5 minute 

intervals at 100% peak work load 

T: 60 min/session 

T: One-legged knee extensor  

↑ TBC1D4 serine 

phosphorylation 

↑ Glycogen synthase 

Trachta et al., 2014 AE Non-diabetic, obese females with arterial 

hypertension 

 

F: 3x/week 

I: N/A 

T: 3 months 

T: N/A 

↓ HOMA-IR 

↓ Fasting blood glucose 

Van der Heijden et al., 

2009  

AE Sedentary lean and obese adolescents  

 

F: 4x/week 

I: ≥70% of V̇O2peak 

T: 30 min/session for 3 months 

T: Treadmill 

↑ HISI  

Van der Heijden et al., 

2010 

R Obese adolescent males and females  

 

F: 2x/week 

I: 50-80% of 3RM 

T: 60 min/session for 3 months 

T: Whole body resistance training (Biceps, 

triceps, chest, hamstring, quadriceps) 

↑ HISI 

↓ Glycogenolysis 

Wang et al., 2018 AE Male mice with T2D 

 

F: 5x/week 

I: 15-27 m/min at 2% grade 

T: 60 min/session for 10 weeks 

T: Treadmill 

↑ TLR-4 expression 

 

Inflammation 
 

Devries at al., 2008 AE Sedentary lean and obese females 

 

F: 2-3x/week 

I: 50-65% V̇O2peak  

T: 15-60 min/session for 3 months 

T: Cycling 

 IL-6 
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Donges et al., 2010 AE, R Sedentary male and females adults  

 

AE: 

F: 1x/week 

I: N/A 

T: 10 weeks 

T: Cycle ergometer 

 

R: 

F: 1x/week 

I: 75% of 10RM 

T: 10 weeks 

T: Whole body resistance training 

AE 

 IL-6 or CRP 

 

R: 

↓CRP 

 IL-6 

El-Kader & Al-Shreef, 

2018 

AE, R Sedentary older adults 

 

AE: 

F: 3x/week 

I: 60-80% HRmax 

T: 40 min/session for 6 months 

T: Treadmill 

 

R: 

F: 3x/week 

I: 8-12 reps at 60-80% of 1RM 

T: 40 min/session for 6 months 

T: 8 exercises, whole body resistance 

training 

 

AE: 

↓ IL-6 

↓ TNF-α 

 

R: 

 IL-6 or TNF-α 

Forti et al., 2017 R Young healthy adults 

 

F: 3x/week 

I: High resistance protocol (one set of 10-12 

reps at 80% of 1RM) and a low-resistance 

protocol (pre-fatiguing protocol of 60 reps 

at 20-25% of 1RM → one set of 10-12 reps 

at 40% of 1RM) 

T: 9 weeks 

T: Leg extension 

↓ IL-6 

 

Magalhães et al., 2020 AE+R Adults with T2D 

 

HIIT+R: 

F: 3x/week 

I: 1 minute at 90% HRreserve interspersed 

with 1 minute at 40-60% HRreserve + 1 set of 

10-12 reps 

T: ~30 min* 

T: Cycle ergometer + 8 exercises, whole 

body resistance training 

 

MICT+R: 

F: 3x/week 

I: 40-60% HRreserve + 1 set of 10-12 reps 

T: ~45 min* 

T: Cycle ergometer + 8 exercises, whole 

body resistance training 

 

HIIT+R and MICT+R 

↓ IL-6 

 CRP or TNF- 
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*Aerobic training varied between 

participants at a target energy expenditure 

was provided for each participant 

Ordonez et al, 2013 AE Young health women with Down syndrome 

 

F: 3 sessions/week 

I: 55-65% % HRmax 

T: 30-40 min/session for 10 weeks 

T: Treadmill 

↓ IL-6 

↓ CRP 

↓ TNF-α 

 

Santiago et al., 2018 R Sedentary elderly females 

 

F: 3x/week 

I: 1 set, 8-12 reps at 60-80% of 1RM 

(Increased weights if rep range was 

exceeded)  

T: 2 months 

T: 8 exercises, whole body resistance 

training 

↓ IL-6 

↓ TNF-α 

 

Samjoo et al., 2013 AE Sedentary lean and obese males 

 

F: 2-3x/week 

I: 50-70% V̇O2peak  

T: 30-60 min/session for 3 months 

T: Cycling 

↓ IL-6 

 

This tables outlines various studies that performed exercise intervention and specifics the 

outcomes related to measures of insulin resistance, glycemic control and inflammation. AE - 

aerobic exercise, R - resistance exercise, ↑ - statistically significant increase, ↓ - statistically 

significant decrease,  - no change. 

 

1.9  Current literature on sex differences in insulin sensitivity and exercise 

Few studies have specifically looked at sex differences in insulin sensitivity after an exercise 

training protocol. When analyzing current literature, there seems to be a pattern that insulin 

sensitivity and glycemic control improves to a greater extent in males compared to females 

response to exercise training (Gillen et al., 2014; Metcalfe et al., 2012; Potteiger et al., 2003; 

Rytz et al., 2020; Søgaard et al., 2018). Gillen at al. found that after a SIT protocol over 6 weeks 

consisting of 3 x 10 minute sessions (3 x 10 sec all out sprints with 2 minute low intensity 

periods in between), there were similar magnitudes in the decrease of HOMA-IR and fasting 

blood insulin in males and females (Gillen et al., 2014). However, it was found that the average 

blood glucose concentration over a 24 hour period, an indicator of glycemic control, improved in 
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males following training but not females, which corresponded with a greater increase in GLUT4 

content in males when compared to females (Gillen et al., 2014). These findings indicate that 

males could have a greater improvement in insulin sensitivity compared to females when 

performing the same training. Similarly, Metcalfe found that the Cederholm index improved by 

28% in males but did not improve in females after 6 weeks of SIT (Metcalfe et al., 2012). 

However, in a subsequent study they did not find a difference between the sexes in response to 

training, but in this study where they reduced the work rate at which the participants trained at, 

they did not find that insulin sensitivity improved in either sex (Metcalfe et al., 2016). In 

response to a longer-term (16-months), moderate intensity aerobic training Potteiger et al. (2003) 

saw a consistent improvement in insulin sensitivity measures such as insulin area under the curve 

(AUC), fasting insulin and 2 h insulin and glucose in males only. Another study from Søgaard et 

al. (2018) found that a training protocol of 3 sessions/week for 6 weeks of HIIT training with 5 x 

1 minute intervals with 1.5 minutes of rest in between influenced insulin sensitivity and glycemic 

control measures. Both sexes were seen to improve in insulin sensitivity however, females saw a 

1% increase whereas males saw an 11% increase (Søgaard et al., 2018). In addition, HbA1C 

levels improved in males but not females (Søgaard et al., 2018). Furthermore, while not a direct 

comparison, Samjoo et al (2013) found improvements in insulin sensitivity in sedentary obese 

males, but Devries et al (2013) did not find improvements in insulin sensitivity in obese females 

in response to 12 weeks of moderate intensity continuous exercise. All of these studies only used 

aerobic exercise for their training protocol, and it would be intriguing to investigate the potential 

effects of resistance training alone or a mixed model training protocol on insulin resistance.  

One caveat to the aforementioned findings is that menstrual cycle was not controlled for. It is 

important that menstrual cycle is controlled for when examining the effects of training on insulin 



43 

 

sensitivity as insulin sensitivity changes across the menstrual cycle due to fluctuations in sex 

hormones. Specifically, elevated progesterone concentrations in the luteal phase of the menstrual 

cycle directly impacting insulin sensitivity, causing an increase in insulin resistance during this 

period of time. Previous trials comparing the effects of sex on insulin sensitivity and glycemic 

control following training have not controlled for the phase of the menstrual cycle the females 

were tested in, which may explain why no effect of training was found in females. Further work 

in this area is required to examine sex-based differences in the effects of training on insulin 

sensitivity, as well as examine mechanisms (i.e. inflammation) that could be mediating these 

differences, while controlling for the menstrual phase in which females are tested.  

Table 1.3: Summary of studies looking at sex based differences in insulin sensitivity following 

an exercise intervention 

Study 

 

Type  Intervention Details 

 

Outcomes 

Male Female 
Gillen et al., 2014 AE Overweight sedentary adults 

 

F: 3x/week 

I: 3 x 20 sec all-out springs at 

0.05kg/kg of BW 

T: 6 weeks 

T: Cycle ergometer  

↓ 24 hour blood 

glucose  

↓ 24 hour AUC blood 

glucose 

↑ GLUT4 protein 

content (greater post 

training compared to 

females) 

 24 hour blood 

glucose 

 24 hour AUC 

blood glucose 

↑ GLUT4 protein 

content 

Metcalfe et al., 

2012 

AE Health sedentary young adults 

 

F: 3x/week 

I: 2 x 10-20 sec all-out cycling 

sprints at 7.5% of BW in 

resistance 
T: 10 min/session for 6 weeks 

T: Cycle ergometer 

↑ Cederholm  Cederholm 

Metcalfe et al., 

2016 

AE Health sedentary young adults 

 

F: 3x/week 

I: 2 x 10-20 sec all-out cycling 

sprints at 5% of BW in 

resistance 
T: 10 min/session for 6 weeks 

T: Cycle ergometer 

 HOMA-IR 

 Cederholm 

 Fasting insulin 

and glucose 

 Insulin and 

glucose AUC 

 HOMA-IR 

 Cederholm 

 Fasting insulin 

and glucose 

 Insulin and 

glucose AUC 

Potteiger et al., 

2003 

AE Health sedentary young adults 

 

F: 3-5x/week 

↓ Insulin AUC (16 

month) 
 Insulin AUC (16 

month) 
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I: 60-75% HR reserve 

T: 20-45 min/session for 16 

months 

T: Treadmill 

↓ Fasting insulin (9 

and 16 month) 

↓ 2 h insulin and 

glucose (9 and 16 

month) 

 Fasting insulin (9 

and 16 month) 

 2 h insulin and 

glucose (9 and 16 

month) 

Rytz et al., 2020 AE Sedentary older adults with and 

without metabolic syndrome 

 

F: 3x/week 

I: 30-70% HR reserve 
T: 20-40 min/session for 6 

months 

T: Treadmill 

↓ HOMA-IR (w/ 

metabolic syndrome) 
 HOMA-IR(w/ 

metabolic syndrome) 

Søgaard et al., 

2017 

AE Sedentary older adults  

 

F: 3x/week 

I: 5 x 1 min intervals with 1.5 

min rest in between  
T: 6 weeks 

T: Cycle ergometer 

↑ Whole body insulin 

sensitivity (greater 

post training 

compared to females) 

↓ HbA1C (sex x 

training effect) 

↑ Whole body insulin 

sensitivity 

↑ HbA1C (sex x 

training effect) 

This table provides the details of studies that have included both sexes in their trial and separated 

the analysis in order to make sex based differences in response to exercise intervention with 

respect to insulin sensitivity. AE - aerobic exercise, R - resistance exercise, ↑ - statistically 

significant increase, ↓ - statistically significant decrease,  - no change. 
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Chapter 2: Rationale, Purpose, Objectives and Hypotheses 

2.0 Rationale 

Type 2 Diabetes (T2D) has become a large concern in Canada as the prevalence has 

exponentially increased over recent years with an estimation that there will be 5 million 

Canadians living with T2D by 2025 (Houlden, 2022). The hallmark feature of T2D is insulin 

resistance, which is defined as the inability of tissues to respond to insulin signaling to 1) 

promote glucose uptake and 2) suppress endogenous glucose release from the liver, thus 

resulting in hyperglycemia (Galicia-Garcia et al., 2020). Over time, sustained hyperglycemia can 

induce significant damage to blood vessels, nerves and organs increasing the risk of 

cardiovascular disease, stroke, amputation, blindness and kidney disease (Giri et al., 2018). One 

of the primary risk factors for T2D is overweight and obesity, which contributes to the 

development of insulin resistance (Al-Goblan et al., 2014; Kahn et al., 2006). In 2018, nearly 

27% of Canadians were considered obese and another 36% were considered overweight based on 

self-reported BW and height data (Statistics Canada, 2019), thus strategies to improve insulin 

sensitivity in overweight/obese individuals could have a crucial impact on reducing the risk of 

T2D in Canadians.  

Obese individuals have higher circulating levels of inflammatory markers contributing to 

a chronic state of low-grade inflammation (Zatterale et al., 2020). Increased adiposity results in 

an increased production and release of pro-inflammatory adipokines such as IL-6 and TNF-α. 

These cytokines impact the insulin signaling cascade within the liver by phosphorylating the 

serine site of IRS-1, contributing to the development of insulin resistance (Fasshauer & Paschke, 

2003; Senn et al., 2002). This is similarly seen with TNF-α in skeletal muscle (Akash et al., 

2018) and the interruption in this cascade reduces the translocation of GLUT4 to the cell 
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membrane, reducing the ability to take up glucose (de Alvaro et al., 2004; Fasshauer & Paschke, 

2003). IL-6 also contributes to the development of insulin resistance by increasing TLR-4 

concentration which further inhibits IRS-1 (Kim & Sears, 2010; Kim et al., 2013). Overall, the 

increased levels of pro-inflammatory cytokines found in obesity lead to a state of chronic 

inflammation and contributes to the development of IR.   

Exercise, whether aerobic or resistance, has been found to have positive effects on insulin 

sensitivity and is known to decrease the risk of developing T2D (Ley et al., 2016; Patel et al., 

2018). Aerobic exercise and resistance training have been shown to improve glycemic control 

and insulin sensitivity through improvements in HbA1C, HOMA-IR and glucose AUC during an 

OGTT (Baum et al., 2007; Castaneda et al., 2002; Winnick, Gaillard, et al., 2008). Furthermore, 

both aerobic and resistance exercise improve hepatic insulin sensitivity as evidenced by an 

improved ability to suppress endogenous glucose release (Pereira et al., 2019). While both RT 

and AT are known to improve insulin sensitivity, the combination of these modes of exercise 

may be more effective (Church et al., 2010).  A study done by Church et al. (2010) compared the 

effects of a 9-month aerobic, resistance and a mixed mode intervention on HbA1C levels. The 

study showed a -0.34% decrease in HbA1C levels for the mixed mode exercise protocol that was 

not seen in either the aerobic or resistance groups alone, however, the mixed mode group did a 

slightly higher volume of exercise than the aerobic and resistance only groups.  

Exercise has a variety of effects with respect to the inflammatory response whereby 

inflammation increases acutely following a bout of exercise to induce repair and adaptation but 

decreases following a period of training (Ploeger et al., 2009). Authors of a 2019 meta-analysis 

determined that > 12 weeks of aerobic training, 3 x 20–60-minute sessions at 55-70% of HRmax 

tends to decrease resting concentrations of CRP (SMD=0.53), TNF- (SMD=0.75), and IL-6 
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(SMD=0.75) levels (Zheng et al., 2019). A study by Forti et al. (2017) found resistance training 

is effective in decreasing levels of IL-6 in young adults. Another study done by Santiago et al. 

(2018), an 8-week intervention with 3 sessions a week where 8 exercises targeting the entire 

body were done found significant decreases in both IL-6 and TNF-α following training, 

indicating the effectiveness of resistance training on cytokine concentrations. In addition to 

seeing improvements with either aerobic or resistance only protocols, a meta-analysis from 

Khalafi et al. (2023) found that mixed mode training was able to elicit a decrease in IL-6 and 

CRP concentrations. Importantly, the decrease in IL-6 was only seen in the combined exercise 

programs and not in the aerobic or resistance only protocols. An important consideration here is 

that the mixed mode exercise programs appeared to have a slightly higher volume of exercise. As 

sucha more in depth analysis is required to determine if a combined exercise program is more 

effective at improving chronic inflammation compared to the use of either aerobic or resistance 

training alone.  

 Exercise is known to prevent the development of T2D in both males and females (Ley et 

al., 2016; Patel et al., 2018). However, the effects of exercise training on insulin sensitivity and 

glycemic control are blunted in females (Gillen et al., 2014; Metcalfe et al., 2012; Potteiger et al., 

2003; Rytz et al., 2020; Søgaard et al., 2018). Specifically, while HOMA-IR was reported to 

improve similarly in males and females in response to 6-weeks of HIIT, 24-h glycemic control 

only improved in males, which was accompanied by a greater increase in GLUT4 content (Gillen 

et al., 2014). Similarly, a study by Metcalfe et al. (2012) found that insulin sensitivity as 

determined with the Cederholm index improved in males, not females, following 6 weeks of SIT 

(3 x 10 min sessions/week, consisting of 2 x 10-20 sec all-out cycling sprints at 7.5% of BW in 

resistance) It is not just following interval training that blunted improvements in insulin 
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sensitivity are found. Potteiger el at. (2003) found that males showed improvements in insulin 

sensitivity following 16 months of supervised moderate intensity aerobic exercise (3-5 x 20-45 

min sessions/week at 60-75% HR reserve) whereas females showed no improvement. To the best 

of our knowledge no one has compared the effects of resistance training or mixed-mode training 

on insulin sensitivity between males and females and thus this requires further examination.  

If inflammation is involved in the development of insulin resistance in overweight/obese 

individuals, then perhaps sex-based differences in the effects of training on inflammatory 

markers may help explain differences in the effects of training on insulin sensitivity in males and 

females. Similar to insulin resistance and glycemic control, there have been sex-based 

differences in inflammation found in the literature. A study by Samjoo et al. (2013) found a trend 

for IL-6 to decrease (-21%) with a 12-week aerobic training protocol including 3 x 60 minute 

biking sessions from 50% V̇O2peakand increasing to 70% V̇O2peak  by the final week of training in 

obese males.  While not a direct comparison, these findings differed from a study by Devries et 

al. (2008) which did not find any decrease in inflammatory markers such as IL-6 (-0.30 pg/mL) 

in an obese female population (n= 24, p=0.11) following a very similar protocol. The exercise 

protocol in the Samjoo et al. paper was slightly higher in volume and intensity compared to that 

of Devries et al., which could have contributed to the differential results. On the other hand, a 

systematic review by de Salles et al. (2010) saw a greater decrease in CRP levels in females 

when compared to males following resistance training. Research such as these studies suggest 

that the effects of training may differ between the sexes and between exercise modes and thus 

highlights the importance of including both males and females when conducting trials 

investigating the effects of exercise interventions on insulin sensitivity and inflammation. 
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2.1 Purpose  

To determine if sex influences the effects of a mixed mode exercise training regimen on insulin 

sensitivity and inflammation in overweight/obese males and females 

2.2 Objectives  

To compare the effects of mixed mode exercise training between overweight/obese males and 

females on: 

1) Insulin sensitivity and glycemic control  

2) Pancreatic β-cell function  

3) Pro- and anti-inflammatory cytokines 

 

2.3 Hypotheses  

1) Females will be more insulin sensitive and have lower levels of inflammation compared 

to males prior to training 

2) Insulin sensitivity and glycemic control during an OGTT will improve following training 

in both sexes, but to a greater extent in males 

3) β-Cell function will improve following training in both sexes, but to a greater extent in 

males 

4) Training will decrease pro-inflammatory and increase anti-inflammatory cytokines in 

both sexes, but to a greater extent in males  
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Chapter 3: Methods 

3.1 Participants 

A total of 27 participants between the ages of 18-45 were recruited (12 males and 15 

females). These individuals had a BMI >25 kg/m2 and were sedentary (exercised less than once a 

week). Participants were excluded due to the presence of the following: the loss of significant 

weight 3 months prior to the start of the study (classified as >10% of total BW), cardiovascular 

disease (hypertension that required >2 medications and/or a recent myocardial infarction less 

than 6 months), uncontrolled hypertension (>140/90 mmHg), congestive heart failure that 

required >1 medication for angina, arrhythmia or general control, T2D, history of a stroke with 

residual hemiparesis, presence of renal disorder with a creatinine >140, GI disorders (ex. Crohns, 

Colitis), individuals who had bariatric surgery, liver disorders (ex. previous liver transplant, 

diagnosed non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH) or 

cirrhosis), muscular dystrophy, severe osteoarthritis or osteoporosis, severe peripheral 

neuropathy, orthopedic problems, respiratory conditions (ex. Chronic obstructive pulmonary 

disease with forced vital capacity (FVC) or forced expiratory volume in one second (FEV1) 

<70% of predicted mean value for their age), asthma that required >2 medications. Females were 

excluded if they had a dysregulated menstrual cycle, amenorrhea, were menopausal or peri-

menopausal, pregnant or seeking to become pregnant or were nursing. Participants were also 

excluded for the use of anti-inflammatory medications, insulin administration, >1 medication for 

lowering glucose, anti-coagulants, platelet inhibitors, simvastatin (zocor), weight loss medication 

(Contrave, Orlistat, Saxenda), all beta-blockers or any medication that had been recorded to 

affect protein metabolism (ex. corticosteroids). Individuals who had undertaken a barium 

infusion or any infusion consisting of a contrast agent <3 weeks previously or those with an 
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implantable electronic device were excluded. The Get Active Questionnaire (GAQ) was used to 

exclude participants unable to participate in exercise.  In addition, males who consumed >15 

drinks a week (or >3 drinks a day) or females who consumed >10 drinks a week (or >2 drinks a 

day) or individuals who smoked were excluded. The use of volitional dietary supplementation 

use was analyzed on a case-by-case basis, but those individuals were required to stop taking the 

supplement 2 weeks prior to study intake. Groups were matched for age, BMI, protein intake 

relative to BW and V̇O2peak relative to LBM.  

 

3.2 Study design 

The study was part of a larger trial examining the effects of the addition of anabolic 

(MUSCLE 5, Stay Above Nutrition, Hamilton, ON, Canada) and weight loss (TRIM 7, Stay 

Above Nutrition, Hamilton, ON, Canada) supplements on body composition and insulin 

sensitivity. The study was a parallel group, controlled trial that involved 41 study visits. Consent 

and preliminary testing occurred in the first 3 visits, visits 4-39 consisted of in-person training 

sessions and visits 40-41 consisted of post-training testing. The overall study schematic is found 

in Figure 3.1.  

 

 

 

 

 

 

 



52 

 

 

 

 

 

 

 

 

Figure 3.1: Study Schematic 

PA: Physical activity, DXA: Dual X-ray absorptiometry, OGTT: Oral glucose tolerance test. 

 

Visit 1:  

The first study visit included a detailed description of the procedures and protocol of the current 

study as well as a discussion of the risks and benefits of participation. Participants were asked 

about and had the inclusion and exclusion criteria explained to them and at that point were asked 

to provide informed consent for participation. At this visit, participants underwent assessment of 

anthropometric measures (weight, height, waist circumference) and were given instructions on 

how to complete a 3-day food log and 7-day physical activity log. Participants were sent home 

with log sheets to record food intake and physical activity along with a pedometer to determine 

habitual daily activity level. 

 

Visit 2:  

The second study visit allowed for assessment of current aerobic fitness and strength. v̇ 

Participants completed a maximal oxygen uptake (V̇O2max) test on a cycle ergometer. The results 

from the V̇O2max test were used to determine the target heart rate for the aerobic training sessions.  
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V̇O2max was determined using a progressive exercise test on a cycle ergometer (Sport Excalibur, 

Lode, The Netherlands) using a computerized open-circuit gas collection system (TrueOne 2400, 

Parvo Medics, Utah). Male participants cycled at 50 watts for 2 min and thereafter the intensity 

increased in increments of 30 watts/2 min. Female participants cycled at 50 watts for 2 min and 

thereafter the intensity increased in increments of 20 watts/2 min. Heart rate was monitored 

throughout the test. V̇O2max was established when O2 consumption values reached a plateau or as 

the highest value during the incremental ergometer protocol, when pedal revolutions could not be 

maintained over 60 rpm despite vigorous encouragement and the respiratory exchange ratio was 

more than 1.15. After a brief rest, participants underwent an assessment of maximal strength (3-

5RM) which was used to predict 1RM and used to determine strength training loads [Estimated 

1RM = weight + (weight x # of reps x 0.033)]. Maximal muscle strength was determined for leg 

press (LP), leg extension [KE (Atlantis Strength, Legs PE-105, Quebec)], hamstring curl [HC 

(Atlantis Strength, Legs PE-106, Quebec)], shoulder press [SP (Atlantis Strength, Shoulders E-

149, Quebec)], chest press (CP) and lat pulldown [LPull (Atlantis Strength, Back D-123, 

Quebec)]. To start, a specific warm-up of the given exercise was performed using a light weight 

for which the participant felt comfortable completing 10 repetitions. Load was then be 

progressively increased by ~10-20% for each attempt until a true 3-5RM was reached with 2 

minutes rest between each attempt. Two minutes of rest was given in between each attempt to 

avoid muscular fatigue. A successful attempt required the participant to move the load 

throughout the full range of motion with correct form. Prior to leaving the laboratory, 

participants were instructed to record everything that they eat on the day before the next visit and 

informed that they repeated this exact diet prior to visit 40. 
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Visit 3:  

The third visit occurred at least 72 h after visit 2 and participants reported to the lab following an 

overnight fast. Additionally, participants were instructed to refrain from moderate-to-vigorous 

physical activity for 72 h and alcohol for 48 h prior to this visit. This visit included an 

assessment of body composition by dual-energy x-ray absorptiometry (DXA). Some participants 

had 2 scans performed consecutively by a certified Medical X-Ray Technologist (MRT) if the 

line of vision of the scanner did not align appropriately with the body. Prior to the scan 

participants were asked to change into a hospital gown and remove all jewelry. Participants then 

underwent standard OGTT. Participants had a catheter inserted into the antecubital vein and a 

fasted blood sample was taken. Participants consumed a 75g glucose Trutol beverage (Thermo 

Scientific, Middletown, USA) and blood samples were drawn at 0, 10, 20, 30, 45, 60, 90 and 

120-minutes post consumption. Blood was collected into serum separator (Insulin, C-peptide), 

and K2-EDTA (Glucose, IL-1β, IL-1ra, IL-1α, IL-6, IL-8 IL-10, IL-15, TNF-α, MIP-1β) 

collection tubes. HbA1C measurements were performed using blood taken from the K2-EDTA 

tube prior to centrifugation using the A1CNOW®+ device (Indianapolis, USA). Plasma tubes 

were be spun immediately. Serum tubes were left to stand for ~30 minutes to allow blood to clot 

and then were spun. Separated plasma and serum sat on ice as it was pipetted into the appropriate 

storage tubes. Samples for C-peptide were put into cryovials and snap frozen in liquid nitrogen 

and stored at -80° C until analyzed. All other samples were put into Eppendorf and stored at -80° 

C until analyzed. Following each blood draw, the catheter was flushed with a sterile saline 

solution in order to prevent clotting within the catheter. The total amount of blood drawn was 

approximately 120 mL.  Given that hormone fluctuations throughout the menstrual cycle 
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influence muscle metabolism, insulin sensitivity and water retention, both OGTT and DXA 

assessments for females were taken in the mid-follicular phase (day 3 – 10) of the menstrual 

cycle both prior to and following training, with the exception of 3 females. Menstrual cycles 

were self-tracked by female participants and they informed the research of team of each start of 

their next menstrual cycle. In the situation where the female could not be tested in the mid-

follicular phase of the menstrual cycle at pre-testing, they were tested in the same phase of the 

menstrual cycle during post-testing. Training started after pre-testing such that females finished 

training right before the start of or during menses so that post-testing could take place during the 

mid-follicular phase of the menstrual cycle.  

 

Visits 4 – 39 – Training sessions 

Participants trained 3 days per week performing a combined aerobic and resistance training 

regime (EnduRX). Aerobic training intensity was progressed through adjustment of training 

work rate to achieve the appropriate target heart rate. Resistance training intensity was 

progressed after the completion of week 4 and 8 through 3-5RM retesting and adjusting the 

weights appropriately (Appendix 2). Diet was reassessed at weeks 5 and 9 by performing a 3-day 

diet recall.  

 

Aerobic exercise: 

Participants were able to select their machine of choice for aerobic exercise from the 

following: Treadmill (Excite Live Run, TechnoGym, New Jersey), elliptical (Integrity 

Series Elliptical, LifeFitness, California), stationary bike (M3 Indoor Bike, Keiser, 

California), and recumbent bike (V Series Recumbent Bike, LifeFitness, California) 
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Day 1: Alternating between 30 minutes moderate-intensity continuous training (MICT) 

session and 30 minutes Fartlek training. The 30 minutes of moderate intensity continuous 

training started at 55% V̇O2max (weeks 1-4), increasing to 60% V̇O2max (weeks 5-8) and 

finally 65% V̇O2max (weeks 9-12).The 30 min Fartlek session consisted of 5 min at 50% 

V̇O2max, 1 min at 60% V̇O2max, 1 min at 50% V̇O2max, 1 min at 70% V̇O2max, 1 min at 50% 

V̇O2max, 1 min at 80% V̇O2max, 10 min at 50% V̇O2max, 1 min at 60% V̇O2V̇O2max, 1 

min at 50% V̇O2max, 1 min at 70% V̇O2max, 1 min at 50% V̇O2max, 1 min at 80% 

V̇O2maxand 5 min at 50% V̇O2max.  

 

Day 2: 10 x 1 min high intensity interval training (HIIT) at 90% HRmax interspersed 

with low intervals at 50W for male and 30W for female with a 5 min warm up and cool 

down at 50W for male and 30W for female.  

 

Day 3: 30-minute moderate intensity continuous aerobic class using a variety of pre-

existing cardio workout videos online (Appendix 3). 
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Table 3.1: Schedule for aerobic training during the exercise intervention 

 

Week # 

Type of Aerobic Training 

Day 1 Day 2 Day 3 

1 MICT (55% V̇O2max) HIIT Virtual Cardio 

2 Fartlek HIIT Virtual Cardio 

3 MICT (55% V̇O2max) HIIT Virtual Cardio 

4 Fartlek HIIT Virtual Cardio 

5 MICT (60% V̇O2max) HIIT Virtual Cardio 

6 Fartlek HIIT Virtual Cardio 

7 MICT (60% V̇O2max) HIIT Virtual Cardio 

8 Fartlek HIIT Virtual Cardio 

9 MICT (65% V̇O2max) HIIT Virtual Cardio 

10 Fartlek HIIT Virtual Cardio 

11 MICT (65% V̇O2max) HIIT Virtual Cardio 

12 Fartlek HIIT Virtual Cardio 

This table depicts the type of aerobic training that was performed on particular days 

throughout the trial in addition to increases in intensity for MICT.  

 

Resistance exercise: 

Day 1 and 2: Whole body circuit session at 35% 1RM consisting for three circuits of 45 

seconds per exercise with 25 seconds of rest aiming for 20-25 reps for circuits 1 and 2 

with the last set of each exercise to failure. The order of the circuit was as follows: leg 

press, chest press, hamstring curl, front to lateral raises, leg extension, lat pulldown, squat 
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to calf raises with a medicine ball, bicep curls, seated Russian twists with a medicine ball, 

tricep extension.  

 

Day 3: Whole body elastic band circuit completed at home for three cycles of 30 seconds 

per exercise with 15 seconds of rest (aiming for 20-25 repetitions) per circuit with the last 

set of each exercise to failure. The order of the circuit is as follows: squats, chest press, 

leg extension, seated rows, knee flexion lateral raises, seated hip flexion, bicep curls, 

seated dorsiflexion, seated tricep extensions, calf raises, and seated abdominal crunches 

(Appendix 3).  

 

Visit 40: 

Forty-eight to 72 hours after the last training session participants returned to the lab for post-

training OGTT and body composition assessments. This visit was a repeat of what occurred at 

visit #3. Participants were instructed to refrain from moderate to vigorous physical activity for 

48-72 h and alcohol for 48 h prior to this visit and arrive to the visit after an overnight fast. 

Additionally, participants were reminded to eat the same food the day before this visit as they did 

the day before visit #3.  

 

Visit 41:  

This visit occurred 24-48 h after visit 40 and was a repeat of what occurred at visit #2 in order to 

determine the effects of training on muscle strength and aerobic fitness. Post training 

measurements of waist circumference, height and weight were also completed. Post dietary 

analysis was done by using a 3-day diet recall.  
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3.3 Sample analysis 

Blood samples were analyzed for inflammatory markers (IL-1β, IL-1ra, IL-1α, IL-6, IL-8 

IL-10, IL-15, TNF-α, MIP-1β) and glycemic control (glucose, insulin, C-peptide) with kits that 

are commercially available. IL-1β, IL-1ra, IL-1α, IL-6, IL-8 IL-10, IL-15, TNF-α, MIP-1β was 

analyzed using a custom Bio-Plex Pro Human Cytokine Assays (17009188, BioRad, 

Mississauga, Canada).  Glucose was analyzed using a hexokinase assay (Infinity Glucose 

Hexokinase, TR15421, Thermo Fischer Scientific, Mississauga, Canada). Insulin and C-peptide 

were analyzed using radioactive immunoassay (RIA) kits (HI-14K and HCP-20K respectively, 

Millipore Sigma, Oakville, Canada). All blood samples underwent minimal freeze thaw cycles 

and only removed when needed for immediate analysis. The CVs for all kits are as follows: 

glucose hexokinase assay (2.28%), insulin radioactive immunoassay (3.22%), c-peptide 

radioactive immunoassay (4.29%) and inflammatory markers (7.32%). 

3.4 Calculations 

Insulin resistance and sensitivity was determined using several validated equations (Table 

3.2). HOMA-IR and QUICKI methods were used as a measure of fasted insulin sensitivity (H. 

Chen et al., 2003; Matthews et al., 1985). The Matsuda, 2-h OGIS and Stumvoll indices were 

used as indicators of fed state insulin sensitivity. The Matsuda index was used as an indicator of 

whole-body sensitivity as it considers both the hepatic and skeletal muscle insulin response 

(Matsuda & DeFronzo, 1999). The 2-h OGIS was used to assess peripheral insulin sensitivity 

during an OGTT. (Patarrão et al., 2014). The Stumvoll index was used to assess peripheral 

insulin sensitivity during an OGTT with variations as different equations utilize different 

variable such as BMI, sex and age in the calculations of insulin sensitivity (Stumvoll et al., 

2001). For investigation of β-cell function, glucose sensitivity was calculated which is the main 
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characteristic of β-cell function and is represented by the slope of the β-cell dose-response 

(Utzschneider et al., 2007). Rate sensitivity was analyzed which characterizes the insulin 

secretion in the early stages of its release (Utzschneider et al., 2007). Potentiation ratio was 

analyzed which charactizes the relative enhancement of insulin secretion from basal to the 2 h 

mark of the OGTT (Utzschneider et al., 2007). In addition, basal insulin secretion and clearance 

as calculated as well as mean insulin secretion and clearance throughout the OGTT will be 

determined. Finally, the insulin secretion at a fixed glucose load (5 and 5.5 mmol/L) adjusted for 

the potentiation factor at basal levels was determined and can be used to compare the insulin 

response in a fasted state.  

Table 3.2: Indices used to calculate insulin sensitivity and insulin resistance 

Index Equation 

Homeostasis model 

assessment for insulin 

resistance (HOMA-IR) 

=
𝐹𝑃𝐼 × 𝐹𝑃𝐺

22.5
 

Quantitative Insulin 

Sensitivity Check Index 

(QUICKI) 

 

=
1 

log 𝐹𝐵𝐺 + log 𝐹𝐵𝐼
 

Matsuda =
10000

√𝐹𝑃𝐼 × 𝐹𝑃𝐺 × 𝑀𝑃𝐼 × 𝑀𝑃𝐺
 

Stumvoll (No demographics) = 0.156 − 0.0000459 × (𝐼120) − 0.000321 × (𝐼0) − 0.00541 × (𝐺120 ) 

Stumvoll (Demographics) = 0.222 − 0.0033 × (𝐵𝑀𝐼) − 0.0000779 × (𝐼120) − 0.000422 × (𝑎𝑔𝑒) 

2h Oral Glucose Insulin 

Sensitivity (OGIS) 

= 𝑓(𝐺0,𝐺90,𝐺120,𝐼0,𝐼90,𝐼120,𝐷0) 

This table shows the equations that were used to calculate insulin sensitivity and insulin 

resistance in the trial.  

FPG - fasting plasma glucose, FPI - fasting plasma insulin, HEC - hyperinsulinemic, euglycemic 

clamp. Matsuda: MPI - mean plasma insulin concentration during the OGTT (mIU/l) and MPG 

mean glucose concentration during OGTT. Stumvoll (No demographics): I0 – plasma insulin 

concentration at 0 min of OGTT(pmol/L), I120 – plasma insulin concentration at 120 min of 
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OGTT (pmol/L), G120 – plasma glucose concentration at 120 min of OGTT (mmol/L). Stumvoll 

(Demographics): BMI – body mass index (kg/m2), I120 – plasma insulin concentration at 120 min 

of OGTT (pmol/L) and age in years. 2h OGIS: G – plasma glucose concentrations, I – plasma 

insulin concentrations with the specific time point indicated in the subscript and D0 – oral 

glucose dose relative to body surface area (g/m2).  

 

3.5 Statistical analysis 

Sample size was determined using ANOVA_power to run simulations based on glucose AUC 

and insulin sensitivity as outcomes (Appendix 1). Data from Metcalfe et al. (2012) was used to 

design a 2x2 sex x training smallest effect size of interest with a sample size of 15 males and 15 

females, yielding 86% and 100% power, respectively, to detect the effect following n=2,000 

simulations. All statistical analyses and graphs were done using R programming language 

(R Foundation for Statistical Computing, IN). Data was presented as “means±SEM” for n = 12 

males and n = 15 females. Baseline differences between groups and absolute and percent change 

in outcomes between groups were analyzed using non-paired samples t-tests. Cohen’s d values 

were calculated for t-tests to determine effect sizes (small 0.2, medium 0.5, large 0.8). Training 

compliance for each sex was also be analyzed using a non-paired samples t-test. A 2-way mixed 

model ANOVA with sex (2 levels, male/female) as the between variable and training (2 levels, 

pre/post training) as the within variable was used to analyze the effects of sex and exercise on 

fitness outcomes, HbA1C, glucose (Cmax, Tmax, AUC), insulin (Cmax, Tmax, AUC), insulin 

sensitivity/resistance indices, β-cell function indices and inflammatory markers. Tukey’s HSD 

test was used for post-hoc analyses when required. Partial eta-squared (ηp
2) values were 

calculated to estimate effect sizes (small 0.01, medium 0.06, large 0.14) for all interactions. 

Significance was set at p<0.05. For all outcomes following the intervention, absolute and percent 

change was calculated between pre and post measures for each sex and analyzed using a non-

paired samples t-test. Glucose AUC was  also normalized to glucose dose relative to BW 
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[Adjusted glucose AUC = glucose AUC/(75/BW)], LBM [Adjusted glucose AUC = glucose 

AUC/(75/LBM)]and height[Adjusted glucose AUC = glucose AUC/(75/ht)] . Similar 

calculations were performed to adjust glucose Cmax for BW, LBM and height. 
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Chapter 4: Results 

4.1 Timeline 

Recruitment began in May 2022, with n = 191 potential participants contacted (Figure 

4.1). From that sample, we did not receive replies from 86 people. From the 105 that responded, 

68 were ineligible and 37 were randomized to start the trial. Cohort 1 started in July 2022 with n 

= 8 and finished in October 2022 with n = 6 following 2 participants who withdrew from the trial 

(issues with time commitment). Cohort 2 began in August 2022 with n = 17 and finished in 

December 2022 with n = 13 with 4 participants withdrawing from the study (issues with time 

commitment). Cohort 3 started in February 2023 with n = 12 and completed in May 2023 with n 

= 8 with 4 participants withdrawing from the study (issues with time commitment and injury 

sustained outside of the trial). 
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Figure 4.1: CONSORT chart for the TRIM trial recruitment.  
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4.2 Participant characteristics 

Participant characteristics can be found in Table 4.1. There were significant differences 

between males and females in BW, %BF, LBM and %LBM, which were to be expected. 

However, there were no significant differences between groups for V̇O2max relative to BW and 

FFM, indicating that groups were properly matched for aerobic fitness prior to starting the 

training protocol. Further, there were no differences between sexes in the 7-day average step 

count and relative 1 RM leg press strength. There was a significant difference in baseline 

strength for chest press relative to BW. With respect to baseline diet, there was no difference in 

total energy intake between males and females (p=0.45). There was a significant difference in 

absolute carbohydrate intake (p=0.04, d=0.85) and the percentage of total energy coming from 

carbohydrates (p=0.02, d=0.96. There were no significant differences in baseline diet for total or 

relative fat or protein intake (p>0.21, d<0.49). Changes in diet from pre to post training were 

reported in Appendix 4.  

Table 4.1: Participant characteristics 

 Males  Females  p value 

Age (years) 
28 ± 2  30 ± 2 0.45 

BW (kg) 
           105.8 ± 8.0  87.3 ± 4.0 0.04* 

Height (cm) 
  1.75 ± 0.02    1.67 ± 0.01 0.0008* 

Waist circumference (cm) 
          112.5 ± 5.4 101.2 ± 3.9 0.09 

BMI (kg/m2) 
            34.5 ± 2.8   31.3 ± 1.3 0.27 

# of overweight 
4 8  

# of obese 
8 7  

Body fat (kg) 
           32.5 ± 4.4  35.0 ± 2.2 0.91 

Body fat (%) 
           31.8 ± 1.7  39.9 ± 0.8 <0.0001* 
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LBM (kg) 
           71.4 ± 3.9 52.3 ± 2.0 <0.0001* 

LBM (%) 
           68.3 ± 1.7 60.1 ± 0.8 <0.0001* 

V̇O2max (ml/kgBW/min) 
           26.8 ± 1.5 23.6 ± 1.5 0.15 

V̇O2max (ml/kgLBM/min) 
           38.2 ± 1.7 39.2 ± 2.4 0.94 

Average daily step count over 7 days 

(# of steps) 
          7037 ± 770 6208 ± 484 0.35 

Relative 1 RM chest press strength 

(kg/BW) 
           1.25 ± 0.10   0.70 ± 0.05 <0.0001* 

Relative 1 RM leg press strength 

(kg/BW) 
           3.64 ± 0.49   3.02 ± 0.26 0.25 

Total energy intake (kcal) 
       2238.7 ± 269.8 1843.5 ± 172.2 0.21 

Carbohydrates (g) 
         271.2 ± 29.6 193.9 ± 20.2 0.04* 

Carbohydrates (% of total kcal) 
           49.4 ± 1.9 41.6 ± 2.4 0.02* 

Fats (g) 
           90.6 ± 14.4 74.7 ± 6.3 0.29 

Fats (% of total kcal) 
           35.2 ± 1.6 38.2 ± 2.3 0.31 

Protein (g) 
           90.0 ± 10.5   81.0 ± 11.1 0.57 

Protein (% of total kcal) 
           16.4 ± 1.5 18.0 ± 1.5 0.47 

Protein (g/kgBW/d) 
             0.9 ± 0.1  1.0 ± 0.2 0.63 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

4.3 Training compliance 

 

Table 4.2 depicts the training compliance for males and females across the 12-week 

training intervention. There was no statistical difference in the training compliance between the 

sexes.  

 

Table 4.2: Training compliance for the 12-week mixed mode training intervention 

This table shows the percent of total sessions completed for each sex out of a total of 36 sessions.  

 Males  Females  p value 
Cohens d 

Training compliance (%) 
89.6 ± 2.3 93.5 ± 1.5 0.14 0.57 
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4.4 Body composition 

Measures of body composition prior to and following the training intervention can be 

found in Table 4.3. In terms of waist circumference, there was an effect of sex (p=0.04, 

ηp
2=0.08) with a large effect size showing males had a greater waist circumference compared to 

females. There was no effect of training (p=0.40, ηp
2=0.01) and no a sex x training (p=0.54, 

ηp
2=0.01) interaction for waist circumference. For BW, there was a large effect of sex (p=0.001, 

ηp
2=0.19) indicating that males weighed more than females. There were no effects of training 

(p=0.74, ηp
2>0.00) or sex x training interaction (p=0.81, ηp

2>0.00). There were no effects of sex 

(p=0.96, ηp
2>0.00), training (p=0.94, ηp

2>0.00) or sex x training interaction (p=0.39, ηp
2>0.00) 

for absolute body fat mass. When body fat was expressed as a percentage of total BW, there was 

a large effect of sex (p<0.0001, ηp
2=0.46) such that females had a greater %BF compared to 

males, but no effect of training (p=0.98, ηp
2>0.00) or sex x training interaction (p=0.87, 

ηp
2>0.00). As for LBM, there was a large effect of sex (p<0.0001, ηp

2=0.48) with males having a 

higher absolute amount of LBM compared to females. There were no significant effects of 

training (p=0.56, ηp
2=0.01) or sex x training interaction (p=0.76, ηp

2>0.00). When expressed as a 

percentage of BW, there was a large effect of sex (p<0.0001, ηp
2=0.46) with males having a 

higher percent LBM compared to females. There were no significant effects of training (p=0.98, 

ηp
2>0.00) or sex x training interaction (p=0.87, ηp

2>0.00). 
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Table 4.3: Body composition 

 Male Female p value 

Pre Post Pre Post S T S*T 

Waist 

Circumference 

(cm) 

112.5 ± 5.4 106.1 ± 3.8 101.2 ± 3.9 99.9 ± 3.8 0.04* 

 

0.40 0.54 

 

BW (kg) 105.8 ± 8.0 105.5 ± 7.8 87.3 ± 4.0 84.0 ± 4.0 0.001* 0.74 0.81 

Body fat (kg)   34.5 ± 4.4   34.6 ± 4.3 35.0 ± 2.2 34.4 ± 2.1 0.96 0.94 0.39 

Body fat (%)   31.8 ± 1.7   32.0 ± 1.7 39.9 ± 0.8 39.8 ± 0.7 <0.0001* 0.98 0.87 

LBM (kg)   71.4 ± 3.9   70.8 ± 3.7 52.3 ± 2.0 49.6 ± 2.4 <0.0001* 

 

0.56 

 

0.72 

 

LBM (%)   68.3 ± 1.7   68.0 ± 1.7 60.1 ± 0.8 60.2 ± 0.7 <0.0001* 

 

0.98 

 

0.87 

 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from a 2-way mixed model ANOVA, significantly different with p value <0.05. 

 

The absolute and percent change for body composition measures are reported in Tables 

4.4 and 4.5 respectively. Waist circumference was seen to be statistically different for both the 

absolute and percent change (p=0.01, d=0.99 and p=0.01, d=1.03 respectfully) showing a large 

effect size and indicating that males had a greater decrease in waist circumference compared to 

females post training. The absolute and percent changes in the remaining body composition 

measures following training were not significantly different between the sexes (p ≥ 0.13). 

However, the absolute and percent change in BW showed a medium effect size (p=0.17, d=0.57 

and p=0.12, d=0.63 respectively), despite being non-significant, indicating that in females BW 

decreased to a greater extent compared to males.  This was also seen for LBM (kg) as there were 

medium effect sizes for the absolute and percent change (p=0.18, d=0.55 and p=0.14, d=0.62, 

respectively) without reaching statistical significance showing that in females LBM decreased to 

a greater extent compared to males.  
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Table 4.4: Absolute change in body composition in response to the mixed-mode training 

intervention 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

Table 4.5: Percent change in body composition in response to the mixed-mode training 

intervention 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

4.5 Fitness outcomes 

 Fitness outcomes before and after training are presented in Table 4.6. V̇O2maxrelative to 

BW was greater in males for a main effect of sex (p=0.03, ηp
2=0.09) with a medium effect size 

and increased following training (p=0.03, ηp
2=0.09) with a medium effect size. There was no 

difference in response between males and females for the sex x training interaction (p=0.73, 

ηp
2>0.00). When expressed relative to LBM, there was no difference in V̇O2max between the 

sexes (p=0.88, ηp
2>0.00) and V̇O2max was higher following training (p=0.02, ηp

2=0.11) with a 

medium effect size. There were also no difference in the response to training for V̇O2max relative 

to LBM between males and females (p=0.96, ηp
2>0.00). There were main effects of sex 

(p<0.001, ηp
2>0.19) and training (p<0.02, ηp

2>0.10) on absolute strength for all exercises with 

large effect sizes for sex and at least a medium effect size for training. There was no sex x 

 Males  Females  p value Cohens d 

Waist Circumference (cm) -6.5 ± 2.0 -1.3 ± 0.6 0.01* 0.99 

BW (kg) -0.4 ± 0.9 -3.3 ± 1.7 0.17 0.57 

Body fat (kg) 0.1 ± 0.5 -0.6 ± 0.6 0.37 0.36 

Body fat (%) 0.3 ± 0.4 -0.2 ± 0.5 0.55 0.24 

LBM (kg) -0.5 ± 0.7 -2.7 ± 1.3 0.18 0.55 

LBM (%) -0.3 ± 0.4 0.2 ± 0.5 0.55 0.24 

 Males  Females  p value Cohens d 

Waist Circumference -5.2 ± 1.4 -1.2 ± 0.7 0.01* 1.03 

BW -0.3 ± 0.8 -3.6 ± 1.8 0.13 0.63 

Body fat  0.2 ± 0.5 -0.6 ± 0.6 0.37 0.36 

Body fat  0.9 ± 1.3 -0.2 ± 1.3 0.55 0.24 

LBM  -0.6 ± 0.9 -5.2 ± 2.6 0.14 0.62 

LBM -0.4 ± 0.6  0.3 ± 0.9 0.55 0.24 
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training interaction for absolute strength for any of the exercises (p>0.05, ηp
2<0.02).There was a 

difference in relative strength between males and females for chest press, leg extension, lat 

pulldown, hamstring curl and shoulder press (p<0.02, ηp
2>0.11) with at least a medium effect 

size, but no difference between the sexes for leg press (p=0.12, ηp
2>0.05) despite having a 

medium effect size. Relative strength increased following training for all exercises (p<0.005, 

ηp
2>0.10) with at least a medium effect size. There was no sex x training interaction for relative 

strength for any of the exercises (p>0.05, ηp
2<0.01). 

Table 4.6: Fitness measures 

 Male Female p value 

Pre Post Pre Post S T S*T 

V̇O2max (ml/kgBW/min) 26.8 ± 1.5 31.0 ± 1.9 23.6 ± 1.5 26.8 ± 1.7 0.03* 0.03* 0.73 

V̇O2max (ml/kgLBM/min) 38.9 ± 1.7 45.0 ± 2.0 39.2 ± 2.4 45.5 ± 3.1 0.88 0.02* 0.96 

1 RM strength (kg) 

Chest press 125.8 ± 12.8 145.6 ± 13.2 60.3 ± 4.0  82.5 ± 4.8 <0.0001* 0.02* 0.8 

Leg extension 158.0 ± 11.0 226.7 ± 17.4 105.2 ± 4.9  158.7 ± 11.9 <0.0001* <0.0001 0.5 

Lat pulldown 144.8 ± 10.0 177.9 ± 12.9 95.0 ± 3.5 109.8 ± 5.6 <0.0001* 0.007* 0.2 

Hamstring curl 111.1 ± 7.3  144.9 ± 8.9 78.4 ± 3.9 101.7 ± 3.7 <0.0001* <0.0001* 0.38 

Shoulder press 112.5 ± 12.2 142.9 ± 11.9 64.0 ± 2.7   82.2 ± 3.8 <0.0001* 0.005* 0.4 

Leg press 391.2 ± 63.8 652.7 ± 79.8 260.6 ± 23.6  429.9 ± 37.0 0.001* 0.0002* 0.38 

Relative 1 RM strength (kg/BW) 

Chest press 1.21 ± 0.11 1.40 ± 0.11 0.70 ± 0.05 1.00 ± 0.07 <0.0001* 0.005* 0.54 

Leg extension 1.52 ± 0.09 2.19 ± 0.16 1.22 ± 0.05 1.91 ± 0.14 0.02* <0.0001* 0.93 

Lat pulldown 1.42 ± 0.11 1.73 ± 0.13 1.10 ± 0.04 1.33 ± 0.07 0.0002* 0.004* 0.61 

Hamstring curl 1.08 ± 0.07 1.41 ± 0.09 0.91 ± 0.04 1.23 ± 0.05 0.008* <0.0001* 0.94 

Shoulder press 1.08 ± 0.11 1.38 ± 0.05 0.75 ± 0.04 1.00 ± 0.05 <0.0001* 0.001* 0.73 

Leg press 3.64 ± 0.49 6.13 ± 0.57 3.02 ± 0.26 5.27 ± 0.53 0.12 <0.0001* 0.80 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from a 2-way mixed model ANOVA, significantly different with p value <0.05. 

 

 Absolute and percent change for each fitness outcome is reported in Tables 4.7 and 4.8 

respectively. The absolute and percent change for V̇O2max relative to BW (p=0.29, d=0.42 and 

p=0.57, d=0.23) and LBM (p=0.90, d=0.05 and p=0.99, d=0.002) were both not significantly 

different. There was no differences in the absolute change in strength for any exercise (p>0.14, 
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d<0.56). Despite being not significant, the absolute change in chest press strength had a medium 

effect (d=0.56) with the increase being greater in females than males. The percent change in 

chest press strength was greater in females than males (p=0.02, d=0.97) with a large effect size. 

There was no difference in percent change in strength for any other exercise (p>0.42, d<0.32).    

Table 4.7: Absolute change in fitness outcomes in response to the mixed-mode training  

intervention 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

Table 4.8: Percent change in fitness outcomes in response to the mixed-mode training 

intervention 

 Males  Females  p value Cohens d 
V̇O2max relative to BW 16.1 ± 2.7 13.6 ± 3.2 0.57 0.23 

V̇O2max relative to LBM 16.2 ± 1.2 16.2 ± 3.7 0.99 0.002 

Relative strength  

Chest press 18.64 ± 4.25  47.21 ± 10.05 0.02* 0.97 

Leg extension 45.74 ± 9.24  58.29 ± 11.94 0.43 0.32 

Lat pulldown 23.78 ± 5.60 20.51 ± 4.86 0.66 0.17 

Hamstring curl 32.08 ± 4.96 37.18 ± 4.99 0.47 0.29 

Shoulder press 31.73 ± 5.08 35.81 ± 7.08 0.66 0.18 

Leg press   91.36 ± 24.09   76.14 ± 36.89 0.68 0.24 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from independent samples t-test, significantly different with p value <0.05.  

 

4.6 Glycemic control 

 Glycemic control results are reported in Table 4.9. The percentage of HbA1C did not 

differ between males and females (p=0.40, ηp
2=0.02), was not influenced by training (p=0.45, 

 Males  Females  p value Cohens d 

V̇O2max (ml/kgBW/min) 4.3 ± 0.8 3.1 ± 1.7 0.29 0.42 

V̇O2max (ml/kgLBM/min) 6.1 ± 1.2 6.4 ± 1.5 0.90 0.05 

Relative strength (kg/BW) 

Chest press 0.19 ± 0.04 0.30 ± 0.06 0.17 0.56 

Leg extension 0.67 ± 0.13 0.69 ± 0.14 0.92 0.04 

Lat pulldown 0.31 ± 0.08 0.22 ± 0.05 0.32 0.38 

Hamstring curl 0.34 ± 0.04 0.33 ± 0.04 0.87 0.06 

Shoulder press 0.30 ± 0.05 0.25 ± 0.05 0.42 0.32 

Leg press 2.49 ± 0.44 2.26 ± 0.36 0.68 0.16 
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ηp
2=0.01) and the responses to training did not differ between males and females (sex x time 

interaction, p=0.94, ηp
2>0.00). Glucose concentrations during the OGTT are reported in Figure 

4.4 and this data was used to calculate indices of glycemic control and insulin sensitivity as 

described below. Due to the fact that glycaemia during an OGTT is influenced by body 

anthropometrics and these body anthropometrics differ between males and female, Figure 4.4 

also shows the glucose concentrations during the OGTT when the data are adjusted for the 

glucose dose relative to 1) BW, 2) LBM and 3) height. 

Glucose AUC did not differ between males and females (p=0.22, ηp
2=0.03), did not 

change following the intervention (p=0.80, ηp
2>0.00) and there was no difference in how males 

and females responded to the training (p=0.18, ηp
2=0.04). When glucose AUC was adjusted for 

glucose dose relative to BW, there was no main effect of sex (p=0.12, ηp
2=0.05) or training 

(p=0.61, ηp
2=0.01) and no sex x training interaction (p=0.39, ηp

2=0.02). When glucose AUC was 

adjusted for glucose dose relative to LBM, there was a large main effect of sex (p=0.002, 

ηp
2=0.18) with males having a higher glucose AUC during the OGTT compared with females. 

There was no main effect of training (p=0.64, ηp
2=0.01) and no sex x training interaction 

(p=0.34, ηp
2=0.02). When glucose AUC was adjusted for dose relative to height, there was no 

main effect of sex (p=0.60, ηp
2=0.01) or training (p=0.77, ηp

2>0.00) and no sex x training 

interaction (p=0.15, ηp
2=0.04).  The maximum glucose concentration during the OGTT (Cmax) 

and its respective time (Tmax) were determined for all participants. For glucose Cmax, there was no 

significant effect of sex (p=0.14, ηp
2=0.03) or training (p=0.80, ηp

2>0.00) and no sex x training 

interaction (p=0.23, ηp
2=0.03). When glucose Cmax was adjusted for glucose dose relative to BW, 

there was no effect of sex (p=0.11, ηp
2=0.05) or training (p=0.79, ηp

2>0.00) and no sex x training 

interaction (p=0.47, ηp
2=0.01). When glucose Cmax was adjusted for dose relative to LBM, there 
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was a large main effect of sex (p=0.001, ηp
2=0.19) with males having higher maximal glucose 

concentration during an OGTT compared with females. There was no main effect of training 

(p=0.65, ηp
2>0.00) and no sex x training interaction (p=0.44, ηp

2=0.01). When glucose Cmax was 

adjusted for dose relative to height, there was no main effect of sex (p=0.30, ηp
2=0.02) or 

training (p=0.86, ηp
2>0.00) and no sex x training interaction (p=0.10, ηp

2=0.06). While not 

statistically significant, there was a medium effect size for the sex x training interaction of 

glucose Cmax when adjusted for dose relative to height. For glucose Tmax, there was no main 

effect of sex (p=0.25, ηp
2=0.03) or training (p=0.11, ηp

2=0.05) and no sex x training interaction 

(p=0.77, ηp
2>0.00). 

Insulin AUC during the OGTT was not influenced by sex (p=0.77, ηp
2>0.00) or training 

(p=0.82, ηp
2>0.00) and there was no sex x time interaction (p=0.51, ηp

2=0.01).  For insulin Cmax, 

there was no main effect of sex (p=0.44, ηp
2=0.01), or training (p=0.62, ηp

2=0.01) and no sex x 

training interaction (p=0.51, ηp
2=0.01). For insulin Tmax, there was no main effect of sex (p=0.82, 

ηp
2>0.00) or training (p=0.89, ηp

2>0.00) and no sex x training interaction (p=0.49, ηp
2=0.01).   
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Table 4.9: Measures of glycemic control 

 Male Female p value 

Pre Post Pre Post S T S*T 

HbA1C (%)      4.8 ± 0.1    4.8 ± 0.1    4.9 ± 0.1    4.8 ± 0.1 0.40 0.45 0.94 

Glucose AUC 

(mmol/L · 120min) 

   931.6 ± 48.3  831.8 ± 43.3  926.0 ± 63.4  984.3 ± 68.2 0.22 0.80 0.18 

Glucose AUC 

(mmol/L · 120min) 

by dose/BW 

1,1339.7 ± 171.6 1,174.9 ± 126.9 1,073.0 ± 67.3 1,100.9 ± 87.2 0.12 

 

0.61 

 

0.39 

Glucose AUC 

(mmol/L · 120min) 

by dose/LBM 

894.8 ± 90.9 784.5 ± 64.6 643.2 ± 40.1 648.8 ± 51.4 0.002* 0.46 0.34 

Glucose AUC 

(mmol/L · 120min) 

by dose/height 

21.7 ± 1.1 19.4 ± 0.9 20.6 ± 1.4 21.9 ± 1.6 0.60 0.77 0.15 

Glucose Cmax 

(mmol/L) 

 9.6 ± 0.5  9.0 ± 0.5  9.8 ± 0.6  10.5 ± 0.6 0.14 0.82 0.23 

Glucose Cmax 

(mmol/L) by 

dose/BW 

13.9 ± 1.7 12.7 ± 1.3 11.4 ± 0.6 11.80 ± 0.7 0.11 

 

0.79 0.47 

Glucose Cmax 

(mmol/L) by 

dose/LBM 

9.2 ± 0.9 8.5 ± 0.7 6.8 ± 0.4 7.0 ± 0.4 0.001* 0.65 0.44 

Glucose Cmax 

(mmol/L) by 

dose/height 

0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 0.30 0.86 0.10 

Glucose Tmax 

(min) 

49.2 ± 6.8 35.4 ± 3.2 55.4 ± 9.6 45.7 ± 6.7 0.25 0.11 0.77 

Insulin Cmax 

(mmol/L) 

204.2 ± 11.1 185.3 ± 13.8 180.4 ± 16.9 183.6 ± 21.0 0.44 0.62 0.51 

Insulin Tmax 

(min) 

72.5 ± 8.6 65.0 ± 8.9 64.6 ± 8.6 69.2 ± 7.4 0.82 0.89 0.49 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from a 2-way mixed model ANOVA, significantly different with p value <0.05. 
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Figure 4.2: HbA1C values for males and females before and after the exercise intervention. 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

Figure 4.3: Glucose measures before and after the training intervention A) Glucose values 

during the OGTT, B) Glucose values during the OGTT adjusted for dose relative to BW, C) 

Glucose values during the OGTT adjusted for dose relative to LBM, D) Glucose values during 

the OGTT adjusted for dose relative to height. 
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Figure 4.4: Insulin measures before and after the training intervention A) Insulin values during 

the OGTT, B) Insulin AUC during the OGTT. 

 

Absolute and percent change for measures of glycemic control are reported in Tables 

4.10 and 4.11 respectively. For glucose AUC, there was a significant difference in the absolute 

(p=0.01, d=1.06) and percent (p=0.01, d=1.10) change with a large effect size showing that 

glucose AUC decreased in males but increased in females following training. Similar results 

were found for the absolute and percent change in glucose AUC when adjusted for the glucose 

dose relative to BW (p=0.02, d=0.95; p=0.04, d=0.90, respectively) and the glucose dose relative 

to height (p=0.01, d=1.11; p=0.01, d=1.14, respectively).  When adjusted for the dose relative to 

LBM the absolute change differed between males and females (p=0.02, d=0.96) indicating that it 

decreased in males and increased in females. While not significant, the percent change for 

glucose AUC when adjusted for the glucose dose relative to LBM there was a medium effect size 

(p=0.06, d=0.79) indicating that it decreased in males and increased in females.  

 For Cmax there was a significant difference in the absolute (p=0.04, d=0.87) and percent 

(p=0.03, d=0.89) change with a large effect size indicating that Cmax decreased in males and 

increased in females. Despite being not significant, when Cmax was adjusted to the glucose dose 

relative to BW, there were medium effect sizes for the absolute (p=0.06, d=0.78) and percent 

(p=0.11, d=0.89) change showing that the value decreased for males but increased for females. 
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The same trend was seen when adjusted for LBM, as there were medium effect sizes for the 

absolute (p=0.08, d=0.73) and percent (p=0.18, d=0.57) change. When Cmax was adjusted by 

dose relative to height, the absolute (p=0.001, d=1.13) and percent (p=0.001, d=1.13) changes 

were significantly different with a large effect size indicating that Cmax decreased in males while 

it increased in females.  

For insulin AUC, the results were not significant but the absolute (p=0.11, d=0.56) and 

percent (p=0.10, d=0.60) change had medium effect sizes indicating that insulin AUC decreased 

in males and increased in females. Lastly, there was a medium effect size for the percent change 

(p=0.18, d=0.53), but not the absolute change (p=0.41, d=0.33) in insulin Cmax   indicating that it 

decreased in males, but increased in females following training. 
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Table 4.10: Absolute change in measures of glycemic control in response to the mixed-mode 

training intervention 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 Males  Females  p value Cohens d 

HbA1C (%)  -0.1 ± 0.2 -0.1 ± 0.1 0.92 0.07 

Glucose AUC 

(mmol/L · 120min) 

 -99.8 ± 31.9  58.3 ± 52.1 0.01* 1.06 

Glucose AUC 

(mmol/L · 120min) by 

dose/BW 

-164.9 ± 58.0  33.9 ± 57.6 0.02* 0.95 

Glucose AUC (mmol/L · 

120min) by dose/LBM 

-110.3 ± 34.5   9.6 ± 34.6 0.02* 0.96 

Glucose AUC (mmol/L · 

120min) by dose/height 

 -2.4 ± 0.8 1.3 ± 1.0 0.01* 1.11 

Glucose Cmax 

(mmol/L) 

-0.60 ± 0.4 0.7  ± 0.4 0.04* 0.87 

Glucose Cmax 

(mmol/L) by dose/BW 

-1.2 ± 0.6 0.5 ± 0.5 0.06 0.78 

Glucose Cmax 

(mmol/L) by dose/LBM 

-0.8 ± 0.4 0.2 ± 0.3 0.08 0.73 

Glucose Cmax 

(mmol/L) by dose/height 

-0.02 ± 0.01 0.02 ± 0.01 0.001* 1.13 

Insulin AUC 

(mmol/L · 120min) 

-1,722.3 ± 1,274.2 416.0 ± 885.7 0.11 0.56 

Insulin Cmax 

(mmol/L) 

-18.9 ± 14.1 1.8 ± 7.1 0.18 0.53 
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Table 4.11: Percent change in measures of glycemic control in response to the mixed-mode 

training intervention 

 Males  Females  p value Cohens d 
HbA1C -1.0 ± 0.2 -1.8 ± 2.3 0.88 0.08 

Glucose AUC 

 

-10.2 ± 3.1 7.9 ± 6.0 0.01* 1.10 

Glucose AUC by dose/BW 

 

-10.4 ± 3.1 3.5 ± 5.2 0.04* 0.90 

Glucose AUC by dose/LBM -10.9 ± 2.8 1.7 ± 5.5 0.06 0.79 

Glucose AUC by dose/height -10.2 ± 3.1 7.9 ± 5.3 0.01* 1.14 

Glucose Cmax -5.6 ± 4.3 9.0 ± 4.8 0.03* 0.89 

Glucose Cmax 

by dose/BW 

-6.1 ± 3.9 4.7 ± 4.9 0.11 0.67 

Glucose Cmax 

by dose/LBM 

-6.5 ± 3.7 3.0 ± 5.4 0.17 0.57 

Glucose Cmax 

by dose/height 

-10.1 ± 4.5 9.0 ± 4.8 0.001* 1.13 

Insulin AUC 

 

-9.0 ± 7.1 5.1 ± 6.5 0.10 0.60 

Insulin Cmax 

 

-7.2 ± 7.2 -0.5 ± 4.1 0.41 0.33 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

4.7 Indices of insulin sensitivity/resistance  

The results for indices of insulin sensitivity/resistance are reported in Table 4.12. There 

was no main effect of sex (p=0.43, ηp
2=0.01) or training (p=0.86, ηp

2>0.00) and no sex x training 

interaction (p=0.93, ηp
2>0.00) for HOMA-IR. There was no main effect of sex (p=0.86, 

ηp
2>0.00) or training (p=0.65, ηp

2>0.00) and no sex x training interaction (p=0.72, ηp
2>0.00) for 

QUICKI. There was no main effect of sex (p=0.88, ηp
2>0.00) or training (p=0.53, ηp

2=0.01) and 

no sex x training interaction (p=0.95, ηp
2>0.00) for the Matsuda Index. There was no main effect 

of sex (p=0.93, ηp
2>0.00) or training (p=0.72, ηp

2>0.00), and no sex x training interaction 

(p=0.97, ηp
2>0.00) for the Stumvoll index when demographic information was not included in 

the equation. Similarly, there was no main effect of sex (p=0.56, ηp=0.01) or training (p=0.39, 

ηp
2=0.02) and no sex x training interaction (p=0.64, ηp

2=0.01) for the Stumvoll index when 
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demographic information was included in the equation. There was no main effect of sex (p=0.23, 

ηp=0.03) or training (p=0.46, ηp
2=0.01) and no or sex x training interaction (p=0.72, ηp

2>0.00) 

for the 2-h OGIS.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Indices of glycemic control before and after the training intervention A) HOMA-IR, 

B) QUICKI, C) Matsuda, D) Stumvoll equation without demographics, E) Stumvoll equation 

with demographics, E) 2-h OGIS. 

 

The absolute and percent change for indices of insulin sensitivity/resistance are reported 

in Tables 4.12 and 4.13 respectively. There were no statistically significant differences in the 

absolute and percent change in these indices following the training intervention between males 

and females. 
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Table 4.12: Absolute change in indices of insulin sensitivity/resistance in response to the mixed-

mode training intervention 

 Males  Females  p value Cohens d 

HOMA-IR -0.6 ± 0.9 -0.2 ± 0.6 0.72 0.14 

QUICKI 0.0006 ± 0.01 0.0007 ± 0.01 0.36 0.37 

Matsuda 0.2 ± 0.2 0.2 ± 0.12 0.88 0.06 

Stumvoll (No demographics) 0.01 ± 0.02 0.01 ± 0.01 0.91 0.04 

Stumvoll (Demographics) 0.02 ± 0.01 0.005 ± 0.01 0.37 0.37 

2-h OGIS 15.8 ± 14.6 5.6 ± 12.5 0.60 0.21 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

Table 4.13: Percent change in indices of insulin sensitivity/resistance in response to the mixed-

mode training intervention 

 Males  Females  p value Cohens d 

HOMA-IR -10.9 ± 5.5  -7.7 ± 8.4 0.76 0.13 

QUICKI    0.5 ± 1.4   2.2 ± 1.4 0.43 0.32 

Matsuda  18.6 ± 8.7   5.5 ± 7.1 0.25 0.46 

Stumvoll (No demographics)  -50.9 ± 50.5   11.2 ± 24.3 0.26 0.45 

Stumvoll (Demographics)   432.0 ± 397.1 112.7 ± 82.0 0.40 0.32 

2-h OGIS     5.7 ± 12.5   2.0 ± 3.4 0.50 0.27 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

4.8 β-cell function 

The results for indices of β-cell function are reported in Table 4.14. For glucose 

sensitivity there was no main effect of sex (p=0.52, ηp
2=0.01) or training (p=0.54, ηp

2=0.01) and 

no sex x training interaction (p=0.09, ηp
2=0.06); however, there was a medium effect size for the 

interaction. For rate sensitivity there was no main effect of sex (p=0.50, ηp
2=0.02) or training 

(p=0.15, ηp
2=0.07) and no sex x training interaction; however, there was a medium effect size for 

the interaction (p=0.63, ηp
2=0.01). For potentiation factor there was no main effect of sex 

(p=0.64, ηp
2=0.01) or training (p=0.12, ηp

2=0.05) and no sex x training interaction (p=0.54, 

ηp
2=0.01). For basal insulin secretion there was no main effect of sex (p=0.46, ηp

2=0.01) or 
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training (p=0.79, ηp
2>0.00) and no sex x training interaction (p=0.64, ηp

2=0.01). There was no 

main effect of sex (p=0.94, ηp
2>0.00) or training (p=0.66, ηp

2>0.00) and no sex x training 

interaction (p=0.50, ηp
2=0.01) for integral of total insulin secretion. There was no main effect of 

sex (p=1.00, ηp
2>0.00) or training (p=0.67, ηp

2>0.00) and no sex x training interaction (p=0.49, 

ηp
2=0.01) for basal insulin clearance. There was no main effect of sex (p=0.25, ηp

2=0.03) or 

training (p=0.73, ηp
2>0.00) and no sex x training interaction (p=0.54, ηp

2=0.01) for mean insulin 

clearance. For insulin secretion at 5 mmol/L, adjusted for basal potentiation there was no main 

effect of sex (p=0.92, ηp
2>0.00) or training (p=0.68, ηp

2>0.00) and no sex x training interaction 

(p=0.44, ηp
2=0.01). For insulin secretion at 5.5 mmol/L, adjusted for basal potentiation there was 

no main effect of sex (p=0.98, ηp
2>0.00) or training (p=0.67, ηp

2>0.00) and no sex x training 

interaction (p=0.64, ηp
2=0.01). 
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Table 4.14: Measures of Β-cell Function 

 Male Female p value 

Pre Post Pre Post S T S*T 

Glucose 

sensitivity 

(pmol·min-1·m-

2·mmol-1·L) 

38.3 ± 5.6  58.6 ± 11.8 47.2 ± 8.4 39.1 ± 5.5 0.52 0.54 0.09 

Rate sensitivity 

(pmol·min-2·mmol-

1·L) 

 861.2 ± 240.4  495.8 ± 121.4  648.9 ± 186.5  459.8 ± 156.9 0.50 

 

0.15 

 

0.63 

Potentiation 

factor ratio 

   1.1 ± 0.05    1.3 ± 0.05   1.2 ± 0.07   1.3 ± 0.1 0.64 0.12 0.54 

Basal insulin 

secretion 

(pmol·min-1·m-2) 

213.1 ± 13.6 203.5 ± 15.7 198.0 ± 10.1 200.0 ± 10.6 0.46 0.79 0.64 

Integral of total 

insulin secretion 

(nmol·m-2) 

41.3 ± 1.3 40.9 ± 1.8 40.3 ± 1.2 41.7 ± 1.2 0.94 0.66 0.50 

Basal insulin 

clearance (L· min-

1·m-2) 

  1.5 ± 0.4  1.3 ± 0.3  1.2 ± 0.2 1.6 ± 0.4 1.00 0.67 0.49 

Mean insulin 

clearance (L· min-

1·m-2) 

    0.4 ± 0.03    0.5 ± 0.04   0.5 ± 0.07   0.5 ± 0.06 0.25 0.73 0.54 

Insulin secretion 

at 5 mmol/L, 

adjusted for basal 

potentiation 

(pmol·min-1·m-2) 

205.9 ± 14.1  188.4 ± 18.9 196.4 ± 11.8 200.9 ± 11.0 0.92 0.68 0.44 

Insulin secretion 

at 5.5 mmol/L, 

adjusted for basal 

potentiation 

(pmol·min-1·m-2) 

223.6 ± 14.5  210.9 ± 16.8 217.6 ± 11.7 217.8 ± 11.7 0.98 0.67 0.64 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from a 2-way mixed model ANOVA, significantly different with p value <0.05. 

 

 

The absolute and percent change for measures of β-cell function are reported in Tables 

4.15 and 4.16 respectively. The absolute change in glucose sensitivity (p=0.04, d=0.85) was 

significantly different between the sexes with a large effect size as it increased in males and 

decreased in females. The percent change for glucose sensitivity was not statistically significant 
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but was found to have a medium effect size (p=0.06, d=0.74) with the same trend as the absolute 

change. For basal insulin secretion, there was a non-significant medium effect size for the 

absolute (p=0.12, d=0.61) and percent (p=0.14, d=0.64) change indicating that they decreased in 

males and increased in females. When looking at the integral of total insulin secreted, there was a 

non-significant medium effect size for the absolute (p=0.17, d=0.54) and percent (p=0.16, 

d=0.57) change indicating that it decreased in males and increased in females. For basal insulin 

clearance, there was a non-significant medium effect size for the percent change (p=0.20, 

d=0.52) indicating that females increased to a greater extent compared to males. For mean 

insulin clearance, there was a medium effect size for the absolute change (p=0.22, d=0.50) that 

indicated males increased but females decreased. There was a significant difference in the 

percent change in the insulin secretion at 5 mmol/L, adjusted for basal potentiation (p=0.04, 

d=0.87) with a large effect size showing that it decreased in males but increased in females. The 

absolute change was not statistically different, however, there was a medium effect size (p=0.06, 

d=0.76) for the same trend. 

 

 

 

 

 

 

 



85 

 

Table 4.15: Absolute change in indices of β-cell function in response to the mixed-mode training 

intervention 

 Males  Females  p value Cohens d 

Glucose sensitivity 

(pmol·min-1·m-2·mmol-1·L) 

 20.3 ± 12.0   -8.1 ± 6.2 0.04* 0.85 

Rate sensitivity (pmol·min-

2·mmol-1·L) 

-365.4 ± 269.8 -189.0 ± 96.6 0.51 0.32 

Potentiation factor ratio    0.2 ± 0.07    0.07 ± 0.09 0.44 0.31 

Basal insulin secretion 

(pmol·min-1·m-2) 

  -9.6 ± 5.05    2.0 ± 5.5 0.14 0.61 

Integral of total insulin 

secretion (nmol·m-2) 

 -0.4 ± 1.1    1.5 ± 0.8 0.17 0.54 

Basal insulin clearance (L· 

min-1·m-2) 

 -0.1 ± 0.3    0.4 ± 0.2 0.22 0.49 

Mean insulin clearance (L· 

min-1·m-2) 

  0.06 ± 0.03  -0.01 ± 0.04 0.22 0.50 

Insulin secretion at 5 

mmol/L, adjusted for basal 

potentiation (pmol·min-1·m-2) 

-17.5 ± 9.1     4.4 ± 11.0 0.06 0.76 

Insulin secretion at 5.5 

mmol/L, adjusted for basal 

potentiation (pmol·min-1·m-2) 

5.0 ± 8.5   0.2 ± 7.2 0.67 0.17 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

Table 4.16: Percent change in indices of β-cell function in response to the mixed-mode training 

intervention 

 Males  Females  p value Cohens d 

Glucose sensitivity  63.3 ± 36.1 -6.3 ± 11.9 0.06 0.74 

Rate sensitivity -22.0 ± 21.8 -26.3 ± 15.3 0.87 0.08 

Potentiation factor ratio 17.1 ± 7.3 7.6 ± 6.9 0.36 0.37 

Basal insulin secretion -4.8 ± 2.5 1.1 ± 2.7 0.12 0.64 

Integral of total insulin 

secretion 

-1.0 ± 2.7 3.8 ± 2.0 0.16 0.57 

Basal insulin clearance  3.2 ± 9.5 22.7 ± 11.0 0.20 0.52 

Mean insulin clearance 14.6 ± 7.3 2.5 ± 7.6 0.27 0.48 

Insulin secretion at 5 

mmol/L, adjusted for basal 

potentiation 

-9.7 ± 4.5 3.5 ± 4.0 0.04* 0.87 

Insulin secretion at 5.5 

mmol/L, adjusted for basal 

potentiation 

2.9 ± 4.3 0.7 ± 3.3 0.68 0.16 

Results are displayed as mean ± SEM, n = 12 males and n = 14 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 
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4.9 Plasma inflammatory markers 

 Plasma inflammatory markers prior to and following the training intervention are 

reported in Table 4.17. IL-1ra, TNF-α and MIP-1β were within range for the analysis but all 

other analytes were out of range and could not be analyzed in this study. There was no main 

effect of sex (p=0.18, ηp
2=0.05) or training (p=0.75, ηp

2>0.00) and no sex x training interaction 

(p=0.26, ηp
2=0.04) for IL-1ra. As for MIP-1β, there was a large, main effect of sex (p=0.006, 

ηp
2=0.20) with males having higher concentrations but no main effect of training (p=0.65, 

ηp
2=0.01) and no sex x training interaction (p=0.34, ηp

2=0.03). Finally for TNF-α, a large, effect 

of sex (p=0.04, ηp
2=0.13) was found indicating males had higher levels of TNF-α compared to 

females; however, no main effect of training (p=0.63, ηp
2=0.01) and no sex x training interaction 

(p=0.90, ηp
2>0.00) were found.  

Table 4.17: Inflammatory markers  

 Male Female p value 

Pre Post Pre Post S T S*T 

IL-1ra 

(pg/mL) 

136.4 ± 29.9 118.2 ± 21.2   84.3 ± 13.4 113.2 ± 15.7 0.18 

 

0.75 0.26 

MIP-1β 

(pg/mL) 

21.8 ± 2.8 18.8 ± 1.2 13.8 ± 1.5 14.7 ± 1.8 0.006* 0.65 0.34 

TNF-α 

(pg/mL) 

7.9 ± 1.2 8.2 ± 0.9  5.4 ± 1.1   6.1 ± 1.0 0.04* 0.63 0.9 

Results are displayed as mean ± SEM, n = 9 males and n = 10 females 

* Significance from a 2-way mixed model ANOVA, significantly different with p value <0.05. 

 

The absolute and percent change for inflammatory markers are reported in Tables 4.18 

and 4.19 respectively. There was a statistical difference in the absolute change of IL-1ra between 

the sexes (p=0.02, d=1.20) with a large effect size indicating that it decreased in males while it 

increased in females. The percent change was not significantly different but still had a large 

effect size (p=0.07, d=0.89) for the same trend. As for MIP-1β, there were no statistical 
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differences in the absolute and percent change but the absolute change had a large effect size 

(p=0.10, d=0.81) and the percent change had a medium effect size (p=0.17, d=0.68) showing that 

it decreased in males while it increased in females. Finally for TNF-α, the percent change was 

not significantly different but there was a medium effect size (p=0.36, d=0.51) indicating that it 

increased to a greater extent in females.  

Table 4.18: Absolute change in inflammatory markers in response to the mixed-mode training 

intervention 

 Males  Females  p value Cohens d 

IL-1ra (pg/mL) -18.2 ± 13.8 28.9 ± 12.3 0.02* 1.20 

MIP-1β (pg/mL) -3.0 ± 1.2 0.9 ± 1.9 0.10 0.81 

TNF-α (pg/mL)  0.4 ± 0.4 0.7 ± 1.4 0.86 0.09 

Results are displayed as mean ± SEM, n = 9 males and n = 10 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

Table 4.19: Percent change in inflammatory markers in response to the mixed-mode training 

intervention 

 Males  Females  p value Cohens d 

IL-1ra    0.01 ± 11.6 50.0 ± 23.7 0.07 0.89 

MIP-1β -11.8 ± 4.1 18.0 ± 20.2 0.17 0.68 

TNF-α    8.8 ± 6.7 157.1 ± 136.1 0.36 0.51 

Results are displayed as mean ± SEM, n = 9 males and n = 10 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 
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Figure 4.6: Inflammatory markers before and after the training intervention A) IL-1ra B) MIP-

1β, * denotes significant main effect of sex (p=0.006, ηp
2=0.20), C) TNF-α, ** denotes 

significant main effect of sex (p=0.04, ηp
2=0.13). 
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Chapter 5: Discussion 
 

The overarching goal of this clinical trial was to investigate the influence of biological 

sex on the effects of a 12-week, mixed mode training intervention on insulin sensitivity and 

glycemic control in overweight/obese, sedentary individuals. In addition, we looked at changes 

in β-cell function and inflammatory markers to create a better understanding of how sex may 

influence the improvement in insulin sensitivity following training. With respect to glycemic 

control, while we found no difference in glucose AUC and Cmax between the sexes,  sex 

differences were observed when the data were adjusted for glucose dose relative to LBM with 

males having higher glucose AUC and Cmax compared to females. Further, the inflammatory 

markers TNF-α and MIP-1β were higher in males compared with females. Overall, training 

increased aerobic fitness and strength in both males and females; however, did not improve 

glycemic control, insulin sensitivity, pancreatic β-cell function or inflammation. The lack of 

effect of training on these parameters may be, at least in part, due to a differential effect of 

training on these outcomes (glycemic control, insulin sensitivity/resistance, beta cell function 

and inflammation) in males compared with females. In fact, we found that the absolute change in 

glucose AUC and Cmax were statistically different between males and females with a large effect 

size indicating that these measures improved in males and worsened in females. Despite the 

differences in glycemic control during the OGTT, there were no sex differences or statistical 

differences in the changes following training for indices of insulin resistance/sensitivity. There 

was however, a difference in the improvement of glucose sensitivity as the absolute change was 

seen to increase in males by 20.3 pmol·min-1·m-2·mmol-1·L and decrease in females by 8.1 

pmol·min-1·m-2·mmol-1·L, which was reflected as a trend (p=0.09) for the sex x training 

interaction. Additionally, we found that the concentration of IL-1ra decreased by 18.2 pg/mL in 
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the males after training but increased by 28.9 pg/mL in females with a statistically significant 

difference in the absolute change. Similarly, while not statistically significant, there was a large 

effect size for there to be a differential response in the absolute change in MIP-1β between males 

and females (males: -3.0 pg/mL, females: +0.9 pg/mL).  

Sex-based differences in glycemic control, insulin sensitivity, pancreatic β-cell function and 

inflammation 

 The primary objective of this study was to determine whether sex influenced the effect of 

mixed mode training on glycemic control and insulin sensitivity/resistance in overweight/obese 

males and females. While there was no difference in glucose AUC between males and females in 

response to a 75g dose of glucose, there was a clear sex-based difference in the glucose AUC and 

the glucose Cmax values when adjusted for the glucose dose relative to LBM such that males were 

found to have a higher glucose AUC compared to females. These findings indicate that for a 

given amount of LBM, females had better glycemic control. These findings contradict a review 

done by Unwin et al. (2002) that stated that glucose tolerance in worse in females compared to 

males. However, this review did not consider the impact of anthropometric measures such as 

BW, LBM and height, which could have altered the conclusions being made. This is crucial as 

males have been shown to taller in stature and have a higher percentage of LBM compared to 

females, meaning that for the same weight, males would have a higher amount of metabolically 

active tissue available for glucose uptake. Using the standard dose of 75 g of glucose without 

adjusting for anthropometric measures could potentially cause females to be more frequently 

diagnosed with IFG compared to males. A study by Sicree et al. (2008) found that when height 

was used to adjust the values of fasting blood glucose and blood glucose during the 2 h OGTT, 

the fasting blood glucose values were not seen to significantly change however, the blood 
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glucose values at the 2 h mark were significantly different from the unadjusted values. Similarly, 

a paper by Palmu et al. (2021) found a negative association between body surface area and 2 h 

blood glucose concentration during an OGTT. This indicates that individuals who are smaller in 

stature (typically females) will have higher 2 h blood glucose levels, resulting in a misdiagnosis 

of a glucose disorder (Palmu et al., 2021). This can also be seen with procedures that use relative 

doses such as HEC and IVGTT.  It was reported for females had better glycemic control during 

an HEC due to improved insulin-stimulated glucose disposal compared to males (Succurro et al., 

2022) in addition to a higher glucose clearance rate in females compared to males during an 

IVGTT (Clausen et al., 1996). Together our findings and those of these previous trials indicate 

the need to adjust either the dose of glucose consumed or the measured glucose concentrations 

for body anthropometrics when comparing between the sexes in order to make accurate 

conclusions of the influence of sex on glycemic control.  

With respect to indices of insulin sensitivity and resistance, there were no significant sex 

differences between the groups. This differs from the current literature as studies report that pre-

menopausal females are more insulin sensitive than age-matched males (Greenhill, 2018; 

Tramunt et al., 2020; Varlamov et al., 2015). A potential reason for these results conflicting with 

current literature could be the small sample sized used in the current trial as insulin sensitivity 

can vary substantially between individuals, specifically with age, and the small sample size could 

have led to the lack of a statistical significance. A power calculation was done on HOMA-IR and 

2-h OGIS values (Appendix 5) and it was concluded that this study was not powered enough to 

detect differences. Another possible reason could be due to the fitness status of each group when 

assessing sex differences in insulin sensitivity/resistance. The review by Tramunt et al. (2020) 

only took into account age when making conclusions about sex differences in insulin resistance. 
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To recall the trials of Samjoo et al. (2013) and Devries et al. (2008), the male participants in the 

Samjoo trial were more trained compared to the females in the Devries trial, yet were more 

insulin resistant at baseline. Therefore, making conclusions regarding sex differences in insulin 

sensitivity without considering whether the males and females had a similar level of fitness could 

affect the validity of the results. In a review by Lundsgaard & Kiens (2014) that specifically 

looked at the sex differences in insulin sensitivity while taking it account matched 

characteristics, specifically fitness, they reported that when males and females were only 

matched for BMI and age, a 2:6 ratio of trials concluded females had a greater level of insulin 

sensitivity compared to males. However, when the matching criteria included aerobic fitness 

relative to BW/LBM, this ratio changed to 4:3 ratio, favoring the conclusion that females are 

more insulin sensitive compared to males. These studies show that there is varying research 

regarding sex differences in insulin sensitivity and we require additional trials that match for 

baseline characteristics, specifically fitness, in order to make accurate conclusions.  

We also did not observe a differences in measures of β-cell function between males and 

females whereas other trials have reported that females have greater β-cell function than males 

(Basu et al., 2006; Brownrigg et al., 2022). Specifically, Brownrigg et al. (2022) found that in 

vitro female β-cells had a greater ability to release insulin in a glucose dependent manner under 

various physiological conditions, including endoplasmic reticulum stress which has been known 

to be involved in the inflammatory response (Chipurupalli et al., 2021). In addition, it was 

determined that there are sex differences in the gene expression of β-cells that cause males and 

females to respond differently with respect to transcriptional processes triggered by the 

development of T2D (Brownrigg et al., 2022). This coincides with reviews stating that estrogen 

could be contributing a protective effect on β-cell function in females (Louet et al., 2004), 
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specifically through the activation of the estrogen receptor which has been found to promote β-

cell mass growth and survivability in rodent models (Bernal-Mizrachi et al., 2014). The lack of 

difference in β-cell function in the current trial could again be due to the relatively small sample 

size in the current trial or the fact that males and females were matched for fitness as training 

status is also known to benefit β-cell function (Curran et al., 2020). Our findings are in line with 

the work of Beaudry et al. (2022) who found no difference in β-cell function between males and 

females when matched for aerobic fitness. However, in that trial, males and females were young 

and healthy and thus β-cell function may have been optimal. Further work examining sex-based 

differences in β-cell function involving larger sample sizes and controlling for fitness status is 

required to make clear conclusions.   

The analysis of inflammatory markers between the sexes is crucial as they have direct 

impact on glycemic control, insulin sensitivity and β-cell function. TNF-α and MIP-1β were 

found to be higher in males compared to females. There has been a link determined between 

estrogen levels and its effects on decreasing transcriptional activity of the TNF-α (An et al., 

1999) indicating a possible explanation as to why females have lower levels of this cytokine 

compared to males. When looking at the influence of TNF-α on glycemic control, studies have 

shown its influence on glucose uptake through GLUT4 translocation both in cell culture and in 

vivo in human participants (Ciaraldi et al., 1998; Roher et al., 2008). Together, the higher TNF-α 

in males found in the current trial may provide mechanistic insight into how females, for a given 

amount of LBM, have better glycemic control. MIP-1β is a pro-inflammatory cytokine and has 

been shown to be upregulated in patients with IGT and further, elevated with T2D (Chang et al., 

2019) indicating its influence on insulin resistance. MIP-1β release from adipocytes is elevated 

in individuals with obesity and the cytokine is able to trigger elevated levels of TNF-α and IL-6, 
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further contributing to the development of insulin resistance (Rehman & Akash, 2016). With 

respect to sex differences, there is little research on the impact of biological sex on MIP-1β and 

further research is required to further this area. The understanding that males are more likely to 

develop T2D could assist with the consolidation of this data as males were found to have higher 

concentrations of MIP-1β compared to females. However, despite males having a higher 

concentration of both MIP-1β and TNF-α, there were no significant differences in the indices of 

insulin resistance and sensitivity between the sexes indicating the lack of direct influence of 

these cytokines on sex differences in insulin resistance.  

The influence of sex on the effects of mixed mode training on glycemic control, insulin sensitivity, 

pancreatic β-cell function and inflammation 

The main objective of this trial was to examine the influence of sex on the effects of 

mixed mode training on glycemic control and insulin resistance. The interaction of sex x training 

did not reach significance for any measure, however, further analysis of absolute and percent 

change was done to see if the changes induced by training differed between the sexes. The 

absolute and percent change for glucose AUC and glucose Cmax differed between males and 

females (improving in males and worsening in females). When looking at the insulin data, there 

was a non-significant difference in the absolute and percent change in insulin AUC and insulin 

Cmax (improving in males and worsening in females). Despite these differences, there was no 

difference in the absolute and percent change of any of the indices of insulin 

resistance/sensitivity between males and females. It is possible for glucose and/or insulin values 

to improve in the fasted state and/or during an OGTT and not translate to improvements in 

indices of insulin resistance/sensitivity as these indices take into account numerous variables 

(including demographic variables). Our findings are in line with previously published work by 
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Gillen et al. (2014) in which the 24-hour glucose AUC improved following 6-weeks of SIT in 

males but did not change in females. However, in the Gillen study, HOMA-IR improved 

similarly in males and females, whereas our trial did not find an improvement in indices of 

insulin sensitivity/resistance. With respect to insulin AUC, our results are similar to Potteiger et 

al. (2003) who found insulin AUC during a 2 h OGTT improved in males, but not females, 

following 16-months of aerobic training. The difference in insulin AUC was only found at the 

16-month mark which makes it difficult to directly compare to this trial as the exercise 

intervention was only 3 months; however, this suggests that perhaps as training during lengthens, 

and the difference between the sexes in the effect of training on insulin may be further amplified.  

Our findings did differ from the findings of other trials (Metcalfe et al., 2012; Søgaard et al., 

2018). The Metcalfe et al. (2012) study only found improvements in insulin sensitivity in males 

but not females, whereas our trial found no improvements in either sex. Furthermore, the 

Søgaard et al. (2018) trial found improvements in whole body insulin sensitivity in both sexes, 

but to a greater extent in males, and a sex x training interaction indicating that HbA1C decreased 

in males while it increased in females. The trials discussed above all had similar, but slightly 

different findings with respect to insulin sensitivity and glycemic control. A possible reason 

could have been the mode and duration of exercise as the Gillen, Metcalfe and Søgaard 

performed high intensity, low volume aerobic exercise under 10 minutes of total physical 

activity. The decreased duration and high intensity could have contributed to the differences in 

results. In addition, the Søgaard trial involved older adults as participants, which includes post-

menopausal women who would have different sex hormone profiles compared to pre-

menopausal women.  The findings from this trial further support the hypothesis that exercise 

training influences glycemic control and insulin sensitivity differently in females compared with 
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males but a more standardized exercise intervention along with identical populations is required 

to accurately compare to the current literature.  

We also found different effects of mixed mode exercise training on changes in β-cell 

function between males and females. The absolute change in glucose sensitivity was found to be 

significantly different between the sexes while the percent change was non-significant but 

showed a medium effect size. Regardless of the units of change, glucose sensitivity was found to 

have a differential response in males and females following training.Glucose sensitivity is 

negatively correlated with insulin resistance, further supporting the idea that exercise training 

improves glycemic control and insulin sensitivity to a greater extent in males than females. We 

also found that the percent change in insulin secreted at 5 mmol/L of glucose, adjusted for basal 

potentiation differed between the sexes, decreasing in males and increasing in females. This 

finding indicates that for the same glucose concentration, insulin secretion decreased in males 

and increased in females, indicating the potential for improved insulin sensitivity in males, but 

not females following training. While training has been found to improve β-cell function, to the 

best of our knowledge, no previous study has examined whether sex influences this response and 

further studies are required to confirm the findings of the current trial.  

Examining the how sex influences the effects of exercise training on inflammatory 

markers can offer important mechanistic insight as to why glycemic control and insulin 

sensitivity have been found to improve to a greater extent in males than females following 

training. While not significant, there was a large effect size for the change in MIP-1β to be 

different between the sexes, decreasing in males and increasing in females. The differential 

effect of exercise training on MIP-1β indicating a decrease in males and an increase in females is 

in line with the findings of improved glycemic control in males in the current trial. As described 
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earlier, MIP-1β is a pro-inflammatory cytokine that induces the release of other pro-

inflammatory cytokines including TNF-α and IL-6, both of which have been implicated in the 

pathogenesis of insulin resistance (Rehman & Akash, 2016). Thus, the decline in MIP-1β 

following training is a potential mechanism by which glycemic control and insulin sensitivity 

may improve. However, these findings are confounded by the finding that TNF-α did not 

improve in males following training. However, this may be due to the fact that the change in IL-

1ra differed between the sexes, decreasing in males and increasing in females following training. 

The decrease in IL-1ra in males would remove inhibition on IL-1 signaling, which in turn induce 

TNF-α release (Pedersen & Febbraio, 2008). Together these findings highlight the importance of 

measuring multiple markers of inflammation when examining the effects of an intervention on 

overall inflammatory status. In the current trial, we measured additional cytokines (IL-1β, IL-1α, 

IL-6, IL-8 IL-10, IL-15); however, upon analysis these analytes were out of the detection range 

for the kit and could not be analyzed. Overall, there is conflicting information that can be 

concluded from this trial with regards to cytokines and further research is needed; however, these 

preliminary findings suggest that differences in the effects of training on inflammatory markers 

in males and females may be involved in the differential effect of training on glycemic control 

and insulin sensitivity.  

The effects of mixed mode training on glycemic control, insulin sensitivity, pancreatic β-cell 

function and inflammation. 

Following the completion of the 12-week exercise intervention, there were no effects of 

training on any outcomes relating to glycemic control, insulin sensitivity, pancreatic β-cell 

function and inflammation. Despite not reaching statistical significance, the rate sensitivity as a 

measure of β-cell function did have a medium effect size indicative of a decrease following the 
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training protocol. Rate sensitivity has been found to be inversely proportional to insulin 

sensitivity and has also been seen to be at lower levels in individuals with T2D (Jorge et al., 

2011). Therefore, the decrease in rate sensitivity follow training could be a potential indicator of 

an improvement in insulin sensitivity and decreased risk of T2D. The lack of a significant effect 

of training on any of these measures is peculiar as a large majority of randomized controlled 

trials that include training interventions see changes in at least one of these measures. One of the 

reasons why the main effect of training was not detected could have been due to the differential 

response between males and females. Take the glucose AUC data for example, males were seen 

to decrease following training, but females were seen to increase. The responses in different 

directions would make it hard for the statistical analysis to detect an overall main effect of 

training.  

In all participants, we found a clear effect of training on improving fitness outcomes, 

such as V̇O2max relative to BW and LBM in addition to all 6 strength measures, following the 12 

weeks of exercise. This indicates that the exercise protocol was followed correctly by 

participants and shows the direct impact training had on aerobic capacity and measures of 

strength. When compared to other studies, our trial was able to elicit greater improvements in 

fitness outcomes. A study by Jorge et al. (2011) only found an increase of 4.4% in V̇O2max 

relative to BW whereas our trial was effective at improving this measure by 14.9%. The Jorge 

study was very comparable to our trial (3 x 60 minute sessions a week for 12 weeks, with the 

aerobic, resistance and mixed modes all performing identical volumes of exercise and included 

males and females) however they did not find the same level of improvement in fitness 

measures, which may be because they only included participants with T2D (Jorge et al., 2011). 

These findings confirm the notion that despite not seeing any main effects of training on 
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glycemic control, insulin sensitivity/resistance, beta cell function and inflammation, that the 

training intervention was sufficient to improve fitness. The lack of significant findings in the 

aforementioned outcomes could be attributed to the differential response induced by training in 

males and females as our trial was effective at improving fitness measures to greater extent than 

other trials with similar exercise interventions. 

Strengths and Limitations 

Trials can be set up with controlling as many variables as possible, however, there are 

always strengths and limitations to any research design. One strength of the trial was the 

effectiveness of the training intervention. Despite varying degrees of improvement in other 

primary outcomes, all fitness measures significantly improved following the 12-week 

intervention. This ensures that the exercise intervention was effective in improving fitness 

outcomes and the trial was run effectively. In addition, males and females were properly matched 

at baseline for BMI, LBM (%), initial aerobic fitness and habitual protein intake. This ensures 

that differences that were seen throughout the trial were due to the exercise intervention and not 

due to differences in baseline statistics. As well, all sessions were supervised to ensure 

participants were adhering to the training protocol and were completing the volume of exercise 

prescribed. Menstrual cycle was controlled during the trial to permit for sex based differences. 

Finally, diet was controlled for the OGTT procedure to ensure that diet consumed the day before 

the procedure did not alter the results of the OGTT. With respect to the limitations, a big 

limitation was the use of an OGTT instead of an HEC protocol as it is the gold standard for 

determining insulin sensitivity. Another limitation for this trial was the impact of individual 

differences in diet between participants as this could impact long term metabolic changes 

throughout the 3 months. For the OGTT, it could have been more effective to collect 3-5 days’ 
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worth of diet prior to the procedure to account for variability. In addition, participants were 

instructed to keep their diet the same during the 3 months of exercise but research has shown that 

there is an increase in calories consumed with individuals who begin to exercise (Melzer et al., 

2005; Snyder et al., 1997). A future modification could be the incorporation of a target calorie 

intake for participants to achieve during the trial to help mitigate any influences diet may have on 

the outcomes of this research. This trial solely looked at analytes within blood to make 

conclusions about insulin sensitivity however, it would have been more effective to examine the 

molecular effects of training on skeletal muscle through a muscle biopsy. Another limitation to 

this research could have been the timing of the cohorts. Due to lack of interest with recruitment, 

we were required to conduct 3 cohorts at different times. Ideally, all participants should have 

completed the 12 weeks of training at the same time to avoid any variations in times of the year 

that could impact the outcomes such as times of high stress from work, vacations over the 

weekends or holidays that could have altered diet.  Finally, controlling for menstrual cycle 

during the mid to late follicular phase is effective however, it would be prudent to include 

comparisons during the luteal phase as both are included within a normal menstrual cycle and 

must be investigated to have a full understanding of the sex based differences.  

Future Directions 

A future direction could include a larger scale, sex difference based trial that separates 

experimental groups into a control, aerobic only, resistance only and mixed mode training. The 

volume of exercise should be comparable between the arms of the trial to ensure any changes 

seen are due to the modality and not due to variances in the volume of exercise. This would 

permit further comprehension of how each type of exercise affects metabolic measures compared 

to each other and the mixed mode. This type of research is lacking as most trials collapse sexes 
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in their comparisons which impede the ability to detect sex differences between modalities. In 

addition, having a standardized way of expressing exercise volume would be crucial for an 

accurate comparison of results concluded between the results. This area of exercise physiology 

has the potential to further tailor exercise prescription programs for individuals who are 

interested in improving specific health measures. 

An additional area to investigate with this type of research would be the mechanistic 

impacts that sex has on the insulin signaling pathway following a training intervention. The use 

of muscle biopsies would be beneficial in analyzing changes in overall protein content of insulin 

signaling molecules in addition to activity of these molecules through the ratio of 

phosphorylated:unphosphorylated molecules. This could provide insight on the specific area on 

the pathway that is impacted by exercise and the extent of this change between sexes in order to 

assess the potential causes of this change (inflammation, oxidative stress etc.).  

Another future direction for this area of research could be the investigation of 

administering oral glucose doses relative to specific body composition measures, specifically 

looking at the grams of glucose relative to absolute LBM of the individuals. As females have 

been found to have higher glucose clearance for relative doses, they are more likely to be falsely 

diagnosed with impaired glucose tolerance comparted to their male counterparts. Furthermore, 

this could create a discussion regarding the adjustment of cut off criteria for conclusions made 

using OGTT tests for clinical practice to improve the accuracy of care given to patients.  

The use of biological males and females in this trial was done to investigate the presence 

of any type of sex differences in the general population, however, there are numerous individuals 

who have different sex hormonal profiles including females in various stage of menstrual cycle, 

individuals with sex chromosome abnormalities and trans individuals taking hormone 
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replacement therapies. The area of exercise physiology with respect to individuals that have 

different sex hormone profiles has not be well researched and would be interesting to see the 

changes in insulin sensitivity based on graded levels of sex hormones. This could provide 

information about minimum levels of a specific sex hormone or combination of sex hormones 

required to elicit a particular response not only with respect to preventing T2D but with other 

metabolic outcomes as well.   

Conclusion 

In conclusion, the data from the current study provides further evidence that the effects of 

exercise training on glycemic control are blunted in females compared with males, with novel 

data suggesting that the effect of training on pancreatic β-cell function is also blunted in females. 

Furthermore, our data suggests that the differences in the responses between males and females 

may be mediated by differential effects of training on inflammatory markers; however, further 

examination of additional cytokines is required before conclusions can be made. These 

differential responses after the training intervention with males improving and females 

worsening, further supports the need for research in females specifically and careful 

examinations of sex-based differences in exercise physiology, muscle metabolism and glycemic 

control in order to optimize the prevention and management of T2D in females. Furthermore, our 

data showing that glucose AUC and Cmax are lower in females for a given amount of LBM 

highlights an important question related to the appropriateness of using a standard 75g glucose 

dose OGTT in for the diagnosis of IGT and T2D.  
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Appendices 
 

Appendix 1: Power Calculation from Previous Data 

 

Data from Metcalfe et al. (2012) was used for values in the simulation. This study used reduced 

exertion high intensity interval training (REHIT) 3 sessions a week for 6 weeks, 10 minutes each 

sessions. Protocol: low intensity cycling (60 W) with two all-out cycling sprints (except for the 

1st session that had one sprint). 

 

Table 6.1: Data used for power calculation from Metcalfe et al. 2012 

 

Male Female 
Common 

Standard 

Deviation 

Common 

correlation 

factor 
Pre Post Pre Post 

Glucose AUC 

(mmol min l-1) 
789 

± 172.0 

695 

± 140.2 

671  

± 189.5 

712  

± 215.0 
182.4 0.8 

Cederholm Index 

(mg l2 mmol-1 mU-1 

min-1) 

55 ± 13.2 69 ± 7.9 68 ± 8.5 62 ± 11.3 10.2 0.8 

Effects of REHIT protocol on glucose AUC and Cederholm Index. Data shown is mean ± 

standard deviation.  
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Figure 6.1: ANOVA Power and Estimated Marginal Means table from ANOVA power report 

for glucose AUC. This simulation assumed an alpha of 0.05, a sphericity correction of GG and 

no adjustments for multiple comparisons. A total of 2000 iterations were included in this 

simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: ANOVA Power and Estimated Marginal Means table from ANOVA power report 

for Cederholm Index. This simulation assumed an alpha of 0.05, a sphericity correction of GG 

and no adjustments for multiple comparisons. A total of 2000 iterations were included in this 

simulation. 
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Appendix 2: Training Program 

 

DAY 1 (Monday): 

1. Alternate MICT aerobic exercise with Fartlek Exercise 

MICT: 30 min at 55% V̇O2max, progressing to 65% V̇O2max (increase to 60% 

V̇O2max at week 5 and 65% V̇O2max at week 9). 

Fartlek:  

 Table 6.2: 30 min Fartlek protocol 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This table shows the time and intensity for each stage of the Fartlek protocol.  

2. Circuit training – 3 circuits, 35% 1RM, 45 seconds for each exercise with 25 seconds of 

rest, aiming for 20-25 reps for circuits 1 and 2, last set of each exercise to failure, 1 

minutes rest between circuits 

Machines 

1. Leg press  

2. Knee extension  

3. Hamstring curls  

Intensity Time 
50% V̇O2max 5 

60% V̇O2max 1 

50% V̇O2max 1 

70% V̇O2max 1 

50% V̇O2max 1 

80% V̇O2max 1 

50% V̇O2max 10 

60% V̇O2max 1 

50% V̇O2max 1 

70% V̇O2max 1 

50% V̇O2max 1 

80% V̇O2max 1 

50% V̇O2max 5 
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4. Lat pulldown  

Dumbbells 

5. Biceps curls  

6. Triceps extension  

7. Dumbbell chest press  

8. Lateral to front shoulder raises  

Medicine balls 

9. Medicine ball squat to calf raise  

10. Seated Russian twist with medicine ball  

 

DAY 2 (Wednesday): 

1. HIIT: 10 x 1-minute (HIIT) at 90% V̇O2max interspersed with 1 minute low intervals at 

50W for male and 30W for female 

2. Circuit training: Same as Day 1 

 

Day 3: (Friday): 

1. 30-minute aerobic class (lead virtually by one of the study investigators): Moderate 

intensity (RPE 12-15) continuous aerobic exercise. Varying formats including boxing, 

calisthenics (jumping jacks, running on the spot). Starts with a 5-minute warm up and 

ends with a 5 min cool down.  

 

2. Resistance exercise: Theraband circuit – 3 circuits, 20-25 reps/exercise (~30 sec/set), last 

circuit to failure  

1. Chair Squat 

2. Chest press 

3. Seated knee extension 

4. Seated row 

5. Knee flexion 

6. Seated lateral raise 

7. Seated hip flexion 

8. Seated biceps curl 

9. Seated dorsi flexion 

10. Seated triceps extension 

11. Calf raise 

12. Seated abdominal crunch 
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Appendix 3: Virtual Cardio Videos 

 

Aerobic Routine #2 – Gabriela Ocampo 

 

30 MIN ALL STANDING Cardio HIIT Workout – No Equipment, No Repeat, Home Workout 

to make you sweat  - growingannanas 

30 MIN HIIT CARDIO Workout – ALL STANDING – Full Body, No Equipment, No Repeats – 

growingannanas 

30 MIN WALKING CARDIO WORKOUT | Intense Full Body Fat Burn at Home ~ Emi – emi 

wong 

5000 STEPS IN 30 MIN AT HOME | Do it twice to get 10000 STEPS | Weight Loss Workout | 

NO JUMPING – Eleni Fit 

5000 STEPS IN 30 MIN – Walking Cardio Dance Workout to Burn Fat, Mood Booster, No 

Repeat, No Jumping – Eleni Fit 

30-Minute At-Home Cardio Boxing and Kickboxing Workout – POPSUGAR Fitness 

30 Min Walking Cardio Workout | Intense Full Body Fat Burn | All Standing, No Jumping | No 

Repeat – Eleni Fit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.youtube.com/watch?v=9RvSdS5iYTM
https://www.youtube.com/watch?v=4tXNKEVu5tc
https://www.youtube.com/watch?v=4tXNKEVu5tc
https://www.youtube.com/watch?v=SjX-sCYNzeM
https://www.youtube.com/watch?v=ow3hpYJqYEI
https://www.youtube.com/watch?v=rqy9G-sHd6g
https://www.youtube.com/watch?v=rqy9G-sHd6g
https://www.youtube.com/watch?v=-FTHPMy8RhE
https://www.youtube.com/watch?v=-FTHPMy8RhE
https://www.youtube.com/watch?v=fVWCFssd6bA
https://www.youtube.com/watch?v=RSdxfFUoa1U
https://www.youtube.com/watch?v=RSdxfFUoa1U
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Appendix 4: Participant diet information 

 

Table 6.3: Participant diet before and after training  

 Male Female p value 

Pre Post Pre Post S T S*T 

Total energy 

intake (kcal) 

2,238.7 ± 269.8 1,830.7 ± 141.0 1,843.5 ± 172.2 1474.8 ± 107.7 0.04* 0.03* 0.91 

Carbohydrates 

(g) 

271.2 ± 29.6 200.0 ± 16.8 193.9 ± 20.2 153.5 ± 11.4 0.003* 0.009* 0.44 

Carbohydrates 

(% of total 

kcal) 

49.4 ± 1.9 43.6 ± 1.5 41.6 ± 2.4 42.2 ± 1.6 0.02* 0.24 0.11 

Fats (g) 90.6 ± 14.4 75.0 ± 7.0 74.7 ± 6.3 64.6 ± 7.0 0.14 0.16 0.76 

Fats (% of 

total kcal) 

35.2 ± 1.6 36.5 ± 1.13 38.2 ± 2.3 38.5 ± 2.1 0.96 0.94 0.91 

Protein (g) 90.0 ± 10.5 92.7 ± 6.1 81.0 ± 11.1 64.3 ± 3.9 0.03* 0.35 0.26 

Protein (% of 

total kcal) 

0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.2 0.8 ± 0.1 0.70 0.13 0.11 

Protein 

(g/kgBW/d) 

16.4 ± 1.5 20.6 ± 0.8 18.0 ± 1.5 18.1 ± 1.0 0.90 0.38 0.31 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from a 2-way mixed model ANOVA, significantly different with p value <0.05. 
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Table 6.4: Absolute change in participant diet following training 

 Males  Females  p value Cohens d 
Total energy intake (kcal) -408.0 ± 325.3 -368.7 ± 189.0 0.91 0.04 

Carbohydrates (g) -71.6 ± 34.4 -40.4 ± 19.8 0.42 0.31 

Carbohydrates (% of total kcal) -5.8 ± 1.6 0.5 ± 2.4  0.05 0.81 

Fats (g) -15.7 ± 16.5 -10.2 ± 8.1 0.75 0.12 

Fats (% of total kcal) 1.4 ± 1.8 0.3 ± 1.5 0.65 0.18 

Protein (g) 2.7 ± 14.3 -16.7 ± 12.3 0.31 0.40 

Protein (% of total kcal) 0.03 ± 0.2 -0.2 ± 0.2 0.31 0.40 

Protein (g/kgBW/d) 4.2 ± 1.3 0.1 ± 1.5 0.05 0.12 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 

 

Table 6.5: Percent change in participant diet following training 

 Males  Females  p value Cohens d 
Total energy intake (kcal) -7.1 ± 12.4 -10.5 ± 10.3 0.83 0.08 

Carbohydrates (g) -19.9 ± 8.7 2.7 ± 24.4 0.43 0.32 

Carbohydrates (% of total kcal) -11.1 ± 2.7 7.9 ± 9.6 0.10 0.70 

Fats (g) 1.52 ± 16.5 -8.3 ± 10.0 0.60 0.20 

Fats (% of total kcal) 6.0 ± 5.5 2.9 ± 4.3 0.65 0.18 

Protein (g) 33.24 ± 29.9 -5.7 ± 10.3 0.19 0.50 

Protein (% of total kcal) 34.2 ± 30.5 -0.8 ± 11.6 0.26 0.43 

Protein (g/kgBW/d) 34.8 ± 11.4 10.1 ± 10.2 0.12 0.63 

Results are displayed as mean ± SEM, n = 12 males and n = 15 females 

* Significance from independent samples t-test, significantly different with p value <0.05. 
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Appendix 5: Power Calculation of Insulin Resistance 

Data from Metcalfe et al. (2012) was used for values in the simulation. This study used reduced 

exertion high intensity interval training (REHIT) 3 sessions a week for 6 weeks, 10 minutes each 

sessions. Protocol: low intensity cycling (60 W) with two all-out cycling sprints (except for the 

1st session that had one sprint). 

 

 

Table 6.6: Data used for power calculation from our trial 

 

Male Female Common 

Standard 

Deviation 

Common 

correlation 

factor Pre Post Pre Post 

HOMA-IR 11.5 ± 8.4 10.9 ± 10.3 9.3 ± 6.3 9.0 ± 7.2 8.1 0.8 

2-h OGIS 
332.5 ± 

55.1 

348.3 ± 

56.2 
354.7 ± 40.7 360.3 ± 50.1 50.4 0.8 

Results of insulin resistance and sensitivity before and after training intervention. Data shown is 

mean ± standard deviation.  
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Figure 6.3: ANOVA Power and Estimated Marginal Means table from ANOVA power report 

for HOMA-IR. This simulation assumed an alpha of 0.05, a sphericity correction of GG and no 

adjustments for multiple comparisons. A total of 2000 iterations were included in this simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: ANOVA Power and Estimated Marginal Means table from ANOVA power report 

for 2-h OGIS. This simulation assumed an alpha of 0.05, a sphericity correction of GG and no 

adjustments for multiple comparisons. A total of 2000 iterations were included in this simulation. 

 


