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Abstract 

The current work is novel in that it investigated in vivo analysis of glucose metabolism during 

and following hypoxic exposure in type 2 diabetics. Using moderate levels of hypoxia (O2 ~ 

14.8%; equivalent ~3100 m), study one found that 60 min of resting hypoxic (Hy Rest) 

exposure reduced blood glucose concentrations in type 2 diabetics. Insulin sensitivity (SI
2*) 

was also found to be significantly greater following hypoxic exposure when compared to the 

normoxic control [mean (SEM); Nor Rest; 1.39 (0.08) and Hy Rest; 2.25 (0.50) x10-4 · min-

1(µU/ml)] (P = 0.047). The second study showed that exercise under hypoxic (Hy Ex) 

conditions acutely reduced arterialised blood glucose concentrations. The total area under the 

curve for insulin (AUCIns) was also significantly lower subsequent to an intravenously 

administered glucose load (IVGTT) in the 4 hr following Hy Ex versus normoxic exercise 

[Hy Ex; 4334 (617) vs. Nor Ex; 5637 (820) µU·ml-1·min], respectively (P = 0.007).  SI
2* was 

also significantly greater in the Hy Ex trial (P = 0.049).  

 

 

The third study demonstrated that glucose disposal was acutely enhanced in exercise bouts 

lasting 60 (Hy Ex60; P = 0.001) and 40 (Hy Ex40; P = 0.005) min (of equal work) in hypoxia. 

Arterialised blood glucose concentration were unchanged following short-duration exercise 

in hypoxia (Hy Ex20) (P = 0.118). Indices of insulin resistance and insulin sensitivity were 

also improved in the 48 hr following both Hy Ex60 and Hy Ex40, indicating that insulin-

dependent mechanisms were up-regulated. The results from study 4 suggest that intermittent 

exercise in hypoxia (Hy 5:5) may acutely encourage glucose disposal and provide moderate-

term improvements in glycaemic control (~24 hr). Indices of insulin resistance and sensitivity 

were not changed following intermittent exercise in normoxia (Nor 5:5). The rate of glucose 

disappearance (Rd) was found to be lower 24 hr post continuous moderate intensity exercise 

in hypoxia (Hy Ex60). Hy Ex60 also demonstrated the greatest improvements in glucose 

tolerance with plasma insulin (P = 0.025), homeostasis model for insulin resistance 

(HOMA IR; P = 0.028) and fasting insulin resistance Index (FIRI; P = 0.028) all improved in 

the 48 hr following exercise.  
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The key conclusions drawn are 1) hypoxia has the ability to increase glucose disposal, both 

during and following acute exposure and that; 2) hypoxic-induced improvements in glucose 

tolerance during and in the 4 hr following exposure can be attributed to insulin-independent 

and -dependent mechanisms, respectively; 3) the effects of exercise on glucose disposal are 

enhanced by moderate hypoxia; 4) continuous moderate-intensity exercise in normoxia 

improves SI
2* in type 2 diabetics; 5) intermittent exercise can acutely improve glycaemic 

control; and finally, 6) the most potent effect on acute and moderate-term glucose control was 

consistently evident following 60 min of continuous exercise in hypoxia. The finding that 

hypoxia alters glucose metabolism is in keeping with the original hypothesis and suggests a 

clinical role for hypoxia in the treatment of type 2 diabetes.   
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CHAPTER 1 

INTRODUCTION  



 

Introduction: Chapter 1 1 

1.0 Introduction  

Survival of Homo sapiens during evolution was dependent on the acquisition of food, which 

presumably required regular engagement in physical activity (Chakravarthy et al., 2004). The 

shift from hunter-gather predominant lifestyles, indicative of the Homo sapiens from the Late 

Paleolithic period (50,000 – 10,000 BC), towards industrialisation has resulted in a 

fundamental change in the dietary and physical habits of the modern day human. There is 

overwhelming evidence to support the belief that all environmental factors combined, 

including physical inactivity (defined as activity equivalent to <30 min of brisk walking per 

day) and poor dietary habits (defined as high in calorie and fat intake), account for the 

majority of chronic health conditions (Lichtenstein et al., 2000; Booth et al., 2002). The 

World Health Organization (WHO) reported that global physical inactivity is estimated to 

cause, approximately 10–16% of cases of breast, colon and rectal cancers and diabetes 

mellitus, and about 22% of ischaemic heart disease. Overall, 1.9 million deaths ever year are 

attributable to physical inactivity (WHO, 2002).  

 

Diabetes mellitus is the most prevalent metabolic disorder in modern society and is 

characterised by habitual hyperglycaemia (elevated blood glucose concentrations). This 

disease was first documented in 400 BC by the Indian physician, Susruta who referred to it as 

Madhumeha or “honey-urine”. The word diabetes originates from the Greek meaning, ‘to 

pass through’. An early clinical description of diabetes mellitus was reported in the second 

century AD by Aretaeus of Cappadocia;  

 

 



 

Introduction: Chapter 1 2 

“Diabetes is a dreadful affliction, being a melting down of human flesh and limbs into urine. 

The patient never stops making water and the flow is incessant, like the opening of aqueducts. 

Life is short, unpleasant and painful, thirst unquenchable and drinking excessive…..” 

Aretaeus of Cappadocia (2nd century AD). 

 

 

The sweetness of diabetic urine was rediscovered by the British physician; Thomas Willis in 

the 1600’s who remarked that “although the disease was rare in ancient times, its frequency 

was increasing”. Thomas Willis went further to say that the increase may be linked to 

changes in dietary intake. The most common form of diabetes in modern society is type 2 

diabetes [formerly called non - insulin-dependent diabetes mellitus (NIDDM), or adult-onset 

diabetes]. A contemporary view of diabetes is one of a multifactorial aetiology, defined by 

disruptions in lipid, carbohydrate and protein metabolism resulting, in part, to an elevation in 

circulating blood glucose concentration. It is this consistent elevation in blood glucose levels 

that causes many of the secondary complications associated with type 2 diabetes. The World 

Health Organization estimates that the total numbers of deaths caused by diabetes will 

increase by 50% over the next 10 yr (WHO, 2002).  

 

The financial burden of diabetes reflects the cost of medication, primary and secondary care 

and educational programmes. A large amount of this expenditure is directly related the 

treatment of the micro- and macro-vascular complications that progress with the increased 

severity of diabetes. These complications impose an immense burden on the National Health 

Service (NHS). A recent report suggests that the NHS spends in the region of £13.7 million a 
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day on the treatment of diabetes and its related complications (Diabetes UK, 2007). The 

National Institute of Clinical Excellence (NICE, 2006) places the total cost of diabetes in the 

UK at ~£7.4 billion. Although, the true medical and social cost of type 2 diabetes is largely 

unknown. However, the life time cost of treating an individual with diabetic retinopathy in 

the UK is ~£237,000. Therefore, a reduction of one thousand cases of this complication 

would potentially save the UK government ~£237 million (Diabetes Report, 2006).  

 

A recent review carried out in the U.S. suggests that the cost of diabetes for 2007 was in 

excess of $174 billion; $116 billion of this cost was attributed to medical expenditures with 

the remaining $58 billion associated with a reduction in national productivity [American 

Diabetes Association (ADA), 2008]. The same study estimated that the greatest cost related 

to diabetes is hospital inpatient care (50% of total cost). Medication used to treat diabetes 

accounts for 12% of the total cost (ADA, 2008). The authors also highlighted the substantial 

cost of this metabolic condition through the reduced productivity of employed diabetic 

sufferers ($22.6 billion), unemployed sufferers ($0.8 billion), unemployed due to diabetic 

related disabilities ($7.9 billion) and lost productivity due to early mortality ($26.9 billion) 

(ADA, 2008).  

 

Regular physical activity and dietary modifications are the first line of defence in the 

prevention and treatment of diabetes. Exercise can improve glycaemic control both acutely 

and chronically by increasing blood glucose clearance. The introduction of an exercise 

programme is known to increase the sensitivity of skeletal muscle to insulin and reverse 

insulin resistance (Holloszy, 2005), the latter being a major cause of type 2 diabetes. The 

American Diabetic Association (ADA, 2004) have reported that the benefits of exercise to 
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type 2 diabetic sufferers is substantial. Although the adherence to this, and other forms of 

treatment remains low (Vermeire et al., 2006). Furthermore, the most effective type, mode 

and intensity of exercise, in improving glucose control in type 2 diabetics has proven elusive.   

 

Hypoxia has been shown to stimulate glucose uptake during and following exposure in both 

animal models (Cartee et al., 1991) and isolated human muscle tissue (Azevedo et al., 1995). 

However, it remains to be determined whether moderate levels of hypoxia with and without 

exercise in type 2 diabetic humans can have a similar effect. The aim of this thesis was to 

assess the effectiveness of varying types of exercise with and without hypoxia on whole body 

glucose metabolism in individuals with type 2 diabetes.    
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2.0 Literature Review 

2.1  Inactivity and Health  

A decrease in general physical activity level is strongly associated with many modern-day 

chronic diseases (Hamburg et al., 2007). In a comprehensive review Booth et al. (2000) 

defined modern chronic disease as a “disease that is slow in its progression and long in its 

continuance”. This suggests that the cellular defects linked to chronic diseases have been 

active for many years before clinical features are outwardly recognisable (Figure 2.0) (Booth et 

al., 2000). The general position of Booth and colleagues (2000; 2002) is that modern life-styles 

adversely affect health, creating an escalating economic and social burden on society. The 

same authors go further to purpose that humans have evolved genetically to maintain 

physically activate life-styles. It is further postulated “that physical inactivity directly 

contributes to multiple chronic health disorders”, including coronary heart disease, obesity, 

type 2 diabetes, hypertension and some site-specific cancers. A hypothesis has been proposed 

that environmental factors such as physical inactivity may influence gene expression and 

consequently enhance genetic susceptibility to chronic diseases (Lichtenstein et al., 2000; 

Booth et al., 2002). A cancer prevention study conducted in America suggested that 30% of 

the total number of cancer deaths is associated to dietary habits, physical inactivity and obesity 

(Harvard Centre For Cancer Prevention, 1996). Elsewhere, Hu et al. (2001) and  Stampfer et 

al. (2000) estimated that 91% of type 2 diabetic and 82% of coronary heart disease cases 

respectively, can be attributed to body mass index (BMI) >25, poor dietary habits and 

sustained levels of physical inactivity. In the UK, physical inactivity is considered a growing 

problem, with only ~40% of males and ~28% of females meeting the recommendations levels 

(National Health Service Report, 2008). Hahn et al. (1990) reported that physical inactivity in 
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the USA is the 3rd major cause of death and contributes to obesity, which is regarded as the 2nd 

leading cause of fatality in western societies. 

Figure 2.0  A concept proposing that physical inactivity moves gene expression towards a 
‘ threshold’ at which symptoms of over clinical disorders occur (i.e. insulin resistance) 
(Booth et al., 2000). 

 

 

Booth and colleagues (Booth et al., 2000; Booth et al., 2002) propose that the modern day 

homo sapiens has changed very little in 10,000 years and remains genetically adapted to a 

hunter-gatherer lifestyle, consistent with the Late Palaeolithic period (50,000  - 10, 000 BC). 

Booth et al. (2002) suggest that the hunter-gatherer from this period engaged in physical 

activity regularly to provide food and avoid predators in order to survive. In an earlier report, 

Neel (1999) inferred that Late Palaeolithic societies were often subjected to cycles of “feast 

and famine”. Furthermore, in times when food was in abundance, the early human species 

Image not available due to copyright restrictions
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would store energy in the form of lipids, in anticipation of famine. Therefore, the modern 

human seems genetically equipped to rapidly store excess food within adipose tissue for later 

use during periods of starvation (Joffe & Zimmet, 1998). This concept can be supported by the 

‘thrifty’ gene hypothesis proposed by (Neel et al., 1998). According to Neel et al. (1962; 1998) 

‘thrifty’ genes were incorporated into the genome of homo sapiens due to a selective advantage 

during early evolution. These authors propose that ‘thrifty’ genes would activate the efficient 

storage of energy in times of food abundance in comparison to individuals without such genes, 

giving them an evolutionary advantage (Neel et al., 1962; 1998).  

 

 

Adapting to lower rates of energy metabolism, as seen during periods of inactivity, has been 

described as a survival mechanism (Shetty 1999). The ability of metabolic pathways in skeletal 

muscle to remain flexible, shows an adaptive advantage during episodes of restricted foods and 

physical inactivity. It is proposed that the Late Palaeolithic phenotype could leave modern day 

homo sapiens predisposed, and therefore contribute to, insulin resistance in skeletal muscle 

(Wendorf & Goldfine, 1991). These authors hypothesised that reduced insulin action in muscle 

tissue would slow and / or prevent hypoglycaemia known to occur during periods of low 

energy intake (Wendorf & Goldfine, 1991). Within this hypothesis it was suggested that during 

periods of low energy availability fuel would be prevented from entering nonessential (i.e. 

inactive muscle) tissue and delivered to vital organs, maintaining basal physiological functions. 

The phenotype inherited by the modern day homo sapiens provides them with a collection of 

highly fluid metabolic processes that evolved to support physical activity (Booth et al., 2002).    
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Epidemiological evidence supports a link between physical inactivity and the chronic 

(metabolic) disease, type 2 diabetes.  The prevalence of type 2 diabetes is currently 6-10% in 

adults from western cultural societies and only 0-2% in populations that remain in a hunter-

gatherer type civilization (Eaton et al., 1988). The research discussed above seems to be 

supported by controlled experimental work. A recent publication demonstrated that television 

viewing has a strong relationship with measures of glucose tolerance in Australian men and 

woman (Dunstan et al., 2007).  This paper reported that those individuals watching the most 

amount of television exhibited the greatest impairments in glucose tolerance (Dunstan et al., 

2007). Using age-adjusted regression models, these authors reported that a 1 hr / day increase 

in television viewing augmented fasting plasma glucose concentrations by 0.02 mmol/l  in 

females (P = 0.04) and 0.04 mmol/l in males (P = 0.001).  

 

 

2.2 Diabetes Mellitus  

In modern society diabetes mellitus is the most common metabolic and endocrine disorder, 

characterised as a multifactorial disease including; defects in insulin secretion, insulin action 

(insulin sensitivity) (Stumvoll et al., 2005), glucose effectiveness (Del Prato et al., 1993) and 

endogenous glucose production (Mayer et al., 1998). The combination of these defects, if 

untreated can result in habitual hyperglycaemia (elevated blood glucose concentrations > 7 

mmol/l or 126 mg/dL) (Giugliano et al., 1997). There are numerous pathogenic processes 

implicated in the maturity of diabetes. These range from autoimmune destruction of pancreas 

β-cells, resulting insulin secretion deficiency and an associated decrease in insulin action 

(insulin resistance). Increased insulin resistance is the consequence of inadequate insulin 

release and / or reduced responsiveness of peripheral tissue to insulin. It is common for both 
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decreased insulin action and impaired insulin secretion to coexist in the same individual, 

although it is often indistinguishable which defect, if either, is the principal cause of the 

hyperglycaemia. Essentially, the inhibition of insulin secretion and / or insulin action results in 

decreased blood insulin concentrations, elevations in blood glucose and a reduction in glucose 

uptake (Report of the Expert Committee on the Diagnosis and Classification of Diabetes 

Mellitus, 2002).  

 

 

Diabetes mellitus is estimated to affect more than 170 million individuals worldwide and has 

been described as a global epidemic (Stumvoll et al., 2005). Estimates for the year 2010 

predict a further growth in the world’s population of approximately 50% with the greatest 

increases predicted in developing nations such Africa, Asia, and South America (Zimmet et al., 

2001; Stumvoll et al., 2005). This could raise the total number of individuals affected by 

diabetes to 366 million (Wild et al., 2004). Elsewhere, current estimations place the number of 

individuals diagnosed with diabetes at 194 million with a predicted growth to 333 million by 

the year 2025 (Table 2.0; International Diabetes Federation, 2005). In the UK, there are 

approximately 2.35 million people living with diabetes, 90% of whom have type 2 or late-

onset diabetes (Section 2.2.2). This is predicted to increase to 2.5 million by the year 2010 

resulting in an estimated 2.3 million individuals in the UK diagnosed with this form of diabetes 

(Department of Health, UK, 2000). King et al. (1998) suggests that the number of individuals 

with diabetes in the UK will grow by 274,000 by the year 2025.  
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Table 2.0  Number of Individuals with Diabetes by region in 2003 and the projected estimates for  

 2025  

 2003 2025 

 Population 
(20-79) 

(million) 

Individuals 
with diabetes 

(million) 

Prevalence 
(%) 

Population 
(20-79) 

(million) 

No. of people 
with diabetes 

(million) 

Prevalence 
(%) 

Africa  295 7.1 2.4 541 15.0 2.8 

Eastern Mediterranean & 
Middle East 

276 19.2 7.0 494 39.4 8.0 

Europe 621 48.4 7.8 646 58.6 9.1 

North America   290 23.0 7.9 374 36.2 9.7 

South & Central American  252 14.2 5.6 364 26.2 7.2 

South-East Asian  705 39.3 5.6 1,081 81.6 7.5 

Western Pacific 1,384 43.0 3.1 1,751 75.8 4.3 

Total 3,823 194 5.1 5,251 333 6.3 

Values are numbers (million) of individuals between the ages of 20 - 79 yrs. Source: International diabetes Federation 
(http://eatlas.idf.org).  

 

 

 

Worryingly, the occurrence of diabetes in obese white adolescents has reached 4%, with a 

further 25% having impaired glucose tolerance (Sinha et al., 2002). Sinha et al. (2002), 

Rosenbloom et al.  (1999) and Dabelea et al. (1999) have all described childhood obesity as an 

epidemic in the United States which is linked to an increasing frequency of type 2 diabetes in 

adolescent populations. The results from Rosenbloom et al. (1999) work do not support the 

view of some that a family history in type 2 diabetes is a risk factor for glucose intolerance 

(Ehrman et al., 2005; Pierce et al., 1995). Rather that the increased prevalence of diabetes in 

adolescence probably reflects a contribution of environmental factors, including dietary habits 

and inactivity (Rosenbloom et al., 1999). However, Pierce et al. (1995) proposed that a family 

history presents a 2.4 fold increase risk for type 2 diabetes.  
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2.2.1 Type 1 Diabetes  

Insulin-dependent diabetes, type 1 diabetes or immune-mediated diabetes is predominantly the 

consequence of autoimmune destruction of the β-cells (insulin secreting cells) within the 

pancreas (Atkinson et al., 1994). The exact aetiology of type 1 diabetes is both complex and 

poorly understood (Williams & Pickup, 1999). Although, it is most likely that environmental, 

geographical and ethnic factors trigger the onset of diabetes in populations with an inherited 

predisposition (Dahlquist, 1998). Type 1 diabetes is associated with sudden onset of 

symptoms, normally developing during childhood and results in little or no insulin being 

secreted. The subsequent hyperglycaemia may be treated with injections of insulin or more 

recently via continuous subcutaneous insulin infusion pumps. This form of diabetes increases 

the risk of cardiovascular disease >10 times when compared to healthy populations 

(Retnakaran & Zinman, 2008) and is a leading cause of mortality in coronary artery disease 

(Krolewski et al., 1987). 

 

 

2.2.2 Type 2 diabetes  

Type 2 diabetes has been described as adult-onset diabetes due to it association with increasing 

age. The basic defects of this metabolic condition are insulin resistance, hyperinsulinaemia 

(elevated blood insulin), in the early stages of the disease, followed by insulin deficiency in the 

later stages, decreased glucose effectiveness (Bouche et al., 2004) and elevated EGP (Abuissa 

et al., 2005). A description of the multifactorial dysfunction that contributes to type 2 diabetes 

follows in sections 2.5 (Figure 2.1). The specific aetiologies that relate to type 2 diabetes are 

not fully understood, although autoimmune destruction of β-cells does not occur. Obesity, to 

some degree, causes insulin resistance with many diagnosed with this condition having a body 

mass index (BMI) >35 kg/m2. However, it would appear that total fat mass and adipose 
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distribution, rather than BMI, are more strongly associated with insulin resistance and type 2 

diabetes (Azuma et al., 2007). The amount of visceral adipose tissue has been consistently 

shown to correlate with insulin resistance (Ross et al., 2002) and type 2 diabetes (Gastaldelli et 

al., 2002; Azuma et al., 2007). Other risk factors for this metabolic condition include; age, 

physical inactivity, race / geographical location and a genetic predisposition (Stumvoll et al., 

2005). It is common for many individuals with type 2 diabetes to remain asymptomatic, which 

often results in the disorder going undiagnosed. Furthermore, in some cases, individuals with 

type 2 diabetes have no outwardly showing symptoms at the time of diagnosis. Evans et al., 

(2008) have recently stated that early diagnosis (i.e. before symptoms are recognised) is 

beneficial in the treatment of type 2 diabetes and can decrease the occurrence of related 

complications. Type 2 diabetic symptoms may include polydipsia (increased thirst), polyuria 

(increased urination), increased appetite, fatigue, blurred vision and unexplained weight loss.  

 

 

2.2.3 Diagnostic Criteria of Diabetes Mellitus  

The diagnostic criteria for diabetes mellitus has recently been modified from those previously 

recommended by the National Diabetes Data Group (NDDG, 1979) and the World Health 

Organisation (WHO, 1985), which suggests three methods of diagnosis [Table 2.1; adapted 

from Report of the Expert Committee on the Classification and Diagnosis of Diabetes (2002) 

and Stumvoll et al., (2005)]. Each method of diagnosis must be confirmed, on a subsequent 

day using a different measuring criteria outlined in Table 2.1. However, the gold standard for 

the diagnosis of diabetes is the Oral Glucose Tolerance Test (OGTT; section 2.3.2).  
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An international Expert Committee (Report of the Expert Committee on the Classification and 

Diagnosis of Diabetes, 2002) was established in 1995 to review scientific data published since 

the last classification of diabetes in 1979 by the National Diabetes Data Group (NDDG, 1979). 

These groups acknowledged two major forms of diabetes and termed them insulin-dependent 

diabetes mellitus (IDDM, type 1 diabetes) and non-insulin-dependent diabetes mellitus 

(NIDDM; type 2 diabetes or adult-onset diabetes).  

 

 

 

Table 2.1   Diagnostic Criteria for Diabetes Mellitus and Impaired Glucose Tolerance  

                                                      

Diabetes Mellitus o Fasting ≥ 7.0 mmol/l  

o Glucose concentration ≥ 11.1  two hr post 75g OGTT   ≥ 11.1 
mmol/l 

o Symptoms of diabetes + casual glucose concentrations 11.1 
mmol/l  

 

Impaired Glucose Tolerance 

 

o Fasting <7.0 and two hr post OGTT ≥ 7.8 and <11.1 mmol/l 

 

Impaired fasting glucose  

 

o Fasting ≥ 6.1 and <7.0 and 2 hr post OGTT <7.8 mmol/l  

Fasting; Defined as no caloric intake for at least 8 hr; Casual; Random blood glucose test without regard to 
time of day or feeding; OGTT; 75g Oral Glucose Tolerance Test. Values represent Glucose concentrations in 
venous plasma (mmol/l). Adapted from Report of the Expert Committee on the Classification and Diagnosis of 
Diabetes (2002) and Stumvoll et al. (2005).  
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2.3 Assessment of Glucose Tolerance & Insulin Sensitivity  

2.3.1 Glycated Haemoglobin (HbA1c) 

Incidence reflecting glycaemia control can be measured using a range of methods and 

techniques. The use of glycated haemoglobin (HbA1c or A1c), sampled from venous or finger 

tip blood is widely used in clinical and research settings. During the normal life cycle of red 

blood cells, glucose binds with haemoglobin to form HbA1c. The rate of this binding is directly 

proportional to the concentration of blood glucose. An increase in HbA1c therefore, reflects the 

level of hyperglycaemia that a red blood cell has been exposed to during its life (Table 2.2). 

Assay measurement of HbA1c offers a means of assessing glucose control over the preceding 

12 wks (Nathan et al., 1984). The United Kingdom Prospective Diabetes Study (Stratton et al., 

2000) highlighted a direct association between HbA1c levels and risks of diabetic related 

complications. The same paper also demonstrated that a 1% fall in HbA1c reduces the 

occurrence of these complications by 21% (Stratton et al., 2000). Elsewhere, Davidson et al. 

(2001) presented data reporting that if HbA1c is kept ≤ 7% (non diabetic values ~5%), 

development of secondary complications are close to zero and that HbA1c offers a good 

reflection of glycaemic control and secondary complications over the Oral Glucose Tolerance 

Test (OGTT).  
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Table 2.2 Approximate Relationship between Blood Glucose Concentrations and HbA1c 

Glyclated Haemoglobin  
(HbA 1c%) 

Mean Blood Glucose Concentrations  
(mmol/l) 

4 3.3 

5 5.0 

6 6.7 

7 8.3 

8 10.0 

9 11.7 

10 13.3 

11 15.0 

12 16.7 

13 18.3 

14 20.0 

         Adapted from Nathan et al. (1984) 

 

 

 

2.3.2 Oral Glucose Tolerance Test (OGTT) 

The OGTT is routinely used for the diagnosis of diabetes and glucose intolerance (Report of 

the Expert Committee on the Classification and Diagnosis of Diabetes, 2002). The 

administration of the OGTT, with the measurement of plasma insulin, allows for the 

assessment β-cell secretory capacity and peripheral insulin sensitivity (Stumvoll et al., 2000). 

The protocol for this test involves the ingestion of a solution containing the equivalent of 75-g 

anhydrous glucose (WHO, 1999) and is therefore, not relative to body mass. Blood samples are 

then drawn over a 2-4 hr period to allow for the determination of blood glucose and plasma 

insulin.  Stumvoll et al. (2000) concluded that the OGTT provides estimations of insulin 

sensitivity (insulin sensitivity index; r = 0.79, P < 0.0005) and β-cell function (first-phase 
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insulin release; r = 0.78, P < 0.0005) with reasonable accuracy when comparisons were made 

with the gold standard assessment of glucose tolerance (euglycaemic-hyperinsulinaemic clamp 

technique).  

 

2.3.3 Euglycaemic – Hyperinsulinaemic Clamp Technique  

The euglycaemic-hyperinsulinaemic clamp is described as a gold standard in vivo assessment 

of insulin sensitivity and β-cell function (DeFronzo et al., 1979; Uwaifo et al., 2002). 

Quantification of β-cell sensitivity to glucose and peripheral insulin sensitivity can be derived 

with the intravenous administration of insulin and glucose (Trout et al., 2007). The purpose of 

insulin infusion is to elevate plasma insulin concentrations to a plateau approximately 100 

µU/ml above basal levels. Blood glucose concentrations are then frequently determined, with 

the administration of exogenous glucose to maintain euglycaemia (5 mmol/l; Soop et al., 

2002). The clamp test was first developed by Andres et al. in 1965, due to limitations in the 

OGTT (Trout et al., 2007). However, this procedure is impractical in a clinical diagnosis 

setting and perhaps undesirable in large experimental investigations as it requires intravenous 

insulin infusion, frequent blood sampling and continuous adjustment of glucose infusions 

(Konstantinos et al., 2005).   
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2.3.4 Intravenous Glucose Tolerance Test (IVGTT)  

The intravenous glucose tolerance test (IVGTT) provides estimates of the metabolic indices; 

glucose effectiveness (SG), insulin sensitivity (SI) and endogenous glucose production (EGP). 

The use of this procedure is frequently favoured over the more invasive and labour intensive 

euglycaemic–hyperinsulinaemic clamp technique (Vicini & Cobelli, 2001). The IVGTT, 

analysed as a one-compartment minimal model, requires the rapid intravenous injection of an 

exogenous glucose bolus with frequent sampling of venous blood in the subsequent ~ 4 hr. 

Although, this method’s precision has been called into question as it provides unreliable 

measures of endogenous glucose production and is unable to separate measures of glucose 

effectiveness and plasma clearance rates (Vicini et al., 1997). In an attempt to improve this 

method, the modified insulin IVGTT has been proposed where by exogenous insulin is 

administered at time points 20-25min. Although offering improvements in precision, this 

method has draw backs in that it becomes substantially more complex and can result in 

hypoglycaemia. Furthermore the introduction of exogenous insulin clearly makes the 

determination of β-cell function difficult (Vicini & Cobelli, 2001).       

 

In 1993 Caumo et al. (1993) proposed that a two-compartment minimal model could solve a 

problem of the one-compartment IVGTT (i.e. the non-physiological pattern of EGP) and offer 

plausible profiles of EGP during an intravenous (labelled) glucose load. By rapidly injecting 

the stable isotope [6,62H2]glucose (~10% of total glucose dose) within an unlabelled glucose 

(0.25 -  0.33 g / kg of body mass) bolus, Vicini et al. (1997) were able to demonstrated that the 

labelled IVGTT allowed for powerful assessment of glucose metabolism in the form of the 

two-compartment measurement of glucose effectiveness (SG
2*), insulin sensitivity (SI

2*) and 

EGP in various populations.  



 

Literature Review: Chapter 2   18 

2.4 Diabetic Related Complications  

The secondary complications associated with type 2 diabetes are the consequence of habitual 

hyperglycaemia, and can be categorised into either micro- or macro-vascular. Evidence 

suggests that the severity of micro-vascular complication in type 2 diabetes is linked with both 

the duration and extent of hyperglycaemia [UK Prospective Diabetes Study (UKPDS 33), 

1999]. The same study provided comparable evidence showing a clear link between 

improvements in glycaemic control and reduction in diabetic related tissue damage (UKPDS 

33).   

 

 

The progression of the numerous long-term complications of diabetes mellitus seems to 

correlate with the severity and duration of hyperglycaemia. It is known that postprandial 

glucose levels > 11 mmol (200 mg / dL) are more frequently associated with renal, retinal, and 

neurologic complications which may transpire 5 to 10 yr after the onset of diabetes (Clark et 

al., 1995; Gugliucci, 2000). Glucose is known to damage tissue by acute reversible changes in 

metabolism as well as cumulative effects that include irreversible alterations in stable 

macromolecules (i.e. forming of advanced glycation end-products). The link between 

hyperglycaemia and diabetic related complications has been comprehensively reviewed 

(Gugliucci, 2000). The cause of diabetic complications can be attributed to the aldose 

reductase reaction (Gabbay, 1973), oxidative stress (Soulis-Liparota et al., 1995), advanced 

glycation end-product (Mailard) and modified protein kinase C activity (PKC; Gugliucci, 

2000). Elevated glucose levels are thought to have an additional effect by causing localised 

tissue (pseudo) hypoxia, modified regulation of lipoprotein metabolism (Giugliano et al., 

1995) and altered cytokine activity (Lopes-Virella & Virella, 1996).  
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2.5 Type 2 Diabetes & Metabolic Dysfunction(s)  

2.5.1 Insulin resistance 

Insulin resistance may be defined as impairments in the biological response to endogenous 

insulin, is a key component of type 2 diabetes.  Insulin resistance is categorised by a decrease 

in insulin-dependent glucose transport in insulin responsive tissue and an inability of insulin to 

suppress EGP (Dinneen et al., 1992). An understanding of the cellular mechanisms implicated 

in insulin resistance is essential in developing therapeutic interventions in type 2 diabetes. 

Exposing skeletal muscle to elevated glucose concentration (4 hr 12 mmol/l) in vitro has been 

shown to inhibit insulin action and decrease glucose transport activity when compared to a 

euglycaemic control condition (Richter et al., 1988). Kraegen et al. (2006) recently 

demonstrated that the onset of insulin resistance induced by excessive glucose availability 

reduced adenosine 5'-monophosphate-activated protein kinase (AMPK) phosphorylation and 

activity in skeletal muscle tissue by 50%. These authors maintained hyperglycaemia (17–18 

mmol/l) by intravenous glucose infusion in rats for 3 or 5 hr; before euglycaemia was restored. 

A subsequent 2 hr hyperinsulinaemic clamp (following euglycaemia) showed that prior 

hyperglycaemia induced insulin resistance in both skeletal muscle and liver tissue (P < 0.01) 

(Kraegen et al., 2006). This data proposes that hyperglycaemia decreases insulin-dependent 

glucose transport and may result in insulin resistance (Richter et al., 1988). 

 

The pathophysiology of insulin resistance is complex and is thought to involve a series of 

mechanisms which inhibit the insulin signalling cascade. Hormones, cytokines and non-

esterified fatty acids (NEFA) released by adipocytes have been linked to reduced insulin action 

(Stumvoll et al., 2005). Accumulation of triglycerides within subcutaneous adipose tissue has 
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been reported to trigger cell specific insulin resistance with a coupling effect on reduced 

insulin mediated suppression of lipolysis (Boden, 1997) (Figure 2.1).  

 

In healthy subjects, insulin binds with insulin specific plasma membrane receptors (insulin 

receptor substrates; IRS) which when phosporlated, control the activity of intracellular tyrosine 

kinase involved in the insulin signalling cascade (White, 2002) (Figure 2.9). The movement of 

insulin-stimulated glucose transporters from intracellular sites to the plasma membrane include 

IRS-1 (muscle tissue) (White, 2002), phosphatidylinositol 3-kinase (PI-3kinase) (Frosig et al., 

2007), atypical PKC, PKB (Farese et al., 2005), AMPK (Fisher et al., 2002), Akt substrate of 

160 kDa (AS160) (Howlett et al., 2007). Insulin resistance seems to occur through a number of 

mechanisms that decrease IRS ability to activate subsequent protein kinase involved in 

downstream insulin signalling (White, 2002) including 1) dephosphorlyation of protein side 

chains on the IRS protein, directly inhibiting IRS-1 activation (Zick, 2001); 2) the degradation 

of IRS and loss of IRS from the cell surface, via direct action of local cytokines (Rui et al., 

2002) which also interfere with insulin stimulated glucose transporter (GLUT) activity; 3) 

steady rate lipid-infusion (5 hr) has been reported to increase muscle triglyceride and long-

chain acyl CoA content (Chalkey et al., 1998) which is linked with decreasing IRS-1 and PI-

3kinase activity (Tremblay et al., 2001). Indeed, rodents feed with high fats diets exhibited 

impaired PI-3kinase function and downregulated Akt/protein kinase B activity (-40%, P < 

0.01) with a subsequent decrease in GLUT translocation (Tremblay et al., 2001); 4) the 

proinflammatory cytokine tumour necrosis factor α (TNF-α) has been directly shown to 

stimulate adipocyte specific lipolysis, further increasing NEFA availability. This increase in 

NEFA encourages serine/threonine phosphorylation of IRS-1 and -2, adversely affecting 

insulin signalling (Griffin et al., 1999).   
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Figure 2.1 Metabolic defects contributing to hyperglycaemia in type 2 diabetes (Stumvoll et al., 2005). 

 

 

2.5.2 β-Cell Dysfunction  

Numerous abnormalities in insulin secretion exist in individuals with type 2 diabetes. The 

importance of insulin in the progression of impaired glucose tolerance (IGT) to overt type 2 

diabetes is highlighted in Pima Indian populations who exhibit insulin resistance with a 

compensatory increase in insulin release. Although clinically insulin resistant, this population 

has the ability to respond to hyperglycaemia via increased β-cell insulin release which seems to 

slow or prevent the development of overt diabetes (Weyer et al., 1999). In normally 

functioning β-cells, glucose is rapidly taken up by a pancreatic specific isoform of GLUT 

(GLUT-2). Phosphorylation of glucose then follows via the coenzyme glucokinase, converting 

glucose into glucose-6-phosphate (G-6-P) before further degradation results in the formation of 
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pyruvate (Stumvoll et al., 2005) (Figure 2.2). Pyruvate then passes into the mitochondria 

where it is oxidised to produce adenosine triphosphate (ATP). ATP function, within β-cells 

provides much of the energy needed for both insulin release and cell membrane depolarisation. 

The increased ATP levels result in the closure of KATP channels, leading to membrane 

depolarisation. The consequence of such is the opening of voltage controlled Ca2+ channels, an 

increase in Ca2+ influx and release from the endoplasmic reticulum. The increase in 

intracellular Ca2+ concentration causes the release of previously synthesised insulin from 

secretory vesicles (Gabbay et al., 1975).  It is proposed that the coenzyme acts as a glucose 

sensor, causing increased release of insulin during hyperglycaemic episodes (Stumvoll et al., 

2005).   

 

β-cell damage caused by glucose toxicity results in the deterioration of insulin release and is a 

prominent defect in type 2 diabetes (Wallace et al., 2002). Excessive glucose metabolism has 

been reported to result in a large production of reactive oxygen species (ROS) within 

pancreatic β-cells and has been associated with causing cellular damage in the same cell type. 

The enhanced ROS are known to promote incorrect regulation of nuclear factor-kappa B (NF-

KB), resulting in β-cell apoptosis (cell death) (Stumvoll et al., 2005).  Furthermore, high levels 

of circulating glucose have been shown to decrease GLUT-2 activity, which would presumably 

inhibit glucokinase’s ability to sense glucose levels and up regulate insulin release.  High fatty 

acid levels have also been implicated in reduced insulin secretory capacity through the build up 

of long-chain coenzyme A, a product of preferential glucose oxidation and elevated NEFA 

(Robertson et al., 2004). It is suggested that the increased presence of long-chain coenzyme A 

diminishes insulin secretion through the opening of β-cell potassium channels (Robertson et 

al., 2004).  
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Figure 2.2   Glucose induced insulin release in a normal functioning β-cell. GLUT-2; glucose transporter-2. 
G-6-P; glucose-6-phosphate.   

 

 

2.5.3 Endogenous Glucose Production (EPG) 

In postprandial states hepatic glucose uptake allows for the conversation of glucose to 

glycogen (glycogen synthesis) and triglycerides (Viollet et al., 2006). These energy storing 

processes are reversible and play a key role in substrate availability via glycogenolysis, 

gluconeogenesis and lipolysis. Excessive EPG is thought to be a major contributor to the 

progression of elevated blood glucose concentrations in type 2 diabetes (Meyer et al., 1998). In 

severe cases of diabetes (basal glucose levels > 7.8 mmol/l) it is generally proposed that EGP 

is the predominant factor (independent of feeding) responsible for hyperglycaemia (Fery, 

1994), primarily due to hepatic insulin resistance (Figure 2.1) (Staehr et al., 2002). 

Image not available due to copyright restrictions
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Furthermore, insulin treatment has been shown to reduce basal EGP rates by 25-50% in type 2 

diabetic humans (Garvey et al., 1985). Figure 2.3 shows the dose response of insulin on EGP 

in healthy subjects (Staehr et al., 2002). Insulin is able to suppress EGP by as much as 60-70%, 

when hepatic insulin sensitivity is considered normal (Hother-Nielsen et al., 1996). However, 

in type 2 diabetics, elevated EGP in the presence of elevated circulating plasma insulin 

suggests hepatic insulin resistance (Staehr et al., 2002). Basal EGP has been shown to be 10-

30% higher in hyperglycaemic glucose intolerant subjects (8-9 mmol/l) (Staehr et al., 2002). In 

addition, Meyer et al. (1998) has shown that renal and hepatic glucose production are not only 

elevated in type 2 diabetics but are also comparable [renal; 2.2 (0.3) µmol / kg  / min-1, hepatic; 

2.6 (0.7) µmol / kg  / min-1].  

 

 

EGP is thought to be activated by hepatic specific AMPK which responds to various 

physiological stimuli including exercise and nutrient availability (Hardie, 2004), adiponection 

(Yamauchi et al., 2002) and pharmacological agents including metformin (Zhou et al., 2001; 

Viollet et al., 2006). Hepatic specific AMPKα2 null mice exhibit both high glucose 

concentrations and increased EGP, suggesting that this AMKPα2 isoform is partly responsible 

for the control of EGP and maintenance of fasting blood glucose concentrations within the 

normal physiological range (Viollet et al., 2006).  



 

Literature Review: Chapter 2   25 

0

10

20

30

40

50

60

70

80

0 10 20 30 40 50 60 70 80

Plasma Insulin (mU/L)

E
nd

og
en

ou
s 

G
lu

co
se

 P
ro

du
ct

io
n 

(E
P

G
) 

(m
g 

/ 
m

2
 / 

m
in

-1
)

 

Figure 2.3  Relationship between plasma insulin levels and endogenous glucose production (EGP)  

(Staehr et al., 2002). 

 

 

 

2.5.4 Reduced Glucose Effectiveness   

Cellular glucose uptake occurs via facilitated transport proteins which are stimulated in vivo by 

increased levels of circulating glucose and insulin. Blood glucose concentrations influence 

glucose uptake by a mass action effect that operates independent to insulin (Del Prato et al., 

1997). Insulin resistance is a key contributory factor of hyperglycaemia in type 2 diabetics 

(Schernthaner & Schernthaner, 2005; Henriksen et al., 2006), although little is known about 

the ability of glucose to stimulate its own transport via GLUT-1 and -4 activities in skeletal 

muscle (Del Prato et al., 1997). Glucose transport, via an insulin-independent mechanism, can 
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account for as much as 50% of the decline in blood glucose during periods when blood glucose 

is elevated (Bouche et al., 2004). Glucose effectiveness (SG), which is the ability of 

hyperglycaemia to promote glucose disposal at basal blood insulin concentrations, is a 

component of importance equal to or greater than insulin itself when determining glucose 

tolerance (Higaki et al., 1996). Furthermore, glucose has been suggested to play a central role 

in promoting glucose resistance by decreasing proteins involved (AMPK) in its own 

metabolism and therefore down regulating glucose clearance (Itani et al., 2003).  

 

 

Glucose effectiveness (SG), measured using an intravenous glucose tolerance test (IVGTT), has 

been shown to be impaired in type 2 diabetic individuals (Del Prato et al., 1997). In 

maintaining insulin at basal levels Del Prato et al. (1997) were able to show that increasing 

blood glucose concentrations to three different levels (+2.8, +5.6 and +11.2 mmol/l above 

baseline) caused a progressive and significant increase in glucose uptake in healthy control 

subjects [13.1 (0.6), 15.7 (0.7) and 26.3 (1.1) µmol / kg / min-1, respectively). Although the 

same pattern occurred in type 2 diabetic patients, the increase in glucose disposal was reduced 

[10.5 (0.2), 12.1 (1.0) and 17.5 (1.1) µmol / kg / min-1, respectively) (P < 0.05). Using tracer 

infusion techniques Basu et al. (1997) demonstrated that plasma concentrations of [6-

3H]glucose were higher in diabetic subjects than in the nondiabetic controls (P < 0.05). This 

was due to both a reduced ability of glucose to stimulate its own disappearance via mass action 

and to a greater inhibitory effect of glucose on its own clearance (Arnfred et al., 1988).  Del 

Prato et al. (1997) concluded that glucose resistance in type 2 diabetic subjects could be 

attributed to a decrease in the ability of hyperglycaemia to promote its own transport in muscle 

tissue via an abnormality in glucose transport activity, associated with glucose toxicity.  
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2.6 Glucose Delivery, Transport & Utilisation 

There are three steps that may be rate limiting for glucose uptake by muscle tissue: glucose 

delivery to the active muscle cell, the quantity of glucose transporter in the myocyte membrane 

(permeability to glucose) and glucose flux through intracellular metabolic pathways (Rose & 

Richter, 2005) (Figure 2.4). Once diffused from the capillary towards the muscle cell, glucose 

is then transported across the surface membrane by facilitative transporter proteins (glucose 

transporter; GLUT). Once in the muscle cell, glucose undergoes irreversible phosphorylation, 

making it available for oxidation or energy storage in the form of glycogen. 

 

Figure 2.4   The rate-limiting steps in glucose uptake by skeletal muscle (Rose & Richter, 2005).  

 

 

There are three major pathways for the cellular fate of glucose: 1) oxidation to (in the absence 

of O2), which may undergo further oxidation in the citric acid cycle; 2) storage as the 

polysaccharide glycogen, which can be broken down and utilised during metabolic stress at a 

later stage; and 3) conversion to other sugars and intermediates essential for biosynthetic and / 

or metabolic pathways, including the production of glycerol 3-phosphate used in triglyceride 
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and phospholipid synthesis, a key pathway of glucose in adipose, liver and muscle tissue 

(Bouche et al., 2004).   Glucose is both an efficient and unique source of fuel as it produces 

more ATP per molecule over other sources (lipids and proteins) and can produce ATP even in 

the absence of O2 (Rose & Richter, 2005).  

 

 

2.6.1 Glucose Delivery - Nitric Oxide Induced Blood Flow 

The gas nitric oxide (NO) has been widely implicated in the regulation of muscle blood flow 

and glucose transport activity (Stamler & Meissner, 2001). During exercise, NO is synthesised 

by endothelial cells using L-arginine and NO synthase, after which NO enters adjacent 

vascular smooth muscle cells and activates guanylyl cyclise (Gill et al., 2007). This enzyme 

(guanylyl cyclise) catalyses the dephosphorylation of guanosine 5'-triphosphate (GTP), 

forming cyclic guanosine 3',5'-monophosphate (cGMP) which stimulates the vasodilation of 

smooth muscles (Roberts et al., 1999). This vasodilatory effect relieves the shear stress caused 

by exercise and promotes blood-oxygen delivery to skeletal muscle (Maiorana et al., 2003). 

Electrically induced muscle contractions have also been shown to increase eNOS activity and 

NO release (Balon and Nadler, 1994), suggesting that exercise can promote both vascular 

(endothelial) and muscular release of eNOS with others showing that exercise upregulates 

eNOS gene expression (Yang et al., 2002). 
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Obesity, insulin resistance and type 2 diabetes are characterised by reduced NO bioactivity and 

impaired NO vascular function which may inhibit muscle blood flow during exercise (Balon 

and Nadler, 1994; Maiorana et al., 2003; Kearney et al., 2007). Using a stable isotope (15N 

Arginine) approach, Avogaro et al. (2003) have clearly shown that type 2 diabetics have 

impaired NO production, providing a link between endothelial dysfunction and atherosclerosis 

within the same population. A reduced NO production, with an associated decrease in muscle 

blood flow and glucose uptake, may account for the decreased 2maxOV&  (Baldi et al., 2003) and 

exercise capacity (Fang et al., 2005) known to be present in type 2 diabetics. Although reduced 

mitochondria size (skeletal muscle) in type 2 diabetic (Kelley et al., 2002) may also contribute 

to a reduced exercise capacity.  

 

2.6.2 Cellular Glucose Transport  

The transport of glucose into the cell is mediated by two distinct families of hexose transporter 

proteins located on the cell membrane: facilitative glucose carriers [glucose transporter 

(GLUTs)] and sodium-glucose cotransporters (SGLTs) (Bell et al., 1993). A complete 

description of their structures and functions falls outside the capacity of this thesis. For detailed 

reviews see (Bell et al., 1993). Sodium-glucose cotransporters (SGLTs) contain 14 

transmembrane α-helices and are principally expressed in the intestine and kidney. There are 

two major isoforms SGLTs that have been characterised in detail (SGLT-1 and SGLT-2) 

although more may exist (Wright, 2001). The SGLT-1 isoform is primarily responsible for 

glucose and galactose uptake within the small intestine and has also been implicated in 

nephron mediated reabsorption of glucose from urine. SGLT-2 is principally found in the 

kidney and is also implicated in early glucose reabsorption within the proximal tubule (Bouche 

et al., 2004).  
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Twelve facilitative glucose transporters (GLUTs) have been classified and can be further 

characterised into 3 classes. Class I consists of GLUTs with high-affinity binding proteins 

GLUT-1, GLUT-3 and GLUT-4 and the lower-affinity protein GLUT-2. The second class (II) 

of GLUTs include GLUT-5, GLUT-7, GLUT-9 and GLUT-11. These transporters have a very 

low affinity for glucose while favouring the transport of fructose. The third class (III) of GLUT 

have been described as novel as less is known about this class of transporters and include 

GLUT-6, GLUT-8, GLUT-10 and GLUT-12. Class I GLUTs will be discussed in more detail 

as these proteins are principally expressed in the tissue of interest (skeletal muscle). Glucose 

transporter-1 and -4 are the primary GLUTs found in skeletal muscle. Although found in low 

levels, GLUT-1 is primarily responsible for cellular glucose uptake under basal conditions 

(Barnes et al., 2002) and is continually located in the cell membrane.   

 

GLUT-4 mediates insulin-dependent and independent glucose transport through its 

translocation from intracellular sites to the cell membrane (Figure 2.9). Both insulin and 

muscular contractions (exercise) are known to stimulate GLUT-4 movement to the cell 

membrane (Richter et al., 2001). Although insulin and exercise are thought to activate GLUT-

4 translocation from different intracellular storage sites (Ploug et al., 1998). GLUT-4 has been 

shown to have an important function in glucose transport and glucose tolerance (O'Gorman et 

al., 2006). Insulin stimulated glucose transport, is known to be decreased in GLUT-4 null 

rodents (Katz et al., 1995) with decreased insulin action also being linked with reduced GLUT-

4 trafficking in type 2 diabetic humans (Karlsson et al., 2005). Augmented glucose uptake in 

contracting skeletal muscle has been shown to be the product of increased GLUT-4 membrane 

content, both acutely (during exercise) and chronically (post exercise) in type 2 diabetic 

patients (O'Gorman et al., 2006). 
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2.6.3 Glucose Phosphorylation and Glucose-6-phosphate Hydrolysis – Implications in 

Type 2 Diabetes 

Upon entering the cell, glucose is rapidly phosphorylated to glucose 6-phosphate (G-6-P) by 

the enzyme hexokinase, subsequently trapping the glucose molecule within the cell and 

committing it to metabolic processes that include glycolysis and glycogen synthesis (Figure 

2.5). The hexokinase II isoform, found predominantly in skeletal muscle is known to be up 

regulated by exercise (Koval et al., 1998) and insulin (Vogt et al., 2000), with loss of activity 

found in insulin resistant skeletal muscle (Katzen et al., 1970). Furthermore, there is evidence 

to suggest that both glucose phosphorylation and hexokinase II expression are reduced in obese 

and type 2 diabetic individuals (Pendergrass et al., 1998) and that exercise can increase 

hexokinase activity in healthy control, but not type 2 diabetic subjects (Cusi et al., 2001). 
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Figure 2.5   The fate of glucose with its key pathways: glucose membrane transport and  phosphorylation, 
glycolysis, glycogen synthesis, pentose phosphate pathway and hexosamine biosynthesis (adapted 
from Bouche et al., 2004).  

 

 

2.6.4 Glucose Utilisation  

In skeletal muscle, glucose can be used to generate ATP via both aerobic and anaerobic 

glycolysis. The metabolic process of glycolysis provides energy via ATP resynthesis in all cell 

types and involves the breakdown of glucose in an 11 stage enzyme reaction within the 

cytosol (Figure 2.6). Pyruvate, the end-product of glycolysis, can then be converted to lactate 

via lactate dehydrogenase. Under aerobic conditions, glucose produces a net of 36 ATP 

molecules per molecule in skeletal muscle. Following the breakdown of glucose into 2 

molecules of pyruvate, the latter can then cross the mitochondrial membrane where it is 
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rapidly converted to acetyl-CoA (coenzyme A) using the pyruvate dehydrogenase complex.  

Acetyl-CoA is then able to enter the Krebs cycle (citric acid cycle / tricarboxylic acid cycle) 

where electrons are made available to the electron transport chain via the coenzymes FAD and 

NAD+. 

 

Glucose 6-phosphatase is the enzyme responsible for the hydrolysis of G-6-P into phosphate 

and glucose. This reaction is the final stage in gluconeogenesis and glycogenolysis and plays a 

fundamental role in the regulation of blood glucose. Glucose is then free to leave the cell via 

glucose transporter proteins. Glucose 6-phosphatase, predominately expressed in hepatocytes, 

is responsive to both hormonal and substrate input and is known to be downregulated in the 

presence of elevated insulin and glucose concentrations (Bouche et al., 2004). Furthermore, 

overexpression of this enzyme has been closely associated with insulin resistance in animal 

models (Lange et al., 1994) with both increased G-6-P activity and increased EGP being 

implicated in type 2 diabetic humans (Clore et al., 2000).  

 

2.6.5 Glycogen Synthesis - Implications of Type 2 Diabetes 

Skeletal muscle is the major site for insulin stimulated glucose disposal. Much of the glucose 

entering skeletal muscle is stored as glycogen. Therefore, an understanding of this process and 

how it is altered under different metabolic conditions is vital in understanding how 

interventions may benefit type 2 diabetics. The linkage of glucose into its polysaccharide form 

(glycogen) is known as glycogen synthesis.  
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Upon entering the cell, glucose is rapidly phosphorylated by hexokinase forming G-6-P, 

subsequently trapping the glucose molecule within the cell and committing it to metabolic 

processes. The next process involves the conversion of G-6-P to Glucose-1-phosphate using 

the enzyme phosphoglucomutase. Glucose-1-phosphate is then available to form uridine 

diphosphoglucose (UDP-glucose) via UDP-glucose pyrophorphorylase. The formation of 

UDP-glucose represents the preliminary steps in glycogen synthesis, with the latter stage 

being mediated by the glycosyltransferase protein glycogenin (Bouche et al., 2004). 

Glycogenin acts as a primer, to which additional glucose monomers are attached by catalyzing 

additional glucose from UDP-glucose. Once eight further glucose residues have been added, 

glycogen synthase (GS) acts to extend the glucose polymer, forming a covalently linked 

oligosaccharide. The final step in glycogen synthesis requires the enzyme glycogen branching 

transferase, which attaches glycosyl chains in α-1,6-glycosidic bonds to chains of glycogen 

(Bouche et al., 2004).  

 

 

Insulin is known to stimulate PKB/Akt in a PI-3kinase dependent manner. In turn PKB/Akt 

phosphorylates glycogen synthase kinase 3 (GSK-3) on Ser21 and Ser9 in GSK-3α and β, 

respectively, leading to their deactivation (King et al., 2006). GSK-3 is known to 

phosphorylate and so inhibit glycogen synthase activity. Indeed, glycogen synthesis increases, 

as measured by GS activity, when human hepatic cells are treated with GSK-3 inhibitors in 

vitro (Coghlan et al., 2000). The inhibition of GSK-3 results in the dephosphorylation and 

activation of GS, and the stimulation of glycogen synthesis (Yeaman et al., 2001). Insulin also 

results in the activation of protein phosphatase 1 (PP1), which removes a phosphate group and 

so activates GS while inactivating glycogen phosphatase (Groop & Orho-Melander, 2008).  
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In addition, GS can also be regulated in an allosteric manner by G-6-P. That is, the substrate 

G-6-P is able to activate glycogen formation by binding at a non-active protein site on GS 

(Roach, 1990). Following glycogen depletion (induced by contractile activity) glucose readily 

activates glycogen synthesis and GS activity independent of GSK-3 and PP1 activity (Halse et 

al., 2001). These authors showed that in vitro starvation and re administration with glucose 

reduced and increased glycogen synthesis, respectively in human gastrocnemius muscle cells 

when using an insulin inhibitor, which presumably did not result in GSK-3 phosphorylation 

(Halse et al., 2001). These data suggesting that glycogen synthesis can be regulated via an 

insulin-dependent pathway. It is proposed that GS is a substrate for AMPK and that AMPK 

activation may be involved in glycogen synthesis. AMPK has been shown to phosphorylate 

glycogen synthase at Ser7, resulting in a decrease in activity at low levels of G-6-P (Carling & 

Hardie, 1989). Evidence for the role of AMPK in glycogen synthesis is also based on the 

finding that mutation of swine PRKAG3 gene, which encodes the regulatory γ subunit of 

muscle specific AMPK, is associated with higher muscle glycogen content in animal models 

(Milan et al., 2000). Furthermore, long-term treatment with AICAR in vivo increases muscle 

glycogen content in insulin resistant obese Zucker (fa/fa) rodents (Buhl et al., 2002). 

Although, this notion remains controversial and that the association of AMPK regulation with 

glycogen content may merely reflect a correlation between the two (McBride et al., 2009).  
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Aerobic (B) 

Anaerobic (A) 

 

Figure 2.6   Anaerobic and Aerobic Glycolysis (Adapted from Bouche et al., 2004). Shows the fate of  
glucose after its conversion to glucose-6-phosphate.   

 

2.6.6 Pentose Phosphate Pathway - Implications for Type 2 Diabetes 

The pentose phosphate pathway, sometimes referred to as the phosphogluconate or hexose 

monophosphate pathway, is predominantly active in adipose tissue, hepatocytes, and lactating 

mammary glands (Houston, 2001). It occurs in the cytosol, producing NADPH and 

synthesizing pentose (5-carbon sugars). The amount of glucose catabolized through this 

pathway is tissue dependent. Although it is known to be more active in diabetics due to an 

increased oxidative stress (Wu & Ren, 2006). The generation of NADPH during the pentose 

phosphate pathway is used to reduce the coenzyme glutathione, which converts reactive H2O2 

into H2O. Without this reaction H2O2 would be freely available to form hydroxyl free radicals 

(Houston, 2001).  
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2.6.7 Hexosamine Pathway – Implications for Type 2 Diabetes  

The hexosamine pathway is a cellular energy sensing pathway that adapts the expression of 

many nuclear-encoded mitochondrial genes involved in oxidative metabolism, in both skeletal 

muscle and adipose tissue (Obici et al., 2002). Excluding the first step in the hexosamine 

pathway, all reactions are reversible and do not require ATP. The preliminary step in the 

hexosamine biosynthesis pathway requires the conversation of fructose-6-phosphate to 

glucosamine-6-phosphate using the enzyme glutamine:fructose-6-phosphate amidotransferase 

(GFAT). N-Acetyl glucosamine-6-phosphate is then readily adapted to produce N-acetyl 

glucosamine-1,6-phosphate and then to UDP-N-Acetyl glucosamine. UDP-N-Acetyl 

glucosamine is then made available as a substrate for O-linked glycosylation, using O-

Aceylglucosamine transferase (Kaneto et al., 2001; Bouche et al., 2004). The latter part of this 

process results in cytoplasmic and nuclear proteins being glycosylated at the hydroxyl group 

on serine / threonine residues (Kaneto et al., 2001).   

 

Over activity of the hexosamine pathway is a common feature involved in insulin resistance 

and type 2 diabetes (Buse et al., 1997). It is suggested that when glucose flux is excessive, the 

hexosamine pathway responds by down-regulating glucose transport activity by inhibiting both 

insulin action (sensitivity) and SG, as assessed using an IVGTT (Monauni et al., 2000). 

Monauni et al. (2000) also contributed β-cell impairment with increased activity of 

hexosamine biosynthesis (Monauni et al., 2000). Furthermore, increased glucose availability to 

the hexosamine pathway has been shown to down-regulate GLUT-4 translocation (Baron et 

al., 1995), glycogen synthesis and PI-3kinase activity (Hawkins et al., 1999), highlighting its 

role in reduced insulin resistance and glycogen formation.  
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In addition to impaired insulin action and β-cell dysfunction, the hexosamine pathway also 

seems to be implicated in the development of diabetic related complications. The end products 

of the hexosamine pathway (hexosamines) have been linked with causing endothelial 

dysfunction in bovine aortic cells, which was attributed to a decrease in endothelial nitric oxide 

(eNOS) activity (Du et al., 2001). It is proposed that increased activity of the hexosamine 

pathway decreases PKB induced Ser1177 phosphorylation of eNOS (Du et al., 2001). 

Elsewhere, Federici et al. (2002) have shown that atherosclerotic plaques were greater, as was 

glycosylation in diabetic patients, and that increased activity in hexosamine biosynthesis 

contributes to the development of diabetic macrovascular complications through a decrease in 

eNOS activity (Federici et al., 2002).  

 

 

2.7 Type 2 Diabetes & Exercise  

Exercise can stimulate whole body oxygen consumption by as much as 20-fold (ADA, 2002). 

The energy provided to the working muscle during exercise is supplied by muscle glycogen, 

triglycerides, free fatty acids (FFAs) derived from the breakdown of adipose tissue and glucose 

released through glycogenolysis (EGP). The supply of glucose for exercising muscle is 

controlled largely by hormonal input. The inhibition of circulating insulin and increase in 

glucagon release stimulates EGP, providing fuel metabolism during muscular contractions 

(ADA, 2002). The rate of glucose removal from the blood is increased during moderate 

intensity exercise in type 2 diabetic individuals (Colberg et al., 2008). As a product of the 

increased cellular requirements for glucose, exercise has been used as an intervention in the 

treatment and prevention of type 2 diabetes. 
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2.7.1 Fuel Metabolism during Exercise 

Research conducted using radiolabelled glucose (Reichard et al., 1961) and direct 

measurement of arteriovenous glucose differences across exercising muscle groups (Sanders et 

al., 1964) has shown that muscle glucose uptake is increased during exercise (Hargreaves, 

1995). Muscle glycogen and circulating blood glucose are key substrates in the resynthesis of 

ATP in contracting skeletal muscle (Hargreaves and Spriet, 2006). There is a progressive 

transfer from predominantly lipid oxidation at rest, to the use of multiple fuel sources during 

exercise including blood glucose, muscle glycogen and NEFA (Hargreaves, 1995). This 

change in fuel utilisation provides both the aerobic and anaerobic pathways with the required 

substrates needed during periods of increased energy demand (Coyle et al., 1991).  

The metabolic reliance on blood glucose and muscle glycogen for ATP synthesis during 

exercise increases in an intensity dependent manner (Kjaer et al., 1991; Hargreaves & Spriet, 

2006). Contraction stimulated glucose uptake is known to be greater than that induced by 

maximal insulin stimulation (James et al., 1985). It is widely accepted that fatigue is often 

associated with glycogen depletion (muscle and liver) and / or hypoglycaemia (Sahlin et al., 

1990; Coyle, 1995). Evidence for the importance of blood glucose to contracting skeletal 

muscle extends from the observation that the sole use of lipids as a substrate is unable to 

provide adequate energy at exercise intensities >50-60% 2maxOV&  (Davies and Thompson, 1979; 

Coyle, 1991). The onset of exercise stimulates an increase in peripheral glucose uptake within 

skeletal muscle from ~15-20% during rest to ~80-85% of total blood glucose removal during 

moderate intensity exercise (50-60%2maxOV& ) (Kjaer et al., 1991). The reliance of skeletal 

muscle for blood glucose provides a clear rationale for the use of exercise in the prevention 

and treatment of hyperglycaemia in type 2 diabetics. 
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2.7.2 Acute Exercise & Glucose Metabolism 

Acute exercise stimulates the transfer of glucose from capillary, by diffusion to the surface 

membranes of the muscle fibre, where it is transported into the cell via facilitative transport for 

the resynthesis of ATP. Exercise-induced stimulation of glucose transport activity is known to 

decrease hyperglycaemia and improve glucose tolerance in type 2 diabetics (Hayashi et al., 

2005; Bordenave et al., 2008). Since insulin secretion is inhibited during exercise (Musi et al., 

2001), it is generally accepted that the reduction in glucose concentration can be attributed to 

the skeletal muscle’s ability to promote glucose uptake independent of insulin (contraction 

stimulated glucose transport) (Rose & Richter, 2005). This insulin-independent pathway is 

thought to remain intact within type 2 diabetics (Azevedo et al., 1995; Kennedy et al., 1999). 

However, acute exercise seems to stimulate glucose transport by up-regulating both the 

insulin-dependent and -independent pathways (Dohm, 2002; Holloszy, 2005; Rose & Richter, 

2005). The effects of exercise on insulin-stimulated glucose transport are discussed in more 

detail in section 2.7.4.  

 

2.7.3 The Effects of a Single Bout of Exercise on Blood Glucose Concentrations in 

Type 2 Diabetes 

Many studies have shown improvements in glucose tolerance during and / or following a 

single bout of physical activity (Devlin et al., 1987; Larsen et al., 1997a; Kang et al., 1999; 

Macdonald et al., 2004). Even moderate intensity exercise (60 min at 90% lactate threshold) 

has been shown to reduce blood glucose concentrations (-2.5 mmol/l) (Macdonald et al., 

2004). Favourable changes in blood glucose concentrations have been reported in low-

moderate (Larsen et al., 1997a) and high intensity exercise (Larsen et al., 1999). Recently, 

Sriwijitkamol et al. (2007) demonstrated decreases in blood glucose concentration during 40 
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min of both low [50% 2maxOV& ; 0.6 (0.3) mmol/l, P < 0.05] and moderate [70% % 2maxOV& ; 1.3 

(0.3) mmol/l P = 0.001] intensity exercise. In agreement with these findings Colberg et al. 

(1996) reported that exercise intensities greater than 40% peak O2 uptake ( 2peakOV& ) are 

minimum in bringing about improvements in glucose control. The current guidelines for 

physically activity are 30 min of moderate intensity exercise (50%2maxOV& ) per day (Sigal et 

al., 2006). Although, a recent review suggests that these recommendations are insufficient 

(Gill and Cooper, 2008) and that exercise durations should be increased to 60 min per day to 

assist weight loss and improve glycaemia (Haskell et al., 2007).  Baynard et al. (2005) recently 

found that 30 min of exercise at 60% 2peakOV& had no influence on area under the curve for 

glucose (AUCGlu) in type 2 diabetic females when compared to a non exercise control trial. 

These findings suggest that the current guidelines for general health and well-being are 

insufficient to promote positive changes in acute glucose control, and that obese / type 2 

diabetic individuals may need to exercise for longer durations or at higher exercise intensities 

to produce favorable glycaemic responses.  

 

 

Sriwijitkamol et al. (2007) suggested that type 2 diabetics may need to exercise at greater 

relative exercise intensities to produce similar glucose lowering effects than healthy controls. 

Previous work has shown that carbohydrate oxidation was significantly greater (68%; P < 

0.05) during exercise at 70% 2peakOV&  [398 (67) kcal] when compared to 50% 2peakOV& [237 (37) 

kcal] (Hayashi et al., 2005). This data suggests that that the degree of glucose metabolism is 

intensity dependent.  
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Kang et al. (1999) compared the blood glucose response to two exercise conditions (50% and 

70% 2peakOV& ) in healthy control and type 2 diabetic individuals. Using isotope infusion method 

([6,62H2]glucose) these authors were able to show that the rate of glucose disappearance (Rd) 

was higher during exercise in the diabetic population when compared to the non diabetic 

control group (P < 0.05) (Figure 2.7). It is worth noting that hyperglycaemia can promote 

greater glucose removal during exercise in type 2 diabetics (DeFronzo et al., 1981). This is 

highlighted in Kang et al. (1999) work which showed a significant reduction in blood glucose 

concentration in type 2 diabetics, which was not present health controls during 70 min of 

moderate intensity (50% 2peakOV& ) exercise (Figure 2.7). Later work has demonstrated similar 

results to those published by Kang et al. (1999), which is consistent throughout the literature. 

Febbraio et al. (2003) showed that exercise lowers circulating blood glucose in type 2 diabetics 

(P < 0.01) and that this change can be attributed to an increased arterial-venous (a-v) glucose 

difference and exercising muscle blood flow. Suggesting that even moderate intensity short 

duration exercise [25 min; 60 (2) % 2peakOV& ] can acutely improve glycaemic control (Febbraio 

et al., 2003). The increase in glucose uptake can be attributed to NO induced vasodilation (De 

Filippis et al., 2006) (increased muscle blood flow), glycogen depletion and increased content 

of glucose transporters in the plasma membrane (Lund et al., 1997; Zinker et al., 1993). 

Plasma membrane GLUT-4 content is highly correlated to glucose transport activity in human 

skeletal muscle (Lund et al., 1997) with GLUT-4 sarcolemma content shown to increase 74% 

during  acute exercise (45-60 min cycling exercise  ~60-70%2maxOV& )   in type 2 diabetic 

patients (Kennedy et al., 1999). The ability of exercise to stimulate glycogen depletion seems 

to be the mechanism by which short-term improvements in glucose control are produced via 

insulin-dependent glucose transport (Houmard et al., 2004; Richter et al., 1982).   
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Figure 2.7  Plasma glucose concentrations, glucose rate of appearance (Ra) and disappearance (Rd) during Exercise at 50% and 70% 2peakOV& .  

                     Subject groups are controls and type 2 diabetics. NIDDM; noninsulin dependent diabetes Mellitus. Actual data from Kang et al. (1999).   
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2.7.4 Effects of Acute Exercise: Post Exercise Insulin Sensitivity  

As the acute effects of muscular activity wear off, insulin-independent (contraction-

stimulated) glucose transport is replaced by an insulin-dependent pathway that provides the 

muscle cell with its substrate for glycogen synthesis. Garetto et al. (1984) was the first to 

describe that exercise-induced glucose metabolism occurs in two phases.  The first phase, 

independent of insulin, provides glucose for glycolysis during exercise. As this mechanism 

returns to equilibrium, it is replaced by an increase in insulin-dependent transport, sometimes 

referred to as an increase in insulin sensitivity (Holloszy, 2005). There is a considerable body 

of literature demonstrating the acute effects of exercise on insulin sensitivity (Henriksen, 

2002; Sakamoto & Goodyear, 2002; Wojtaszewski et al., 2002; Zierath, 2002; Holloszy, 

2003; Holloszy, 2005). Studies have demonstrated that acute exercise has the ability to 

activate insulin-stimulated glucose transport in both rodents (Gao et al., 1994) and diabetic 

humans (Minuk et al., 1981; Devlin et al., 1987). That is, in addition to activating the intact 

contraction-stimulated pathway, in type 2 diabetics, exercise seems to stimulate insulin-

dependent glucose disposal (insulin sensitivity) in the hours (20 hr) following exercise 

(Devlin et al., 1987).  

 

 

Whole body glucose metabolism can be assessed with oral (OGTT) and intravenous (IVGTT) 

forms of glucose tolerance tests. The latter can be divided into both the minimal (one-

compartment) and two-compartment model following an intravenous glucose load. In 1982, 

Richter et al. not only demonstrated that insulin sensitivity in rat skeletal muscle was 

improved by prior exercise (45 min treadmill running; velocity ~ 18 m / min) but that 

increases in rates of glycogen synthesis were muscle fibre type dependent  (Richter et al., 
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1982). This work demonstrated that glycogen synthesis was eight times greater in type IIa 

gastrocnemius muscle fibres  over control samples and that type IIb gastrocnemius muscle 

fibres, that were not glycogen depleted, showed no change from resting control. This 

highlighted the effect of fibre-type on the ability of exercise to improve insulin sensitivity via 

the glycogen synthesis pathway and that for insulin sensitivity to be improved following 

exercise; a reduction (~33%) in muscle glycogen content must take place (Richter et al., 

1982). The moderate intensity exercise performed within Richter et al.’s early work also 

resulted in a ~48% decrease in liver glycogen levels (Richter et al., 1982). Hayashi et al. 

(2005) and more recently Bordenave et al. (2008) have shown improvements in glucose 

tolerance in type 2 diabetics following acute exercise. Using the minimal model analysis 

(IVGTT) Bordenave et al.’s (2008) showed significant improvements in insulin sensitivity 

(SI
2*) [control; 0.62 (0.16) and exercise; 5.41 (1.59) x 10-4 · min-1 (µU/ml)] in the 3 hr 

following exercise (15 min at 50% followed by 5 min at 85% of age predicted HR). 

  

Numerous studies have been published showing increased glucose disposal following various 

exercise intensities and durations. Using the frequent sampling IVGTT, Bloem and Chang 

(2007) concluded that short duration exercise (60 minutes at 60-70% HR reserve) improved 

insulin resistance (increase insulin sensitivity) and β-cell function in individuals with impaired 

glucose tolerance. Zhou and Dohm (1997) showed a 6-fold increase in insulin stimulated 

glucose transport in response to 60 minutes of treadmill running. In addition, muscular 

contractions are known to promote insulin mediated glucose transport for up to 16-18 hr 

(Devlin et al., 1987; Cartee et al., 1989) following exercise. This finding is supported by 

Bogardus et al. (1983) who demonstrated an increase in insulin-stimulated glucose transport 

in the ~16 hr following exercise at ~80-90% of age predicted HRmax.  
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The effects of acute exercise on insulin sensitivity seem to be limited to improvements in 

whole body insulin-stimulated glucose transport via GLUT-1 activation and GLUT-4 

translocation (Phillips et al., 1996), rather than an exercise mediated stimulation of insulin 

signalling proteins (IRS-1, PI-3kinase and PKB) (Henriksen, 2002). Despite this, rapid 

resynthesis of muscle glycogen is known to follow moderate intensity exercise (Bergström & 

Hultman, 1966). O'Gorman et al. (2006) assessed the impact of acute exercise on whole body 

insulin-stimulated glucose disposal and insulin signalling cascade in obese non-diabetic (n = 

7) and obese type 2 diabetic (n = 8) subjects. Their conclusions seem to be similar to those 

drawn by Henriksen et al. (2002). That is, improvements in glucose transport are independent 

of functional alterations in the insulin-signalling cascade and related to increased muscle 

GLUT-4 protein content (O'Gorman et al., 2006). Although later work would suggest that 

proteins involved in the insulin signalling pathway can be up-regulated by acute exercise, 

providing a relative threshold for stimulation has been achieved. In support of this 

Sriwijitkamol et al. (2007) suggests that type 2 diabetic subjects may need to exercise at 

higher relative intensities to stimulate insulin signalling proteins [Akt substrate 160 kDa 

(AS160)]. Kang et al. (1999) showed that a single bout of exercise improved glucose 

tolerance and insulin sensitivity in a dose-dependent manner, which would seem to agree with 

the cellular work of Sriwijitkamol et al. (2007). It seems that acute exercise can activate both 

the insulin- and the contraction- stimulated pathways. Although, the precise exercise intensity 

and duration required to improve insulin action requires additional work. Elsewhere, Praet & 

van Loon (2007) suggest that the energy equivalent for exercise is the major determinant of 

exercise-induced improvements in insulin sensitivity. Therefore, lower exercise intensity 

should be compensated for by an increase in exercise duration (Praet & van Loon, 2007).  
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2.7.5 Exercise Training & Peripheral Insulin Sensitivity  

The positive effects of acute exercise on blood glucose removal have been discussed in the 

previous sections (2.7.3 and 2.7.4). The beneficial effects of exercise on insulin sensitivity are 

reversed within ~72 hr of the last bout of exercise with improvements lasting 24 hr (Holm et 

al., 1978), 48 hr (Mikines et al., 1988) and 72 hr (LeBlanc et al., 1981). Regular physical 

activity is therefore imperative in maintaining exercise mediated improvements in glucose 

control [American College of Sports Medicine (ACSM), 2000] and reducing disease risk 

factors (Booth et al., 2002).  The benefits of exercise training on medium and long-term 

whole body glucose tolerance will now be discussed.   

 

 

Increased insulin sensitivity is improved in most (Hansen et al., 1998; Mari et al., 2001; 

Houmard et al., 2004), but not every study following low-moderate intensity exercise in 

healthy control subjects (Hayashi et al., 2005). This may indicate that exercise needs to be at a 

higher intensity or that a single bout of exercise is not a great enough stimulus to achieve 

improvements in insulin sensitivity. Although the former would seem to be the case given the 

work of Bordenave et al. (2008) who demonstrated improvements in insulin-dependent 

glucose transport following high-intensity exercise. Becker-Zimmermann and colleagues 

(1982) showed that moderate intensity exercise training could decrease the exaggerated 

insulin responses to a glucose load, and improve whole body insulin sensitivity in obese 

Zucker rats. These findings were confirmed by Walberg et al. (1984) who demonstrated that 

exercise training improved glucose clearance in response to an intravenous insulin load in 

obese rodents. Becker-Zimmermann et al. (1982) also suggested that exercise training may 

prevent a genetic predisposition for reduced glucose tolerance and insulin sensitivity in 
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adolescent rodents. These findings have received support elsewhere (Fell et al., 1982; Garetto 

et al. 1984; Cortez et al., 1991).  

 

The improvements in insulin sensitivity following exercise are not limited to animal models 

and can be identified in healthy, glucose intolerant and type 2 diabetic humans (Henriksen, 

2002). Exercise training has been shown to have a persistent effect on insulin mediated 

glucose transport in these populations (Dela et al., 1995). In non diabetic individuals, Nishida 

et al. (2001) showed that moderate intensity exercise training (60 min / day / 5 days a wk / 6 

wks at a 100% of pre-training lactate threshold) improved both glucose effectiveness and 

insulin sensitivity with no decrease in body composition. These results suggest that the 

exercise-induced improvements in glucose tolerance were elicited via an increase in muscle 

permeability to glucose, rather than an increase in muscle mass. The work of Nishida et al. 

(2001) has received support with exercise training shown to induce a 36-62% improvement in 

insulin sensitivity (Kahn et al., 1990; Houmard et al., 1993). Nishida et al. (2001) also 

demonstrated significantly lower fasting glucose concentrations post exercise training [pre; 

94.9 (1.8) vs. Post; 90.5 (2.2) mg / dL, P < 0.05] with no change in fasting insulin values, 

again suggesting improvements in insulin’s action / sensitivity.  

 

 

In insulin-resistant individuals as much as ~80% of glucose disposal during an OGTT can be 

attributed to glucose effectiveness (Section 2.5.4) (Best et al., 1996).  Interestingly Nishida et 

al. (2001) also showed that moderate intensity exercise training can promote glucose 

effectiveness and that these improvements can prevent the progression of type 2 diabetes 

(Nishida et al., 2001). This work also demonstrated that glucose effectiveness was still 
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enhanced 1 wk after the last bout of exercise (Nishida et al., 2001). The authors suggested that 

an increase in muscle content and expression of GLUT-4, under basal insulin concentrations, 

may have caused the increase in glucose effectiveness following training (Phillips et al., 

1996).  

 

 

Similar to acute exercise, exercise training has been shown to increase phosphorylation and 

expression of specific proteins involved in insulin-dependent and –independent transport. 

Although, a review by Henriksen (2001), suggests that improvements in whole body insulin 

stimulated glucose disposal following exercise training does not always correspond with 

increases in phosphorylation or protein expression in signalling proteins in humans (PKB, PI-

3 kinase and IRS-1). Although, this notion is not supported by others who observed exercise 

training to increase both IRS-1 (Chibalin et al., 2000; Hevener et al., 2000) and PI-3 kinase 

activity (Kim et al., 1995; Kim et al., 1999; Chibalin et al., 2000). These discrepancies may 

reflect differences between measurement methods, site (i.e. gastrocnemius and soleus) and 

muscle fibre type sampling (glycotic and oxidative), as well as the degree of glycogen 

depletion induced by exercise. It is also suggested that increased GLUT-4 translocation may 

occur due to alterations, rather than increased activity of, specific signalling proteins involved 

in insulin-stimulated transport (Mu et al., 2001).    
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2.7.6 β-Cell Response to Exercise Training  

The previous section has focused on the effects of endurance training on the peripheral 

response to insulin. Little is known about training induced alteration in β-cell function 

following physical training. β-cell function (insulin secretion) is an important process 

contributing to the metabolic dysfunction of type 2 diabetes as the ability of β-cells to respond 

to a given  glucose challenge progressively decreases (Stumvoll et al., 2005) with the 

development of this condition. Hyperglycaemia, therefore becomes a product of both 

decreased insulin action (insulin resistance) as well as decreased insulin secretion (Stumvoll et 

al., 2005).  

 

 

Dela et al. (2004) proposes that impaired β-cell function may be heterogeneous within type 2 

diabetics and that insulin secretion may be enhanced following exercise training in those 

individuals who have a moderate insulin secretor capacity prior to training. Exercise training 

has been shown to have little effect on β-cell response in type 2 diabetics with low insulin 

secretory capacity (Dela et al., 2004). Work carried out in rodents demonstrated that exercise 

training improved β-cell function in mild conditions of diabetes but not within severe 

conditions of this disorder (Farrell et al., 1991). It is therefore possible that the severity of the 

type 2 diabetes (habitual or prolonged hyperglycaemia) may determine the capacity for 

exercise to induce improvements in β-cell function and that those individuals in the early 

stages of this condition may respond better to exercise training.  
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β-cell glycolysis increases insulin secretion and could provide a link between impaired 

glucose disposal and impaired insulin secretion (Henquin, 2000). It is proposed that exercise 

training can enhance glucose-stimulated insulin secretion in humans (Bloem & Chang, 2008) 

and experimental animals with type 2 diabetes (Baron et al., 1991; Reaven, 1991). The 

activity of GLUT-2 within pancreatic β-cells is largely proportional to the circulating glucose 

concentrations (Bouche et al., 2004), a feature that allows GLUT-2 to act as a glucose sensor, 

stimulating insulin secretion during periods of elevated blood glucose. Exercise has been 

previously shown to increase pancreatic GLUT-2 and glucokinase expression in type 2 

diabetic rodents while improving β-cell function (Park et al., 2007).  It is plausible that 

exercise induced improvements in insulin sensitivity are associated with a reduction in 

circulating insulin levels, which can result in a reversal of β-cell GLUT-2 and glucokinase 

down-regulation (Bouche et al., 2004), a characteristic of diabetic rodents (Park et al., 2007).   

 

 

 

2.7.7  Endogenous Glucose Production (EGP) During Exercise  

The role of endogenous glucose production (EGP) during exercise is to contribute to glucose 

availability for working muscle through both glycogenolysis (at the commencement of 

exercise) and gluconeogenesis (towards the end of exercise) pathways. These pathways are 

stimulated by the increased activity of epinephrine, cortisol and glucagon in response to lower 

concentrations of plasma insulin and glucose during exercise (Berger et al., 1980).  In type 2 

diabetics, compensatory hyperinsulinaemia brought on by peripheral insulin resistance and 

elevated blood glucose may inhibit EGP. In experiments using type 2 diabetic humans the fall 

in blood glucose during exercise has been attributed to both increased muscle uptake (Martin 
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et al., 1995; Colberg et al., 1996) and blunted glucose production (Minuk et al., 1981; Kang 

et al., 1996). Using isotope infusion technique Minuk et al. (1981) were able to show that 

glucose release is inhibited in type 2 diabetics during exercise when compared to controls. 

However, glucose utilisation (decrease in blood glucose concentrations) was increased within 

the diabetic group (Minuk et al., 1981).  

 

 

Giacca et al. (1998) have illustrated that moderate intensity exercise (45 min and 50%2maxOV& ) 

increased glucose production in lean control, obese non diabetic and diabetic subjects to a 

similar extent (with no difference between groups). Although the moderate degree of basal 

hyperglycaemia [7.5 (0.8) mmol/l] along with decreasing insulin levels during exercise 

(Giacca et al., 1998) may have prevented EGP inhibition in the diabetic group (Berger et al., 

1980). It seems clear that the ability of hepatocytes to respond to exercise by increasing 

glucose release is dependent on the severity of the disease in type 2 diabetes. That is, 

hyperglycaemia and hyperinsulinaemia may act to downregulate EPG (Zinman et al., 1977) 

until a point in the disease has been reached when β-cells ability to secrete insulin is reduced 

and EGP increases (Staehr et al., 2002). Although EGP is more likely controlled by changes 

in portal vein rather than whole body insulin levels (Sindelar et al., 1998). Despite no 

improvement in insulin sensitivity, Segal et al. (1991) demonstrated that exercise training (12 

wk, 4 hr / wk at 70% 2maxOV& ) significantly decreased EGP in type 2 diabetic subjects (P < 

0.05; Figure 2.8). The decrease in EGP noted in both Devlin et al. (1987) and Segal et al. 

(1991) work could be attributed to a reduction in insulin production, as shown by lower C-

peptide levels, and a decline in fasting glucose concentrations following exercise training. It 

seems likely that exercise training can decrease resting EGP in type 2 diabetics (Segal et al., 
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1991) secondary to improvements in insulin sensitivity, although exercise-induced changes in 

EGP are dependent on the degree of hyperglycaemia and hyperinsulinaemia that accompany 

the progression of the disease (Giacca et al., 1998).  

 

 

 

 

 

Figure 2.8 Resting hepatic glucose production (mg · kg fat free mass · min-1) pre and post 12 
wks of exercise training. Values are presented as mean (SEM). * denotes 
significant difference from lean or obese. ‡ P < 0.05 pre vs. post. Actual data 
from Segal et al. (1991) 
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2.8 Exercise as an Intervention for Type 2 Diabetes   

Mitochondrial dysfunction (Kelley et al., 2002), reduced capillary network, increased blood 

viscosity and the presence of vascular and neuropathic complications (ACSM, 2000) directly 

interfere with oxygen delivery and utilisation of the exercising limb in type 2 diabetic 

patients. Furthermore, accumulation of triglyceride depots have been suggested to impair 

mitochondrial lipid oxidation, decrease oxidative capacity and reduce mitochondrial size 

(Kelley et al., 2002) all contributing to a decrease in exercise capacity noted in type 2 

diabetics when compared to healthy controls (Fang et al., 2005). Exercise training can 

promote changes in physiology including lowering resting heart rates, enhance oxygen 

delivery / extraction and reduced hypertension.  In addition, physical activity has long been 

established as a useful component of type 2 diabetes management due to its ability to 

improve glucose tolerance (John, 2004) and reduce disease risk factors (Lee et al., 2005). 

There is support for this notion in that physical inactivity substantially increases the risk of 

developing type 2 diabetes and its secondary complications (Wei et al., 1999). In a follow up 

study spanning 16 yrs, Hu et al. (2001) demonstrated a relationship between physical 

inactivity and obesity as predictors of diabetes and that this could be prevented by weight 

loss, regular exercise (≥7 hr / wk; moderate intensity) and dietary modification. The physical 

activity recommendations suggested by Hu et al. (2001) are somewhat ambitious, given that 

individuals with type 2 diabetes are known to be exercise intolerant (Green et al., 2007).  

 

Elsewhere, the current recommendations, as published by the Surgeon General, Centres for 

Disease Control and Prevention and the American Heart Association, are equivalent to 30 

min of moderate physical activity per day (Larkin, 2001; Tuomilehto et al., 2001; Booth et 

al., 2002). Blair et al. (1992) and Fletcher et al. (1992) suggest individuals with type 2 

diabetes should expend a minimum cumulative total of 1000 kcal/week in aerobic exercise or 
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walk for at least 2 hr per week (John, 2004). In addition, it has been shown that ~30-50% of 

all cases of type 2 diabetes and coronary heart disease can be prevented by 30 min (daily) of 

moderate intensity physical activity (Hu et al., 2001; Manson et al., 1999).  

 

 

The primary goal of exercise in the treatment in type 2 diabetes is to acutely and chronically 

improve glycaemic control with the ultimate goal of preventing secondary complications and 

disease risk factors associated with type 2 diabetes (ACSM, 2000). The American College of 

Sports Medicine (2000) and The American Diabetic Association (ADA, 2004) have stated the 

clear therapeutic benefits of exercise with the latter describing them as substantial. 

Furthermore, large cohort studies have shown the link between low aerobic fitness and 

physical activity levels with increased risk of overall and CVD mortality in diabetic 

individuals (Sigal et al., 2004).  

 

There have been a number of large clinical studies assessing the effectiveness of exercise 

interventions on glycaemic control. In improving glucose tolerance acutely, exercise training 

can clinically and statistically reduce HbA1c by 0.6 - 0.8% (P < 0.05) (Thomas et al., 2006). 

A follow up study (12 month post exercise training) reported a 1.6% (P < 0.03) reduction in 

HbA1c in the exercise group which was not apparent in the non exercise control and that the 

latter group demonstrated a 0.7% increase in HbA1c (Thomas et al., 2006). Stratton et al. 

(2000) reported that a 1% decline in HbA1c resulted in a 33-41% fall in the relative risk of 

mircovascular complications, a 15-27% risk reduction in diabetic related deaths and an 8-

21% decrease in risk of myocardial infarctions. These data emphasise the importance of 

exercise as a clinical intervention. There are two major goals of diabetes therapy; 1) to reduce 

hyperglycaemia and 2) decreased body fat (mass) (Boule et al., 2001). The reduction in 
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HbA1c witnessed in some studies (Agurs-Collins et al., 1997; Dunstan et al., 1997) has not 

been replicated in others (Vanninen et al., 1992; Dunstan et al., 1998). However, a meta-

analysis (study number = 24) showed that exercise can significantly lower HbA1c (-0.66%) 

(Boule et al., 2001) indicating a clear role for exercise in diabetic management. This 

reduction of -0.66% in HbA1c is very similar to differences noted in the UK Prospective 

Diabetes Study [UKPDS (33), 1998; UKPDS (38), 1998; UKPDS (49), 1999). Boule et al. 

(2001) suggested that some negative findings on the ability of exercise to lower HbA1c may 

be due to the low subject number. The same meta-analysis also concluded that exercise 

training had no effect on body mass (Boule et al., 2001). Reductions in body mass are 

regarded as a major goal in diabetes management (Boule et al., 2001) as weight loss is 

aligned with decreased insulin resistance (Uusitupa et al., 2003) and reduced inflammation 

(TNF-α and C-reactive protein) (Kelly et al., 2004; Fischer et al., 2007). An improvement in 

glucose tolerance with no change in body mass may suggest exercise promoted increases in 

fat free mass (Boule et al., 2001), giving rise for a greater potential for insulin stimulated 

glucose disposal (Charron et al., 2005).  

 

A study spanning ~11 years concluded that life-style counselling (exercise and diet 

modifications) achieved a significant effect on measures of glucose tolerance, weight loss and 

alterations in dietary intake within a group of overweight impaired glucose tolerant (IGT) 

individuals (n = 522) [Finnish Diabetes Prevention Study (DPS), 2006]. The major findings 

of the DPS study were that the intervention group had a 43% reduction, compared to the 

control, in the relative risk of progression to type 2 diabetes. The authors attributed this 

reduction to a reduction in body mass [-4.5 (5.0) kg], decreased total calorific intake [-247 

(438) kcal · day-1] and saturated fat intake [-2.7 (4.6) % energy intake], increased fibre intake 

[2.5 (4.6) g/1000 kcal] and greater levels of physical activity [49 (interquartile range -41 to 
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140) min · wk-1] (Finnish DPS, 2003 & 2006).  Furthermore the reduction (36%) in the 

relative risk of diabetes progression was maintained for 3 years after the intervention period 

had ceased (Finnish DPS, 2006). A similar study conducted in China showed that individuals 

with IGT and type 2 diabetes responded positively to diet, exercise and exercise plus diet 

interventions with a 31%, 46% and 42% reduction in disease risk, respectively (Pan et al., 

1997).  The Da Qing study also noted that there was no additive effect of the diet plus 

exercise group over the exercise and diet only groups which the authors attributed to each 

lifestyle modification influence the other in a positive manner (Pen et al., 1997). Exercise can 

clearly improve glycaemic control by directly reducing blood glucose concentrations and 

HbA1c (Stratton et al., 2000) as well as improving insulin resistance via a reduction in 

adipose tissue and circulating adipocytokines (Esposito et al., 2002; Schernthaner & 

Schernthaner, 2005). Defects in insulin-dependent glucose transport are a major cause of 

elevated blood glucose concentrations, type 2 diabetes and its associated complications 

(Abuissa et al., 2005; Sesti, 2006).  
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2.9  Stimuli for Glucose transport – Contraction, Insulin and Hypoxia  

Glucose transport across the plasma membrane provides much of the energy requirements for 

cellular respiration and / or glycogen synthesis. Muscle contractions (Holloszy, 2003), 

hypoxia (reductions in partial pressure or availability of oxygen) (Cartee et al., 1991; 

Reynolds et al., 1998) and insulin (Zierath, 2002) are known stimuli of glucose transport 

activity. In skeletal muscle the majority, but not all, research has concluded that muscle 

contraction and hypoxia stimulate glucose transport activity via the same signalling pathway, 

which is independent of the action of insulin (Fisher et. al, 2002; Holloszy, 2003). Nitric 

oxide (NO) and nerve / muscle-derived factors [neuregulins (NRGs)] are also known to 

induce glucose disposal using a distinct pathway (Zorzano et al., 2005).  The aim of this next 

section is to cover these pathways in more detail and in doing so, provide a rationale for the 

use of hypoxia in stimulating whole body glucose metabolism.   

 

 

2.9.1 Insulin-Stimulated Glucose Transport  

Insulin, a polypeptide hormone secreted by the islets of Langerhans is a potent anabolic 

hormone, promoting the synthesis and storage of carbohydrates, lipids and proteins and 

inhibiting their degradation and release back into circulation (Saltiel & Pessin, 2002). At the 

cellular level, insulin action is defined by its diverse complex effects, including changes in 

vesicle trafficking, activation and phosphorylation of various protein kinases, stimulation of 

cellular growth and differentiation and the activation or repression of transcription (Saltiel & 

Pessin, 2002).  Saltiel & Pessin (2002) suggest that even individual effects of this hormone 

require multiple signalling inputs. Figure 2.9. shows a summary of the signalling proteins 

involved in insulin-stimulated glucose transport within skeletal muscle. The defects within 
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insulin signalling and their relationship to insulin resistance have been discussed in a 

previous section (2.5.1). The purpose of the next section is to provide additional detail and to 

highlight the difference to the separate contraction-stimulated pathway.  

 

The mechanisms responsible for increases in cell permeability to insulin following exercise 

have been comprehensively reviewed (Zierath, 2002; Holloszy, 2005; Jenssen & Goodyear, 

2005; Rose & Richter, 2005; Wright et al., 2005). Insulin binding results in tyrosine 

phosphorylation of IRS-1 and the activation of phosphatidylinositol 3-kinase (PI-3Kinase) 

(Zhou & Dohm, 1997; Lajoie et al., 2004), which generates the membrane-bound second 

messengers phosphatidylinositol 3,4-diphosphate [PI(3,4)P2] and PI(3,4,5)P3, leading to the 

membrane translocation of phosphoinositide-dependent kinase-1 (PDK1) and activation of 

protein kinase B (PKB, also known as Akt) (Harris, 2003; Mora et al., 2004; reviewed in 

Sakamoto & Holman, 2008). Upon activation, PKB is hypothesized to phosphorylate the 

novel Akt substrate 160 kDa (AS160), which may decrease Rab GTPase-activating protein 

(Rab-GAP) activity, and result in GLUT-4 translocation (Howlett et al., 2007; Sakamoto & 

Holman, 2008). It is suggested that Rab-GAP activity results in the conversion of GTP to 

GDP with the latter remaining bound on GLUT-4 intracellular storage sites and so blocking 

GLUT-4 movement to the cell membrane.  Thus the current hypothesis is that PKB 

phosphorylation of AS160 leads to a reduction in Rab-GAP activity, resulting to GLUT-4 

vesicle becoming loaded with GTP and the promotion of GLUT-4 trafficking (Kane et al., 

2002; Sakamoto & Holman, 2008) and glucose uptake.  
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PI-3kinase has long been established as an important mediator in insulin signalling and 

glucose transport. Bruss et al. (2005) recently showed that wortmannin inhibits insulin-

stimulated phosphorylation of AS160 in a PI-3kinase dependent manner and that the 

introduction of 5-aminoimidazole carboxamide riboside (AICAR) increased phosphorylation 

of AS160 in an AMPK sensitive fashion in skeletal muscle. This work adds support to the 

notion that insulin-stimulated glucose transport functions independently to contraction 

stimulated pathway, as AICAR had no effect on PKB/Akt activity (Bruss et al., 2005). 

PKB/Akt has been identified as playing a major role in insulin-stimulated glucose transport, 

via activation of insulin receptor substrate- (IRS-1) and PI-3Kinase (Farese et al., 2005). This 

signalling protein has been shown to be defective in type 2 diabetic humans (Krook et al., 

1998) and animals (Beeson et al., 2003). Protein kinase B (PKB)/Akt is also progressively 

downregulated as obesity develops into overt type 2 diabetes (for a review see Farese et al., 

2005). Furthermore, insulin-stimulated glucose uptake is inhibited in skeletal muscle in mice 

lacking the β isoform of PKB (Akt2) (Cho et al., 2001). Therefore, it is no surprise that 

possible alterations in these signalling mechanisms in response to exercise has proven to be 

of great interest.   

 

Using euglycaemic–hyperinsulinaemic clamp technique and muscle biopsies (vastus lateralis) 

O’Gorman et al. (2006) observed that exercise training increased whole-body insulin-

mediated glucose disposal via increased GLUT-4 membrane protein content, independent of 

functional alterations in insulin-signalling (IRS-1, PI-3-kinase and AS160), in type 2 diabetic 

humans. Suggesting that other mediators, presumably allocated to the contraction-stimulated 

pathway, or unidentified proteins, may be responsible / involved in improved insulin-

stimulated glucose transport. In support of this, reviews from Holloszy (2005) and Henriksen 
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(2002) have hypothesised that the increase in insulin-stimulated glucose uptake (following 

training) seems to be mediated by the translocation of more GLUT-4 to the cell surface in 

response to a given insulin dose. Wojtaszewski et al. (2002) has also proposed that exercise 

does not upregulate insulin signalling protein activity or phosphorylation but perhaps acts to 

change the arrangement of these proteins that allow these molecules a greater effectiveness or 

efficiency in stimulating GLUT-4 trafficking.   

 

Although, using healthy subjects Frøsig et al. (2007) showed that insulin-stimulated glucose 

uptake was enhanced ~60% (P < 0.01) following 3 wks of one-legged knee extensor 

endurance training. This was coupled with increased activity of glycogen synthase, 

phosphorylation of AS160 and a 54 (19)% increase in GLUT-4 membrane content. PKB 

Ser473 and AS160 phosphorylation were increased 1.8-fold and 2.0-fold, respectively 

following endurance training (Deshmukh et al., 2006).  These findings are supported 

elsewhere (Treebak et al., 2007). Sriwijitkamol et al. (2007) published data showing that 

exercise-induced AS160 phosphorylation is reduced in type 2 diabetics when compared to 

healthy controls. Moderate exercise intensity (70%2maxOV& ; 40 min) performed in the same 

study, resulted in a significant increase in PKB/Akt Ser473 and Thr308 phosphorylation in the 

lean control group, but were unchanged in the type 2 diabetic group (Sriwijitkamol et al., 

2007). These data taken above suggest that type 2 diabetics may display a blunted insulin-

signaling response following exercise and that type 2 diabetics may need to operate at a 

higher exercise intensity to stimulate these signalling mechanisms. 
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Figure 2.9 Signalling pathways involved in insulin and contraction-stimulated glucose transport. AMPK, AMP-activated protein kinase; CaMKK, calmodulin-dependent  
protein kinase; LKB1, a 50kDa serine/threonine kinase (STK 11); Thr172, phosphorylated AMPKα at threonine172; IRS-1, insulin receptor substrate-1; PI-
3kinase, phosphatidylinositol 3-kinase; PDK1, phosphoinositide-dependent kinase-1; PKB, protein kinase B/Akt; AS160; Akt substrate; Rab-GAP, Rab 
GTPase-activating protein GLUT-4, glucose transporter-4; GSV, glucose storage vesicles (Sakamoto & Holman, 2008).    
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2.9.2 Contraction Stimulated Glucose Transport 

During contractile activity, ATP is hydrolyzed, resulting in the formation of ADP. ADP can 

then be utilised in the replenishment of ATP by donating a phosphate group to additional 

ADP molecule, resulting in ATP and AMP. This energy producing process leads to an 

increase the ratio of AMP:ATP and a decrease in creatine phosphate and inorganic phosphate 

(Corton et al., 1994). It is these energy intermediates, as well as the accumulation of cytolytic 

Ca2+ that leads to the recruitment, phosphorylation and activation of protein kinases involved 

in contraction-stimulated glucose uptake. Indeed, the increase in AMP:ATP ratio results in 

the direct allosteric activation of AMP-Activated Protein Kinase (AMPK).  

 

 

AMP-Activated Protein Kinase (AMPK) 

Discovered over 36 years ago (Carlson & Kim, 1973) AMPK is an important protein kinase 

involved in the regulation of carbohydrate and fat metabolism. In mammalian tissues, AMPK 

is a heterotrimer consisting of a catalytic α subunit with two further regulatory subunits, β 

and γ (Koh et al., 2008). Each of these subunits has two or more isoforms (Hardie et al., 

1998). The AMPKα1 isoform is widely expressed in the majority of tissue types while 

AMPKα2 is prominent in myocytes (Wood et al., 1996). The AMPKβ subunit is thought to 

act as scaffolding unit for the complex and may be an important mediator in glycogen sensing 

via the glycogen-binding domain (McBride et al., 2009). The γ subunit consists of 4-

cystathionine-β-synthase (CBS) domains, which are required for the binding of ATP or AMP. 

The binding of two AMP to the γ subunit leads to conformational changes to the complex that 

cause the activation of AMPK through the exposure and phosphorylation of the Thr172 

binding site on the catalytic α subunit (Figure 2.9) (Sanders et al., 2007). Binding of ATP to 
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the γ subunit has been suggested to operate in an opposing manner by decreasing AMPK 

activity (Cheung et al., 2000).  

 

A working hypothesis is that upon stimulation, AMPK activates contraction-stimulated 

GLUT-4 translocation and glucose uptake in skeletal muscle via the phosphorylation of the 

Rab GTPase-activating protein (GAP), AS160, in a manner similar to insulin (Kramer et al., 

2006a; Sakamoto & Holman 2008). It is currently suggested that phosphorylation of AS160 

results a decreased Rab-GTPase activity which leads to an increase in the loading of GTP on 

intracellular GLUT-4 storage sites promoting GLUT-4 translocation to the cell membrane 

(Kramer et al., 2006a; reviewed by Sakamoto & Holman, 2008). Kramer et al., (2006a), 

using a mutated mouse model with an in vivo electopration technique that prevents 

phosphorylation on four regulatory phospho-Akt-substrate sites on AS160 (4P), showed that 

contraction-stimulated glucose transport was impaired. In the same study, overexpression of 

mutant AS160 with abolished Rab-GAP activity showed elevations in contraction-stimulated 

glucose uptake in tibialis anterior muscle (Kramer et al., 2006a). Furthermore, transgenic 

mice lacking AMPKα2 showed complete inhibition of AS160 phosphorylation and glucose 

transport on stimulation with AICAR. Take together, these data suggest a prominent role of 

AS160 in contraction-stimulated glucose transport (Kramer et al., 2006b).  

 

 

The central role of AMPK in contraction-stimulated glucose uptake has been consistently 

shown. Mu colleagues showed that glucose uptake is completely inhibited in whole body 

AMPKα2 knockout mice under 5-aminoimidazole carboxamide riboside (AICAR) 
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stimulation (Mu et al., 2001). The AMPK activator, AICAR is a nucleoside that is taken up 

by cells and converted to ZMP, an AMP analog (Mu et al., 2001). This finding is supported 

by more recent work showing that knockout of either the catalytic α2 or the regulatory γ3 

subunits completely abolishes glucose transport when isolated skeletal muscle are incubated 

in 2 mM of AICAR (Jorgensen et al., 2004).  

 

The phosphorylation of the Thr172 site on the α subunits is linked to two upstream kinases, 

LKB1 and calmodulin-dependent protein kinases (CaMKK) (Stein et al., 2000; Hawley et al., 

2003; Hawley et al., 2005). LKB1 is a 50kDa serine/threonine kinase (STK 11) that requires 

the regulatory proteins STRAD and MO25 for it activation and intracellular localisation 

(Boudeau et al., 2004). LKB1 has been identified as a prominent metabolic mediator in 

skeletal muscle by activating AMPK through the phosphorylation of a critical residue within 

the activation loop, Thr172 (Hawley et al., 2005) leading to an increase in contraction-

stimulated glucose uptake (Koh et al., 2008). Sakamoto et al. (2005) suggests that once AMP 

binds with the γ subunit, AMPK phosphorylation occurs with alteration in the complex that 

stimulates phosphorylation of AMPKα via the LKB1 complex. Work carried out in Grahame 

Hardie’s laboratory in 2003 showed that endogenous LKB1 and its two accessory subunits, 

STRAD and MO25 caused AMPK activation through the phosphorylation of the critical 

residue Thr172, and Hawley et al. (2003) demonstrated that AICAR failed to activate AMPK 

in HeLa cells lacking the LKB1 complex. Although the latter finding must be interpreted 

with a degree of caution as HeLa cell lines may be lacking in other upstream kinases and 

therefore contribute to a decrease AMPK activation (Hawley et al., 2003). In more recent 

work and using LKB1 knockout mice, Sakamoto et al., (2005) demonstrated that basal 

AMPKα2 activity is decreased, and AMPK activity is not restored upon stimulation with 
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AICAR or muscle contraction. Highlighting the important role of LKB1 in AMPK activity 

and glucose transport. However, basal levels of AMPK activity and Thr172 phosphorylation 

are known to exist in LKB-/- MEF and HeLa (LKB1 deficient cell lines), suggesting that a 

separate and distinct kinases may phosphorylate Thr172, independent to LKB1, at least in 

these cells (Hawley et al., 2003).  

 

Increasing intracellular levels of Ca2+ moderately [i.e. at levels unable to activate contractile 

activity or result in a decrease in high-energy phosphates (~P)] has been shown to stimulate 

glucose transport in skeletal muscle. Thus, providing a link between increased Ca2+ 

concentrations and glucose transport activity (Youn et al., 1991). The ability of contractile 

activity to stimulate Ca2+ release from the SR and initiate glucose uptake in isolated frog 

muscle was noted over 40 years ago (Hollozy & Narahara, 1967).  The activation of protein 

kinases, including protein kinase C (PKC) by elevated intracellular Ca2+ levels (Nishizuka, 

1995) has been a major research interest in establishing the pathways involved in contraction-

stimulated glucose transport. Although a developing and potentially important candidate for 

contraction stimulated (LKB1-independent) AMPK phosphorylation is the Ca2+-dependent 

kinase, CaMKK (Wright et al., 2004). Indeed, in vitro work in rat epitroclearis muscle using 

the CaMKK inhibitor KN62/93, resulted in a decrease in contraction-stimulated glucose 

uptake (Wright et al., 2004). The involvement of CaMKK in contraction stimulated glucose 

uptake extends into whole body research.  Rose and Hargreaves (2003) showed that acute 

exercise (40 min and ~76% 2peakOV& ) resulted in ~50% increased in Thr287 phosphorylation of 

CaMKK that can be attributed to generation of Ca2+ spikes and the binding and activation of 

calmodulin (CaM) to the Ca2+-dependent proteins, CaMKKs (De Koninck & Schulman, 

1988). However, Rose and Hargreaves failed to measure variables related to glucose transport 
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activity. Although these authors hypothesised that the transient increase in CaMKK 

phosphorylation would result in AMPKα2 activation, GLUT-4 translocation and glucose 

uptake. Although, data presented elsewhere can validate these conclusions (Ojuka et al., 

2002; Hawley et al., 2005). 

 

 

2.9.3 Nitric Oxide (NO) Induced Glucose Transport  

Previous work has suggested that skeletal muscle derived nitric oxide (NO) plays an 

important role in glucose transport. Although NO stimulation of glucose transport is thought 

to occur via a different mechanism and therefore, independent to both the insulin and 

contraction signalling pathways (Jessen & Goodyear, 2005). A rapid communication reported 

that nitric oxide synthase (NOS) inhibition downregulates glucose transport during exercise 

and that endurance training increased expression of endothelial NOS (eNOS) in male 

Sprague-Dawley rats (Balon & Nadler 1997). Furthermore, NO treatment stimulates glucose 

transport activity in isolated skeletal muscle by increasing GLUT-4 translocation (Etgen et 

al., 1997).  Recently Lira et al. (2007) reported that NO increases GLUT-4 mRNA and 

expression via a AMPK dependent mechanism which was reduced by ~50% when a NO 

inhibitor [1-(2-triflurormethyl-phenyl)-imidazole] was added, suggesting a role for NO in 

glucose transport activity.  
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2.9.4      Hypoxia Stimulates Glucose Transport - Contraction Pathway   

Hypoxia is known to stimulate glucose transport in skeletal muscle using the contraction-

stimulated pathway, increasing the activation of GLUT-1 pre-existing in the cell membrane 

(Behrooz, & Ismail-Beigi, 1999) while stimulating translocation of intracellular GLUT-1 and 

-4 to the sarcolemma (Cartee et al., 1991; Behrooz, & Ismail-Beigi, 1999). In support of this, 

is the observation that glucose transport is additive when either hypoxia or contractile activity 

are coupled with insulin, whereas hypoxia and muscle contractions are not (Cartee et al., 

1991; Azevedo et al., 1995). Lee et al. (1995) showed that wortmannin, a potent inhibitor of 

PI-3kinase, completely blocked insulin-stimulated glucose transport but had no effect on 

contraction or hypoxic mediated 2-Deoxy-D-glucose uptake in rat skeletal muscle. Taken 

together, this evidence suggests that hypoxia and contraction operate independently to insulin 

to induce glucose transport (Nesher et al., 1988).  

 

Hypoxia represents a potent stimulus for glucose transport activity. A reduction in O2 

availability is proposed to lower mitochondrial respiration and ATP synthesis while 

stimulating glucose transport (Behrooz, & Ismail-Beigi, 1999). Oxygen acts as an electron 

acceptor during aerobic metabolism to provide the majority ATP during oxidative level 

phosphorylation. Hypoxia has been shown to cause an increase in AMP:ATP ratio 

(Steenbergen et al., 1987), resulting in an increase in cytolytic AMP availability, greater 

AMP binding capacity to the γ regulatory subunit, activation of AMPK (Wright et al., 2004) 

and stimulation of glucose transport (Cartee et al., 1991). Research has also demonstrated 

that hypoxia increases intracellular phosphate concentrations while decreasing 

phosphocreatine, which would potentially lead to a hypoxic-induced stimulation of glucose 

transport in an AMPK-dependent manner (Holloszy & Narahara, 1967; Cartee et al., 1991). 
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In 1958 Randle and Smith published data showing that hypoxia, and other substances that 

inhibited oxidative metabolism, result in a loss of potassium (K+) and an increase in cellular 

glucose uptake in isolated rat diaphragm muscle (Randle & Smith, 1958). It is suggested that 

K+ channels are activated as an early responsive mechanism to hypoxia by activating K+ loss, 

coupled with the inhibition of active K+ cellular uptake (Reeves & Shah, 1994). Stimulation 

of ATP-sensitive K+ channels by a hypoxic-induced decreases cytolytic ATP results in an 

increase in extracellular level of K+. These ion changes lead to membrane depolarisation, 

opening of voltage-gated Ca2+ channels and an increase in SR Ca2+ release. Evidence 

suggests that Ca2+ can activate glucose uptake in a CaMKK / AMPK dependent manner 

(Hawley et al., 2005). Although elevations in intracellular Ca2+ levels may also provoke 

AMPK-independent glucose transport. Wright et al. (2004) demonstrated that glucose 

transport activity is increased by a sub-contraction increase in Ca2+ levels when stimulated 

with caffeine and that the effects of AICAR and caffeine where additive. These results 

suggest that glucose transport can be activated by Ca2+ and AMPK-dependent. Although the 

increase in Ca2+ would also be expected to increase AMPK activation via CaMKK 

phosphorylation at the activation loop of the α subunit (Hawley et al., 2005).  However, there 

seems little doubt that hypoxia can promote glucose uptake via the activation of AMPK 

(Fisher et al., 2002).  

 

Hypoxia is considered a potent stimulus for glucose transport by activating specific protein 

kinases linked to the contraction-stimulated pathway (Cartee et al., 1991). Similar to exercise 

(contraction), the mechanisms proposed to encourage hypoxic-induced glucose transport are 

an increase in AMPK activity (Fisher et al., 2002) and Ca2+-dependent mechanisms reliant on 

the activation of CaMKK (Wright et al., 2005). In 2001 Mu and colleagues demonstrated that 
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AMPK is required for hypoxic-induced glucose transport (Mu et al., 2001). Using AMPKα2 

deficient rodents (Tg-KD1), Mu et al. (2001) showed that glucose transport was completely 

blocked under hypoxia when compared to wild-type counter-parts. Furthermore, the hypoxic-

induced increase in membrane bound GLUT-4 content was reduced in the same Tg-KD1 

mice (Mu et al., 200). Wadley et al. (2006) extended these findings in an exercise study using 

sedentary humans. These authors found that AMPKα2 activity and AMPKα Thr172 

phosphorylation was significantly increased during exercise in hypoxia when compared to 

the same relative exercise intensity in normoxic conditions.  The rate of glucose 

disappearance was also found to be significantly higher in the hypoxic trial, suggesting that 

hypoxia when combined with exercise has a greater effect on AMPK activity and glucose 

transport (Wadley et al., 2006).   
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2.10 Glucose Tolerance & Metabolism in High Altitude Natives  

It is generally recognised that altitude natives have a reduced prevalence of type 2 diabetes 

(Picon-Reategui, 1963, Garmendia et al., 1973; Santos et al., 2001). In addition, Castillo et 

al. (2007) reported that altitude natives display lower glucose profiles [50.6 (3.7) mg / dL] 

than sea-level residents [73.4 (4.0) mg / dL] when monitored during a ~12 hr period. Despite 

having a high prevalence of obesity (BMI ≥ 30kg / m2) rural Aymara natives (living at 

altitudes 2050-4250 m) are known to be at a reduced risk of developing type 2 diabetes 

(Santos et al., 2001). These authors contributed this finding to near normal insulin values 

[mean (SD); 9.3 (10.2) µU/ml] and low levels of insulin resistance [HOMAIR 1.8 (2.4)] 

(Santos et al., 2001). Although these data should be read with caution as the Aymara 

population are known to have a predominantly agriculture led (active) life-style. Furthermore, 

the use of BMI, as an indication of obesity can be misleading as it does not distinguishing 

between muscle and adipose mass in its measurement (Santos et al., 2001). It was proposed 

that high levels of physical activity contributed to the lower frequency of type 2 diabetes 

noted in the Aymara population (Santos et al., 2001). The evidence for this conclusion seems 

to be anecdotal as no data was published on the physical capacity or physical activity levels 

for the Aymara population (Santos et al., 2001).  

 

 

2.10.1 Glucose Response of Sea-level Natives at Altitude  

Decreased O2 delivery / availability (Cartee et al., 1991) and capacity for utilisation (Gregg et 

al., 1989) have been shown to alter the manner by which glucose is transported into 

peripheral tissue in animal models. A study by Forbes in 1936 was one of the first to suggest 

that altitude could alter the manner in which glucose is handled by sea-level residents 

(Forbes, 1936). This work showed that blood glucose clearance was increased during an 



 

Literature Review: Chapter 2   72 

OGTT administrated at high altitude. Following this work, research has not only confirmed 

Forbes (1936) conclusions, but looked to extend it by showing that long-term exposure to 

simulated, or actual altitude results in; 1) reduced fasting plasma glucose concentrations 

(Picon-Reategui, 1962; Picon-Reategui, 1963; Calderon & Llerena, 1965; Calderon et al., 

1966), and 2) elevated glucose clearance rates during an intravenous glucose load (Picon-

Reategui, 1962; Calderon and Llerena, 1965).  

 

Humans visiting high altitude are also subject to distinct changes in metabolic pathways. 

Brooks et al. (1991) concluded that high altitude acclimatisation (4300 m) increases glucose 

rates of disappearance (Rd) and glucose metabolic clearance rates (MCR) during both 

exercise and resting states compared to sea-level values. Interestingly, insulin concentrations 

were unchanged from sea level values, suggesting an increase in contraction stimulated 

glucose transport or improved insulin sensitivity at altitude. In support Johnson et al. (1974) 

demonstrated that acute altitude exposure (2-40 hr) resulted in progressive hypoglycaemia, 

which was attributed to increased glucose clearance and oxidation. This conclusion was 

confirmed by Cooper et al. (1986). Although this work lacked a normoxic (sea-level) control. 

Using an oral glucose tolerance test, Lee et al. (2003) suggested that high altitude exposure (3 

days) significantly improved glucose tolerance in sea-level natives. This group of authors 

also concluded that physical activity (habitual tasks) at altitude further enhanced the positive 

effects of hypoxia on glycaemic control (Lee et al., 2003).  
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2.10.2 Hypoxia & Insulin Sensitivity  

While the effects of hypoxia on insulin sensitivity remain controversial, Brooks et al. (1991) 

have reported elevations in insulin concentration upon arrival to altitude (4,300 metres), 

suggesting that hypoxia may cause a decrease in insulin sensitivity. Although, the increase in 

circulating insulin may have been due to hypoxic-induced stimulation of insulin synthesis and 

secretion by pancreatic β-cells (Kolesnik et al., 1995), rather than a decrease in insulin-

stimulated glucose clearance. The former would seem logical given that the rate of glucose 

disappearance (Rd) was found to be higher during hypoxia when compared to sea level values 

[3.59 (0.08) and 1.80 (0.02) mg / kg / min-1, respectively P < 0.05] (Brooks et al., 1991). 

However, insulin resistance has been known to increase due to hypoxia in both genetically 

obese mice (Polotsky et al., 2003) and healthy human (Braun et al., 2001). Although the 

increase in insulin resistance noted in Polotsky et al. (2003) study, which used obese, leptin 

deficient mice, was completely abolished by acute leptin replacement. Leptin, a peptide 

hormone produced by adipose tissue is able to interact with skeletal muscle (Kellerer et al., 

1997), increasing fatty acid oxidation and so reducing intramuscular stores of triglycerides 

(Shimabukuro et al., 1997). It has been suggested that this reduction in intramuscular lipids 

may in part be responsible for improvements in insulin sensitivity (Yaspelkis, 1999). Using 

the gold standard assessment of glucose tolerance (euglycaemic – hyperinsulinaemic clamp) 

Larsen et al. (1997) found that insulin sensitivity decreased significantly in response to 2 

days of altitude exposure (4559 m; ~12% O2) with a reduction in glucose infusion rates, to 

achieve euglycaemia, from 9.8 (1.1) to 4.5 (0.6) mg / kg / min-1 (P < 0.05). The same work 

did however show improvements in insulin action with altitude acclimatisation (7 day 

exposure) (Larsen et al., 1997).  
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Studies using animal models have demonstrated that hypoxia increases insulin action and 

encourages glucose transport activity (Fisher et al., 2002; Holloszy, 2003; Chiu et al., 2004). 

A study using rodents demonstrated that 4 weeks of intermittent hypoxic exposure (12 hr / 

day) with and without endurance training significantly lowered fasting glucose levels and 

improved glucose tolerance, with the greatest improvements seen in the hypoxic exercise 

group (Chiu et al., 2004). Of interest, the same work showed that insulin sensitivity was also 

markedly improved due to hypoxia (Chiu et al., 2004). These results suggest the possible 

value of intermittent hypoxia with and without exercise in the prevention or correction of 

metabolic defects associated with type 2 diabetes.  

 

There is a wealth of literature investigating glucose metabolism in both animals (Cartee et al., 

1991; Holloszy, 2003; Wright et al., 2005) and humans (Brooks et al., 1991; Brooks et al., 

1992; Azevedo et al., 1995) in response to hypoxia or altitude. However much of this work 

has been confined to whole body glucose disposal during high altitude exposure (Brooks et 

al., 1991; Braun et al., 2001) or in vitro analysis in human (Azevedo et al., 1995) and animal 

models (Cartee et al., 1991; Fisher et al., 2002; Holloszy, 2003; Chiu et al., 2004). The 

reason for the discrepancy between studies on insulin sensitivity and hypoxia remains 

unclear, although they may reflect differences in length of exposure (i.e. acute vs. chronic), 

which may in turn induce a biphasic hormonal response. Oltmanns et al., (2004) 

demonstrated that cortisol, known to induce insulin resistance and increase EGP (Rooney et 

al., 1993), increases during prolonged hypoxia but not during acute bouts. Thus, the effects of 

prior hypoxia on normoxic insulin sensitivity warrants further investigation. 
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2.11 Adipokines 

Adipocytes are regulated by various hormonal, neural and nutrient stimuli. In fasting states, 

the process of lipolysis causes adipocytes to release NEFAs. The increase in circulating 

glucose that follows feeding promotes lipogenesis and decreases lipolysis in the presence of 

insulin. In addition to their role in fuel storage, adipocytes have also been shown to secrete a 

number of bioactive proteins, collectively termed adipokines. Adipokines are extremely 

diverse in both protein structure and physiological function (Trayhurn et al., 2006). 

Adipokines are made up of cytokines, growth factors as well as proteins implicated in the 

control of blood pressure, vascular haemostasis and lipid and glucose metabolism (Trayhurn 

et al., 2006). Adiponectin, leptin, interleukin-1α (IL-1α), interleukin-6 (IL-6) and tumour 

necrosis factor-α (TNF-α) are among the best characterized (Mahadik et al., 2008). The latter 

of these two mentioned cytokines (IL-6 and TNF-α) have been linked to many chronic 

diseases (Plomgaard et al., 2005). Sometimes referred to as low-grade systemic 

inflammation, elevated levels of IL-1α, IL-6 and TNF-α are a feature of obesity, insulin 

resistance (Dandona et al., 2004) and type 2 diabetes (Duncan et al., 2003; Tilg and 

Moschen, 2008). 
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2.12 Regulatory Role of Inflammatory Cytokines in Type 2 Diabetes  

2.12.1 Interleukin 6 (IL-6) & Type 2 Diabetes 

The human interleukin 6 protein (IL-6; molecular weight 21-28 kDa) is made up of 212 

amino acids with a signal peptide of 27 amino acids and two NH2-linked glycosylation sites 

(Kamimura et al., 2004). IL-6 induces signalling in all cell types expressing the ubiquitous 

gp130 receptors, including most cells of the immune system, endothelial cells, adipose tissue 

(Mohamed-Ali et al., 1997), skeletal and smooth muscle cells (Steensberg et al., 2001) and 

hepatocytes (Kamimura et al., 2004). High levels of IL-6 are often noted in type 2 diabetics, 

which has lead some to suggest a pro inflammatory role for IL-6 (Pradhan et al., 2001). 

Although Kamimura et al. (2004), along with other research groups (Starkie et al., 2003; 

Kristiansen & Mandrup-Poulsen, 2005; Petersen & Petersen, 2005) suggest that this view is a 

little simplistic given that IL-6 has been implicated in both increasing insulin resistance (Senn 

et al., 2002) and fuel metabolism (Kelly et al., 2004). A comprehensive review argues that 

circulating IL-6 levels may or may not be associated with insulin resistance (Petersen & 

Petersen, 2005). IL-6 should therefore not be viewed as either pro- or anti-inflammatory, but 

as both, for the role of IL-6 seems to be dependent upon its target tissue (Kamimura et al., 

2004).  

 

Low-grade inflammation can precede the development of type 2 diabetes (Spranger et al., 

2003). Indeed, elevated circulatory concentrations of IL-6 have been shown to predict the 

onset of type 2 diabetes (Kristiansen & Mandrup-Poulsen, 2005; Pradhan et al., 2001). 

Although elevated IL-6 concentrations in this population does not propose causation. There is 

little evidence to suggest a mechanistic role of IL-6 in insulin resistance. However glucose-
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stimulated insulin secretion has been shown to be down regulated by IL-6 in rodents (Sandler 

et al., 1990). More recently Senn et al. (2002) demonstrated a direct mechanism by which IL-

6 interferes with insulin-dependent phosphorylation of IRS-1. Suggesting that insulin action 

in peripheral tissue is down regulated by IL-6 (Senn et al., 2002).  

 

Elsewhere, IL-6 has been implicated in encouraging glucose transport rather than causing 

insulin resistance. Carey et al. (2006) demonstrated increased insulin-stimulated glucose 

uptake, AMPK activation and GLUT-4 plasma membrane translocation with IL-6 infusion in 

healthy humans. Further, Wallwnius et al. (2002) proposed two interesting points; 1) IL-6 

knockout mice developed impaired glucose tolerance and 2) this was reversed with 

administration of IL-6.  The work of Carey et al. (2006) and Wallwnius et al. (2002) suggest 

that IL-6 plays a role in glucose metabolism by activating glucose uptake and improving 

glycaemic control.   
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2.12.2 IL-6 Concentrations & Exercise 

The change in IL-6 during exercise has been the subject of many reviews (Febbraio & 

Pedersen, 2002; Febbraio et al., 2003; Febbraio et al., 2004; Petersen & Petersen, 2005). 

There is little doubt that circulating IL-6 levels increase during exercise and return rapidly to 

near baseline levels once exercise ceases (Steensberg et al., 2002). The confusion seems to be 

centred upon what role IL-6 plays during and following the metabolic stresses imposed by 

exercise. In addition to its function as an inflammatory cytokine, IL-6 has also been linked to 

energy metabolism (Febbraio et al., 2003). IL-6 expression is known to increase with 

progressive increases in glucose uptake during exercise (Keller et al., 2005). Recently, 

mRNA expression and transcription rates for IL-6 have been shown to increase when there is 

a decrease in muscle glycogen (Keller et al., 2005), which has led some to suggest an energy 

sensing role for IL-6, at least in skeletal muscle (Petersen et al., 2001; Kelly et al., 2004). 

Kelly et al. (2004) have recently provided evidence that proposes a role for IL-6 in AMPK 

activation. These authors demonstrated that incubation with high physiological 

concentrations of IL-6 (30 and 120 pg / ml) during exercise increased AMPK activation in 

adipose and extensor digitorum longus muscle tissue.  Previous data suggests that IL-6 may 

apply an anti inflammatory effect following exercise (Petersen & Petersen, 2005) by 

inhibiting tumour necrosis factor-α (TNF-α) (Starkie et al., 2003). The direct role of IL-6 in 

the inflammatory processes is hard to determine as its actions may not only be tissue specific 

(Kamimura et al., 2004), but may also be dependent  upon its interaction with other 

cytokines, including IL-1, IL-10 and TNF-α (Petersen & Petersen, 2005).  
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2.12.3 Tumour necrosis factor-α (TNF-α) & Type 2 Diabetes 

TNF-α is a cell surface transmembrane protein that is produced by a variety of tissues types, 

including adipocytes (Wajan et al., 2003) and skeletal muscle (Saghizadeh et al., 1996). 

TNF-α functions in an autocrine, paracrine and endocrine manner and has various roles, 

incorporating the promotion of apoptosis, systemic inflammation, insulin resistance as well as 

the stimulation of other cytokines (Plomgaard et al., 2005).  

 

Dandona et al. (2004) has inferred that type 2 diabetes should be considered as an 

inflammatory disease, as the pro inflammatory cytokine TNF-α has been closely associated 

with states of insulin resistance. Cell culture work has shown that TNF-α reduces insulin 

action through direct inhibition of the insulin signalling cascade (Hotamisligil et al., 1994; 

Plomgaard et al., 2005). Direct evidence that TNF-α causes insulin resistance comes from 

animal models in which insulin-stimulated phosphorylation of insulin receptors (IR), 

phosphorylation of insulin receptor substrate-1 (IRS-1) and GLUT-4 translocations are 

decreased by TNF-α (Hotamisligil & Spiegelman, 1994). Furthermore, TNF-α-deficient 

(TNF-α -/-) obese mice displayed decreased insulin resistance and increased insulin signalling 

when compared to TNF-α +/+ rodents (Uysal et al., 1997). A recent study conducted with 

human subjects suggested that TNF-α causes skeletal muscle insulin resistance by inhibiting 

Akt substrate (AS160) phosphorylation (Plomgaard et al., 2005) and so GLUT-4 exocytosis 

to the plasma membrane (Zeigerer et al., 2004). The data provided by Plomgaard et al. 

(2005) shows a direct link between systemic inflammation (elevated TNF-α concentrations) 

and molecular insulin resistance.  
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2.12.4 TNF-α Response to Exercise   

Contracting skeletal muscle has been shown to release IL-6 with no change in TNF-α in type 

2 diabetic patients (Steensberg et al., 2002; Febbraio et al., 2003). Although TNF-α has also 

been known to be elevated after prolonged intense running (Starkie et al., 2001). These 

differences may be the product of differences in the level of stress imposed by short duration 

(25 min of supine cycling exercise 60% 2peakOV& ) (Steensberg et al., 2002) and long-term 

[marathon; completed in 169 (20) min] (Starkie et al., 2001b) exercise. Interestingly, Zoppini 

et al. (2006) found no change in TNF-α following 6 months of moderate intensity exercise in 

type 2 diabetics. Although the training intensity (based on 40-50% of heart rate reserve) and 

frequency (110 minutes; 2 times per week) did not produce any decrease in fasting glucose, 

HbA1c or BMI, suggesting that the exercise regime used was sufficient to produce 

improvements in glucose tolerance or have an anti inflammatory effect.  

 

Despite this work, aerobic exercise has been shown to inhibit the production of TNF-α 

(Petersen & Petersen, 2005). This review (Petersen & Petersen, 2005) further suggests that 

exercise has an anti inflammatory effect which may be mediated by TNF-α suppression and 

improved peripheral insulin action. This view has received support by Keller et al. (2004) 

who demonstrated normalisation of TNF-α levels in knock-out mice (TNF-α over expressive) 

with exercise. The literature generally suggests that TNF-α has a pro inflammatory role, and 

in terms of metabolic diseases, is involved in promoting insulin resistance. Furthermore, 

exercise, known to improve insulin sensitivity (Richter et al., 2001) can also suppress TNF-α 

production (Keller et al., 2004). 
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2.13 Proposed Aims of the Thesis 

Glycaemic control can be proportioned into indices of insulin-dependent and -independent 

glucose uptake, endogenous glucose production and β–cell function. Findings within the 

literature suggest that type 2 diabetics show defects in some, if not all, of these pathways. It is 

also widely known that exercise has the ability to acutely and moderately improve insulin 

sensitivity and encourage glucose transport activity in a wide range of populations. Therefore 

exercise is considered the cornerstone treatment in type 2 diabetic management.   

 

It seems, at least in animal models, that hypoxia stimulates glucose transport activity via an 

insulin-independent pathway while the ability of the same environmental stress to activate 

insulin-dependent glucose transport is more controversial. Acute hypoxia, if proven to 

promote glucose disposal and improve glucose tolerance, may warrant further investigation 

as a preventive or therapeutic treatment in type 2 diabetes. Particularly, in type 2 diabetic 

sufferers, who are unable to exercise regularly for extended periods of time. Complications, 

such as obesity, foot ulcers, low fitness levels and low self esteem often mean that sufferers 

are unable to activate the exercise/contraction stimulated pathway for glucose uptake.   

 

Using the labelled intravenous glucose tolerance test (IVGTT), the aims of the current thesis 

are 1) to measure the effects of prior hypoxia on glucose effectiveness (SG
2*), insulin 

sensitivity (SI
2*) and endogenous glucose production (EGP) and to 2) assess the influence of a 

single bout of moderate intensity exercise with and without hypoxia on glucose metabolism 

in individuals with type 2 diabetes. It is hypothesised that hypoxic exposure, at rest will 

mimic the effects of exercise on glucose metabolism and that exercise combined with 
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hypoxia may have an additive effect on SG
2* and SI

2* over exercise alone. The research aims 

allied to the latter part of this thesis are to 3) identify to what extent blood glucose clearance 

is influenced by the total work (exercise) under hypoxic conditions, and to establish whether 

exercise intensity influences glucose clearance in a dose-dependent fashion in type 2 

diabetics. The final (4) objective of this thesis is to identify whether intermittent exercise with 

or without hypoxia can improve glucose tolerance in the same population. To accomplish 

these latter aims, glucose metabolism was assessed during exercise using constant infusions 

of [6,62H2]glucose, providing data on rates of glucose appearance (Ra) and disappearance 

(Rd).  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

CHAPTER 3 

GENERAL METHODS  
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3.0   General Methods  

The following section provides details of the methods common to more than one study of this 

thesis. Additional techniques and methods used in separate studies are described in the 

relevant chapters. 

 

3.1  Laboratory Location 

All experimental trials were carried out in the British Association of Sport and Exercise 

Science (BASES) accredited Welkin Laboratories, University of Brighton, (Eastbourne). All 

samples and analytical methods were stored and performed, respectively at the same location. 

 

3.2   Subjects & Ethics  

3.2.1  Subject Recruitment  

Individuals with type 2 diabetes, diagnosed within the last 5 years by a general practitioner 

(physician) were recruited for this investigation via a specialist diabetic clinic in the 

Eastbourne area. All subjects were screened prior to contact by a consultant physician based 

at the same diabetic unit.  
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3.2.2  Informed Consent   

Subjects were invited to visit the Welkin laboratories so that clinical records (i.e. medication), 

and information on their ability to complete moderate intensity exercise was obtained. 

Subjects were provided with written and verbal explanations of the structure, aims, 

commitments, possible benefits and risks of this research and of their right to withdraw from 

the study at any stage and without providing a reason. Medical questionnaires were completed 

before written informed consent was obtained. Subject adherence to this research programme 

was considered good at 95%. All data was stored on password-protected computers and held 

in a locked filing cabinet. Subjects were assured of complete anonymity following the release 

of data into the public domain.  

 

3.2.3 Research Ethics 

The experimental protocol was approved by the East Sussex Local Research Ethics 

Committee (LREC). All experimental designs used met the specific requirements of the 

World Medical Association for Medical Research Involving Humans (World Health 

Organisation Declaration of Helsinki, 2000). Volunteers treated with diet, exercise and 

medication were included within this thesis. Participants treated with hypoglycaemic agents 

such as metformin and glycazide agreed to avoid medication in the 48 hours prior to 

experimental conditions. In such cases, individual physician’s (GP’s) were consulted. The 

half-life of metformin and glycazide are ~17.6 and ~10 hours, respectively (Courtois et al., 

1999; Heller, 2007).  
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3.2.4  Exclusion Criteria 

Only subjects diagnosed with type 2 diabetes within the last 5 years by a general practitioner 

(GP) were included in this study. The specialist diabetic clinic used to recruit diagnosed 

subjects used the criteria set out by The Expert Committee on the Diagnosis and 

Classification of Diabetes Mellitus (Table 3.0) (2002). Individuals with known secondary 

complications associated with diabetes (i.e. neuropathy, peripheral vascular and 

cardiovascular disease) were automatically excluded prior to contacted. Additional exclusion 

criteria included: 

 

• HbA1c values >10%  

• Body Mass Index (BMI) of >35kg / m2 

• Pregnancy  

• Blood pressure of >180mmHg systolic / and 110mmHg diastolic  

• Disseminated cancer  

• Any indication of muscle wasting 

• Current smokers  

• Volunteers requiring insulin treatment 
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Table 3.0 The Expert Committee on the Diagnosis and Classification of Diabetes   
Mellitus (2002) 

                                                      

Diabetes Mellitus • Fasting ≥ 7.0 mmol/l 
 
• Glucose concentration ≥ 11.1 mmol/l two hrs post 75g  OGTT   
 
• Symptoms of diabetes + casual glucose concentrations                   

11.1 mmol/l 
 
Impaired Glucose Tolerance 

 
• Fasting <7.0 mmol/l and two hrs post OGTT ≥ 7.8 mmol/l and 

<11.1 mmol/l 
 
Impaired fasting glucose  

 
• Fasting ≥ 6.1 mmol/l and < 7.0 mmol/l and 2 hr post OGTT < 7.8 

mmol/l 
Fasting; Defined as no caloric intake for at least 8 hours; Casual; Random blood glucose test without  
regard to time of day or feeding; OGTT; 75g Oral Glucose Tolerance Test. Values represent Glucose 
concentrations in venous plasma (mmol/l).  
 

 

3.3   Experimental Procedures  

3.3.1 Experimental Controls  

Participants were instructed to mirror dietary habits 24 hrs prior, abstain from exercise (bar 

habitual walking) in the 48 hrs leading up to, and refrain from caffeine and alcohol 24 hrs 

before experimental trials. Monitoring of dietary intake allowed for nutritional patterns to be 

replicated prior to subsequent trials. Dietary intake was analysed using Compeat (version 6; 

Visual Information Systems Ltd, UK). All trials were conducted under controlled ambient 

conditions [temperature; 20 (0.9)ºC, relative humidity; 41 (25)%, barometric pressure 745 

(18)mmHg]. Subjects were required to attend the laboratory at ~08:00 following an overnight 

fast (12 hrs). This controlled for the diurnal variations in glucose metabolism, insulin 

secretion and insulin resistance (Jayagopal et al., 2002).  
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3.3.2 Preliminary Measurements  

On arrival at the laboratory each subject’s baseline clinical and physiological characteristics 

were obtained. Standing barefoot with minimal clothing, no jewellery and in a Frankfort plane 

position, subject’s height was recorded using a Harpenden stadiometer. Body mass was then 

measured using calibrated scales (Detecto, Webb City, USA) to a precision of 0.1 kg. Blood 

pressure was assessed in duplicate with automatic oscillometric blood pressure monitor 

(Omron Healthcare, Hamburg, Germany). Percentage of body fat and lean body mass were 

estimated using Bio Electrical Impedance analysis (Bodystat, Isle of Man, UK).  A capillary 

blood sample (~5 µl) was then drawn for determination of HbA1c using a boronate affinity 

assay (Axis-Shields Diagnostics, United Kingdom). This has been shown to be a reliable 

measure of glycaemic control as confirmed by the European Reference Laboratory (r = 0.995 

and 95% confidence intervals) (ESRL, 2007).  

 

 

3.3.3 Blood Glucose & Lactate Concentration  

Blood glucose and lactate concentrations, drawn from capillary (fingertip), venous and 

arterialised samples (~25 µl) were determined in duplicate using an YSI STAT PLUS 

Glucose and Lactate analyser (YSI 2300 STAT Yellow Springs Instruments, Yellow Springs, 

USA). An electrode is used to detect the production of H2O2 from oxidation of the substrate. 

The further oxidation of H2O2, with the resulting electron flow, is linearly proportional to the 

steady-state H2O2, and is used to determine the concentration of the substrates (glucose and 

lactate) (Pyne et al., 2000) 
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3.3.4 Reliability of YSI 2300 STAT (Glucose & Lactate) analyser 

Default settings allowed for continuous calibration of the YSI lactate / glucose analyser using 

standardised solutions (lactate; 5 mmol/l and glucose; 10 mmol/l). Calibration was 

automatically completed after every 5 samples. Coefficient of variation (CV) for blood [La], 

assessed from 10 measures of a single fingertip capillary sample at rest (CV = 3.2%) and 

exercise (CV = 4.7%) were calculated. The technical error of measurement (TEM) for blood 

glucose values were calculated as follows: values were log-transformed and the standard 

deviation (SD) determined. Values were divided by square rooted and back transformed to 

obtain CV and used to determine TEM. These calculations were carried out using an excel 

spreadsheet desgined for this analysis (Hopkins, 2003; Gore and Hopkins, 2005).  The 

resultant TEM for the experimental chapters was 4.2% with a unit value of 0.38 mmol/l 

(Figure 3.0).  
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Figure 3.0 Limits of agreement (LOA) for differences between duplicate arterialised 
blood glucose samples. Glucose concentrations, sampled during the labelled 
IVGTT were used to calculate LOA.  

 

 

3.3.5 Measurement of the Lactate Threshold  

The lactate threshold (LT) is a submaximal exercise intensity that may be used to demonstrate 

the transition from moderate to hard exercise domain. The point at which LT occurs reflects 

an imbalance between lactate appearance and clearance or oxidation. LT represents an 

exercise intensity (power output; watts) that indicates a greater reliance on anaerobic energy 

sources. The subsequent (main) exercise trials used a work load (power output) equivalent to 

90% of this LT (~50-55% 2maxOV& ). This exercise intensity has been shown to improve acute 

glycaemic control in individuals with type 2 diabetes (MacDonald et al., 2004). 
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Sub-maximal LT tests were performed on an electrically-braked Jaeger cycle ergometer (Lode 

B.V. Medical Technology, Netherlands). Saddle height was adjusted for comfort before 

exercise began. Maintaining a constant pedal frequency (cadence ~60 rpm), subjects 

performed an incremental cycle ergometry protocol starting at 0 watts and increasing 10 watts 

every 3 minutes. Fingertip blood samples were immediately analysed (section; 3.5.1) for 

determination of blood lactate [La]. Heart rate (Polar Accurex monitor; Kemple, Finland) and 

rating of perceived exertion (RPE) (Borg, 1982) were recorded at the end of every 3 min 

stage.  LT was defined as the power output preceding a sudden and sustained increase in [La] 

(≥ 1 mmol/l above the previous stage) above resting levels as described previously by (Jones 

& Carter, 2000) (Figure 3.1).  Individual LT were confirmed independently by at least two 

experienced exercise physiologists.  

 

 

 

 

 

 

 

 

Figure 3.1  Typical determination of lactate threshold (LT) in a type 2 diabetic patient.  
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3.4 Main Experimental Trials 

3.4.1  Exercise Intervention (Main Experimental trials) 

All exercise trials were conducted on the same electrically-braked Jaeger cycle ergometer 

(Lode B.V. Medical Technology, Netherlands) throughout this thesis. Exercise intensities 

were based on values obtained during LT test and were therefore, individualised. Specific 

exercise intensities and durations are described within each chapter. Subjects remained in a 

seated position throughout each exercise condition and pedalled at a constant rate of ~60 rpm.  

Seat heights and handle bars were adjusted to ensure subject’s comfort.  

 

3.4.2 Hypoxic Treatment 

Whole body hypoxia was induced using a closed environmental chamber with a continuous 

delivery of hypoxic gas mixture (O2 ~14.6%). This system of normobaric hypoxia was 

generated using air-processing units (King Size, Air units SQ-10; Colorado Altitude Training, 

Boulder, USA), allowing for a steady flow of nitrogen (N2; ~40 L / min) (Figure 3.2). The 

inflow of N2 was managed to maintain the required O2 percentage.  Subjects remained in the 

environment until the completion of the each protocol. Oxygen concentrations were 

continuously measured throughout hypoxic exposures using Gasman II (Crowcon, 

Oxfordshire, UK).  
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 Figure 3.2  Normobaric Hypoxic Environment 

 

 

3.4.3 Heart Rate (HR), Oxyhaemoglobin (SpO2) and Rating of Perceived Exertion (RPE) 

Heart rate (HR), oxyhaemoglobin (SpO2) and rating of perceived exertion (RPE) were all 

collected at 10 minute stages during exercise and hypoxic interventions. Heart rate was 

sampled using short distance telemetry (Polar sports tester PE400, Polar Electro Inc, Finland). 

SpO2% was measured indirectly using pulse oximetery (Nonin 2500, Minneapolis, USA). 

Pulse oximetery uses a light source and photodiode light detector to measure the amount of 

light passing through an arteriolar bed. Percentage of SpO2 can be estimated non-invasively 
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due to the difference in light-absorbing properties of oxyhaemoglobin and deoxyhaemoglobin. 

Safety levels for SpO2 were set at ≥ 70% for hypoxic exposures, whereby subjects and 

experimenters were removed from the environment. Rating of perceived exertion (RPE) was 

assessed using the Borg scale detailed earlier (Borg, 1982) (section 3.3.5).  

 

 

3.5 Blood Sampling  

The experimental design detailed within the general methods and in individual chapters 

required participants to provide frequent arterialised blood samples (section 3.5.2).  Venous 

punctures were made by a trained phlebotomist using a prominent antecubital vein following 

localised cleaning of the surface site. All experimenters handling blood samples had been 

vaccinated against Hepatitis B. Protective gloves were used at all time and sharps were 

disposed off immediately after use.     

 

3.5.1 Fingertip Blood Sampling  

All lactate concentrations were measured from capillary fingertip samples. Puncture sites 

were cleaned using alcohol wipes (Alcowipes, Seton Health Group Plc, Oldham, England) 

before sampling. Baseline samples were warmed to ensure the collection of arterialised blood. 

Skin sites were punctured (~2 mm in depth) using an automated lancet (Softclix Pro, Accu-

Chek, Manheim, Germany). The first drops of blood were wiped away before approximately 

100µl of capillary blood was collected in a 300µL microvette (Sarsedt, Numbrecht, Germany) 

containing 1mg fluoride/ml and 15 I.U. heparin/ml of blood. Samples were mixed before 
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immediate analysis. All subjects were familiar with this protocol due to the nature of their 

disorder.  

 

 

3.5.2 Arterialised Blood Sampling 

In terms of metabolism, the difference between samples drawn from arterial and venous sites 

can be significant (Mcguire et al., 1976). These differences can be attributed to the variation 

in transit times of glucose and other metabolites through the circulatory system between the 

two sampling sites and the rate of removal of the described substances to intervening tissue 

(Mcguire et al., 1976). The extent of this difference will depend on both the cellular demands 

of the tissue, the influence of hormonal signalling, including insulin, as well as vascular tone. 

Although difficult, arterial sampling provides a more accurate measure of whole body 

metabolism.  In understanding the thermoregulatory properties of the body, Mcguire et al. 

(1976) were able to show that heating the hand (> 60ºC) while sampling from a dorsal vein 

provides estimates of arterialised blood (~98%). 

 

3.5.3 Arterialised Blood Sampling Procedure 

On arrival to the laboratory (~08:00) subjects hands were placed into a hot box (~60ºC) for 

localised warming.  Following ~30 min of heating an 18-gauge cannula was positioned into a 

dorsal hand vein to allow for frequent sampling of arterialised blood. To ensure effective 

blood collection, cannulae inserted into sampling hands were continuously infused with 

standard saline (~250 ml; 0.9% NaCl; Baxter Healthcare Ltd, Thetford, England).  

Arterialised blood samples (~10 ml) were drawn using a sterile syringe (10 ml; BD medical, 

Singapore) at baseline (-30 minutes) and every 10 minutes during experimental protocols. 
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Blood samples were immediately dispensed into ethylenediametetraacetic Acid (EDTA; ~5 

ml) and lithium/heparin (~5 ml) coated tubes. Using the same sample ~100µl of whole blood 

was dispensed into microvettes (Sarsedt, Numbrecht, Germany) for the immediate analysis of 

blood glucose and lactate concentrations (section; 3.3.3). 

 

3.5.4 Centrifuge & Sample Storage 

After ensuring blood was saturated with the relevant coating (EDTA or lithium/heparin), 

arterialised samples were promptly stored at ~4ºC until the end of each experimental protocol. 

Samples were then centrifuged at 6000 rpm for ~10 min (~4ºC). The resulting plasma was 

dispensed into three separate microtubes. Lithium/heparin plasma samples were stored in 

duplicate (2 x 1.5ml) with the third used to store 1.5ml of EDTA coated plasma. 

Lithium/heparin samples were collected in duplicate for the determination of insulin. Plasma 

samples were then held at -80 ºC until further analysis.  
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3.6 Measurement of Insulin - Hormone Analysis by Enzyme Linked 

ImmunoSorbent Assay (ELISA) method  

Insulin was measured using a commercial availably enzyme linked immunoSorbent assay 

(ELISA), based on the sandwich principle (DRG diagnostics, Boldon, UK). Plasma taken 

from Lithium/heparin samples was thawed and vortexed before 25µL was added in duplicate 

to 84 of the mouse monoclonal coated wells (B1-H12). Wells marked as A1-A2 were used as 

blanks and A3-A12 were used for known insulin standards (6.25, 12.5, 25, 50 and 100 

µU/ml). Known concentrations were used to plot the standard curve (Figure 3.3) by detection 

of light absorbance (450nm; Universal Microplate reader ELx800, IBL inc., Minneapolis, 

USA) and analysis using KC junior software (Bio-Tek instruments, Winooski, Vermont, 

Canada).  The inter- and intra-assay coefficient of variation and technical error of 

measurement for insulin ELISA’s are detailed within individual chapters.  
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 Figure 3.3 Data from absorbencies detected from known insulin standards (DRG diagnostics) 
obtained using KC junior software.  

 

3.7 Determination of Labelled [6,62H2]glucose  

Experimental procedures required the injection and / or infusion of the stable isotope 

[6,62H2]glucose (98% enrichment; Cambridge Isotope Laboratories Inc., Andover, USA), for 

the quantification of glucose turnover and kinetics during exercise and hypoxia. Analysis of 

enriched [6,62H2]glucose was carried out using ~20µl of each plasma sample. Samples were 

deproteinized with 100µl of ethanol before the plasma / ethanol mixtures were centrifuged at 

6000 rpm for 5 min. The supernatants that resulted were evaporated to dryness using a rotary 

evaporator. Hydroxylamine Hydrochloride (25mg) was dissolved in Pyridine (1 ml) before 

100µl of the resultant oxime reagent was added to each microtube, converting samples to 

oxime-TMS. After a 60 min incubation period (70ºC) 100µl of 99% 

Bis(trimethyl)trifluroacetamide (BSTFA): 1% TMCS (Sigma-Aldrich, Exeter, UK) was added 
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before a further incubation period (45 min; 70ºC). Samples were then transferred to 

autosampler vials. Using gas chromatography mass spectrometer (GCMS; Hewlett Packard) 

glucose derivatives were measured for peaks of 319 (unlabelled glucose; trace) and 321 

([6,62H2]glucose; tracer). A sample from the injected glucose bolus (~20 µl) was also 

analysed for determination of labelled and unlabelled glucose ratios.   

 

 

3.8 Statistical Analyses 

All  statistical analyses were carried  out using Statistical Package for Social Sciences  (SPSS, 

version 15)  software. Results are  expressed as mean  and standard error of the mean   (SEM). 

Statistical  analysis specific to  individual studies are described within each chapter.  The level 

of significance was set as P < 0.05). 
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CHAPTER 4 

Glucose Disposal During & Following Acute Hypoxia in 
Individuals with Type 2 Diabetes 
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4.0 Introduction  

Research has consistently shown the therapeutic benefits of exercise on glycaemic control in 

type 2 diabetic patients (ADA, 2002; ADA, 2004; Sigal et al., 2004; Thomas et al., 2006; 

Sigal et al., 2006). The mechanisms by which exercise stimulates glucose transport are 

complex and have been described in an earlier section (Literature Review, 2.9). The primary 

goal of exercise in diabetic sufferers is to reduce resting blood glucose concentration in an 

attempt to reduce disease risk factors. 

 

Insulin and contractile activity (exercise) stimulate glucose disposal in skeletal muscle using 

separate, independent signalling pathways (Holloszy, 2003). Hypoxia appears to activate 

glucose transport via a similar signalling pathway to that of contractile activity (Cartee et al., 

1991). Glucose transport has been shown to be additive when either hypoxia or contractile 

activity are coupled with insulin, whereas hypoxia and contractile activity are not (Cartee et 

al., 1991; Azevedo et al., 1995). The ability of hypoxia to stimulate glucose disposal, 

independent of contractile activity has been documented in both animal (Cartee et al,. 1991; 

Chiu et al., 2004) and in vitro work using isolated human muscle tissue (Azevedo et al., 1995; 

Holloszy, 2003). Experimental evidence suggests that hypoxia induces glucose transport 

activity via the translocation of GLUT-4 to the plasma membrane (Cartee et al., 1991) which 

may require the activation of AMPK via decreases in phosphocreatine, ATP and increased 

AMP concentrations (Winder et al., 1999). In vivo treatment with the AMP analog 5-

aminoimidazole-4-carboxamide ribonucleoside (AICAR) is known to activate AMPK (Merrill 

et al., 1997) and increase glucose transport (Musi et al., 2001). Elsewhere, activation of the 

AMPK-dependent pathway stimulates glucose transport via increased cell surface content of 

GLUT-4 in type 2 diabetic muscle tissue (Koistinen et al., 2003).  
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The literature surrounding hypoxia and glucose tolerance in humans is both minimal and 

confusing due to the nature of field-based studies and differences in measurement techniques 

(Literature Review 2.10.2). Although it provides a useful insight, work from animal models 

must be read with some degree of caution due to differences between rodent and human 

physiology. Insulin release is known to be stimulated from mouse islets of Langerhans at 

concentration of 2 mmol/l but not in humans at the same concentrations (Johnson et al., 

2007). Furthermore, the effects of acute hypoxia on whole body glucose metabolism (SG
2* and 

SI
2*) in type 2 diabetics has yet to be investigated. 

 

Although the mechanisms by which hypoxia is able to stimulate glucose transport activity 

have received much attention, the possible use of resting hypoxic exposure in improving 

glycaemic control in type 2 diabetic humans is novel. Any intervention that may improve 

whole body glucose control through changes in SG
2* and SI

2* could be an important strategy in 

the treatment of type 2 diabetics who may be unable to activate their contraction-stimulated 

pathway due to diabetic related mobility problems such as peripheral vascular disease, lower 

extremity amputations and weight bearing problems. The aim of this study was to assess the 

effects of moderate hypoxia [O2 ~14.6 (0.4)%], at rest on whole body glucose metabolism in 

type 2 diabetics. 

 

Hypothesis – Acute hypoxia will improve insulin sensitivity (SI
2*) in individuals with type 2 

diabetes. 
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4.1 Methods 

4.1.1 Subjects 

Six sedentary males, diagnosed with type 2 diabetes within the last 5 years were recruited for 

this investigation. Subject’s clinical and metabolic characteristics are detailed in Table 4.0. 

Ethical approval and subject exclusion criteria for this study are set out within the general 

methods (section 3.2.3). Three subjects were diet-treated, and therefore free from glycaemic 

altering drugs. The remaining three subjects were treated with metformin (n = 2 metformin 

150 mg 3 x day and n = 1, metformin 150 mg 1 x day). Three individuals were also being 

treated for hypertension, taking moderate doses of calcium channel blockers (5-10 mg twice 

daily). Those subjects taking metformin were asked to abstain from this medication in the 48 

hours prior to main experimental trials. Approximately 90% of metformin is removed from 

the body in urine within 24 hr (plasma specific half-life ~6.2 hr and whole blood half-life 

~17.6 hr) (Heller, 2007).  
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Table 4.0  Subjects’ Clinical, Physiological and Metabolic Characteristics 

  

Diabetic  (n = 6) 

 

Age (yr) 

 

57.7 (3.6) 

Height (cm) 167.3 (9.0) 

Mass (kg) 80.7 (13.2) 

Body Mass Index (BMI) (kg / m2) 29.2 (6.7) 

Body Fat (%)  37.0 (10.7) 

Systolic Blood pressure (mmHg) 138.0 (17.4) 

Dystolic Blood pressure (mmHg) 81.0 (8.1) 

HbA1c (%) 7.8 (2.3) 

Fasting Arterialised Glucose (mmol/l) 8.4 (1.8) 

HOMAIR 7.3 (2.8) 

Values are means (SEM). Glycosylated Haemoglobin A1C (HbA1c); Homeostasis Model    

Assessment of Insulin Resistance (HOMAIR) 

 

 

4.1.2 Experimental Design & Procedures 

The experimental protocol consisted of three visits. The first visit acted as a familiarisation, 

with visits two and three forming the main trial. The latter two laboratory visits required 

subjects to undergo a 60 min resting exposure to both normoxic [Nor Rest; O2 = 20.93%] and 

hypoxic [Hy Rest; O2 = 14.6 (0.4)%] environments. Trials were carried out in a randomised 

fashion with a minimum of seven days between each visit.  

 

 

 

 



 

Experimental Chapter 4  103 

On arrival, height and body mass measurements were recorded. Subsequently, one 18-gauge 

cannula was placed into a dorsal hand vein for frequent sampling of arterialised blood and one 

18-gauge cannula was placed into an antecubital vein in the opposite arm for injection of the 

labelled glucose bolus. The sampling hand remained within a hot box (~60ºC) throughout the 

described protocol to ensure the collection of arterialised blood (Arterialised Blood Sampling 

Procedure; 3.5.3) (Mcguire et al., 1976). Baseline (-30 min) venous blood (~10ml) was 

collected and dispensed into lithium-heparin (~5ml) and EDTA (~5ml) coated tubes. A 

sample (~20µl) of whole blood was used to determine blood glucose concentrations, 

measured in duplicate (YSI 2300 STAT Yellow Springs Instruments, Yellow Springs, Ohio, 

USA).  

 

 

4.1.3 Hypoxic Intervention  

Subjects were then required to rest in a seated position within a normoxic [Nor Rest; O2 = 

20.93%] or hypoxic [Hy Rest; O2 ~ 14.6 (0.4)%] environment for 60 min on two separate 

occasions. The method for generating hypoxia has been detailed in section 3.4.2 (General 

Methods). Arterialised blood samples, heart rate (HR; Polar Accurex monitor; Oy, Kemple, 

Finland) and oxhaemoglobin saturation (SpO2; pulse oximetry, Nonin 2500, Minneapolis, 

USA) were collected every 10 min during the 60 min trials. Symptoms of Acute Mountain 

Sickness were assessed using an adapted version of the Lake Louise Questionnaire. This was 

completed at the half-way point (30 min) of the protocol. Subjects displayed no AMS 

symptoms’ during hypoxic exposure. Immediately following normoxic and hypoxic exposure 

a 4 hr labelled Intravenous Glucose Tolerance Test (IVGTT) was preformed (Vicini et al., 

1997). 
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4.1.4 Labelled (Hereafter Hot) Intravenous Glucose Tolerance Test (IVGTT)        

Protocol 

The labelled IVGTT, as measured by the disappearance of unlabeled and labelled 

[6,62H2]glucose is an effective means of assessing glucose disposal in vivo (Caumo & Cobelli, 

1993). This relatively non invasive method generates a set of metabolic variables that 

differentiate glucose disposal into SG
2*and SI

2*. It also allows the estimation of endogenous 

glucose production (EPG) from the measured unlabeled and labelled glucose concentrations 

(Caumo & Cobelli, 1993).  

 

 

4.1.5   Stable Isotope ([6,62H2]glucose) Preparation and Administration 

The stable isotope [6,62H2]glucose (98% enrichment; Cambridge Isotope Laboratories Inc., 

Andover, USA) was used to enable quantification of glucose turnover during both trials. All 

solutions were prepared on the morning of the experiment under sterile conditions. Following 

the measurement of subjects’ body mass ~28.4 mg / kg of [6,62H2]glucose was dissolved and 

filtered, using a 0.22 µm Millipore filter (Bedford, MA), into ~250 mg / kg of unlabelled 

glucose (500 ml; 50% Glucose, Baxter Health Care, UK). On completion of the each trial 

(~10:00 hr), glucose solutions were immediately injected into the contralateral antecubital 

vein over a period of 40-60 sec. Subjects remained in a supine position during the glucose 

administration and the subsequent IVGTT. A small amount of each glucose solution (~20 µl) 

was kept for analysis of tracer-to-tracee ratios (General Methods 3.7).  
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Arterialised samples (~10ml) were then drawn at 0, 2, 3, 4, 5, 6, 8, 10, 12, 15, 18, 20, 25, 30, 

35, 40, 60, 70, 80, 100, 120, 140, 160, 180, 210 and 240 min following glucose injection. A 

small amount (~20µl) from each sample was dispensed into microcuvettes for immediate 

determination of blood glucose concentrations in duplicate. The remaining blood samples 

were then dispensed into lithium/heparin (~5ml) and EDTA (~5ml) as described in section 

3.5.3. Insulin concentrations, measured in plasma separated from whole blood were detected 

using a commercially available insulin ELISA kit (General Methods 3.6). The intra-assay and 

inter-assay Coefficient of Variation for all insulin ELISA’s related to this chapter were 

<3.9%.  

 

 

4.1.6 Glucose Kinetics & Modelling 

Plasma insulin, endogenous glucose concentrations and [6,62H2]glucose enriched values 

(General Methods 3.7) were modelled to obtain metabolic indices of endogenous and 

peripheral glucose metabolism [insulin sensitivity (SI
2*), glucose effectiveness (SG

2*) and 

endogenous glucose production (EGP)] (Vicini et al., 1997). The use of [6,62H2]glucose 

during the labelled IVGTT allows for the effects of glucose and insulin, on glucose 

disappearance (Rd), to be distinguished from each other, whilst providing plausible 

estimations on EGP (Caumo & Cobelli, 1993). Simulation Analysis and Modelling software 

(SAAMII; Institute, Seattle, WA) was used to carry out the two-compartmental minimal 

modelling of data.  
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4.2 Statistical Analyses  

All results are expressed as mean with standard error of the mean (SEM). Statistical 

significance was set at the level P < 0.05. Differences over time for arterialised blood glucose 

and plasma insulin were evaluated by two way repeated measures ANOVA. Tukey’s post-hoc 

tests were used when statistical significance was found. Paired t-tests were used to test for 

statistical differences in SG
2*, SI

2* and EGP between Nor Rest and Hy Rest trials. The area 

under the curve for both glucose (AUCGlu) and insulin (AUCIns) were calculated using the 

trapezoidal rule (Matthews et al., 1990).  
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4.3    Results  

Self recorded nutritional intake was not different in total calories consumed [Nor Rest; 1788 

(72) and Hy Rest; 1685 (24) kcal] (P = 0.193) and total carbohydrate intake [Nor Rest; 243.0 

(12.5) and Hy Rest; 228.7 (24.1) g] (P = 0.071) in the 24 hr prior to each trial.  

 

Heart rate recorded during the 60 min of hypoxia (Hy Rest) and normoxia (Nor Rest) showed 

no differences between trials (71 (3) vs 70 (3) beats · min-1, respectively) (P = 0.989). Values 

for oxygen saturation (SpO2) showed reductions on exposure to environmental hypoxia and 

were lower during the Hy Rest trial (P = 0.006), with no difference seen in the control 

condition (Nor Rest) (Figure 4.0). Hy Rest showed a significant reduction in arterialised blood 

glucose concentrations, decreasing by 0.74 (0.14) mmol/l (P = 0.002) during 60 min of 

exposure (Figure 4.1). No change was found for the same variable during Nor Rest [-0.23 

(0.16) mmol/l; P = 0.181].  
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Figure 4.0          Oxygen saturation (SpO2) response at baseline and during normobaric hypoxia (Hy 
Rest;  O2  ~14.6%) (open symbols) and normoxia  (Nor Rest; O2 ~20.93%) (black 
symbols).  * denotes significant difference between conditions (P = 0.001).Values 
are means (SEM).  
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Figure 4.1          Changes in arterialised blood glucose concentrations from baseline to the end of 60  
min rest in normobaric hypoxia (Hy Rest; O2  ~14.8%) and normoxia (Nor Rest; O2 
~20.93%). Values are mean (SEM).  
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Hypoxia had no effect on arterialised plasma insulin concentrations and was not changed 

from baseline during the 60 min exposure (Hy Rest) (P = 0.507). The resting control trial was 

also unchanged (Nor Rest) (P = 0.591). Furthermore, insulin values were not different 

between condition (P = 0.256) (Figure 4.2).  Total area under the curve for arterialised blood 

glucose (AUCGlu) and plasma insulin (AUCIn) are displayed in Table 4.1. Although AUCGlu 

was lower following Hy Rest this difference was not found to be significant when compared 

to Nor Rest (P = 0.23). AUCIns was statistically lower during the 4 hr IVGTT (P = 0.03). 

Figure 4.3 shows arterialised blood glucose values during the 4 hr IVGTT for Nor Rest and 

Hy Rest. As expected, glucose concentrations firstly increased then fell over time following 

the intravenous glucose load which was administered at time point 0. Blood glucose values 

were found to be significantly lower in this period for Hy Rest when compared to Nor Rest 

(P = 0.001). Despite AUCIns being 24.4% (P = 0.03) lower in the Hy Rest trial, no difference 

was noted when an ANOVA was carried out to compare between conditions (Nor Rest vs. 

Hy Rest; P = 0.208; Figure 4.4).  

 

 

The two-compartment minimal model analysis showed insulin sensitivity (SI
2*) to be 

significantly higher in the 4 hr period immediately following Hy Rest as compared with the 

Nor Rest condition  [Nor Rest; 1.39 (0.08) and Hy Rest; 2.25 (0.50) x10-4 · min-1(µU/ml)] (P 

= 0.047). However, SG
2* was not different between conditions (Figure 4.5; P = 0.178). 

Hypoxia at rest had no effect on endogenous glucose production with no difference between 

Nor Rest and Hy Rest (P = 0.472).  
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Figure 4.2          Insulin response during 60 min of rest in either a hypoxia and normoxia. Values 
showed no difference between conditions (P = 0.256). Values showed no change 
over time within conditions [Hy Rest (open symbols): P = 0.507 and Nor Rest 
(closed symbols): P = 0.591]. 

 

 

 

Table 4.1 The integrated area under the curve for arterialised blood glucose (AUCGlu) 
and plasma insulin (AUCIns) concentrations following Nor Rest and Hy Rest 

Values are means (SEM). 

 

 

 

 

  

Nor Rest 

 

Hy Rest 

 

P Value 

AUCGlu  (mmol · l-1 
· min) 1867 (340) 1663 (171) P = 0.23 

AUCIns (µU · ml-1 · min) 7635 (590) 5774 (918) P = 0.03 
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Figure 4.3         Glucose decline following an intravenous glucose challenge (IVGTT). A statistical difference 
was noted between Hy Rest (open symbols) and Nor Rest (closed symbols) (P = 0.001).   
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Figure 4.4          Insulin response during a 4 hr IVGTT following 60 min of Hy Rest (open symbols) and Nor  
Rest (closed symbols). No significant difference was noted between conditions. 
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Figure 4.5    Glucose Effectiveness (SG
2*) (A), Insulin Sensitivity (SI

2*) (B) and Endogenous 
Glucose Production (EGP) (C) following Nor Rest and Hy Rest during a 4 hr IVGTT. 
A significant difference was noted between Nor Rest and Hy Rest for SI

2* (P = 
0.047), but not SG

2* (P = 0.178) or EGP (P = 0.472) 
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4.4 Discussion  

The aim of this study was to assess changes in whole body glucose metabolism during and 

following acute hypoxic exposure in individuals with type 2 diabetes. These results indicate 

that hypoxia increases blood glucose removal, shown by a decrease in arterialised blood 

glucose concentrations during, and in the 4 hours following, resting hypoxic exposure (Hy 

Rest). These values were significantly lower when compared to the control condition (Nor 

Rest). The current investigation also demonstrated that insulin sensitivity (SI
2*) was 39% 

higher following hypoxic exposure, indicating that prior hypoxia improves insulin-stimulated 

glucose disposal in type 2 diabetics.   

 

 

4.4.0 Hypoxia / Contraction-Stimulated Pathway 

Insulin (Wardzala & Jeanrenaud, 1981) and contractile activity (Douen et al., 1990) are 

known to activate glucose transport into skeletal muscle by encouraging the translocation of 

the glucose transporter-4 (GLUT-4) to the sarcolemma of muscle fibres. Environmental 

hypoxia or a reduction in oxygen availability has also been shown to stimulate glucose 

transport in a similar fashion as the exercise/contraction pathway, by increasing the GLUT-4 

content in the plasma membrane (Cartee et al., 1991). There is a wealth of literature 

investigating glucose metabolism both in animals (Cartee et al., 1991; Holloszy, 2003; Wright 

et al., 2005) and humans (Brooks et al., 1991; Brooks et al., 1992; Azevedo et al., 1995) 

during exposure to hypoxia or altitude. In contrast there is little research investigating the 

effects of acute hypoxia on subsequent glucose disposal in type 2 diabetics. Azevedo et al. 

(1995) did, however evaluate the effects of hypoxia on glucose transport in insulin-resistant 

and type 2 diabetic rectus abdominis human muscle tissue.  By removing muscle tissue and 
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incubating (in vitro) it under hypoxic and normoxic conditions, Azevedo et al. (1995) was 

able to show a 2-3 fold increase in glucose transport rates during and following hypoxia, 

which was not present during normoxic incubation. Furthermore, Cartee et al. (1991) 

demonstrated that 3-O-Methylglucose3 uptake was increased from 0.21 (0.02) (normoxic 

control) to 1.18 (0.10) µmol · ml · 10 min-1 during incubation of rat epitrochlearis muscle in 

severe hypoxia. The current work is novel in that it studied in vivo analysis of whole body 

glucose metabolism during and following moderate (O2 ~14.6%) rather than severe hypoxia 

(O2 ~0.0%) (Cartee et al., 1991; Azevedo et al., 1995).  

 

The increase in glucose disposal / transport demonstrated by both Azevedo et al. (1995) and 

the current study may be largely attributed to the well documented increase in the contraction 

(hypoxic) stimulated activation and translocation of GLUT transporters (Cartee et al., 1991; 

Holloszy, 2003).  As the subjects in this study were at rest, it is likely that the increase in 

glucose disposal was partly due to the contraction-stimulated translocation of GLUT-1 

(Zhang, 1999) and to a larger extent GLUT-4 (Reynolds et al., 1998; Zorzano et al., 2005), as 

well as the activation of transporters pre-exiting in the plasma membrane (GLUT-1) of 

skeletal muscle (Zhang, 1999). In addition, adipocyte GLUT-4 translocation may have also 

been up regulated on exposure to hypoxia (Wood et al., 2007). Offering the potential for 

improved glucose clearance in the subject cohort examined [Percentage body fat; 37.1 

(10.7)%]. Further, GLUT known to be present in other tissue types [GLUT-6 (spleen and 

brain), GLUT-8 (liver, adipose and testis), GLUT-10 (liver and pancreas) and GLUT-12 

(heart and adipose)] may have also been activated during hypoxic exposure (Wood et al., 

2007) and contributed to an increase in whole body (not just skeletal muscle) glucose 

disposal. 



 

Experimental Chapter 4  115 

4.4.1 Hypoxia Stimulates Glucose Transport using an Insulin-Dependent Mechanism   

Type 2 diabetes is primarily characterised by defects in insulin mediated glucose transport.  

Indeed, deficiencies in glucose disposal, glucose phosphorylation and glycogen synthesis may 

all contribute to reduced glucose transport activity in diabetes and obesity (Del Prato et al., 

1993; Pendergrass et al., 1998). Glycogen synthesis is considered to be the pathway most 

affected, although glycolysis and glucose oxidation are also impaired (Del Prato et al., 1993; 

Pendergrass et al., 1998). However, the contraction stimulated pathway is known to remain 

largely intact within the same population (Azevedo et al., 1995).  

 

 

 

Previous work has indicated that exercise (hypoxia) and insulin stimulate glucose transport by 

different pathways in muscle as suggested by an additive and maximal effect when the two 

stimuli are combined (Cartee & Holloszy, 1990). Work taken from exercise studies show that 

once the acute effects of exercise on glucose transport wears off it is replaced by a separate 

and distinct pathway, mediated by insulin (Garetto et al., 1984; Cartee et al., 1990; Richter et 

al., 2004). The current study showed no change in insulin concentrations from baseline values 

which was aligned with a hypoxic-induced reduction in blood glucose concentrations during 

hypoxic exposure. This suggests that a mechanism, independent of insulin was responsible for 

the decrease in blood glucose. Similar to the effects of exercise, it would appear that hypoxia 

alters insulin mediated transport in the hours following hypoxic exposure. As demonstrated by 

lower blood glucose concentrations (P = 0.001), significantly lower AUCIns (P = 0.03) and 

improved SI
2* (P = 0.047) in the 4 hr following acute hypoxic treatment.  

 



 

Experimental Chapter 4  116 

Although the labelled IVGTT allows for powerful estimation of glucose metabolism, muscle 

tissue samples would have provided a clearer indication of possible alterations in intracellular 

signalling proteins involved in the insulin-stimulated pathway. Data interpreted from the 

literature suggests that insulin receptor substrate (IRS) and specific proteins sitting 

downstream (AMPK and ∝PKC) of the insulin-stimulated pathway may have been activated 

due to hypoxia (Mu et al., 2001; Perrini et al., 2004; Jessen & Goodyear, 2005). Enhanced 

insulin action following exercise has been shown to be independent of any changes in 

signalling proteins, and therefore attributed to increased GLUT-4 translocation (Henriksen, 

2002). This may reflect that post exercise increases in glucose disposal are a result of more 

efficient recruitment of GLUT-4 for a given dose of insulin. Although, differences between 

studies may reflect variations in measurement methods as others have reported exercise-

induced increases in IRS-1 and PI3-kinase (Chibalin et al., 2000; Hevener et al., 2000). 

 

 

AMPK’s role in glucose transport activity has been well defined, both within the contraction- 

(hypoxic) (Jessen & Goodyear, 2005) and insulin-stimulated pathways (Fisher et al., 2002). In 

the hours following exercise, the insulin pathway is the primary mechanism whereby muscle 

glycogen is restored. Muscle glycogen concentrations have previously been shown to 

decrease (~66%) during severe hypoxia (Cartee et al., 1991).  Therefore, it is at least plausible 

to suggest that the increase insulin mediated glucose disposal and SI
2* following hypoxia may 

be partly attributed to hypoxic-induced glycogen depletion (Wadley et al., 2006).  
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4.4.2      Can Hypoxia Cause Glucose Intolerance?  

Larsen et al. (1997b) demonstrated that insulin action was decreased at 4,559 m on the second 

day of a moderate term exposure (7 days). Although, this was partly restored, returning to 

near normal (baseline sea-level) values on the final day (Larsen et al., 1997b). It is entirely 

possible that the measured increase in plasma cortisol in the study of Larsen et al. (1997b) 

contributed to peripheral insulin resistance (Rooney et al., 1993). Unfortunately, the current 

work did not measure cortisol. Cortisol treatment for ~24 hr is known to induce insulin 

resistance (Rooney et al., 1993) due to a reduction in glycogen synthase enzyme activity in 

skeletal muscle (Holmäng et al., 1992). However, Oltmanns et al. (2004) showed no 

difference from normoxic baseline values for cortisol during a 30 min hypoxic bout. Similar 

to Larsen et al. (1997b), the work of Oltmanns et al. (2004) suggested that hypoxia acutely 

decreases glucose tolerance shown through a significant reduction in dextrose infusion rates 

(Hypoxic ~250 ml / hr and Normoxic ~280 ml / hr; P = 0.01).  

 

It is not clear why the results from Oltmanns et al. (2004) work differ from those of the 

current study. Disparities may be associated with differences in the population studied and or 

the method for assessing glucose tolerance. Oltmanns et al. (2004) used non-obese healthy 

control subjects and a more severe bout of hypoxia (SpO2 ~75%), although, the precise level 

of hypoxia was not published. The SpO2 measured during Oltmanns et al. (2004) study were 

higher than the values obtained within the current chapter (SpO2 ~90%). This work also 

showed a significant elevations in epinephrine concentration (Oltmanns et al., 2004), which is 

known to stimulate glucose availability and utilisation (Saha et al., 1968; Howlett et al., 

1999). Activation of the sympathoadrenal release of epinephrine was suggested by Oltmanns 

et al. (2004) to be the only mechanism causing hypoxic mediated glucose intolerance, via 
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increased endogenous glucose release and decreasing glucose disposal. However, data 

published by Brooks et al. (1991) have shown that despite an increase in circulating 

epinephrine concentrations, hypoxia still reduced blood glucose concentrations. This work 

may contradicts Oltmanns et al. (2004) conclusion and suggests that hypoxia increases 

glucose disposal, independent of epinephrine.  

 

4.5 Conclusion 

These results showed that hypoxia (O2 ~14.6%) caused a significant increase in glucose 

disposal, both during and following acute hypoxic exposure.  Although neural and hormonal 

variables were not measured, this study is the first to conclude that acute hypoxia can improve 

whole body glucose tolerance in type 2 diabetics via insulin-dependent glucose transport, as 

shown by increased SI
2*. Hypoxia may therefore, be of clinical importance to type 2 diabetics 

by improving acute and short-term glucose control.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
CHAPTER 5 

Can the Blood Glucose Lowering Effect of Exercise in 
Individuals with Type 2 Diabetes be Further Stimulated by 

Acute Hypoxia?  
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5.0 Introduction  

Normal blood glucose concentration can be maintained in healthy subjects despite an 

exercise-induced increase in glucose demand. This is attributed to an increase in blood 

glucose appearance via gluconeogenesis and endogenous glucose production (Berger et al., 

1980; Kjaer et al., 1990; Howlett et al., 1999). Endogenous glucose production is known to 

be of a comparable size when comparing healthy non- and type 2 diabetic subjects during 

exercise (Giacca et al., 1998). A review of the literature shows that acute exercise stimulates 

glucose transport activity and improves glycaemic control in type 2 diabetics via increased 

glucose uptake (Devlin et al. 1987; Larsen et al., 1997a; Kang et al., 1999; Musi et al., 2001; 

Macdonald et al., 2004; Thomas et al., 2006; Hordern et al., 2008). Exercise is therefore, an 

effective tool in the management of hyperglycaemia in type 2 diabetes (for a review see 

Thomas et al., 2006). The reduction in circulating blood glucose concentration in diabetic 

patients has been attributed to greater glucose utilization when comparisons are made with 

healthy controls (Giacca et al., 1998). Blood glucose concentrations are known to decline by 

~2.5 mmol/l (13%) following a single bout of moderate intensity exercise (90% 

predetermined lactate threshold) (Macdonald et al., 2006). Since insulin secretion is inhibited 

during exercise this effect may be attributed to contraction stimulated glucose uptake (Rose 

& Richter, 2005).  

 

 

It is widely accepted that insulin (Dohm, 2002; Wojtaszewski et al., 2002), exercise (Jessen 

& Goodyear, 2005; Rose & Richter, 2005) and hypoxia (Cartee et al., 1991) are potent 

stimuli for glucose transport. Exercise is clinically recognised as an alternative pathway for 

glucose transport activity in states of insulin resistance and overt type 2 diabetes (Rose & 

Richter, 2005). This contraction stimulated pathway (Mu et al., 2001; Wojtaszewski et al., 
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2002; Richter et al., 2004; Jessen & Goodyear, 2005; Jensen et al., 2007)  requires the 

activation and translocation of glucose transporters (GLUT 1 and GLUT 4, respectively) to 

the sarcolemma of muscle fibres (Winder & Hardie, 1999). Plasma membrane GLUT 4 

content is highly correlated to glucose transport activity in human skeletal muscle (Lund et 

al., 1997) with sarcolemmal GLUT 4 content shown to increase by 74% in type 2 diabetics 

following an acute bout of exercise (45-60 min cycling exercise ~60-70%2maxOV& ), (Kennedy 

et al., 1999). Central to exercise-induced glucose transport is the metabolic master switch 

AMPK (Wojtaszewski et al., 2000; Mu et al., 2001; Hardie et al., 2006). AMPK has also 

been implicated in hypoxic-induced glucose disposal (Mu et al., 2001; Wadley et al., 2006).  

 

 

The first experimental study from the present thesis showed that hypoxia at rest increased 

whole body glucose tolerance during and acutely following exposure in type 2 diabetic 

humans. Exercise and hypoxia are thought to stimulate glucose transport using the same 

signalling mechanisms independent of insulin (Cartee et al., 1991). Although, an opposing 

notion is that hypoxia and exercise may stimulate glucose disposal independently of each 

other and that when combined could have an additive effect (Wojtaszewski et al., 1998; 

Henriksen et al., 2002). Using rodent models, Chiu et al. (2004) have shown that hypoxia and 

exercise increase GLUT-4 translocation and improve glucose control to a greater extent than 

exercise alone. Although, it remains to be determined if the same occurs in type 2 diabetic 

humans.  
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It seems reasonable to suggest that exercise and hypoxia may stimulate whole body glucose 

removal to a greater extent than exercise alone given the evidence in the literature 

(Wojtaszewski et al., 1998; Henrikson et al., 2002; Chui et al., 2004) and the conclusions 

drawn in Chapter 3.  Furthermore hypoxia may have the  potential to activate GLUT 

transporters known to be present in cell types other than skeletal muscle, including liver and 

kidney (GLUT-1 & GLUT-10) (Dawson et al., 2001), heart and adipose tissue (GLUT-4 & 

GLUT-12) (Lisinski et al., 2001), spleen, leukocytes and brain (GLUT-6) (Doege et al., 

2001).  

 

Interlukin-6 has been implicated in inflammatory processes (Pradhan et al., 2001), causing 

insulin resistance (Senn et al., 2002), and regulating energy metabolism (Febbraio et al., 

2003). Carey et al. (2006) published data showing increased AMPK activation, GLUT-4 

plasma membrane translocation and insulin-stimulated glucose uptake during IL-6 infusion in 

healthy humans. The present chapter was designed to establish if hypoxia and exercise have 

an additive effect on whole body glucose metabolism in type 2 diabetics over either stimulus 

alone and to measure plasma IL-6 concentrations during exercise with and without hypoxia.  

 

 

Hypothesis: Hypoxia and exercise will have an additive effect on insulin sensitivity (SI
2*) 

over exercise alone, in individuals with type 2 diabetes.  
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5.1  Methods 

5.1.0 Subjects  

The type 2 diabetic individuals recruited for study 1 formed the subject cohort for the current 

investigation. Subject’s clinical, physiological and metabolic characteristics are presented in 

Table 3.0 (Chapter 3.).  

 

5.1.1 Experimental Design  

The experimental protocol consisted of three visits. The first visit was used to collect 

physiological, metabolic and individual lactate responses to incremental exercise (Lactate 

Threshold; LT). Visits two and three acted as the main experimental trials  and required 

subjects to exercise at 90% of their individual LT for 60 min in 1) normoxia (Nor Ex; O2 = 

20.93%) and 2) hypoxia [Hy Ex; O2 ~ 14.9 (0.9)%] on separate occasions. Trials were carried 

out in a randomised order with a minimum of seven and a maximum of fourteen days 

between each trial.  

 

5.1.2 Incremental Exercise - Lactate Threshold  

On arrival at the laboratory, subjects blood pressure, measured in duplicate using an 

automatic oscillometric blood pressure monitor (Omron Healthcare, Hamburg, Germany) was 

obtained before body mass, subject height and percentage of body fat (Bodystat, Isle of Man, 

UK) were recorded (General Methods 3.3.2). Following localised cleaning, a fingertip blood 

sample (~5 µl) was then drawn for determination of HbA1c, using a boronate affinity assay 

(Axis-Shields Diagnostics, United Kingdom). The protocol described within the General 

Methods (Measurement of the Lactate Threshold 3.3.5) was used to obtain individual lactate 

response to incremental exercise.  
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5.1.3 Main experimental Trials  –  Normoxic (Nor Ex) and Hypoxic  Exercise  (Hy Ex)  

On arrival, height and body mass measurements were recorded. Subsequently, one 18-gauge 

cannula was placed into a dorsal hand vein for frequent sampling of arterialised blood and 

one 18-gauge cannula was placed into an antecubital vein in the opposite arm for injection of 

the labelled glucose bolus. Arterialised basal blood samples (~10 ml) were taken 30 min prior 

to exercise (-30 min). The sampling hand remained within a thermoregulated hotbox (~60ºC) 

throughout the protocol to allow for collection of arterialised blood (Arterialised Blood 

Sampling Procedure 3.5.2).  

 

Subjects then performed 60 min of cycle ergometer exercise (90% LT) in the environmental 

conditions [Nor Ex; O2 = 20.93% and Hy Ex; O2 ~ 14.9 (0.9)%] on two separate occasions. 

Arterialised blood samples, heart rate, rating of perceived exertion (RPE) (Borg, 1982) and 

oxyhaemoglobin saturation (SpO2) were collected every 10 min. Symptoms associated with 

Acute Mountain Sickness were monitored at 30 min using the Lake Louise Questionnaire 

(LLS), (Roach et al., 2003). This questionnaire was adapted to exclude specific questions 

relating sleep deprivation. No symptoms of AMS were reported during hypoxic exposure.  

 

A 4 hr labelled IVGTT (section 4.1.5) was performed immediately following each trial. 

Arterialised blood samples (~10 ml) drawn during exercise and IVGTT’s were immediately 

analysed for determination of whole blood glucose concentrations (~20µl) in duplicate. The 

remaining blood samples (lithium/heparin; ~5ml and (EDTA; ~5ml) were centrifuged and 

plasma stored at -80ºC for later analysis of plasma insulin (General Methods 3.6) and 

enriched [6,62H2]glucose samples. These variables were then used to calculate indices of 
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glucose effectiveness (SG
2*), insulin sensitivity (SI

2*) and endogenous glucose production 

(EGP) (section 4.1.6).  

 

 

5.1.4   Interleukin-6 (IL-6) ELISA 

Plasma interleukin-6 concentrations were determined using a commercially available enzyme 

linked immunoSorbent assay (ELISA) (Quantikine HS, R&D systems). Fasting plasma 

samples and samples drawn during exercise in both Nor Ex and Hy Ex were thawed and 

vortexed before 200 µl was added to polysterene wells pre-coated with an IL-6 antibody. 

Two wells remained blank with the remaining wells used for known IL-6 concentrations 

(standards; 6.25, 12.5, 25, 50, 100 & 200 pg/ml). Samples and standards were determined in 

duplicate. Known concentrations were used to plot the standard curve. Detection of light 

absorbance was carried out using a microplate reader (450nm; Universal Microplate reader 

(ELx800, IBL inc., Minneapolis, USA). The inter- and intra-assay coefficient of variation for 

this ELISA were 4.0% and 5.2%, respectively.   
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5.2   Statistical Analysis 

Two-way (Time x Trial) Analysis of Variance (ANOVA) with repeated measures were 

carried out to make direct comparisons between Nor Ex and Hy Ex. Tukey’s Post Hoc tests 

were used to highlight the point at which significance occurred. Paired t-tests compared the 

indices of insulin sensitivity (SI
2*), glucose effectiveness (SG

2*), endogenous glucose 

production (EGP) and glucose (AUCGlu) and insulin (AUCIns) integrated area under the 

curves. Data are expressed as mean with standard error of the mean (SEM). P values less < 

0.05 were used to denote statistical significance.  
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5.3 Results 

Analysis of self recorded nutritional diaries showed no difference in total kcal [Nor Ex; 

1710.9 (68.2) and Hy Ex; 1718.8 (79.9) kcal] (P = 0.817) nor carbohydrate intake [Nor Ex; 

225.9 (9.1) and Hy Ex; 217.9 (6.1) grams] (P = 0.635) in the 24 hr prior to exercise between 

trials.   

 

 

Heart rate values increased from baseline throughout exercise in both Nor Ex [baseline; 69 

(2) beat · min-1 and exercise; 94 (1) beat · min-1] (P = 0.013) and Hy Ex [baseline; 69 (1) beat 

· min-1 and exercise; 96 (1) beat · min-1) (P = 0.005). Although no difference was noted 

between conditions for the same variable (P = 0.747). Rating of perceived exertion (RPE) 

was found to be elevated during Hy Ex [13 (1) units] when compared to Nor Ex [12 (1) units] 

(P = 0.000). Oxygen saturation (SpO2), measured by pulse oximetery remained unchanged 

from baseline during Nor Ex (P = 0.996). Figure 5.0 shows SpO2 during both normoxic and 

hypoxic exercise. During Hy Ex, SpO2 significantly decreased over time (P = 0.000) and was 

statistically lower than SpO2 values throughout when compared to Nor Ex (P = 0.000) (Figure 

5.0). As expected, lactate concentrations [La] significantly increased from baseline during 

exercise and peaked at 10 min within the Nor Ex trial [2.07 (0.45) mmol/l; P = 0.016]. Blood 

[La] also increased during Hy Ex, peaking at the 30 min point [2.02 (0.44) mmol/l; P = 

0.009]. Blood lactate concentrations were not different between conditions throughout 

exercise (Figure 5.1; P = 0.094). 
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Figure 5.0      Oxygen saturation (SpO2) during Hy Ex (O2 ~14.9%) (open symbols) and Nor Ex (O2 ~20.93%) (closed 
symbols). *Denotes significantly different between conditions (P = 0.000). Values are means (SEM). 
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Figure 5.1     [La] response during 60 min of exercise (90% LT) in normoxic (closed symbols) and hypoxic (open 
symbols) conditions. No significant difference was noted between trials (P = 0.094). Values are means 
(SEM). 

*P = 0.000 
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Both Nor Ex and Hy Ex demonstrated a blood glucose lowering effect during 60 min of 

moderate intensity exercise, with arterialised glucose concentrations decreasing by 0.91 

(0.35) mmol/l (P = 0.037) and 1.80 (0.64) mmol/l (P = 0.026), respectively (Figure 5.2). The 

decrease in blood glucose concentrations was found to be significantly greater during Hy Ex 

when compared to Nor Ex (P = 0.031). Plasma insulin also decreased from baseline to the 

end of exercise in the hypoxia (Hy Ex; P = 0.028), with no difference in the Nor Ex condition 

(Figure 5.3; P = 0.208). Plasma insulin concentrations were not different between Hy Ex and 

Nor Ex (P = 0.10).   
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Figure 5.2  Change in arterialised blood glucose concentrations from baseline to the end of exercise in 
normobaric hypoxia [Hy Ex; O2 ~ 14.9 (0.9)%] and normoxia (Nor Ex; O2 = 20.93%). Values are 
mean (SEM).  
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Figure 5.3   Plasma insulin decline during Nor Ex and Hy Ex from baseline to the end of exercise (90% LT). P 
values demonstrated the change within condition. No difference was found between Nor Ex and 
Hy Ex (P = 0.10). Values are mean (SEM) changes.  

 

 

 

Area under the curve (AUC) for blood glucose and plasma insulin were calculated to estimate 

changes in glycaemic control in the 4 hr following each condition. Table 5.0 shows no 

difference between Hy Ex and Nor Ex for AUCGlu. There was, however, a significant 

difference for AUCIns between conditions (P = 0.007). Indeed, Hy Ex demonstrated the 

lowest AUCIns value when comparing both within this study (Chapter 4) and with the results 

obtained in Chapter 3. Two way ANOVAs were conducted to assess differences between Hy 

Ex and Nor Ex over time. This demonstrated no difference in glucose values between 

conditions (Figure. 5.4; P = 0.268). Plasma insulin values were however, significantly lower 

following intravenous glucose injection in Hy Ex compared to Nor Ex (Figure 5.4; P = 
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0.005). Furthermore, two-compartmental minimal model analysis showed insulin sensitivity 

(SI
2*) to be significantly higher following Hy Ex as compared to the Nor Ex [3.24 (0.51) and 

4.37 (0.48) x10-4 . min-1(µU/ml), respectively] (P = 0.049). Endogenous glucose production 

(EPG) (P = 0.099) and glucose effectiveness (SG
2*) (P = 0.123) were not different when 

comparisons were made between exercise in hypoxia and normoxia (Figure 5.5).  

 

 

 

 

Table 5.0  The integrated area under the curve for arterialised blood glucose (AUCGlu) and plasma 
insulin (AUCIns) during a 4 hr IVGTT, following Nor Ex and Hy Ex.   

*Values are means (SEM) 

 

 

 

 Nor Ex     Hy Ex P Value 

AUCGlu  (mmol · l-1 · min) 1742 (246) 1622 (154) P = 0.30 

AUCIns (µU · ml-1 · min) 5637 (820) 4334 (617) P = 0.007 
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Figure 5.4  Glucose (A) and insulin (B) response during a 4 hr ‘hot’ IVGTT. Hy Ex (open symbols) and Nor Ex 
(closed symbols). No difference was found between trials for glucose concentrations. (P = 0.268). 
Plasma insulin values were lower following the intravenous glucose load (P = 0.005). Values are 
means (SEM). 
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Figure 5.5  SG
2* (A), SI

2* (B) and EPG (C) following Nor Ex and Hy Ex estimated using the IVGTT. SI
2* showed a 

significant difference between Hy Ex and Nor Ex (P = 0.049) with no statistical difference for SG
2* (P = 

0.123) and EGP (P = 0.099).   
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Figure 5.6 shows IL-6 response during 60 min of moderate intensity exercise. Both Nor Ex 

and Hy Ex demonstrated changes over time with Nor Ex showing a 58.7% (P = 0.001) and 

Hy Ex a 68.7% (P = 0.000) increase from baseline values for plasma IL-6 concentrations. 

Hypoxia and exercise caused circulating IL-6 concentrations to increase to a greater extent 

than exercise in normoxia and was statistically higher between min 50 to 60 (P = 0.022).  
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Figure 5.6   Interleukin-6 (IL-6) concentrations during Hy Ex (open symbols) and Nor Ex (closed symbols). A 
significant difference was noted between conditions (P = 0.022). Values are means (SEM). 
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5.4 Discussion  

The previous chapter (Chapter 4) suggested a positive effect of moderate hypoxia on whole 

body glucose tolerance in type 2 diabetics. It was suggested that the contraction stimulated 

pathway may have been responsible for the acute improvements in glycaemic control (Cartee 

et al., 1991; Winder & Hardie, 1999; Holloszy, 2003; Wright et al., 2005) while hypoxic 

induced glycogen depletion may have up-regulated insulin simulated glucose transport 

(Cartee et al., 1991; Wadley et al., 2006) in the 4 hr following exposure as shown by an 

increase in SI
2*. The aim of the current study was to ascertain if the glucose lowering effect of 

exercise, which has been clearly shown in the literature (for reviews see; Henriksen, 2002; 

Wright et al., 2005), could be further stimulated by acute hypoxia.  

 

 

5.4.0 Acute Response to Exercise & Hypoxia 

The data demonstrates that exercise and hypoxia had an acute additive effect on glucose 

disposal. Circulating insulin concentrations are known to decrease during exercise 

(Wojtaszewski et al., 2002). Arterialised insulin concentrations were 53.8% lower following 

Hy Ex when compared to Nor Ex in the current study. This finding supports the notion that 

the contraction stimulated pathway may be responsible for the decrease in blood glucose 

concentrations during hypoxic exercise through a greater effect of both stimulus on 

contraction stimulated glucose disposal (Fisher et al., 2002; Chiu et al., 2004; Holloszy, 

2005), or that exercise and hypoxia acted upon separate distinct pathways to encourage 

glucose transport (Wojtaszewski et al., 1998; Henrikson et al., 2002). This is hard to interpret 

given the limitations of the current study (i.e. signalling proteins were not measured). Indeed, 

conclusions drawn from the literature  are unclear with most suggesting that both muscular 

contraction and hypoxia activate the same signalling pathway (Cartee et al., 1991; Reynolds 
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et al., 1998; Chiu et al., 2005), with more recent work indicating that at some point exercise, 

hypoxia and insulin use similar signalling proteins (Mu et al., 2001; Sakamoto & Goodyear, 

2002). Interpretation of the literature would suggest that AMPK (Fisher et al., 2002; Perrini 

et al., 2004), ∝PKC (Jessen & Goodyear, 2005), AS160 (Howlett et al., 2007) and 

presumably uncharacterised proteins (Mu et al., 2001) can be recruited by more than one 

stimulus (Rose & Richter, 2005) and that exercise and hypoxia can have an additive effect on 

glucose disposal (Chiu et al., 2004).  

 

 

The additive effect of hypoxia and exercise on glucose disposal in type 2 diabetics would 

seem to occur without an increase in cardiovascular (heart rate) or metabolic ([La]) strain. In 

contrast, RPE values were found to be significantly higher during Hy Ex (P = 0.00), which 

could be attributed to an acute ventilatory response to hypoxia (hypoxic ventilatory response; 

HVR) rather than an increased physiological stress per se. Romer et al. (2002) have linked 

reduced ventilation rates with a downregulation in afferent messaging to the central nervous 

system (CNS) and an associated decreased in perception of effort. The data of Romer et al. 

(2002) may provide indirect evidence that the higher RPE’s noted during Hy Ex may be due 

to an increase in ventilation, induced by hypoxia.  
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5.4.1 Post Exercise / Hypoxic Glucose Tolerance  

Area under the curve for insulin (AUCIns) was found to be significantly lower in the 4 hr 

following Hy Ex when compared to the exercise only trial (Nor Ex). It is not clear from this 

data whether this is due to an increase in insulin stimulated post-receptor activity (i.e. PI-

3kinase) at the site of peripheral tissue or a down regulation in β-cell (pancreas) insulin 

release. Although the significant increase in insulin sensitivity (SI
2*) following Hy Ex suggest 

that insulin signalling, and so insulin-dependent glucose transport, may have been further up-

regulated due to hypoxic exercise. This conclusion can be drawn given the short effects that 

both exercise and hypoxia have on glucose transport via the contraction (hypoxic) stimulated 

pathway (Holloszy, 2005) and that SI
2*, derived from the use of labelled glucose, describes 

the effects of insulin on whole body (hepatic and peripheral) glucose disappearance (Cobelli 

et al., 1986). However, the current work would benefit from the analysis of C-peptide (a 

peptide which forms when pro-insulin breaks down to produce insulin) to determine if 

hypoxia inhibits insulin release or encourages peripheral insulin action. During exercise there 

is known to be an up-regulation in the contraction-stimulated pathway, which is replaced 

(following exercise) by an up-regulation in the insulin-signalling pathway (Holloszy, 2005; 

Bordenave et al., 2008). As glucose concentrations were not different and that AUCIns and 

SI
2* were significantly lower and improved, respectively following Hy Ex, it would seem 

reasonable to suggest that the insulin signalling pathway may have been further up-regulated 

following hypoxic exercise compared to the exercise only trial (Holloszy, 2005).   
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The decrease in plasma insulin levels during and following hypoxic exercise are in 

disagreement with previous work (Braun et al., 2001; Polotsky et al., 2003). Braun et al. 

(2001) concluded that hypoxia (equivalent to ~4,300 m) actually increased insulin values and 

decrease insulin sensitivity.  However, these values were obtained during hypoxic exposure 

in a rested state using the oral glucose tolerance test (OGTT) as a means of assessment. 

Although, the OGTT is a useful technique, particularly in clinical setting, the two 

compartment minimal model using labelled [6,62H2]glucose during a 4 hr IVGTT remains a 

more precise method (Vicini et al., 1997). Furthermore, the study of Braun et al. (2001) in 

non-diabetic humans must be read with some degree of caution as OGTT are known to 

stimulate incretin release (due to glucose ingestion), leading to elevated insulin secretion, 

when compared to the IVGTT (Muscelli et al., 2006). This incretin effect occurs despite 

similar plasma glucose concentrations (Muscelli et al., 2006). The comparison between 

moderate (Braun et al., 2001) and acute exposure to hypoxia (current study) are hard to make, 

as the physiological and metabolic responses to acute hypoxia are somewhat different to 

altitude acclimatisation (Lopez-Barneo et al., 2004).  

 

 

5.4.2 Interleukin -6 (IL-6) Response to Acute Exercise & Hypoxia  

IL-6 is an inflammatory-controlling cytokine which has been described as being both a pro- 

(Senn et al., 2002) and an anti-inflammatory cytokine (Starkie et al., 2003; Petersen & 

Petersen,  2005). IL-6 is consistently found to be higher in individuals with type 2 diabetes 

(Febbraio et al., 2003), signifying a possible link between IL-6 and the pathophysiology of 

insulin resistance (Hamid et al., 2004). The subjects recruited in the present study also 

showed elevated IL-6 concentrations [3.3 (0.41) pg/ml] when compared to healthy control 

data  from previously published research (~1.5 pg/ml) (Febbraio et al., 2004).  
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Petersen and colleagues have shown that plasma IL-6 levels increase following muscular 

contractions (Petersen & Pedersen, 2005). Additional work from the same group of 

researchers shows a clear link between low muscle glycogen and high IL-6 levels (Steensberg 

et al., 2001). It has been shown that insulin-stimulated glucose uptake is impaired in type 2 

diabetics, perhaps contributing to lower muscle glycogen concentrations (Hayashi et al., 

1997; Wojtaszewski et al., 2002). Furthermore, Reynolds et al. (1998) suggests that a strong 

inverse relationship exists between hypoxic induced glucose disposal and muscle glycogen 

content. In metabolic terms, high levels of glycogen inhibit glucose transport activity during 

hypoxic exposure (Reynolds et al., 1998). There is an opposing notion that IL-6 is a pro 

inflammatory cytokine, which causes insulin resistance (John et al., 2000) and therefore, 

reduces glycogen synthesis. Circulating IL-6 concentrations, in the current study, increased 

during exercise and were further increased during exercise in hypoxia, when arterialised 

blood glucose underwent their greatest reduction. The same trial (Hy Ex) also demonstrated 

significant improvements in SI
2*. These findings (increased IL-6 and improved SI

2*) suggest 

that IL-6 may not be directly involved in insulin resistance, and therefore, may be acquired 

rather than a cause in type 2 diabetes. Therefore, high plasma IL-6 levels in type 2 diabetic 

patients may be related to low muscle glycogen content, known to be a metabolic 

characteristic of the same population (Reynolds et al., 1998). Although the data presented in 

the current study is at best descriptive.  
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5.5 Conclusion  

In conclusion, the present investigation has shown that a single bout of moderate intensity 

exercise enhances glucose disposal and that this effect is exaggerated when exercise is 

combined with hypoxic exposure in individuals with type 2 diabetes.  As insulin values were 

reduced to a greater extent during hypoxic exercise, it would seem reasonable to suggest that 

the decrease in circulating glucose may be attributed to an up-regulation in the contraction 

stimulated pathway (Cartee et al., 1991; Reynolds et al., 1998; Holloszy, 2003). Furthermore, 

it would seem that the well documented post exercise-induced improvements in insulin 

sensitivity (Minuk et al., 1981; Devlin et al., 1987; Holloszy, 2005) are further improved by 

hypoxia as shown by a significant increase in SI
2*. These results suggest that acute hypoxia 

alters insulin-dependent glucose transport or reduces insulin resistance in type 2 diabetics.  

 



 

 

 

 

 

 

 

CHAPTER 6 

The Effect of Work Intensity and Hypoxia on Glucose Kinetics and 

Glycaemic Control in Type 2 Diabetes 
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6.0 Introduction  

The current recommendations to promote general health and well being for individuals with 

type 2 diabetes are equivalent to 30 minutes of moderate physical activity per day (Hu et al., 

2001; Larkin, 2001; Tuomilehto et al., 2001). Although short bouts of medium intensity 

exercise have been shown to be ineffective in improving glucose control. Baynard et al. 

(2005) suggests that a single bout of moderate intensity exercise (30 min at 60%2peakOV& ) has 

no impact on glucose tolerance or insulin sensitivity the day after exercise. Earlier work by a 

group of authors including Holloszy (Rogers et al., 1988) support Baynard et al. (2005) 

findings. High-intensity short duration exercise may provide a clinical alternative to low-

moderate intensity exercise in providing improvements in glycaemic control. Sriwijitkamol 

and colleagues (2007) have suggested that individuals with type 2 diabetes may need to 

exercise at a higher relative intensity to stimulate AMPK and AS160 activity, with an 

assumed increase in glucose transport rates, to a similar level as healthy lean controls.  

 

 

The previous chapter has shown that moderate intensity continuous exercise (60 min at 90% 

LT) in hypoxia acutely increases blood glucose removal and insulin sensitivity (SI
2*) in type 2 

diabetics when measured with a labelled IVGTT. This improvement was found to be 26% 

greater than exercise in normoxia. Short-term exercise interventions may offer the potential 

for close supervision and short-term success in improving glucose control and disease risk 

factors, with the likelihood of ongoing success in lifestyle changes (Boule et al., 2003). 

Further, the combination of exercise and hypoxia may present a more palatable approach to 

exercise, maximising potential benefits while enhancing motivation and compliance (Hordern 

et al., 2008).  
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A number of studies have investigated post-exercise glucose uptake immediately following 

continuous endurance exercise (Young et al., 1989; Braun et al., 1995; Houmard et al., 1995; 

Bonen, 1998; Hildebrandt et al., 2003). Young et al. (1989), Braun et al. (1995) and Bonen et 

al. (1998) all found no difference in glucose and insulin responses between high and low 

intensity exercise, although this has been contradicted elsewhere (Wahren et al., 1978; 

Romijn et al., 1993). In a study using non diabetic controls, Brambrink et al. (1997) 

demonstrated that the amount of muscle tissue recruited during exercise produced 

significantly lower values for AUCIns, without any change in C-peptide levels, 18 hr 

following exercise compared to a one legged bout of exercise that completed the same 

amount of work. They concluded that quantity of muscle mass recruited, rather than total 

work, was a more important factor in improving post exercise glucose tolerance via an 

insulin-dependent mechanism (Brambrink et al., 1997). Hayashi et al. (2005) demonstrated 

that greater exercise intensities stimulate a greater degree of glucose transport in sedentary 

men. Although the work of Hayashi et al. (2005) used identical exercise durations (50% vs. 

70% 2maxOV&  for 20 min). Perhaps suggesting that total work and energy expenditure, and not 

exercise intensity per se, are key determinants in contraction stimulated improvements in 

glucose control. However, Kraniou et al.  (2006) demonstrated that total work, and not 

exercise intensity or duration, was the significant contributing factor in glucose transport 

activity. Kraniou et al. (2006) found that a single bout of exercise at two different intensities 

and durations (~40% 2maxOV& for 60 min vs. ~80% 2maxOV& for ~27 min) increased GLUT-4 

gene expression in human skeletal muscle to a similar extent [~40% 2maxOV& ; 1.6 (0.3) vs. 3.3 

(0.7) arbitrary units (AU) and ~80% 2maxOV& ; 1.8 (0.5) vs. 2.9 (0.5) AU]. Analysis from the 

same work showed that high intensity exercise significantly lowered muscle glycogen content 

[pre exercise; 420 (43) vs. post exercise; 169 (35) mmol · kg dry mass] (P < 0.05) (Kraniou et 

al., 2006). This latter finding indicates that high intensity exercise has a greater ability to 
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reduce muscle glycogen and perhaps to encourage (insulin-dependent) glycogen resynthesis. 

Although the study of Kraniou et al. (2006) was limited to analysis of muscle tissue so it is 

difficult to interpret the effects that exercise had on glucose disposal and tolerance.  

 

The findings from the first and second chapters, that prior hypoxic exposure acutely 

encourages glucose disposal in type 2 diabetics is novel.  The possibility that the same or 

even a greater effect (i.e. increased glucose clearance) would occur using shorter exercise 

durations, but of equal work would have clear clinical benefits. Therefore, the aim of this 

study is to identify if total work or exercise intensity has a greater influence on glucose 

metabolism during and following acute exercise in normobaric hypoxia in type 2 diabetic 

individuals. To accomplish this aim the total work completed (Joules) will be kept constant 

during three exercise / hypoxic trials with glucose control being measured both during and 

following (~48 hr) exercise.  

 

 

Hypothesis – Short duration high intensity exercise will stimulate glucose metabolism to a 

greater extent than long-duration moderate intensity exercise in individuals with type 2 

diabetes.  
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6.1 Methods  

6.1.0 Subjects  

Six individuals diagnosed with type 2 diabetes gave their written consent to participate in this 

study. Three volunteers were treated with diet and exercise. The remaining three subjects 

were treated with metformin (n = 2; 150 mg 3 x day and n = 1; 150 mg 2 x day). In keeping 

with this thesis, subjects taking metformin were required to abstain from this medication in 

the 48 hr prior to and in the 48 hr during each exercise / hypoxic trial.  

 

 

Table 6.0  Subjects Clinical, Physiological and Metabolic Characteristics  
Age (yr) BMI 

(kg / m2) 
Waist 

Circumference 
(cm) 

Body Fat 
(%) 

HbA1c 
(%) 

Fasting Glucose 
(mmol/l) 

HOMA IR HOMAβ-Cell% 

 
57.5 (2.3) 29.2 (2.9) 113.6 (6.7) 37.2 (3.8) 7.3 (0.3) 7.5 (0.5) 5.0 (1.2) 72.5 (13.7) 

Values are means (SEM). Body Mass Index (BMI); Glycosylated Haemoglobin (HbA1c), Homeostasis Model Assessment of Insulin 
Resistance (HOMAIR); β-Cell function (HOMAβ-Cell). 

 

 

6.1.1     Experimental Design   

The study design was based on four visits. The first visit enabled the collection of preliminary 

data and to obtain individual lactate threshold (LT) values. Clinical and physiological 

characteristics (Table 6.0) were also obtained during this visit. Procedures detailing lactate 

threshold determination and subject characteristics can be found in General Methods (3.3.5 

and 3.3.2, respectively). Thereafter, subjects returned to the laboratory to complete 3 exercise 

trials in hypoxia [O2 ~14.7 (0.2)%]. Each exercise trial was separated by a minimum of seven 

and a maximum of fourteen days. Exercise intensities were set using the data obtained in the 
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preliminary visit and were conducted on an electrically-braked Jaeger cycle ergometer (Lode 

B.V. Medical Technology, Netherlands). After each exercise trial (Day 1) subjects returned to 

the laboratory 24 hr (Day 2) and 48 hr (Day 3) later, to enable the measurement of glycaemic 

control over a medium time period.  Subjects were required to refrain from exhaustive 

exercise (bar habitual walking) and maintain similar lifestyles activities throughout the 

experimental protocol. Nutritional intake (Compeat version 6; Visual Information Systems 

Ltd, UK) and calorie expenditure were self recorded over the three days of each experimental 

trial. Calorie (kcal) expenditure was estimated using pedometers (Sports-Tech; Fitness, UK), 

which has been shown to give reliable estimation of energy expenditure as determined by the 

simultaneously recorded 24-hr heart rate (Kashiwazaki et al., 1986). Instructions were given 

to avoid caffeine and alcohol in the 24 hr preceding and in the days during experimental 

trials.  

 

 

6.1.2 Determination of Exercise intensity   

All three exercise trials were conducted under hypoxic conditions, each lasting a total of 60 

minutes. The first trial required subjects to exercise continuously for 60 min at 90% of 

predetermined LT [Hy Ex60 mean (SEM); 48.7 (3.7) Watts]. Total work [Joules = time (sec) 

x power (Watts)] completed during this visit was then calculated and used to determine the 

intensity and duration, allowing for an equal amount of work to be completed in the next two 

exercise trials. Subsequently, subjects completed two further exercise bouts lasting 40 [Hy 

Ex40; 70.1 (5.8) Watts] and 20 min [Hy Ex20; 140.4 (11.6) Watts] on two separate occasions 

and in a randomised order.  
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6.1.3 Experimental Protocol (Day 1)  

Subjects reported to the laboratory at ~08:00 having fasted for 12 hr, abstained from caffeine 

and alcohol for 24 hr, and exhaustive exercise for 48 hr. Each exercise trial (Hy Ex60, Hy Ex40 

&  Hy Ex20) acted as Day 1. On arrival to the laboratory one 18-gauge cannula was positioned 

into a dorsal hand vein to allow for frequent sampling of arterialised blood, using a 

thermoregulated hot box (~60ºC) (General Method 3.5.2). A second 18-gauge cannula was 

placed into a prominent contralateral antecubital vein for steady rate infusion of 

[6,62H2]glucose (98% enrichment; Cambridge Isotope Laboratories Inc., Andover, USA). 

 

 

6.1.4 Stable Isotope ([6,62H2]glucose) Preparation & Infusion  

All isotope solutions were prepared on the morning prior to a primed constant infusion under 

sterile conditions. 1.9g of [6,62H2]glucose was dissolved in ~10 ml of standard saline solution 

(0.9% NaCl; Baxter Healthcare Ltd, Thetford, England) before being injected into a further 

~240 ml of identical saline using a 0.22 µm Millipore filter (Bedford, MA). A glucose bolus 

(40 ml; 304 mg [6,62H2]glucose) was then injected over a 45 sec period using a prominent 

antecubital vein. A 30 min primed constant isotope infusion period immediately followed 

using syringe pump method (VP 5000; Medical Systems, Arcomedical Infusions Ltd, Essex, 

UK) at a rate of 40 ml / hr. Therefore, the rate of [6,62H2]glucose infusion was 5.1 mg/min (± 

3%; Medical Systems, Arcomedical).  Arterialised samples (~10 ml) where then drawn every 

5 min during 30 min of rest and stored as previously described (General Methods 3.5.3). 

Basal blood samples (-30 min) were used to determine endogenous isotopic (background) 

enrichment of glucose (Brooks et al., 1991). Whole blood (~100 µl) taken at each time point 

was dispensed into microvettes for analysis of blood glucose and lactate (YSI 2300 STAT 
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Yellow Springs Instruments, Yellow Springs, Ohio, USA) in duplicate. Subjects remained in 

a supine position throughout the resting infusion period.   

 

 

6.2 Exercise / Hypoxic Trials 

Following resting infusion, subjects were immediately exposed to hypoxia where they 

performed exercise (Hy Ex60, Hy Ex40 &  Hy Ex20) on three different occasions. All exercise 

trials were performed on an electrically-braked Jaeger cycle ergometer (Lode B.V. Medical 

Technology, Netherlands). Infusion of [6,62H2]glucose (described in section 6.1.4) was 

increased to a rate of 160 ml / hr (20 mg / min) during exercise (Brooks et al., 1991). Subjects 

remained in this environment [O2 ~ 14.7 (0.2)%] for a total of 60 min during each trial. 

Arterialized blood samples (~10 ml) were drawn every 10 min during this period. Heart rate 

(HR; Polar Electro Oy, Kemple, Finland), oxygen saturation (SpO2), indirectly measured 

using pulse oximeter (Nonin 2500, Minneapolis, USA) and Rating of Perceived Exertion 

(RPE; Borg, 1982) were recorded at 10 minutes intervals during exercise. Exercise trials were 

stopped and subjects removed from hypoxic environment if SpO2 reached 70%.   

 

6.2.1 24 hr post Exercise / Hypoxic Protocol (Day 2) 

Following a second consecutive overnight fast, subjects arrived at the laboratory ~ 24 hr (~ 

10:00) following exercise (Day 1). This visit represented Day 2 for trials Hy Ex60, Hy Ex40 

and Hy Ex20. As detailed earlier (section 6.1.1), subjects were instructed to record their 

dietary intake and calorific expenditure in the 24 hr between Day 1 and Day 2. Subjects were 

again asked to abstain from exhaustive exercise during this period. The cannulation (6.1.3) 
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and infusion (6.1.4) procedures described above were repeated during Day 2. Isotope saline 

mixtures consisted of 700 mg of [6,62H2]glucose and 250 ml of standard saline solution 

(0.9% NaCl). The sampling hand remained heated (~60ºC) with basal arterialised samples 

collected 30 min (-30 min) prior to [6,62H2]glucose infusion. ~125 ml of [6,62H2]glucose / 

saline solution was administered intravenously as a priming bolus over a ~60 sec period. The 

remaining solution was infused (125 ml / hr) using a prominent contralateral antecubital vein 

over 60 minutes, representing a rate of 6 mg / min. Subjects remained rested throughout. 

Arterialised samples (~10 ml) were drawn at 10 min intervals and immediately analysed in 

duplicate, as previously described for blood glucose concentrations. The remaining blood 

samples were dispensed into ethylenediametetraacetic Acid (EDTA; ~5ml) and 

lithium/heparin (~5ml) collection tubes before being centrifuged (4ºC and 6000 rpm) and the 

resulting plasma stored at -80ºC for later analysis. 

 

6.2.2 48 hr post Exercise / Hypoxic Protocol (Day 3) 

Control procedures set out for Day 2 were repeated during this visit (Day 3). Subjects 

subsequently reported to the laboratory (~10:00) 48 hr following the hypoxic / exercise trials 

where a venous blood sample (~10 ml) was drawn under sterile conditions for analysis of 

whole blood glucose (3.3.3) and plasma insulin. Insulin concentrations were determined in 

duplicate using a commercially availably enzyme linked immunosorbent assay (ELISA; DRG 

diagnostics, Boldon, UK).   
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6.3 Data Analyses  

6.3.0 Derived Indices of Insulin Sensitivity, Insulin Resistance & β-Cell Function 

Fasting blood glucose and plasma insulin concentrations were used to estimate homeostasis 

model of insulin resistance [HOMAIR; fasting insulin (µU/ml) x fasting glucose (mmol/l) / 

22.5], HOMA of β-cell function [HOMAβ-Cell; 20 x fasting insulin (µU/ml) / fasting glucose – 

3.5 (mmol/l)], Quantitative Insulin Sensitivity Check Index [QUICKI; 1/(log fasting insulin 

(µU/ml) + log glucose (mg/dl)] (Uwaifo et al., 2002) and Fasting Insulin Resistance Index 

[FIRI; fasting glucose (mmol/L) x fasting insulin (mU/L)/25] (Duncan et al., 1995; Bastard et 

al., 2003). Fernandez-Real et al. (2001) have demonstrated a significant correlation between 

FIRI and insulin sensitivity determined using the one-compartment model (IVGTT; r = 0.79; 

P < 0.0001). HOMAIR (Katsuki et al., 2001), HOMAβ-Cell and QUICKI (Uwaifo et al., 2002) 

have all been validated against the euglycaemic-hyperinsulinemic clamp technique, 

considered the gold standard assessment of insulin sensitivity and secretion (DeFronzo et al., 

1979; Uwaifo et al., 2002).  

 

6.3.1 Rate of Glucose Appearance (Ra), Disappearance (Rd) and Metabolic Clearance 

Rates (MCR) 

Enrichment of [6,62H2]glucose was determined using gas chromatography mass spectrometer 

(GCMS; Hewlett Packard) (Section 3.7). Radioisotope tracers are readily distinguishable 

from the nonradioactive background. This is not the case with stable isotopes. For this reason 

all isotopic enrichment values were corrected by subtracting the background enrichments as 

determined from pre infusion blood samples (Rosenblatt et al., 1992). The resulting values 

were used to calculate rates of blood glucose appearance (Ra), disappearance (Rd) and 

metabolic clearance rates (MCR), using a non-steady-state one-compartment model adapted 
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from the work of Steele (1959).  This was later modified for use with stable isotopes 

(Gastaldelli et al., 1993). To compensate for a known inadequacy of the one-compartment 

model the current investigation increased the tracer infusate content of [6,62H2]glucose above 

that previously used by Brooks et al. (1991) altitude study. Finegood et al. (1992) have 

shown that increasing the tracer amount in the exogenous glucose infusate minimises the 

fluctuations in enriched (APE) plasma samples.  

               

 

C = Cm / (1 + IE) 

(1)

              
 

f (t) – V · C(t)  ·   
  

 Ra  (t)    = 
 IE ( t)              

(2)
  
                                     
 
                                    Rd          =       Ra  -  V  [(C2 – C1)  /  (t2 – t1)]   (body wt-1) 

                                                                                                                                                                 (3) 
                                       

                                    MCR     =       Rd  /  [(C1 + C2) / 2] 
                                                                                                                                                                                                  
.   
                                                                                                                                                                 (4) 

 

dIE ( t) 

dt 

              

 

where f is isotope infusion rate. V is the volume of distribution assumed to be equal and 

constant (145 ml / kg for glucose) (Gastaldelli et al., 1993). The concentration (C) of the 

tracee at time (t) can be calculated from the endogenous measured concentration (Cm) of 

glucose and the enrichment at that time. C1 and C2; glucose concentrations and time points 1 

(t1) and 2 (t2) (Brooks et al., 1991). IE tracer enrichment expressed as atoms percent excess 
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(APE) at sampling times minus the background enrichment value determined from basal 

plasma samples (i.e. pre bolus and infusion) (Rosenblatt et al., 1992). 

 

 

6.4 Statistical Analyses  

Statistical significance was set at the level P < 0.05. Differences over time were evaluated by 

two way repeated measures ANOVA. Tukey’s post-hoc tests were used to identify exact 

differences in the event of statistical significance. All data are expressed as mean and 

standard error of the mean (SEM). Statistical tests were performed using the statistical 

software package SPSS (version 15).  
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6.5 Results  

6.5.0 Nutritional Analysis & Calorie Intake  

Subjects were asked to self record dietary intake in the 24 hr prior to and in the 48 hr post 

each hypoxic / exercise trial. No difference was found over the 3 days for Hy Ex60, Hy Ex40 

and Hy Ex20 in total calories (P = 0.182) and total carbohydrates consumed (P = 0.384).  

Total energy expenditure, as estimated by pedometer showed no difference over the 3 days 

for any of the experimental trials (P = 0.163) (Figure 6.0). Further analysis showed no 

difference between total energy intake and energy expenditure within and between trials (P = 

0.098).  
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Figure 6.0 Estimated energy expenditure for Hy Ex60, Hy Ex40 and Hy Ex20. Values are  
                       means (SEM).  
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6.5.1 Oxygen Saturation (SpO2), Heart rate (HR) & Rating of Perceived Exertion  

(RPE) 

SpO2 showed no difference between condition [Hy Ex60; 89 (2)%, Hy Ex40; 90 (2) Hy Ex20; 

89 (1)%]. Heart rate values increased with exercise from baseline and peaked at 40 mins for 

Hy Ex60 [113 (6) beats · min-1] and Hy Ex40 [134 (7) beats · min-1] (Figure 6.1). Heart rate 

peaked earlier during Hy Ex20 at 20 min [159 (6) beats · min-1]. Heart rate was found to be 

significantly higher in Hy Ex40 (P = 0.049) and Hy Ex20 (P = 0.012) when comparisons were 

made with Hy Ex60 during the exercising part of each trial. Heart rate was also significantly 

higher from 0-20 min in Hy Ex20 compared to Hy Ex40 (P = 0.004). Rating of perceived 

exertion (RPE) showed a similar pattern to HR and was found to be highest in Hy Ex20 at 18 

(1) units and was significantly different from both Hy Ex60 and Hy Ex40 (P = 0.001). RPE 

values in Hy Ex60 were not found to be different from Hy Ex40 (P = 0.345). Rating of 

perceived exertion values peaked at 60 min during Hy Ex60 15 (1), 40 min for Hy Ex40 15 (1) 

and 20 min for Hy Ex20 18 (1) units. 

 

6.5.2 Blood Lactate Response to Exercise 

Comparisons between trials showed lactate to be significantly higher during Hy Ex20, peaking 

at 8.50 (0.87) mmol/l. Arterialised [La] peaked at 2.49 (0.19) and 4.69 (0.60) mmol/l for Hy 

Ex60 and Hy Ex40, respectively. Main effect difference for arterialised [La] was noted 

between trials (Hy Ex60 vs. Hy Ex40; P = 0.019, Hy Ex60 vs. Hy Ex20; P = 0.002 and  Hy Ex40 

vs. Hy Ex20; P = 0.046) (Figure 6.2).  
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Figure 6.1 Heart rate response during exercise. * denotes a significant difference from Hy Ex60 (P < 0.05). † 
denotes significant difference from Hy Ex40 (P < 0.05).  Values are means (SEM). 
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Figure 6.2 Arterialised blood [La] during exercise. Main effects differences between ‡ Hy Ex60 vs. Hy Ex40; 
P = 0.019. * Hy Ex60 vs. Hy Ex20; P = 0.002. † Hy Ex40 vs. Hy Ex20; P = 0.046. Values are means 
(SEM). 
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6.5.3 Acute Blood Glucose Concentrations & Glucose Kinetics During Hypoxic Exercise 

Figure 6.3 shows arterialised blood glucose concentration during exercise in hypoxia. Hy 

Ex20 demonstrated no difference in blood glucose concentration (-0.39 mmol/l; P = 0.118) 

over the 60 min exposure. Both Hy Ex60 and Hy Ex40 caused reductions in blood glucose at -

1.60 mmol/l (P = 0.001) and -0.84 mmol/l (P = 0.005), respectively.  

 

 

Rate of glucose appearance (Ra) was found to be greater in Hy Ex20 than Hy Ex60 during 

exercise at 10, 20 and 30 min (P = 0.037). Ra peaked at 8.89 (0.56) mg · kg · min-1 within the 

first 10 min of exercise in Hy Ex20. Peak Ra values for Hy Ex60 [6.26 (0.30) mg · kg · min-1] 

and Hy Ex40 [6.66 (0.84) mg · kg · min-1] occurred at the 20 min point during exercise and 

were found to be 29.6% (P = 0.020) and 25.1% (P = 0.041) lower than Hy Ex20, respectively. 

Glucose rate of appearance was significantly higher at the beginning of exercise in Hy Ex20 

(10 min; P = 0.001) when comparisons were made with Hy Ex40. This was reversed towards 

the end of exercise as Ra in Hy Ex20 fell below that recorded during Hy Ex40 (P = 0.02) 

(Figure 6.4 A). Ra was also higher at the end of exercise for Hy Ex40 as compared to Hy Ex60 

(P = 0.013).  

 

 

Rate of glucose disappearance (Rd) during hypoxic exercise was similar to that of Ra.  The 

highest glucose Rd was noted in Hy Ex20 during the first 10 min of exercise [8.35 (0.60) mg · 

kg · min-1] and remained elevated above both Hy Ex60 (P = 0.001) and Hy Ex40 (P = 0.040) 

until 40 min of exercise / hypoxia (Figure 6.4 B).  Rate of glucose disappearance peaked 
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within 20 min for both Hy Ex60 [6.44 (0.32) ml · kg · min-1] and Hy Ex40 [6.70 (0.79) ml · kg · 

min-1] with no difference found between conditions (P = 0.123). Metabolic clearance rate 

(MCR) showed no main effect difference between Hy Ex60 [4.89 (0.30) ml · kg · min-1], Hy 

Ex40 [5.00 (0.26) ml · kg · min-1] and Hy Ex20 [5.04 (0.70) ml · kg · min-1] (P =0.64).  
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Figure 6.3 Changes in arterialised blood glucose concentrations from baseline to the end of exercise. 
Significant differences were noted in Hy Ex60 (P = 0.001) and Hy Ex40 (P = 0.005). Bar plots 
represent means (SEM) values. Individual changes are also presented.  
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Figure 6.4 Rate of glucose appearance (Ra) (A) and disappearance (Rd) (B) during each hypoxic / 
exercise trial. ‡denotes significant difference between Hy Ex60 vs. Hy Ex40 (P < 0.05), † Hy 
Ex60 vs. Hy Ex20 (P < 0.05) and *Hy Ex40 vs. Hy Ex20 (P < 0.05). Values are means (SEM). 
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6.5.4 Indices of Insulin Sensitivity, Resistance and Glucose Ra, Rd and MCR 

Hy Ex60 

Fasting blood glucose concentrations were significantly lower in the 24 hr (P = 0.025) and 48 

hr (P = 0.048) following 60 min of moderate intensity exercise in hypoxia (Hy Ex60; Table 

6.1).  Arterialised plasma insulin samples were also reduced 24 hr (P = 0.010) and 48 hr (P = 

0.036) post Hy Ex60. Indices of insulin resistance and insulin sensitivity also showed 

significant improvements in the 48 hr after Hy Ex60. HOMA estimates of β-cell function 

(HOMAβ-cell) remained unchanged (Table 6.1).   

 

Glucose rate of appearance (Ra) was not different from baseline values taken on Day 1 when 

compared to data from Day 2 for Hy Ex60 [Day 1; 1.93 (0.11) and Day 2; 1.87 (0.10) mg · kg 

· min-1] (P = 0.245). Rd was higher in Hy Ex60 following exercise, although this was not 

found to be significant [Day 1; 1.80 (0.11) and Day 2; 1.89 (0.12) mg · kg · min-1] (P = 

0.098). Metabolic clearance rates demonstrated a similar pattern [Day 1; 1.49 (0.06) and Day 

2; 1.51 (0.11) ml · kg · min-1] (P = 0.101) to that of Rd. 

 

Hy Ex40 

Fasting blood glucose concentrations were also lower 24 hr (P = 0.037) and 48 hr (P = 0.02) 

post Hy Ex40 (Table 6.2). HOMAIR (P = 0.05) and Fasting Insulin Resistance Index (FIRI; P 

= 0.047) were reduced, whereas Quantitative Insulin Sensitivity Check Index (QUICKI) 

increased (P = 0.037) in the 48 hr following Hy Ex40. Glucose Ra was not altered from 

baseline values following Hy Ex40 [Day 1; 2.08 (0.14) and Day 2; 2.01 (0.13) mg · kg · min-1] 

(P = 0.168). Although higher, Rd was not significantly different from values recorded on Day 
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1 within the same trial [Day 1; 1.99 (0.07) and Day 2; 2.10 (0.25) mg · kg · min-1] (P = 

0.101). Similar to Hy Ex60, MCR remained unchanged in the 24 hr following Hy Ex40 [Day 1; 

1.52 (0.00) and Day 2; 1.55 (0.04) ml · kg · min-1] (P = 0.198).   

 

Hy Ex20 

Hy Ex20 also showed improvements in fasting glucose, HOMAIR and FIRI in the 24 hr post 

exercise (Day 2). Unlike both Hy Ex60 Hy Ex40, these improvements were not apparent on 

Day 3 (Table 6.3). Rates of glucose appearance [Ra Day 1; 1.99 (0.06) and Day 2; 1.91 (0.13) 

mg · kg · min-1] (P = 0.125), disappearance [Rd Day 1; 1.93 (0.08) and Day 2; 1.91 (0.09) mg 

· kg · min-1] (P = 0.432) and metabolic clearance rates [MCR Day 1; 1.78 (0.04) and Day 2; 

1.75 (0.10) ml · kg · min-1] (P = 0.235) were not changed in the 24 hr following Hy Ex20. 
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Table 6.1 Fasting indices of glucose tolerance, insulin secretion, insulin sensitivity and resistance 
for the 60 min hypoxic exercise trial (Hy Ex60)  

 Hypoxic Exercise (Hy Ex60) 

 
Glucose 
(mmol/l) 

Insulin 
(µU/ml) 

HOMA IR HOMA β-Cell QUICKI FIRI 

 

Day 1 

 

8.39 (0.39) 

 

14.58 (1.1) 

 

4.96 (0.97) 

 

68.7   (6.5) 

 

0.303 (0.005) 

 

4.73 (0.78) 

Day 2 7.32 (0.67)† 8.57 (1.3)† 2.48 (0.26)* 49.2 (13.9) 0.334 (0.006)† 2.47 (0.30)† 

Day 3 7.38 (0.69)* 11.91 (0.9)* 3.00 (0.39)* 68.6 (14.3) 0.317 (0.005)† 3.48 (0.40)* 

       

Values are mean (SEM). *Significantly difference from Day 1 (P < 0.05); † Significantly different from Day 1 (P < 
0.01) 

 

Table 6.2 Fasting indices of glucose tolerance, insulin secretion, insulin sensitivity and resistance 
for the 40 min hypoxic exercise trial (Hy Ex40)  

 Hypoxic Exercise (Hy Ex40) 
 Glucose 

(mmol/l) 
Insulin 
(µU/ml) 

HOMA IR HOMA β-Cell QUICK FIRI 

 

Day 1 

 

8.53 (0.43) 

 

14.4 (1.0) 

 

5.51  (0.67) 

 

57.7 (3.1) 

 

0.300  (0.004) 

 

4.96 (0.60) 

Day 2 7.37 (0.33)* 10.8 (0.5)* 3.53 (0.18)* 57.6 (6.5) 0.317 (0.002)* 3.17 (0.16)* 

Day 3 7.66 (0.23)* 12.0 (0.7) 4.04 (0.28)* 60.3 (5.2) 0.312 (0.003)* 3.63 (0.26)* 

       

Values are mean (SEM). *Significantly difference from Day 1 (P < 0.05); † Significantly different from Day 1 (P < 
0.01) 

 

Table 6.3 Fasting indices of glucose tolerance, insulin secretion, insulin sensitivity and resistance 
for the 20 min hypoxic exercise trial (Hy Ex20)  

 Hypoxic Exercise (Hy Ex20) 

 
Glucose 
(mmol/l) 

Insulin 
(µU/ml) 

HOMA IR HOMA β-Cell QUICKI FIRI 

 

Day 1 

 

8.44 (0.56) 

 

14.1 (1.8) 

 

5.24 (0.66) 

 

60.5 (10.9) 

 

0.302 (0.005) 

 

4.72  (0.59) 

Day 2 7.41 (0.55)* 11.6 (1.3) 3.76 (0.35)* 64.4 (11.0) 0.373 (0.010) 3.39 (0.32)* 

Day 3 7.98 (0.58) 13.9 (1.7) 5.06 (0.93) 63.7 (7.8) 0.305 (0.015) 4.55  (0.84) 

       

Values are mean (SEM). *Significantly difference from Day 1 (P < 0.05); † Significantly different from Day 1 (P < 
0.01).  
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6.6 Discussion 

 The current study was undertaken to identify whether work or exercise intensity had a 

greater influence on glucose metabolism during and following acute exercise in hypoxia. The 

main findings from this chapter were that exercise in hypoxia for 60 (Hy Ex60) and 40 min 

(Hy Ex40) acutely increased glucose disposal. That Hy Ex60 decreased circulating blood 

glucose is consistent with the findings of the previous experimental chapter (study 2).  In 

addition to this, Hy Ex60 was shown to improve indices of insulin sensitivity and resistance in 

the 48 hr following exercise.  This study also demonstrated that shorter duration exercise in 

hypoxia of equal work (Hy Ex40) can improve moderate-term glucose tolerance in type 2 

diabetics. Although, acute improvements in glucose control were greater in Hy Ex60 when 

comparisons were made with the other trials.   

 

 

6.6.0 Acute Blood Glucose Response to Hypoxic Exercise 

Exercise increases blood glucose clearance via augmented muscle blood flow, increased 

muscle capillary and GLUT recruitment, an increase substrate requirement of the active 

muscle and a post exercise increase in insulin sensitivity (DeFronzo et al., 1981; Dela et al., 

1994; Rose & Richer, 2005). Blood glucose removal is also dependent  on fibre type 

recruitment as increased recruitment of type II muscle fibers, with a high glycolytic capacity, 

during high intensity exercise, creates a greater potential for glucose disposal (Roy et al., 

1997). Data analyzed from muscle tissue has shown that exercise affects AMPKα2 activity in 

a dose-dependent  manner (Chen et al., 2003), resulting in a greater potential for glucose 

transport activity.   
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The current study showed that moderate intensity exercise [48.7 (3.7) Watts] in hypoxia 

demonstrated the greatest decrease in blood glucose concentrations. Although Rd was 

significantly higher during the exercise period of Hy Ex20 [143.2 (10.8) watts], this was 

matched by a similar elevation in endogenous glucose output (Ra). This would suggest that 

the inability of Hy Ex20 to reduce circulating blood glucose can be attributed to a significant 

elevation in glucose Ra resulting from high intensity exercise (Wadley et al., 2006). Indeed, 

two subjects demonstrated increases in blood glucose concentrations (figure 6.3) during Hy 

Ex20. Hy Ex40 demonstrated an acute reduction in blood glucose during exercise although this 

was 47% less than the reduction noted in Hy Ex60.  Given that Rd and MCR were similar in 

Hy Ex60 and Hy Ex40, the smaller change noted in the latter trial would seem to be due to a 

higher glucose Ra towards the end of exercise. This can be supported by the work of Kang et 

al. (1999) which showed higher Ra with similar declines in blood glucose during greater 

intensity exercise (50% vs. 70% 2maxOV& ) in type 2 diabetics. The results presented within the 

current study suggest that higher intensity exercise in hypoxia has the capacity to encourage 

glucose transport. However, glucose concentrations remain unchanged, or decrease 

moderately during high intensity bouts, which can be attributed to an increase in endogenous 

glucose production (Wadley et al., 2006).  

 

There are numerous stimulatory and inhibitory mechanisms involved in regulating glucose Rd 

during exercise. In addition, hypoxia pre se is known to influence glucose metabolism 

independent of exercise (Brooks et al., 1991; Rowell et al., 1984). In terms of glucose 

transport activity, exercise intensity is known to have a dose-dependent effect on the 

signalling proteins (AMPKα2) (Sriwijitkamol et al., 2007) involved in GLUT-1 and -4 

activation and translocation to the cell membrane (Chen et al., 2003).  A greater muscle 
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glycogen utilisation during intense exercise has been shown to raise glucose-6-phophate (G-

6-P) content (Katz and Sahlin, 1989; Parolin et al., 2000) which may provide a reason why 

blood glucose concentrations were unchanged during higher intensity exercise in hypoxia.  It 

seems plausible that exercise and hypoxia may raise glucose transport until intracellular 

levels of G-6-P reach a threshold after which glucose disposal achieves a steady state or 

declines. Katz and Sahlin (1989) have reported that inhibition of hexokinase during hypoxic 

exercise was greater than during normoxic conditions. Given that Katz and Sahlin (1989) 

used the same absolute exercise intensity during both Nor and Hy conditions, these findings 

would suggest that the higher relative intensity of exercise used in the present study may have 

increased cytosolic G-6-P, resulting in the inhibition of hexokinase (Rose & Ritcher, 2005) 

levels and prevented a greater decline in blood glucose concentrations during intense 

exercise. Although the mechanism describe may reflect a contributor factor to the lack of 

change in blood glucose concentrations, as endogenous glucose production was found to be 

elevated during Hy Ex20.    

 

Epinephrine infusion during moderate intensity exercise has been shown to downregulate 

glucose transport activity independent of G-6-P muscle content (Watt & Hargreaves, 2002). 

Epinephrine concentrations are also known to increase during exercise (Howlett et al., 1999) 

with a further increase during hypoxic exercise (Roberts et al., 1996). Intense exercise is also 

known to further stimulate epinephrine release (Howlett et al., 1999; Wadley et al., 2006). 

Interpretation from the work of Watt & Hargreaves (2002) and Wadley et al. (2006) would 

suggest that the inability of higher intensity exercise in hypoxia (Hy Ex20) to lower blood 

glucose concentrations may be due to the inhibitory effect of epinephrine on glucose disposal 

via inhibition of GLUT-4 translocation (Watt & Hargreaves, 2002). Elsewhere, epinephrine 

has been shown to have no effect on exercise induced glucose transport (Aslesen and Jensen, 
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1998). Although, epinephrine clearly plays a significant role in glucose availability and 

utilisation (Howlett et al., 1999).  

 

 

6.6.1 Moderate-Term Effects of Exercise in Hypoxia 

Fasting blood glucose, HOMAIR and FIRI were all improved in the 24 hr following Hy Ex20, 

suggesting that the combined stress of high-intensity short-duration exercise and hypoxia can 

increase insulin-mediated glucose transport and insulin sensitivity. Although the current 

study did not measure muscle glycogen content, it is reasonable to hypothesise that exercise, 

hypoxia and a ~12 hr fast caused glycogen depletion. Indeed, net glycogen use increases 

during exercise (Wadley et al., 2006) and hypoxia (Cartee et al., 1991). Furthermore, 

glycogen synthase activity is increased following 60 min of moderate intensity exercise (90% 

anaerobic threshold) (Koval et al., 1998). This effect seemed to be reversed within 48 hr of 

Hy Ex20 as variables reflecting glycaemic control returned to near baseline values (Table 6.3). 

Exercise lasting 40 min in hypoxia also demonstrated significant improvements in HOMAIR, 

QUICKI and FIRI. Although these improvements extended to 48 hr post exercise. The 

decrease in insulin resistance shown in the Hy Ex60 trial was greater when compared to Hy 

Ex40 (Table 6.1 and 6.2). Taken together these finding propose that exercise duration in 

hypoxia and not total work, provide more obvious improvements in moderate-term glucose 

control in type 2 diabetics.  

 

 



 

Experimental Chapter 6   164 

 

The mechanisms responsible for improvements in post exercise glucose tolerance have been 

discussed previously within this thesis (Literature review 2.7.4), although they are likely to 

include increased content of plasma membrane GLUT-4s and increased activity of proteins 

involved in the insulin signalling pathway for glucose transport. By completing the same 

amount of work in a shorter duration, the exercise intensities within the current experimental 

chapter progressively increased from Hy Ex60 [48.7 (3.7) Watts], Hy Ex40 [74.5 (6.4) Watts] 

and Hy Ex20 [143 (10.8) Watts]. Chen et al. (2003) reported that AMPK2α activity increases 

in an intensity dependent manner during exercise. AMPK activity is thought to be tightly 

regulated by a number of factors including circulating blood glucose (Akerstrom et al., 2006) 

and insulin (Witters et al., 1992) concentrations, free AMP content (Winder & Hardie, 1999) 

and muscle glycogen (Wojtaszewski et al., 2003). Given the collective findings above it 

might be expected that the improvements in post exercise insulin sensitivity would have been 

greater with the increasing exercise intensity. Although the findings from the current work do 

not support this notion, particularly as the total amount of work completed between trials was 

equal.  

 

Kraniou et al. (2006) suggested that high- and low-intensity exercise stimulate GLUT-4 

activity to a similar level and that low-intensity (longer duration) exercise progressively 

increases AMPK activity. Kraniuo et al. (2006) work may provide a cellular mechanism for 

the findings of the current investigation in that longer duration exercise may further stimulate 

AMPK activity and promote a greater potential for glucose transport activity. In a more 

recent study, Treebak et al. (2007) demonstrated that AS160 (distal insulin-signalling protein 

linked to GLUT4 translocation) (Arias et al., 2007) phosphorylation increased during 

moderate intensity exercise which was not evident in a shorter-high intensity bout. 

Suggesting again, that exercise duration is perhaps the key determining factor for stimulating 
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signalling mechanisms involved in GLUT-4 translocation, with the potential for increased 

glucose disposal. It is therefore hypothesised that both Hy Ex60 and Hy Ex40 decrease muscle 

glycogen and increased post exercise glucose uptake through an increased activity in 

signalling proteins involved in the insulin-stimulated pathway, resulting greater 

improvements in acute and moderate-term glycaemic control in type 2 diabetics.  

 

 

6.7 Conclusion  

In summary, the major findings were that moderate-intensity exercise in hypoxia stimulates 

acute- and moderate-term improvements in insulin sensitivity. It appears that high-intensity 

exercise of shorter durations and of equal work does not result in a decline in acute blood 

glucose concentrations which reflects a higher glucose Ra during Hy Ex20. Although Hy Ex20 

did cause improvements in glucose tolerance post exercise, these improvements were more 

apparent during Hy Ex60 and Hy Ex40, showing that exercise duration and not total work has a 

greater influence on acute (during exercise) and moderate-term (48 hr post exercise) glucose 

tolerance in type 2 diabetics. The current data provides support to the findings obtain within 

Chapter 5, that longer duration exercise in hypoxia (Hy Ex60 and Hy Ex40) is a more effective 

treatment in type 2 diabetes management.   

 

 

 



 

 

 

 

 

 

CHAPTER 7 

Can Intermittent Exercise with and without Hypoxia Improve 

Glucose Tolerance in Individuals with Type 2 

Diabetes?  
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7.0     Introduction  

Exercise has been proven to improve acute glycaemic control in type 2 diabetics (Devlin et 

al., 1987; Larsen et al., 1997a; Kang et al., 1999; Kennedy et al., 1999). Much of the 

literature has focused on continuous aerobic based exercise (Kennedy et al., 1999; 

Macdonald, 2004; Hayashi et al., 2005; Lee et al., 2005; Zoppini et al., 2006) with more 

recent work assessing the benefits of resistance type exercise (Rice et al., 1999; Castaneda et 

al., 2002; Howlett et al., 2007). Comparisons have also been made between continuous, 

aerobic and resistance exercise (Andrew et al., 2002; Snowling & Hopkins, 2006). 

Surprisingly, little work is available assessing the effects of acute intermittent exercise on 

glucose tolerance in type 2 diabetics.   

 

During low intensity aerobic exercise the body relies predominately on lipid oxidation for fuel 

metabolism (Romijn et al., 1993).  As exercise intensity increases, glucose uptake and 

glycogen depletion increase in a dose dependant manner (Romijn et al., 1993). This suggests 

that high intensity exercise may provide a greater potential for glucose disposal and post 

exercise glycogen resynthesis (Kjaer et al., 1990).  Intense exercise is also known to increase 

the rate of glucose appearance from endogenous stores (Ra), possibly causing acute 

hyperglycaemia in type 2 diabetics (Kjaer et al., 1990). This seems to be reversed within 24 

hrs post exercise, as shown by an increase in insulin-stimulated glucose disposal (Kjaer et al., 

1990). Although the work described above (Kjaer et al., 1990; Romijn et al., 1993) reflects 

glucose response to high intensity and not intermittent exercise.  
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Early work by Essen et al. (1977) showed that the contribution of glucose and lipids to energy 

expenditure was similar in both continuous and intermittent exercise of equal power outputs 

and oxygen uptake ( 2OV& ). Christmass et al. (1999) later demonstrated that intermittent 

exercise resulted in a higher rate of carbohydrate oxidation when compared to continuous 

exercise [264 (5) and 229 (6) µmol · kg · min-1, respectively]. The increase in glucose 

oxidation and glycogen depletion that accompanies intermittent exercise (Saltin & Essen, 

1971; Christmass et al., 1999) may provide a useful intervention in diabetic management.  

The Surgeon General, Centres for Disease Control and Prevention and the American Heart 

Association recommend that individuals should exercise at moderate intensities for 30 min per 

day. The same governing bodies also propose that this exercise can be accumulated 

throughout the day (Pate et al., 1995). However, little evidence is available to either support 

or refute the latter recommendation.  

 

 

A recent study compared the effects of continuous exercise (30 min; 60%2maxOV& ) with 

multiple short duration exercise (3 x 10 min; 60%2maxOV& ) training over a 5 week period in 

type 2 diabetic patients (Eriksen et al., 2007). These authors demonstrated that both fasting 

plasma glucose concentrations (P = 0.01) and glucose area under the curve (AUCGlu) (P = 

0.04) were lower during an oral glucose challenge post exercise training (Eriksen et al., 

2007). These variables remained unchanged in the continuous exercise group (Eriksen et al., 

2007), suggesting that intermittent exercise separated with periods of passive recovery may 

have the ability to stimulate glucose transport to a greater extent than continuous exercise. 

Measures of insulin sensitivity index (ISIcomposite) and insulin secretion rates (ISR) were 

unaffected by both training regimes (Eriksen et al., 2007), indicating that glucose control was 
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possibly improved via an insulin-independent mechanism. These conclusions can not be 

supported elsewhere. Baynard et al. (2005) showed that repeated bouts of exercise (3 x 10 

min; 60%
2peakOV& ) had no effect on AUCGlu [2579 (280) mmol/l · min] in type 2 diabetic 

patients when comparisons were made with a non exercise control [2828 (177) mmol/l · min]. 

The authors concluded that the exercise intensity or duration used was not great enough to 

produce improvements in glycaemic control (Baynard et al., 2005).  

 

 

TNF-α, a well defined pro inflammatory cytokine, has been implicated in insulin resistance 

and type 2 diabetes (Dandona et al., 2004) through a direct inhibition of insulin signalling and 

reduced phosphorylation of IRS-1 and GLUT-4 translocation (Hotamisligil & Spiegelman, 

1994). Exercise has been shown to improve insulin sensitivity (Braun et al., 1995) while 

reducing TNF-α production (Keller et al., 2004). Therefore, the current chapter aimed to 

assess the effects of intermittent exercise on circulating TNF-α concentrations and correlate 

potential changes with measures of insulin resistance.  

 

 

There is a lack of published data assessing the effects of intermittent exercise on glucose 

control in type 2 diabetic patients.  The major findings from the first two chapters of this 

thesis were that resting hypoxic exposure can significantly stimulate blood glucose removal 

and that exercise and hypoxia have an additive effect on whole body glucose metabolism. 

Intermittent exercise, if proven to be effective in lowering blood glucose concentrations, may 

provide a more palatable alternative to potentially laborious continuous exercise. 



 

Experimental Chapter 7  169 

 

Furthermore, if intermittent exercise can encourage blood glucose removal then it would be 

reasonable to speculate that intermittent exercise in hypoxia may have an additive effect given 

that the passive recovery phase in hypoxia may further stimulate glucose uptake. The aim of 

this study was to assess the effectiveness of intermittent exercise with and without hypoxia on 

acute- and moderate-term glucose control in individuals with type 2 diabetes.  

 

Hypothesis – Intermittent exercise with and without hypoxia will stimulate acute- and 

moderate-term improvements in glucose control in individuals with type 2 diabetes.  
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7.1 Methods 

7.1.0 Subjects  

Seven type 2 diabetic individuals were recruited for this investigation using the same 

recruitment strategy and exclusion criteria presented within the General Methods (Section 

3.2). Subjects requiring diabetic controlling medication (n = 2; metformin) were asked to 

abstain from this in the 48 hrs prior to and throughout each trial. Subject clinical, 

physiological and metabolic characteristics are detailed in Table 7.0.   

 

 

7.1.1 Experimental Design 

The study design was centred on 4 four laboratory visits. The first visit allowed for the 

collection of clinical and physiological data (Table 7.0) before individual lactate threshold 

(LT; detailed General Methods 3.3.5) values were determined.  The remaining visits formed 

the basis of the experimental design and included; 1) 60 min of continuous exercise at 90% 

LT in hypoxia [Hy Ex60; O2 ~ 14.8 (0.4)%] 2) intermittent exercise at 120% LT, separated by 

periods of passive recovery (5:5 min) in hypoxia [Hy 5:5; O2 ~ 14.8 (0.4)%] and 3) 

intermittent exercise (5:5 min) at 120% LT in normoxia (Nor 5:5; O2 ~ 20.93%). Days on 

which subjects performed exercise are described as Day 1 and were conducted in a 

randomised fashion. Subjects returned to the laboratory 24 hrs (Day 2; ~10:00) and 48 hrs 

(Day 3; ~10:00) post exercise to allow for glycaemic control to be assessed. Subjects were 

instructed to avoid all forms of exercise (bar habitual walking) and replicate all lifestyle 

activities throughout each trial (Section 6.1.1).  
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Table 7.0  Subjects Clinical, Physiological and Metabolic Characteristics  

Age (yr) BMI 

(kg/m2) 

Body Fat 
(%) 

HbA1c 
(%) 

Fasting Glucose 
(mmol/l) 

HOMAIR HOMAβ-Cell TNF-α 

(pg / ml) 

58.7 (2.2) 28.3 (2.1) 36.0 (8.8) 7.8 (0.4) 8.1 (0.7) 6.0 (0.8) 74.3 (8.2) 60.0 (7.6) 

Values are means (SEM). Body Mass Index (BMI); Glycosylated Haemoglobin (HbA1c), Homeostasis Model Assessment of 
Insulin Resistance (HOMAIR); β-Cell function (HOMAβ-Cell); Tumor necrosis factor-α (TNF-α) 

 

7.1.2 Experimental Trials (Day 1)  

Subjects arrived at the laboratory at ~08:00 following an overnight fast (~12 hrs). Once in a 

supine position the sampling hand was placed in a thermoregulated hotbox (~60°C) for 

localised warming using a method previously described. Subsequently one 18-gauge cannula 

was placed into a dorsal vein of the heated hand to allow for frequent sampling of arterialised 

blood. Basal blood samples (-30 min) were then drawn prior to a separate 18-gauge cannula 

being positioned into a contralateral antecubital vein to allow for isotope infusion.  

 

7.1.3 Resting Stable Isotope Infusion [6,62H2]glucose 

Solutions containing 7.6 mg / ml of [6,62H2]glucose in standard saline were infused at a rate 

of 5 mg / min at rest. A priming dose of 40 ml was administered intravenously over a ~45 sec 

period. Isotope infusion immediately followed (40 ml / hr) over a 30 min period. Basal blood 

samples (-30 min) were drawn prior to infusion and used to determine endogenous isotopic 

(back ground) enrichment of glucose (Brooks et al., 1991). Arterialised blood samples were 

collected every 5 min during this 30 min rest period. Whole blood glucose and lactate were 

determined in duplicate using ~100µl from each sample (YSI 2300 STAT Yellow Springs 

Instruments, Ohio, USA). Insulin concentrations were measured in plasma (ELISA, General 

Methods 3.6). Intra- and inter-assay coefficient of variation for insulin were < 3.4%.  
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7.1.4 Exercise Trials 

Immediately following infusion at rest, subjects performed three exercise trials (Hy Ex60, Nor 

5:5 and Hy 5:5) separate by a minimum of seven and a maximum of fourteen days. Hy Ex60 

required subjects to exercise at 90% LT continuously for 60 min under hypoxic conditions 

[O2 ~ 14.8 (0.4)%] and therefore, replicated exercise protocols described in Chapters 4 and 5.  

The remaining trials required subjects to exercise for 5 min at 120% LT, separated by 5 min 

of passive recovery (5:5 min) for a total of 60 min in both normoxic (Nor 5:5) and hypoxic 

[Hy 5:5 O2 ~ 14.8 (0.4)%] environments. Exercise intensities were set using the data obtained 

in the preliminary visit and were performed on an electrically-braked Jaeger cycle ergometer 

(Lode B.V. Medical Technology, Netherlands) consistent with the previous experimental 

chapters (4 and 5). The infusion rate of [6,62H2]glucose increased to 160 ml / hr (20 mg / min) 

during exercise (Roberts et al., 1996). Arterialized blood samples (~10ml) were drawn every 

10 min during exercise. Heart rate (HR; Polar Electro Oy, Kemple, Finland), oxygen 

saturation (SpO2; pulse oximeter, Nonin 2500, Minneapolis, USA) and rating of perceived 

exertion (RPE; Borg, 1982) were recorded at 10 min intervals.  

 

 

7.1.5  Profile of Mood States (POMS) Questionnaire  

Profile of mood states (POMS) questionnaires have been used previously to assess changes in 

mood state within exercise based research (Markoff et al., 1982; Cramer et al., 1991). This 

questionnaire is formed of a 65-item mood adjective checklist in which each adjective is 

scored from 0 (absent) to 4 (very much). The POMS is designed to assess the following six 

mood scales: tension-anxiety, depression-dejection, confusion-bewilderment, vigour-activity, 
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anger-hostility and fatigue-inertia (Daniel et al., 1992). POMS was used to obtain data 

immediately following exercise, completed on Day 1. Subjects remained in a seated position 

in the same laboratory environment until the questionnaire had been completed. With the 

exception of vigour, which reflects a positive mood, the remaining subscores represent a 

negative mood state. A total mood-disturbance score was also calculated as the sum of the 

scores; tension, depression, anger, fatigue and confusion minus the score for vigour [UKPDS 

(37), 1999].  Therefore, greater scores reflect a greater mood disturbance.  

 

 

7.1.6 Post Exercise measures of Glycaemic Control (Day 2 and 3).  

Subjects returned to the laboratory 24 hrs (Day 2) and 48 hrs (Day 3) at ~10:00 post Hy Ex60, 

Nor 5:5 and Hy 5:5 to allow for assessment of glucose tolerance between baseline (Day 1), 

Day 2 and Day 3. Day 2 required subjects to undergo a 60 min resting [6,62H2]glucose isotope 

infusion at a rate of 6 mg / min. Volunteers then returned 48 hrs following exercise to provide 

a venous blood sample for the estimation of insulin sensitivity (QUICKI), insulin resistance 

(HOMA IR and FIRI) and β-cell function (HOMAβ-Cell). The calculations for these indices are 

detailed in section 6.3. Methodological procedures for Day 2 and Day 3 are identical to those 

employed in the previous chapter (Sections 6.2.1 and 6.2.2).  
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7.2 Data Analysis  

7.2.0 Determination of Labelled [6,62H2]glucose 

Plasma samples taken from isotope infusion during rest and exercise (Day 1 and Day 2) were 

used to determine isotopic enrichment using the methodology described in section 3.7 

(GCMS; Hewlett Packard). Rate of glucose appearance (Ra), disappearance (Rd) and 

metabolic clearance rates (MCR) were estimated from the resulting atom percentage excess 

values and the measured endogenous glucose concentrations (Section 6.3.1).  

 

7.2.1 Tumour Necrosis Factor-α (TNF-α) ELISA 

TNF-α concentrations were determined in fasting blood samples taken on Day 1, 2 and 3 

using commercial availably enzyme linked immunoSorbent assay (ELISA) kits (BioSupply 

Limited, Bradford, UK). Plasma taken from samples were thawed and vortexed before 200 µL 

was added to pre-coated monoclonal antibody wells specific to TNF-α  (B5-H12). TNF-α 

concentrations were determined in duplicate. Two wells remained blank with the remaining 

wells being used for known TNF-α concentrations (standards; 31.25 – 2000 pg / ml). 

Detection of light absorbance followed (450nm; Universal Microplate reader (ELx800, IBL 

inc., Minneapolis, USA) and the standard curve plotted (31.25 – 2000 pg / ml). The minimum 

detectable dose of TNF-α for the ELISA described is 4 pg / ml (BioSupply Imited, Bradford, 

UK). The intra- and intra-assay coefficient of variation for the ELISA were 3.2% and 5.0%, 

respectively.   
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7.3 Statistical Analysis  

Differences over time during exercise and between days (Day 1, 2 and 3) were analyzed using 

two way repeated measures ANOVA and Tukey’s post-hoc tests when significant differences 

were detected at P < 0.05. Friedman two-way ANOVA’s were used to test for differences in 

non parametric variables, RPE and POMS. All results are expressed as mean and standard 

error of the mean (SEM). Where appropriate, pearson correlation coefficients were calculated 

to allow for comparisons between variables. Statistical analysis was performed using the 

statistical software package SPSS (version 15).  
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7.4 Results  

7.4.0 Nutritional Intake  

Subjects were instructed to refrain from physical activity (bar habitual walking) and record 

and replicate dietary intake through each experimental trial. Adherence to these instructions 

was deemed to be high with analysis of variance showing no difference within or between 

each exercise condition for total calories (P = 0.254) nor carbohydrates consumed (P = 

0.102). Total energy expenditure, measured using pedometers also showed no significant 

difference within or between Hy Ex60, Nor 5:5 and Hy 5:5. (P = 0.190). Analysis also 

showed no significant differences between total energy intake and energy expenditure within 

and between trials (P = 0.254).  

 

7.4.1 Oxygen Saturation (SpO2), Heart Rate (HR) & Rating of Perceived  Exertion  

 (RPE) 

Heart rate (HR) was not different between trials at 107 (1), 102 (1) and 104 (2) beats · min-1 

for Hy Ex60, Nor 5:5 and Hy 5:5, respectively (Main effect (P = 0.168).  Oxygen Saturation 

(SpO2) was lower during Hy Ex60 when compared to Nor 5:5 [90 (1)% and 98 (1)%, 

respectively] (P = 0.023). Although lower in Hy 5:5 [93 (1)%] than during Nor 5:5, SpO2 was 

not found to be significantly different (P = 0.612). Again SpO2 was not different between Hy 

Ex60 and Hy 5:5 (P = 0.123). Ratings of perceived exertion (RPE) was at its highest during 

Hy Ex60 and found to be significantly greater than both Nor 5:5 (P = 0.000) and Hy 5:5 (P = 

0.001). Nor 5:5 was also shown to be lower than Hy 5:5 (P = 0.001) (Figure 7.0). As 

expected, arterialised [La] concentrations increased during exercise and were highest within 

Hy 5:5. Although no differences were noted between Hy Ex60 [2.09 (0.31) mmol/l], Nor 5:5 

[2.16 (0.44) mmol/l] and Hy 5:5 [2.74 (0.50) mmol/l] (P = 0.163) (Figure 7.1).  
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Figure 7.0 RPE during Hy Ex60, Nor 5:5 and Hy 5:5. Values are represented as means (SEM). 
Significant differences; * Hy Ex60 vs. Nor 5:5 (P = 0.000), † Hy Ex60 vs. Hy 5:5 (P = 
0.001) and ‡ Nor 5:5 vs. Hy 5:5 (P = 0.001). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Arterialised [La] responses during three separate exercise trials. Values are represented as 
means (SEM). No statistical difference was found between trials (P = 0.163).  
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7.4.2  Blood Glucose Concentrations and Kinetics  

Arterialised blood glucose concentrations decreased from baseline to end of exercise for each 

condition; Hy Ex60 [pre; 8.15 (0.52) post; 6.56 (0.54) mmol/l] (P = 0.000), Nor 5:5 [pre; 8.28 

(0.51) post; 7.23 (0.79) mmol/l] (P = 0.008) and Hy 5:5 [pre; 8.39 (0.60) post; 7.38 (0.53) 

mmol/l] (P = 0.000) (Figure 7.2).  A significant difference was noted between Hy Ex60 and 

Hy 5:5 (P = 0.049) but not between Hy Ex60 vs. Nor 5:5 (P = 0.186) and Nor 5:5 vs. Hy 5:5 

(P = 0.926).   

 

Rate of glucose appearance (Ra) and disappearance (Rd) increased from resting values during 

exercise in Hy Ex60 (P = 0.001), Nor 5:5 (P = 0.002) and Hy 5:5 (P = 0.010). Differences 

between Ra and Rd were calculated during exercise for each trial (Figure 7.3). All three 

comparisons demonstrated negative values showing that the Rd was greater than Ra. Although, 

Nor 5:5 [-0.10 (0.02) mg · kg · min-1] was not different from Hy 5:5 [-0.11 (0.01) mg · kg · 

min-1] (P = 0.256). Differences between Ra and Rd were higher during Hy Ex60 [-0.21 (0.04) 

mg · kg · min-1] when compared to Nor 5:5 (P = 0.022) and Hy 5:5 (P = 0.002) (Figure 7.3). 

Nor 5:5 showed no difference between resting values for Day 1 and Day 2 for Ra (P = 0.839), 

Rd (P = 0.385) and MCR (P = 0.102) (Table 7.1). This was similar for Hy 5:5 (Ra; P = 0.163, 

Rd; P = 0.064 and MCR; P = 0.098). Rd was significantly higher during resting isotope 

infusion on Day 2 when comparisons were made with Day 1 for Hy Ex60 (P = 0.031), 

although Ra (P = 0.076) and MCR (P = 0.08) were unchanged.  
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Figure 7.2 Mean (SEM) and individual changes in arterialised blood glucose concentrations from pre 
to post exercise. Significant decreases were found in Hy Ex60 (P = 0.000), Nor 5:5 (P = 
0.008) Hy 5:5 (P = 0.000).  
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Figure 7.3 Mean (SEM) changes in rate of glucose appearance (Ra) and disappearance (Rd).  * denotes 
significant difference; Hy Ex60 vs. Nor 5:5; P = 0.022. Hy Ex60 vs. Hy 5:5; P = 0.002. Nor 
5:5 vs. Hy 5:5; P = 0.256.  
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Table 7.1 Rates of Glucose Appearance (Ra), Disappearance (Rd) and Metabolic Clearance 
Rates (MCR) at baseline (Rest Day 1), during Exercise and for resting isotope 
infusions 24 hrs following Hy Ex60, Nor 5:5 and Hy 5:5 (Rest Day 2).  

 
 

   

 
 

Rest (Day 1) Exercise Rest (Day 2) 
 

HyEx60 

 
Ra      (mg · kg · min-1) 

 
1.91 (0.11) 

 
5.42 (0.28)* 

 
1.82 (0.11) 

 
Rd      (mg · kg · min-1) 

 
1.85 (0.11) 

 
5.63 (0.29)* 

 
  2.01  (0.12)† 

 
MCR  (ml · kg · min-1) 

 
1.70 (0.05) 

 
5.24 (0.30)* 

 
1.79 (0.12) 

     

Nor 5:5 

 
Ra (mg · kg · min-1) 

 
1.96 (0.07) 

 
6.11 (0.68)* 

 
1.98 (0.07) 

 
Rd (mg · kg · min-1) 

 
1.93 (0.14) 

 
6.18 (0.69)* 

 
2.03 (0.06) 

 
MCR  (ml · kg · min-1) 

 
1.73 (0.05) 

 
5.78 (0.42)* 

 
1.81 (0.10) 

     

Hy 5:5 

 
Ra (mg · kg · min-1) 

 
1.90 (0.15) 

 
6.23 (0.84)* 

 
2.07 (0.13) 

 
Rd (mg · kg · min-1) 

 
1.83 (0.17) 

 
6.33 (0.88)* 

 
2.09 (0.12) 

 
MCR  (ml · kg · min-1) 

 
1.69 (0.07) 

 
5.67 (0.42)* 

 
1.88 (0.20) 

Values are means (SEM). * Significant difference within trial from Rest (Day 1) (P < 0.05); † Significant 
difference from Rest Day 1 and Rest Day 2, within trial (P < 0.05). No difference was found between trials 
 

 

 

7.4.2 Homeostasis Model (HOMA) - Insulin Sensitivity, Insulin Resistance & β-Cell 
function 

 

Hypoxic Exercise (Hy Ex60) 

Fasting arterialised blood glucose concentrations were lower in the 24 hrs (Day 2; P = 0.001) 

but not 48 hrs (Day 3; P = 0.164) following 60 min of continuous exercise in hypoxia (Figure 

7.4, A).  Plasma insulin values were lower from baseline measures (Day 1) at 24 hrs (P = 

0.001) and 48 hrs (P = 0.025) post Hy Ex60. Homeostasis model for insulin resistance 

(HOMA IR) and fasting insulin resistance index (FIRI) improved in the 24 hrs (HOMAIR; P = 
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0.002 and FIRI; P = 0.002), and remained reduced at 48 hrs post (HOMAIR; P = 0.028 and 

FIRI; P = 0.028) Hy Ex60 (Figure 7.4 B & C).  

 

Normoxic Intermittent Exercise (Nor 5:5) 

Fasting insulin values were unchanged from pre exercise [Day 1; 17.5 (1.6) µU/ml] values for 

Day 2 [16.9 (1.2) µU/ml; P = 0.868] and Day 3 [17.7 (2.1) µU/ml; P = 0.627]. Arterialised 

blood glucose concentrations were lower 24 hrs following Nor 5:5 (P = 0.016) and returned to 

near baseline values at Day 3 (P = 0.128) (Figure 7.4 A). HOMAIR, FIRI, QUICKI and 

HOMAβ-Cell were not altered in the 48 hrs following Nor 5:5 (Figure 7.5 B, C, E, and F).  

 

Hypoxic Intermittent Exercise (Hy 5:5) 

Intermittent exercise in hypoxia (Hy 5:5) caused a reduction in blood glucose concentrations 

in the 24 hrs (Day 2) following exercise [-1.00 (0.19) mmol/l; P = 0.001]. No difference was 

noted for the same variable on Day 3 (P = 0.052).  Homeostasis model for insulin resistance 

(HOMA IR) was lower 24 hrs post Hy 5:5 (P = 0.013) as was FIRI (P = 0.013). Hy 5:5 also 

resulted in an increase in QUICKI on Day 2 (P = 0.018). β-cell function, as assessed with 

HOMAβ-Cell was found to be significantly higher on Day 3 (P = 0.005) (Figure 7.6 A-F).  
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Figure 7.4 Values are presented as means (SEM) for Hy Ex60. Fasting blood glucose (A), Homeostasis model for insulin resistance (HOMAIR; B), fasting 
insulin resistance index (FIRI; C), plasma insulin (D), quantitative insulin sensitivity check index (QUICKI; E) and HOMA of β-cell  function  
(HOMAβ-Cell; F). *Denotes significant difference from Day 1 at P < 0.05. † Denotes significant difference from Day 1 at P < 0.01. 
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  Figure 7.5  Values are presented as means (SEM) for Nor 5:5. Fasting blood glucose (A), Homeostasis model for insulin resistance (HOMAIR; B), fasting insulin 
resistance index (FIRI; C), plasma insulin (D), quantitative insulin sensitivity check index (QUICKI; E) and HOMA of β-cell  function  (HOMAβ-Cell; F).  
*Denotes significant difference from Day 1 at P < 0.05.  
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Figure 7.6 Values are presented as means (SEM) for Hy 5:5. Fasting blood glucose (A), Homeostasis model for insulin resistance (HOMAIR; B), fasting 
insulin resistance index (FIRI; C), plasma insulin (D), quantitative insulin sensitivity check index (QUICKI; E) and HOMA of β-cell  function  
(HOMAβ-Cell; F).  *Denotes significant difference from Day 1 at P < 0.05. † Denotes significant difference from Day 1 at P < 0.01. 
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7.4.4 Tumour Necrosis Factor-α (TNF- α) 

Figure 7.7 shows TNF-α concentrations drawn from fasting blood samples on Day 1, Day 2 

and Day 3. Comparisons between trials showed a significant difference in baseline samples 

drawn on Day 1 between Nor 5:5 and Hy 5:5 [55.8 (8.8) and 67.1 (7.9) pg/ml, respectively] 

(P = 0.04). No difference was noted between Hy Ex60 and Nor 5:5 (P = 0.772) and Hy Ex60 

and Hy 5:5 (P = 0.064). Hy Ex60 caused a significant reduction in TNF-α 24 hrs (Day 2; P = 

0.016) and 48 hrs (Day 3; P = 0.023) after exercise. No change was noted for Nor 5:5 (P = 

0.064). Circulating TNF-α concentrations were lower 24 hrs following Hy 5:5 (Day 2; P = 

0.022) which returned to near baseline values on Day 3 (P = 0.08).  

 

Homeostasis model for insulin resistance (HOMAIR) and fasting insulin resistance index 

(FIRI) decreased significantly from Day 1 post Hy Ex60 and showed the greatest magnitude 

of change within the variables used to estimate post exercise glucose tolerance (data presented 

above; Section 7.4.3). Changes in circulating TNF-α values from Day 1 were therefore 

correlated with HOMAIR and FIRI to assess the relationship between these variables. No 

significant correlations were noted between delta TNF-α and delta HOMAIR (Day 2, r = 0.45; 

P = 0.308) (Day 3; r = 0.11; P = 0.810) and delta FIRI (Day 2, r = 0.46; P = 0.304) (Day 3; r 

= 0.15; P = 0.906).  
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Figure 7.7 TNF-α concentrations at baseline (Day 1) and 24 hrs (Day 2) and 48 hrs (Day 3) following 
exercise.  * Denotes significant difference from Day 1 within trial (P < 0.05). 

  

 

 

7.4.5 Profile of Mood State 

Table 7.2 shows POMS response to the three different exercise conditions. No differences 

were observed for any of the six mood state scales between conditions. Total Mood-

Disturbance was at its highest immediately following Hy 5:5. Although this was not found to 

be significant (P = 0.385). The score for vigour was also noted to be lower in the Hy 5:5 trial, 

although again, this was not significant (P = 0.247). The subscales reflecting Fatigue within 

the POMS were higher following Hy Ex60 (NS; P = 0.101) (Table 7.2).   
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Table 7.2 Comparison of Mood State (POMS) immediately following each exercise 

condition 

 
Variables (POMS) 

 
Nor 5:5 Hy Ex60 Hy 5:5 P Value 

Tension-Anxiety 8.7 (1.7) 
 

11.6 (3.1) 
 

11.2 (3.2) 
 

P = 0.956 
 

Depression-Dejection 18.8 (2.8) 
 

16.2 (1.1) 
 

17.8 (1.5) 
 

P = 0.779 

Anger-Hostility 14.7 (1.4) 
 

13.4 (1.4) 
 

15.5 (2.3) 
 

P = 0.584 

Vigor-Activity 24.7 (2.9) 
 

24.8 (2.8) 
 

21.2 (3.2) 
 

P = 0.247 

Fatigue-Inertia 11.3 (1.6) 
 

18.8 (4.6) 
 

16.0 (3.7) 
 

P = 0.101 

Confusion-Bewilderment 5.3 (1.6) 
 

5.4 (1.8) 
 

8.3 (2.3) 
 

P = 0.127 

 
 
 
Total Mood-Disturbance 34.2 (8.9) 

 
41.4 (13.4) 47.7 (14.5) 

 
 
 

P = 0.385 
Values are mean (SEM). P values are comparisons between condition for individual variables.  
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7.5 Discussion  

Previous chapters have demonstrated that a single bout of moderate intensity exercise had a 

positive effect on blood glucose metabolism both during and following exercise in individuals 

with type 2 diabetes. The improvements caused by exercise can be attributed to insulin-

independent and insulin-dependent (post exercise) glucose transport.  This is the first study to 

determine whether intermittent exercise (120% LT and passive recovery; 5:5) with and 

without hypoxia can alter acute- and moderate-term glucose metabolism in type 2 diabetics. 

The significant findings of this study were that 60 min of moderate intensity exercise in 

hypoxia provided the greatest improvements in glucose tolerance when compared to 

intermittent exercise in either normoxia or hypoxia. Intermittent exercise in normoxia also 

stimulated acute blood glucose removal in type 2 diabetics. Although improvements in 

glucose tolerance were less apparent in the 24 to 48 hrs following Nor 5:5 (Figure 7.5). In 

contrast to normoxic intermittent exercise, Hy 5:5 augmented insulin sensitivity to a greater 

degree in the 24 and 48 hrs following exercise.  

 

7.5.0 Acute Response of Glucose Kinetics to Exercise & Hypoxia 

Similar to the previous experimental chapters moderate intensity exercise in hypoxia 

increased acute glucose disposal in type 2 diabetics. The mechanisms and literature 

supporting this finding has been detailed previously (section 6.6.0).  It would seem that 

continuous exercise in hypoxia is a more potent stimulus for glucose disposal over 

intermittent exercise in either environment (Nor 5:5 and Hy 5:5). The present data showed 

that continuous exercise caused a 19.5% decline in blood glucose concentrations. This 

observation is supported by the significant difference between Ra and Rd during Hy Ex60      

[-0.20 (0.04) mg · kg · min-1; Figure 7.3]. No difference was found when the same calculations 
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were carried out for both intermittent exercise trials (Figure 7.3). These data suggest that the 

trend for higher rates of glucose disposal (Rd) were matched with a subsequent increase in 

endogenous glucose production (Ra) during intermittment exercise (Table 7.1), resulting in 

smaller changes in blood glucose concentrations when compared to Hy Ex60.    

 

It is recognised that glucose uptake (Rd) and production (Ra) increase with exercise intensity 

as a result of a greater reliance of skeletal muscle on glucose oxidation (van Loon et al., 

2001). It is also known that Ra increases at a greater rate than Rd during sustained high 

intensity exercise (> 80% 2maxOV& ) (Purdon et al., 1993; Sigal et al., 1994). Christmass et al. 

(1999) previously found glucose utilisation to be 1.2 times higher during intermittent 

compared to continuous exercise in healthy controls. The current study does not support this 

notion as there was no difference between glucose Ra and Rd between conditions during 

exercise (Table 7.1), which may reflect differences in the measurement methods used. 

Christmass et al. (1999) measured substrate oxidation using indirect calorimetery which has 

been shown to overestimate carbohydrate, while underestimating fat oxidation during high 

intensity exercise via the depletion of the HCO3
- pool and non-metabolic production of CO2 

(Bairstow et al., 1990). Furthermore, the calculation of substrate oxidation rates using this 

technique is based on the assumption that respiration at a cellular level is accurately 

represented in the measurement of pulmonary gas exchange.  

 

Comparisons between continuous exercise and intermittent exercise in hypoxia and normoxia 

in type 2 diabetics are difficult given the lack of available literature. The data presented 

showed that both Nor 5:5 and Hy 5:5 have the ability to reduce circulating blood glucose 

levels in type 2 diabetics to a similar degree. This finding was surprising given that hypoxic 
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exposure was found to stimulate glucose transport independent of exercise within the first 

study of this thesis (chapter 4). It was proposed that intermittent exercise in hypoxia, 

separated with passive (hypoxic) recovery would stimulate glucose transport activity to a 

greater degree than the same exercise in normoxia. A mechanistic stand point would support 

such a proposal in that as the exercise-induced stimulus for GLUT-4 activation / translocation 

(Brooks et al., 1991) wears off, it would be replaced by a hypoxic-induced stimulus known to 

cause the same glucose transport effect (Cartee et al., 1991; Chiu et al., 2004; Chiu et al., 

2005). As glucose Ra, Rd and arterialised blood glucose concentrations changed to a similar 

extent, and that there was no statistical difference between the two trials (Nor 5:5 and Hy 5:5) 

for these variables, it was concluded that intermittent exercise in hypoxia had no additive 

effect on whole body glucose metabolism in type 2 diabetics.  

 

Glucose availability, to the contracting muscle, increases during exercise via glycogenolysis 

(at the commencement of exercise) and gluconeogenesis (towards the end of exercise) 

pathways. These pathways are stimulated by the increased activity of epinephrine, cortisol 

and glucagon in response to lower concentrations of plasma insulin and glucose during 

contractile activity (Berger et al., 1980). High physiological concentrations of epinephrine and 

reduced plasma insulin can enhance Ra in exercising humans (Kjaer et al., 1993). 

Furthermore, it is thought that intermittent exercise suppresses insulin secretion over 

continuous exercise (Kjaer et al., 1993). Although neither hormone was measured during 

exercise in the current study, data presented in chapter 4 (study 2) showed that exercise in 

hypoxia suppresses insulin secretion and possibly increases glucose Ra to a greater level than 

exercise in normoxia whilst generating parity with any hypoxic-induced increase in glucose 

Rd. 
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7.5.1 Exercise-Hypoxia Improve Insulin Sensitivity   

Exercise increases insulin-dependent glucose transport (Cuff et al., 2003; O'Gorman et al., 

2006; Frøsig et al., 2007) and insulin sensitivity (Zierath, 2002; Holloszy, 2005; Jenssen & 

Goodyear, 2005; Rose & Richter et al., 2005) in type 2 diabetic and healthy control subjects. 

The mechanisms surrounding this have been discussed elsewhere (Section 2.7.4) and are 

thought to include increased insulin-stimulated glucose transport via augmented plasma 

membrane content of GLUT-4 (Henriksen, 2002) as well as exercise induced stimulation of 

IRS-1 (Chibalin et al., 2000), PI-3kinase (Kim et al., 1995; Kim et al., 1999) and AMPK 

(Musi et al., 2001). The main finding from the current study is that Hy Ex60 had the most 

prominent effect on post exercise measures of insulin sensitivity and insulin resistance. 

Showing, with the support of the previous study (experimental chapter 5), that continuous 

exercise at 90% LT for 60 min is an effective intervention for improving glucose control in 

type 2 diabetics.  

 

Although blood glucose concentrations decreased and glucose Rd increased to a similar 

degree during both Nor 5:5 and Hy 5:5, the latter trial increased insulin sensitivity (estimated; 

QUICKI) and improved insulin resistance (HOMAIR and FIRI) in the 24 hrs following 

exercise. This may be explained by the ability of hypoxia to increase SI
2* independent of 

contractile activity (Chapter 3) (Cartee et al., 1991). These data demonstrate that Hy 5:5 is an 

effective intervention in improving glucose control.  The post-exercise improvements in 

insulin sensitivity may be attributed to the degree of glycogen depletion during exercise 

(Bogardus et al., 1983) and hypoxia (Cartee et al., 1991; Wadley et al., 2006), improvements 

in post exercise vasodilatory function (De Filippis et al., 2006) and increased muscle GLUT-4 

content (Hensen et al., 1998).  
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Hy 5:5 also increased β-cell function (HOMAβ-cell) in the 48 hrs after the end of exercise. The 

reasons for this improvement are not clear and were not shown during Hy Ex60. β-cell 

dysfunction play an important part in the progression from impaired glucose tolerance to overt 

type 2 diabetes. In the early stages of type 2 diabetes insulin resistance is met by a 

compensatory increase in β-cell mediated insulin secretion (Weyer et al., 1999). Furthermore, 

the development of type 2 diabetes is associated with a reduction in insulin sensitivity, a 

decrease in insulin secretory capacity and progressive hyperglycaemia (Kahn, 2003; Stumvoll 

et al., 2005).  The finding that β-cell function was improved 48 hrs following Hy 5:5 is hard 

to interpret given that HOMAβ-cell is merely an estimate of insulin secretion capacity. 

However, β-cell function has been reported to improve following exercise training in diabetic 

rodents (Farrell et al., 1991) and humans (Dela et al., 2004). It is possible that an acute bout 

of intermittent exercise in hypoxia may increase GLUT-2 membrane content within the β-

cells thereby improving the glucose sensory and insulin secretory capacity of the pancreas 

(Baron et al., 1991; Parks et al., 2007; Yokoe et al., 2008). Intermittent hypoxic exposure is 

also a stimulus for pancreatic β-cell replication in rodents (Yokoe et al., 2008), suggesting an 

enhance insulin secretion capacity during intermittent hypoxia which may not be present 

following continuous exercise in hypoxia.  

 

Insulin secretion is known to be influenced by insulin sensitivity and that a feedback loop 

exists between these two pathway (Kahn, 2003). Insulin resistance (estimated; HOMAIR and 

FIRI) and fasting insulin values increased from baseline values, suggesting insulin sensitivity 

decreased in the 48 hrs following Hy 5:5. The increase in β-cell function may reflect an error 

associated with this estimate (HOMAβ-cell). Jayagopal et al. (2002) has recently reported a 

large biological variation in the measures of HOMA in diabetic populations which would 

suggest limitations in the use of this measure in estimating insulin resistance and β-cell 
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function. However, HOMAIR (Katsuki et al., 2001) and QUICKI (Uwaifo et al., 2002) have 

been validated and closely correlated with clamped derived indices of insulin sensitivity and 

secretion. Furthermore, HOMAβ-cell function was found to be poorly correlated with the gold 

standard estimates of insulin secretions, as measured using euglycaemic-hyperinsulinaemic 

clamp techniques (Uwaifo et al., 2002). Given that diet was controlled throughout and that 

fasting glucose concentrations were reduced following each trial, it is proposed that the 

changes in glucose tolerance reported within the current study are reflective of real 

improvements in insulin sensitivity.    

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Experimental Chapter 7  194 

 

7.5.2 Circulating TNF-α Concentrations Following Exercise & Hypoxia 

The TNF-α values reported within the current study seem to be higher than the majority of 

published data (Winkler et al., 1998; Starkie et al., 2003; Fischer et al., 2005). Although, 

these disparities may be due to differences in the analytical procedures and methods (ELISA) 

used (Clanton et al., 2001). In addition to its role in insulin resistance, TNF-α has also been 

implicated in eNOS and vascular function as well as having a role in apoptosis and 

microangiopathy in type 2 diabetics (Makino et al., 2005).  Therefore, circulating TNF-α 

concentrations are known to be elevated in type 2 diabetics compared to healthy controls 

(Winkler et al., 1998) with a further rise in diabetic sufferers with secondary complications 

(Makino et al., 2005).  Perhaps signifying that the subjects in the current study may be in the 

early stages of endothelial dysfunction or suffering from secondary complications.  

 

Exercise in hypoxia reduced TNF-α concentrations in the days following exercise. The reason 

for this may be associated with improvements in insulin sensitivity (resistance) witnessed in 

the same trials. TNF-α is widely implicated in insulin resistance and is known to be elevated 

in type 2 diabetics (Pedersen et al., 2003; Zeigerer et al., 2004; Plomgaard et al., 2005). For 

this reasons changes in TNF-α and HOMAIR / FIRI in the days (Day 2 and Day 3) following 

hypoxic exercise were correlated to assess for possible relationships in the current work. The 

results obtained demonstrated no significant association between TNF-α and measures of 

insulin resistance. This is in direct contrast with Plomgaard et al. (2007) who found a 

significant relationship (P < 0.01) between TNF-α levels and HOMAIR in type 2 diabetics. 

Attempts to reduce insulin resistance in individuals with type 2 diabetes by suppressing TNF-

α with TNF-α antibodies (Ofei et al., 1996) has been shown to be ineffective (Plomgaard et 

al., 2007). Proposing that the short-term reversal of insulin resistance seen with exercise 
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cannot be completely attributed to reductions in circulating TNF-α and that improvements in 

post-exercise insulin sensitivity in type 2 diabetics may be the result of increased peripheral 

blood flow and endothelium function (De Filippis et al., 2006). The notion that exercise can 

lower TNF-α concentrations has been shown previously (Keller et al., 2004) (literature review 

1.12). Indeed exercise is considered to have an anti inflammatory effect (Petersen & Petersen, 

2005). The finding that exercise with hypoxia can reduce circulating TNF-α levels is novel. 

Although the lack of a control trial (no exercise) within the current investigation makes it 

difficult to draw firm conclusions.   

 

7.5.3 Rating of Perceived Exertion & Profile of Mood State  

Rating of perceived exertion (RPE) was significantly higher during Hy Ex60 compared with 

both intermittent protocols, showing that the subjects within the current study perceived 

continuous exercise to be more demanding than intermittent exercise in either environmental 

condition. This can be supported by a study using obese type 2 diabetic females whereby RPE 

was reported to be significantly lower during intermittent [12.3 (2.3) units] versus continuous 

[13.7 (2.3) units] exercise (Coquart et al., 2008). 

 

It is worth pointing out that the lower RPE demonstrated during intermittent exercise may be 

due to the timing of data collection. RPE scores were measured in the last minute of each 10 

min period. Therefore, the subjects were actually 4 min into a passive recovery phase during 

the intermittent protocol. Furthermore, that the subjects seemed to find continuous exercise 

more demanding was not supported by post exercise assessment of mood state, measured with 

POMS. The lack of change in mood state immediately post exercise may reflect the lack of 
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sensitivity of this measure to detect a change following acute exercise. Although POMS has 

previously been shown to not only highlight the positive effects in mood following acute 

exercise but is also able to reflect differences in mood disturbance following various exercise 

intensities (Steptoe & Cox, 1988). The lack of any difference in mood state within the current 

study may also be due to the small sample size used (Hall and Lane, 2001). A retrospective 

power analysis, calculated using the data obtained during the current study indicates that a 

further 13 subjects would be required to detect a significant difference with 0.95 power.  
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7.6 Conclusions  

The conclusion from the current study are that continuous moderate intensity exercise in 

hypoxia offered the greatest improvements in acute and moderate-term glucose control in type 

2 diabetics. Intermittent exercise also stimulated glucose disposal and improved post exercise 

insulin resistance which was further enhanced when exercise was combined with hypoxia (Hy 

5:5). The improvements in insulin sensitivity following hypoxic exercise cannot be directly 

attributed to decreasing TNF-α concentration and may indicate changes in GLUT-4 

membrane content and intracellular signalling mechanisms. A further conclusion was that 

perception of effort (RPE) was lower during Nor 5:5 and Hy 5:5, suggesting that intermittent 

exercise may provide a more palatable exercise intervention for type 2 diabetics. Although, 

the data presented shows that 60 min of continuous exercise in hypoxia provided the greatest 

improvement in indices of glycaemic control and suggest the possible use of hypoxic exercise 

in the treatment of type 2 diabetes and insulin resistance.  
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General Discussion & Conclusions   
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Habitual hyperglycaemia in type 2 diabetes is the product of a singular or collective 

dysfunction(s) in insulin resistance, relative insulin secretion deficiency, elevated hepatic 

glucose production and impaired glucose effectiveness. It is the elevation in circulating blood 

glucose that appears to contribute to the severe secondary complications associated with this 

metabolic condition. Therefore, a primary goal in diabetes management is to achieve near 

normal blood glucose levels whilst improving associated disease risk factors. Current 

therapeutic treatments available include pharmaceutical, psychological interventions, diet and 

physical activity. Indeed, physical inactivity has been linked to many modern day chronic 

diseases (Booth et al., 2000).  

 

Despite these interventions physical inactivity, obesity and type 2 diabetes continues to rise, 

placing a staggering economic burden on society. A recent report estimates that the NHS 

spends in the region of £13.7 million a day on the treatment of diabetes (Diabetes UK, 2007). 

Given that physical inactivity plays a prominent role in obesity / diabetes progression and the 

relative low cost of exercise as an intervention, it is believed that this should be the first line 

of defence against diabetes and its health related complications (Booth et al., 2000). 

Therefore, the manner in which the public view exercise may need to change. Interventions 

that maximise the potential for improvements in glycaemic control, while motivating and 

improving adherence should be investigated and implemented. The current thesis had two key 

aims; 1) to measure the effects of acute hypoxia on whole body glucose metabolism and 2) 

assess the influence of a single bout of exercise on short- and medium-term glucose control in 

type 2 diabetics.  
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8.1 Hypoxia Stimulates Whole Body Glucose Metabolism  

The data presented within this thesis lends support to the notion that hypoxia stimulates 

glucose disposal in insulin resistant humans. Comparisons with the general literature are hard 

given that this is the first study to measure in vivo insulin sensitivity, using the 4 hr labelled 

IVGTT, following hypoxic exposure in type 2 diabetic humans. It would appear that hypoxia 

activates glucose transport activity via the intact contraction-stimulating pathway in type 2 

diabetics. The decrease in circulating blood glucose concentration seen during hypoxia 

(Chapter 4) may be attributed to an increase in contraction-stimulated translocation of GLUT-

1, and to a larger extent GLUT-4, as well as the activation of transporters pre-existing in the 

plasma membrane (GLUT-1) of skeletal muscle (Zhang, 1999; Zorzano et al., 2005). 

Furthermore, it seems reasonable to suggest that the hypoxic stimulus used, also has the 

potential to increase glucose transport via GLUT activation in numerous tissue types, 

including spleen (GLUT-6) (Doege et al., 2001), liver and adipose (GLUT-8) (Lisinski et al., 

2001), and the pancreas (GLUT-10) (Dawson et al., 2001). Cell culture work using human 

adipocytes showed that severe hypoxia (O2 ~1%) increased GLUT-1 (9-fold), GLUT-3 (10-

fold) and GLUT-5 (9-fold) mRNA level compared to a normoxic control condition (O2 = 

20.93%) with a 3.3-fold increase in 2-deoxy-D-glucose uptake (Wood et al., 2007).  The 

mechanisms responsible for this finding would seem to be an increased activation and / or 

phosphorylation of signalling proteins involved in the contraction-stimulated pathway. A lack 

of human studies using hypoxia as a model and the measurement limitations in the current 

thesis makes it hard to draw firm conclusions. Although, the likely candidates for increased 

contraction-stimulated glucose uptake would seem to include AMPK (Mu et al., 2001), Ca2+-

dependent mechanisms (Wright et al., 2005) and AS160 (Jing et al., 2008).  
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8.1.0 Hypoxia Improves Short-Term Insulin Sensitivity (SI
2*) 

Aerobic exercise positively affects whole body glucose tolerance and insulin-stimulated 

skeletal muscle glucose transport activity in insulin resistant individuals (Brooks et al., 1991). 

An improvement in insulin sensitivity in insulin-resistant  skeletal muscle has the potential to 

reduce progression rates to overt diabetes and perhaps lower cardiovascular mortality. At a 

cellular level the glucose lowering effect of exercise in type 2 diabetics is associated with an 

increase in GLUT-4 translocation (Kennedy et al., 1999). Whether increased GLUT-4 

membrane content is the result of increased activity in signalling proteins involved in insulin-

stimulated glucose transport remains to be determined (Cusi et al., 2000; Henriksen, 2002).  

 

Of interest and seemingly challenging previous research, acute hypoxia improves short-term 

glucose control (~ 4 hrs), at least partly, via an insulin-dependent mechanism as shown by 

increased SI
2* (Chapter 5). Cartee et al. (1991) previously presented data showing a decrease 

in muscle glycogen stores during hypoxia in rodents. Furthermore, exercise in hypoxia has 

been associated with greater rates of glycogen depletion compared to normoxic exercise [-

253.6 (52.5) and -105.2 (35.4) mmol/kg dry wt, respectively] at the same absolute intensity in 

humans (Wadley et al., 2006). Rapid muscle glycogen resynthesis has been shown to occur 

immediately following moderate aerobic exercise (Bergstrom & Hultman, 1966; Richter et 

al., 1982; Houmard et al., 2004). Therefore, the mechanism by which prior hypoxia increases 

insulin sensitivity may be linked to hypoxia’s ability to provoke glycogen depletion to a 

greater extent than exercise alone.  
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Intense exercise (75 min at 75% 2peakOV&  followed by 5 x 1 min maximal sprints) has been 

reported to augment glycogen synthase activity while attenuating PI-3kinase response (O’ 

Gorman et al., 2000). This may suggest that increases in PI-3kinase activity are not required 

in post exercise muscle glycogen resynthesis. This finding, coupled with the increased SI
2* 

noted in the current thesis may suggest that an increase in PI-3kinase activity may not be 

required to increase insulin-stimulated glucose transport (Wojtaszewski et al., 2002) and the 

subsequent conversion of glucose into its polysaccharide form. An invited review by 

Wojtaszewski et al. (2002) concluded that prior exercise influences the insulin signalling 

cascade via alterations in the functional arrangement of the signalling proteins and / or draws 

upon unidentified intermediates. It may also be possible that insulin-dependent glucose 

transport requires the recruitment of signalling proteins that are generally accepted to be 

exclusive to the contraction-stimulated pathway. A working hypothesis is that, at some point, 

common effectors are involved in response to both glucose transport pathways, one of which 

maybe the Akt substrate AS160 (Treebak et al., 2007). AS160 is implicated in insulin- (Eguez 

et al., 2005) and contraction-stimulated (Kramer et al., 2006; Treebak et al., 2007) GLUT-4 

trafficking to the cell membrane. Such a mechanism would suggest that insulin and 

contraction (hypoxia) may employ similar signalling proteins for GLUT-4 translocation.  
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8.2 Can Hypoxia cause Insulin Resistance?  

There is some evidence to suggest that hypoxia causes insulin resistance in both human and 

animal models. Larsen et al. (1997b) reported decreased insulin sensitivity during a 

hyperinsulinaemic-euglyceamic clamp after 2 days at 4300 m. This may have been due to a 

greater fasting period before the commencement of clamp procedures. The authors reported 

that fasting times were ~6 hr greater during altitude when compared to per-exposure tests 

(Larsen et al., 199b). Increasing the potential for a greater energy deficit prior to the 

hyperinsulinaemic-euglyceamic clamps performed at altitude. A shift towards fat oxidation 

and glycogen restoration is known to accompany periods of energy deficit (Braun, 2008) and 

was proposed by Larsen et al. (1997b) as a possible reason for reduced insulin action.  

 

 

A potential mechanism, not discussed by Larsen et al. (1997b) for their results, may be 

associated with reduced activity of the insulin-stimulated pathway. Insulin-stimulated glucose 

transport is the primary mechanism for glucose uptake during periods of rest. At least in 

peripheral tissue (muscle), hypoxia is known to increase energy turnover resulting in 

increased intracellular AMP and Ca2+ levels (Mu et al., 2001; Wright et al., 2005). This 

response activates glucose uptake using the contraction- (hypoxic), rather than the insulin-

stimulated pathway (Cartee et al., 1991). Furthermore, an increase in circulating insulin and 

perceived insulin resistance (Larsen et al., 1997b) may be due to the ability of hypoxia to 

encourage insulin synthesis and release by pancreatic β-cells (Kolesnik et al., 1995), the 

introduction of exogenous insulin (hyperinsulinaemic clamp) and a decrease in insulin 

signalling activity (Yin et al., 2009) due to a heavier reliance on contraction-stimulated 

glucose uptake. In addition, treatment with high levels of insulin has been shown to inhibit 

insulin binding capacity, cause a marked depletion of IRS-1 and -2 content and impair 
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sensitivity to insulin stimulation of PKB activity (Buren et al., 2003). Taken together, this 

evidence may suggest that the use of the hyperinsulinaemic-clamp technique during hypoxic 

exposure carries distinct limitations.   

 

 

However, Braun et al. (2001) also found a rise in circulating insulin and a corresponding 

increase in insulin resistance (HOMAIR) on exposure to altitude (4300 m). Despite a reduction 

in energy intake (~84% of calculated energy requirements), the authors proposed that this 

energy deficit had no effect on insulin sensitivity (Braun et al., 2001). The discrepancy 

between the current work and Braun et al. (2001) may be due to methodological differences. 

Braun et al. (2001) obtained measures of glucose tolerance during hypoxic exposure using an 

oral glucose tolerance test (OGTT). The OGTT is known to stimulate incretin release (due to 

glucose ingestion), leading to elevated insulin secretion, when comparisons are made with the 

IVGTT (Muscelli et al., 2006). This incretin effect (i.e. increase in insulin with the OGTT) 

occurs despite no difference in glucose concentration (Muscelli et al., 2006) and may 

potential mask the true effects of hypoxia on insulin sensitivity. Particularly in light of data 

published elsewhere in which glucose control has been shown to improve at an identical 

elevation. Brooks et al. (1991) reported an increase in glucose Rd during exposure to 4300 m 

in healthy humans when compared to sea level values [3.59 (0.08) and 1.80 (0.02) mg · kg · 

min-1, respectively P < 0.05].   

 

 

Animal models have also suggested decreased glucose control during hypoxic episodes 

(Polotsky et al., 2003; Otlmann et al., 2004). The work of Polotsky et al. (2003) and Otlmann 

et al. (2004) must be considered with a certain degree of caution. Polotsky et al. (2003) 
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reported two important findings 1) insulin sensitivity was improved in lean insulin resistant 

tissue and 2) insulin resistance in genetically obese / leptin deficient mice was completely 

reversed with leptin replacement (section 2.10.2). Activation of the sympathoadrenal release 

of epinephrine was proposed by Oltmanns et al. (2004) to be the mechanism responsible for 

hypoxic-induced decreases in glucose infusion rates. Brooks et al., (1991) also demonstrated 

an increase in epinephrine during hypoxic exposure with a decrease in blood glucose 

concentrations. This finding may suggest that the hypoxic-induced dependency for glucose as 

an efficient source of fuel overrides any inhibitory effect of epinephrine on insulin-stimulated 

glucose uptake. The current thesis can not support this latter notion but did, however, show 

that blood glucose levels were reduced during resting hypoxia, with no difference in 

circulating insulin concentrations between Hy Rest and Nor Rest trials. Furthermore, 

stimulation of the sympathoadrenal system (i.e. sharp rise in plasma epinephrine level) on 

acute exposure to hypoxia is associated with a increase in glucose uptake (Mazzeo et al., 

1991; Roberts et al., 1996; Mazzeo et al., 2000).  

 

 

This thesis has demonstrated that acute hypoxia decreases blood glucose concentrations and 

improves whole body insulin sensitivity in the hours following exposure in type 2 diabetics. 

There seems little doubt that glucose disposal is increased during hypoxic exposure (Johnson 

et al., 1974; Cooper et al., 1986; Brooks et al., 1991; Lee et al., 2003) via the contraction- 

(hypoxic) stimulated pathway (Cartee et al., 1991; Reynolds et al., 1998). Comparisons 

between the current work and the literature are difficult, given that the hypoxic stress used in 

the present thesis was introduced prior to the principal measurement of glucose control (i.e. 

IVGTT). Therefore, insulin sensitivity was assessed under normoxic conditions in the hours 

following, rather than during, hypoxic exposure (Larsen et al., 1997b; Bruan et al., 2001). The 
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results published by these authors are therefore mixed parameters under the influence of 

hypoxia, insulin (Larsen et al., 1997b) and glucose challenges (Bruan et al., 2001), with the 

increase in SI
2* post exposure in the current thesis being reflective of the effects of prior 

hypoxia on glucose metabolism.  

 

 

8.3  Hypoxia & Exercise have an Additive Effect on Glucose Disposal  

The literature has consistently shown hypoxia to be a potent stimulus for glucose transport by 

recruiting the exercise / contraction signalling pathway for GLUT translocation. Glucose 

transport rates have been shown to be additive when either hypoxia or contractile activity are 

coupled with insulin, whereas hypoxia and muscle contraction are not (Cartee et al., 1991; 

Azevedo et al., 1995). The data presented here conflicts with the latter notion but is consistent 

with in vivo research carried out in humans at high altitude (Brooks et al., 1991). It is 

therefore, considered that exercise and hypoxia have an additive effect on contraction-

stimulated GLUT-4 movement or that these stimuli draw upon similar, but not identical 

pathway for glucose transport (Mu et al., 2001).  

 

Mu et al. (2001) reported that AMPK inhibition completely blocked the ability of hypoxia to 

activate glucose uptake, while only partially reducing contraction-stimulated glucose uptake 

in skeletal muscle. Furthermore, exercise with or without hypoxia increases AMPK-α2 

activity with only the former condition (exercise + hypoxia) found to be significantly different 

(P < 0.05) (Wadley et al., 2006). Hypoxia alters AMPK activity in human skeletal muscle and 

the effects are additive when combined with exercise (Wadley et al., 2006). It is possible that 

the additive effect witnessed in the current thesis may be the result of a non-maximal 

stimulation of the contraction pathway. For example, Cartee et al. (1991) used supramaximal 
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electrical stimulation in severe hypoxia (95% N2 and 5% CO2) not akin with the moderate 

conditions used in the present thesis. Taken together, these finding may suggest that hypoxia 

and exercise, or either stimulus alone can activate the contraction-stimulating pathway until a 

theoretical maximum level has been achieved, after which no further increase in glucose 

disposal is seen. Hypoxic-induced vasodilation represents a rapid and acute response to 

reduced O2; the result is the maintenance of adequate blood-O2 supply to peripheral tissue. 

Hypoxia is proposed to activate O2-regulated Ca2+ channels, resulting in arterial vasodilation 

(Lopez-Barneo et al., 2004). It is possible, therefore, that an increase in blood / glucose 

delivery caused by hypoxia-induced vasodilation (Miura et al., 2003) may have contributed to 

the enhanced glucose disposal noted within this work.  

 

 

8.3.0 Acute Hypoxic Exercise Enhances Insulin Sensitivity (SI
2*) 

Results from studies 1 and 2 (chapters 4 and 5) show that exercise under hypoxic conditions 

has the greatest influence on SI
2*. Exercise trained (insulin sensitive) individuals demonstrate 

increased insulin mediated PI-3 kinase activity and glucose disposal rates (Eguez et al., 2000) 

over sedentary controls. PI-3 kinase stimulation is also known to be increased following 

short-term exercise training in non diabetic humans (Houmard et al., 1999). However, 

exercise training does not seem to enhance insulin stimulated PI-3kinase or PKB activity in 

vastus lateralis muscle tissue in elderly men (~58 yr) (Tanner et al., 2002). Cusi et al. (2000) 

showed that prior exercise increased phosphorylation of insulin receptor substrate-1 (IRS-1) 

24 hrs post exercise. However, PI-3kinase activity was not altered within the same study 

(Cusi et al., 2000).  Wojtaszewski et al. (1998) has proposed that exercise does not enhance 

the activity of protein phosphorylation or insulin signalling, but offers improvements in 
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glucose transport activity via changes in the arrangement of insulin signalling proteins that 

allow these molecules a greater effectiveness or efficiency in stimulating GLUT-4 trafficking 

(Wojtaszewski et al., 2002).  

 

It is suggested that increased SI
2* (chapter 5) and insulin-stimulated glucose disposal in insulin 

resistant states (including diabetes) post exercise, may be the result of increased (Kennedy et 

al., 1999) or more efficient (Wojtaszewski et al., 2002) GLUT-4 translocation to the plasma 

membrane. Kennedy et al. (1999) showed that acute exercise increased GLUT-4 plasma 

membrane content in vastus lateralis muscle by 74 (20)% in type 2 diabetics. The literature 

described above may provide the mechanism by which exercise in hypoxia improves short-

term (4 hr) glucose control in type 2 diabetics.  Although, it remains to be determined if acute 

hypoxia with or without exercise can alter insulin signalling proteins, or whether increased 

SI
2* can be contributed to a more effective or efficient translocation of GLUTs in diabetic 

muscle tissue.  
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8.4 Continuous Hypoxic Exercise is an Effective Intervention in 

Improving Glycaemia in Type 2 Diabetics   

The prominent finding throughout this thesis is that both exercise and exercise with hypoxia 

encourage acute glucose disposal and improve post exercise insulin sensitivity. However, the 

shortest duration of exercise used (Hy Ex20) within chapter 6 did not demonstrate a blood 

glucose lowering effect on the day of exercise. The maintenance of blood glucose levels at 

pre-exercise concentrations may reflect the higher Ra, which was greater than the other 

exercise / hypoxic trials used throughout this thesis. Both HOMAIR and FISI were improved 

in the 24 hrs following Hy Ex20, suggesting that the intensity of exercise (hypoxia) used 

caused an increase in insulin action, presumably via a glycogen depletion / resynthesis 

mechanism. This improvement was present 24 hrs, but not 48 hrs following hypoxic exercise. 

It would seem that completing the same amount of work over a longer duration (Hy Ex40) 

further improves glucose tolerance in type 2 diabetics. This is shown by an acute decrease in 

circulating glucose concentrations as well as significant enhancements in HOMAIR, QUICKI 

and FISI in the 48 hrs following the trial. It is worth noting that the estimates of insulin 

resistance and sensitivity used in the current thesis have been validated again the gold 

standard assessment (euglycaemic-hyperinsulinaemic clamp) (Katsuki et al., 2001; Uwaifo et 

al., 2002). These data therefore, suggest that exercise duration and not intensity, at least in 

hypoxia, is the important variable in improving glycaemic control in type 2 diabetics and that 

the benefits can extend for up to 2 days after exercise.  

 

Moderate intensity exercise (60 min; 90% LT) combined with hypoxia increased glucose 

disposal to a greater extent than the other hypoxic / exercise conditions used throughout the 

experimental chapters. In the fourth experimental chapter (study 2) hypoxic exercise (60 min) 



 

Discussion & Conclusions: Chapter 8  209 

resulted in an acute decrease in blood glucose concentrations, which was found to be ~50% 

greater than Nor Ex. Furthermore, SI
2* was significantly higher following Hy Ex60 when 

compared to Nor Ex.  Study 3 (Experimental Chapter 6) compared three different exercise 

conditions of equal work in hypoxia; Hy Ex60, Hy Ex40 and Hy Ex20. The result from this 

study again demonstrated that the greatest reduction in blood glucose levels were noted in Hy 

Ex60 and that indices reflecting insulin sensitivity and resistance showed the greatest 

improvements in the 48 hrs following Hy Ex60 (Table 6.1, 6.2 and 6.3).  

 

The results presented in study 4 suggest that insulin sensitivity showed the greatest 

improvements following Hy Ex60 and propose again, that continuous exercise at 90% LT for 

60 min is an effective intervention for improving glucose control in type 2 diabetics. Kraniou 

et al. (2006) has reported that low-intensity prolonged exercise provides a greater increase in 

AMPK activity over high-intensity exercise of shorter durations. Treebak et al. (2007) also 

demonstrated augmented AS160 phosphorylation during moderate intensity exercise which 

was not detected during shorter duration-high intensity exercise. The findings within the 

current research programme and those of Treebak et al. (2007) and Kraniou et al. (2006) 

would indicate that exercise duration, and not total work or intensity, is the determining factor 

in stimulating glucose metabolism in type 2 diabetics.  
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8.5 Normoxic Exercise  

The present thesis draws upon the normoxic rest trial from study 1 (chapter 3) to make 

comparison between exercise and a non-exercise control. These comparisons can be made 

given that five out of seven subjects completed each trial within this research programme. As 

expected the non-exercise control condition (Nor Rest) showed a non-significant reduction in 

blood glucose concentrations (0.23 mmol/l). Therefore, it can be concluded that both 

continuous (0.91 mmol/l) and intermittent (1.05 mmol/l) exercise in normoxia reduce blood 

glucose concentrations to a similar degree. The finding that continuous aerobic exercise 

decreases whole blood glucose concentrations is consistent with the majority of published 

work (Abuissa et al., 2005; Booth & Winder, 2005). The current recommendations for 

physical activity are 30 min of moderate intensity exercise every day, which may or may not 

be accumulated over the course of a day (i.e. 3 x 10 min). However, in type 2 diabetes this 

recommendation is still not based on firm scientific evidence (Eriksen et al., 2007). The 

present finding gives rise to the notion that discontinuous exercise, more indicative of modern 

day life-styles, may be a useful therapy in diabetic management.  

 

8.5.0 Normoxic Exercise Improves Insulin Sensitivity  

In employing the same subjects in studies 1 and 2, the current work was able to make direct 

comparisons between a non exercise trial and 60 min of moderate intensity exercise in 

normoxia (Nor Rest vs. Nor Ex). SI
2* was 57% greater in the 4 hrs following moderate 

intensity exercise compared to Nor Rest [Nor Rest; 1.39 (0.08) and Nor Ex; 3.24 (0.51) x10-4 .  

min-1 (µU/ml); P = 0.003]. This data is in keeping with the published literature (Hansen et al., 

1998; Cuff et al., 2003; Bloem & Chang, 2008) and supports the therapeutic benefits of 

exercise in insulin resistant and diabetic patients.  
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8.6  Glucose Effectiveness (SG
2*) is unaltered by Hypoxic and Normoxic 

Exercise 

Glucose effectiveness (SG
2*) represents the ability of hyperglycaemia to encourage glucose 

disposal at basal insulin concentrations and is a key component of glucose tolerance (Higaki 

et al., 1996). Following intravenous glucose administration, 50% of all blood glucose 

clearance can be attributed to the mass action effect of hyperglycaemia (i.e. SG
2*). Prior 

exposure to low physiological concentrations of glucose activates skeletal muscle glucose 

uptake, whereas exposure to hyperglycaemia produces the opposite response, suggesting that 

habitual hyperglycaemia contributes to glucose resistance and impaired tolerance (Itani et al., 

2003). In support of this, glucose effectiveness is impaired in individuals with type 2 diabetes, 

suggesting glucose resistance in this population (Del Prato et al., 1997).  

 

Itani et al. (2003) have shown that phosphorylation of AMPKα2 is diminished in incubated 

rat extensor digitorum longus muscle when glucose availability is progressively increased and 

that the greatest decrement in AMPK activity was seen when glucose concentrations were 

elevated to 25 mmol/l (Itani et al., 2003). Elsewhere, data indicates that the reduction in 

glucose uptake, caused by hyperglycaemia (20 mmol/l), is related to mechanisms responsible 

(partly mediated by AMPK) for increasing GLUT-4 membrane content in isolated rat 

hindlimbs lacking insulin (Mathoo et al., 1999). Indeed, the increase in glucose availability 

may favour glycolytic energy producing pathways, increasing ATP and resulting in less AMP 

availability for AMPKγ binding. Although, data presented by Itani et al. (2003) demonstrated 

no change in metabolic intermediates (AMP/ATP ratio and creatine phosphate) known to be 

involved in AMPK Ser172 phosphorylation at varying glucose concentrations (0, 6 and 25 

mmol/l) (Itani et al., 2003), suggesting that reduced AMPK activity induced by 
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hyperglycaemia may be subject to mechanisms distinct to traditional pathways involved in 

AMPK regulation. One hypothesis is that high physiological concentrations of glucose could 

result in elevated intracellular levels of G-6-P until a theriretical threshold has been reach 

afterwhich G-6-P acts to inhibit hexokinase and reduce glucose uptake (Rose & Ritcher, 

2005).  

 

The work within this thesis does not support the benefits of acute exercise on SG
2* in diabetic 

populations. Although SG
2* was greatest following Hy Ex, this was not found to be 

significantly different from Nor Ex, indicating that hypoxia and exercise do not have an 

additive effect on SG
2*. Further analysis, using paired t-tests, showed no difference between 

normoxic exercise (Nor Ex; P = 0.167) and hypoxic exercise (Hy Ex; P = 0.170) over the 

non-exercise control. A power analysis indicated a further nine subjects would be required to 

detect a significant difference in SG
2* with 0.95 power (Riffenburgh, 1999; Hopkins, 2002), 

highlighting the need for a greater subject number in future studies assessing SG
2* in type 2 

diabetics in response to exercise. Glucose effectiveness (SG
2*) represents the ability of glucose 

to promote its own transport by mass action (Bouche et al., 2004). In contrast to the present 

thesis, a single bout of intense exercise (15 min) independent of hypoxia has been shown to 

enhance glucose effectiveness (Brun et al., 1995). The view that exercise enhances glucose 

effectiveness is supported elsewhere (Sakamoto et al., 1999; Nishida et al., 2001; Nishida et 

al., 2004; Hayashi et al., 2005).  
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The reasons for the differences between the current work and others are unclear, although 

Sakamoto and colleagues (Sakamoto et al., 1999) used an exercise intensity at 100% LT. This 

may suggest that higher exercise intensities have a positive dose dependant effect on post 

exercise SG
2*.  Hayashi et al. (2005) also showed SG

2* to be significantly increased following 

exercise at 70% and not 50% 2maxOV& . Additionally, the majority of research showing 

improvements in post exercise SG
2* have been conducted in healthy (non diabetic) populations 

(Brun et al., 1995; Sakamoto et al., 1999; Nishida et al., 2001; Nishida et al., 2004; Boule et 

al., 2005; Hayashi et al., 2005). Hyperglycaemia itself is proposed to cause decreased glucose 

transport via insulin-independent mechanisms (Itani et al., 2003; Bouche et al., 2004). The 

ability of exercise to improve SG
2* in healthy humans and not type 2 diabetics may suggest 

that the latter population exhibit a delayed response in glucose dependent (SG
2*) transport 

following exercise. Resistance exercise has previously been shown to improve SI
2* but not 

SG
2* in presumably glucose intolerant (Henriksen, 2002; Tanner et al., 2002) elderly males 

(Zachwieja et al., 1996) thus providing support that SG
2* is less responsive to change 

following exercise in insulin resistant populations. It is concluded that SG
2* seems less 

sensitive to change following exercise in insulin resistant and diabetics patients. Or, for any 

change to be detected, type 2 diabetics may need to exercise at a higher relative intensity to 

stimulate a post-exercise increase in glucose-dependent transport activity (i.e. SG
2*). 

Sriwijitkamol et al. (2007) have recently concluded that type 2 diabetics need to exercise at a 

higher relative intensity to stimulate the AMPK / AS160 axis in skeletal muscle than their 

lean counterparts.  
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8.7 Sample Size 

The population and experimental methods employed within the current thesis presented 

inherent problems throughout. Prentice (2001) purposed that there are three main challenges 

to research in chronic disease; 1) adequate sample size 2) subject adherence and 3) the 

associated costs. The last challenge can be broken down further into time commitments and 

the actual cost for experimental consumables. The research design not only required 

individuals (from a population predisposed to exercise intolerance) to exercise, but also 

required lengthy laboratory visits (≤ 7 hr) with frequent sampling of arterialised blood. It was 

observed that these two factors limited subject recruitment and retention. An additional 

limiting factor included the number of subjects that could be processed, not only in terms of 

time but also the cost associated with the data analyses.  

 

As discussed earlier, SG
2* accounts for ~50% of the total glucose clearance following an 

intravenous glucose load (Section 2.5.4). In assuming that no difference was found for SG
2* 

due to a lack of statistical power rather than a delayed response of this mechanism to an acute 

bout of exercise / hypoxia (Section 8.5), it would seem prudent to highlight the effect size for 

this parameter. The data presented an effect size and observed power for SG
2* to be 0.37 and 

0.31, respectively. This indicates that the current research programme would have perhaps 

benefited from a greater subject number. Indeed, the retrospective power analysis discussed 

above indicated that a further nine subjects would be required to obtain a level of significance 

(P < 0.05).  
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However, insulin sensitivity (SI
2*) and resistance (HOMAIR) were shown to improve 

following moderate intensity exercise with and without hypoxia. The same analysis showed 

an effect size and observed power of 0.77 and 1.00 for SI
2*, and 0.65 and 0.96 for HOMAIR, 

respectively. These data suggest that the lack in a significant finding for SG
2* may reflect that 

the reversal of glucose resistance would require a greater exercise / hypoxic stimulus in 

individuals with type 2 diabetes (Section 8.5).    
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8.8 Conclusions  

The aims allied to this thesis were to assess and measure the glycaemic response to various 

exercise protocols with and without hypoxia in type 2 diabetics. Exercise is known to cause 

blood glucose declines in diabetic patients. A reduction in whole body O2 availability reduces 

the relative energy contribution from oxidative phosphorylation, placing a heavier reliance on 

blood glucose and intracellular glycogen stores. It was rationalised that the introduction of 

hypoxia may enable insulin resistant individuals to activate the intact contraction-stimulate 

pathway for glucose transport thereby improving glycaemic control. It appeared that hypoxia, 

in a similar manner to exercise, positively influenced basal insulin action in type 2 diabetics.  

 

A summary of the conclusions drawn within the General Discussion are six-fold; 1) 60 min of 

moderate hypoxia has the ability to increase glucose disposal both during and in the 4 hrs 

following exposure via insulin-independent and -dependent mechanisms, respectively; 2) 

continuous moderate-intensity exercise in normoxia improves SI
2* in type 2 diabetics; 3) 

intermittent exercise can acutely improve glucose control, although hypoxia enhances this 

effect in the 24 hrs following exercise; 4) the glucose lowering effect of exercise is enhanced 

by hypoxia; 5) hypoxic-induced improvements in post-exposure glucose control can not be 

explained by SG
2* and are therefore, largely attributed to changes in insulin action (SI

2*); and 

finally, 6) the most potent effect on acute and moderate-term glycaemia was consistently 

evident following 60 min of continuous exercise in hypoxia. These novel findings suggest a 

possible use of hypoxia, with or without exercise, for the prevention and clinical management 

of type 2 diabetes. 
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The use of hypoxia in a clinical setting does present ethical (safety), financial and practical 

issues. The data presented may facilitate and promote the use of hypoxic exposure as a 

preventive or therapeutic treatment in improving medium- and possible long-term glucose 

intolerance in type 2 diabetics.  Particularly, type 2 diabetic sufferers, who are unable to 

exercise regularly for extended periods of time. Complications, such as obesity, foot ulcers 

and low fitness levels often mean that sufferers are unable to activate the exercise/contraction-

stimulated pathway for glucose uptake, but may be able to achieve some benefits through 

frequent hypoxic exposure with or without exercise.  
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8.9 Future Research  

Beyond these results it will be critical to assess whether resting hypoxia produces a dose-

dependent response on blood glucose disposal rates. Interpreting the data from exercise 

studies would at least make it plausible to hypothesise that AMPK activation would increase 

with a greater hypoxic stimulus while encouraging glucose uptake via the contraction-

stimulated pathway. It would also seem equally important to measure the signalling proteins 

involved in glucose transport activity both during and following whole body hypoxia at rest in 

type 2 diabetic individuals.  Any increase in hypoxic stimulus (i.e. decrease in O2) may have 

negative effects associated with hypoxic illness and that these should be controlled for in 

future work.   

 

Following on from the additive effects of exercise and hypoxia, the next logical research 

question would seem to be; can intermittent hypoxic exposure with or without exercise, 

administered over the course of days / weeks offer long-term improvements in glycaemic 

control within insulin resistant individuals?  The labelled intravenous glucose tolerance test is 

a precise and useful method used in research to provide reasonable estimates of insulin SI
2* 

and SG
2*. Muscle tissue drawn from type 2 diabetic patients will offer direct measures of 

signalling proteins involved in both the contraction (hypoxic) and insulin-stimulated pathways 

and may help answer some of the questions remaining from this thesis. This is not to say that 

in vivo measurements that estimate whole body glucose metabolism are without scientific 

value.  

 



 

Discussion & Conclusions: Chapter 8  219 

Although, it is important to determine the mechanisms that regulate exercise and hypoxic-

induced improvements in glucose removal acutely, short- (4 hrs) and medium-term (48 hrs). 

A number of signalling proteins have been implicated to the well defined pathways for 

glucose transport and the literature supports the notion that both the insulin- and contraction-

stimulated pathways operate separately to each other (Holloszy, 2003) and that hypoxia 

activates glucose transport using the latter of these signalling mechanisms (Cartee et al., 

1991). The finding that hypoxia and exercise provoke a greater response in whole body 

glucose metabolism than either stimulus alone poses some interesting questions. Do exercise 

and hypoxia stimulate glucose transport activity via identical pathways and that the current 

results merely reflect a non-maximal stimulus on the signalling mechanisms. Alternatively, 

hypoxia and exercise use similar, but ultimately separate pathways to encourage glucose 

uptake. Although it must be pointed out that once GLUTs reach the cell surface to assist 

receptor and non-receptor mediate endocytosis of glucose, the nature of the stimulus or indeed 

the pathway involved becomes irrelevant. It does however, seem important to achieve a more 

detailed knowledge of glucose transport mechanisms in type 2 diabetes if a greater 

understanding of the cellular defects associated with insulin resistance is to be accomplished.  
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