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ABSTRACT 

 

Introduction: Black African populations present with low insulin sensitivity (SI) and 

hyperinsulinemia, the latter due to high insulin secretion and reduced clearance. In 

addition, they exhibit lower levels of central and ectopic fat, compared to their white 

counterparts, contradicting the known correlates of SI typically reported in white 

populations. Moreover, in black African women hyperinsulinemia is in excess of the 

level needed to compensate for low SI, with a corresponding high disposition index (DI), 

a marker of insulin response that accounts for the level of SI. Further, obese, black 

African women have a high risk for type 2 diabetes (T2D), but the correlates of 

hyperinsulinemia have not been fully elucidated, especially the role of ectopic fat and 

body fat distribution. Exercise training is beneficial to improve SI and DI, however, 

whether these effects are mediated by changes in ectopic fat in skeletal muscle, liver 

and pancreatic depots is unknown. Accordingly, exercise training can be used as a 

model to assess the correlates of hyperinsulinemia and SI in cohorts at high risk for 

developing T2D, such as obese black African women. This thesis therefore aims to 

describe the correlates of hyperinsulinemia and SI and to evaluate the effect of exercise 

training on these components with emphasis on the role of body fat distribution and 

ectopic fat in mediating these changes. 

Methods: Firstly, a cross-sectional analysis of 45 obese (BMI 30-40 kg/m2) black South 

African women (age 20-35 years) without T2D was conducted. Thereafter the women 

were block randomized into an exercise training (n=23) or no exercise (control, n=22) 

group. The exercise training group participated in a 12-week combined aerobic and 

resistance training programme (40-60 min session, 4 days/week) supervised by a 
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biokineticist. Pre and post-intervention testing included assessment of acute insulin 

response to glucose (AIRg), SI, DI (AIRg x SI), insulin secretion rate (ISR), hepatic 

insulin extraction (HIE) and peripheral insulin clearance (CLp) (frequently sampled 

intravenous glucose tolerance test); body fat mass and regional adiposity (dual-energy 

X-ray absorptiometry); hepatic, pancreatic and skeletal muscle fat and abdominal 

subcutaneous (aSAT) and visceral adipose tissue (VAT) (magnetic resonance imaging); 

intramyocellular (IMCL) and extramyocellular fat content (EMCL) (magnetic resonance 

spectroscopy). 

Results: The baseline results showed that a high DI was associated with low VAT (r-

0.565, p<0.001), pancreatic fat, soleus IMCL and EMCL with VAT explaining most of 

the variance in DI (32%). SI was inversely associated with VAT (rho -0.417, p=0.007) 

and AIRg was inversely and HIE was positively associated with VAT-aSAT ratio (rho -

0.345, p=0.029 and rho 0.510, p=0.011, respectively). DI was positively associated with 

CLp (rho 0.528, p=0.006), while its components (SI and AIRg) were not. Results from 

the intervention showed that exercise training increased DI (median (interquartile 

range): 6.1 (3.6-7.1) to 6.5 (5.6-9.2) x103 arbitrary units, p=0.028), SI (2.0 (1.2-2.8) to 

2.2 (1.5-3.7) (mU/l)
-1

min
-1

, p=0.005) and VO2peak (mean ± standard deviation: 24.9±2.42 

to 27.6±3.39 ml/kg/min, p<0.001), with no changes in control group. Exercise training 

decreased body weight (84.1±8.7 to 83.3±.9.7 kg, p=0.038) and gynoid fat mass 

(18.5±1.7 to 18.2±1.6%, p<0.001). AIRg, ISR, HIE, CLp, aSAT, VAT and ectopic fat 

were unchanged after exercise training. However, the control group increased body 

weight and aSAT. The increase in SI and DI were not associated with changes in body 

composition, body fat distribution or ectopic fat. 

Conclusion: Novel results from our cross-sectional analysis showed that, in obese 

black South African women, DI was positively associated with peripheral insulin 
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clearance, probably due to higher SI of peripheral tissue. Moreover, the most important 

correlate of a high DI was low VAT independent of ectopic fat accumulation in other 

sites. Further, we showed that low AIRg and high HIE correlated with a high VAT-aSAT 

ratio, while low SI was associated with high VAT. These associations require further 

exploration to determine direction of causality. Findings from our exercise intervention 

study extend on previous research by showing that moderate-to-high intensity 

combined aerobic and resistance exercise training increased SI and improved 

cardiovascular fitness, but insulin secretion, hepatic insulin clearance, ectopic and 

central fat depots did not change. Our results suggest that hyperinsulinemia may not 

occur solely as a compensatory mechanism for low SI and that ectopic and central fat 

might not be the primary correlates of insulin resistance in this cohort. Rather, intrinsic 

factors within muscle and adipose tissue may be putative mediators for observed 

improvements in the metabolic outcomes but will require further elucidation. Further 

research is required to confirm the causal role of VAT on low DI and to determine 

whether a long-term exercise training program and/or a low carbohydrate/glycemic 

index diet will reduce AIRg in those with hyperinsulinemia.  
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CHAPTER 1: LITERATURE REVIEW 

 

1.1 EPIDEMIOLOGY OF TYPE 2 DIABETES AND OBESITY – THE SOUTH 

AFRICAN CONTEXT 
 

The prevalence of type 2 diabetes (T2D) is increasing worldwide with trends in Africa 

surpassing other world regions (1). The global prevalence of T2D in adults has 

increased from 4.7% in 1980 to 8.5% in 2014 (2). Furthermore, the International 

Diabetes Federation (IDF) predicts that the number of people living with diabetes aged 

20-79 years will increase from 463 million in 2019 to 700 million in 2045 (1). Globally, 

sub-Saharan Africa has the highest projected rate of increase in T2D over the next 26 

years, increasing by 143% from 19 million in 2019 to 47 million by 2045 (1). In 

addition, T2D is a significant contributor to morbidity and mortality worldwide with T2D 

associated morbidity and mortality rates more prevalent in populations of African 

descent compared to white populations (3,4). The increased prevalence of T2D 

coincided with an increase in the global prevalence of overweight and obesity of 

27.5% for adults between 1980 and 2013 (5). In Africa, mean BMI increased in both 

men and women between 1980 and 2014, however the increase was greater in 

women (6). Regional differences were also noted with Northern and Southern African 

women having a mean BMI higher than the global average (6). The link between BMI 

and prevalence of T2D is evident with a strong positive association found in both 

sexes in 1980 and 2014 (correlation coefficient ~0.9) (6). 

The IDF estimated that in 2019 approximately 4.6 million people were living with 

diabetes in South Africa (SA), with a further 2.4 million people undiagnosed (1). 

Furthermore, black African urban populations seemed to be more affected as the 
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diabetes prevalence increased from 8% in 1990 to 12.2% in 2009 (7). Concomitantly, 

the obesity epidemic has been increasing in SA (8) and excess weight was shown to 

contribute to 86.9% of T2D cases (9). Moreover, BMI and hyperglycemia are the 

second and third most important contributors to mortality and morbidity in SA, after 

unsafe sex (6). Notably, women are disproportionately affected, with an overweight 

and obesity prevalence of 68% compared to 31% in men in 2016 (10), with SA women 

having the highest prevalence of obesity in Sub-Saharan Africa (5). Furthermore, 

within SA, black SA women (40.9%) have a higher prevalence of obesity, compared to 

white (30.6%) SA women (10). Clearly, black SA women are disproportionately 

affected by the obesity epidemic, and the increase in T2D prevalence in this 

population is concerning. Understanding the correlates of insulin sensitivity (SI), insulin 

secretion and clearance, the key components in the pathogenesis of T2D, in obese, 

black SA women are therefore of interest. 

 

1.2 PHYSIOLOGY OF INSULIN FUNCTION, SECRETION AND CLEARANCE 
 

Glucose is an essential energy source to human cells, but is toxic to tissue that is 

exposed to prolonged elevated plasma levels. Insulin, plays a key role in the regulation 

of plasma glucose levels within a narrow range by ensuring the uptake and safe storage 

of glucose within muscle (11). Processes involved in the regulation of plasma insulin 

levels such as the secretion, action and clearance of insulin are therefore integral in the 

maintaince of glucose homeostasis. 
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1.2.1 INSULIN FUNCTION 
 

Although insulin exerts its effect on many body tissues (12), this review will focus on the 

effects on muscle, liver and adipose tissue. Essentially, within the muscle, insulin 

promotes the uptake of plasma glucose and the net synthesis of glycogen. In the liver, 

insulin suppresses endogenous glucose production (EGP) and stimulates glycogen 

synthesis, while increasing lipogenesis. In the adipose tissue, insulin inhibits lipolysis 

and favours the uptake of plasma free fatty acids and the synthesis of triglycerides (TGs) 

(13). The cellular pathways that culminate in these insulin effects are initiated when 

insulin binds to its receptor. Although the downstream insulin effects may differ 

depending on the tissue, the initial insulin signalling pathway are similar between 

tissues. Firstly, autophosporylation of the insulin receptor β-subunit leads to tyrosine 

phosphorylation of the insulin receptor substrate molecule (IRS-1 or IRS-2). This sets 

off a cascade of phosphorylation events that involves activation of key cellular 

molecules such as phospatidyl-inositol-3-kinase (PI3K), protein kinase 1 (PDK1), Akt1/2 

and protein kinase C (PKC), amongst others. Akt activates AS160 and promotes the 

translocation of glucose transporter containing vesicles to the cell membrane. Akt also 

stimulates glycogen synthase which induces glycogenesis (14). Suppression of EGP in 

the liver is mediated by Akt, which inactivates the forkhead transcription factor (FOXO1), 

an important regulator of gluconeogenic genes. Moreover, insulin activates the sterol-

regulatory-element-binding protein-1c (SREBP1c), which promotes transcription of 

lipogenic genes and promotes de novo lipogenesis (DNL) (13). Further, the uptake of 

free fatty acids into the tissue is initiated by insulin stimulating the expression of 

lipoprotein lipase (LPL), an important enzyme involved in the the hydrolysis of plasma 
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TGs (15). Further, insulin inhibits hormone sensitive lipase (HSL), the rate-limiting 

enzyme involved in lipolysis (13) and thus promotes storage of TGs. 

1.2.2 INSULIN SECRETION 
 

The pancreas is a retroperitoneal organ that has both exocrine and endocrine functions. 

The islets of Langerhans, dispersed amongst the exocrine cells, contribute ~4.5% to the 

overall pancreatic volume (16). Insulin is synthesized, processed, packaged and 

secreted from the β-cells, which is the most abundant cell within the islets (16). This 

thesis will now provide a summary of the processes involved in insulin secretion, which 

has been published before in a detailed review by Tokarz et al. (17).  

The synthesis of insulin involves transcription and then translation into pre-proinsulin 

peptide by the ribosomes on the endoplasmic reticulum. The endoplasmic reticulum is 

also where the peptide is cleaved into pro-insulin and folded. After pro-insulin has been 

stabilized into a 3D-form it is transported to the Golgi-apparatus where it is packaged 

into secretory vesicles. Inside the vesicles, pro-insulin is cleaved into insulin and C-

peptide. Insulin secretion occurs from two different pools. The first phase insulin 

secretion reflects readily available insulin already present in storage vesicles within the 

β-cells, whereas the second phase insulin secretion reflects newly synthesized insulin. 

Insulin secretion is triggered by various stimuli of which glucose is the main stimulus. 

The cascade of events starts with glucose entering the β-cells through glucose 

transporter (GLUT1) where it is immediately phosphorylated to glucose-6-phosphate by 

glucose kinase. This reaction produces ATP which gives rise to an increase in the 

ATP:ADP ratio within the cell and results in the closure of the K+-ATP dependent 

channel. Depolarization follows and the Ca2+ gated channels open. An influx of Ca2+ 

into the cell triggers the release of insulin and C-peptide in equimolar quantities via 
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exocytosis. This K+-ATP dependent pathway is not the sole pathway responsible for β-

cell insulin secretion. Other factors that influence β-cell insulin secretion are free fatty 

acids, amino acids, neuronal factors (cholinergic stimulation increases insulin secretion 

and adrenergic stimulation via catecholamines reduces insulin secretion), hormonal 

factors (somatostatin inhibits insulin secretion, while incretins derived from the gut 

stimulate insulin secretion), and adipokines (leptin can increase insulin secretion) (17).  

1.2.3 INSULIN CLEARANCE 
 

The liver is the main organ involved in insulin clearance and clears approximately 50-

70% of insulin during first pass through the liver (18). Insulin is also cleared by peripheral 

tissue such as the kidneys, muscle and adipose tissue, amongst others. However, the 

kidneys are the most important site, clearing over 80% of extrasplanchnic insulin (19), 

followed by the muscle (20). After binding of insulin to its receptor, CEACAM1, a 

transmembrane protein, is activated by phosphorylation and subsequently initiates the 

internalization of the insulin-receptor complex by endocytosis (17). Inside the endosome 

the insulin degrading enzyme (IDE) degrades insulin bound to its receptor into smaller 

particles. Next, these smaller particles are delivered to lysosomes where further 

degradation occurs via proteolysis, after which the insulin receptor is recycled back to 

the cell membrane (17).  

 

1.3 OVERVIEW OF THE PATHOGENESIS OF TYPE 2 DIABETES 
 

Our understanding of the pathophysiology of T2D has certainly improved since the 19th 

century when Claude Bernhard identified the role of the liver in gluconeogenesis and 

Joseph von Mering and Oscar Minkowski first discovered the central role of the 
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pancreas in the development of diabetes (21). Further, the advancement of molecular 

science and the conduct of longitudinal studies in populations at risk aided our 

understanding of the causal factors involved in the development of T2D, which are 

multifactorial. T2D is characterized by high fasting glucose or impaired glucose 

tolerance (IGT) and involves two key factors, a reduced sensitivity of tissue to insulin 

(insulin resistance) and pancreatic β-cell dysfunction (22).  

Insulin resistance occurs when a normal amount of insulin produces a subnormal 

biological response (23). However, the effects can differ by organ. Insulin resistance in 

the muscle is characterized by the reduced uptake of glucose and glycogenesis (24). 

Hepatic insulin resistance involves reduced suppression of EGP, however the effect of 

insulin on DNL remains intact (25). Adipose tissue insulin resistance is defined by 

reduced suppression of lipolysis by insulin, resulting in elevated levels of plasma free 

fatty acids, which may be redistributed to ectopic sites (26). Considerable strides have 

been made to unravel the molecular mechanisms involved in reduced insulin action with 

defects both at the receptor level and in the insulin signalling pathway being implicated 

(13). An increase in BMI parallels the presence of insulin resistance and different 

theories (lipotoxicicity, inflammation, adipokines) have emerged to explain excess 

accumulation of fat as a cause of insulin resistance (27–29). However, these 

mechanisms may not act in isolation. Therefore a paradigm that considers the 

interconnectedness of these various theories, together with intrinsic cellular 

mechanisms such as mitochondrial dysfunction, endoplasmic reticulum and oxidative 

stress (30) may all contribute towards the underlying pathogenesis of insulin resistance. 

That being said, such a paradigm is complex and to investigate all these components 

at once is not always feasible. Nevertheless, the adipose tissue expandibility hypothesis 

suggests a finite ability of adipocytes to store fat (31). This may explain insulin 
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resistance in the midst of obesity by taking the differential association between regional 

fat depots and SI into account while providing a reason for ectopic fat accumulation and 

its role in hepatic and peripheral insulin resistance (32).  

The ability of the pancreatic islet β-cells to secrete insulin is critical in delaying the onset 

of T2D. Even when insulin resistance is present, the pancreatic β-cells and the liver 

regulate insulin secretion and clearance, respectively, to ensure higher plasma levels 

of insulin to maintain normoglycemia (33). Notably, a failure to ensure an adequate 

insulin response for the level of SI, will result in deterioration of glucose tolerance and 

progression towards T2D (22). Indeed, longitudinal studies in Pima Indians, whom have 

a high risk for T2D (34), have illuminated the key role of insulin secretory dysfunction, 

together with low SI in the progression to T2D (35,36). Subsequently, another study in 

Pima Indians evaluated whether the contribution of insulin response and SI to the 

progression of T2D differed depending on the severity of IGT (36). They demonstrated 

that during the progression from normal glucose tolerance to IGT and from IGT to T2D, 

both a low insulin response and low SI were additive predictors in the progression of 

worsening glucose tolerance. Further, the role of insulin response in the progression of 

T2D was found to be similar across different ethnicities (African Americans, Hispanics 

and non-Hispanic Whites) (37). This longitudinal study reported that while a reduction 

was found in SI, regardless of the glucose tolerant status at follow-up, the direction and 

magnitude of change in the insulin response determined the glucose tolerance status 

after a follow-up of 5.2 years (37). Further, the insulin response is dependent on both 

insulin secretion and clearance. Based on a longitudinal study in healthy African 

American offsprings of T2D patients, it appears that the deterioration in insulin secretion 

contributes more to the reduced insulin response and subsequently increased risk for 

T2D compared to the reduction in hepatic insulin clearance (38). While the course of 
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T2D may be similar across ethnicities, the underlying mechanisms of low SI and the 

ability to increase the acute insulin response may still differ amongst ethnic groups.  

 

1.4 ETHNIC DIFFERENCES IN INSULIN SENSITIVITY  
 

Lower SI is frequently found in black Africans compared to white populations. Indeed, 

South African ethnic-comparison studies (Table 1.1) showed that obese pre-

menopausal black women had lower SI compared to white women without T2D, 

measured using a frequently sampled intravenous glucose tolerance test (FSIGT) (39), 

and a hyperinsulinemic-euglycemic clamp (HIEG) (40). This finding was also apparent 

in normal-weight women (39,41). Nevertheless, two South African studies using the 

HIEG (42) and the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) 

index (43) found no differences in SI between white and black women that were also 

obese, pre-menopausal and without T2D. Whether differences in quantifying SI (fasting 

vs stimulated or steady state vs dynamic conditions) or whether adjusting for the fat 

mass index (42,43) or not (39,40) may account for these discrepant findings are not 

clear.  

Further afield, ethnic-comparison studies conducted in the United States of America 

(USA) and the United Kingdom (UK) included participants over a wider age range 

(children to post-menopausal women), and level of glucose tolerance (Table 1.2). 

Amongst those without T2D, a lower SI was found in African American adults compared 

to their age and BMI matched white counterparts. This finding was apparent regardless 

of BMI (44–47) or age (45,48–50). However, amongst those with T2D, no significant 

ethnic differences in SI have been reported (51–53). In children, the influence of 
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lifestyle/environmental factors on SI are minimized and therefore observed differences 

could be attributed to genetics or epigenetics. Notably, some studies showed that black 

African American children had lower SI compared to white children even prior to the 

onset of obesity (45,54–56) (Table 1.3), while other studies in both children and adults 

found no ethnic difference in SI (42,43,49,53,57–62). Again, methodological differences 

in quantifying SI may contribute towards these heterogenous findings. A lower SI found 

in black South African and African American populations without T2D might reflect 

differences in the underlying pathogenesis of T2D compared to white populations, but 

when T2D develops these differences are no longer apparent. We therefore need to 

explore the correlates of low SI in black African populations and whether a greater 

sensitivity to these correlates exist.  

1.5 ETHNIC DIFFERENCES IN HYPERINSULINAEMIA 

 

Ethnic differences have been observed in the insulin response to glucose, with 

hyperinsulinemia frequently found in black African populations (39,44–49,52,54,61). 

Tables 1.1, 1.2 and 1.3 summarizes ethnic differences in stimulated plasma insulin 

levels.  

Earlier studies emanating from South Africa, reported that compared to white adults, 

black men (63) and women (64) had a decrease in stimulated insulin response after an 

oral glucose challenge and lower C-peptide levels during the euglycemic period of a 

HIEG (40). However, these studies are conflicted with small sample sizes and one study 

used lean men that were manual labourers (63) and therefore external validity might be 

compromised. A study conducted in pre-menopausal women over a range of BMI found 

that black SA women had a greater acute insulin response to an intravenous glucose 
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load (AIRg) compared to their white counterparts (39). These findings were replicated 

in studies in African Americans. In fact, a meta-analysis that included 74 cohorts of 

which 19 included black African cohorts, including 1 South African cohort, found a 

greater AIRg in black African, compared to white and Asian individuals (997 ±36.2 vs 

396 ±7.5 vs 265 ±13.7 pmol/L, respectively), but this was restricted to normal weight 

individuals with normal glucose tolerance (52). However, a more recent report 

corroborated these results in overweight/obese women over a range of glucose 

tolerance, but no T2D (49). Chung et al, reported that compared to their white 

counteparts, pre- and post-menopausal African American women had an elevated 

insulin response to oral and intravenous glucose stimulation, as well as to a mixed meal 

test, which represents more physiological conditions. These findings have also been 

confirmed in healthy, normal weight children, with African children demonstrating an 

elevated AIRg compared to other ethnicities (45,56,58). The reason for this ethnic 

disparity in stimulated insulin response needs to be further explored. 

 

1.6 REASONS FOR HYPERINSULINEMIA IN BLACK AFRICAN POPULATIONS 

1.6.1 LOW INSULIN SENSITIVITY 

Majority of the studies that showed an elevation in stimulated insulin response in black 

African adults also reported a reduced SI (39,45–48,52,54). Based on the hyperbolic 

relationship between AIRg and SI, a negative feedback loop dictates that a change in 

one variable results in a reciprocal and proportional change in the other variable, to 

ensure euglycemia. Indeed, in those with normal glucose tolerance, an elevation in AIRg 

could be explained by a reduced SI (48). Haffner et al. suggested that a reduced SI, 
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independent of age, sex, BMI, waist-to hip ratio, physical activity and diet, could explain 

the higher fasting and early phase insulin response, in black Africans, as a 

compensatory mechanism to maintain euglycemia (48). However, it is also possible that 

hyperinsulinemia may precede the low SI found in black African populations.  

1.6.2 LOW INSULIN CLEARANCE  

Plasma insulin levels reflect the balance between insulin secretion and insulin 

clearance. Further, different methods, which will be discussed in detail in the method 

development chapter, are used to quantify insulin clearance. Some studies do not 

distinguish between hepatic and peripheral insulin clearance and reports the total insulin 

clearance, while others distinguish between hepatic and peripheral insulin clearance. 

Studies that evaluated insulin clearance in black African adults, using different 

methodologies, demonstrated a reduced clearance compared to white populations 

(Table 1.2) (44,49,50,59), with similar findings observed in children (56,58,65). While 

some studies only reported a reduced insulin clearance as the main contributor to a 

high insulin response (44,66), others showed that both reduced insulin clearance and 

high insulin secretion were contributors to hyperinsulinaemia (49,56). Further, a 

longitudinal study in dogs emphasized that both these factors are important to maintain 

high insulin responses but they do not occur simultaneously (67). Dogs were fed a high 

fat diet over 12 weeks and as SI deteriorated over the first 6 weeks, insulin secretion 

increased by 60%. However, from week 6 to 12, eventhough SI did not deteriorate 

further, the high level of insulin secretion could not be sustained. Rather, plasma insulin 

levels remained stable due to a reduction in hepatic insulin extraction. This suggests 

that a reduction in hepatic insulin extraction is a mechanism to alleviate the burden on 

the pancreatic β-cells, and may therefore protect against the development of T2D. On 

the contrary, a longitudinal study in African Americans and Hispanics found that a 
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reduced insulin clearance predicted the onset of T2D, independent from insulin 

secretion, adiposity, lifestyle factors and high-density lipoprotein cholesterol (68). This 

paradox allows us to speculate whether a reduced insulin clearance observed in black 

African populations may only provide temporary respite for the β-cells and that the 

hyperinsulinemia that ensues may be the factor that escalates the development of T2D.  

Nonetheless, the reasons for low hepatic insulin clearance in black African populations 

needs to be considered. Notably, a lower hepatic insulin clearance is present in African 

American children, compared to white children, even before the onset of obesity (58), 

perhaps indicating a genetic component. Hepatic fat has been shown to be a major 

correlate of low hepatic insulin clearance in studies conducted in white adults, without 

T2D (69,70), but the role in black African populations has not been well-studied. This is 

particularly relevant given that black Africans typically present with lower hepatic fat 

compared to their white counterparts (49,53). The two studies that examined the 

association between hepatic fat and hepatic insulin clearance in black African 

populations produced conflicting results, probably due to differences in study 

populations and methods of assessment. The first study conducted in African American 

women without T2D, found no association between hepatic fat and basal hepatic insulin 

extraction during a mixed meal tolerance test (49). In contrast, a UK study conducted in 

black men of West African descent with T2D found a trend for an association between 

hepatic fat and insulin clearance, determined in response to a hyperglycemic clamp 

(53). Although based on limited data, one may hypothesise that hepatic fat might not be 

an important factor in the low insulin clearance observed in black African adults without 

T2D. Further studies are required to confirm this hypothesis.  

Another factor to consider is the contribution of peripheral insulin clearance to 

hyperinsulinemia. The few ethnic comparison studies that measured peripheral insulin 
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clearance found no difference between African Americans and their white or Hispanic 

counterparts (58,59). Nevertheless, the proportion of total insulin cleared peripherally 

was greater in African American women compared to white women (59). Moreover, in 

black African men, peripheral insulin clearance was associated with glucose tolerance 

status, such that those with IGT had reduced peripheral insulin clearance compared to 

those with normal glucose tolerance (71). Based on these findings, the role of peripheral 

insulin clearance in the pathogenesis of T2D is of interest but it is a component that has 

been largely understudied. Further, although it has been shown that peripheral insulin 

clearance is associated with higher SI in black African men (71), the association with 

AIRg is not clear and also no previous studies have evaluated the relationship with β-

cell function.  

1.6.3 HIGH INSULIN SECRETION  

Black African premenopausal women without T2D, have both a greater first phase β-

cell sensitivity and insulin secretion rate (ISR) compared to white populations, but no 

ethnic differences are found in the second phase response (49,54). This indicates that 

in black African populations, the pancreatic β-cell might have a greater capacity to store 

insulin compared to white populations. Moreover, some studies have demonstrated that 

the high stimulated insulin response found in black African populations is excessive for 

the level of SI (47,56). The reasons for this are not clear. Whether, the unique phenotype 

found in black African women of less VAT and ectopic fat deposition and more 

peripheral fat may explain this high insulin secretory capacity has not been fully 

elucidated.  
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1.7 IMPORTANCE OF HYPERINSULINEMIA  
 

Hyperinsulinemia, referring to an elevated insulin response due to elevated insulin 

secretion and/or reduced insulin clearance, may compensate for the low SI observed in 

black African populations, however, it could also precede low SI. Moreover, because 

obesity can be associated with both hyperinsulinemia (72) and reduced SI (30,73), it 

may confound these associations. In addition, lifestyle factors may also influence these 

two factors; accordingly, the study of children provides a good model to evaluate 

whether hyperinsulinemia precedes low SI, independent of obesity and other lifestyle 

factors. Compared to white children, normal-weight black African children demonstrated 

a high AIRg and first phase insulin secretion, despite similar SI (58). A similar finding 

was reported in older children, however obesity was already present (57). Accordingly, 

these findings suggest that hyperinsulinemia may be the primary event that may cause 

low SI in black African children.  

Indeed, an in-vitro study showed that insulin receptors in isolated cells develop 

diminished autophosphorylation, secondary to hyperinsulinemia (74). Furthermore, 

hyperinsulinemia may also induce obesity. Insulin is an anabolic hormone that 

stimulates the uptake of free fatty acids and glucose into adipose tissue depots to 

stimulate TGs synthesis and DNL, respectively (12). During DNL, insulin stimulates 

acetyl-CoA carboxylase to convert acetyl CoA to malonyl CoA. Further, during TG 

synthesis, insulin activates diacylglycerol transferase, the enzyme responsible for 

conversion of diacylglycerol to TGs. Additionally, insulin inhibits lipolysis through 

inactivation of hormone sensitive lipase, and inhibits fatty acid oxidation, which together 

promote TG storage (12) . Indeed, in mice models, knockout of insulin receptors in white 

and brown adipose tissue subsequently protected the mice from age and diet-induced 
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obesity (75). Further, in a longitudinal study (follow-up of a mean of 16.7 years) of 

normal glucose tolerant adults, hyperinsulinemia, high AIRg, defined by a FSIGT, was 

a risk factor for long term weight gain, especially in insulin sensitive individuals (76). 

Similarly in Pima Indian children that were followed up for a mean of 9.3 years, fasting 

hyperinsulinemia predicted weight gain independent of other factors known to influence 

weight gain (72). Based on this evidence it is plausible to hypothesize that in black 

African individuals, hyperinsulinemia may precede both obesity and low SI. Further 

support for this hypothesis is found from interventional studies that suppressed insulin 

secretion using insulin secretion inhibitors, such as octreotide, for 20 weeks in morbidly 

obese adults, without T2D (77). Lower plasma insulin concentrations were associated 

with a concomitant weight loss. Taken together, I hypothesise that in black African 

populations, hyperinsulinemia may be the primary event that increases the propensity 

for obesity and lowered SI, which then exacerbates hyperinsulinemia further through the 

hyperbolic relationship (Figure 1.1).  

 

SI – Insulin sensitivity, DI – Dispsosition index, HIE, Hepatic insulin extraction, ISR -Insulin secretion rate  

Figure 1.1: Proposed relationships between hyperinsulinemia, insulin sensitivity and 

obesity in Black African populations 
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Table 1.1: South African studies: Exploring differences in insulin sensitivity and response in black and white adults 

Study 
 

Health 
Status 

Sample size, 
(sex) 

Participant 
characteristics  
Age (y) BMI (kg/m2) 

Tests/ Variables 
measured 

SI Insulin response/  
Insulin secretion 

HIE β-cell 
function  

Goedecke, 2009 
(39) 
 

Non-T2D NW: 
B: 13 (F),  
W: 14 (F) 
OB: 
B: 16 (F) 
W: 14 (F) 

NW: 
B:24±2; 23.4±1.0 
W:26±2; 22.3±0.9 
OB 
B: 28±1; 38±0.9 
W: 31±2; 35±0.9 

FSIGT: 
SI x10-5  
(min-1/(pmol/l) 
AIRg – pmol 
DI - x10-5 
OGTT: 
Ins/Glc0-30min 
 

NW: B<W 
B: 2.65±0.44 
W:6.07±0.47 
OB: B<W 
B: 1.89±0.45 
W: 3.78±0.61 

AIRg 
NW: B>W 
B: 171.3 ±42.5 
W: 58.6±41.0 
OB: B>W 
B:328.0 ±38.2 
W: 78.2 ±41.0 
Ins/Glc0-30 
OB: B>W 
B: 507 ±65  
W: 248 ±65 
fIns (OB) B>W 
B: 90.6 ±7.2 
W: 52.5 ±7.7 

ND FSIGT -DI: 
NW: B=W 
OB: B=W 
 

Goedecke, 2015 
(42) 

Non-T2D B:15 (F) 
W:15 (F) 

OB: 
B: 36±5; 
37.9±5.1 
W: 36±4; 
35.2±3.5 

2-step HIEG 
OGTT 
Periph SI -M/I 
Hep SI-
%suppression EGP 

Periph SI – low 
dose 
B=W 
Periph SI – high 
dose 
B=W 
Hep SI: 
B>W  
B: 56, W: 17 

fIns 
B>W 
B:90.7±39.1 
W:64.4±15.4 

ND ND 
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Keswell, 2016 
(43) 

Non-T2D B: 288 (F) 
W:197 (F) 

B:22(22-23); 
31.7(19.4-44.3) 
W:32(24-39); 26.6 
(22.4-33.2) 

HOMA-IR B=W 
(Adjusted age, 
FMI) 

fIns: 
B=W 
(Adjusted age, FM)I 

ND ND 

Rubenstein, 
1969 (63) 

Non-T2D B: 7 (M) 
W:8 (M) 

B: 30±6; 21.5 
W:27±7; 23.2 
 

OGTT:  
Ins: µU/ml 
Ins AUC: µU/min 
IUCL: (ml/min) 

Glc AUC: 
B=W 
 

30min Ins:  
B<W 
B:61 W:115 
Ins AUC: 
B<W 
B: 7980, W:11100 
IUCL: B<W 
B:0.22±0.06 
W:0.34±0.09 
fIns: 
B=W  

ND ND 

Shires, 1985 (64) Non-T2D B: 10 (F) 
W: 8 (F) 

OB OGTT( tolbutamide 
and glucagon) 
HIE: Cpep AUC/Ins 
AUC 

ND Ins: B<W 
C-pep: B<W 
 

B=W 
 

ND 

Van der Merwe, 
2000 (40) 

Non-T2D B:10 (F) 
W: 10 (F) 

OB: 
B:34.8±0.8; 36±0.3 
W:34.3±0.8; 
34.4±0.3 
 

HIEG: 
Periph SI 
M/I - mmol/kg.min-

1/pmol/l x100 

Periph SI: 
B<W 
B: 0.12±0.01 
W: 0.24±0.02 

2h Ins: 
B=W 
fIns: B<W 
B: 87±12 
W:155±9 
 

ND ND 

Summary measures expressed as mean±Standard deviation, T2D – Type 2 Diabetes, B - Black, W - White, F – Female, M – Male, NW – normal weight, OB – Obese, BMI – body 
mass index, FSIGT – Frequently sampled intravenous glucose tolerance test, HIEG – hyperinsulinemic euglycemic clamp, OGTT – Oral glucose tolerance test, IV – Intravenous, 
HOMA-IR – Homeostatic Model Assessment of Insulin Resistance, SI, insulin sensitivity, AIRg – acute insulin response to glucose, EGP – Endogenous glucose production, fIns – 
Fasting insulin, M – glucose disposal rate,  AUC – Area-under-curve, Ins – insulin concentration, Glc – Glucose, C-pep – C-peptide concentration, HIE – hepatic insulin extraction, 
IUCL – Insulin urinary clearance, ND – Not done; FMI – Fat mass index 
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Table 1.2: USA and UK studies: Exploring differences in insulin sensitivity and response in black and white adults 

Study 
 

Health 
Status 

Sample size, 
(sex) 

Participant characteristics  
Age (y); BMI (kg/m2) 

Tests/ Variables 
measured 

SI Insulin response 
 

Insulin 
clearance 

SI/Insulin 
response 

Chandler-
Laney, 
2010 (54)  

Non-
T2D 
 

B: 25 (F), 
W: 32 (F) 

Pre-Menopausal 
B:25±3;%BF 36 ±11 
W:26±3; %BF 37 ±9 

FSIGT 
SI  
Β-cell sensitivityglc  (Φ)  
DI = SI X Φtot 

SI  
B<W 
B: 3.5±3.6 
W:4.9±2.7 
 

1st Phase φ 
B>W 
B: 345±202 
W: 213±111 
2nd Phase φ 
B=W 
B: 10.0±5.4 
W:11.5±4.5 

ND DI: 
B=W 
 

Chandler-
Laney, 
2010 (54) 

Non-
T2D 
 

B: 18 (F), 
W: 31 (F) 

Post-Menopausal 
B:55.5±6.3, W:44.6±7.3 
W:55.7±4.2; 38.3±8.7 

SI  
B<W 
B: 2.81±2.02 
W:5.79±5.30 

1st Phase φ 
B>W 
B: 241±103 
W: 203±134 
2nd Phase φ 
B=W 
B:11.4±5.4 
W: 11.0±4.6 

ND DI: 
B=W 
 

Chow, 
2011 (47) 

Non-
T2D 
 

B: 17 (F) 
W:17 (F) 

36±10; 30.0±6.7 
 

FSIGT 
SI  
AIRg  

 
 

SI: 
B<W 
B:3.7±1.6 
W: 5.23±2.7 
 

AIRg 
B>W 
B: 642±379 
W:263±206 
fIns: 
B=W 
 

ND DI: 
B>W 
B:2203±1442 
W: 1108±660 
AIRg higher at 
every level of SI 

Chung, 
2018 (49) 

Non-
T2D 
(NGT/IG
T) 

Pre-
Menopausal: 
B: 52 (F),  
W: 35 (F) 
Post-
Menopausal: 
B: 19 (F),  

Pre-Menopausal: 
B:39±7; 30.7±6.0 
W: 38±7; 29.9±5.0 
Post-Menopausal: 
B: 53±4; 30.1±4.6 
W: 57±4; 27.7±4.4 
 

OGTT: IGI 
FSIGT: 
SI  
AIRg  

HIE: (Polidori2016) 
ISR 
MMT:  

SI:  
Pre-
Menopausal: 
B=W 
B:2.3 (1.6-3.2) 
W:2.8 (1.8-4.4) 
p=0.06 (trend) 

AIRg/IGI/MMT: 
Both groups 
B >W  
1st Phase φ 
Both groups B>W 
2nd Phase φ 

Basal/ Total 
HIE: 
Whole 
cohort 
B<W  
(11%/9% 
lower) 

DI: 
Pre-Menopausal: 
B>W 
B:1867 
W:1481 
Post-Menopausal: 
B=W 
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W: 13 (F) Ins AUC/Glc AUC0-30 
HIE: Cpep AUC/Ins 
AUC0-30 
ISR 
ß-cell sensitivityglc 
 

Post-
Menopausal: 
B<W 
B:2.4(1.7-3.0) 
W:4.5(2.4-3.0) 

Pre-Menopausal: not 
B=W 
Post-Menopausal: 
B>W 
1st Phase ISR: 
Both groups B>W 

MMT -IC: 
Whole 
cohort 
B<W  
(20% lower) 

 

Ellis, 2013 
(46) 

Non-
T2D 
 

B: 23 (F), 
W: 30 (F) 

B:24.3±4.1; 26.6±5.8 
W:26.0±3.5; 25.2±4.3 

FSIGT (glc tracers) 
Perip SI, Hep SI  
AIRg 

Perip SI: 
B<W 
B: 7.46±3.8 
W: 10.5±4.5 
Hep SI: 
B<W 
B: 3.42±1.34 
W: 4.46±1.71 
 

AIRg 
B>W 
B: 1178.0±799.8 
W: 481.5±384.3 
(adj %Fat) 
fIns: 
B>W 
B: 12.2 ±4.3 
W:10.3±4.6 

ND ND§ 
DI: 
B=W 
B: 8788 
W:5056 

Goree, 
2010 (45) 

Non-
T2D 
 
 
 

B: 27 (F) 
W:33 (F) 
 

Pre-menopausal: 
B: 24.8±3.3; 27.6±6.2 
W: 25.7±3.5; 26.1±6.0 
 

FSIGT 
SI  
AIRg  
 
 

SI 

B<W 
B: 3.63±3.6 
W:4.7±2.7 
 
 

AIRg 
B>W 
B: 1089±713 
W:493±375 
fIns: 
B>W 
B: 11.9±3.7 
W: 10.6±4.6 

ND DI 
B>W 
B:3051±1883 
W:2015±1340 
 

Goree, 
2010 (45) 

Non-
T2D 
 
 

B: 15 (F) 
W: 31 (F) 
 

Post-menopausal: 
B:56.6±5.1; 30.5±5.5 
W:55.7±4.2; 26.2±5.1 
 

FSIGT 
SI  
AIRg  
 

SI 

B<W 
B:3.3±2. 
W:5.0±3.8 
 

AIRg 
B>W 
B: 933±536 
W:443±341 
(AIRg adj for SI) 
fIns: B=W 
B: 12.6±4.9 
W:12.2±7.2 

ND DI 
B>W 
B:2573±4253 
W:1768±1716 
 

Haffner, 
1996 (78) 

Non-
T2D 
(NGT/IG
T) 

B:122 (M), 
166 (F) 
W:115 (M), 
114 (F) 

 

By center 
LA: 
B: 54.2±0.7; 29.2±0  
W: 54.7±0.8; 27.9±0.6 
OL: 

FSIGT 
SI  
AIR–pmol.ml-1. min-1 

fIns – pmol/L 

SI: 
B<W 
B:1.31±0.13 
W:1.69±0.19 
 

AIR 
B>W 
B:358±19 
W:217±22 

ND ND 



41 
 

B: 54.6±0.7;29.5±0.5 
W: 56.1±0.7; 27.4±0.5 

 (adj for age, sex, clinic, 
BMI, WHR, PA, diet) 
2h-Ins: 
B>W 
B:45.1±28.8 
W:35.2±25.0 
fIns: 
B>W 
B:81.6±3.2 
W:65.4±2.9 

Hakim, 
2019 (53) 

T2D B: 18, (M) 
W: 19 (M) 

B:54.9 ±9.3; 29.8±3.5 
W:58.5±6.3; 31.5 * 

2-step HIEG  - glc tracers 
Periph SI (M) 
Hep SI: % suppression 
EGP 

Periph SI: B=W 
Hep SI: B=W 
 

ND IC: B=W 
 

ND 

Ingram, 
2010 (60) 

Non-
T2D 

B: 14 (M), 29 
(F) 
W:14 (M),29 
(F) 

B:37.6±10, 31.8±5.2*  
W:39±11, 29.3±5.8 

HIEG 
 
 

Periph SI 
B=W 
 

ND ND ND 

Kodoma, 
2013 (52) 

Non-
T2D, 
T2D 
 

NGT: 
B: 688 
W: 2177 
A: 205 
IGT: 
B: 68 
W: 224 
A: 196 
T2D 
B: 45 
W: 53 
A: 157 
(M+F but split  
not reported) 

NGT (excluded OB & GDM, 
Fam Hx T2D) 
B: 25.9 ±3.6; 24.7±1.0 
W:31.2±2.7; 24.6±0.7 
A:32.6±2.9; 21.5±0.4 
IGT 
B: 48±4.6; 35.6±3.5 
W: 55.4±2.3;29.8±0.8 
A: 43.7±3.6; 25.2±1.3 
T2D 
B:49.4±4.5; 34±2.3 
W:57.8±4.9; 35.1±5.8 
A:47.6±2.9; 24.9±1.6 

FSIGT 
SI 
x10-5min1/(pmol/L) 
AIRg – pmol/L  

SI: 
NGT: B<W/A 
B: 4.4±0.1  
W:7.1±0.1 
A:11.9±0.5 
IGT: B<A 
B:2.1±0.2 
W: 3.0±0.1 
A:3.6±0.2 
T2D: B=W<A 
B:0.76±0.11 
W: 0.73±0.12 
A: 2.6±0.20 

AIRg 
NGT: B>W/A 
B: 997±36.2 
W:396±7.5 
A:265±0.13.7 
IGT: B=W/A 
B:365±35 
W: 285±21.4 
A:270±17.4 
T2D: B=W>A 
B:120±19.9 
W: 120±21.3 
A: 36±5.5 

ND DI ND§ 
NGT: B=W=A 
IGT: B=W=A 
T2D: B=W=A 
 

Lingvay, 
2014 (51) 

Non-
T2D, 
T2D 
 

B: 16 (F) 
W:26 (F) 
H:26 (F) 

NW Non-T2D: 
B: 35±10; 24.2±0.7 
W/H: 37±4; 21.1±0.8 
OB Non-T2D: 
B:39; 37.5±2.5 

FSIGT 
SI  
AIRg  
DI 

NW Non-T2D: 
B=W/H 
B: 4.2±0.4 
W/H: 8.3±1.1 
OB Non-T2D: 

AIRg: 
NW Non-T2D: 
B=W 
B: 161 
W/H:204 

ND DI: 
NW Non-T2D: 
B=W 
B:652±249 
W/H:1312±265 
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W/H: 42.2; 33.5±2.5 
T2D: 
B:43±5; 38.8±2.3 
W/H:53±2; 34.4±1.1 

B<W/H 
B: 1.9±0.4 
W/H: 3.3±0.3 
T2D:  
B=W/H  
B: 1.2±0.3 
W/H:1.9±0.6 

OB Non-2D: 
B>W 
B:1353 
W/H:367 
T2D 
B=W 
B:613 
W/H:98 

OB Non-T2D: 
B>W 
B: 2057±367 
W/H: 1088±116 
T2D: 
B=W 
B: 321±134 
W/H: 125±55 

Osei, 1994 
(44) 

Non-
T2D 
 

B:14 (M), 18 
(F) 
W:15(M),15 
(F) 

BF:27.8±3.3; 24.2±0.9 
WF: 27.9±1.9; 23.4±0.5 

FSIGT-Tolbutamide 
SI: 
OGTT 
HIE: Cpep AUC/Ins AUC 

SI: 
B<W 
B:4.53±0.46 
W:7.17±0.88 

fIns 
B>W 
BF:7.68±0.8 
WF:5.88±0.59 
fC-pep 
B=W 

Basal HIE: 
B<W 
B: 6.98±0.5 
W:10.4±1.3 
Postprandial 
HIE: 
B<W 
B: 4.33±0.53 
W:7.81±0.83 

ND 

Osei, 1997 
(66) 

Non-
T2D 
 

AA:16 (M), 
50 (F) 
GI:20 (M), 11 
(F) 
NG:22 (M), 
28 (F) 
W:14 (M), 25 
(F) 

3 black African groups: AA, 
GI, NG vs W 
AA: 33.3±0.9; 28.3±0.9 
GI: 37.2±1.6; 29.3±0.7 
NG: 34.1±1.0; 29.5±2.2 
W:28.7±1.0; 28.3±1.3 
 

OGTT: 
AUC 
HIE: Cpep AUC/Ins AUC 
 
 

ND Mean Ins AUC:  
NG/GI/AA>W 
(No difference btw B 
groups) 
Mean Cpep AUC: 
NG=GI=AA=W 
fIns: 
NG>GI/AA/W 
21.2*/8.2/11.9/7 
fC-pep: 
NG=GI=AA=W 

Basal HIE: 
NG/GI/AA<
W* 
4.5/6.6/6.43  
vs 9.54 
Postprandial 
HIE: 
52/21/36% 
< W* 

ND 

Piccinini, 
2017 (59) 

Non-
T2D 

B: 18 (F) 
W: 29 (F) 

B: 25 ±4; 27 ±6 
W: 26 ±4; 25 ±4 

FSIGT 
SI  
AIRg 
ISR 
HIE (Polidori, 2016) 
CLp (Polidori, 2016) 
 

SI: 
B=W 
B: 4±4 
W:5±3 
 

AIRg 
B: 1158 ±755 
W: 492±386 
(significance  
not reported) 
Ins AUC 0-20min 

B>W 
B: 215±134 
W:102 ±72 

HIE 
B<W 
B:17±15 %  
W: 44±21% 
 
CLp 
B=W 
 
 

ND§ 
B: 4632 
W: 2460 
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Ins AUC20-60min 

B=W 
FIns 
B=W 

Ryan, 
2002 (50) 

Non-
T2D 

B: 9 (F) 
W: 26 (F) 

B:55±2; 35±1.1 
W:60±1; 32±0.9 
 

HIEG: 
 

M: 
B<W 
B:35.6±3.8 
W:56.9±3.2 
M/I: 
B<W 
B: 0.07±0.010 
W:0.12±0.008 

ND MCR: B<W 
B:432±29 
W:512±11 

ND 

Smith, 
2010 (61) 

Non-
T2D 

B: 34 (F) 
W: 83 (F) 

B: 39±1.9, 31.4±0.8; 
W:44±0.9, 32.0 ±0.5 

FSIGT 
SI  
AIRg   

SI: 
B=W 
 

AIRg: 
B>W 
B:567±75 
W:422±36 

ND ND§ 
B:1633 
W:1194 

Summary measures expressed as mean±standard deviation or median (interquartile range), T2D – Type 2 Diabetes, B: Black Africans living in USA, UK, unless otherwise 
specified such as in Osei1997: AA – African Americans, GI – Ghanaian immigrants, NG- Native Ghanaians; H – Hispanics, A – Asians, W – White, M – Male, F-Females, BMI – 
body mass index,  %BF – percent body fat, SI – Insulin sensitivity in x10-4 min-1/µU/mL, unless otherwise specified, AIRg – Acute insulin response to glucose in mU/L-1.min-1 , 
unless otherwise specified, IGI – Insulinogenic Index,  AUC – Area-under-curve, fIns – fasting insulin in µU/mL, unless otherwise specified, fC-pep – Fasting C-peptide, HIE – 
Hepatic insulin extraction, MCR – Metabolic insulin clearance rate; § - DI – Disposition Index, was not mentioned in paper and thus no statistical test was done, but it was 
calculated by author of thesis (AIRg x SI) 
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Table 1.3: USA studies: Exploring differences in insulin sensitivity and response in black and white children 

Study 
 

Health 
Status 

Sample size, 
(sex) 

Participant 
characteristics  
Age (y); BMI (kg/m2) 

Tests/ Variables 
measured 

SI Insulin response/  
Insulin secretion 

Insulin 
clearance 

β-cell 
function 

Arslanian, 1997 
(62) 

Non-T2D 
 

B: 6 (M), 6 (F) 
W: 7 (M), 4 (F) 

B:10.0± 0.2; 17.3 
±0.6  
W:10.7±0.3;18.1 ±0.5 
 

HIEG clamp 
SI  
mg/kg min/ µU/mL 
ISR - µU/mL 

SI  
B=W 
 

1st phase ISR  
B>W 
B: 76.9±6.8 
W: 52.1±6.4 
2nd phase ISR 
B=W 

ND ND 

Chandler-
laney, 2010 
(54) 

Non-T2D 
 

B: 33 (F) 
W: 29 (F) 

B:9.8±1.6; %BF 
24.4±1.6  
W:10.3±1.5; %BF 
26.0±7.7 
 

FSIGT 
SI 
Β-cell sensitivityglc: 

Φ (Toffolo, 1995) 
 
DI = SI X Φtot 

SI 
 
B<W 
B: 3.07±1.52 
W:5.71±2.11 

1st Phase φ 
B>W 
B: 312±130 
W: 174±82 
2nd Phase φ 
B=W 

ND DI: 
B=W 

Goran, 2001 
(55) 

Non-T2D 
 

B: 25 (M), 26 
(F) 
W:39 (M), 29 
(F) 

B:9.3±1.2, BF(kg) 
12.1±9.4 
W:10.±1.2, BF(kg) 
12.7±9.1 
 

FSIGT 
(tolbutamide) 
SI 
AIRg  
 

SI:  
B<W 
B:3.9±2.6 
W:7.2±5.0 
 

AIRg: 
B=W 
B: 1811±1320 
W: 782±649 
fIns: 
B=W 
B: 14.6±8.2 
W:13.8±8.3 

 DI: 
B>W 
B: 
5756±3710 
W: 
3793±2222 
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Goran, 2002 
(65) 

Non-T2D 
 

B: 15  
W:14 
H:28 
(M/F) 

B: 10.1±1.5; 21.5±4.7 
W: 10.8 ±1.9; 20.7±5 
H: 10.0±1.9; 24±5.8 

FSIGT 
(tolbutamide) 
SI 
AIRg  
ISR -nmol/min 
HIE 
(Combined model) 
 

SI:  
B<W 
B: 4.1±0.6 
W:6.3±0.6 
H:4.5±0.5 
 

AIRg: 
B>W/H 
B: 1210±116 
W: 747±122 
H:938±85 
First phase ISR: 
B=W=H 
Second Phase ISR:  
B<W/H 
B: 200±53 
W: 206±56 
H:289±41 

HIE: 
B<W 
36.6±2.9 
W:49.1±3.0 
 

DI: 
B=W=H 
 

Goree, 2010 
(45) 

Non-T2D B: 34 (F), W: 
14 (F) 

B: 9.3±1.5; 19.3±4.1 
W:9.6±1.6; 17.6±1.8 

FSIGT 
SI 
AIRg  
 
 

SI:  
B<W 
B: 3.5 ±2.2 
W: 5.3±1.7 
 

AIRg: 
B:1473±751 
W :592±287 
Fasting Ins: 
B: 14.7±5.7 
W:1 0.9±3.2 

ND ND 

Gower, 2002 
(56) 

Non-T2D 
 

B: 19 (M),  
23 (F) 
W: 14 (M) 
20 (F) 

BF:11.6±1.8;23.2±7 
WF:11.4±1.6;21.9±5  
 

FSIGT 
SI 
x10-5min-
1/(pmol/L) 
AIRg – pmol/L x 
10min 
Β-cell sensitivity to 
glucose (φ)  
(Toffolo, 1995) 
 
HIE: Cpep AUC/Ins 
AUC 

SI 
B<W 
B: 6.12 ±3.82 
W: 11.10 ±7.00 
 

AIRg  
B>W 
B: 11766 ±16050 
W: 3516 ±2142 
ISR 
B>W 
B: 3549±1942 
W: 1734±756 
1st Phase φ 
B>W 
B: 325±187 
W: 159±98 
2nd Phase φ 
B=W 

HIE 
B<W 
B:3.77±1.78 
W:5.99±2.18 

ND 

Michaliszyn, 
2017 (57) 

Non-T2D 
 

B: 32(M), 53(F) 
W:35(M),43(F) 

B: 14.6±0.2; 34.1±0.6 
W:14.8±0.2; 34.1±0.7 

OGTT: 
SI – ml min-1 m-2 

ISR  

SI: 
B=W 
B:361.4±7.3 
W:349.6±7.8 

Early ISR 30min: 
B>W 
ISR late phase: 
B<W 

Basal, 
Stimulated 
IC: 
B<W 

ND 
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Piccinini, 2018 
(58) 

Non-T2D 
 

B:34 (M),21 (F) 
W:42 (M), 46 
(F) 
H:29 (M), 31 
(F) 
 

B: 7-12; 18±3  
W: 7-13; 18±3  
H: 7-12; 15±1 
 

FSIGT 
SI  
AIRg  
ISR  
HIE (%) and CLp – 
mL/kg/min 
(Polidori, 2016) 

SI 
B=W=H 
B: 5±4 
W:7±3 
HA:5±5 

AIRg 
B>W, H>W 
B: 1026 ±737 
W: 585±365 
H: 1194 ±1119  
Early ISR 0-20min 
B>W/H 
B: 271±176 
W:105 ±59 
H: 202±110 
ISR late phase 
B<H, W<H 
B: 250 ±157 
W: 289±212 
H: 371±227 

HIE 
B<W/H 
B: 19%  
W:33% 
H: 28% 
 
CLp 
B=W=H 

ND 

Summary measures expressed as mean±standard deviation, T2D – Type 2 Diabetes, B- Black, W-White, H - Hispanics, F -  Female, M – Male, NW – normal weight, OB – Obese, 
BF – Body fat, FSIGT – Frequently sampled intravenous glucose tolerance test, HIEG – hyperinsulinemic euglycemic clamp, OGTT – Oral glucose tolerance test, HOMA-IR – 
Homeostatic Model Assessment of Insulin Resistance, SI, insulin sensitivity, AIRg – acute insulin response to glucose, ISR – insulin secetion rate, DI – Disposition index,  fIns – 
Fasting insulin, M – glucose disposal rate, AUC – Area -under curve, Ins – insulin concentration, Glc – Glucose, C-pep – C-peptide concentration, HIE – hepatic insulin extraction 
IC – Insulin clearance, ND – Not done; FMI – Fat mass index 
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1.8 ETHNIC DIFFERENCES IN THE DETERMINANTS OF INSULIN 

SENSITIVITY  
 
1.8.1 BODY COMPOSITION  
 

Dual X-ray absorptiometry (DXA) can distinguish between fat, bone and non-bone lean 

tissue and has therefore been used to measure not only total body fat and fat-free soft 

tissue mass but is also use to estimate regional fat mass such as trunk fat, leg fat, 

abdominal SAT (aSAT) and VAT (79). An advantage of DXA is that it has low levels 

of radiation and its accuracy is maintained across a wide range of body sizes, although 

adjustments may be required in obese individuals (80) and ethnic specific equations 

are required for the estimation of VAT and aSAT (81). 

Studies in predominantly white populations have found an inverse association 

between total body fat and SI (82,83). However, this relationship appears to be altered 

by ethnicity. A study conducted in African American and white American women with 

a wide range of age and BMI, found that body fat percent was inversely associated 

with SI, only in white women but not in African American women (54). Another study 

conducted in obese premenopausal African American women with normal glucose 

tolerance and IGT found that body fat percent was not associated with SI in a multiple 

regression model that contained age, lean body mass, SAT and VAT and total fat 

weight (84). However, the failure to show an association may be due to the collinearity 

commonly shown between these correlated variables. Regardless, a South African 

study found that body fat percent was inversely associated with SI in both black and 

white premenopausal women with normal glucose tolerance, but was stronger in white 

women (r=-0.498, p=0.008), compared to black women (r=-0.379, p=0.042) (85). 
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These findings might suggest that body fat percent may be a less important correlate 

of SI in women of African descent compared to white women. Perhaps muscle mass 

or body fat distribution may be more important contributors to SI in women of African 

descent.  

1.8.2 MUSCLE MASS  

Skeletal muscle is the major site of glucose uptake (86). Muscle mass may therefore 

be an important correlate of SI. A cross-sectional study conducted in predominately 

white adults (mean age 41 year old and mean BMI 25.6 kg/m2) reported an inverse 

association between skeletal muscle mass (normalized to total body weight) and 

insulin resistance (HOMA-IR) and the prevalence of diabetes (87). These findings 

were corroborated by a longitudinal study in older (mean age 51.6 years), normal-

weight (mean BMI 24.2 kg/m2) Japanese Americans without T2D (88). This study 

reported that a lower baseline thigh muscle mass predicted insulin resistance, 

determined be HOMA-IR and the quantitative SI check (QUICKI), after 10 years of 

follow-up (88). The reasons why low skeletal muscle mass is associated with insulin 

resistance and T2D is not clear but could due to lower mitochondrial oxidative capacity 

(89), or reduced secretion of myokines that are important in glucose and lipid 

metabolism (90). However, in a study conducted in African American and white women 

without T2D a greater muscle mass was associated with lower SI and a greater muscle 

mass partly explained the lower SI in African Americans compared to their white 

counterparts (91). These discrepant findings may be explained by the method used to 

determine muscle mass and whether it represents fat free muscle mass or general 

muscle mass that may still contain extramyocellular lipids as in the latter study. 

Intriguingly, a higher total body skeletal mass has been reported in African American 

women across all ages compared to white, Hispanic and Asian women (92). 
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Contrastingly, in South African studies, no difference was found in fat-free soft tissue 

mass (muscle mass) between obese black and white premenopausal women 

(40,42,85). Rather, sarcopenia was prevalent in older black South African women 

which was associated with lower levels of physical activity (93). These findings may 

suggest that black populations from Southern Africa, compared to those from West 

African descent, may be more susceptible to lower muscle mass, which may 

predispose to lower SI. However, no study assessed the direct association between 

fat-free mass and SI in black obese South African women.  

Furthermore, skeletal muscle is not homogenous and consist of different fiber types 

with different glucose disposal and fat oxidative capacity, which may influence SI.  

Three different muscle fiber types have been identified based on histochemistry 

methods (94). Type I fibers, also referred to as slow twitch fibers based on a slower 

contractile ability, have greater oxidative potential and greater mitochondrial density, 

compared to other fiber types. Type IIb fibers are also referred to as fast twitch fibers 

based on a greater contractile ability, are better at utilizing glycogen as fuel, compared 

to Type I fibers, and are therefore also referred to as glycolytic fibers. Type IIa is an 

intermediate muscle fiber type with fast twitch fibers, but with greater oxidative 

capacity compared to type IIb fibers. A greater proportion of type I fibers is associated 

with a greater SI in those without T2D (95–97). Moreover, obese adults without T2D 

have more Type I fibers compared to those with T2D (98). Compared to Type II fibres, 

Type I fibers have higher protein levels of insulin receptor, GLUT4, hexokonase II and 

glycogen synthase, which infers greater glucose uptake ability which likely explains 

the positive association with SI (98). Interestingly, ethnic differences in muscle fiber 

type have been observed, with lower levels of type I fibers found in African Americans 

compared to their white counterparts (99), which may in part, explain the lower SI 
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found in this population. However, African Americans are mainly of West African 

descent (99) and may therefore have a different muscle mass and muscle fiber type 

distribution to those black populations of Southern African descent.  

 

1.8.3 OVERVIEW OF ADIPOSE TISSUE AND NON-ADIPOSE TISSUE DEPOTS 
 
The accumulation of fat occurs when an energy surplus exists due to energy intake 

exceeding energy utilization (100). Excess energy from either dietary fat or 

carbohydates is stored as TGs in adipose tissue depots (26). A schematic diagram of 

the various adipose tissue depots relevant to this thesis is depicted in Figure 1.2. The 

adipose tissue can be divided into SAT (representing 80% of total fat) and VAT depots. 

SAT depots can be further divided into peripheral and aSAT depots (101). Peripheral 

fat depots include the arms and legs (102), of which the gluteal-femoral (gynoid) depot 

is of great interest. The landmarks for delineating leg fat, using dual-energy X-ray 

absorptiometry (DXA), are two diagonal lines passing through the right and left femoral 

neck forming a “V” and that meets in the midline between the legs (103). The gluteal-

femoral region (gynoid), a subdivision of the leg, extends from the greater femoral 

trochanter downwards to the middle of the thigh (104) (Figure 1.3). Accumulation of 

fat in non-adipose tissue depots is termed ectopic fat and can be found in skeletal 

muscle, liver, pancreas and the heart (101). However, this thesis will focus only on 

ectopic fat accumulation in the first three organs. These various adipose tissue depots 

differ with regards to their size and ability to expand (32), which may explain their 

differential associations with SI.  
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VAT – Visceral adipose tissue, aSAT – Abdominal subcutaneous adipose tissue 

Figure 1.2: Different adipose tissue depots in the body relevant to this thesis 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Dual-energy X-ray absorptiometry landmarks for delineation of leg and 

gynoid regions (Source MRC DAPA measurement toolkit website: 

https://www.measurement-toolkit.org/anthropometry/objective-methods/whole-body-

dexa-scan [Accessed 29 Jan 2020] 

Gynoid region  

Leg region 
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The SAT depots act as a buffer by storing excess free fatty acids as TGs (105). A 

generalised or partial absence of adipose tissue, such as in those with lipodistrophy, 

is associated with insulin resistance (106). This emphasizes the importance of the SAT 

depot for safe storage of excess free fatty acids. Contrastingly, insulin resistance is 

also associated with excessive accumulation of fat in adipose tissue depots, explained 

by the expandibility hypothesis. This hypothesis proposes that adipose tissue has a 

limit to the amount of fat that can be stored without adverse metabolic effects (27). 

Individual variability occurs in the ability to expand adipose tissue, which may be 

regulated by genetic and environmental factors (107). Adipose tissue that has reached 

its storage capacity may become ‘dysfunctional’, characterized by hypertophic 

adipocytes that have outgrown their vascular supply and therefore becomes hypoxic 

(105). Further, this ‘dysfunctional state’ is marked by release of free fatty acids instead 

of the safe storage of TGs, increased secretion of pro-inflammatory cytokines (27), 

reduced secretion of insulin-sensitizing adipokines, and increase secretion of anti-

insulin-sensitizing adipokines (108). The increased mobilization of free fatty acids may 

be redirected to visceral and ectopic sites such as skeletal muscle, liver and pancreas 

(109).  

1.8.4 PERIPHERAL SUBCUTANEOUS ADIPOSE TISSUE 
 

Studies have consistently shown that higher peripheral fat associates with lower 

insulin resistance across a wide range of age, BMI and ethnicity (82,110–115). A study 

conducted in premenopausal black South African women showed that DXA-

determined leg fat mass correlated negatively with HOMA-IR (43). Studies conducted 

in predominately white populations using the gold-standard HIEG echoed these 

findings (82,114). The one study conducted in young-to-middle aged adults (82) and 
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the other in older (46-75 year old) women (114) showed that peripheral adipose tissue 

was associated with higher SI. The positive association between peripheral adipose 

tissue (determined both by CT (114) and DXA (110,112,113)), and SI exists 

independent of central fat depots in overweight to obese adults. A possible reason for 

this observed finding could be due to the a higher lipoprotein lipase activity of lower 

body fat depots, compared to abdominal depots, which indicates a greater uptake of 

free fatty acids (116,117). This will enable peripheral fat depots to store fat more 

readily and prevent the release of fatty acids into the circulation (118) where it could 

be diverted to ectopic sites and therefore protects against insulin resistance. 

Moreover, a lower inflammatory profile of peripheral fat depots, compared to aSAT, 

observed in white adults, may contribute towards the beneficial association with SI 

(119). 

The peripheral SAT depots, in particular the gynoid region, seem to be the preferential 

storage depot of black African women. Indeed, a greater gynoid fat mass (adjusted for 

total fat mass) has been found in black South African women compared to white 

women matched for body fat (120). Few studies have been conducted in black African 

populations that assessed the association between leg/gynoid fat mass and SI 

(43,115,120). Mixed results have been found with a protective association observed 

in overweight African American premenopausal women (115) and in overweight-to-

obese South African premenopausal women (43) but a detrimental effect in another 

small South African study (120). The beneficial effect of leg/gynoid fat mass on SI may 

depend on the the expandibility of this depot and when the storage limit has been 

reached, it may become dysfunctional and cease to be protective. Notably, the gynoid 

fat depot of the black South African women in the latter study showed reduced 

expression of lipogenic and adipogenic genes which may indicate that the storage 
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capacity had been reached (120). Nevertheless, a longitudinal study reported that a 

reduction in relative gynoid fat mass over time was independently associated with 

lower SI at follow-up (121). Evidence points to leg/gynoid fat mass as being protective 

against deteriorating SI in both white adults and those from African descent. However, 

we are left with a conundrum as to the reason for a low SI in black African populations 

despite greater gluteo-femoral depots. Interventional studies in black South African 

women are therefore warrated to investigate this further.   

1.8.5 ABDOMINAL SUBCUTANEOUS ADIPOSE TISSUE 
 

The aSAT depot does not only differ from the peripheral SAT depot by location, but 

also in lipolytic potential. Abdominal SAT depots are more lipolytic compared to 

peripheral SAT (118,122). Abdominal SAT depot is also distinct from VAT and is 

characterized by larger adipocytes (123,124) and higher LPL-activity (124), which 

suggests a greater ability to store fat compared to VAT. Indeed, aSAT is a much larger 

fat depot compared to VAT. Moreover, aSAT is the main contributor to systemic free 

fatty acids, which may be linked to peripheral insulin resistance through their effects 

on peripheral (muscle) insulin signaling (125). However, discrepant findings have been 

reported, with studies showing a negative (82,126), positive (111) and no association 

(114,127) between aSAT and SI. Similarly, studies conducted in black African 

populations produced contradictory results. No association was found in some studies 

from USA (54,84) and from South Africa (43), while a negative association was found 

in another study from USA (128). The reasons for these disparate findings are not 

clear, but could relate to differences in sample size, or analysis strategy (adjusting for 

multiple body fat measures or only BMI). Alternatively, the inability to distinguish 

between deep aSAT and superficial aSAT (129), which may have different functions 
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(85,130) could influence the association of total aSAT with SI. Indeed, an American 

study conducted in lean and obese adults, ethnicity not mentioned, with normal 

glucose tolerance,  found that deep aSAT (r-0.51, P<0.001), but not superficial aSAT 

(r-0.29, p>0.05), was associated with SI, independent of total body fat and VAT (83). 

Moreover, the association between deep aSAT and SI (r-0.64) was similar to the 

association between VAT and SI (r-0.61), which may indicate that the deep aSAT 

depot may be more similar to VAT in function. However, the inflammatory profile of 

these depots may not be the reason for the above findings since a study conducted in 

black and white South African women, found a similar inflammatory profile between 

deep and superficial aSAT, which was distinct from the VAT depot (130). Conversely, 

another SA study found that both deep and superficical aSAT was negatively 

associated with SI in both black and white women (85). Although deep aSAT was a 

stronger correlate of lower SI in black women compared to superficial aSAT, superficial 

aSAT may still be detrimental to SI if its storage capacity has been reached. Notably, 

black African populations have greater aSAT depots compared to their white 

counterparts of which superficial aSAT, compared to deep SAT, is the largest 

contributor (85). Clearly, the evidence linking aSAT to lower SI is inconclusive, which 

may be explained by the heterogeneity in the fat storage threshold of this depot 

together with the concomitant extent of fat accumulation in non-SAT depots.  

1.8.6 VISCERAL ADIPOSE TISSUE 
 

Shen et al.identified that VAT can be located within 3 main body cavities: intrathoracic, 

intraabdominal and intrapelvic (131). The VAT depot most commonly linked to T2D 

and cardiovascular disease is intra-abdominal VAT, in particular omental and 

mesenteric fat (129). Despres et al. proposed various theories as to why VAT is 
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associated with deteriorating SI (132). One of these theories is the portal vein theory 

which proposes that VAT secretes free fatty acids directy into the portal vein because 

it is highly lipolytic and resistant to the effects of insulin. The liver is therefore directly 

exposed to the high flux of free fatty acids and through its lipotoxic effects may result 

in hepatic and peripheral insulin resistance. Another theory, is that VAT is highly 

immunogenic and able to secrete inflammatory cytokines, such as IL-6 and TNFα that 

have been implicated in insulin resistance. A further theory is that VAT is a marker of 

dysfunctional SAT that has reached its fat storage capacity (132).  

The association between VAT and SI has been extensively studied 

(82,83,85,111,114,126,128,133–142). A negative association between VAT and SI 

has been found consistently in normal weight (133,136), overweight and obese (134–

136,138,139) adults without T2D. Although these were select populations, studies that 

included adults over a wide range of BMI reported a similar relationship between VAT 

and SI (83,139–141). While an association is apparent between VAT and SI regardless 

of the level of BMI, a large population-based study did report that BMI modifies this 

association with a stronger association found in obese compared normal-weight adults 

(126). In contrast, one study conducted in predominantly white adults (mean age 36.6 

years) found that VAT was not associated with SI, if adjusted for aSAT (82). 

Nevertheless, the negative association between VAT and SI found in cross-sectional 

studies have been reiterated by a longitudinal study conducted in Japanese Americans 

(135). This study reported that baseline VAT was positively associated with HOMA-IR 

and negatively associated with Matsuda SI index after 10-11 years of follow-up, even 

after adjusting for baseline BMI, total fat and aSAT.  

Studies in populations of African descent are also generally supportive of the 

relationship between VAT and SI. For example, studies including African American 
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men and women (128,137) or only women (84) confirmed a negative association 

between VAT and SI. However, a South African study found no association between 

VAT and SI in black premenopoasual women over a range of BMI, while a negative 

association was observed in white women (85). Notably, a recent study reported that 

the accumulation of VAT was a predictor of T2D in middle-aged black South African 

women after 13 years of follow-up (143). This study showed that over the follow-up 

period VAT increased by a greater margin (41%) compared to that of aSAT (16%). 

These findings were echoed by an earlier South African study reporting that 

premenopausal black women were more prone to VAT (increased by 28%) than aSAT 

(8%) accumulation after 5.5-years of follow-up (121). The heterogeneity in findings in 

black African populations regarding the association between SI and VAT might be 

explained by the level of VAT. A curvilinear association has been described between 

SI and VAT such that at higher VAT, no changes in SI are observed (144). Therefore, 

no association will be apparent if VAT is beyond a certain point. However, overweight 

and obese black African women have lower VAT, compared to Hispanic (128) and 

white women (39), but are more insulin resistant. Perhaps indicating that black African 

populations might have a greater sensitivity to VAT accumulation. Further research is 

required to explore this phenomenon in black African populations.  

1.8.7 SKELETAL MUSCLE FAT 

The accumulation of fat in non-adipose tissue sites such as the skeletal muscle have 

been associated with reduced SI (82,145–150). The mechanism that excess fat in the 

muscle could lead to insulin resistance is based on the lipotoxicity theory (24). Fatty-

acid derivatives such as long-chain fatty acyl CoA and ceramides interfere with the 

insulin signalling pathway (24,151). Lipid intermediaries activate PKC, which 
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phosphorylates IRS-1 on a serine residue. This renders IRS-1 unable to activate PI3K, 

which is an important step in the translocation of GLUT4 to the plasma membrane, as 

well as for glycogen synthesis. In addition to a defect in the insulin signalling pathway, 

earlier research in obese individuals with and without T2D has also implicated defects 

at the level of the insulin receptor such as reduced numbers and reduced kinase 

activity (152). Chronic hyperinsulinemia may be considered a plausible explanation for 

this finding (153). 

Despite studies using different methods to determine skeletal muscle fat content, 

including CT (82), muscle biopsy and histochemistry methods (149,150) and MRS 

(145–148), a consistent negative association has been found with SI. However, the 

location of the fat in the muscle is important because intramyocellular lipids (IMCL) 

were found to be a stronger correlate of insulin resistance compared to 

extramyocellular lipids (EMCL) (147). MRS is therefore the optimal method to 

differentiate between IMCL and EMCL. Another aspect to consider is the fibre 

composition within muscle, as discussed in section 1.8.2, which may confer differential 

associations with SI. Indeed a study conducted in lean offspring of parents with T2D 

found that soleus IMCL, but not tibialis anterior IMCL, was the main correlate of 

reduced SI (147). Further, the association between IMCL content and SI may also be 

modified by the underlying fatty oxidation capabilities such that a positive association 

is observed when fat oxidation is high compared to a negative association when fat 

oxidation is low, which is also termed the ‘athlete’s paradox’ (154). 

Ethnicity may also alter the relationship between skeletal muscle lipid content and SI, 

but conflicting evidence exists. In a study that compared soleus IMCL content, 

measured by MRS, between African Americans and European Americans (21 and 46 

years of age), IMCL content and SI were similar between the groups (60). However, 
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IMCL correlated with SI in white and not African American adults, which led the authors 

to suggest that IMCL might not be pathological in African Americans. Another 

American study in obese adolescents, showed that although soleus IMCL was lower 

in African Americans compared to Hispanics and white individuals, SI was similar in 

all the groups (155). A South African study found no difference in soleus IMCL content 

between obese black and white women, but only in black women was soleus IMCL 

content correlated with a lower SI. Potential reasons for the discrepancies in findings 

could be that Ingram et al.(60) included men and women over a wide range of BMIs 

(21-46 kg/m2), while the South African study only focused on obese women. 

Nevertheless, cross-sectional studies show that black African populations may be 

more sensitive to the accumulation of IMCL (42,155). Although another study found 

that IMCL was only associated with SI in white but not African American women and 

girls (156). Future interventional studies that manipulate IMCL such as an exercise or 

dietary interventions, may provide greater insight into this association between SI and 

skeletal mucle fat in black African women.  

1.8.8 HEPATIC FAT 
 

The liver plays an important role in glucose and lipid homeostasis both in conditions 

of low and excess energy intake (157). Postprandially, when energy sources are high, 

insulin will inhibit EGP and activate glycogen synthase to ensure glucose is converted 

to glycogen and stored. However, after maximal glycogen storage capacity has been 

reached, the excess glucose will be converted into free fatty acids via DNL. These free 

fatty acids can be esterified and stored in the liver as TGs or secreted as very low-

density lipoprotein (VLDL) and transported to adipose tissue and other tissue. Free 

fatty acids can also enter the mitochondria and undergo β-oxidation in the liver (158). 
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Under normal physiological conditions, minimal fat is stored in the liver. However, 

hepatic TG accumulation may occur if the net carbohydrate and free fatty acid flux into 

the liver is increased. Excess carbohydrates and free fatty acids may be derived from 

the diet or from increase fatty acid secretion from adipose tissue (159), a consequence 

of adipose tissue that exceeded its storage capacity as discussed previously. Further, 

the liver itself may increase TG synthesis. Hyperglycemia may stimulate lipogenesis 

through activation of the transcriptional factor, carbohydrate response element-binding 

protein (ChREBP) (159). Another mechanism that may explain hepatic fat 

accumulation is when fatty acid oxidation is decreased. This may occur as another 

consequence of dysfunctional adipose tissue which secrete less adiponectin (160). 

Hepatic fat accumulation associates strongly with hepatic insulin resistance in cross-

sectional studies in non-obese (161,162) and obese individuals (163,164), without 

T2D and in those with T2D (165). Furthermore, in obese adults with non-alcoholic fatty 

liver disease (NAFLD), hepatic fat accounted for 34% of the variability in hepatic insulin 

resistance (163). It is possible that hepatic insulin resistance may cause hepatic fat 

accumulation, but evidence is also available that suggests hepatic fat accumulation 

causes hepatic insulin resistance. Insulin resistance in the liver is characterized by an 

inability of insulin to suppress EGP, while DNL remains intact. Elevated glucose levels 

can stimulate pancreatic insulin secretion (166). Subsequent increased insulin levels 

stimulate DNL which promotes lipid accumulation in the liver. In support, targets have 

been found where these 2 pathways diverge downstream from the insulin receptor 

(166) which explains the molecular basis for insulin’s dual action in the liver. On the 

other hand, hepatic fat may also cause hepatic insulin resistance and the possible 

mechanism is the accumulation of lipid intermediaries such as diacylglycerol, that 

interrupts the insulin transduction pathway, which has been shown in human (167) 
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and mice (168) studies. Notably, discrepant findings of the association between 

hepatic fat and hepatic insulin resistance have been found in black populations. A 

significant positive association was found in non-obese, young Jamaicans without T2D 

(169) and in obese pre-menopausal South African women without T2D (42), whereas 

no association was observed in black men of West African descent residing in the UK 

whom have T2D (53). The reason for the inconsistent findings are not clear and 

whether differences in the measurement of hepatic fat or hepatic insulin resistance or 

population characteristics such as T2D status may explain it, requires further study. 

Further, ethnic discrepancies have been noted in hepatic fat accumulation with lower 

levels observed in black African populations compared to other ethnicities 

(42,53,155,170–172). However, despite black African populations exhibiting lower 

hepatic fat, they may have similar whole body SI compared to white populations (42) 

but only in the black Africans where hepatic fat associated with lower SI. This may 

indicate a greater sensitivity of SI to the effects of hepatic fat, but further research is 

required to explore the direction of causality in black Africans. 

The association between hepatic fat accumulation and peripheral insulin resistance, 

and whether the development of hepatic insulin resistance may precede this 

association requires further consideration. An elegant murine study was able to 

investigate the chronological effect of a high fat diet over 16 weeks on muscle, liver 

and adipose tissue SI as well as associated fat accumulation in these organs (168). 

Notably, hepatic insulin resistance occurred prior to muscle insulin resistance and was 

associated with an increase in hepatic fat content. Interestingly, the insulin 

suppression of lipolysis was not altered, only glucose uptake into the adipose tissue 

was reduced, which coincided with hepatic insulin resistance. Similar findings were 

observed in lean men after 5 days of high fat diet, such that hepatic insulin resistance 
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occurred prior to any changes in peripheral SI (173), however, adipose tissue SI was 

not measured. Based on these limited studies, it appears that hepatic insulin 

resistance seems to precede peripheral SI and is associated with increased dietary fat 

intake and hepatic fat accumulation, rather than increased free fatty release from 

adipose tissue.  

Hepatic fat accumulation may therefore not only induce hepatic insulin resistance but 

may also have an impact on systemic insulin resistance. Indeed, an association 

between hepatic fat and peripheral insulin resistance has been reported 

(163,165,174–177). These findings were obtained regardless of the method used to 

quantify hepatic fat. These methods varied from a liver biopsy (175) to magnetic 

resonance spectroscopy (MRS) (174,177). However, these studies were conducted 

mainly in white individuals. Due to the ethnic differences in adipose tissue distribution 

and ectopic fat deposition, these findings may not be applied to black Africans.  

 

1.9 INSULIN SECRETION 
 

Causal factors that have been implicated in the impairment of insulin secretion are a 

combination of reduced β-cell glucose sensitivity, glucotoxicity, lipotoxicity, 

inflammation and β-cell exhaustion (178). β-cell exhaustion occurs when the demand 

for insulin is high. This involves increases in the synthesis and packaging of insulin 

into storage vesicles, which can strain the endoplasmic reticulum and result in an 

increase proinsulin:insulin ratio. Nevertheless prior to β-cell failure and the 

development of IGT, normal plasma glucose levels are maintained through increasing 

plasma insulin levels (179). 
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Studies use various terms to describe β-cell function such as insulin response or 

insulin secretion. However in this thesis the insulin response refers to the fasting or 

stimulated plasma insulin levels and reflects both insulin clearance (hepatic and 

peripheral) and insulin secretion. Insulin secretion will refer to measures that reflect 

fasting or stimulated plasma C-peptide levels or the ISR, derived from C-peptide 

modelling. Importantly, the ability to maintain euglycemia depends on the ability to 

match the insulin response or insulin secretion to the prevailing level of SI. Indeed,  a 

hyperbolic relationship between the AIRg and SI, derived after a FSIGT, has been 

described (180). The product of AIRg and SI is also known as the disposition index 

(DI) and remains constant when the insulin secretory response completely 

compensates for the level of SI. In this thesis, DI will be used as an index of β-cell 

function. Of note, DI is an overall measure of insulin action because it encompasses 

both the insulin response and SI. A deterioration in DI will occur when the first phase 

insulin secretion/response is unable to fully compensate for the level of SI, which will 

result in IGT and eventually T2D. Importantly, defects in β-cells function have been 

observed early in the pathogenesis of T2D (181,182). In addition, the sensitivity of the 

β-cells to the stimulus of glucose may also affect β-cell function. This is a measure of 

insulin secretion in response to the incremental change in glucose. Indeed, β-cell 

glucose sensitivity was a predictor of deteriorating glucose tolerance in healthy 

Europeans (183). 

 

1.10 ASSOCIATIONS OF HEPATIC FAT WITH INSULIN CLEARANCE, 
RESPONSE AND SECRETION  
 



64 
 

Accumulation of fat in the liver has been associated with reduced insulin clearance 

and a higher insulin response (184). The exact mechanisms for this are not known but 

in vivo studies in rats (185) and dogs (186) have shown that free fatty acid infusion 

into the portal vein was associated with reduced hepatic insulin clearance. However, 

these results were not replicated in non-obese adults without T2D (187). The human 

study infused glycerol into the systemic circulation, which may explain the lack of 

association with hepatic insulin clearance.  

Majority of studies conducted in humans that assessed the association between 

hepatic fat and insulin clearance found a negative association (69,70,165,188), but not 

all (189) (Table 1.4). Different methods were used to quantify hepatic insulin 

clearance. Two studies used mathematical modelling that was able to distinguish 

between hepatic and peripheral insulin clearance (49,189). Others used the metabolic 

clearance rate formula that provides an estimate of total insulin clearance (69,188) or 

the C-peptide to insulin ratios (53,70) to approximate hepatic insulin clearance.  

Populations of African descent have shown reduced insulin clearance (44,49,50,59), 

although paradoxically have a lower hepatic fat than white populations (49,155) 

(42,171). Indeed, ethnic differences have been observed in the association between 

hepatic fat and insulin clearance. A study conducted in pre- and post-menopausal 

women without T2D found that hepatic fat was associated with lower basal hepatic 

insulin clearance only in white women, but not African American women (49). These 

findings were mirrored in men with early T2D, (53). This study reported that under 

basal conditions, hepatic fat was associated with lower total insulin clearance only in 

the white men but not in the black men of West African descent, while under stimulated 

conditions no association was found in both groups (53). However, no studies in Africa 

have measured both hepatic fat and hepatic insulin clearance and assessed their 
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relationship. Studies are therefore required to determine whether findings from other 

black populations residing in USA and UK are translatable to those living in Africa. 

 

Table 1.4: Studies, including ethnic comparison studies, that assessed the association 

between hepatic fat and insulin clearance 

Study (Country) Sample size  Participants Hepatic fat 
measurement 

Insulin clearance 
measurement 

Association 
HF and IC 

Chung, 2018 
(USA) (49) 

Premenopausal:  
B (n=52), W 
(n=35) 
Post-
menopausal: 
B (n=19), W 
(n=13) 

F, Non-T2D 
Pre- and 
Postmenopausal 
OW/OB 

MRS FSIGT:  
Polidori (2016) model 
MMT: 
Cpep AUC0-30m/ 
Ins AUC0-30m and 
Piccinini (2016) model 

Basal HIE: 
B: No ~ 
W: Negative ~ 
Stimulated HIE: 
Not mentioned 

Finucane, 2014 
(UK) (70) 

W (n=70) 
NAFLD (n=29) 
Non-NAFLD 
(n=41) 

M + F, Non-T2D 
71.3 yo, BMI 
NAFLD: 28.6 
kg/m2 

Non-NAFLD: 
25.2 kg/m2 
(Not BMI 
matched) 
 

MRS OGTT:  
1-(Ins AUC/Cpep AUC) 

HIE: 
Negative ~ 
(å age, sex) 

Gastadelli, 2007 
(Italy) (165) 

Non-T2D (n=14) 
T2D ( n=43) 

M+F 
Non-T2D: 43yo, 
NW 
T2D: 54 yo, NW 
+OB 

MRS HIEG  
Insuin infusion rate/ 
steady state [Insulin] 

Total IC: 
Negative ~ (å 
age, sex, BMI) 
(groups 
combined) 

Hakim, 2019 
(UK) (53) 

B (n=18), W 
(n=18) 

M, T2D,  MRI Hyperglycemic clamp:  
ISR AUC/Ins AUC + 
([Insulin]Final-
[Insulin]Basal)x 
MRTInsulin 

Basal total IC: 
B: No ~ 
W: Negative ~ 
Stimulated 
Total IC: 
B: No ~ (neg 
trend) 
W: No ~ 

Kotronen, 2007 
(Finland) (69) 

W (n=80) M+F, Non-T2D,  
18-60yo, OW 

MRS HIEG: 
Insulin infusion rate/ 
steady state [Insulin] 

Total IC 
Negative ~ 
(å age, BMI, 
sex) 

Kotronen, 2008 
(Finland) (188) 

W (n=68) 
T2D (n=34) 
Non-T2D (n=34) 

M+F 
T2D: 49yo, 31.8 
kg/m2 

Non-T2D:45yo, 
29.9 kg/m2 

(age, BMI 
matched) 

MRS HIEG: 
Insulin infusion rate/ 
steady state [Insulin] 
and Cpep AUC/Ins AUC  
 

Total IC: 
Negative ~ (å 
VAT) 
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Utzschneider, 
2018 (USA) (189) 

NAFLD (n=13): 
W (n=9), H 
(n=2), Other 
(n=2) 
Non-NAFLD 
(n=15): W 
(n=12), B (n=1), 
Other (n=2) 

M+F, Non-T2D, 
OB,  
NAFLD: 49.7yo 
Control: 50.6yo 
(BMI matched ) 

CT OGTT + HIEG 
Polidori (2016) model 

Basal HIE: 
No ~ 
Stimulated HIE: 
No ~ 
Peripheral IC: 
No ~ 

HF – Hepatic fat, IC – Insulin clearance, HIE – Hepatic insulin clearance, ~ - associations, å – adjusted, B – Black, 
W – White, H – Hispanic, NAFLD – Non-alcoholic fatty liver disease, T2D – Type 2 Diabetes, M – Male, F – Female, 
NW – Normal-weight, OB – Obese, OW – Overweight, HIEG – Hyperinsulinemic euglycemic clamp, FSIGT – 
frequently sampled intravenous glucose tolerance test, MMT – Mixed meal tolerance test, OGTT – Oral glucose 
tolerance test, AUC – Area-under-curve, [] -Concentration, MRTInsulin – Mean residence time of insulin, VAT – 
Visceral adipose tissue 

 

Hepatic fat accumulation may also affect the secretion of insulin from the pancreas, 

as explained by the Twin-cycle hypothesis (190). This hypothesis postulates that 

hepatic fat increases due to a positive energy balance that leads to hepatic insulin 

resistance. This will result in increased glucose production by the liver and elevated 

plasma glucose levels. Consequently, basal insulin secretion will increase, which will 

further increase hepatic fat through the effect of insulin on DNL. Increased VLDL 

secretion transports TGs to the rest of the body. Due to its proximity to the liver, the 

pancreas is susceptible to fat accumulation. This process culminates in both elevated 

plasma glucose and free fatty acids causing a reduction in β-cell function and β-cell 

glucose sensitivity. Additionally, an in vitro study showed that hepatokines secreted by 

fatty livers can induce inflammation in both the β-cells and the fat cells within the 

pancreas, that results in reduced insulin secretion in response to glucose (191). This 

study also highlighted that in cell culture, pancreatic fat does not alter insulin secretion 

on its own, but only after being exposed to free fatty acids and fetuin-A. However, 

studies have shown a lack of association between hepatic and pancreatic fat 

(192,193), which may indicate that other mechanisms may be involved in the 

interaction of pancreatic fat accumulation on insulin secretion and β-cell function.  
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1.11 ASSOCIATION BETWEEN PANCREATIC FAT AND INSULIN 

SECRETION/B-CELL FUNCTION 
 

Various mechanisms have been proposed to explain the reduction in insulin secretion 

and/or failure of β-cell function in the progression to T2D. The β-cells experience 

increased stress when demand for insulin is high, such as in black African populations 

that present with hyperinsulinemia. Endoplasmic reticulum and oxidative stress 

ensues, which may lead to reduced β-cell function (194). This results in incomplete 

folding of pro-insulin. Moreover, elevated blood glucose, known as glucotoxicity, has 

been shown to reduce insulin secretion (195). Another factor to consider is β-cell 

exhaustion, which occurs when continuous high insulin secretory responses depletes 

the available pool of insulin and results in a reduced insulin response. However, this 

seems to be transient, with studies showing an improvement in insulin secretion after 

the pancreas has been rested with drugs (i.e diazoxide) known to inhibit insulin 

secretion (196). In addition, the harmful effects of lipids and lipotoxicity on the β-cells 

is another factor to consider. Lipid intermediaries such as ceramides induce β-cell 

apoptosis (197). However, controversy exists regarding whether fat accumulation in 

the pancreas directly influences the β-cells ability to secrete insulin or whether it is just 

a marker of adipose tissue dysfunction. The lipotoxic effect on β-cells has been 

demonstrated in in vitro (198,199) and animal studies (200). One in vitro study 

revealed that prolonged exposure of the β-cell to free fatty acids can lead to decreased 

insulin gene expression, decreased stimulated insulin response and an increase in the 

apoptosis rate (198). Another in vitro study showed that β-cell death via apoptosis is 

due to endoplasmic reticulum stress that activates inflammatory pathways (199). A 

study conducted in rats demonstrated that chronically elevated systemic free fatty 
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acids correlated with fat in the pancreatic islet cells and with reduced glucose 

stimulated insulin secretion (200).  

In contrast to the in vitro studies, studies in humans have found no consensus on the 

association between pancreatic fat and insulin secretion or β-cell function. Table 1.5 

summarizes human studies that evaluated the association between pancreatic fat and 

insulin secretory function and β-cell function (51,191–193,201–211). These studies 

used different definitions of insulin secretion. Some used plasma C-peptide levels, 

which is more reflective of insulin secretion, while others used plasma insulin levels, 

which reflects both insulin secretion and insulin clearance (insulin response). In 

children without T2D, one multi-ethnic Canadian study reported an inverse association 

between the insulin response and pancreatic fat (206), while a bi-national study from 

Sweden and Austria found no association (203). The latter study adjusted for BMI as 

well as other fat depots such as VAT, SAT and hepatic fat, while the first study did not, 

which may explain the disconcordant findings. In adults without T2D but over a range 

of glucose tolerance, an inverse association was only observed in those with IGT 

(191,208) or with elevated hepatic fat (207), while no association was found in normal 

glucose tolerant women with a history of gestational diabetes (202) and in adults with 

or without T2D (192,193,201,210). Insulin response/secretion was derived after an 

oral glucose tolerance test (OGTT) for most of previously mentioned studies, except 

Van der Zijl et al. who used a HIEG method. A study that evaluated whether the 

association between insulin secretion/response and pancreatic fat differed between 

ethnicities found an inverse association only in white men, but not black African men 

with T2D (211). Contrastingly, a positive association was found between AIRg, derived 

from a FSIGT, and pancreatic fat in both black African and white adults without T2D. 

However, the association in black Africans had a steeper slope, while an inverse 
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association was found in Hispanics (209). Studies that investigated the association 

between pancreatic fat and β-cell function (insulin secretion/response normalised to 

the level of SI) also found discrepant results. In one study, there was an inverse 

association in those without T2D, while those with T2D showed no association (192). 

No association was found between pancreatic fat and β-cell function in black Africans 

and Hispanic teenagers and young adults without T2D, independent of ethnicity (204). 

Another ethnic comparison study found a positive linear association in black African 

women, while in white and Hispanic women a non-linear association was noted (51). 

This study grouped lean and obese women with and without T2D together. Taken 

together, significant associations between pancreatic fat and insulin 

response/secretion were only apparent in those with IGT or elevated hepatic fat, but 

not in those with normal glucose tolerance or with T2D. Further, ethnicity seems to 

influence the nature of these associations, such that in black African populations a 

greater positive association was evident between both the insulin response and β-cell 

function and pancreatic fat, compared to Hispanics, which may be due to lower 

pancreatic fat deposition observed in black African populations. All these studies were 

cross-sectional and therefore it is difficult to evaluate causality. A longitudinal study 

that followed Japanese adults for 5 years found no association between pancreatic 

fat, determined by CT, and T2D onset (212). However, interventional studies that 

induced substantial weight loss either through dietary restriction (~15 kg weight loss) 

(213) or after bariatric surgery (13.6%) (214) in individuals with T2D, found that the 

first phase insulin response improved concomitant with a reduction in pancreatic fat. 

Although the association of pancreatic fat with insulin response and β-cell function has 

been studied across various populations, no study has been conducted in black 
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Africans living in Africa to determine whether pancreatic fat follows similar patterns to 

those in black populations residing in other continents. 
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Table 1.5: Studies that evaluated the association between pancreatic fat and insulin secretion and/or β-cell function 

Study Country; ethnicity Sex; Age Health status Pancreatic fat 
measurement 

Insulin 
secretion/  
β-cell function 

Association (~) PF with 
insulin secretion 

Association (~) PF with β-
cell function 

Begovatz, 2015 
(210) 

Germany; White M+F, adults 
OW/OB 

Non-T2D, T2D MRS OGTT No ~ No ~  

Cohen, 2014 (206) Canada; White, Black, 
Asian, Hispanic, Mixed 
race 

M+F, 8-18yo 
78% OW/OB 

Non-T2D MRS/MRI OGTT Neg ~ * 
(å sex, puberty, ethnicity) 

Neg ~ 
(å sex, puberty, ethnicity) 

Gerst, 2017 (191) Germany, not 
mentioned 

M+F,50-
75yo 

Non-T2D 
NGT, IGT/IFG 

CT 
 

OGTT Neg ~ * (IGT) 
No ~ (NGT) 

- 

Heni, 2010 (208) Germany; White 
 

M+F, adults, 
OW/OB 

Non-T2D 
NGT, IGT/IFG 

MRI 
 

OGTT Neg ~ (IGT/IFG) 
No ~ (NGT) 

- 

Hakim, 2018 (211) UK; Black, White 
 

M, T2D MRI MMT, HIEG 
 
 

Black: No ~ 
White: Neg ~  
(MMT, 1st phase) 

- 

Jaghutriz, 2018 
(207) 

Germany; not 
mentioned  

M + F, 
adults 

Non-T2D  
(high risk) 

MRI 
 

OGTT Neg ~ * 
(only in those with high HLC, 
FFAs) 

- 

Komada, 2018 
(201) 

Japan; Japanese M+F, adults 
Non-OB 

NGT 
 

MRS OGTT No ~ * No~  

Le, 2011 (204) USA; Black, Hispanics  
 

M+F, 
13-25yo, 
OW 

Non-T2D MRI 
 

FSIGT - No ~  
(å ethnicity, sex, VAT, SAT, 
HLC, BF, FFA) 

Lingvay, 2014(51) USA; Black, White, 
Hispanics  
 

F, adults Non-T2D, T2D MRS 
 

FSIGT - Combined non-T2D/T2D 
Black: Neg ~(linear) 
(å BMI, VAT, SAT) 
White/Hispanic:Neg ~ 
(non-linear) 

Nowotny, 2017 
(205) 

Germany; not 
mentioned 

M+F, adults Non-T2D MRS OGTT No ~ - 

Popp, 2018(202) Germany, not 
mentioned 
 

F; 35.5yo 
37% OW/OB 

No-GDM, 
GDM 

MRI 
 

OGTT* 
FSIGT* 

No ~ No ~ 
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Staaf, 2017 (203) Sweden/Austria; Not 
mentioned 

M+F; 
10-18yo 
OB, non-OB 

Non T2D 
NGT/IFG/IGT 

MRI 
 

OGTT No ~ 
(å age, BMI, VAT, SAT, HLC) 

No ~ 
(å age, BMI, VAT, SAT, HLC) 

Szczepaniak, 2012 
(209) 

USA; Black, White, 
Hispanics  
 

M+F;18-
65yo 
 

Non-T2D MRS FSIGT Black: pos ~ * 
White: pos ~ * 
Hispanic: neg ~ * 
(å VAT, HF) 

- 

Tushuizen, 2010 
(192) 

Netherlands; White 
 

M, 35-65yo Non T2D vs 
T2D 

MRS 
 

OGTT Non-T2D/T2D: 
No ~ 

Neg ~ (Non T2D) 
No ~ (T2D) 
å (BMI, fglc, TG) 

Van der Zijl, 2015 
(193) 

Netherlands; White 
 

M+F; adults, 
OW 

Non T2D 
NGT/IGT/ IFG 

MRS 
 

HIEG No ~ No ~ 
(å age,BMI) 

Insulin secretion – measures derived using plasma C-peptide levels, * - plasma insulin levels were used to measure insulin response, B-cell function – insulin secretion/response normalized to the 
level of insulin sensitivity;  PF – Pancreatic fat, M – Male, F- Female, OW – Overweight, OB -Obese, NonT2D- Non- Type 2 Diabetes, IGT – Impaired glucose tolerance, IFG – Impaired fasting 
glucose, OGTT – Oral glucose tolerance test, FSIGT – Frequently sampled intravenous glucose tolerance test, MMT – Mixed meal tolerance test, HIEG – Hyperinsulinemic euglycemic clamp, å – 
Adjusted, Neg– Negative association, Pos – Positive association, HF – Hepatic fat content, SAT – Abdominal subcutaneous adipose tissue, VAT – Visceral adipose tissue, BMI – Body mass index, 
fglc – fasting glucose, TG – triglycerides, FFA – fat free fatty acids 
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1.12 ROLE OF BODY FAT DISTRIBUTION ON INSULIN RESPONSE OR ß-

CELL FUNCTION 
 

Based on the expandibilty hypothesis, if the maximum expandibility of SAT is reached, 

an increase in VAT may be observed (27). Accordingly, the effect of VAT, or the VAT-

aSAT ratio on the insulin response or β-cell function should also be considered. 

Indeed, a negative association between DI and VAT has been found in black African 

(54,128) and white adults (189). However, this was not a consistent findings with no 

association found in other studies conducted in both black African and white adults 

(45,140) as well as in black African children (55). Reasons for these discrepant 

findings may be the level of VAT or the direction of association between VAT and the 

components of DI. As mentioned, DI is a composite measure of both SI and AIRg and 

therefore the association between VAT and SI, as discussed in section 1.8.6, may also 

explain the above findings. For example if a negative association is found between SI 

and VAT and a positive association between AIRg or ISR and VAT, no association 

between DI and VAT may be apparent due to matched compensation. Further, aSAT 

was not associated with DI (45,128,165,215) in black African and white populations, 

when VAT was also placed in the model. The lipolytic and immunogenic profile of VAT, 

compared to aSAT may explain these findings. 

Another consideration is that VAT may associates directly with AIRg or ISR and thus 

requires further mentioning. Interestingly, ethnic differences have been observed such 

that a positive association was found between AIRg and VAT in white adults 

(83,114,140,215), while a negative association has been observed in African 

American adults after adjusting for SI, but no association was found between AIRg and 
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VAT-aSAT ratio (128). However, another study in African American women found no 

association between AIRg and VAT or aSAT in a multivariate model, but collinearity 

could have occurred through the inclusion of body fat weight and body fat percent into 

the same model. In addition, the association of VAT or VAT-aSAT ratio with β-cell 

function were not examined in this study. Importantly AIRg reflects both insulin 

clearance and ISR and how these components relate to VAT or aSAT is also of 

interest. Although a positive association has been found between insulin secretion 

[derived after both an OGTT (140) and FSIGT (138)] and VAT in white populations, no 

evidence is available in black African populations. In addition, women of black African 

descent have lower VAT compared to white women (61,85) which may contribute 

towards the ethnic specific association between VAT and the insulin response. Finally, 

none of these studies incorporated whether the association between the insulin 

response and VAT or VAT-aSAT ratio could be mediated through insulin clearance, 

which may be an important compensatory mechanism in black African women.  

Further, associations between insulin secretory function and VAT are confounded by 

ectopic fat accumulation in the liver and pancreas, since it has been postulated that 

VAT accumulation may precede ectopic fat deposition in the liver and pancreas (132). 

One ethnic-comparison study found that in African American adults, VAT was not 

associated with AIRg, independent from pancreatic fat such that VAT did not add 

significantly to the model. A similar finding was found in white individuals, while in 

Hispanics, VAT, together with hepatic and pancreatic fat were all independent 

predictors of AIRg (209). Another study conducted in African American and Hispanic 

adolescents and younger adults (13-25 year old) reported that VAT confounded the 

associations between hepatic and pancreatic fat and between pancreatic fat and 

inflammatory markers, but did not directly ascertain whether VAT associates with AIRg 
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or DI independent from hepatic and pancreatic fat. Therefore further studies are 

needed to establish whether fat partitioning observed in African Americans are similar 

in black populations living in Africa and whether VAT is a more important correlate of 

insulin secretory function compared to hepatic and pancreatic fat. 

 

1.13 EXERCISE TRAINING  
 

Physical inactivity is a risk factor for the development of obesity and T2D (216). Low 

levels of physical activity have been reported in African American women with 57% 

engaging in less than an hour a week of walking for exercise (217). Whereas in a 

cross-sectional South African study conducted on urban black women, 67% were 

deemed physically active according to the Global Physical Activity Questionnaire 

(218). Nevertheless, majority of the physical activity time was attributed to low 

intensitiy activity, accumulated during walking, which is used as a mode of transport 

(219). Moreover, this low intensity activity might explain the low cardiorespiratory 

fitness observed in the black South African women, which was below the 5th percentile 

for females between 30-39 year of age (219). Similarly, in the USA, the National Health 

and Nutrition Survey reported that African American women across a range of BMI 

(20-49 year old) had lower VO2max (32.9 ml/kg/min) compared to white (35.9 ml/kg/min) 

and Hispanic women (36.0 ml/kg/min) and with increasing obesity the decline in 

VO2max was more pronounced in the African American women (220). Further, low 

cardiorespiratory fitness has also been associated with insulin resistance in black 

South African women (219). Clearly, obese women of African descent would benefit 



76 
 

from an exercise intervention that has been shown to improve both cardiorespiratory 

fitness and SI.  

Lifestyle interventions that include exercise together with diet are a cornerstone in the 

management of T2D (221), but also in the prevention of T2D (222–224). Large 

population-based diabetes prevention studies have shown that a combination of diet 

and increased physical activity in those with IGT can reduce the risk of T2D by 58% 

(224) in the US Diabetes Prevention Program, by 43% (225) in the Finnish Diabetes 

Prevention Study and by 42% (222) in the Chinese Diabetes Prevention Study (Da 

Qing). Interestingly, in the Da Qing study, exercise without dietary intervention reduced 

the risk of T2D by 46% (222). The importance of exercise training and its metabolic 

benefits in improving glucose homeostasis has been noted and hence The American 

Diabetes Association recommends 2.5 hours of moderate aerobic activity per week 

for the prevention of T2D (100). 

While a healthy diet is an important component of a healthy lifetsyle and the prevention 

of obesity and T2D, this thesis has focused solely on the effect of exercise training on 

improving metabolic outcomes. The impact of diet on obesity and insulin resistance is 

beyond the scope of this thesis and will therefore not be discussed further.  

 

1.13.1 OVERVIEW OF THE EFFECT OF EXERCISE ON GLUCOSE AND FAT 

METABOLISM 
 

It is important to provide a brief overview of the effect of exercise on glucose and fat 

metabolism including glycogen depletion to identify the cellular mechanisms that may 
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explain changes in SI and hyperinsulinemia in response to exercise training (Figure 

1.4). 

During exercise, the muscles require fuel to sustain contractions. The type of fuel, 

whether glucose or fat, depends on the intensity of exercise, session duration, 

exercise modality, diet prior to exercise, duration since last meal and the ability to 

oxidize fat (226). During exercise, glucose disposal and utilization in the muscle can 

occur independent from insulin. Muscle contraction initiates the uptake of glucose 

through an insulin-independent pathway, AMP kinase signalling, that result in 

increased GLUT4 translocation to the plasma membrane (227). The glycogenolysis 

pathway will dominate to further supplement the availability of glucose with less 

glucose converted to glycogen. This will deplete the glycogen stores in the muscle. If 

more glucose is required, the liver will assist by increasing glucose production either 

through breakdown of glycogen or through EGP under the influence of glucagon. Upon 

entering the cell, glucose will be phosphorylated to glucose-6-phospate by hexokinase 

(HK). Glucose-6-phospate will undergo a series of metabolic reactions (indicated by 

an asterisk* in figure 1.3) to be converted to pyruvate and then to acetyl Coenzyme A 

(if oxygen is available), which will be transported into the mitochondria for complete 

oxidation (228). During moderate intensity and longer duration of exercise, fat 

oxidation will increase. (226). In the fasted state, free fatty acids will be derived from 

adipose tissue lipolysis under the influence of epinephrine (228). Further, during 

exercise, insulin levels are low and therefore DNL in the liver will be inhibited and VLDL 

secretion reduced (229). 

Some of the mechanisms that may explain the improvement in SI after exercise 

training are an increase in GLUT4 transporters in the cell membrane (230) and 
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improved phosphorylation of insulin receptor substrates and other key molecules in 

the insulin signalling cascade (231). In addition, glycogen depletion may also 

contribute to an exercise-induced improvement in SI (232). Moreover, exercise training 

may increase mitochondrial biogenesis and enhance mitochondrial function in both 

skeletal muscle (233) and adipose tissue (234), with an augmentation in oxidative 

capacity. In particular, an improvement in fatty acid oxidation (235) may occur either 

through the increased uptake of FFAs, via fatty acid transporter proteins, into the cell 

and/or the improvement of FFAs transport into the mitochondria via the carnitine 

palmitoyl transferase 1 and 2 (CPT1/2) complex and/or through the upregulation of 

enzymes involved in β-oxidation.  

 

AMPK- Adenosine monophosphate activated protein kinase,  CPT1/2 - Carnitine palmitoyl transferase 1 and 2, 
DNL – De novo lipogenesis, EGP – Endogenous glucose production, FFA – free fatty acids Glc – glucose, GDP – 
Guanosine-5-diphosphate, GTP – Guanosine-5- triphosphate, HK – Hexokinase, ,  LPL – Lipoprotein lipase, TBC1D1 
– Rab-GTPase activating protein TGs – triglycerides,  

Figure 1.4: Overview of glucose and fat metabolism during exercise, schematic 

adapted from Brouwers et al (2017) (229) and Richter et al (2013) (230) 
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1.13.2 FACTORS AFFECTING THE INSULIN SENSITIVITY RESPONSE TO EXERCISE 

TRAINING 
 

The effect of exercise on SI has been extensively studied with systematic reviews 

already published in those with and without T2D (227,236–238). Therefore, in this 

section, a brief overview of factors that can influence the SI response to exercise 

training will be given followed by a discussion on the effect of exercise training on SI 

in black populations of African descent.  

An acute exercise bout increases SI, an effect that can last up to 72 hours (239). 

However, to sustain the insulin-sensitizing effects of exercise for longer, a chronic 

exercise training program is required, which may lead to adaptations that promote a 

greater glucose disposal (238). The underlying metabolic health of a study population 

and the volume and intensity of an exercise training intervention may influence the 

insulin sensitizing responses to exercise training. It has been reported that those who 

are more insulin resistant show greater improvements in SI (240). In support, Madsen 

et al. showed that only those with T2D showed an improvement in SI compared to no 

improvement in those without T2D. Further, the effect of volume and intensity of 

exercise training on SI have been studied in a randomized controlled trial (241). 

Overweight-obese older adults (mean age >50yo) without T2D participated in a 6-

month intervention of either a low volume/moderate intensity or low volume/high 

intensity or a high volume/ high intensity exercise training compared to a control group. 

SI improved significantly in all 3 groups, but the greatest improvement (~85%) was 

seen in those groups with a longer exercise duration (~170 minutes/week) compared 

to the low volume/low intensity group (~40%) (~115 minutes/week). In addition, greater 

improvements in SI are found with increasing exercise dose, however this study did 



80 
 

not demonstrate a minimum or maximum threshold for an improvement in SI (242). 

Another aspect to consider is the effect of high intensity interval or sprint interval 

training compared to moderate intensity continuous training on SI. While, both sprint 

interval training and moderate intensity continuous training over 12 weeks, in non-

obese men, increased SI similarly, in the sprint interval group this was accomplished 

with a lower time commitment of 30 mintutes per week compared to 150 minutes per 

week (243). However, in another study in obese girls, 12 weeks of high intensity 

interval training increased SI to a greater degree compare to moderate intensity 

exercise (244). Nevertheless, high intensity training may not improved SI in all 

populations (245). 

The mode of exercise training is another factor to consider when evaluating the effect 

of exercise training on the improvement of SI. The effect of resistance training on SI in 

adults without T2D has been studied less extensively compared to the effect of aerobic 

exercise. A study that randomized young (18-35 years old), normal-weight women 

either to a resistance training group, an aerobic training group or a control group for 6 

months found that SI improved similarly in both the exercise groups, but not in the 

control group (246). Similarly, a study in older overweight/obese men found that SI 

improved regardless of the mode of exercise after 12 weeks (247). Contrastingly, in 

older women (54-78 years old), no improvement in SI  was found in both the resistance 

or aerobic exercise training groups after 6 months (248). However, this study attributed 

the lack of improvement in SI to the frequency of exercise which was 3 times per week. 

Another study conducted in overweight adults (18-70 years old) reported that a 

combination of resistance and aerobic training was more effective in improving SI and 

sustaining this improvement after 14 days of no exercise, compared to either type of 

exercise on its own (249). A mechanism to explain the improvement in SI after 
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resistance training may be an increase in skeletal muscle mass. However, limited 

evidence exists in those without T2D. For example, after 8 months of resistance 

training in overweight-obese adults without T2D, lean body mass increased 

significantly but no changes in SI were observed (249). However, resistance training 

has shown to improve key mediators of uptake of glucose in both insulin-sensitive and 

insulin-resistant muscles such as the GLUT4 protein content and enzymes in the 

insulin signalling cascade, which may occur independent of muscle mass changes 

(250). Taken together, these studies suggest that both aerobic and resistance training 

can improve SI, and a combination is recommended for the prevention and treatment 

of T2D (100). 

The majority (235,242,249,251–271), but not all (271–277) exercise-training studies 

show an improvement in SI. The discrepancies observed in these studies may perhaps 

be explained by the impact of exercise training on body composition and body fat 

distribution. An improvement in SI after exercise training may be mediated through a 

reduction in body weight. Indeed, most studies that did not report a significant 

reduction in body weight also did not report a change in SI (253,271,274,275). 

However, a study conducted in adults with T2D that participated in 2 weeks of sprint 

interval or moderate-intensity continuous training reported an improvement in SI 

without a concomitant reduction in weight (252). Nonetheless, this study also 

demonstrated a reduction in body fat mass, VAT and SAT. Lack of change in body 

weight or BMI may not always correlate with body fat changes. Therefore it is important 

to evaluate the effect of exercise training on fat-free soft tissue mass, body fat mass, 

as well as on regional fat depots when assessing the impact on SI.  

The VAT depot has been shown to be an important correlate of insulin resistance in 

cross-sectional studies, as well as in a recent longitudinal study (143). Therefore a 
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reduction in VAT may contribute to an improvement in SI after exercise training. 

Moreover, VAT responds more readily to adrenergic-stimulated lipolysis induced by 

exercise (278) and thus may be preferentially reduced after exercise training. Indeed, 

studies that measured VAT and reported an improvement in SI also observed a 

concomitant reduction in VAT (235,251,269,271). However, these studies also 

reported concomitant reductions in aSAT (235,251,269,271) and body fat mass 

(235,251,271), which could also explain the improvement in SI. However, studies that 

assessed the contribution of VAT to the improvement in SI, independently from body 

fat mass and/or other body fat depots have shown conflicting results. One study 

reported that VAT was not an independent predictor of SI when accounting for 

reductions in body fat mass, aSAT and subfascial thigh fat (235), while another study 

found that VAT contributed to the improvement in SI, independently from other fat 

depots (251). However, differences in study populations may have contributed to these 

discrepancies, the latter study (251) included both overweight and obese participants 

while the former study (235) included only obese individuals. Importantly, both these 

studies combined exercise training with calorie restriction. Nevertheless, a Danish 

study randomized obese adults without T2D into an exercise training without calorie 

restriction group, a calorie restriction only group or an exercise training combined with 

calorie restriction group. They showed that in the exercise training alone group, the 

relative reduction in VAT was greater compared to the reduction in body fat mass, but 

in all 3 groups, the reduction in VAT correlated closely with the reduction in body fat 

mass (273). This study did not perform a multivariate analysis to determine the 

independent contribution of a reduction in VAT to SI but reported that after exercise 

training alone, the reduction in VAT, aSAT and the gluteal-femoral depot were similar. 

The evidence with regards to whether a reduction in VAT may be a more important 
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correlate of an improvement in SI after exercise training above a reduction in body fat 

mass or other regional fat depots is inconclusive.  

Few exercise-intervention studies that evaluated the effect of exercise training on SI 

have been conducted in black African populations (Table 1.6). Two studies that 

reported an improvement in SI, conducted the FSIGT <72 hours after the last exercise 

bout (279,280); the results may therefore reflect the effect of an acute exercise bout 

rather than chronic adaptation. Ortmeyer et al. included African American and white 

post-menopausal women, but found no interaction by ethnicity and therefore reported 

results in the combined group (281). In this study, an improvement in SI was found 

after 6 months of high-intensity aerobic exercise training combined with calorie 

restriction that coincided with a reduction in body weight, VAT and SAT. A study 

conducted in pre-menopausal, overweight-obese African American women without 

T2D reported no change in SI after 14 weeks of high-intensity interval training (245). 

In addition, no improvement in VO2peak and no change in body weight and SAT were 

observed, but a reduction in VAT was noted. Notably, there is a dearth of randomized-

controlled exercise intervention studies in populations of black African descent that 

are able to assess the independent effects of exercise training on SI together with body 

composition and body fat distribution, and crucially, no exercise intervention study has 

been conducted in Africa. 

 

 

 

 



84 
 

Table 1.6: Summary of exercise intervention studies from USA that included African 

Americans individuals and measured insulin sensitivity 

Study Participants Study 
groups 

Exercise intervention: Dx, 
volume, intensity, mode 

SI Method ∆ SI Other changes 

Arad, 2015 
(245) 

F, 29±4 yo, 
OW/OB, 
NonT2D 
Black only 
 

CON (n=9) 
EX (n=11) 
Controlled 
High Fat Diet 
10d prior to 
testing 

14 weeks,  
Three 24 min sessions/week 
75-90% HRR,  
High intensity interval 

HIEG Clamp 
>72h after 
last session 

No Δ No Δ: VO2peak, 
BW, SAT, 
IMAT, IC 
↓VAT 

Brown, 1997 
(280) 

F, 51±2 yo, OB, 
NonT2D 
Black only 

EX (n=12) 
No control 
 

7 consecutive days 
65% HRR 
Aerobic exercise  

FSIGT  
>14-18h 

↑ 
(58%) 

No Δ: VO2peak, 
BW, BF 
 

Many, 2013 
(279) 
 

F+M, 14-18yo, 
OB, NonT2D 
Black (8), 
Hispanic (3) 

EX (n=11) 
No control 
 

8 weeks 
180min/week  
40-55% VO2peak 
Aerobic exercise 

FSIGT 
24-48h 

↑ 
(37%) 

No Δ: VO2peak 
↓: BW, BF  
 

Orthmeyer, 
2017 (281) 

F, 50-75yo, 
OW/OB, 
NonT2D/IGT 
Black/White 
(combined) 

CR (N=34) 
CREX (N=37) 

6 months 
Three 45min sessions/week  
85% HRR 
Aerobic exercise 
 

HIEG clamp  
36-48h 
 
 

↑  
 
 

↑VO2peak 
↓: BW, BF, 
VAT, SAT 

Dx – Duration of exercise training, SI – Insulin sensitivity, Δ – Change,F- Female, M – Male, OW – Overweight, OB 
-Obese, NonT2D- Non- Type 2 Diabetes, IGT – Impaired glucose tolerance, B – African American, H – Hispanic, W 
– White, CON – control group, EX- exercise group, HRR – Heart rate reserve, HIT – High intensity training, HIEG – 
Hyperinsulinemic euglycemic clamp, BW – Body weight, BF – Body Fat, SAT – Abdominal subcutaneous adipose 
tissue, VAT – Visceral adipose tissue, IMAT – intramuscular fat, IC – insulin clearance, ↑ - increase, ↓- decrease 

 
1.13.3 EFFECT OF EXERCISE TRAINING ON HYPERINSULINEMIA 
 

The preservation of the insulin response and β-cell function is critical in preventing or 

delaying the onset of T2D and therefore investigating the effect of exercise training on 

these key components is warranted. During an acute bout of exercise, insulin secretion 

will depend on the intensity of the exercise (282). During both low and moderate 

intensity exercise, insulin secretion is inhibited to allow the liver to produce more 

glucose under the influence of glucagon. This ensures euglycemia while glucose is 

taken up by the muscle, via an insulin-independent pathway. Similarly, during high 

intensity exercise, insulin secretion is reduced, however, the rate of glucose production 

is much higher compared to lower intensity exercise. During the post-exercise period, 

glucose uptake reduces more than glucose production which results in hyperglycemia. 
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Insulin secretion will therefore increase during this period to normalize glucose levels 

(282). However, whether chronic adaptations occur in the insulin response to glucose 

after exercise training, as well as whether the exercise-induced changes in both the 

insulin response and β-cell function differ according to diabetic status requires 

discussion. Studies that reported on the effect of exercise training on insulin response/ 

secretion or β-cell function are summarized in Table 1.7. 

Studies that have shown an improvement in SI after exercise training also reported a 

reduction in the insulin response (251,260,264,265,280,283,284). The majority of 

these studies were conducted in those without T2D (251,260,265,283). T2D status 

may modify the exercise-induced change in the insulin response because those with 

T2D may have already impaired insulin responses. Indeed, a study conducted in those 

with T2D, differentiated between low and moderate insulin secretors and found that 

after 3 months of exercise training, the moderate secretors had an increased insulin 

response, whereas in the low secretors showed no change (285). Interestingly, in this 

study the insulin response was augmented in the moderate secretors without an 

improvement in SI. Moreover, in those with T2D the residual insulin response is 

therefore an important factor in the exercise training response and can perhaps 

explain discrepant findings in those with T2D. For example, after 8 weeks of high 

intensity training in those with and without T2D, no changes occurred in the insulin 

response (263). While in another study conducted in those with T2D and prediabetes 

reported a reduction in the insulin response after 12-16 weeks of moderate-high 

intensity training (284). Further, the mechanism responsible for a lowered insulin 

response after exercise training could be due to lower insulin secretion. A study that 

evaluated both the insulin response and the insulin secretory capacity, derived from 

C-peptide measures, after 12 weeks of vigorous training in obese prediabetic adults, 
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found that only the insulin response decreased but not the insulin secretory response, 

indicating an increase in insulin clearance only (284). However, in Heiskanen et al, the 

ISR, obtained through C-peptide deconvolution and normalized to glucose 

concentration (0-30min), decreased after exercise training in both those with T2D and 

those without (252).  

As previously mentioned, the insulin response normalized to the prevailing level of SI 

is a better marker of β-cell function. The β-cell function in response to exercise will 

therefore depend on the net change in SI and the insulin response. An increase in β-

cell function was observed in studies that reported an increase in SI  together with a 

reduction (264,284) and no change in insulin response (263). These studies indicate 

that the degree of change in SI is an important contributor to the improvement in β-cell 

function. Exercise intensity and volume also influences the degree of change in SI and 

β-cell function. Compared to low volume/high intensity and high volume/high intensity 

exercise training, low volume and moderate intensity exercise training resulted in the 

biggest increase in β-cell function in adults without T2D due to a large increment in SI 

and no change in the insulin response (261). In addition, combining aerobic and 

resistance training will sustain increases in β-cell function for at least 14 days post-

exercise compared to aerobic or resistance training alone (249), due to an increase in 

SI that only reduced by less than 50% after detraining. Indeed, the influence of 

exercise training on the insulin response and β-cell function seems to be driven by 

changes in SI. Black African populations frequently present with hyperinsulinemia and 

a reduction in the acute insulin response was found in African American women after 

acute exercise (280), but not in African American and Hispanic adolescents (279). 

However SI increase after exercise training in both the latter 2 studies  
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The effect of exercise training on insulin clearance requires further mention, especially 

since this may be a mechanism through which exercise training may reduce the insulin 

response. Although studies in Table 1.7 evaluated the effect of exercise training on 

insulin response or β-cell function, they did not evaluate the effect on insulin clearance. 

Nevertheless, two other studies assessed the effect of exercise training on insulin 

clearance (245,286). One study, in which ethnicity was not mentioned, was conducted 

in overweight-obese adults with IGT and reported that insulin clearance did not change 

after 12-weeks of combined aerobic and resistance training, but increased after using 

metformin or metformin in combination with the exercise training program (286). In 

contrast, SI improved to a greater extent in the exercise training group compared to 

both the metformin groups. This study speculated that exercise training does not affect 

insulin clearance unless combined with metformin. The other study conducted in pre-

menopausal African American women without T2D found no change in insulin 

clearance after 14 weeks of high-intensity interval training (245). Nevertheless, both 

these studies determined the insulin clearance after a hyperinsulinemic euglycemic 

clamp, which compared to a FSIGT derived measure, correlates poorly with direct 

measures of insulin clearance (287). More studies are therefore necessary to assess 

the effect of exercise training on insulin clearance derived from FSIGT measures in a 

black African population who typically present with lower insulin clearance compared 

to white populations (59) 

In the following sections the effect of exercise training on ectopic fat will be discussed 

to determine whether these changes may explain changes in SI and hyperinsulinemia.
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Table 1.7: The effect of exercise training on insulin response/secretion and β-cell function 

Study 
(Country) 

Participants Study groups Exercise intervention: Dx, 
volume, intensity, mode 

Measurement of 
Insulin response/ 
B-cell function 

∆ Insulin response/ 
secretion 

∆ β -cell function Other ∆ 

AbouAssi, 
2015 (USA) 
(249) 
 

Black (n=17), 
White (n=79), 
Other (n=2), 
M+F, 47-51yo, 
OW/OB, 
NonT2D 

RES (n=38) 
AER (n=27) 
AER+RES 
(n=23) 
(matched for 
age, sex, BMI, 
race) 

8 months 
RES:180min/wk, 8 Exercises, 
3 sets/day, 8-12 reps/set, 
progressive 
AER:132min/wk, 65-80% 
VO2peak  

FSIGT -AIRg, DI 
Post-Ex: 
16-24hrs and 
14 days 

16-24hrs post Ex 
RES: No ∆ 
AER: ↓  
AER+RES: No ∆ 

16-24hrs post Ex 
RES: No ∆ 
AER: No ∆ 
AER/RES: ↑ 
14 days post Ex 
AER: ↓ (trend) 
AER+RES:↑ (trend) 

↑ VO2max (AER> 
other groups) 
↑SI (AER+RES only) 
↓BMI BF (AER, 
AER/RES) 

Brown, 
1997 
(Canada) 
(280) 

Black, F, 51±2yo, 
OB, NonT2D,  

EX (n=12) 7 consecutive days 
65% HRR 
aerobic exercise 

FSIGT- AIRg 
Post-Ex: 
14-18h 

Yes ↓  ND ↑ SI, 
No Δ: VO2peak, 
BW, BF 

Bruce, 
2006 
(Canada) 
(283)  

M+F, 36yo, OB, 
Non-T2D,  

EX (n=9) 8 weeks, five 60min 
sessions/wk, 60 min, Mod-
intensity aerobic exercise 

OGTT - AUCIns 
Post-Ex: 36-48h  

Yes ↓ ND ↑: VO2max, SI, 
FAO 
No Δ: BW, BMI, 
IMAT 
↓: DAGs, 
adiponectin 

Dela, 2004 
(Denmark) 
(285) 

M, middle aged, 
OW/OB, T2D 

Mod 
secretors: 
EX (n=9) vs 
NoEX (n=7) 
Low secretors: 
EX (n=5) vs 
NoEX (n=3): 
 

3 months, five 30-40min 
sessions/week, 
75% VO2max 
aerobic exercise 

Hyperglycemic 
clamp  
Arginine 
stimulation 
Post-Ex: 
16h 

Ins and Cpep  
responses 
EX: 
Mod secretors: ↑ 
Low secretors: no ∆ 
NoEX 
Mod secretors: no 
∆ 
Low secretors:  

ND ↑VO2max 
No Δ: SI, BW, BF 
 

Heiskanen, 
2018 
(Finland) 
(252)  

White, 40-55yo:  
NonT2D: M, OW 
T2D: M+F, 
OW/OB 

NonT2D (n= 
28) 
T2D/IGT 
(n=26) 

2 weeks, SIT: 4-6 sessions 30s 
cycle/4min rest 
CT:  6 sessions of 40-60min, 
60% of Wmax  

OGTT  
Post-Ex: 
NM  

T2D: ISR basal ↓  
NonT2D: ISR early↑  
T2D/NonT2D: 
ISR/Glc0to30min ↓  

ND ↑VO2max 
↑SI 
↓:PF, SAT, VAT, BF 
Both groups 
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(SIT vs CT 
combined) 

Kahn, 1992 
(USA)(265)   

M, 61-82yo, FM 
19.4%, NonT2D 

EX (n=13) 6 months, five 45min 
session/wk,  
80-85%HRR 
Progressive, aerobic exercise 

FSIGT: AIR 
(glucose and 
arginine 
stimulation) 
Post-Ex: 
60h 

AIRg Yes ↓ 
AIRmax ↓ 
Glc sensitivity No ∆ 

No ∆ ↓BW, BF 
↑VO2max 
↑SI 
No Δ glucose 
tolerance 

Kirwan, 
1993 (USA) 
(260) 

M+F, 60-70yo, 
NGT 

EX (n=12) 9 months, four 45min 
sessions/wk, ~80%HRmax, 
aerobic exercise 

HIEG 
Post Ex: 
16h 

↓ Ins response  ↑VO2max 
↑ SI 

Larson-
Meyer, 
2006 (USA) 
(251) 

White 
(n=30)Black 
(n=15)Asian 
(n=1),  
Non-T2D (48): 
M+F, 25-50yo, 
OW 

CON (n=11) 
EXCR (n=12) 
CR (n=12):25% 
LCD (n=11): 
15%WL 

6 months 
EXCR: 5 sessions/wk, aerobic 
exercise, ↑ energy 
expenditure by 12.5% and 
CR of 12.5%  

FSIGT 
Post-Ex: 
48h 

↓ (all 3 
intervention 
groups) 

ND ↑SI (EXCR, LCD) 
↓BW, BF, VAT, HF 
 

Madsen, 
2015 
(Denmark) 
(263) 

M+F, T2D: 56yo; 
NonT2D: 52yo 

T2D (n=10) 
nonT2D 
(n=13) 

8 weeks, 3 sessions/wk, High 
intensity interval training 
10x6s cycle 

OGTT: IGI, DI 
Post-Ex  
48-72h 

T2D/nonT2D: 
IGI: No Δ 

T2D: Yes↑ 
NonT2D: No Δ 

T2D: ↓2h glucose, 
HOMA-IR 
T2D and nonT2D: 
↓BMI, central fat  
↑VO2max 
 

Malin, 
2013 (USA) 
(284) 

M+F, 66.8yo, 
OB, 
Prediabetes 

IFG (n=8) 
IGT (n=8) 
IFG+IGT (n=8) 

12 weeks, 5 sessions /wk, 
60min/day, ~85% HRmax, 
aerobic exercise 

OGTT:  
Post Ex: 
72h 

Ins/Glc: Yes↓ 
(1st and 2nd phase) 
Cpep/Glc: No Δ 
(1st and 2nd phase) 

↑  
1st and 2nd phase 
 

↑SI 
↓:BMI, BF, 
Abd fat, VAT 
 

Many, 
2013 (USA) 
(279) 

Black (n=8), 
Hispanic (n=3) 
F+M, 14-18yo, 
OB, NonT2D 

Ex (n=11) 8 weeks, 180min/wk 
40-55% VO2peak 
aerobic exercise 

FSIGT 
Post-Ex: 
24-48h 

No ∆ ND ↑SI 
 

Slentz, 
2009 (USA) 
(261) 

M+F, 40-65yo, 
OW/OB, 
NonT2D 

NoEX (n=58) 
Lo/Mod 
(n=57) 
Lo/Vig n=(58) 

8 months,  
Lo/Mod: 40-55% VO2peak, 
176min/wk 

FSIGT 
Post-Ex: 
NM 

Lo/Mod No Δ 
Lo/Vig ↓ 
Hi/Vig ↓↓ (15.2%) 

Lo/Mod ↑↑ 
Lo/Vig ↑(p=0.06) 
Hi/Vig ↑ 

Lo/Mod ↑↑SI 
Lo/Vig ↑SI 
Hi/Vig ↑SI 
↑VO2max 
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Hi/Vig (n=64) Lo/Vig: 65-80% VO2peak, 
113min/wk 
Hi/Vig: 65-80% VO2peak, 
172min/wk 
aerobic exercise 

(all Exercise 
groups) 

Solomon, 
2013 
(Denmark) 
(264) 

M+F, 61yo, 
OW/OB, IGT 
(n=56), T2D 
(n=49) 

EX (n=105) 12-16 weeks, 4-5 
sessions/wk, ~60min/d, 
~75% VO2max, aerobic 
exercise 

OGTT (GSIS) 
HIEG  

↓  
1st and 2nd phase 

↑  
1st and 2nd phase 

↑SI, VO2max 
↓;BMI, BF 

Dx – Duration of exercise training, Δ – Change, F- Female, M – Male, OW – Overweight, OB -Obese, NonT2D- Non- Type 2 Diabetes, IGT – Impaired glucose tolerance, RES – 
Resistance training group, AER – Aerobic training group, CON – control group, EX- exercise group, CR – Calorie restriction, EXCR – Exercise and calorie restriction group, LCD – 
Low calorie diet, SIT – Sprint interval training, CT – continuous training, Lo/Mod – low volume moderate intensity exercise group, Lo/Vig – low volume, vigorous intensity 
exercise group, Hi/Vig – High volume, vigorous intensity exercise group, HRR – Heart rate reserve, Wmax – maximum work load, HR – Heart rate, HIT – High intensity training, 
FSIGT – Frequently sampled intravenous tolerance test, OGTT, Oral glucose tolerance test, HIEG – Hyperinsulinemic euglycemic clamp, AIRg – Acute insulin response to glucose, 
DI – Disposition index, IGI – Insulinogenic index, AUCIns – Area-under-curve Insulin, GSIS – Glucose stimulated insulin secretion, ND – Not done, SI – Insulin sensitivity, BW – 
Body weight, BF – Body Fat, SAT – Abdominal subcutaneous adipose tissue, VAT – Visceral adipose tissue,  PF – Pancreatic fat, FAO – fatty acid oxidation, DAGs – diacylglycerol, 
HF- Hepatic fat, HOMA-IR Homeostatis Model assessment of Insulin Resistance, ↑ - increase, ↓ - decrease



91 
 

1.13.4 EFFECT OF EXERCISE TRAINING ON SKELETAL MUSCLE FAT 
 

During exercise the main source of lipids used in oxidation, are from plasma long-

chain fatty acids derived from VAT and SAT lipolysis, 10% from intramyocellular 

lipids and less than 5% from VLDL (288). The net effect of exercise training on 

lipids depends on the metabolic status, lean vs obese, trained vs untrained as well 

as the diet before and during exercise (289). Another important factor to consider 

is the intensity of exercise, with maximal fat oxidation occurring during moderate 

intensity exercise. Further, the longer the duration of exercise, the more reliant the 

muscle will be on lipids as a fuel source (226). A recent study also highlighted that 

the type of exercise is important, with an increase in IMCL observed with 2 weeks 

of sprint interval training (4-6 30 second cycling sessions with 4 minutes of 

recovery), but no change observed with 2 weeks of moderate-intensity continuous 

training program (40-60 minutes), regardless of the metabolic status of the 

participants (290). 

Considering all the factors that may influence the exercise response of 

intramuscular fat, it is not surprising that studies have reported mixed results. Table 

1.8 summarizes studies that evaluated the effect of exercise training on 

intramuscular fat and SI. Studies in those without T2D reported no changes 

(251,253,270,273,274,283,291), an increase (277,292,293) and a decrease (294) 

in intramuscular fat. The discrepancies between these studies may be explained 

partly by the exercise duration. The studies that showed a change in intramuscular 

fat ranged from 2 weeks to 16 weeks, while the studies that did not report a change 
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range from 4 weeks to 6 months. As most studies used a moderate intensity 

aerobic exercise training, the exercise intensity and mode were unlikely 

explanations for the discrepant findings . Another important factor to consider are 

the methods use for intramuscular fat assessment, namely histochemistry after a 

muscle biopsy or magnetic resonance spectroscopy (MRS), which are able to 

distinguish between IMCL and EMCL content, with one study using magnetic 

resonance imaging (MRI) that measures total intramuscular fat. Although the 

above-mentioned studies focused on those without T2D, differences in study 

population can still occur. For example, an increase in IMCL was observed in 

studies that included young males (BMI was not mentioned) (277), or lean older 

adults (293). However, the third study that showed an increase in IMCL was 

conducted in older adults that were overweight or obese (292). 

Findings from studies that were conducted on those with T2D also lacked 

consistency. One study, using a combination of aerobic and resistance training, 

reported an increase in IMCL, (270), while a decrease was observed in another 

study using only aerobic exercise training (291). No change in IMCL was reported 

in another 12-week study that used combined aerobic and resistance training with 

a concomitant Paleolithic diet (295). The reason for the heterogeneity in findings 

is not clear but differences in the intervention duration, the study population and 

diet may contribute to the discrepant findings. 

No study found an association between the changes in intramuscular fat and 

changes in SI, although an improvement in SI occurred in most of the studies 
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(251,253,270,273,283,291,292,294–296). Two studies (274,293) that did not 

report an improvement in SI, used HOMA-IR as a surrogate marker of SI and the 

other study used an insulin tolerance test (277). In addition, two of the studies were 

of a shorter duration, 2 weeks (277) and 4 weeks (293). Importantly, an 

improvement in SI  was observed in studies without a concomitant change in 

intramuscular fat (251,253,270,283,291,295). This suggests that changes in 

intramuscular fat content are not essential for improvements in SI.  Perhaps 

changes in lipid intermediaries such as diacylglycerols (292), improvements in 

oxidative capacity (283,291,294,296,297), or metabolic flexibility (270) may be 

more important correlates of SI improvements. However, majority of these studies 

investigating the effect of exercise training on both SI and skeletal muscle fat were 

conducted in predominately white populations. In addition, no study focused only 

on premenopausal women. A gap therefore remains, to evaluate the effect of 

exercise training on both SI and skeletal muscle fat in black South African 

premenopausal women known to have a greater sensitivity to skeletal muscle fat 

accumulation compared to their white counterparts (42). 

1.13.5 EFFECT OF EXERCISE ON HEPATIC FAT 
 

Studies that evaluated the effect of exercise training on hepatic fat showed mixed 

results, which were dependent on cohorts with and without NAFLD). A recent 

systematic review showed that the majority of studies reported a reduction in 

hepatic fat after exercise training (298). However, these studies were mostly 

conducted in those with NAFLD and/or T2D (256,257,272,299–303). Notably, the 
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studies that did not show any change in hepatic fat content after exercise were 

conducted in those without NAFLD (253,304). Although, one study reported that 

after 12 weeks of a combined aerobic and resistance training the reduction in 

hepatic fat in those without NAFLD (relative Δ -28.3%) and those with NAFLD 

(relative Δ -34.5%) were similar (256). Further, an increase in hepatic fat has also 

been observed after exercise training (295). This study was conducted in adults 

with T2D that combined exercise training with a Paleolithic diet. However, this 

increase was driven by 3 subjects whereas most of the group (n=10) showed a 

reduction in hepatic fat. It seems that exercise training is beneficial to reduce 

hepatic fat in those with NAFLD and T2D. However, in those without NAFLD, the 

effect of exercise training on hepatic fat is more variable. In those that showed a 

reduction in hepatic fat, the effect was modest and larger reductions were 

observed with longer duration of exercise training (6 months) that were combined 

with calorie restriction. 

Although a reduction in hepatic fat after exercise training coincided with an 

increase in hepatic and peripheral SI, no association was found between these two 

factors (251,256). The change in hepatic fat was rather associated with changes 

in either body weight, VAT or total body fat mass (251,256,305). Although an 

association between hepatic fat and SI has been reported in cross-sectional 

studies, this association is not so apparent in intervention studies, probably due to 

the heterogenous response of hepatic fat to exercise training (295). While cross-

sectional studies to evaluate the association between hepatic fat and SI have been 

conducted in black South African women (42,171), interventional studies are 
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needed to provide greater insight into the causality of hepatic fat on SI in this 

population. Furthermore exercise intervention studies have not addressed whether 

changes in insulin clearance and hyperinsulinemia can be explained by changes 

in hepatic fat in black African populations. 

1.13.6 EFFECT OF INTERVENTIONS ON PANCREATIC FAT 
 

Intervention studies have been performed to assess the role of pancreatic fat on 

β-cell function, with a focus to reverse T2D. These studies induced weight loss 

either through bariatric surgery (13.6%) (214) or low calorie diets (15%) (213). Both 

these studies reported a change in pancreatic fat from 6.6 to 5.5% 8 weeks after 

bariatric surgery (214) and from 8.0 to 6.2% after 8 weeks of low calorie diet (213), 

which in both these studies coincided with an improvement in acute insulin 

response in those with T2D. Contrastingly, those without T2D, had a comparable 

weight reduction to those with T2D after bariatric surgery, but had no reduction in 

pancreatic fat and no improvement in the acute insulin response (214). This could 

indicate that a reduction in pancreatic fat might be needed for an increase in acute 

insulin response. Notably, in those without T2D, the acute insulin response was 

not impaired and may be the reason why no change was observed. Interestingly, 

in the intervention study, the importance of a reduction in pancreatic fat on β-cell 

function was only observed in those with T2D, while in cross-sectional studies an 

association was only apparent in those without T2D (Table 1.5). 

The effect of exercise training on pancreatic fat has only been studied once before 

in a Finnish population and included adults with T2D and healthy men (252). The 
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participants completed 2 weeks of either high intensity interval training or moderate 

intensity continuous training. A similar reduction in pancreatic fat was found in both 

the healthy men (from 4.4 to 3.6%) and in those with T2D/prediabetes (from 8.7 to 

6.7%). However, this also coincided with a reduction in SAT and VAT, but body 

weight was not altered after the intervention in both groups. While β-cell measures 

improved similarly in both the healthy men and those with T2D it was not 

associated with reduction in pancreatic fat.  

Pancreatic fat has never been assessed in a black South African population. 

Importantly, a cross-sectional study showed that in black South African women 

both skeletal muscle and hepatic fat accumulation was associated with lower SI. A 

study is therefore justified to explore the response of pancreatic fat to exercise 

training and whether this change will be associated with changes in the insulin 

response and β-cell function in this cohort who are at high risk for T2D. 



97 
 

Table 1.8: Effect of exercise training on skeletal muscle fat and association with insulin sensitivity 

 Study, 
(Country) 

Participants Study 
groups 

Exercise intervention: 
Dx, volume, intensity, 
mode 

Skeletal muscle 
measurement 

Δ IMAT Δ SI Association 
with Δ SI 

Other changes 

1 Bruce, 2004 
(Canada) (291) 
 

T2D: M, 48.2yo, 
BMI 32.3 
 
Non-T2D: M, 
46.3yo, BMI 
28.8 

T2D (n=7) 
Non_T2D 
(n=6) 
EX only 

8 weeks, 3x/wk,  
AER:70%VO2peak, 
60min 
HIIT ~80-85%VO2peak, 

50min 
(combined) 

Histochemistry – 
vastus lateralis 
(IMAT) 

T2D: ↓  
NonT2D: No Δ 

T2D+nonT2D 
↑ (HIEG) 
36-48h post-
Ex 

ND ↑muscle 
oxidative 
capacity 

2 Bruce, 2006 
(Canada) (283) 
 

Non-T2D: M+F, 
36yo, OB 

EX (n=9) 
EX only 

8 weeks, 5x/wk, 60 
min, Mod-intensity 
aerobic training  

Histochemistry 
Vastus-lateralis 
(Muscle TAGs) 

No Δ ↑ (OGTT-ISI) 
36-48h post-
Ex 

ND ↓ceramides, 
↓trend DAGs 
↑FAO 

3 Christiansen, 
2009 
(Denmark) 
(273) 
 

Non-T2D: M+F, 
18-45yo, OB 

EX (n=19) 
CR (n=19) 
EXCR (=21) 

12 weeks, 3/wk 60-
75min 
70% HRR, aerobic 
training 

MRI (Thigh) 
(IMAT) 

EX: No Δ 
CREX: ↓ 
CR: ↓ 

HOMA-IR 
↓trend 
24h post Ex 

ND ↓BW 
 

4 Dube, 2008 
(USA) (292) 
 

Non-T2D 
(IGT/NGT): 
M+F, 60-75 yr, 
OW/OB  

EX: n=25 
EX only 

16 weeks, 4-5/wk, 
45min, Mod 
Intensity, aerobic 
training 

Histochemistry 
(muscle NM) 
(IMCL) 

Yes↑ ↑ (HIEG) 
48h post-Ex 

No ↓DAGs, 
ceramides 
↑glycogen, 
capillary density 

5 Dube, 2011 
(USA) (296) 
 

Non-T2D: M+F, 
60-75yo, 
OW/OB 
EX:IGT/NGT  
CR: IGT 
 

EX (n=8) 
CR (n=8) 

16 weeks, 4-5/wk, 
45 min, Mod 
intensity, aerobic 
training 

Histochemistry 
(muscle NM) 
(IMCL) 

EX: ↑ 
CR: ↓ 

↑ (HIEG) 
36-48h post-
Ex 

No ↓: BW, BF, 
↓DAGs, 
ceramides,  
↑Muscle 
glycogen, muscle 
oxidative 
capacity 

6 Johnson, 2009 
(Australia) 
(274) 

Non-T2D: M+F, 
49.1yo, OB  

EX (n=12) 
noEX (n=7) 

4 weeks, 3/wk, 30-
45min, 50-70% 

MRS  
Vastus lateralis 
(IMCL) 

EX: No Δ 
NoEX: No Δ 

HOMA-IR No 
Δ 
72h post Ex 

ND No ΔBW 
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VO2peak, aerobic 
training 

7 Larson-Meyer, 
2006 (USA) 
(251) 
 

White (n=30), 
Black(n=15), 
Asian (n=1),  
Non-T2D: M+F, 
25-50yo, OW 

CON (n=11) 
EXCR 
(n=12) 
CR 
(n=12):25% 
LCD (n=11): 
15%WL 

EXCR: 6 months, 
5/wk, aerobic 
training, ↑Energy 
expenditure by 
12.5% 
DIET: 12.5% CR 

MRS-soleus 
(IMCL) 

CR/EXCR/LCD: 
No Δ 
 

↑(FSIGT) 
48h post Ex 

No ↓: BW, AIRg , 
VAT, SAT, BF, 

8 Meex, 2008 
(Netherlands) 
(270) 
 

T2D:M, 59.4yo, 
BMI 30.0 
NonT2D: M, 
59yo, BMI 29.7 

T2D (n=18) 
Non T2D 
(n=20) 
EX only  
 

12 weeks, 3/wk, 
45min, 55% Wmax, 
aerobic and 
resistance training 

Histochemistry-
vastus lateralis 
(IMCL) 

NonT2D: No Δ 
T2D: ↑ 
(trend) 

T2D: 
PeripSI/HepSI 
↑ 
NonT2D:HepSI 
↑/ PeripSI 
↑(trend)  
(HIEG) 
72h post Ex 

ND ↑mitochondrial 
function, 
metabolic 
flexibility 

9 Pruchnic, 2004 
(USA) (293) 
 

Non-T2D:M+F, 
67yo, OW 

EX (n=13) 
EX only 

12 weeks, 3-5/wk, 
30-40min, 60-
70%HRmax, aerobic 
training 

Histochemistry-
vastus lateralis 
(IMCL) 

↑ No Δ HOMA-
IR 

ND ↑FAO but not 
associated with 
ΔIMAT 

10 Otten, 2018 
(Sweden) 
(295) 
 

T2D, M+F, 30-
70yo, OW/OB 
 

EXPD 
(n=13) 
PD (n=13) 

EXPD: 12 weeks, 
3x/wk, 60 min 
low/mod/high 
intensity, 
aerobic and 
resistance training + 
paleolithic diet  

MRS – soleus, 
tibialis anterior 
(IMCL) 

EXPD: No Δ 
PD: ↓ 

EXPD: 
PeripSI↑ 
HepSI No Δ 
AT-SI ↑ 
(HIEG) 
48h post Ex 

PeripSI:  
No 

↓Plasma CRP 
No Δ: Adipose 
tissue IL6, TNFα: 

11 Schrauwen-
Hinderling, 
2003 
(Netherlands) 
(277) 

Non-T2D: M, 
23yo, BMI 22.6, 
highly trained 

EX (n=8) 2 weeks- 1 rest day, 
aerobic (2h) and 
interval training (45 
min), intensity NM 

MRS -vastus 
lateralis 
(IMCL) 

↑ No Δ 
(ITT)  
48h post Ex 

No No Δ oxidative 
capacity 
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12 Shojaee-
Moradie, 2006 
(UK) (253) 
 
 

EX:Non-T2D 
(10), M, 47yo, 
OW 

EX (n=10) 
noEX (n=7) 

6 weeks, 3/wk, 20 
min, 60-80% of 
VO2max, Mode NM 

MRS  
(tibialis anterior) 
(IMCL) 

EX/NoEx:  
No Δ 

Perip SI ↑ 
HepSI ↑ 
(HIEG) 
72h post Ex 

ND ↓Circulating FFA 

13 Solomon, 2008 
(Denmark) 
(268) 
 

Non-T2D: IGT 
M+F,  
EX: 66yo, OB 
EXCR: 67yo, OB 

EX (n=12) 
EXCR 
(n=11) 

12 weeks, 5/wk, 60 
min 
75% VO2max, aerobic 
training  

Histology - 
vastus lateralis 
(IMCL) 

↓ 
both groups 

EX/EXCR: ↑ 
(HIEG) 
>48h post-Ex 

No ↓BW, BF 

Dx – Duration of exercise training, Δ – Change, IMAT – intramuscular fat, SI – Insulin sensitivity, F- Female, M – Male, OW – Overweight, OB -Obese, NonT2D- 
Non- Type 2 Diabetes, IGT – Impaired glucose tolerance, NGT – Normoglucose tolerant, RES – Resistance training group, AER – Aerobic training group, CON – 
control group, EX- exercise group, CR – Calorie restriction, EXCR – Exercise and calorie restriction group, LCD – Low calorie diet, SIT – Sprint interval training, 
CT – continuous training, Lo/Mod – low volume moderate intensity exercise group, Lo/Vig – low volume, vigorous intensity exercise group, Hi/Vig – High 
volume, vigorous intensity exercise group, HRR – Heart rate reserve, Wmax – maximum work load, HR – Heart rate,  HIT – High intensity training, FSIGT – 
Frequently sampled intravenous tolerance test, OGTT, Oral glucose tolerance test, HIEG – Hyperinsulinemic euglycemic clamp, IMCL – intramyocellular lipid 
content, ISI – Insulin sensitivity, HOMA-IR Homeostatis Model assessment of Insulin Resistant, ND – Not done, Periph – Periperal, Hep -Hepatic, BW – Body 
weight, BF – Body Fat, SAT – Abdominal subcutaneous adipose tissue, VAT – Visceral adipose tissue, FAO – fatty acid oxidation, DAGs – diacylglycerol, FFA – 
free fatty acids, EX – exercise, ↑ - increase,  ↓ - decrease
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1.14 RATIONALE FOR THIS STUDY 
 

Although great strides have been made to unravel the mechanisms involved in the 

pathogenesis of T2D in black African women, who have a high risk for developing 

T2D (306), the underlying mechanisms still remain poorly understood. Evidence 

has evolved to show that ethnic differences exist in the pathogenesis of T2D with 

black African women frequently having a lower SI and higher insulin response 

compared to their white counterparts (39,48,49). Despite both a lower hepatic 

insulin clearance and higher insulin secretion being observed in black African 

populations compared to other ethnicities, the relative contributions of these two 

factors to a high insulin response is still under debate. Further, how peripheral 

insulin clearance relates to hyperinsulinemia and β-cell function has not been 

previously reported. 

Intriguingly, black African women may also demonstrate an insulin response that 

exceeds the level of SI  with a notably higher β-cell function, compared to white 

women (47,56). Clearly, exploring the correlates of these key components in black, 

obese South African women is warranted. Previous studies in Africa have focused 

mainly on the correlates of SI (42,43,121,143,171) and all, but one, used HOMA-

IR to quantify SI (43,121,143,171). In addition, while the insulin response and DI, 

have been described before in black South African women (39), its correlates were 

not evaluated. Notably, black African women exhibit a unique phenotype that 

contrasts to the established pathophysiology of insulin resistance typically shown 



101 
 

in white populations. Compared to their white counterparts, black African women 

have less VAT (43), an established determinant of insulin resistance (141), and 

more peripheral SAT (43), typically regarded as protective (110). Further, black 

African women have less hepatic fat and equivalent intramuscular fat compared to 

their white counterparts (42). However, the majority of evidence are derived from 

cross-sectional studies, from which causality cannot be inferred. Moreover, 

although two longitudinal studies were conducted on black South African women 

to determine how changes in body fat distribution predict IGT/T2D onset (143) or 

reduced SI (121), only fasting indices were used.  

Further, studies exploring the correlates of insulin secretory function and β-cell 

function in black African populations have reported ethnic differences in the 

association between body fat distribution, pancreatic and hepatic fat and the insulin 

response and β-cell function (49,51,54,128,209). Nevertheless, correlates of both 

hepatic and peripheral insulin clearance have rarely been studied in black African 

populations. 

Importantly, an intervention that perturbs SI and hyperinsulinemia and/or body fat 

distribution and ectopic fat will provide greater insight into the role of these 

components in the pathophysiology of T2D in African populations. Indeed, exercise 

training has been shown to alter body composition and regional and ectopic fat 

distribution, as well as SI, insulin secretion and clearance. Exercise training 

therefore provides an ideal model to understand how changes in regional and 

ectopic fat distribution relate to changes in SI and hyperinsulinemia and how this 
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may contribute towards the pathogenesis of T2D in black African populations. It is 

particularly relevant given that women of black African descent exhibit lower levels 

of cardio-respiratory fitness compared to white populations. A sedentary lifestyle 

may contribute towards this lower cardio-respiratory fitness (219), although it may 

not be the only explanation for this phenomenon in black Africans. Nevertheless, 

only few studies have evaluated the effect of exercise training on SI, insulin 

response and insulin clearance and regional and ectopic fat depots in African 

Americans. Importantly, no exercise intervention study has previously been 

conducted in obese, black Africans residing in Africa, and is therefore warranted. 
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CHAPTER 2: AIMS AND HYPOTHESES 

 

2.1 OVERALL AIM 

The overall aim of this PhD was to investigate the correlates of low SI and 

hyperinsulinemia, characteristic in black African populations. This was assessed 

by using a cross-sectional design and an exercise intervention study, with 

emphasis on the role of ectopic fat deposition (skeletal muscle, hepatic and 

pancreatic fat), body fat distribution and body composition.  

2.2 CROSS-SECTIONAL STUDY 

2.2.1 AIM 

In a sample of obese black South African women, the aims of the study were to: i) 

identify the correlates of DI by examining the relationships between DI and its 

direct (SI and AIRg) and indirect components (hepatic and peripheral insulin 

clearance and ISR), and to assess the associations of ectopic fat (skeletal muscle, 

hepatic and pancreatic fat) and body fat distribution with the variance in DI; ii) 

explore the correlates of the insulin response (insulin secretion and clearance) and 

SI; and iii) assess the relationships between the various regional adipose tissue 

and ectopic fat depots. 

2.2.2 OBJECTIVES 
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 To evaluate the associations between DI and its direct components 

(SI and AIRg) and its indirect components (insulin secretion, hepatic 

and peripheral insulin clearance). 

 To determine the relative contribution of insulin secretion and hepatic 

and peripheral insulin clearance to AIRg, independent of SI. 

 To determine the relationship of DI with body fat distribution and 

ectopic fat depots. 

 To determine the associations of SI and hyperinsulinemia with body 

fat distribution and ectopic fat. 

 To determine the associations between various ectopic fat depots 

and body fat distribution.  

 

2.2.3 HYPOTHESES 

  The main correlates of a higher DI in obese black South African women will 

be a higher AIRg, which will be associated with a higher ISR, while a lower 

hepatic and higher peripheral insulin clearance will also contribute to the 

variance in DI, but to a lesser extent. 

 A higher ISR will be the primary contributor to higher AIRg above lower 

hepatic and higher peripheral insulin clearance, independent of SI 

 A higher DI will be associated with lower VAT, skeletal muscle, hepatic and 

pancreatic fat.  

 The above associations will be explained by: 
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o  a higher AIRg and ISR associated with lower VAT, hepatic and 

pancreatic fat 

o A higher SI associated with lower VAT, hepatic and skeletal muscle 

fat.  

o Whereas hepatic insulin clearance will not be associated with VAT 

and hepatic fat and peripheral insulin clearance will not be 

associated with skeletal muscle fat accumulation 

 VAT will be positively associated with hepatic and pancreatic fat, and 

hepatic fat will be positively associated with pancreatic and skeletal muscle 

fat.  

2.3 EXERCISE INTERVENTION STUDY 

2.3.1 AIM 

The aim is to evaluate the effect of 12-week combined aerobic and resistance 

exercise training on SI, hyperinsulinemia and DI and whether changes in these 

metabolic outcomes can be explained by associated changes in body composition, 

body fat distribution, skeletal muscle, hepatic and pancreatic fat. 

2.3.2 OBJECTIVES 

 To determine the changes in SI, insulin response, insulin secretion, insulin 

clearance and DI after 12-weeks of exercise training compared to the control 

group. 
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 To examine the changes in body composition, body fat distribution, skeletal 

muscle, hepatic and pancreatic fat after 12-weeks of exercise training 

compared to the control group. 

 To explore if changes in SI are associated with changes in body composition, 

body fat distribution, skeletal muscle and hepatic fat. 

 To determine if changes in insulin response, secretion and clearance are 

associated with changes in hepatic and pancreatic fat. 

 To examine if changes in DI are associated with changes in pancreatic fat.  

2.3.3 HYPOTHESES 

 Exercise training will increase SI and reduce AIRg, which will also be 

associated with a reduction in insulin secretion.  

 Exercise training will increase DI due to a greater change in SI compared to 

AIRg. 

 Exercise training will reduce VAT as well as skeletal muscle, hepatic and 

pancreatic fat.  

 The increase in SI will be associated with reductions in VAT, skeletal muscle 

and hepatic fat. 

 The reduction in AIRg and insulin secretion will be associated with 

reductions in pancreatic fat, hepatic fat and VAT.  

 The increase in insulin clearance will be associated with a reduction in 

hepatic fat. 

 The increase in DI will be associated with a reduction in pancreatic fat. 
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CHAPTER 3: PERSONAL CONTRIBUTION 
TOWARDS PHD 

 

3.1 RECRUITMENT AND SCREENING 

I was integrally involved in the recruitment and screening of the participants. 

3.2 MEASURING OF INSULIN SENSITIVITY, SECRETION AND 

CLEARANCE 

A FSIGT was used to obtain glucose, insulin and C-peptide blood samples at 

various time points. As a medical doctor, I was responsible for all aspects of the 

FSIGT, including calculations, infusions, blood sampling and monitoring. The 

minimal model was used to estimate SI, insulin response and DI. I ran the models 

and did standard checks. Mathematical modelling was used to estimate ISR, 

hepatic and peripheral insulin clearance. I ran three different models to find the 

best fit for the data.  

3.3 ECTOPIC FAT QUANTIFICATION 
 

MRS and MRI were done to measure fat in the liver, pancreas, soleus and tibialis 

anterior muscles. I was integrally involved in generating the spectral peaks in LC 

Model (MRS) for skeletal muscle, hepatic and pancreatic fat quantification, in 
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assessing the most appropriate method for ectopic fat quantification for this thesis 

and in drawing region of interests (ROIs) on the MRI images for skeletal muscle 

fat quantification. 
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CHAPTER 4: METHOD DEVELOPMENT 
 

4.1 ECTOPIC FAT QUANTIFICATION 
 

A 3 Tesla whole-body human MRI scanner (MAGNETOM Skyra; Siemens Medical 

Solutions, Erlangen, Germany) was used to perform both the MRI and MRS 

sequences. Quantifying the fat fraction, using MRI-Dixon and MRS, relies on the 

chemical shift technique based on the different resonate frequencies of the 

hydrogen protons in water and fat.  

4.1.1 MRS 
 

MRS signals are derived from the specific resonance frequencies of hydrogen 

protons which are depicted as a metabolite peak (307). Water and fat are identified 

by their resonance frequencies expressed as parts per million (ppm). Although, fat 

and water both have hydrogen protons, the resonance frequencies differ based on 

the configuration of the protons in the compound. Water has 2 symmetrical 

hydrogen protons that exhibit a single resonance frequency peak (Figure 4.1). 

However, fat has different configurations of the hydrogen protons depending on 

the fatty acid chain (e.g. methylene (CH2) or methyl (CH3) groups) and therefore 

exhibit distinct peaks (Figure 4.2). Due to more water in the tissue, the water peak 

is much larger than the fat peaks and therefore needs to be suppressed to visualize 

the fat peaks (307).  
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The resonance frequencies of CH2 and CH3 are at 1.3 ppm and 0.9 ppm, 

respectively. They are the largest fat peaks due to the abundance of these 

moieties, and therefore these peaks were used for the fat measurement in the liver 

and pancreas. The area under each peak is directly proportional to the 

concentration of proton species in the compound. The fat peak is expressed in 

relation to water. The fat fraction is expressed as 
஺௥௘௔ ௙௔௧ ௣௘௔௞

஺௥௘௔ ௙௔௧ ௣௘௔௞ା஺௥௘௔ ௪௔௧௘௥ ௣௘௔௞
.  

In skeletal muscle, MRS can distinguish between IMCL and EMCL content. IMCL 

and EMCL have different locations and orientations towards the magnetic field and 

therefore, differences in resonance frequencies occur. The CH2 and CH3 peaks for 

IMCL are found at 1.3 and 1.5 ppm, respectively, and at 0.9 and 1.1 ppm, 

respectively for EMCL. 

 

Figure 4.1: Graphical display of the chemical configuration of water and its 

spectral peak  
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MRS data was acquired using the point-resolved spectroscopy sequence 

(PRESS) with the following parameters: relaxation time (TR)/echo time (TE) 

3000/33 ms, bandwidth 2000 Hz, 10 averages for the abdominal scans and 80 

averages for the calf scans. The voxel dimensions were 20×20×20 mm3 for liver, 

15×15×15 mm3 for pancreas and 15×15×15 mm3 for both soleus and tibialis 

anterior muscles (Figure 4.3). 

 

Figure 4.2: Graphical display of the chemical configuration of methylene and 

methyl groups of fatty acids and its spectral peaks 
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Liver Pancreas 

Soleus muscle Tibialis anterior muscle 

 
 

Figure 4.3: MRS voxel placement in the liver (top, left picture), pancreas (top, right 

picture), soleus (bottom, left picture) and tibialis anterior (bottom, left picture) 

muscles 

 

4.1.2 MRI - DIXON  

The Dixon method refers to the separation of fat and water based on the difference 

in resonance frequency between water and fat. During the Dixon MRI sequence, 

the fat (F) and water (W) signals are separated by acquiring images at different 
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TEs. The TE where both the fat and water signals are in the same direction is 

called in-phase (𝐼𝑃𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑊𝑠𝑖𝑔𝑛𝑎𝑙 + 𝐹𝑠𝑖𝑔𝑛𝑎𝑙) and the TE where the fat and 

water signals are in opposite directions, with the water signal dominating, is called 

opposed phase (𝑂𝑃𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑊𝑠𝑖𝑔𝑛𝑎𝑙 − 𝐹𝑠𝑖𝑔𝑛𝑎𝑙) (Figure 4.4).  Based on these 

two phases, fat ( 𝐹𝑠𝑖𝑔𝑛𝑎𝑙 =
ூ௉௦௜௚௡௔௟ିை௉௦௜௚

ଶ
) or water only (𝑊𝑠𝑖𝑔𝑛𝑎𝑙 =

ூ௉௦௜௚௡௔௟ାை௉௦

ଶ
) images can be obtained. Further, by combining the fat and water 

only images the fat fraction signal can be acquired (𝐹𝑠𝑖𝑔𝑛𝑎𝑙 =
ி௦௜௚௡௔௟

ி௦௜௚௡௔௟ାௐ௦௜௚
) 

(308). 

 

Figure 4.4: In- and Opposed phases of MRI-Dixon technique 

We used a three-point Dixon volume interpolated breath-hold gradient recalled 

echo sequence: TR 3.97 ms, TE1 1.23 ms, TE2 2.46 ms, flip angle 9 degrees, 

number of averages 1, bandwidth 1040Hz/px, field of view 450 X 366 mm, matrix 

size 195 x 320 x 144 and a slice thickness of 2 mm. 
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After the images were acquired the hepatic, pancreatic and skeletal muscle fat 

were quantified using a MATLAB algorithm to separate the water and fat signals 

and to create a fat fraction map calculated as the fat signal over the sum of the 

water and fat signals. OsiriX (Pixmeo SARL, Geneva, Switzerland) software was 

used to manually draw a ROI in the liver (Figure 4.5) and skeletal muscle (Figure 

4.6) and HOROS V1.1.7 (HOROS Project) software was used to manually draw a 

ROI in the pancreas.(Figure 4.7) The ROI was drawn on the in-phase image due 

to better visualization of anatomy. The ROI was then copied to the fat fraction 

image where the average pixel value from the ROI were converted to a fat fraction 

(fat fraction=pixel value from ROI/65535; a value between 0 and 1 was obtained 

where 0 in no fat and 1 is only fat) (309). 

 

.  

Figure 4.5: Region of interest in right lobe of liver in fat fraction image (left picture) 

and in-phase image (right picture). 
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Figure 4.6: Region of interest in tibialis anterior (orange ROI 1) and soleus (green- 

ROI 2) muscles in a transverse image through the calf in both the in-phase (left) 

and fat fraction (right) images. 

 

4.1.2.1 HEPATIC FAT 

A rectangular ROI (5.5 cm width, 7.5 cm height) was drawn on one slice, in the 

right lobe of the liver (Figure 4.5) by a single reviewer that was blinded to group 

allocation. This single ROI was duplicated on 3 superior and 3 inferior slices from 

this initial slice, taking care to avoid ducts and blood vessels. The average from 

the seven slices were calculated together with standard deviations. 

Studies have shown that the right lobe, compared to the left lobe, correlated better 

with a liver biopsy when evaluating hepatic steatosis (310). However, this 

difference is less obvious in those without NAFLD (311). Also, the fat fraction 

variability was found to be less in the right lobe (1.15%) compared to the left lobe 

(1.74%) and the left lobe tends to underestimate the hepatic fat content (310). This 

supports our rationale of estimating the fat fraction only in the right lobe of the liver. 
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Pilot analysis was completed using one subject to compare the liver fat fraction 

obtained by the in-house MATLAB algorithm with the fat fraction obtained from the 

build-in Phillips scanner mDixon QUANT algorithm and almost identical values 

were obtained. This confirmed that our in-house MATLAB algorithm was adequate 

to determine fat fractions. 

 

4.1.2.2 SOLEUS AND TIBIALIS ANTERIOR SKELETAL MUSCLE FAT 

 

Various methods have been used to identify ROIs in skeletal muscle (312–319) . 

The most recent studies (320,321) use a single slice to determine the fat fraction 

in the thigh and calf muscles. Hogrel et al. reported that a single slice provided a 

good representation of the fat in the thigh muscle compared to using 7 slices, but 

the slice should include the largest cross-sectional area of the muscle of interest 

(315). However, Hogrel et al. included non-obese male and females across a wide 

spectrum of age. The mean BMI (kg/m2) was 21.4 and 22.6 for younger (20-30 yo) 

and older females (70-80 yo), respectively (315). In contrast, another study also 

conducted in non-obese population reported that fat infiltration in calf muscles were 

inhomogeneous (317).  

Due to inconsistency in the literature regarding number of slices, we opted to use 

7 consecutive slices over a 14 mm area (slice thickness 2 mm). The largest 

diameter of the muscle was found visually by scrolling up and down the sagittal 

image and confirmed using the measurement tool in OsiriX. An irregular shape 
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ROI was drawn by a single reviewer using the method adapted from Machann et 

al. (322) (Figure 4.6). The ROI captured the intramuscular fat and excluded the 

fatty septa between muscles.  

A pilot study was performed on 5 randomly selected participants to determine the 

best method of drawing the ROI. Initially an ROI was drawn individually on each of 

the seven slices, then an ROI was drawn on the most proximal slice and copied to 

the 6 distal slices and lastly an ROI was drawn on the middle slice (of the 7 

identified slices) and copied to 3 slices superior and inferior to this slice. The latter 

method produced the most consistent result with smaller standard deviations and 

thus less variability. The ROI was therefore, duplicated on 3 superior and 3 inferior 

slices and the average was calculated. Calculation of the fat fraction was 

performed by the MRI physicist that was blinded to group allocation. 

 

4.1.2.3 PANCREATIC FAT 
 
Pancreatic fat quantification is technically challenging due to the small size of the 

organ and due to irregular borders especially in those with type 2 diabetes. Various 

methods referring to the number of slices used, number of ROIs drawn, manual vs 

automated methods and with or without thresholding, have been used to determine 

the fat fraction in the pancreas (176,202–204,208,213,323). 

In our study, pancreatic fat was determined by drawing one circular 1cm2 ROI in 

the head, body and tail of the pancreas (Figure 4.7) using HOROS V1.1.7. A single 

reviewer, blinded to group allocation, drew the ROI and calculated the fat fraction. 
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An ROI was drawn on both the water and fat images and the following formula was 

used to calculate the fat fraction, (Fat fraction=
ி௦௜௚௡௔௟

ி௦௜௚௡௔௟ାௐ௦௜௚௡௔௟
). The fat fractions 

from the pancreas head, body and tail were averaged to obtain the mean fat 

fraction for the whole pancreas. This method consisting of several smaller ROIs, 

compared to one big ROI encompassing the whole pancreas, is used to avoid 

inclusion of VAT (211). Also, greater precision was achieved with using the 3 

smaller ROIs with or without thresholding compared to using one big ROI (324).  
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Figure 4.7: Region of interest in head (top picture), body (middle picture) and tail 

(bottom picture) of the pancreas, in the fat fraction images (left pictures) and in-

phase image (right pictures) of a transverse MRI scan through abdomen. 
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4.1.2.4 ABDOMINAL VAT AND SAT 
 

MRI and computed tomography (CT) are considered the gold standard in 

determining abdominal VAT and SAT. However, CT exposes individuals to ionizing 

radiation whereas MRI does not. Further, while DXA is a more cost-effective 

method compared to MRI, it has been found to underestimate VAT by ~30% in 

older men (325). MRI fat quantification was therefore used in our study. Further, 

because MRI fat quantification can be expressed as an area (cm2) derived from a 

single slice or multiple slices, or as a volume (cm3), requiring multiple slices, we 

needed to determine whether to use a single slice or multiple slices. VAT quantified 

by a single slice, located at approximately the level of L3, showed excellent 

correlation with VAT volume (r>0.95) in black and white men and women (326) but 

this was based on cross-sectional data. However, after weight loss in overweight 

and obese adults, the reduction in VAT and SAT was poorly estimated using a 

single slice compared to using multiple slices (327). Further, after a 6-month 

exercise intervention in premenopausal women with a wide range of BMI, using 

multiple slices was more precise in detecting a reduction in VAT compared to using 

a single slice (328). We, therefore, calculated the VAT and SAT volumes, using 

multiple slices. Firstly, the slice at the L4-5 vertebral position was located, and VAT 

and SAT were manually delineated using HOROS V1.1.7 (Figure 4.8). The area 

of VAT and SAT in this slice was measured. The same method was repeated in 

the 15th slice proximal from the first slice and then repeated 3 more times. The 

volume of VAT and SAT over a 15cm region of the abdomen was determined using 
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the following formula: 𝑉 = (𝑡 + ℎ) ∑ 𝐴௜
ே
௜௧௛ , where t – thickness of each slice, h – 

between slice interval, N – number of total slices, Ai – cross-sectional area of each 

slice. The sum of the cross-sectional areas of 5 slices were multiplied with 3 (2 

mm(t) + 28 mm (h) = 30 mm or 3 cm) (327). 

 

 

Figure 4.8: Abdominal subcutaneous adipose tissue (left picture) and visceral 

adipose tissue (right picture) delineation on a transverse MRI scan through 

abdomen 

4.1.2.5 VALIDITY OF MRI METHODS TO DETERMINE HEPATIC, SKELETAL MUSCLE AND 

PANCREATIC FAT AND SAT AND VAT 
 

The 3-point Dixon method has been validated before using a fat/water phantom 

and was found to be accurate and reproducible even at low levels of fat in liver, 

pancreas and skeletal muscle (329). Coefficients of variation for hepatic, skeletal 

muscle and pancreatic fat, and SAT and VAT quantification previously published 

are 10-17%, 3.2%, 3.5%, 3.5% and 8.8%, respectively (309,318,324,330). 
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4.1.3 COMPARING BASELINE AND CHANGES IN HEPATIC AND PANCREATIC 

FAT BETWEEN MRS AND DIXON MRI METHODS 
 

In order to choose the best method to quantify hepatic and pancreatic fat we  

investigated the discrepancies between the 2 fat quantification methods in relation 

to baseline and change in hepatic and pancreatic fat contents. Simple correlations 

and a Bland Altman analysis were done on baseline data. The baseline MRI and 

MRS hepatic fat data were non-normally distributed and even natural log 

transformation was unable to normalize the data. However, after exclusion of 2 

outlying values visible in figure 4.8 A and outside the 95% limits of agreement in 

figure 4.8 C, natural log transformation was able to normalize the data. While a 

significant linear association was found between natural log transformed MRI and 

MRS hepatic fat, poor agreement was found between the 2 methods as illustrated 

by the line of perfect agreement (Figure 4.8 B). This was confirmed in the Bland 

Altman analysis that showed that on average the MRI-derived hepatic fat was 

higher compared to MRS values (mean difference: 𝑒଴.଼଴ଵ=2.23). There was also a 

significant systematic bias between these 2 methods with the line of perfect 

agreement (red dotted line at zero) outside the 95% confidence interval 

(antilog:1.97 to 2.51) of the average difference between MRI and MRS-derived 

values (Figures 4.8 D). 

Pancreatic fat at baseline determined by MRS varied considerably from 0.72% to 

67.5%, while the range for MRI-determined pancreatic fat (mean of the fat in the 

body, head and tail of the pancreas) was 4.7% to 12.9% (figure 4.9 A). MRI and 
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MRS pancreatic fat needed to be natural log transformed to achieve a normal 

distribution. A significant linear association was found between MRI and MRS, but 

again poor agreement was found (Figure 4.9 B). The Bland Altman analysis 

showed that on average MRI-derived pancreatic fat was higher compared to MRS-

derived pancreatic (mean difference: 𝑒ି଴.଴ଶଶ. =0.98) and that a systematic bias 

existed with the line of perfect agreement outside the 95% confidence interval of 

0.84 to 1.14 (antilog) (Figure 4.9D). 

The relative changes in hepatic and pancreatic fat, in response to the 12-week 

intervention, determined by MRI and MRS are shown in Figure 4.10. In the 

exercise group, MRI-determined hepatic fat was reduced (Δ -13.1%) while the 

MRS-derived values showed an increase (Δ 33.6%). A similar discrepancy was 

observed in the control group, albeit in opposite directions. Further, in the exercise 

group, pancreatic fat determined by both MRI and MRS showed a reduction, but 

greater variability occurred in the MRS measures. In the control group, 

contradictory results were obtained and again the MRS-derived pancreatic fat 

showed great variability.  

Taken together, a systematic bias existed between MRI and MRS derived 

measures of hepatic and pancreatic fat at baseline and the relative changes in 

hepatic and pancreatic fat in response to the 12-week intervention showed 

contradictory findings between these two methods. Fat derived from MRS showed 

outlying values and considerable variability. A possible reason could be that the 

MRS sequences require longer scanning times compared to MRI sequences and 
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movement of the voxels could have occurred when breath-holding was 

inadequate. We therefore included only the MRI-derived hepatic, pancreatic, as 

well as skeletal muscle fat in our pre-post analysis. The baseline analysis included 

MRI-determined hepatic and pancreatic fat, but skeletal muscle fat determined by 

both MRS and MRI was included because only MRS can discriminate between 

IMCLand EMCL content. MRS- determined skeletal muscle fat will also be less 

affected by breathing compared to pancreas and the liver.  

 

Figure 4.9: Comparison of baseline hepatic fat derived from MRI and MRS in A) 

scatterplot of untransformed data, B) Correlation of transformed data with 

regression line (black) and line of perfect agreement (green), C) Bland Altman plot 
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of untransformed data with limits of agreement, and D) Bland Altman plot of natural 

log transformed data (ln) with mean difference and 95% confidence interval. 

 

 

Figure 4.10: Comparison of baseline pancreatic fat derived from MRI and MRS in 

A) scatterplot with untransformed data, B) Correlation of transformed data with 

regression line (black) and line of perfect agreement (green), C) Bland Altman plot 

of untransformed data with limits of agreement and D) Bland Altman plot of natural 

log transformed data (ln) with mean difference and 95% confidence interval 
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Figure 4.11: Comparing the relative changes between MRS and MRI with regards to 

(A) Hepatic fat and (B) Pancreatic fat in the control and exercise groups 

 

4.2 DETERMINATION OF INSULIN SENSITIVITY, INSULIN SECRETION AND 

INSULIN CLEARANCE 
 

4.2.1 INSULIN SENSITIVITY 

 

Various methods are available to measure SI. The HIEG clamp, developed by de 

Fronzo and Andres (331), is the gold standard. It gives a direct measure of peripheral 

SI under steady-state conditions, but it is labour intensive and costly. 

The minimal model developed by Bergman and Cobelli (332) is an indirect method of 

measuring SI and requires glucose and insulin plasma levels obtained during a FSIGT. 

The FSIGT is less labour intensive than the clamp method and steady state conditions 

are not required. Additionally, glucose effectiveness (Sg), AIRg and the DI can also be 

calculated. A disadvantage of the FSIGT is that it cannot distinguish between hepatic 

and peripheral SI because it unable to isolate endogenous glucose produced by the 



127 
 

liver from exogenous glucose (333). Nevertheless, a good correlation has been found 

between FSIGT and hyperglycemic clamp-derived SI (r=0.88, p=0.001) and insulin 

response (r=0.75, p=0.005) in normo-glycaemic women (334). 

The minimal model calculates SI, a measure of the fractional disappearance of glucose 

for a given insulin concentration by uncoupling the glucose and insulin responses. This 

minimal model encompasses a glucose (describes glucose dynamics) and insulin 

(describes insulin dynamics) minimal model (332). The following parameters are 

derived from this model (Figure 4.11): (a) At 0 min of the FSIGT test, glucose is 

injected into a single compartment with a subsequent rise in the plasma glucose 

concentration (G(t)) from baseline glucose (GB). (b) This results in glucose stimulating 

its own uptake (Sg) and a simultaneous triggering of the pancreatic β-cells to release 

endogenous insulin into the interstitium (remote insulin compartment). Insulin levels 

(I(t)) increase from baseline insulin levels (IB). (c) After insulin enters the interstitium it 

can then promote glucose uptake. The action of insulin (X) is proportional to the 

interstitial insulin. The uptake of glucose is a composite measure of both the hepatic 

and peripheral glucose uptake, as well as the inhibition of hepatic glucose production. 

(d). Exogenous insulin is infused at 20 min at a time that Sg is declining, and therefore 

the glucose uptake after 20 min is assumed to be due to insulin. The movement of 

insulin into the interstitium and out of the interstitium is noted as P3 and P2, 

respectively. Other measures obtained from the minimal model are: AIRg, the 

incremental area under the insulin curve in response to intravenous glucose over the 

first 10 minutes, and thus reflects the first phase insulin response; DI, a measure of 

the insulin response to glucose relative to the prevailing level of SI (AIRg x SI) which 

gives an index of whether the insulin response is adequate for the level of SI (180). A 

graphical output from the minimal model is shown in figure 4.12. The fractional 
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standard deviation (FSD) was used as a measure of how well the parameters derived 

from this model were estimated. 

 

Figure 4.12: Schematic illustration of the minimal model that is used to determine 

insulin sensitivity. Sg – glucose effectiveness, X – insulin action, P3 and P2 kinetic 

insulin parameters 

 

 

Figure 4.13: Output from the Minimal Model. Green – Insulin response, Blue – 

Glucose response, Red – Glucose model fit 
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4.2.2 INSULIN SECRETION 
 

AIRg, is a measure that reflects glucose-stimulated plasma insulin levels and not 

insulin secretion per se. Plasma insulin levels reflects both insulin secretion and insulin 

clearance. Insulin is secreted by the pancreatic β-cells into the portal circulation and 

during first pass through the liver up to 70% and 54% of insulin is degraded in the liver 

under fasting and stimulatory conditions, respectively (18). As a result, the amount of 

insulin that reaches the systemic circulation can be up to half to two-thirds less than 

the amount secreted by the pancreas. Nevertheless, C-peptide is co-secreted with 

insulin, in equimolar quantities, by the pancreas and is not degraded by the liver. In 

addition, C-peptide has a longer half-life (30-35 min) compared to insulin (5-10 min) 

and has therefore been used to estimate insulin secretion. 

C-peptide deconvolution is used to determine ISRs by using peripheral C-peptide 

levels, but the clearance kinetics of C-peptide must be known. The kinetics of C-

peptide after administration of synthetic human C-peptide in adults with and without 

T2D was described by Faber et al. (335). Subsequently, Eaton et al. (336) proposed 

the two-compartment model of C-peptide (Figure 4.13) to determine ISR.  
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Figure 4.14: Schematic of two-compartment C-peptide model for estimating insulin 

secretion rate  

This method of estimating ISR was a 2-step process. Firstly, the kinetic parameters 

(k1, k2, k3) need to be obtained. Therefore, synthetic human C-peptide was 

administered to diabetic patients with no endogenous C-peptide secretion. Information 

obtained from these C-peptide decay curves was used to determine the kinetic 

parameters (k1, k2, k3) by solving equations using non-linear least squares regression. 

Secondly, stimulated endogenous insulin and C-peptide levels were obtained using 

an OGTT. The kinetic parameters, together with the plasma levels of C-peptide are 

then used as inputs into the following formula for the calculation of the ISR  

𝑆(𝑡) =  −𝑒ି௞ଶ௧  ቂ𝑘1𝐶(𝑡1)𝑒௞ଶ௧ଵ  + 𝑘1𝑘2 ∫ 𝑒௞మೞ𝐶(𝑠) 𝑑𝑠
௧

௧భ ቃ +
ௗ

ௗ௧
 𝐶(𝑡) + (𝑘1 + 𝑘3)𝐶(𝑡)  

(336). However, this method required two sets of experiments and the administration 

of human biosynthetic C-peptide, which can be costly and time-consuming. 

Subsequently, the Van Cauter and Polonsky group showed that standard kinetic 

parameters can be used, taking into account sex, age and body surface area, to 
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determine ISR without obtaining individual kinetic C-peptide parameters (337). 

Following this, various other models have been proposed to measure ISR such as a 

one-compartment model that combines the kinetics of insulin and C-peptide into one 

model (338). Nevertheless, after validating the use of peripheral C-peptide levels 

under various conditions, it was found that the two-compartment C-peptide model was 

better at estimating ISR compared the one-compartment model (339). Hence, in our 

study the two-compartment C-peptide model was used with standard kinetic 

parameters, to obtain an estimate of ISR.  

 

4.2.3 INSULIN CLEARANCE 

 

Direct measures of estimating hepatic insulin clearance such as using hepatic vein 

and artery catherization are not feasible in humans due to its invasive nature (340). 

An indirect measure of hepatic insulin clearance uses the ratio of plasma C-

peptide/insulin levels. The use of this ratio depends on the following assumptions: C-

peptide and insulin must be secreted in equimolar amounts, C-peptide must not be 

degraded by the liver, the clearance of C-peptide must be constant over a range of 

physiological conditions (341). These assumptions have been tested and shown to be 

reliable, but only under steady-state conditions and are thus not a reliable proxy for 

hepatic insulin extraction under non-steady state conditions (342). In addition, this 

measure has not been validated to my knowledge in a black African population and in 

response to an insulin-modified FSIGT. Accordingly, C-peptide/insulin ratio was only 

used in our study during fasting conditions that reflect a steady-state condition, and 

not during the FSIGT. 
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Mathematical modelling is another method to estimate insulin clearance. The following 

models have been used with FSIGT data, and can estimate hepatic insulin clearance 

either as a constant (71,343) or that varies over the course of the FSIGT (18). We first 

used the latter model in our study. This model combined the two-compartment C-

peptide model with a new one-compartment minimal model of insulin delivery and 

kinetics (18) (Figure 4.14). This model assumed that above a certain threshold of 

plasma glucose levels (h), insulin is secreted (ISR) into a central compartment (CP1). 

The insulin secreted is in response to the rapid change in glucose concentration 

(Glucosemax-Glucoseo) and is proportional to the insulin in an already available pool in 

the β-cells (X). After this initial phase, new insulin is provided (Y) to the releasable pool 

in the β-cell after a delay, and is controlled by the glucose concentration. X reflects the 

balance between ISR and new insulin provided to the releasable pool (Y). C-peptide 

and glucose plasma levels during the FSIGT are used as the input into this model. The 

one-compartment model of insulin, estimates the post-hepatic insulin delivery rate 

(IDR), normalized to the volume of distribution (Vd), using insulin kinetics that reflects 

both secretion and extraction of insulin. The other parameters from this model are the 

constant rate of insulin disappearance (n), exogenous insulin delivered between 20-

25 min and the insulin level above basal (Insulin) in the accessible compartment. After 

the ISR and IDR are obtained, the hepatic insulin extraction is calculated: 𝐻𝐼𝐸 = 1 −

ூ஽ோ (௧)

ூௌோ (௧)
.  
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Figure 4.15: Schematic illustration of the combined two-compartment model of C-

peptide and one-compartment model of insulin from Toffolo et al. (18) to determine the 

insulin secretion rate (ISR), insulin delivery rate (IDR) and hepatic insulin extraction 

Each participant’s glucose, insulin and C-peptide data were analysed using WinSAAM 

mathematical software programme (344). This software program estimates the 

parameters necessary to solve the model followed by checking how well the model fits 

the data. Depending on the fit of the model, the parameters might need to be adjusted 

or specified up front using Bayesian constraints to optimize the fit. A FSD of <0.5 

indicates that the model fits the data well and that the parameters are well estimated. 

Examples of modelled C-peptide, insulin, ISR and hepatic insulin extraction graphs 

are shown in figure 4.15. 
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Figure 4.16: Graphical output from the Toffolo model showing the C-peptide and 

insulin observed data (closed triangles) over time with the model predicted values 

(black solid line). The model estimated insulin secretion rate (ISR) and hepatic insulin 

extraction (HIE) over time in the bottom graphs 

 

In 18 participants, the Toffolo model were unable to estimate key parameters. We, 

therefore, could not use the ISR and hepatic insulin extraction derived from the Toffolo 

model. Possible reasons why the Toffolo model fitted our data poorly were the 

complexity of the model, estimated 11 parameters, or the model was not applicable to 

our population that have high insulin and C-peptide levels in response to glucose.  

Subsequently we choose a simpler model with less estimated parameters and that 

has been used in black men of African descent (71), as well as in black African 

American children (58) and women (59). This model was first described by Polidori et 

al. and can estimate both hepatic and peripheral insulin clearance (71). This model 

assumes that hepatic insulin delivery comes from 2 sources, the portal vein (which 
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reflects endogenously secreted insulin - ISR) and from the systemic circulation (Figure 

4.17). The insulin delivered to the liver from the systemic circulation is assumed to be 

equal to the hepatic plasma flow multiplied by the plasma insulin concentration. 

Polidori et al. assumed that the hepatic plasma flow was constant (0.576 L/min/m2) 

(71). Hepatic plasma flow quantification requires invasive techniques which are not 

feasible in majority of settings. However, to determine whether the changes in hepatic 

insulin extraction is due to cellular changes and not changes in hepatic blood flow, 

hepatic blood flow therefore needs to be considered. A study that inserted 3 catheters 

- in the hepatic vein, subclavian vein and the brachial artery - and used a continuous 

infusion of indocyanine dye, determined that hepatic blood flow increased after an oral 

glucose load but did not changed significantly after an intravenous glucose infusion 

(345). This finding may justify using a constant hepatic plasma blood flow with a FSIGT. 

However, the previous mentioned study used healthy, lean males, so the validity of 

the assumption of constant hepatic blood flow in our study population (obese, black 

African females) cannot be certain. ISR are obtained from C-peptide deconvolution. 

Insulin can either be degraded peripherally by tissues such as the kidney, muscle and 

adipose tissue or by the liver. Peripheral insulin degradation is assumed to be 

proportional to plasma insulin levels with the parameter CLp. Lastly, the model 

assumes that hepatic insulin clearance can either follow linear or saturable kinetics. 

The linear model assumes a constant hepatic insulin clearance and is explained by 

the fractional hepatic extraction (HIE) parameter, while the saturable model assumes 

hepatic insulin clearance varies with the ISR and plasma insulin levels which are 

explained by the maximal insulin degradation rate (Vmax) and the hepatic insulin 

delivery rate at which 50% of insulin degradation occurs (Km). 
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Figure 4.17: Graphical display of the Polidori model (adapted from (71)), ISR – insulin 

secretion rate, HPF – hepatic plasma flow, Ins – Insulin, HIE – hepatic insulin 

extraction, CLp – peripheral insulin clearance 

 

WinSAAM was used to estimate the parameters of both the linear (volume of 

distribution (Vd), HIE, CLp, ISR) and the saturable models (Vd, Vmax, Km, CLp, ISR). 

The Polidori model only looks at the disposal of insulin and not the effect of glucose 

on insulin. Therefore, only the insulin and C-peptide levels over the FSIGT are used 

as inputs into the model. Both the linear and saturable models were run on all 

participants. An FSD was obtained for the estimated parameters to ensure parameters 

were well estimated. The model that fits the data the best was chosen as the preferred 

model. The Akaike Information Criterion (AIC) was used to determine the best fit (346): 

𝐴𝐼𝐶 = 𝑁 𝑋 ln ቀ
ௌௌோ

ே
ቁ + 2𝑛  with N - Number of insulin time points, n – number of 

parameters estimated + 1, SSR - Sum of squares of residuals with SSR= 
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∑ 2(௢௕௦௘௥௩௘ௗ ௩௔௟௨௘ି௖௔௟௖௨௟௔௧௘  ௩௔௟௨௘)  . The model with the lowest AIC was chosen as the 

preferred model. An additional measure was used to determine how well the model 

fitted the data, the normalized root mean square error (NRMSE) = 

100 𝑋 
൫√ௌௌோ൯/ே

ூ௡௦௨௟௜௡೘ೌೣషூ௡௦௨௟௜௡೘೔೙
. The NRMSE normalizes the square root of SSR to the 

change in insulin concentration (71). 

The linear model provided a single parameter to explain hepatic insulin clearance 

(HIE) (post-glucose load) compared to two parameters (Vmax and Km) provided by 

the saturable model. In order to compare hepatic insulin extraction between subjects 

as well as before and after the intervention, the output from the linear model was used. 

Prior to the intervention (baseline), both the linear and saturable model were run on 

43 participants (excluded: 2 did not have a FSIGT test) and the linear and saturable 

models were preferred in 26 (60.5%) and 14 (32.6%), respectively, whereas in 3 

participants no model could be resolved. Both models were run on 35 participants that 

completed the intervention but 5 had to be excluded from pre- and post-intervention 

analysis because no pre-FSIGT test was done (n=1), or no model was resolved on 

pre-FSIGT data (n=3), or the post FSIGT test was prematurely halted at 50 minutes 

(n=1). In a further 2 participants, the preferred pre-and post-intervention models was 

discrepant and therefore the insulin clearance parameters could not be compared. In 

20 (linear model) and in 8 (saturable) participants the same model was preferred for 

both pre- and post-intervention. 
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CHAPTER 5: METHODS 

 

The methods in chapter 5 have been published in part (347): 

Goedecke JH, Mendham AE, Clamp L, Nono Nankam PA, Fortuin-de Smidt MC, Phiri 
L, et al. An Exercise Intervention to Unravel the Mechanisms Underlying Insulin 
Resistance in a Cohort of Black South African Women: Protocol for a Randomized 
Controlled Trial and Baseline Characteristics of Participants. JMIR Res Protoc. 2018 
Apr 18;7(4):e75.  

 

5.1 RESEARCH DESIGN 
 

We performed a randomised controlled exercise intervention study. Participants 

meeting all inclusion criteria were block (2-4 participants) randomised (Microsoft Office 

Excel, 2013) into an exercise (n=23) and control group (n=22). The CONSORT 

participant flow diagram is shown in Figure 5.1. The schematic overview of all testing 

procedures is shown in Figure 5.2. All testing procedures occurred before and after 

the intervention. Post-intervention FSIGT was performed ≥72 hours after the last 

exercise bout to exclude the acute effects of exercise on the primary outcome.  
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Figure 5.1: CONSORT participant flow diagram 
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Fig 5.2. Schematic overview of testing procedures and timelines (Adapted from 

Goedecke et al, 2018)  

5.2 STUDY PARTICIPANTS 
 

Black South African women were recruited from a low socioeconomic community in 

Cape Town. Recruitment and testing occurred from July 2015 to December 2016 

through advertisements and flyers distributed in local communities and universities. 

Inclusion criteria were: obese (BMI 30-40 kg/m2), both parents of isiXhosa descent 

(self-reported), 20-35 years old, stable weight (<5 kg change in weight in the last 6 

months), using injectable contraception (depot medroxyprogesterone acetate, 400 

mg) for a minimum of 2 month prior to testing. Participants were excluded if they had 

any known diseases (e.g. HIV, hypertension, diabetes (random blood glucose 

>11.1mmol/L, HbA1c >6.5%)), were pregnant or lactating, smoking or had any other 

orthopaedic or medical problems that prevented or restricted exercise participation. 

University of Cape Town Human Research Ethics Committee provided ethical 
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permission (HREC REF:799/2015) (Appendix A). The trial was registered in the Pan 

African Clinical Trial Registry (PACTR201711002789113). Written informed consent 

(Appendix B) was obtained prior to screening and testing procedures. 

5.3. SCREENING PROCEDURES 
 

Volunteers completed a screening questionnaire (Appendix C) that collected 

information on ancestry, weight gain, current level of physical activity, contraception 

use, smoking history, medical and surgical history, current medication usage and HIV 

status. Weight was measured with no shoes and minimal clothes using a digital 

calibrated scale to the nearest 0.1kg. Height was measured with a stadiometer to the 

nearest 0.1cm. The BMI was calculated as weight (kg) ÷ height (m)2. Blood pressure 

was measured using an automated blood pressure monitor (Omron 711, Omron 

Health Care, Hamburg, Germany) with an appropriately sized cuff. The participant had 

to remain seated for at least 5 minutes after which blood pressure was measured three 

times at 1-min intervals. The participant was excluded if the mean blood pressure was 

≥140/90 mmHg. An HIV Rapid test was performed to ensure all participants were HIV-

negative. The participants received pre-and-post HIV test counselling and were 

referred to the local clinic if HIV test was positive. Blood samples were also drawn to 

test for Hb (to exclude anaemia), and to measure random blood glucose and HbA1c 

(to exclude diabetes). A physical activity readiness questionnaire (PARQ) was 

completed by each participant to assess their risk of taking part in the exercise 

intervention. They answered “no” to all questions for inclusion into the study. A 

pregnancy test will also done to exclude any participants who were not aware that they 

were pregnant. Reasons for participant exclusions were: a positive HIV test (n=2), 

unwillingness to further participate in the study (n=21), a BMI <30 kg/m2 (n=12), BMI 
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>40 kg/m2 (n=12), too young (n=1), not on contraception (n=15) and taking medication 

(n=1). Participants that met all the inclusion criteria and none of the exclusion criteria 

were enrolled in the study.  

 

5.4 EXERCISE INTERVENTION 
 

The exercise group participated in a 12-week aerobic and resistance training 

intervention. A biokineticist facilated and supervised every session. The exercise 

session duration progressed from 40-60 min, 4 days per week. Table 5.1 display the 

session duration and the resistance exercise training (repetitions, sets and weights 

used) progression. The programme included aerobic-based exercises (dance, 

running, skipping and stepping) performed at a moderate-vigorous intensity (75-80% 

maximal heart rate, HRpeak). Aerobic-based exercises were done continuously moving 

from one exercise to another with no prescribed rest in between. Resistance exercise 

training consisted of progressive (body weight, bands and free weights) strengthening 

exercises (squats, lunges, bicep curls, push-ups and shoulder press) to achieve a 

prescribed intensity of 60-70% HRpeak. The prescribed resistance training intensity was 

a guide to ensure that the repetition tempo was maintained. The program was 

designed to use low weights with high repetition. Body weight and resistance band 

exercises were done during the first 2 weeks. Free weight strengthening exercises 

were added to body weight and resistance band exercises in the following weeks 

(Table 5.1). A heart rate monitor (Polar Electro, Kempele, Finland) was used to ensure 

participants achieved the desired exercise intensity and attendance was recorded for 

each session. The relative intensity of the exercise program did not change but as the 
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cardiorespiratory fitness of participants increased, the duration and intensity of the 

activities increased (Table 5.1). The control group was instructed to continue with 

habitual activity and not to initiate any exercise programs during the study period. Both 

the control and the exercise group were asked to continue with habitual dietary 

patterns which was monitored on a monthly basis. The participants were not blinded 

to the aims of the study. They were informed that the aim of the study was not to 

induce changes in body weight, but rather changes in health status. Weight loss was 

therefore not anticipated by the participants. 

 

Table 5.1: Details of the combined aerobic and strength exercise training program 

Weeks 1 2 3 4 5 6 7 8 9 10 11 12 
Session 
frequency 

4 times a week 

Total session 
duration (min) 

40  40 40 40 45 45 50 50 55 55 60 60 

Aerobic training             
Session 
duration (min)  

30 30 28 28 33 30 35 32 37 37 40 40 

Intensity 75-80% HRpeak 
Strength training 
Session 
duration (min)  

10 10 12 12 12 15 15 18 18 18 20 20 

Reps and sets 10 x 3 15 x 3 10 x 3 15 x 3 10 x 3 15 x 3 20 x 3 20 x 3 10 x 3 15 x 3 10 x 3 15 x 3 
Weights - - 1kg 1kg  1.5kg 1.5kg 1.5kg 1.5kg 2kg 2kg 2.5kg 2.5kg 
Intensity 60-70% HRpeak 

Min – minutes, HR – heart rate, Reps – repetitions, Weights – refers to the weight of the dumbbells 

 

5.5 STUDY MEASUREMENTS 
 

5.5.1 CARDIORESPIRATORY FITNESS 
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Peak oxygen consumption (VO2peak) was measured using a walking treadmill-based 

(C, Quasar LE500CE, HP Cosmos, Nussdorf-Traunstein, Germany), graded exercise 

test adapted for sedentary participants that are not familiar with gym-based equipment 

(348). The test started at 3 km/h at 2% gradient and the gradient was increased by 2% 

after every 2 minutes until a gradient of 16% were reached. Thereafter, the speed and 

gradient were increased alternatively (0.5 km/hour and 1%, respectively) to volitional 

exhaustion. VO2peak was measured by assessing ventilation and oxygen and carbon 

dioxide concentrations in the expired air using a metabolic gas analysis system 

(CPET, Cosmed, Rome Italy) and the heart rate was monitored continuously (Polar 

Electro Oy, Kempele, Finland) to determine peak heart rate (HRpeak).  

5.5.2 QUANTIFICATION OF SI AND Β-CELL FUNCTION 

Prior to the testing day, participants slept overnight at the laboratory and consumed a 

standardized meal, typical of their usual intake, at 20h00 (Energy: 2,456 kJ, 21 g 

protein (14% energy), 49 g carbohydrate (33% energy) and 32 g fat (48% energy)), 

followed by an overnight fast (10-12 h). In the morning, fasting blood samples were 

drawn for measurement of HbA1c, insulin, glucose and C-peptide, and the FSIGT was 

performed. Glucose (50% dextrose; 11.4 g/m2 X body surface area) was infused at 0 

min over a 60 s period followed at 20 min by an infusion of human insulin (0.02 unit/kg; 

NovoRapid, Novo Nordisk Limited, Cape Town, RSA) over 5 min at a constant rate. 

Thirty-two blood samples were drawn for the measurement of insulin, glucose and C-

peptide at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70, 

80, 90, 100, 120, 140, 160, 180, 200, 220, 240 time points over 240 min, following the 

start of glucose administration. SI, AIRg and DI (SI X AIRg), glucose effectiveness 

(minimal model of glucose kinetics) (332), ISR (337) and hepatic and peripheral insulin 

clearance (71) were derived from mathematical modelling. The incremental area-
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under curve (AUC) above baseline for ISR, glucose, insulin and C-peptide were 

calculated using the trapezoidal rule. The first 10 minutes and the entire period of the 

FSIGT are referred to as the first phase AUC and the total AUC, respectively. 

5.5.3 BIOCHEMICAL ANALYSES 

HbA1c was analysed using high-performance liquid chromatography (Meharini 

Diagnostics, Florence, Italy). Plasma glucose was measured using a colorimetric 

assay (Randox (Pty) Ltd, Gauteng, South Africa). Serum insulin and C-peptide were 

determined by an immunochemiluminometric assays (IMMULITE 1000 immunoassay 

system, Siemens Healthcare (Pty) Ltd, Midrand, South Africa). Pre- and post-

intervention samples for each participant were analysed in the same run. Coefficient 

of variation for assays ranged from 6 to 8.5%. 

5.5.4 ANTHROPOMETRY AND WHOLE-BODY FAT COMPOSITION 

Anthropometric measurements included weight, height, hip and waist circumferences 

using standardized methods (103). Whole body composition was measured by dual-

energy x-ray absorptiometry (DXA; Discovery-W®, software version 12.7.3.7; Hologic, 

Bedford, MA) in the mornings after an overnight fast, for the analyses of total body fat 

mass, fat-free soft tissue mass, trunk, and leg fat mass. All values are expressed as a 

percentage relative to sub-total fat mass (whole body minus the head).  

5.5.5 ECTOPIC FAT, SAT AND VAT QUANTIFICATION  

A standardized meal (Energy: 2553 kJ, protein: 20.9 g; carbohydrates: 83.0 g; fat: 22.2 

g) was consumed 2-4 h prior to skeletal muscle, hepatic and pancreatic fat and SAT 

and VAT volume determination. Image acquisition and post-processing of MRI and 

MRS images were described in detail in Chapter 4.  
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5.5.6 PHYSICAL ACTIVITY AND DIETARY MONITORING 

Energy expenditure of both the exercise and control groups was estimated using 

accelerometery (ActiGraph GTX3+, LLC, Pensacola, Florida, worn on the right hip 

for 24 hours a day over a 7-day period) at baseline, 4, 8 and 12 weeks. The activity 

counts from the ActiGraph were collected from 3 orthogonal axes. The vector 

magnitude was calculated as the square root of the sum of the 3 squared vectors 

( √𝑋ଶ + 𝑌ଶ +  𝑍ଶ) (349). Activity counts were categorized into sedentary, light, 

moderate and vigorous based on cutpoints from Matthews et al. (350). Data were 

recorded in 60 second epochs. Non-wear days were defined as 60 continuous 

minutes without any counts (351). Physical activity data were analyzed using the 

ActiLife Software version 6 (ActiLife software; Pensacola, Florida, USA). Energy 

expenditure was compared between the exercise (non-exercise days) and the 

control group. Dietary intake was measured by a registered dietician using a 24-hour 

dietary intake recall and a 3-day dietary record (2 weekdays and one weekend day) 

at baseline, 4 and 8 and 12 weeks. The South African Food Composition Database 

System (SAFOOD, the South African Food Composition Database, Version 2016, 

South African Medical Research Council, Parow, Cape Town, South Africa) was 

used for the nutrient intake analysis (352).  

5.6 STATISTICAL ANALYSIS 
 

Data was analysed using STATA 12.0 (College Station, TX, USA). The distribution of 

continuous variables was evaluated using histograms, standardized normal probability 

plots and the Shapiro Wilk test. Normally and non-normally distributed data were 
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expressed as mean ± standard deviation (SD) and median and interquartile range 

(25th-75th percentiles), respectively. 

Baseline data 

The study population was divided into tertiles based on the DI: DILow, DIintermediate and 

DIhigh. Differences between DI tertiles was determined using one-way ANOVA with a 

Bonferroni post hoc test or Kruskal Wallis test with the Dunn post hoc test for normally 

and non-normally distributed data, respectively. Pearson (normally distributed 

variables) and Spearman (non-normally distributed variables) correlation analysis 

were conducted to firstly assess the associations between DI and its direct 

components (SI, AIRg), indirect components through AIRg (first phase ISR, hepatic 

insulin extraction), peripheral insulin clearance and secondly to assess associations 

of all the aforementioned DI components with body composition, body fat distribution 

and ectopic fat deposition. This thesis did not correct for multiple comparisons and 

thus a possibility exists of obtaining false positive associations. However, this thesis 

wanted to explore all the possible significant underlying associations between these 

various component and therefore wanted to minimize false negative associations. 

These variables are highly correlated and therefore correcting for multiple 

comparisons may be to stringent. Linear regression was performed with the 

transformed DI (square root) as dependent variable and natural log transformed 

ectopic fat variables and VAT as independent variables. Additionally, linear regression 

was also used to assess the relative contribution of first phase ISR and hepatic insulin 

extraction to AIRg, with and without adjusting for SI). 

Pre- and Post-intervention Analysis 
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A per protocol analysis was performed using participants that had both pre- and post-

intervention data available (n=20 in exercise and n=15 in control group). Mixed model 

analysis was performed to determine the main effect between groups (exercise and 

control groups) and within groups (before and after intervention) and cumulative effect 

of between and within group factors (interaction), with Fisher’s least significant 

difference post-hoc test. The random effects refer to inter-subject variability, while the 

fixed effects refer to differences between the groups (control vs exercise). Mixed 

model analysis was also used for the diet and energy expenditure data to determine 

differences between the control and exercise groups at baseline, week 4, 8 and 12 

and to determine within group differences (between baseline and week 4, 8 and 12). 

Linear regression was used to determine the associations between changes in main 

outcomes and changes in possible predictors firstly, in the combined group and 

secondly, to check for an interaction by intervention group (control vs exercise group). 

If the homoscedasticity or the normality of residuals assumptions were not met, robust 

regression was used. In order to check whether the variation in the exercise training 

compliance influenced our study findings we calculated a composite measure, the 

exercise dose (AU), which is the product of the number of sessions (maximum = 48 

sessions) attended and the mean %HRpeak attained over the 12-week training period. 

The exercise dose was converted into a categorical variable with the following 

categories: No exercise (n=15) (control group), moderate exercise dose (n=10) (≤ 

median (3070.6), total number of sessions (range) 25-42, %HRpeak 78.3-83.4) and high 

exercise dose group (n=10) (> median (3070.6), total number of sessions 38-49, 

%HRpeak 75.5-83.1). Whether the exercise dose modified the changes in metabolic 

outcomes, regional and ectopic fat deposition were assessed using mixed models. 

Linear regression was used to assessed whether exercise dose modified the 
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associations of the metabolic outcomes with regional and ectopic fat deposition. A p-

value of <0.05 was regarded as significant. The sample size calculation was based on 

the change in SI as one of the primary outcomes of this study. Based on the mean 

change (±SD) in SI (x10-5 min/pmol) determined by FSIGT, in the control group (Δ-

0.35 ±1.7) and exercise group (Δ 1.7±2.5) (261) with a power of 80% and a 

significance level of p<0.05, 18 participants per group were needed. The number 

included in the study was 20 per group to account for 10% attrition.  
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CHAPTER 6: CROSS-SECTIONAL STUDY 

 

6.1 RESULTS 
 

6.1.1 PARTICIPANT CHARACTERISTICS: OVERALL AND BY DI TERTILES  
 

A hyperbolic association was evident between AIRg and SI in the whole group and by 

each of the DI tertiles (Figure 6.1).  

 

Figure 6.1: Hyperbolic association between insulin sensitivity (SI) and acute insulin 

response to glucose (AIRg) in all participants (A) and by disposition index (DI) tertiles 

(B)  

The participants’ characteristics described by DI tertiles are displayed in Table 6.1. In 

the whole cohort the participants had a median age of 23 years (range 20 to 35 years) 

and were obese (BMI 33.9 ±2.8 kg/m2). The median pancreatic, hepatic, total soleus 

and tibialis anterior fat were 7.3 (6.2-9.3)%, 4.9 (4.4-5.8)%, 10.2 (8.8-11.6)% and 4.2 

(3.2-5.7)%, respectively.  



151 
 

Table 6.1: Characteristics of participants by disposition index tertile 

 DILow (≤5073.4) DIIntermediate (>5073.4 -
≤7933.2) 

DIHigh (>7933.2) P value 

n=15 n=13 n=15  
Age and anthropometry      
Age (years) 24 (21-28) 22 (21-28) 23 (21-24) 0.455 
Body weight (kg) 85.1 ±8.8 87.8±6.3 87.1 ±13.7 0.400 
Body mass index (kg/m2) 33.3 ±2.6 35.3 ±2.1 33.6 ±3.5 0.147 
Waist circumference (cm) 103.1 ±5.3 103.9 ±8.5 105.8 ±11.0 0.705 
Waist-hip ratio 0.89 (0.84-0.95) 0.89 (0.87-0.91) 0.90 (0.85-0.94) 0.899 
Body composition and fat distribution 
Body fat mass (%) 50.1 ±2.8 51.3 ±3.1 50.4 ±4.5 0.660 
Fat free soft tissue mass (kg) 36.9 (33.8-40.3) 37.4 (35.8-38.8) 38.7 (34.9-40.6) 0.791 
Trunk fat mass (%) 47.9 ±4.7 47.3±4.0 46.5 ±4.7 0.684 
Leg fat mass (%) 40.0 ±5.2 40.6 ±4.3 40.8 ±5.2 0.901 
Android fat mass (%) 8.5 ±1.4 8.1 ±0.8 7.9 ±0.8 0.284 
Gynoid fat mass (%) 18.5 ±1.8 18.7 ±2.0 18.4 ±2.5 0.942 
VAT (cm3) 1113.3 ±317.9  931.6 ±355.1 669.8 ±229.1* 0.002 
aSAT (cm3) 5303.9 ±1116.8 5741.4 ±1105.2 5629.1 ±2191.8 0.747 
VAT-aSAT 0.20 (0.16-0.24)  0.15 (0.11-0.21) ǂ 0.13 (0.09-0.15) * 0.003 
Ectopic fat     
Pancreatic fat (%) 8.0 (7.3-9.0) 7.4 (6.6-10.4) 6.2 (5.2-6.4) *† 0.006 
Hepatic fat (%) 5.6 (4.5-6.1) 5.9 (4.5-8.4)  4.5 (3.9-4.9) *† 0.023 
Soleus fat (%) 10.7 (10.1-11.4) 9.7 (8.8-11.6) 9.4 (6.8-10.3) 0.111 
Tibialis anterior fat (%) 4.1 (3.3-5.7) 4.2 (3.5-5.4) 5.0 (2.6-6.1) 0.953 
SIMCL (%) 2.9 (2.5-3.9) 2.9 (2.5-4.8) 2.1 (1.3-3.1) † 0.055 
SEMCL (%) 4.5 (4.2-12.8) 5.1 (3.6-4.5) 4.3 (3.6-5.6) 0.410 
TIMCL (%) 0.5 (0.3-0.8) 0.4 (0.3-0.5) 0.4 (0.3-0.5) 0.288 
TEMCL (%) 2.9 (1.1-4.7) 2.6 (1.6-3.0) 2.5 (1.5-4.2) 0.815 
Fasting metabolic parameters 
Fasting glucose (mmol/L) 5.4 ±0.9 5.0 ±0.9 5.2 ±0.6 0.411 
Fasting insulin (pmol/L) 85.2 (63.9-119.1) 82.5 (78-113.7) 57.7 (38.6-88.5) 0.107 
Fasting c-peptide (pmol/L) 605.7 (572.6-744.8) 733.2 (491.5-835.8) 466.7 (382.3-787.8) 0.218 
C-peptide/insulinbasal 6.8 (6.3-8.4) 8.4 (6.4-9.3) 9.0 (7.7-10.9) 0.087 
ISRbasal (pmol/min) 78.7 (74.4-96.8) 94.7 (62.9-102.4) 62.4 (49.-104.6) 0.567 
HOMA2 IR% 2.1 (1.7-2.9) 2.0 (1.8-2.7) 1.4 (1.0-2.2) 0.149 
HOMA2 B% 134.6 (97.5-204.3) 182.6 (130.4-213.2) 108.7 (85.2-149.1) 0.133 
HbA1c and FSIGT-derived measures 
HbA1c 5.24 ±0.36 5.19 ±0.36 5.20 ±0.43 0.829 
Disposition index (AU) 3780 (2989-4527)  6596 (6070-7119) ǂ 9995 (9247-13882) *† <0.001 
SI (mU/l)-1

 
min-1 1.94 (1.1-2.8)  1.97 (1.4-3.1) 3.1 (2.2-4.5) *† 0.008 

AIRg mU l-1
 
min-1 2159 (1465-3159) 2909 (2544-4870) 3561 (4278-4514) 0.064 

Sg (min-1) 0.017 ±0.008  0.024 ±0.008 0.031 ±0.008 * <0.001 
ISRfirst phase(pmol/min) 2692 (1909-4023) 3624 (2826-4999) 4049 (2758-4877) 0.060 
ISRtotal (pmol/min) 4246 (3231-8095) 5589 (4813-7913) 4272 (3261-6500) 0.365 
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Mean (±standard deviation) for normally distributed variables and median (interquartile range) for non-normally distributed 
variables; DI – Disposition index, VAT – visceral adipose tissue, aSAT – abdominal subcutaneous adipose tissue, SIMCL- soleus 
intra-myocellular fat, SEMCL – soleus extra-myocellular fat, TIMCL – tibialis anterior intra-myocellular fat, TEMCL – tibialis 
anterior extra-myocellular fat,  ISR – insulin secretion rate, Homeostatic model assessment 2 of insulin resistance (IR) and beta 
cell function (B), SI – Insulin sensitivity, AIRg – acute insulin response to glucose, Sg – Glucose effectiveness, HIE – hepatic 
insulin extraction; CLp – peripheral insulin clearance. P value derived from ANOVA or Kruskal Wallis, Significant post hoc 
differences: * High DI compared to low DI; † High DI compared to intermediate DI; ǂ Intermediate DI compared to low DI with 
P≤0.05 deemed as statistically significant. § HIE and CLp numbers by DI tertiles: High (n=7), Intermediate (n=9) and Low (n=10) 
DI. 

 
No differences were found in fasting glucose or HbA1c between DI groups. The group 

with the highest DI, was the most insulin sensitive (post hoc p=0.006) and had the 

highest Sg (post hoc p<0.001) compared to those with the lowest DI. Moreover, over 

the whole FSIGT period the high DI tertile group had the lowest glucose AUC 

compared to the low DI tertile group (p=0.042) (Figure 6.2). AIRg and first phase ISR 

showed a gradual decline across DI tertiles (interaction p=0.060 and p=0.064, 

respectively). Interestingly, while no difference was observed in hepatic insulin 

extraction across the DI tertiles, peripheral insulin clearance declined moving from the 

highest to lowest DI tertile (post hoc p=0.005). While, groups did not differ in BMI, waist 

circumference, total fat mass, aSAT and peripheral fat mass, those with the highest 

DI had the lowest VAT and lowest VAT-aSAT ratio, as well as the lowest pancreatic 

and hepatic fat compared to those with the lowest DI. 

HIE (%) §  58.5 ±13.0 51.3 ±8.3  49.6 ±10.1 0.213 
CLp (ml/min/kg) § 75.7 (69.5-115.9)  105.4 (87.8-136.5) 133.4 (105.9-170.4) * 0.041 
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Figure 6.2: Average time course and area under the curve for glucose, insulin and C-

peptide by disposition index (DI) tertiles. Insert shown is an enlargement of the 

average time course from 0 to 30 minutes. 
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6.1.2 DESCRIBING HOW DI AND ITS COMPONENTS RELATE TO EACH OTHER 
 

Various components contribute to DI and is the main outcome measure. This thesis, 

therefore, wanted to describe how DI relates to each of these components and how 

the components relate to each other. The correlation matrix of DI and its components 

is depicted in Table 6.2. As expected, DI was positively associated with both its 

immediate components: SI and AIRg, as well as with first phase ISR (rho 0.365, 

p=0.016). DI was also positively associated with peripheral insulin clearance (rho 

0.528, p=0.006), with a negative trend with hepatic insulin extraction (rho -0.305, 

p=0.079). Higher SI was associated with lower first phase ISR and a higher hepatic 

insulin extraction, but was not associated with peripheral insulin clearance. Further, 

higher first phase ISR was associated with lower hepatic insulin extraction and higher 

peripheral insulin clearance. However, the different insulin clearance components 

were not associated with each other (p=0.191). 

Further, this thesis determined the underlying correlates of a high AIRg, above the 

compensatory relationship with SI. Therefore, evaluating the relative contribution of 

insulin secretion and insulin clearance to high AIRg, firstly without and then adjusting 

for SI. This thesis started by evaluating the correlates of AIRg using simple 

correlations, which showed that a high AIRg was strongly associated with a high first 

phase ISR (rho 0.920, p<0.001)) and a low hepatic insulin extraction (rho -0.744, 

p<0.001), but was not associated with peripheral insulin clearance (p=0.236) (Table 

6.2). Secondly, linear regression models were used to determine the relative 

contributions of hepatic insulin extraction and first phase ISR to AIRg, with and without 

adjusting for SI (Table 6.3). Peripheral insulin clearance did not add significantly to the 

multivariable model and was therefore not included. In the univariate models, early 
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phase ISR and hepatic insulin extraction explained 70.7% and 55.3% of the variance 

in AIRg, respectively, while SI explained 32% of the variance in AIRg (data not shown). 

In the multivariable model, hepatic insulin extraction and early phase ISR were 

independently associated with AIRg and together accounted for 88.5% of the variance, 

with only a further 3.2% explained by the addition of SI to the model. 

Table 6.2: The relationships between disposition index (DI) and its components  

 DI SI AIRg ISRfirst phase HIE 

DI (AU) 1     

SI ((mU/l)-1
 
min-1) 0.459 

(0.020) 

n=43 1    

AIRg (mU l-1
 
min-1) 0.372 

(0.014) 

n=43 -0.632 
(<0.001) 

n=43 1   

ISRfirst phase pmol/min 0.350 
(0.021) 

n=43 -0.598 
(<0.001) 

n=43 0.933 
(<0.001) 

n=43 1  

HIE (%) -0.350 
(0.079) 

n=26 0.406 
(0.040) 

n=26 -0.744 
(<0.001) 

n=26 -0.514 
(0.007) 

n=26 1 

CLp (ml/min/kg) 0.528 
(0.006) 

n=26 0.032 
(0.877) 

n=26 0.241 
(0.236) 

n=26 0.305 
(0.129) 

n=26 -0.299 
(0.139) 

n=26 

Data expressed as Spearman correlation coefficient, rho (p value) with p ≤0.05 regarded as statistically significant; DI – 
Disposition index, SI – Insulin sensitivity, AIRg – acute insulin response to glucose, ISR - insulin secretion rate, HIE – hepatic 
insulin extraction, CLp – peripheral insulin clearance 

 

Table 6.3: The contribution of first phase insulin secretion and hepatic insulin 

extraction to acute insulin response to glucose in those with linear model preferred 

(n=26) 

Model Variables Ln AIRg    
β ± SE Partial beta P Model R2 

1. ln ISRfirst phase 1.14 ±0.12 - <0.001 0.787 
2. Hepatic insulin extraction (%) -0.014 ±0.002 - <0.001 0.553 
3. ln ISRfirst phase 0.883 ±0.112 0.687 <0.001 0.865 
 Hepatic insulin extraction (%) -0.007 ±0.002 -0.344 0.001 
4. ln ISRfirst phase 0.773 ±0.141 0.602 <0.001 0.877 
 Hepatic insulin extraction (%) -0.007 ±0.002 -0.347 0.001  
 ln SI -0.106 ±0.566 -0.136 0.165 

Data expressed as linear regression slope (β) ± SE (Standard error), Ln – natural log, AIRg – acute insulin response to glucose, 
ISR- insulin secretion rate, SI – Insulin sensitivity 
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6.1.3 ASSOCIATIONS OF DI AND ITS COMPONENTS WITH BODY FAT 

DISTRIBUTION AND ECTOPIC FAT 
 

This thesis explored body fat distribution and ectopic fat as correlates of DI. To 

appraise these associations, the relations of the components of DI with body fat 

distribution and ectopic fat were also evaluated. Firstly, DI was not associated with 

body fat percent (p=0.855). The associations of DI with ectopic fat depots are shown 

in Figure 6.3. A higher DI correlated with lower pancreatic fat and showed a tendency 

to associate with lower hepatic fat (p=0.076). A higher DI was also associated with a 

lower total soleus fat, as well as with both a lower soleus IMCL and EMCL, with a 

stronger association evident with soleus IMCL, than EMCL. DI was not associated with 

tibialis anterior fat, leg fat mass or aSAT (data not shown) but was associated with the 

VAT-aSAT ratio (β -167.4, p<0.001). In the univariate analysis VAT explained 32% of 

the variance in DI while soleus IMCL explained 18.7%, EMCL 10.9% and pancreatic 

fat explained 12%. Multivariable models were constructed to assess whether 

abovementioned associations occurred independent of age and fat mass percent. The 

addition of age and fat mass percent did not add significantly to the models as such 

the negative associations of DI with pancreatic fat (β -62.9, p=0.030), VAT (β -0.037, 

p<0.001), soleus fat (β -50.0, p=0.049), soleus IMCL (β -41.3, p=0.012) and soleus 

EMCL (β -32.0, p=0.047) remained.  

Additionally, to explore whether the associations between DI and the ectopic fat depots 

were independent from VAT, this thesis adjusted for VAT in bivariate regression 

models for each of the ectopic fat depots. (Table 6.4). When adjusting for VAT, the 

associations between DI and pancreatic fat and soleus IMCL were no longer 

significant, but soleus EMCL remained significantly associated with DI. However, 
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when soleus IMCL was also placed in the model with soleus EMCL and VAT, the 

association between DI and soleus EMCL was diminished (p=0.079). VAT remained 

a significant correlate of DI regardless of the ectopic fat depot placed in the model.  

 

 

Figure 6.3: Disposition index (DI) associations: with (A) pancreatic fat (B) hepatic fat, 

(C) visceral adipose tissue, (D) soleus fat (E) soleus intramyocellar fat (IMCL) and (F) 

soleus extramyocellular fat (EMCL) in those with low DI (solid black triangles), 

intermediate DI (open circles) and high DI (solid black square). Regression line 

indicates significant association (p<0.05) in the whole cohort, β - linear regression 

slope, r - correlation coefficients 
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Table 6.4: Associations between disposition index and ectopic fat adjusted for visceral 

adipose tissue  

  Disposition index (square root) 

  β ± SE P value R2 

1. Ln Pancreatic fat 
Visceral adipose tissue (cm3) 

-19.2 (26.8) 
-0.03 (0.009) 

0.479 
0.001 

0.348 

2. Ln Hepatic fat 
Visceral adipose tissue (cm3) 

-31.7 (27.4) 
-0.04 (0.009) 

0.255 
<0.001 

0.379 

3. Ln Soleus fat 
Visceral adipose tissue (cm3) 

-35.8 (23.2) 
-0.03 (0.009) 

0.132 
0.002 

0.348 

4. Ln Soleus IMCL 
Visceral adipose tissue (cm3)  

-27.3 (16.0) 
-0.03 (0.009) 

0.097 
0.010 

0.363 

5. Ln Soleus EMCL 
Visceral adipose tissue (cm3) 

-29.02 (14.1) 
-0.03 (0.008) 

0.047 
0.001 

0.386 

6. Ln Soleus IMCL 
Ln Soleus EMCL 
Visceral adipose tissue (cm3) 

-23.2 (15.5) 
-26.0 (13.9) 

-0.02 (0.009) 

0.146 
0.071 
0.012 

0.427 

Data expressed as linear regression slope (β) and the standard error (SE). Pancreatic, hepatic, total soleus fat and soleus 
intramyocellular (SIMCL) and extramyocellular (SEMCL) fat were log transformed (Ln) 

 
Next, this thesis explored the associations between the components of DI and ectopic  

and regional fat. Firstly, the association with fat mass percent requires mention. None 

of the components of DI (SI, AIRg, first phase ISR, hepatic insulin extraction and 

peripheral insulin clearance) were associated with fat mass percent (p>0.05) (data not 

shown). Secondly, AIRg and first phase ISR, were not associated with pancreatic fat 

(rho -0.202, p=0.217 and rho-0.215, p=0.189, respectively), hepatic fat (rho 0.057, 

p=0.735 and rho-0.039, p=0.816, respectively) or soleus fat (rho-0.179, p=0.275 and 

rho-0.214, p=0.191, respectively). Additionally, hepatic insulin extraction was not 

associated with hepatic fat (rho -0.253, p=0.244) and peripheral insulin clearance was 

not associated with soleus fat (rho-0.036, p=0.872). Moreover, SI was not associated 

with fat deposition in the liver (rho-0.259, p=0.177), soleus muscle (IMCL rho-0.280, 

p=0.094 and EMCL rho-0.021, p=0.904) or tibialis anterior muscle (IMCL rho-0.184, 
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p=0.270 and EMCL rho-0.248, p=0.123). Rather, significant associations were found 

between the components of DI and central fat measures (Table 6.5). A lower SI was 

associated with higher VAT but not aSAT or VAT-aSAT ratio, while AIRg was not 

associated with VAT but rather with aSAT and VAT-aSAT ratio. However, when 

adjusting for SI, a higher AIRg was associated with a lower VAT and VAT-aSAT ratio 

but the association with aSAT was no longer significant. First phase ISR was not 

associated with any of the central fat depots, but after adjusting for SI, an inverse 

association emerged between first phase ISR and VAT, and a tended towards an 

association with the VAT-aSAT ratio (p=0.054). Further, hepatic insulin extraction was 

associated only with the VAT-aSAT ratio, and not with VAT, with and without adjusting 

for SI. Peripheral insulin clearance was not associated with central fat depots (VAT rho 

0.104, p=0.630 and aSAT rho 0.113, p=0.599).  

In terms of peripheral fat deposition, SI was positively associated with leg fat mass 

(%FM) (rho 0.411, p=0.007). However, both AIRg and first phase ISR were negatively 

associated with leg fat mass (%FM) (rho-0.395, p=0.010 and rho-0.425, p=0.005, 

respectively), but these associations were diminished to non-significance when 

adjusted for SI. Further hepatic insulin extraction and peripheral insulin clearance were 

not associated with leg fat mass (%FM), with or without adjustment for SI (data not 

shown).  

 

6.1.4. ASSOCIATIONS BETWEEN BODY FAT DISTRIBUTION AND ECTOPIC FAT 
 
Lastly, the associations between the various regional and ectopic fat depots were 

investigated to inform how these depots related to each other. VAT was positively 

associated with pancreatic fat and soleus IMCL, but not soleus EMCL, and showed a 
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positive trend with hepatic fat (p=0.06) (Table 6.6). Interestingly, aSAT was positively 

associated with hepatic fat and inversely associated with total soleus fat. Pancreatic 

fat was positively associated with hepatic fat (rho 0.540, p<0.001). None of the ectopic 

or regional fat depots were associated with fat mass percent (data not shown), except 

aSAT (r = 0.623, p<0.001). 
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Table 6.5: Correlations of the components of DI, insulin sensitivity, secretion and clearance, with central adipose tissue depots 

 Model 1  Model 2  

 SI (Ln) 

(mU/l)-1
 
min-1 

AIRg (Ln) 

mU l-1
 
min-1 

ISRfirst phase (Ln) 
(pmol/min) 

HIE 
(%) 

AIRg (Ln) 

mU l-1
 
min-1 

ISRfirst phase (Ln) 
(pmol/min) 

HIE 
(%) 

VAT cm3 -3.07 x10-4 
(0.011) 

-0.74 x10-4 
(0.511) 

-0.36 x10-4 
(0.720) 

0.007 
(0.262) 

-2.780 x10-4 
(0.006) 

-1.95 x10-4 
(0.039) 

0.011  
(0.070) 

aSAT cm3 -0.33 x10-4 
(0.248) 

0.50 x10-4 
(0.049) 

0.23 x10-4 
(0.302) 

-0.001  
(0.432) 

0.34 x10-4 
(0.114) 

0.08 x10-4 
(0.694) 

-0.0002  
(0.918) 

VAT-aSAT ratio (Ln) -0.320 
(0.179) 

-0.427  
(0.042) 

-0.228  
(0.233) 

26.06  
(0.044) 

-0.617  
(<0.001) 

-0.327 
(0.054) 

24.86  
(0.044) 

Unadjusted (Model 1) and in adjusted for SI (Model 2). Data expressed as the linear regression slope (P-value). SI – Insulin sensitivity, AIRg – acute insulin response to glucose, ISR- insulin secretion 
rate, HIE – hepatic insulin extraction, VAT – visceral adipose tissue, SAT – abdominal subcutaneous adipose tissue. Ln – natural log transformed variable 
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Table 6.6: Correlation matrix between regional and ectopic fat depots 

 VAT 
(cm3) 

aSAT 
(cm3) 

Pancreatic 
fat (%) 

Hepatic 
fat (%) 

Soleus 
fat (%) 

TA fat 
(%) 

SIMCL 
(%) 

SEMCL  
(%) 

VAT (cm3) 1        

aSAT (cm3) 0.338 
(0.029) 

1       

Pancreatic fat 
(%) 

0.417 
(0.007) 

-0.070 
(0.662) 

1      

Hepatic fat 
(%) 

0.300 
(0.060) 

0.323 
(0.042) 

0.540 
(<0.001) 

1     

Soleus fat 
(%) 

0.128 
(0.438) 

-0.349 
(0.029) 

0.329 
(0.044) 

0.048 
(0.779) 

1    

TA fat (%) -0.015 
(0.926 

-0.201 
(0.220) 

0.266 
(0.107) 

0.022 
(0.898) 

0.503 
(<0.001) 

1   

SIMCL (%) 0.403 
(0.014) 

-0.044 
(0.796) 

0.395 
(0.017) 

0.093 
(0.595) 

0.585 
(<0.001) 

0.547 
(<0.001) 

1  

SEMCL (%) 0.121 
(0.474) 

-0.004 
(0.981) 

0.087 
(0.613) 

-0.127 
(0.468) 

0.426 
(0.009) 

0.392 
(0.017) 

0.234 
(0.153) 

1 

Leg fat mass 
(%) 

-0.450 
(0.003) 

-0.623 
(<0.001) 

-0.038 
(0.812) 

-0.293 
(0.067) 

0.334 
(0.033) 

0.107 
(0.504) 

0.024 
(0.885) 

0.125 
(0.448) 

Data expressed as correlation coefficient (p value). P≤0.05 is deemed statistically significant. VAT - Visceral adipose tissue; 
aSAT -  abdominal subcutaneous adipose tissue; TA - tibialis anterior, SIMCL - soleus intramyocellular fat; SEMCL -  soleus 
extramyocellular fat. 

 

6.2 DISCUSSION 
 

β-cell function is a critical factor in the pathogenesis of T2D. Nevertheless, the 

correlates of β-cell function, prior to onset of T2D, are incompletely understood, 

especially in black African populations who present with a phenotype of low SI, 

hyperinsulinemia and low ectopic fat deposition. This study not only showed 

associations between DI and its classic components, but we extend on existing 

evidence by demonstrating that DI was positively associated with peripheral insulin 

clearance. Notably, the major correlate of AIRg was first phase ISR above insulin 

clearance. Another key finding was that a higher DI was associated with lower VAT, 

pancreatic fat and soleus fat and a trend for lower hepatic fat. However, VAT emerged 

as the strongest correlate of DI, above and independent of the other ectopic fat depots. 

In addition, this thesis showed that AIRg, typically high in black African populations, 
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was associated with lower VAT deposition. This study further adds by showing that a 

lower VAT also associated with a higher ISR and lower hepatic insulin extraction. 

Thus, our findings suggest that VAT may be the main culprit in low DI in this cohort, 

not only through its association with a lower SI, but also through its relationship with 

the AIRg’s downstream components, ISR and hepatic insulin extraction. 

Our study, not only distinguishes between hepatic and peripheral insulin clearance, 

which has only been done in a few studies in adults without T2D (59,71,189), but also 

reported a positive association between DI and peripheral insulin clearance which to 

the best of my knowledge has never been shown before in any population. The reason 

for this relationship is unclear. Nevertheless, considering DI is based on the product 

of SI and AIRg, we can postulate two scenarios. Firstly, a higher DI may be due to 

hyperinsulinemia relative to the level of SI. However, hyperinsulinemia has been 

associated with lower insulin clearance in both adipose tissue (353) and skeletal 

muscle (354), due to reduced affinity of insulin receptors at these sites, and is therefore 

an unlikely explanation for our finding of a higher peripheral insulin clearance relative 

to higher DI. Secondly, a higher DI could be due to a greater SI in relation to the level 

of AIRg. In this scenario, a higher peripheral insulin clearance may be due to enhanced 

binding of insulin to insulin receptors in peripheral tissues. Although a positive 

association has been demonstrated between SI and hepatic insulin clearance (33), no 

association between insulin internalization, a measure of insulin clearance, and SI was 

observed in rat adipocytes (353), whereas the association between SI and insulin 

clearance in skeletal muscle is unknown. However, in support of the second scenario, 

we showed that those with the highest DI and peripheral insulin clearance were also 

more insulin sensitive, but only exhibited a slightly higher AIRg compared to those with 

lower DI and peripheral insulin clearance. Nevertheless, peripheral insulin clearance 
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was not associated with SI and AIRg, which may suggest that only when compensation 

between SI and AIRg is not matched, peripheral insulin clearance becomes more 

important. Further, we may also consider that the observed association between DI 

and peripheral insulin clearance is in compensation for a lower hepatic insulin 

extraction. However, we found no association between peripheral and hepatic insulin 

extraction, which is in accordance with Polidori et al. (71), who suggested that these 

components are differentially regulated. We also evaluated the associations of 

peripheral insulin clearance with ectopic fat deposition as possible explanation for the 

association with DI, but found that peripheral insulin clearance was not associated with 

soleus or tibialis anterior fat. Skeletal muscle fat has been associated with reduced SI 

(82), which may affect peripheral insulin clearance in the muscle. However, this 

requires further study, considering that the muscle is only secondary to the kidney in 

the proportion of insulin cleared in the periphery (17). 

Preservation of DI is critical for delaying the onset of T2D. Therefore,  we investigated, 

firstly, whether ectopic fat accumulation may explain the variance in DI. Secondly, we 

assessed the associations of ectopic fat with the components of DI, with a particular 

focus on hepatic and peripheral insulin clearance, which have not been studied 

together in this context before. Our study demonstrated that a higher DI was 

associated with lower pancreatic and soleus fat and a tendency towards a lower 

hepatic fat, but these associations were not independent from VAT. A similar 

observation was found in overweight African American and Hispanic adolescents (13 

to 25 years old) without T2D (204). In contrast a positive association between DI and 

pancreatic fat, adjusted for BMI and VAT, was shown in black African American 

women (51). However, this study included both participants with and without T2D, 

which may explain the discrepancy in findings. Further, two previous studies 
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conducted in black African adults without T2D assessed the association of AIRg and 

pancreatic fat, with one showing a positive association (209) and another showing no 

association (204). While our study is in accordance with the latter study, we also 

extend the literature by showing that pancreatic fat was not associated with first phase 

ISR determined by C-peptide deconvolution, or with hepatic insulin extraction. 

Differences in the accuracy of the techniques used to determine pancreatic fat and 

VAT may be considered to explain the lack of association between pancreatic fat and 

ISR and the diminished association between pancreatic fat and DI, after adjusting for 

VAT. However, the technique we used to detect pancreatic fat in this thesis showed 

good accuracy with a CV of 3.5% (324). Notably, a positive association was found 

between pancreatic fat and VAT in our study. Our findings may therefore suggest that 

pancreatic fat may only be a marker of VAT accumulation and may not be detrimental 

to DI in this cohort.  

The ability to maintain DI and prevent deteriorating glucose tolerance depends on the 

balance between AIRg and SI (180). However, there is no consensus on the 

mechanism of maintaining a higher AIRg, which is frequently observed in black African 

populations (39,45–47). Some studies reported that a lower hepatic insulin clearance 

alone is responsible for a higher AIRg (44,66), while others showed that both lower 

hepatic insulin clearance and higher ISR contribute towards a higher AIRg (47,58,59). 

Notably, AIRg may be out of proportion for the level of SI, and to assess the relative 

contribution of first phase ISR and insulin clearance to AIRg in this context, adjustment 

for SI is required. No association was found between AIRg and peripheral insulin 

clearance. Accordingly, a lower hepatic insulin extraction and higher first phase ISR 

were the main independent contributors towards a higher AIRg, independent of SI, but 

first phase ISR explained more of the variance in AIRg. Lowering hepatic insulin 
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clearance is an important compensatory mechanism to reduce the strain on the 

pancreatic β-cells, which has been shown in canines (67). However, this research has 

shown that a higher ISR can occur independent of a lower hepatic insulin extraction 

and lower SI. This may indicate that despite a lower hepatic insulin clearance, 

pancreatic β-cells continue to secrete insulin at a higher rate, which may be 

detrimental to the longevity of the β-cell in this cohort. Black African children present 

with hyperinsulinemia prior to obesity and a low SI (58), so whether a higher ISR is 

driven by a genetic predisposition or epigenetic alterations, remains to be determined. 

Although the inputs into these mathematical models may overlap, this is unlikely to 

explain the findings because three different models were utilized to estimate 

abovementioned variables; the two-compartmental model of C-peptide for ISR, the 

linear model from Polidori et al. for hepatic insulin extraction and the minimal model of 

insulin kinetics for AIRg and SI. Also, first phase ISR, hepatic insulin extraction and SI 

were independently associated with AIRg. Further, we also need to consider that a 

higher AIRg, independent from SI, may be explained by reduced insulin independent 

glucose uptake, measured by glucose effectiveness. We examined these associations 

in bivariate analyses and demonstrated a positive association between glucose 

effectiveness and AIRg or first phase ISR, independent from SI. This makes it unlikely 

that a higher AIRg, independent from SI, is due to reduced glucose effectiveness.  

This study further examined the associations between the components of AIRg and 

ectopic fat. Previously, reduced hepatic insulin extraction and increased insulin 

secretion have been associated with hepatic fat accumulation (184). The association 

between fasting hepatic insulin extraction and hepatic fat had been explored in African 

American women before (49). However, the association between stimulated hepatic 

insulin clearance, which is a more physiological response, and hepatic fat has not 
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been previously investigated in black African populations without T2D. We showed 

that hepatic fat was not associated with hepatic insulin extraction and insulin secretion 

in obese black South African women. Therefore, in black African populations, hepatic 

fat may not be an important correlate of alterations in hepatic insulin extraction and 

insulin secretion prior to T2D, and also not in those with early T2D (53). However, we 

should also consider that a lack of statistical power my explain this finding in our study 

since we only included those in whom the linear model was preferred. Instead, we 

found that a lower first phase ISR and higher hepatic insulin extraction was associated 

with higher VAT and VAT-aSAT ratio, respectively. This highlights a novel mechanism 

to explain the association between hyperinsulinemia and VAT and to the best of our 

knowledge, no previous study has evaluated the effect of central fat depots on hepatic 

insulin extraction. In addition, evidence on the associations between central fat depots 

and ISR, determined by C-peptide deconvolution are also limited in black African 

populations. A previous study showed ethnic and age differences between first phase 

ISR and VAT: a positive association in white women and a negative association in 

African American women and with a stronger negative association in post-menopausal 

African American women (54). However, we found that an inverse association 

between VAT and first phase ISR, independent of SI, was already evident in young 

pre-menopausal South African women. The negative associations between 

hyperinsulinemia indicators and VAT and VAT-aSAT ratio may reflect a reduced 

capacity of aSAT to store fat with a redirecton of fat to VAT and other ectopic sites, in 

line with the overflow hypothesis (109). Therefore, we should consider that VAT may 

only be a marker of ectopic fat accumulation and that VAT emerges as the strongest 

correlate due to a smaller measurement error in quantifying VAT compared to other 

ectopic sites. Nonetheless, possible reasons for the negative association between 
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VAT and ISR could be mediated through inflammatory (355,356) and/or lipotoxic 

pathways that involves lipid intermediaries rather than TGs (198). This may also 

explain why no association was found between ISR and pancreatic fat that reflects the 

TG content in the pancreas. Interestingly, black African women have lower VAT 

compared to other ethnicities (39,47,61), but they have a greater propensity to 

increase VAT over time, with the greatest increase occurring in the 20-29-year age 

group (357). Taken together, the ability to compensate for a lower SI with a higher 

insulin response may be compromised with an increase in VAT with increasing age 

and adiposity, and this inhibitory effect may start from a young age in black South 

African women. However, further studies are needed to confirm this hypothesis.  

This study also assessed the association between SI and ectopic fat and found no 

significant association between SI and skeletal muscle or hepatic fat. These findings 

suggest that these ectopic fat depots are not important contributors to SI in our study. 

However, considering that whole body SI was measured in this study this could have 

diluted the associations with hepatic and soleus fat. Indeed, a small South African 

study found that in black South African women, hepatic fat was associated with hepatic 

SI but not peripheral SI (42). Furthermore, total soleus fat and soleus IMCL were 

associated with peripheral SI, but not hepatic SI (42). Another reason that may explain 

the lack of association between SI and hepatic fat may be reduced statistical power. 

The liver scans from five participant could not be used due to technical challenges 

experienced during MRI acquisition. Nevertheless, lower SI was associated with 

higher VAT, which may contribute to a decline in DI in this cohort. 

A major strength of this study is that ISR and both hepatic and peripheral clearance 

were evaluated, determined using mathematical modelling, which has never been 

done before in an African cohort. Further we assessed pancreatic, hepatic and skeletal 
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muscle ectopic fat depots, as well as VAT and aSAT volumes using MRI. However, 

limitations of this study were that we did not determine glucose tolerance, and we did 

not distinguish between hepatic and peripheral SI. In addition, these findings are 

applicable to pre-menopausal, obese black South African women and may not be 

extrapolated to, all black South African women, men or other ethnicities. 

In conclusion, an original finding from this study was that DI was associated with 

peripheral insulin clearance, which may be explained by a greater SI, instead of 

hyperinsulinemia. Further, while both hepatic insulin extraction and insulin secretion 

contributed towards hyperinsulinemia, insulin secretion was more important. Ectopic 

fat was not an important independent correlate of DI and its components. Rather, a 

key finding was that higher VAT was the principal correlate of a lower DI, above other 

ectopic fat depots. Additionally, the associations of higher VAT on the downstream 

components of DI, a lower first phase ISR and higher hepatic insulin extraction, 

exposes a novel mechanism of low DI prior to T2D onset. Accordingly, the prevention 

of VAT accumulation, especially in young black African women may be an important 

target for DI preservation. 
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CHAPTER 7: EXERCISE INTERVENTION 

 

7.1 RESULTS 
 

7.1.1 COMPARING PARTICIPANTS AT BASELINE 
 

The exercise and control group participants were well matched at baseline. They 

consumed a similar diet and had similar levels of energy expenditure (Table 7.1). 

Further, they did not differ in age, cardiorespiratory fitness and metabolic outcomes 

(Table 7.2). Body composition, body fat distribution (Table 7.3) and ectopic fat 

deposition (Figure 7.2) also did not differ between the groups. 

 

7.1.2 EXERCISE ADHERENCE AND EFFECT OF EXERCISE ON CARDIORESPIRATORY 

FITNESS 
 

Mean number and percentage of exercise session attended were 38±6 (range 25-49, 

maximum number of sessions = 48) and 79% (range 52-100%), respectively, at a 

mean intensity of 79.6±4.0 %HRpeak. An improvement in cardiorespiratory fitness 

(VO2peak) was observed in the exercise group (2077±211 to 2278±231 ml/min, p<0.001 

and 24.9±2.42 to 27.6±3.39 ml/kg/min, p<0.001), while no change was observed in 

the control group (2099±282 to 2032±196 ml/min, p=0.286 and 23.9±2.97 to 23.0±2.64 

ml/kg/min, p=0.309). The change in the exercise group was significantly different from 

the change in the control group for the absolute (interaction p=0.001) and relative 

(interaction p<0.001) VO2peak. 
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7.1.3 DIETARY AND PHYSICAL ACTIVITY  
 

Energy intake, macronutrient composition of the self-reported diets, and total energy 

expenditure (non-exercise days in the exercise group) did not differ within or between 

groups at 4, 8 and 12 weeks (Table 7.1).  
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Table 7.1: Energy intake and energy expenditure (non-exercise days for exercise group) over 12-week intervention 

 Control Exercise Group
@time 

 Baseline Week 4 Week 8 Week 12 Time 
@group 

Baseline Week 4 Week 8 Week 12 Time 
@group 

Joint P 

P value P value 
Energy intake 
(kJ/day) 

8138 (6493-
9434) 

7489 (7110-
9217) 

7963 (6306-
8920) 

8429 (7335-
9509) 

0.390 8369 (7015-
10566) 

7838 (6934-
9781) 

8516 (7363-
9659) 

8443 (7595-
9919) 

0.426 0.686 

Fat  
(% of total EI) 

31.0 ±5.6 29.2 ±5.1 29.5 ±7.3 27.8 ±6.4 0.379 30.4 ±6.1 31.0 ±6.0 31.3 ±5.5 32.2 ±5.9 0.719 0.188 

Protein  
(% of total EI) 

14.3 ±1.9 13.2 ±2.3 13.8 ±2.8 13.6 ±2.1 0.642 13.2 ±2.5 13.9 ±2.9 13.4 ±2.0 13.7 ±3.0 0.761 0.578 

Carbohydrate  
(% of total EI) 

54.0 ±5.7 56.9 ±6.0 56.0 ±7.6 57.8 ±7.2 0.214 55.1 ±5.4 53.9 ±5.9 54.2 ±5.3 52.7 ±8.3 0.548 0.076 

Total energy 
expenditure 
(kJ) 

7355 (6527-
8503) 

7446 (6587-
8772) 

7422 (6417-
8636) 

7413 (6470-
8493) 

0.386 6796 (6460-
7816) 

6874 (6339-
7906) 

6492 (6308-
8315) 

6877 (6394-
7544) 

0.223 0.160 

Mean (±SD) for normally distributed variables. Non-normally distributed variables are described with median (interquartile range) and were log-transformed prior to mixed model analysis. EI – Energy 
intake. Time@group p value – reflects the interaction between time points within each group. Group @Time joint p value reflects the interaction between groups at each time point combined 
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7.1.4 EFFECT OF EXERCISE TRAINING ON METABOLIC OUTCOMES  
 

Results of metabolic outcomes pre- and post-intervention are shown in Table 7.2. SI 

improved in the exercise group (post hoc p=0.005), improving in 15 out of 19 

participants, with no change in the control group (post hoc p=0.711) (Figure 7.1). 

Nevertheless, exercise training did not alter the AUC of glucosetotal (group x time 

p=0.529). Similarly, the AUC for insulin (group x time p=0.853) and C-peptide (group 

x time p=0.956) over the entire FSIGT period did not change (Figure 7.2). Accordingly, 

no changes were observed in AIRg (Figure 7.1), ISR, hepatic and peripheral insulin 

clearance. As SI improved with no reciprocal change in AIRg, DI increased after 

exercise training (post hoc p=0.028). 

This thesis further assessed whether the changes in SI, AIRg and DI differed by 

adherence to the exercise intervention, characterized as the exercise dose (Figure 

7.3). The exercise group where split into moderate and high exercise dose groups, 

compared to the control group. Notably, a significant increase in SI was only observed 

in the high exercise dose group compared to the control group (p=0.009). Although 

the moderate exercise dose group showed a similar increase in SI (median change 

(25-75th percentile) 0.59 (0.01 to 0.95) compared to the high exercise dose group 

(median change 0.53 (0.35 to 0.75) (p=0.132), there was greater variability in 

response. Equally, a significant increase in DI was only observed in the high exercise 

dose compared to the control group (p=0.009). However, no significant changes were 

observed in AIRg after the intervention regardless of the exercise dose.    
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Table 7.2. Age and metabolic outcomes of participants before and after the 12-week intervention period 

 Control group  Exercise group C/Eǂ Group Time Group 

x Time 

 Pre Post Pre Post p value 
Age (years) 23 (21-27) -  22 (21-24) - 15/20 0.748 - - 

HbA1c (%) 5.2 ±0.35 5.3 ±0.38  5.2 ±0.32 5.2 ±0.29 15/19 0.676 0.794 0.884 

HbA1c (mmol/mol) 33 ±2.2 34 ±2.4  33 ±2.0 33 ±1.84 15/19 - - - 

Fasting glucose (mmol/L) 5.0 ±0.66 5.1 ±0.79  5.5 ±0.84 5.1 ±0.98 15/19 0.102 0.829 0.217 

Fasting insulin (pmol/L) 78.6 (58.4-85.2) 79.2 (64.5-117.6)  88.5 (38.6-114.6) 75.3 (63.2-102.6) 15/19 0.942 0.979 0.773 

Fasting C-peptide (pmol/L) 575.9 (484.9-787.8) 586.7 (448.5-916.9)  620.6 (362.4-804.3) 643.8 (458.4-852.3) 15/19 0.949 0.900 0.943 

ISRbasal (pmol/min) 74.8 (63.0-102.4) 76.3 (58.3-119.2)  80.7 (47.1-102.4) 83.7 (59.6-110.8) 13/19 0.681 0.795 0.715 

HOMA2 %IR 1.8 (1.4-2.2) 2.0 (1.1-2.9)  2.2 (1.0-2.9) 1.9 (1.4-2.6) 15/19 0.939 0.993 0.943 

HOMA2 %B 143.5 (98.9-235.6) 132.1 (117.9-208.6)  131.5 (89.9-182.7) 145.7 (97.6-199.7) 15/19 0.287 0.907 0.227 

SI x10-4(mU/l)-1 min-1 2.01 (1.29-3.24) 1.83 (1.65-32.64)  2.04 (1.20-2.77) 2.17 (1.45-3.69)* 13/19 0.094 0.711 0.037 

AIRg x103 (mU/l)-1 min-1 2.43 (2.10-4.28) 2.70 (1.91-4.21)  3.16 (1.72-4.72) 3.33 (1.68-4.33) 14/19 0.609 0.404 0.804 

DI x103 7.80 (4.53-8.78) 5.92 (5.34-8.25)  6.10 (3.61-7.12) 6.53 (5.56-9.22)* 13/19 0.151 0.294 0.035 

Sg x10-2 (min-1) 2.4 ±0.97 2.2 ±0.66  2.3 ±0.98 2.6 ±0.79 13/19 0.795 0.574 0.226 

ISRtotal (pmol/min) 4272 (3572-5798) 5560 (4536-7588)  4887 (3229-8248) 5442 (4207-9827) 13/19 0.359 0.057 0.325 

ISR/Glucosetotal 23.7 (17.0-28.0) 29.0 (20.0-39.9)  24.2 (11.8-38.6) 27.8 (18.9-51.5) 13/19 0.393 0.010 0.151 

C-peptide/Insulinbasal 8.1 (6.47-9.37) 7.5 (7.31-8.71)  7.0 (6.39-9.09) 7.7 (7.01-8.41) 15/19 0.957 0.916 0.711 

HIE (%) 56.4 ±8.3 53.6 ± 13.6  52.4 ±9.0 54.2 ±10.7 10/11 0.358 0.408 0.328 

CLp (ml/kg/min) 86.2 (74.7-131.9) 89.3 (76.7-94.6)  105.4 (97.8-158.6) 101.0 (73.1-155.4) 10/11 0.138 0.734 0.718 

Mean (±SD) for normally distributed variables and median (interquartile range) for non-normally distributed variables, Non-normally distributed variables were transformed. P-values are derived from 
Mixed Model analysis, ISR – Insulin secretion rate, HOMA – Homeostasis model of assessment, IR – insulin resistance, B - beta cell function, SI – Insulin sensitivity, AIRg – Acute insulin response to 
glucose, DI – Disposition index, Sg – Glucose effectiveness, AUC – Area-under-curve , HIE – hepatic insulin extraction, CLp – peripheral insulin clearance.  *Significant post hoc difference (pre- vs 
post-intervention) within group p≤0.05, †Significant post-hoc difference (Exercise vs Control) between groups p≤0.05, ǂC/E – Number of participants in Control (C)/Exercise (E) group 
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Figure 7.1: Average time course of glucose, insulin and C-peptide in the (A) control 
(circles) and (B) exercise group (squares), before (black symbols) and after (green 
symbols) the exercise intervention. The insert graph is an enlargement of the 0 to 60 
min time period. 
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Figure 7.2. Changes in (A) insulin sensitivity (SI), (B) acute insulin response to glucose 
(AIRg) and (C) disposition index (DI) in the control and exercise groups. Thick black 
line – median, empty circles – individual changes. *Post hoc test p≤0.05 

 
 

 

 

Figure 7.3. Comparison of changes in (A) insulin sensitivity (SI) (B) acute insulin 
response to glucose (AIRg) and (C) disposition index (DI) in the control (white bar), 
moderate exercise dose (ModExD) (vertical stripe bar) and high exercise dose (High 
ExD) (dotted bar) groups. *Post hoc test for post compared to pre vaue p≤0.05 when 
the interaction from mixed model test was significant. Between group p-value was also 
derived from mixed model analysis. 
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7.1.5 EFFECT OF EXERCISE TRAINING ON BODY COMPOSITION, BODY FAT 
DISTRIBUTION AND ECTOPIC FAT CONTENT  
 

Body composition and body fat distribution pre- and post-intervention are shown in 

Table 7.3. Exercise training resulted in a small but significant reduction in body weight 

(change: -0.8 kg, post hoc p=0.038), whereas the control group gained body weight 

(change: 0.99 kg, post hoc p=0.030) and aSAT (change: 278.3 cm3, post hoc p=0.008). 

While exercise training did not alter relative fat mass (%), fat-free soft tissue mass (kg), 

aSAT and VAT (cm3), there was a small but statistically significant decrease in gynoid 

fat mass (change: -0.27 %FM, p<0.001) in the exercise group only.  

Ectopic fat pre-and post-intervention are shown in Figure 7.3. After exercise training 

pancreatic (7.8 (6.4-10.4) % to 6.9 (6.4-10.4) %), hepatic (4.9 (4.5-6.4)% to 4.8 (3.9-

5.6)%), soleus (10.3 (9.5-11.5) % to 9.6 (8.0-10.9) %) and tibialis anterior (3.9 (3.2-

5.6) % to 3.8 (3.1-5.1) %) fat remained unaltered. Similarly, the control group showed 

no changes in ectopic fat (group x time p>0.05). 
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Table 7.3. Body composition and body fat distribution of participants before and after the 12-week intervention period 

 

 Control group  Exercise group C/Eǂ Group Time Group 

x Time 

 Pre Post Pre Post p value 
Body weight (kg) 87.8 ±10.9 88.8 ±11*  84.1 ±8.7 83.3 ±9.7* 15/20 0.267 0.030 0.003 

Body Mass Index (kg/m2) 33.4 ±2.7 33.8 ±2.8*  34.1 ±2.8 33.8 ±3.1* 15/20 0.430 0.038 0.003 

Waist circumference (cm) 100.0 (97.0-112.0) 103.0 (98.5-116.5)*  103.2 (97.9-108.1) 99.5 (94.0-103.3) *† 15/20 0.911 0.013 <0.001 

Waist-to-hip-ratio 0.88 (0.83-0.93) 0.89 (0.86 -0.95)  0.89 (0.87-0.94) 0.87 (0.86-0.91) 15/20 0.202 0.078 0.015 

FFSTM (kg) 37.7 (35 - 41) 38.2 (35 - 41)  37.1 (34 - 39) 37.1 (34 - 40) 14/20 0.293 0.223 0.324 

Body fat mass (%) 49.8 (47-54) 50.9 (48-52)  49.9 (49-52) 49.9 (48-51) 14/20 0.981 0.480 0.471 

Trunk fat (%FM) 45.8 ±4.7 45.6 ±4.7  48.0 ±4.6 47.7 ±4.7 14/20 0.170 0.568 0.845 

Leg fat (%FM) 42.5 ±5.0 42.9 ±5.3  39.8 ±5.0 39.8 ±4.8 14/20 0.103 0.386 0.607 

Android fat (%FM) 8.0 ±1.3 7.9 ±1.5  8.3 ±1.0 8.1 ±1.0 14/20 0.572 0.163 0.860 

Gynoid fat (%FM) 19.4 ±2.3 19.6 ±2.3  18.5 ±1.7 18.2 ±1.6*† 14/20 0.129 0.323 0.002 

Visceral fat (cm3) 903.1 ±431.0 953.1 ±403.9  920.0 ±322.1 906.2 ±346.9 13/20 0.850 0.177 0.178 

Abdominal subcutaneous fat 

(cm3) 

5298.9 ±1853.8 5584.4* ±1956.9  5489.3 ±1053.4 5447.7 ±1260.7 13/20 0.850 0.008 0.018 

Mean (±SD) for normally distributed variables and median (interquartile range) for non-normally distributed variables, Non-normally distributed variables were transformed. P-values are derived from 
Mixed Model analysis. FFSTM – Fat free soft tissue mass, FM – Fat mass. *Significant post hoc difference (pre- vs post-intervention) within group p≤0.05, †Significant post-hoc difference (Exercise 
vs Control) between groups p≤0.05, ǂC/E – Number of participants in Control (C)/Exercise (E) group
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Figure 7.4: Individual changes from pre- to post-exercise training in (A) hepatic, (B) 
pancreatic, (C) soleus and (D) tibialis anterior fat in control and exercise groups. 
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The changes in body composition, regional and ectopic fat were also stratified by 

exercise dose (control vs moderate vs high exercise dose) (Figure 7.5). A significant 

reduction in body weight was observed in the high exercise dose group (p<0.001) but 

not in the moderate exercise dose group (p=0.925), with this change being significantly 

different from both the moderate exercise dose (p=0.017) and control groups 

(p<0.001). Nevertheless, no significant changes were observed in fat mass (%) after 

the intervention period. Interestingly, a significant reduction in gynoid fat mass was 

only observed in the moderate exercise dose group (p=0.001) and not in the high 

exercise dose group (p=0.102), which was significantly different compared to the 

control group (p=0.001). There was a tendency for a reduction in VAT in the high 

exercise dose group (p=0.082), but this change was not significantly different from the 

other 2 groups. No differences in other measures of body fat distribution or ectopic fat 

deposition were found between the exercise dose groups (Figure 7.5). 
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Figure 7.5 Comparison of changes in (A) Body weight (B) Fat mass (%) (C) Gynoid 
fat mass (%), (D) Visceral adipose tissue, (E) Abdominal subcutaneous adipose 
tissue, (F) Hepatic fat, (G) Pancreatic fat, (H) Total soleus fat, (I) Total tibialis anterior 
fat in the control (white bar), moderate exercise dose (ModExD) (vertical stripe bar) 
and high exercise dose (High ExD) (dotted bar) groups. *Post hoc test for post 
compared to pre vaue p≤0.05 when the interaction from mixed model test was 
significant. Between group p-value was also derived from mixed model analysis. 

 

7.1.6 ASSOCIATIONS BETWEEN CHANGES IN SI, AIRG, ISR, INSULIN CLEARANCE 
AND DI AND CHANGES IN BODY COMPOSITION, BODY FAT DISTRIBUTION AND 
ECTOPIC FAT AND VO2PEAK. 
 

Even though body fat distribution, except gynoid fat mass (%FM), and ectopic fat did 

not change significantly after exercise training, the variability in the participants’ 

responses allowed us to assess the associations between the changes in metabolic 
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outcomes and fat depots in response to the intervention. The exercise-induced 

increases in SI and DI were not associated with changes in body fat mass (%), gynoid 

fat mass (%FM), android fat mass (%FM) and ectopic fat (data not shown). 

Nevertheless, only the control group (significant interaction by group, p<0.05) showed 

significant associations between changes in SI and changes in trunk fat mass (%FM) 

(β -0.628, p<0.001) and leg fat mass (%FM) (β 0.745, p=0.002) (Figure 7.6). Further, 

in the combined group (no interaction by group, p>0.05), an increase in SI was 

associated with a reduction in VAT and an increase in DI was associated with a 

reduction in trunk fat mass (%FM) (Figure 7.6). No significant associations were 

observed between changes in AIRg, ISRtotal and insulin clearance and changes in 

body fat distribution and ectopic fat (data not shown). No significant associations were 

found between any of the metabolic outcomes and change in absolute or relative 

VO2peak (data not shown).  

 

In addition, the exercise dose (control vs moderate vs high exercise dose) did not 

modify the observed associations between the changes in SI, AIRg, DI and first phase 

or total ISR and changes in regional and ectopic fat deposition above those already 

observed between the control and exercise group in Figure 7.6.  
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Figure 7.6: Associations between changes in insulin sensitivity (SI) and changes in 
(A) trunk fat mass, (B) leg fat mass and (C) visceral adiposity (VAT); (D) changes in 
disposition index (DI) and changes in trunk fat mass in the control group (open circle) 
and exercise group (closed square). β – refers to the linear regression coefficient. A 
regression line (solid black) is indicated if an association is significant (p≤0.05) in the 
combined group or if a significant interaction by group was present, the line will 
represent the group with underlined p-value. 

 

7.2 DISCUSSION 
 

The underlying mechanisms for lower SI and hyperinsulinemia observed in black 

African populations are incompletely understood. This is the first exercise intervention 

study conducted in Africa to evaluate whether body fat distribution and ectopic fat may 
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explain this phenomenon. While few exercise intervention studies have been 

conducted in African Americans (245,279–281), the effect of exercise training on 

insulin secretion and clearance, as well as on hepatic and pancreatic fat were not 

studied. This study demonstrated that a 12-week exercise intervention was efficacious 

to increase SI and cardiorespiratory fitness and occurred despite minimal weight loss. 

However, exercise training did not alter any of the components of hypersinulinemia 

and DI increased suggesting as dissociation between AIRg and SI. Further, exercise 

training did not result in significant changes in central, pancreatic, hepatic and skeletal 

muscle fat, but reduced gynoid fat mass (%FM). Accordingly, body fat distribution and 

ectopic fat were not important correlates of the observed increase in SI and DI. 

Nevertheless, exercise training reduced gynoid fat mass which may induce long-term 

benefits. 

 

We showed that SI improved significantly after exercise training, which occurred 

simultaneously with an increase in VO2peak, despite minimal weight loss (~1 kg). 

Contrastingly, a study conducted in a similar cohort of obese, black African American, 

premenopausal women, showed no significant improvement in SI or cardiorespiratory 

fitness after 14 weeks of high-intensity interval training (75-90% of heart rate reserve) 

(245). These discrepant findings are opposed to reports that showed that high-

intensity interval training increases SI equally or to a greater degree compared to 

moderate-intensity continuous exercise, despite being of lesser volume (227). 

Nevertheless, the improvement of SI in our study was dependent on the exercise dose. 

Exercising at a higher exercise dose produced a more consistent improvement in SI 

compared to a moderate exercise dose.The exercise dose used in this thesis is a 

composite measure of both the exercise volume and intensity and notably, the 
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exercise intensity, measured by the mean HRpeak achieved, was similar between the 

moderate (80.2 ± 3.7%) and high exercise dose groups (79.0 ±4.4%), but the volume 

differed (mean number of sessions per week 2.8 compared to 3.6 respectively). This 

is in agreement with another study in which predominately white adults (African 

Americans represented 18% of study population) undertook three exercise training 

programmes that differed based on volume and/or intensity (241). When comparing 

the two exercise training groups with a similar prescribed exercise intensity (65-80% 

VO2peak), the group with the bigger increment in SI also completed a greater number 

of sessions per week. It is plausible that more cumulative exercise sessions may 

induce greater adaptations in the expression and activity of proteins in the insulin 

signaling cascade which would augment SI (358). While, not all research supports this 

notion (359), moderate-vigorous exercise training of no less than 3 days per week may 

be required to improve SI in obese, black South African women. Further, based on the 

results of focus group discussions conducted in black South African women, the 

intervention utilized a combination of exercises, such as skipping and dancing, to 

ensure likeability and adherence to the training (360). The suitability of this intervention 

was highlighted by the fact that only three participants did not complete the exercise 

training, with one withdrawing due to pregnancy.  

An important point to highlight is the magnitude of increase in SI (6%) in this thesis. 

Greater improvements in SI has been reported in studies in obese African American 

adults (58%) after 7 days of consecutive moderate-intensity aerobic training (280), and 

in obese African American adolescents (37%) after 8 weeks of moderate-intensity 

aerobic exercise training (279). However, in these studies, the FSIGT were performed 

14-18 hours (280) and 24-48 hours (279) after the last exercise session. This contrasts 

to this thesis, in which the post-intervention FSIGTs were performed at least 72 hours 
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after the last exercise training bout. Considering that SI remains elevated for up to 72 

hours after the last exercise bout (239) due to, amongst other factors, the depletion of 

muscle glygogen post-exercise (361), the large changes observed in the 

aforementioned studies may merely reflect acute changes in the muscle. This may 

have amplified the observed change in SI, and explain the smaller observed 

improvement in SI in this thesis.  

Another reason for the small increment in SI in this thesis may be attributed to the 

concomitant marginal weight loss (~1%) in response to the exercise intervention. A 

multi-ethnic study that divided the cohort into those with less than 3% reduction in 

body weight and those with greater than 3% reduction in body weight after 8 months 

of aerobic exercise training, found that both groups showed an improvement in SI but 

a smaller increment was observed in those who attained less than 3% of weight loss 

(359). A reduction in the mobilization of free fatty acids that accompanies major weight 

loss (12%) was found to be a major correlate of the improvement in SI (60%) (254), 

which may suggest that a smaller reduction in body weight may evoke a smaller 

reduction in free fatty mobilization and an associated smaller increase in SI. However, 

further research is required to confirm this.  

The exercise training intervention, although eliciting only a small reduction in body 

weight, improved the VO2peak. However this improvement in VO2peak was not 

associated with the increase in SI. A common mechanism may improve both these 

factors, such as an enhancement in mitochondrial oxidative capacity after exercise 

training (233). Therefore, a reduced statistical power perhaps may explain the lack of 

an association. Moreover, obesity may be a common feature in both those with a low 

VO2peak (362) and in those with a low SI (73). Nevertheless, improvements in VO2peak 
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and SI may occur without alterations in adiposity. Indeed, in obese men, VO2peak and 

SI improved independent of a reduction in body weight or fat mass after 12-weeks of 

moderate-intensity endurance training (255), contemporaneous with reduced systemic 

and skeletal muscle oxidative stress markers and an increased skeletal muscle 

antioxidant capacity. Therefore in this thesis, alterations in the oxidative 

stress:antioxidant balance and/or reduced activation of inflammatory pathways such 

as nuclear factor kappa β, mitogen activated protein kinase p38 and Jun NH2-terminal 

kinases (363) may be possible reasons to explain the improvement in SI. However, 

further research is required to address this hypothesis.  

The lack of change in the ISR and hepatic insulin extraction was unexpected. Other 

exercise training studies have shown a reduction in stimulated insulin response 

(261,265) or insulin secretion (252) in those with normal glucose tolerance. However, 

in those with impaired glucose tolerance, only a reduced stimulated insulin response, 

but no change in insulin secretion, was reported (264,284). These studies were 

conducted in predominantly white older men and women known to have relatively 

lower baseline plasma insulin levels than those of black African ancestry. Notably, 

exercise-intervention studies that demonstrated reductions in AIRg either showed 

reduced body fat mass (264,265,284) or reduced VAT (261). While no change in AIRg 

was observed in those without a significant change in VAT despite an improvement in 

SI (261). These findings may suggest that either a reduction in AIRg is important for a 

reduction in VAT to occur or that a reduction in VAT is important for a change in AIRg 

to occur. In support, we showed in the combined group that a reduction in DI and 

ISRtotal was associated with a reduction in trunk fat mass (%FM). However, to 

determine whether causality exists and the direction of this causality between VAT 

and AIRg or trunk fat mass and DI and ISRtotal, further research is required. While our 
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12-week supervised moderate-to-high intensity exercise training program was unable 

to reduce hyperinsulinemia, despite increasing SI, it produced a modest decrease in 

body weight (~1 kg) with no changes in central and ectopic fat depots. Notably, even 

in lifestyle intervention studies such as the Diabetes Prevention Program that included 

both exercise training and dietary changes, black African American women 

demonstrated smaller reductions in body weight compared to black African American 

men and white and Hispanic men and women (364). It is possible that the inability to 

show greater exercise-induced changes in body weight in black women could be due 

to higher fasting and/or stimulated insulin levels. Insulin is a potent suppressor of 

lipolysis in adipose tissue and therefore limits free fatty acid mobilization (365). Even 

during exercise, excess insulin impedes the β-adrenergic stimulation of lipolysis (365). 

Lower compliance to exercise training amongst black women should also be 

considered as possible explanation for blunted weight loss. However, in our study, 

exercise was supervised and although adherence varied, a mean of 79% of sessions 

were attended. Thus, longer exercise training duration in combination with a dietary 

intervention, possibly a low carbohydrate and low glycemic diet (366), might be 

required to reduce hyperinsulinemia, fat mass and central/ectopic depots in obese 

women of black African ancestry.  

Another key finding of our study was that exercise training increased DI, a proxy of β-

cell function due to the increase in SI without a compensatory decrease in 

hyperinsulinemia. The increase in DI may delay the onset of T2D over the short term, 

but we should also consider that sustained greater insulin secretion above the level of 

SI may predispose to β-cell exhaustion over the longer term (367). Cross-sectional 

studies have shown that a greater AIRg observed in black African populations is out 

of proportion to the level of SI (47,56). Further, the current interventional study showed 
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that changes in SI and AIRg may occur independent from each which contest that 

hypersinulinemia, observed in black African populations, is merely a compensation for 

lower SI (52). In support, young black African children present with hyperinsulinemia 

prior to obesity and while SI is still equivalent to white children (58). Hyperinsulinemia 

may therefore not only precede lowered SI, but may perhaps also be the cause. 

Evidently, in vitro cell culture studies have shown that hyperinsulinemia may directly 

impact SI through its effect on the insulin receptors (153) and/or indirectly through 

obesity-related sequelae (368). Whether a higher DI, in the context of 

hyperinsulinemia out of proportion to the level of SI, may be beneficial to slow down 

progression or whether it could accelerate the progression towards T2D in black 

African populations, needs to be evaluated. 

The exercise intervention did not reduce central abdominal fat depots and thus could 

not explain the increase in SI in this thesis. Notably, significant associations were 

observed in the control group only between changes in SI and changes in trunk fat 

mass (%) and leg fat mass (%), as well as in the combined group, changes in SI was 

associated with changes in VAT. Nevertheless, exercise training ameliorated these 

associations. This indicates that the changes in SI in the exercise group possibly 

occurred via other mechanisms such as changes in systemic and skeletal muscle 

oxidative stress (255), mitochondrial biogenesis and mitochondrial function (269), as 

mentioned above. Another reason for the improvement of SI may be a reduction in 

fatty acid availability, which has been shown to occur without concurrent VAT changes 

(253). Furthermore, the significant reduction in gynoid fat mass (%) after exercise 

training is of major interest. Previous studies reported lower adipogenesis (120), and 

higher inflammation (41), fibrosis and hypoxia (369) in the gluteal fat depots of black 
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South African women, compared to white women. Accordingly, the reduction in gynoid 

fat mass may have major beneficial long-term metabolic effects. 

Notably, this is the first study to evaluate the effect of exercise training on pancreatic 

fat in obese black African women without type 2 diabetes and we found no changes in 

pancreatic fat. In addition, the increase in DI observed in our study after exercise 

training, could not be explained by changes in pancreatic fat. In accordance with our 

findings, Heiskanen et al. did not find any association between improved β-cell 

function, derived from an oral glucose tolerance test, and a decrease in pancreatic fat 

(252). Similarly, a cross-sectional study in black African men with early type 2 diabetes 

failed to show an association between pancreatic fat and β-cell function (211). 

Evidence suggests that pancreatic fat accumulation can occur from many sources. 

This includes excess dietary free fatty acids, hyperinsulinemia that promotes de novo 

lipogenesis, elevated plasma free fatty acid due to adipose tissue insulin resistance 

and VLDL secretion from the liver (370). We did not measure markers of adipose 

tissue insulin resistance or free fatty acid flux and are therefore unable to comment on 

these factors. However, hyperinsulinemia was unaltered by exercise training and 

dietary fat intake did not change, which could contribute to unaltered pancreatic fat. 

Alternatively, pancreatic fat accumulation may be a marker of obesity and may not be 

detrimental to β-cell function in our cohort.  

Similar to pancreatic fat, we found no change in hepatic fat after exercise training. 

Exercise intervention studies in black African populations that present with lower levels 

of hepatic fat compared to their white counterparts (42) or to Hispanics (204) are rare. 

A multi-ethnic study that included healthy, overweight African Americans (n=15) 

together with white (n=30) and Asian (n=1) adults reported a reduction in hepatic fat 

after 6 months of exercise training in combination with calorie restriction (251). Hepatic 
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fat has been linked to hyperinsulinemia and consuming a carbohydrate-rich diet (371). 

These factors did not change in our study and could, in part, provide a plausible 

explanation for no changes occurring in hepatic fat content. However, in response to 

training, hepatic fat content showed high inter-individual variability with 14 participants 

showing a reduction and 5 showing an increase in hepatic fat. Measurement error 

could be responsible for the observed increase in hepatic fat. However, heterogeneity 

in the hepatic fat response to exercise was also reported in Swedish adults with T2D 

(295). This study suggested that an exercise induced increase in hepatic fat might last 

longer in some individuals. Further we found no association between the change in SI 

and hepatic fat, indicating that hepatic fat might not be an important correlate of SI in 

this population, a finding also echoed by our cross-sectional analysis.  

The effect of exercise training on intramuscular fat has been extensively studied, but 

again a paucity of studies include black African populations. Our study showed no 

changes in both soleus and tibialis anterior fat content after exercise training. Arad et 

al, made similar observations in black African overweight/obese premenopausal 

women, although they measured total body skeletal muscle fat (245). The 

improvement in SI in our study could therefore not be explained by changes in skeletal 

muscle fat content. However, exercise training has been shown to improve skeletal 

muscle mitochondrial oxidative capacity and muscle GLUT4 mRNA and protein (372) 

and can attenuate the detrimental effect of lipid intermediaries on cellular insulin 

signalling pathways (292). Hence, the improvement in SI in response to exercise 

training might be due to skeletal muscle adaptions relating to lipid metabolism and 

mitochondrial function instead of fat content in the muscle; however, this requires 

further investigation. 
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Taken together, this thesis showed that in obese black South African women exercise 

training increased SI independent of changes in hyperinsulinemia and ectopic fat. 

These findings suggest that ectopic fat might not be the primary correlate of insulin 

resistance in this cohort, rather intrinsic factors in the muscle and adipose tissue may 

be more important correlates of the exercise-induced changes in SI. Moreover, 

hyperinsulinemia may not solely occur as compensation for reduced SI. Further, the 

exercise-induced reduction in gynoid fat mass may improve adipose tissue function 

and confer long-term benefits. Finally, exercise training attenuated weight gain and 

aSAT accumulation, observed in the control group, and are thus a valuable tool to curb 

escalating obesity in this cohort.  
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CHAPTER 8: THESIS CONCLUSIONS 

 

DI reflects the compensatory relationship between AIRg and SI (180). However, prior 

to T2D diagnosis, the DI will start deteriorating when the ability of the insulin response 

to match the level of SI is impaired (373). Nevertheless, compared to white 

populations, black African populations demonstrate an unique phenotype, 

characterized by a low SI and high insulin response, due to a combination of low 

hepatic insulin extraction and high insulin insulin secretion (39,44,48). This thesis 

therefore aimed to understand whether regional and ectopic fat distribution may 

explain this unique phenotype in an obese black South African sample. To address 

these aims we conducted a cross-sectional investigation, and for the first time in a 

South African cohort, completed a randomized controlled exercise intervention study, 

which strengthened the quality of evidence. In addition, this thesis used advanced 

methods to measure its main outcomes, SI, AIRg, insulin secretion and clearance as 

well as its main correlates, regional and ectopic fat depots. 

The outcomes of this thesis are summarized in Figure 8.1. Firstly, the associations 

between DI and its components were investigated to understand the importance of 

these components in maintaining DI (Figure 8.1 A). Secondly, the associations of DI 

and its components with regional and ectopic fat were explored (depicted by arrow 

labelled “B” in Figure 8.1). Thirdly the effect of exercise training on SI, AIRg, ISR, 

insulin clearance, DI (C1-labelled arrow in Figure 8.1) and on regional and ectopic fat 

(C2-labelled arrow in Figure 8.1). Finally, the effects of exercise training on the 

associations between metabolic outcomes and regional and ectopic fat accumulation 

were assessed (D-labelled arrow in Figure 8.1). 
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Figure 8.1: Summary of findings for the cross-sectional (A, B) and exercise 

intervention studies (C, D). DI -disposition index, SI -  insulin sensitivity, AIRg -  acute 

insulin response, ISR - insulin secrection rate, HIE - hepatic insulin extraction, CLp - 

peripheral insulin clearance, SAT – abdominal subcutaneous adipose tissue, VAT – 

visceral adipose tissue. 

One of the main findings from the cross-sectional study (Figure 8.1 A) was that 

peripheral insulin clearance was positively correlated with DI. However, peripheral 

insulin clearance did not associate with AIRg, rather a lower hepatic insulin extraction 

and higher first phase ISR were independent correlates of higher AIRg, adjusted for 

SI. Considering that a hyperbolic relationship was evident between SI and AIRg at 

baseline; this thesis found that after exercise training, SI and DI increased (Figure 8.1 

C1), but without a commensurate decrease in AIRg. The increase in DI after exercise 

training could be attributed to the increase in SI (Figure 8.1 C1). DI, therefore, may not 

always reflect β-cell function due to the uncoupling of AIRg and SI. 
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The second focus of the cross-sectional study was to evaluate the associations 

between the metabolic outcomes (DI, SI, AIRg, ISR, hepatic and peripheral insulin 

clearance) and regional and ectopic fat accumulation (Figure 8.1 B). Based on findings 

from this thesis, a higher DI was present when pancreatic fat, soleus fat and VAT was 

lower, but VAT was the strongest correlate of DI. VAT is therefore an important factor 

in the pathogenesis of T2D, not only due to its association with a lower SI, but also due 

to its association with lower AIRg and first phase ISR, independent from SI. In addition, 

the association between higher hepatic insulin extraction and higher VAT-aSAT ratio 

highlights another mechanism through which VAT may associate negatively with DI. 

These findings occur despite black women having less VAT compared to their white 

counterparts (39), which may indicate a greater sensitivity to VAT accumulation.  

Nevertheless, we did not show similar relationships in the exercise intervention study. 

In fact, the exercise training-related increases in SI and DI were not associated with 

changes in regional and ectopic fat (Figure 8.1 D). Possible reasons for these finding 

are illustrated in Figure 8.2. Exercise training is known to upregulate key proteins 

involved in the insulin signaling pathway (231) and has also been shown to improve 

fatty acid oxidation (235), which may explain an increase in SI and thus DI. The reason 

why the exercise-induced increases in SI and DI was not associated with a change in 

VAT in the exercise interventional study may be due to exercise training improving 

fatty acid oxidation and thus the utilization of free fatty acids in skeletal muscle. This 

may occur through mitochondrial biogenesis and improved mitochondrial function 

(233) rather than through a reduction in VAT or an increase in muscle mass, since this 

thesis showed no change in fat-free soft tissue mass after exercise training. 
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Figure 8.2: Proposed mechanisms of exercise-induced changes in insulin sensitivity 

(SI) and disposition index (DI) and the lack of change in insulin secretion rate (ISR), 

acute insulin response to glucose (AIRg) and visceral adipose tissue (VAT)  

 

Another point to consider is that exercise training reduced gynoid fat mass. In black 

South African women, the lower adipogenic and lipogenic potential of the gynoid fat 

depot, compared to white women, has been found to associate with lower SI (120). 

Although, the reduction in the gynoid fat mass was unrelated to the increase in SI, 

molecular changes may have occurred that improve the inflammation (374), hypoxia 

and fibrosis (369), characteristically found in this depot in black South African women, 

which may have contributed to an improvement in SI after exercise training.  
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Further, exercise training was beneficial to curb an increase in the truncal fat depots. 

Notably, the control group gained weight and in particular aSAT, over the 

interventional period of 12 weeks. Exercise training therefore, also curbed an overall 

weight gain which is especially relevant in young premenopausal black South Africans, 

as previous research has shown that young black South African women significantly 

increase their weight (by ~7kg) over a relatively short period (5.5 years) (121).  

The lack of change in AIRg and its components, first phase ISR and hepatic insulin 

extraction, after exercise training may be explained by revisiting the paradigm that 

hyperinsulinemia precedes low SI and obesity, discussed in section 1.7 and depicted 

in Figure 1.1. Based upon findings from this thesis, we need to add to this paradigm 

the association of VAT accumulation with a lower ISR, the association of the VAT-

aSAT ratio with a higher hepatic insulin extraction and the associations of both VAT 

and VAT-aSAT ratio with lower AIRg and DI (red arrows in Figure 8.3). Secondly, this 

thesis posits a bi-directional association between VAT and ISR/insulin response such 

that hyperinsulinemia may promote obesity and thus VAT accumulation, which in turn 

may lead to a lower ISR and lower AIRg, which is unable to completely compensate 

for the level of SI and therefore a low DI ensues. Based on this bi-directional 

relationship we suggest that the lack of response in AIRg after exercise training may, 

in part, be due to a lack of change in VAT. The lack of change in VAT is surprising 

since this depot is more sensitive to adrenergic stimulated lipolysis induced by 

exercise training (274), such that a reduction in VAT has been observed in overweight 

and obese people after moderate-vigorous exercise training even without dietary 

changes (375). However, the lack of change in VAT may be explained by the obesity 

phenotype observed in black African populations of low VAT and high aSAT and 
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gluteal fat, together with the presence of hyperinsulinemia that may have blunted the 

β-adrenergic stimulation of lipolysis that occurs during exercise (365) (Figure 8.2).  

 

Figure 8.3: Paradigm explaining associations of hyperinsulinemia (acute insulin 

response (AIRg), insulin secetion rate (ISR), hepatic insulin extraction (HIE) with 

insulin sensitivity (SI) and visceral adipose tissue (VAT) alone or relative to abdominal 

subcutaneous adipose tissue (aSAT) and how this explains variability in disposition 

index (DI) 

A major strength of our study was the ability to not just evaluate the correlates of AIRg, 

a component of DI, but to also discriminate between ISR and insulin clearance 

components. Moreover, this thesis went further and differentiated between hepatic and 

peripheral insulin clearance. Previous studies that included African Americans, 

evaluated the correlates of insulin secretory function by using plasma insulin levels 

(51,84,128,209). This thesis therefore adds to these findings by also showing the 

associations of regional and ectopic fat depots with ISR and hepatic and peripheral 

insulin clearance. A two compartment C-peptide mathematical model was used to 

determine the ISR. The C-peptide kinetics derived from this model was validated and 
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found to be robust under various conditions (339). The two-compartmental C-peptide 

model was simplified by Van Cauter et al. by proposing the use of standard kinetic 

parameters that can be adjusted for body surface area, sex and age (337). 

Accordingly, the standard kinetic parameters were used in this thesis taking the 

obesity levels of our cohort into account. While the standard kinetic parameters for C-

peptide kinetics were derived from white populations, it has been used in previous 

studies conducted in African American women with hyperinsulinemia (49,59). Further 

the mathematical model used to determine hepatic and peripheral insulin clearance 

was developed to determine insulin clearance in African immigrants living in the USA 

(71). A limitation of this model is the assumption of a constant insulin clearance over 

the duration of the FSIGT. In black African populations, the insulin response after an 

intravenous glucose load is substantially larger than in white populations during the 

first 10 minutes of the FSIGT (39), which suggests a marked reduction in insulin 

clearance. However, over the remainder of the FSIGT, the plasma insulin levels 

decline and to return to baseline levels. This suggests that insulin clearance may be 

more dynamic across the FSIGT. A constant insulin clearance measure may therefore 

not completely represent the normal physiological response.  

Exercise training was chosen as the intervention strategy due to a large body of 

evidence showing that exercise training improves SI (227). Moreover, based on focus 

group discussions, consisting of participants recruited from the same community as 

the participants from this thesis, revealed that physical activity would be the preferred 

intervention (376). A further consideration for the use of exercise training is the low 

cardiorespiratory fitness observed in black African populations (220). Indeed, the 

women from our study had a mean baseline VO2max of 24.2 ml/kg/min, which falls 

below the 5th percentile for women aged between 20 and 29 years (median cohort age 
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23 years old) and is rated as very poor (377). Further, the VO2max of our participants 

was similar to the average VO2max of healthy women double their age, between 50-59 

years of age (378). A low hemoglobin could be an alternative explanation for a low 

VO2max in this population but all the participants in this thesis had a hemoglobin within 

normal range. This low cardiorespiratory fitness is concerning since it increases the 

risk for all-cause mortality and cardiovascular disease (379). However, this thesis 

showed that after exercise training the VO2peak increased by 10% in the exercise 

training group (Figure 8.1), while no change was observed in the control group. 

Although the post-exercise VO2peak is still rated as very poor, it now falls below the 15th 

percentile for women between 20 to 29 years of age. The VO2peak trajectory in this 

thesis was in the right direction to lower risk for all-cause mortality and 

cardiorespiratory diseases, albeit, no direct association was observed between the 

increase in VO2peak and increase in SI and DI. However, an ongoing active lifestyle 

should be advocated to ensure further improvements in cardiorespiratory fitness. since 

high sedentary time, observed in black premenopausal South African women, has 

been associated with lower cardiorespiratory fitness (219). 

Another strength of this thesis was the rigorous monitoring of the exercise intervention. 

Firstly, it was supervised and directed by a biokineticist. Secondly, the intensity of the 

exercise training was monitored at each session to allow for the adjustment of 

exercises to ensure the prescribed intensity was achieved. While the mean 

compliance was 79% it varied from 52% to 100% of sessions attended. The increase 

in SI was associated with the exercise dose but it did not account for the variance in 

the ectopic fat responses after exercise training.  

Self-reported dietary intake was monitored on a monthly basis by a registered 

dietician, which may be regarded as a strength. Dietary intake over 4 days, including 
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three weekdays and a weekend day, was recorded to account for dietary variation. No 

changes in dietary parameters were observed over the 12 week period, which 

suggested that our observed findings were not due to dietary changes. Nevertheless, 

the method of self-reported dietary intake has its limitations and is influenced by recall, 

bias, and may not be sensitive to small alterations in diet even though these alterations 

may affect substrate metabolism at rest and in response to exercise training. In 

addition, in the exercise group we reported energy intake as an average across 4 days 

but did not further stratify energy intake according to exercise compared to non-

exercise days. 

Another strength of this thesis was that the FSIGT was performed 72 hours after the 

last exercise training session to ensure that a training rather than the acute exercise 

effect was captured. This may explain the smaller improvement in SI in this thesis 

compared to previous exercise training studies undertaken in African Americans 

where the measures of SI were 14-18 (280) and 24-48 hours (279), after the last 

exercise session and could therefore rather represent the acute effect of exercise on 

SI. 

No changes were observed in central and ectopic fat depots after the exercise 

intervention. While this may be a true biological effect, the sensitivity of the MRI to 

detect small changes in these fat depots should be considered as a possible 

explanation for the lack of change in these fat depots. However, the 3-point Dixon 

method used in this thesis to quantify hepatic, pancreatic and skeletal muscle fat, as 

well as VAT and aSAT depots was previously validated and found to be a sensitive 

measure even when fat levels in abovementioned depots are low (329). Further, this 

thesis measured VAT and aSAT volumes over a 15 cm region, including 5 slices, 
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which is a more sensitive method to determine changes in these parameters, 

compared to using a single slice (328).  

Other limitations to be considered, are that this thesis did not measure glucose 

tolerance and therefore was not able to discern whether the exercise training improved 

glucose tolerance, an important clinical marker of T2D risk. Further, no distinction was 

made between hepatic and peripheral SI,  and thus cannot comment on the effect of 

hepatic insulin SI on our findings. Another limitation was that we only included those 

in whom the linear model was preferred to compare HIE and CLp between subjects 

as well as over time. This reduced the sample size which may have contributed 

towards a type II error. Also, the focus of this study was on premenopausal black 

obese South African women and our findings might not be generalizable to all black 

South African women, older women, men or to other ethnic groups.  

In conclusion, ectopic fat was not an important correlate of SI, hyperinsulinemia or DI, 

a consistent finding in both the cross-sectional and interventional studies. Instead VAT 

and the VAT-aSAT ratio were important correlates of lower DI, explained not only by 

the association with lower SI, but also with lower ISR and a higher hepatic insulin 

extraction and not peripheral insulin clearance. Moreover, exercise training was 

beneficial to increase cardiorespiratory fitness, SI, as well as DI despite minimal weight 

loss and no reduction in central and ectopic fat depots. Cellular level alterations in the 

skeletal muscle and adipose tissue may explain these findings. The unique phenotype 

of this population, characterized by low cardiorespiratory fitness coupled with 

hyperinsulinemia and relatively low VAT and ectopic fat accumulation, may have 

dampened the exercise training-related response of these fat depots. Notably, gynoid 

fat mass reduced after exercise training, which may confer a beneficial effect on 

adipose tissue health. Also, exercise training ameliorated the detrimental associations 
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between truncal fat and metabolic outcomes, and a such remains fundamental in 

delaying the onset of T2D.  
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CHAPTER 9: FUTURE RECOMMENDATIONS 

 

My research has shown that in obese black women without T2D, DI can vary 

considerably. (Table 6.1). The group with the lowest DI may be at the highest risk of 

developing T2D. However, longitudinal studies are needed to compare these groups 

and compare the incidence of T2D over time. Early detection of those at risk in the 

general population are required followed by appropriate interventions to delay the 

deterioration in β-cell function. Further, while screening for those at high risk of 

developing T2D are an important component in reducing T2D incidence it may require 

more expensive testing and resources to be done efficiently. Therefore, prevention of 

overweight and obesity should be another key focus, especially in black South African 

women who are disproportionately affected by obesity compared to their white 

counterparts (380). 

According to the South African Diabetes Management Guidelines, the screening of 

T2D can occur at any age in individuals classified as high risk (221). High risk is 

defined as a BMI >25kg/m2 (overweight) and having one or more additional risk factor 

such as physical inactivity, first degree relatives with diabetes, or conditions 

associated with insulin resistance, amongst others (221). Our study population 

although, young (median age 23 years of age), were all obese and physically inactive 

prior to exercise training, which make them all high-risk individuals. In addition, 

approximately half (48.8%) of the cohort and two-thirds (67%) of those in the lowest 

DI tertile were classified as insulin resistant (381). Further, our initial inclusion criteria 

for BMI 30-35 kg/m2 had to be extended to <40 kg/m2, due to a lack of volunteers that 

had Class I obesity. This emphasizes the magnitude of the obesity epidemic in young, 

black South African women. However, screening all obese and sedentary black South 
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African women may place enormous burden on the already under-resourced health 

services in South Africa. Therefore, risk stratification is important to identify those most 

at risk even amongst those deemed high risk.  

My thesis has shown that a higher VAT was the strongest correlate of lower DI, 

independent of total body fat mass percent. Identification of those with the highest VAT 

levels are therefore warranted for risk stratification. Although, waist circumference is 

cost-effective and easy to use in low-resourced settings it also encompasses aSAT. 

Thus, in this thesis waist circumference was similar across the DI tertiles while VAT 

was not, showing the discord between these measures. In addition, the waist 

circumference to VAT ratio differs by ethnicity with African American women having 

lower VAT for the same waist circumference compared to white women (382). Waist 

circumference may therefore not be the best marker of higher VAT or reduced DI in 

an obese black African population. A risk score may need to be developed that is 

specific to obese black African populations to identify those at high risk for lower β-cell 

function, which encompasses both low SI and insulin secretory function. This risk score 

should include a measure of visceral adiposity. A recent study used novel markers to 

define visceral adipose function (383). This study showed that in women, the visceral 

adiposity index, the lipid accumulation product and the product of triacylglycerol and 

glucose were independent risk factors for T2D and were stronger correlates of T2D 

compared to anthropometric and laboratory measures alone. The strength of this study 

was its size (n=9564) and longitudinal nature (median follow-up time 6.5 years). 

However, ethnicity was not mentioned in this study, but it was performed in the 

Netherlands, in a well-resourced environment and a predominately white population. 

Further, the visceral adiposity index includes measures of waist circumference, BMI, 

plasma triglycerides and high-density lipoprotein. These laboratory markers may not 
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be a feasible approach for screening in a South African setting where black African 

populations typically have lower levels of VAT, triglycerides and high-density 

lipoprotein (43), compared to their white counterparts. Although this thesis focused on 

understanding the underlying mechanism of SI, insulin secretion and clearance it also 

highlights the need to explore appropriate screening measures that takes into account 

the unique phenotype of black African women.  

After identification of those at high risk for T2D, lifestyle intervention needs to be 

implemented to delay or prevent T2D. This thesis showed that a 12-week exercise 

intervention was beneficial to increase SI and VO2peak, despite marginal weight loss (-

0.8 kg) in a cohort with low baseline cardiorespiratory fitness. In addition, the exercise 

training prevented weight gain that was observed in the control group over the 12-

week period. A longer duration of training may be needed, to ensure greater 

improvements in SI, body compostion and ectopic fat deposition. Moreover, 

persistence in exercise training should therefore be encouraged even without obvious 

short-term benefits.  

Hyperinsulinemia is already present in normal-weight African American children (58) 

which may increase propensity for obesity from an early age. Therefore, intervention 

strategies to combat rising prevalence of overweight and obesity should focus not only 

on encouraging an active lifestyle in the children but also educating parents on healthy 

dietary habits. A low glycemic diet which was more effective in reducing intra-

abdominal fat in black American women compared to a low fat diet, may be advocated 

(366), in addition to exercise training. Perceptions of body size may be a barrier to the 

success of these lifestyle interventions, as overweight is seen as acceptable and 

weight loss is undesirable due to its association with HIV/AIDS (384). Nevertheless, 

the benefits of healthy lifestyle choices should be encouraged not just as part of school 
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curricula but also by local role models. Moreover, further research is required to test 

the uptake and efficiency of various health promotion campaigns in local communities. 

While this thesis showed an improvement in SI after 12-weeks of exercise training it 

was not explained by changes in body fat mass regional and ectopic fat accumulation, 

thus the underlying mechanisms remain elusive. Intrinsic changes in the skeletal 

muscle and adipose tissue, such as mitochondrial biogenesis, oxidative capacity, 

GLUT4 expression, lipid intermediaries, as well as inflammation and reactive oxygen 

species are putative mechanisms for improved SI in obese black South African, and 

warrant further study. 

This thesis studied obese black African premenopausal women without T2D and 

without HIV. However, the effect of exercise training on SI and hyperinsulinemia has 

not been studied before in those with HIV. This would be of interest because of the 

lipodystrophic changes associated with antiretroviral medication, which may affect 

T2D risk. Further, age-related changes occur in SI and AIRg (385) and thus our study 

findings may not be extrapolated to older individuals. The effect of exercise training on 

SI and AIRg, as well as insulin secretion and clearance in older adults and those with 

HIV are therefore warranted.  

Finally, Africa has the highest proportion of undiagnosed diabetes (59.7%), which is 

higher than the global figure of 50.1% (1). Delayed diagnosis of T2D when 

complications are already present will not only increase health expenditure, but also 

increase diabetes-related morbidity and mortality. Therefore, earlier screening and 

context-appropriate screening tools to monitor VAT, as well as longer duration 

exercise interventions together with dietary modifications are advocated in black South 

African women to combat onset of T2D. 



208 
 

REFERENCES 
 

1.  International Diabetes Federation. IDF Diabetes Atlas 9th Edition. 2019.  

2.  World Health Organization. Global Report on Diabetes. 2016.  

3.  Golden SH, Brown A, Cauley JA, Chin MH, Gary-Webb TL, Kim C, et al. Health 

disparities in endocrine disorders: Biological, clinical, and nonclinical factors - 

An endocrine society scientific statement. J Clin Endocrinol Metab. 

2012;97(9):1579–639.  

4.  World Health Organization. Global status report on noncommunicable diseases. 

2010.  

5.  Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, 

regional, and national prevalence of overweight and obesity in children and 

adults during 1980-2013: A systematic analysis for the Global Burden of Disease 

Study 2013. Lancet. 2014;384(9945):766–81.  

6.  NCD Risk Factor Collaboration (NCD-RisC) – Africa Working Group. Trends in 

obesity and diabetes across Africa from 1980 to 2014: an analysis of pooled 

population-based studies. Int J Epidemiol. 2017 Jun 4;28(8):415.  

7.  Peer N, Steyn K, Lombard C, Lambert E, Vythilingum B, Levitt NS. Rising 

Diabetes Prevalence among Urban-Dwelling Black South Africans. PLoS One. 

2012;7(9):1–9.  

8.  Cois A, Day C. Obesity trends and risk factors in the South African adult 

population. BMC Obes. 2015;2(1):1–10.  



209 
 

9.  Joubert J, Norman R, Bradshaw D, Goedecke JH, Steyn NP, Puoane T. 

Estimating the burden of disease attributable to excess body weight in South 

Africa in 2000. South African Med J. 2007;97(8):683–90.  

10.  National Department of Health. South Africa Demographic and Health Survey 

2016: Key Indicators. Pretoria, South Africa, and Rockville, Maryland, USA; 

2017.  

11.  Qaid MM, Abdelrahman MM. Role of insulin and other related hormones in 

energy metabolism - A review. Cogent Food Agric. 2016 Dec 5;2(1):1–18.  

12.  Dimitriadis G, Mitrou P, Lambadiari V, Maratou E, Raptis SA. Insulin effects in 

muscle and adipose tissue. Diabetes Res Clin Pract. 2011 Aug;93 Suppl 1:S52-

9.  

13.  Petersen MC, Shulman GI. Mechanisms of insulin action and insulin resistance. 

Physiol Rev. 2018;98(4):2133–223.  

14.  Ormazabal V, Nair S, Elfeky O, Aguayo C, Salomon C, Zuñiga FA. Association 

between insulin resistance and the development of cardiovascular disease. 

Cardiovasc Diabetol. 2018;17(1):1–14.  

15.  Samuel VT, Shulman GI. The pathogenesis of insulin resistance: Integrating 

signaling pathways and substrate flux. J Clin Invest. 2016;126(1):12–22.  

16.  Ionescu-Tirgoviste C, Gagniuc PA, Gubceac E, Mardare L, Popescu I, Dima S, 

et al. A 3D map of the islet routes throughout the healthy human pancreas. Sci 

Rep. 2015;5:1–14.  

17.  Tokarz VL, MacDonald PE, Klip A. The cell biology of systemic insulin function. 



210 
 

J Cell Biol. 2018;217(7):1–17.  

18.  Toffolo G, Campioni M, Basu R, Rizza R a, Cobelli C. A minimal model of insulin 

secretion and kinetics to assess hepatic insulin extraction. Am J Physiol 

Endocrinol Metab. 2006;290(1):E169–76.  

19.  Ferrannini E, Wahren J, Faber OK. Splanchnic and renal metabolism of insulin 

in human subjects: A dose-response study. Am J Physiol - Endocrinol Metab. 

1983;7(6):E517-27.  

20.  Duckworth WC, Bennett RG, Hamel FG. Insulin Degradation: Progress and 

Potential*. Endocr Rev. 1998 Oct 1;19(5):608–24.  

21.  Karamanou M. Milestones in the history of diabetes mellitus: The main 

contributors. World J Diabetes. 2016;7(1):1.  

22.  Kahn SE. The relative contributions of insulin resistance and beta-cell 

dysfunction to the pathophysiology of Type 2 diabetes. Diabetologia. 

2003;46(1):3–19.  

23.  Wilcox G. Insulin and insulin resistance. Clin Biochem Rev. 2005;26(2):19–39.  

24.  Snel M, Jonker JT, Schoones J, Lamb H, De Roos A, Pijl H, et al. Ectopic fat 

and insulin resistance: Pathophysiology and effect of diet and lifestyle 

interventions. Int J Endocrinol. 2012;2012:1–18.  

25.  Bazotte RB, Silva LG, Schiavon FPM. Insulin resistance in the liver: Deficiency 

or excess of insulin? Cell Cycle. 2014 Aug 18;13(16):2494–500.  

26.  Saponaro C, Gaggini M, Carli F, Gastaldelli A. The subtle balance between 

lipolysis and lipogenesis: A critical point in metabolic homeostasis. Nutrients. 



211 
 

2015;7(11):9453–74.  

27.  Virtue S, Vidal-Puig A. It’s not how fat you are, it’s what you do with it that counts. 

PLoS Biol. 2008;6(9):1819–23.  

28.  Balistreri CR, Caruso C, Candore G. The Role of Adipose Tissue and 

Adipokines in Obesity-Related Inflammatory Diseases. Mediators Inflamm. 

2010;2010:1–19.  

29.  Dandona P, Aljada A, Bandyopadhyay A. Inflammation: The link between insulin 

resistance, obesity and diabetes. Trends Immunol. 2004;25(1):4–7.  

30.  Qatanani M, Lazar MA. Mechanisms of obesity-associated insulin resistance: 

Many choices on the menu. Genes Dev. 2007 Jun 15;21(12):1443–55.  

31.  Virtue S, Vidal-Puig A. Adipose tissue expandability, lipotoxicity and the 

Metabolic Syndrome - An allostatic perspective. Biochim Biophys Acta - Mol Cell 

Biol Lipids. 2010;1801(3):338–49.  

32.  Hardy OT, Czech MP, Corvera S. What causes the insulin resistance underlying 

obesity? Curr Opin Endocrinol Diabetes Obes. 2012;19(2):81–7.  

33.  Jones CNO, Pei D, Staris P, Polonsky KS, Chen YDI, Reaven GM. Alterations 

in the Glucose-Stimulated Insulin Secretory Dose-Response Curve and in 

Insulin Clearance in Nondiabetic Insulin-Resistant Individuals. J Clin Endocrinol 

Metab. 1997;82(6):1834–8.  

34.  Knowler WC, Bennett PH, Hamman RF, Miller M. Diabetes incidence and 

prevalence in Pima Indians: A 19-fold greater incidence than in Rochester, 

Minnesota. Am J Epidemiol. 1978 Dec;108(6):497–505.  



212 
 

35.  Lillioja S, Mott DM, Spraul M, Ferraro R, Foley JE, Ravussin E, et al. Insulin 

Resistance and Insulin Secretory Dysfunction as Precursors of Non-Insulin-

Dependent Diabetes Mellitus: Prospective Studies of Pima Indians. N Engl J 

Med. 1993 Dec 30;329(27):1988–92.  

36.  Weyer C, Tataranni PA, Bogardus C, Pratley RE. Insulin Resistance and Insulin 

Secretory Dysfunction Are Independent Predictors of Worsening of Glucose 

Tolerance During Each Stage of Type 2 Diabetes Development. Diabetes Care. 

2001 Jan;24(1):89–94.  

37.  Festa A, Williams K, D’Agostino R, Wagenknecht LE, Haffner SM. The natural 

course of β-cell function in nondiabetic and diabetic individuals: The insulin 

resistance atherosclerosis study. Diabetes. 2006;55(4):1114–20.  

38.  Osei K, Rhinesmith S, Gaillard T, Schuster D. Impaired insulin sensitivity, insulin 

secretion, and glucose effectiveness predict future development of impaired 

glucose tolerance and type 2 diabetes in pre-diabetic African Americans: 

Implications for primary diabetes prevention. Diabetes Care. 2004;27(6):1439–

46.  

39.  Goedecke JH, Dave JA, Faulenbach M V, Utzschneider KM, Lambert EV, West 

S, et al. Insulin response in relation to insulin sensitivity: an appropriate beta-

cell response in black South African women. Diabetes Care. 2009;32(5):860–5.  

40.  van der Merwe MT, Crowther NJ, Schlaphoff GP, Gray IP, Joffe BI, Lönnroth 

PN. Evidence for insulin resistance in black women from South Africa. Int J Obes 

Relat Metab Disord. 2000;24(10):1340–6.  

41.  Evans J, Goedecke JH. Inflammation in Relation to Cardiovascular Disease 



213 
 

Risk: Comparison of Black and White Women in the United States, United 

Kingdom, and South Africa. Curr Cardiovasc Risk Rep. 2011;5(3):223–9.  

42.  Goedecke JH, Keswell D, Weinreich C, Fan J, Hauksson J, Victor H, et al. Ethnic 

differences in hepatic and systemic insulin sensitivity and their associated 

determinants in obese black and white South African women. Diabetologia. 

2015;58(11):2647–52.  

43.  Keswell D, Tootla M, Goedecke JH. Associations between body fat distribution, 

insulin resistance and dyslipidaemia in black and white South African women. 

Cardiovasc J Afr. 2016;27(3):177–83.  

44.  Osei K, Schuster DP. Ethnic Differences in Secretion, Sensitivity, and Hepatic 

Extraction of Insulin in Black and White Americans. Diabet Med. 1994 

Oct;11(8):755–62.  

45.  Goree LLT, Darnell BE, Oster RA, Brown MA, Gower BA. Associations of free 

fatty acids with insulin secretion and action among African-American and 

European-American girls and women. Obesity. 2010 Feb;18(2):247–53.  

46.  Ellis AC, Alvarez JA, Granger WM, Ovalle F, Gower BA. Ethnic differences in 

glucose disposal, hepatic insulin sensitivity, and endogenous glucose 

production among African American and European American women. 

Metabolism. 2012 May;61(5):634–40.  

47.  Chow CC, Periwal V, Csako G, Ricks M, Courville AB, Miller BV, et al. Higher 

acute insulin response to glucose may determine greater free fatty acid 

clearance in African-American women. J Clin Endocrinol Metab. 

2011;96(8):2456–63.  



214 
 

48.  Haffner SM, D’Agostino R, Saad MF, Rewers M, Mykkänen L, Selby J, et al. 

Increased insulin resistance and insulin secretion in nondiabetic African-

Americans and Hispanics compared with non-Hispanic whites: The Insulin 

Resistance Atherosclerosis Study. Diabetes. 1996;45(6):742–8.  

49.  Chung ST, La Cruz MG De, Aldana PC, Mabundo LS, DuBose CW, Onuzuruike 

AU, et al. Postprandial insulin response and clearance among black and white 

women: The federal women’s study. J Clin Endocrinol Metab. 2019;104(1):181–

92.  

50.  Ryan AS, Nicklas BJ, Berman DM. Racial differences in insulin resistance and 

mid-thigh fat deposition in postmenopausal women. Obes Res. 2002;10(5):336–

44.  

51.  Lingvay I. Ethnic Diversity in Beta-Cell Function Susceptibility to Pancreatic 

Triglyceride Levels: Pilot Investigation. J Diabetes Metab. 2014;05(03).  

52.  Kodama K, Tojjar D, Yamada S, Toda K, Patel CJ, Butte AJ. Ethnic differences 

in the relationship between insulin sensitivity and insulin response: A systematic 

review and meta-analysis. Diabetes Care. 2013;36(6):1789–96.  

53.  Hakim O, Bello O, Bonadonna RC, Mohandas C, Shojaee-Moradie F, Jackson 

N, et al. Ethnic differences in intrahepatic lipid and its association with hepatic 

insulin sensitivity and insulin clearance between men of black and white ethnicity 

with early type 2 diabetes. Diabetes, Obes Metab. 2019 Sep 18;21(9):2163–8.  

54.  Chandler-Laney PC, Phadke RP, Granger WM, Mũoz JA, Man CD, Cobelli C, 

et al. Adiposity and Β-cell function: Relationships differ with ethnicity and age. 

Obesity. 2010 Nov;18(11):2086–92.  



215 
 

55.  Goran MI, Bergman RN, Gower BA. Influence of total vs. Visceral fat on insulin 

action and secretion in African American and white children. Obes Res. 2001 

Aug;9(8):423–31.  

56.  Gower BA, Granger WM, Franklin F, Shewchuk RM, Goran MI. Contribution of 

insulin secretion and clearance to glucose-induced insulin concentration in 

African-American and Caucasian children. J Clin Endocrinol Metab. 2002 May 

1;87(5):2218–24.  

57.  Michaliszyn SF, Lee SJ, Bacha F, Tfayli H, Farchoukh L, Mari A, et al. 

Differences in β-cell function and insulin secretion in Black vs. White obese 

adolescents: do incretin hormones play a role? Pediatr Diabetes. 

2017;18(2):143–51.  

58.  Piccinini F, Polidori DC, Gower BA, Fernandez JR, Bergman RN. Dissection of 

hepatic versus extra-hepatic insulin clearance: Ethnic differences in childhood. 

Diabetes, Obes Metab. 2018;20(12):2869–75.  

59.  Piccinini F, Polidori DC, Gower BA, Bergman RN. Hepatic but not extrahepatic 

insulin clearance is lower in African American than in European American 

women. Diabetes. 2017;66(10):2564–70.  

60.  Ingram KH, Lara-Castro C, Gower BA, Makowsky R, Allison DB, Newcomer BR, 

et al. Intramyocellular lipid and insulin resistance: Differential relationships in 

European and African Americans. Obesity. 2011;19(7):1469–75.  

61.  Smith LM, Yao-Borengasser A, Starks T, Tripputi M, Kern PA, Rasouli N. Insulin 

resistance in African-American and Caucasian women: Differences in 

lipotoxicity, adipokines, and gene expression in adipose tissue and muscle. J 



216 
 

Clin Endocrinol Metab. 2010;95(9):4441–8.  

62.  Arslanian S, Suprasongsin C, Janosky JE. Insulin secretion and sensitivity in 

black versus white prepubertal healthy children. J Clin Endocrinol Metab. 1997 

Jun;82(6):1923–7.  

63.  Rubenstein AH, Seftel HC, Miller K, Bersohn I, Wright AD. Metabolic Response 

to Oral Glucose in Healthy South African White, Indian, and African Subjects. Br 

Med J. 1969 Mar 22;1(5646):748–51.  

64.  Shires R, Joffe BI, Seftel HC. Maximal pancreatic beta-cell stimulation and the 

counter-regulatory hormonal responses in South African black and white obese 

subjects. South African Med J. 1985 May 25;67(21):845–7.  

65.  Goran MI, Bergman RN, Cruz ML, Watanabe R. Insulin resistance and 

associated compensatory responses in African-American and Hispanic children. 

Diabetes Care. 2002 Dec;25(12):2184–90.  

66.  Osei K, Schuster DP, Owusu SK, Amoah AGB. Race and ethnicity determine 

serum insulin and C-peptide concentrations and hepatic insulin extraction and 

insulin clearance: Comparative studies of three populations of West African 

ancestry and white Americans. Metabolism. 1997;46(1):53–8.  

67.  Kim SP, Ellmerer M, Kirkman EL, Bergman RN. Β-Cell “Rest” Accompanies 

Reduced First-Pass Hepatic Insulin Extraction in the Insulin-Resistant, Fat-Fed 

Canine Model. Am J Physiol - Endocrinol Metab. 2007;292(6):E1581–9.  

68.  Lee CC, Haffner SM, Wagenknecht LE, Lorenzo C, Norris JM, Bergman RN, et 

al. Insulin clearance and the incidence of type 2 diabetes in Hispanics and 

African Americans: The IRAS family study. Diabetes Care. 2013;36(4):901–7.  



217 
 

69.  Kotronen A, Seppälä-Lindroos A, Bergholm R, Yki-Järvinen H, Vehkavaara S. 

Effect of liver fat on insulin clearance. Am J Physiol Metab. 2007;293(6):E1709–

15.  

70.  Finucane FM, Sharp SJ, Hatunic M, Sleigh A, De Lucia Rolfe E, Aihie Sayer A, 

et al. Liver fat accumulation is associated with reduced hepatic insulin extraction 

and beta cell dysfunction in healthy older individuals. Diabetol Metab Syndr. 

2014;6(1):1–8.  

71.  Polidori DC, Bergman RN, Chung ST, Sumner AE. Hepatic and extrahepatic 

insulin clearance are differentially regulated: Results from a novel model-based. 

Diabetes. 2016;65(6):1556–64.  

72.  Odeleye OE, De Courten M, Pettitt DJ, Ravussin E. Fasting hyperinsulinemia is 

a predictor of increased body weight gain and obesity in Pima Indian children. 

Diabetes. 1997;46(8):1341–5.  

73.  Kahn BB, Flier JS. Obesity and insulin resistance. J Clin Invest. 2000 

Aug;106(4):473–81.  

74.  Catalano KJ, Maddux BA, Szary J, Youngren JF, Goldfine ID, Schaufele F. 

Insulin resistance induced by hyperinsulinemia coincides with a persistent 

alteration at the insulin receptor tyrosine kinase domain. PLoS One. 2014;9(9).  

75.  Templeman NM, Clee SM, Johnson JD. Suppression of hyperinsulinaemia in 

growing female mice provides long-term protection against obesity. 

Diabetologia. 2015 Oct;58(10):2392–402.  

76.  Sigal RJ, El-Hashimy M, Martin BC, Soeldner JS, Krolewski AS, Warram JH. 

Acute postchallenge hyperinsulinemia predicts weight gain: A prospective study. 



218 
 

Diabetes. 1997;46(6):1025–9.  

77.  Velasquez-Mieyer PA, Cowan PA, Arheart KL, Buffington CK, Spencer KA, 

Connelly BE, et al. Suppression of insulin secretion is associated with weight 

loss and altered macronutrient intake and preference in a subset of obese 

adults. Int J Obes. 2003;27(2):219–26.  

78.  Karter AJ, Mayer-Davis EJ, Selby J V., D’Agostino RB, Haffner SM, Sholinsky 

P, et al. Insulin sensitivity and abdominal obesity in African-American, Hispanic, 

and non-Hispanic white men and women: The insulin resistance and 

atherosclerosis study. Diabetes. 1996;45(11):1547–55.  

79.  Kaul S, Rothney MP, Peters DM, Wacker WK, Davis CE, Shapiro MD, et al. 

Dual-energy X-ray absorptiometry for quantification of visceral fat. Obesity. 

2012;20(6):1313–8.  

80.  Shepherd JA, Ng BK, Sommer MJ, Heymsfield SB. Body composition by DXA. 

Bone. 2017 Nov;104:101–5.  

81.  Micklesfield LK, Goedecke JH, Punyanitya M, Wilson KE, Kelly TL. Dual-energy 

X-ray performs as well as clinical computed tomography for the measurement 

of visceral fat. Obesity. 2012;20(5):1109–14.  

82.  Goodpaster BH, Thaete FL, Simoneau JA, Kelley DE. Subcutaneous abdominal 

fat and thigh muscle composition predict insulin sensitivity independently of 

visceral fat. Diabetes. 1997;46(10):1579–85.  

83.  Kelley DE, Thaete FL, Troost F, Huwe T, Goodpaster BH. Subdivisions of 

subcutaneous abdominal adipose tissue and insulin resistance. Am J Physiol - 

Endocrinol Metab. 2000 May 1;278:E941–8.  



219 
 

84.  Sumner AE, Farmer NM, Cochran CS, Seeking NG, Vanevski K, Reynolds JC, 

et al. Obese premenopausal African-American women with normal and impaired 

glucose tolerance have a similar degree of insulin resistance but differ in β-cell 

function. Diabetes Care. 2001;24(11):1978–83.  

85.  Goedecke JH, Levitt NS, Lambert EV, Utzschneider KM, Faulenbach MV, Dave 

JA, et al. Differential effects of abdominal adipose tissue distribution on insulin 

sensitivity in black and white South African women. Obesity. 2009 Aug 

19;17(8):1506–12.  

86.  DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary 

defect in type 2 diabetes. Diabetes Care. 2009 Nov;32 Suppl 2:S157-63.  

87.  Srikanthan P, Karlamangla AS. Relative muscle mass is inversely associated 

with insulin resistance and prediabetes. Findings from the Third National Health 

and Nutrition Examination Survey. J Clin Endocrinol Metab. 2011;96(9):2898–

903.  

88.  Han SJ, Boyko EJ. Association of thigh muscle mass with insulin resistance and 

incident type 2 diabetes mellitus in Japanese Americans. Diabetes Metab J. 

2019;43(1):125–6.  

89.  Conley KE, Jubrias SA, Esselman PC. Oxidative capacity and ageing in human 

muscle. J Physiol. 2000;526(1):203–10.  

90.  Kim G, Lee SE, Jun JE, Lee Y Bin, Ahn J, Bae JC, et al. Increase in relative 

skeletal muscle mass over time and its inverse association with metabolic 

syndrome development: A 7-year retrospective cohort study. Cardiovasc 

Diabetol. 2018;17(1):1–13.  



220 
 

91.  Albu JB, Kovera AJ, Allen L, Wainwright M, Berk E, Raja-Khan N, et al. 

Independent association of insulin resistance with larger amounts of 

intermuscular adipose tissue and a greater acute insulin response to glucose in 

African American than in white nondiabetic women. Am J Clin Nutr. 2005 

Dec;82(6):1210–7.  

92.  Silva AM, Shen W, Heo M, Gallagher D, Wang Z, Sardinha LB, et al. Ethnicity-

related skeletal muscle differences across the lifespan. Am J Hum Biol. 

2010;22(1):76–82.  

93.  Kruger HS, Havemann-Nel L, Ravyse C, Moss SJ, Tieland M. Physical activity 

energy expenditure and sarcopenia in black South African urban women. J Phys 

Act Heal. 2016 Mar;13(3):296–302.  

94.  Zierath JR, Hawley JA. Skeletal muscle fiber type: Influence on contractile and 

metabolic properties. PLoS Biol. 2004 Oct 12;2(10):e348.  

95.  Lillioja S, Young AA, Culter CL, Ivy JL, Abbott WG, Zawadzki JK, et al. Skeletal 

muscle capillary density and fiber type are possible determinants of in vivo 

insulin resistance in man. J Clin Invest. 1987;80(2):415–24.  

96.  Stuart CA, McCurry MP, Marino A, South MA, Howell MEA, Layne AS, et al. 

Slow-twitch fiber proportion in skeletal muscle correlates with insulin 

responsiveness. J Clin Endocrinol Metab. 2013;98(5):2027–36.  

97.  Fisher G, Windham ST, Griffin P, Warren JL, Gower BA, Hunter GR. 

Associations of human skeletal muscle fiber type and insulin sensitivity, blood 

lipids, and vascular hemodynamics in a cohort of premenopausal women. Eur J 

Appl Physiol. 2017 Jul;117(7):1413–22.  



221 
 

98.  Albers PH, Pedersen AJT, Birk JB, Kristensen DE, Vind BF, Baba O, et al. 

Human muscle fiber type-specific insulin signaling: Impact of obesity and type 2 

diabetes. Diabetes. 2015 Feb;64(2):485–97.  

99.  Nielsen J, Christensen DL. Glucose intolerance in the West African diaspora: A 

skeletal muscle fibre type distribution hypothesis. Acta Physiol. 

2011;202(4):605–16.  

100.  Colberg SR, Sigal RJ, Fernhall B, Regensteiner JG, Blissmer BJ, Rubin RR, et 

al. Exercise and type 2 diabetes: The American College of Sports Medicine and 

the American Diabetes Association: Joint position statement. Diabetes Care. 

2010 Dec;33(12):e147-67.  

101.  Gómez-Hernández A, Beneit N, Díaz-Castroverde S, Escribano Ó. Differential 

Role of Adipose Tissues in Obesity and Related Metabolic and Vascular 

Complications. Int J Endocrinol. 2016;2016:1–15.  

102.  Patel P, Abate N. Body fat distribution and insulin resistance. Nutrients. 

2013;5(6):2019–27.  

103.  Goedecke JH, Micklesfield LK, Levitt NS, Lambert EV, West S, Maartens G, et 

al. Effect of different antiretroviral drug regimens on body fat distribution of HIV-

infected South African women. AIDS Res Hum Retroviruses. 2013;29(3):557–

63.  

104.  Vasan SK, Osmond C, Canoy D, Christodoulides C, Neville MJ, Di Gravio C, et 

al. Comparison of regional fat measurements by dual-energy X-ray 

absorptiometry and conventional anthropometry and their association with 

markers of diabetes and cardiovascular disease risk. Int J Obes. 



222 
 

2018;42(4):850–7.  

105.  Moreno-Indias I, Tinahones FJ. Impaired adipose tissue expandability and 

lipogenic capacities as ones of the main causes of metabolic disorders. J 

Diabetes Res. 2015;2015:1–12.  

106.  Huang-Doran I, Sleigh A, Rochford JJ, O’Rahilly S, Savage DB. Lipodystrophy: 

Metabolic insights from a rare disorder. J Endocrinol. 2010;207(3):245–55.  

107.  Sun W, von Meyenn F, Peleg-Raibstein D, Wolfrum C. Environmental and 

Nutritional Effects Regulating Adipose Tissue Function and Metabolism Across 

Generations. Adv Sci. 2019 Apr 16;6(11):1–17.  

108.  Lazar MA. How obesity causes diabetes: Not a tall tale. Science (80- ). 2005 

Jan 21;307(5708):373–5.  

109.  Britton KA, Fox CS. Ectopic fat depots and cardiovascular disease. Circulation. 

2011 Dec 13;124(24):e837-41.  

110.  Aasen G, Fagertun H, Halse J. Regional fat mass by DXA: high leg fat mass 

attenuates the relative risk of insulin resistance and dyslipidaemia in obese but 

not in overweight postmenopausal women. Scand J Clin Lab Invest. 

2008;68(3):204–11.  

111.  McLaughlin T, Lamendola C, Liu A, Abbasi F. Preferential fat deposition in 

subcutaneous versus visceral depots is associated with insulin sensitivity. J Clin 

Endocrinol Metab. 2011;96(11):1756–60.  

112.  Snijder MB, Dekker JM, Visser M, Bouter LM, Stehouwer CDA, Yudkin JS, et al. 

Trunk Fat and Leg Fat Have Independent and Opposite Associations with 



223 
 

Fasting and Postload Glucose Levels: The Hoorn Study. Diabetes Care. 

2004;27(2):372–7.  

113.  Van Pelt RE, Jankowski CM, Gozansky WS, Schwartz RS, Kohrt WM. Lower-

body adiposity and metabolic protection in postmenopausal women. J Clin 

Endocrinol Metab. 2005;90(8):4573–8.  

114.  Tousignant B, Faraj M, Conus F, Garrel D, Brochu M, Rabasa-Lhoret R, et al. 

Body fat distribution modulates insulin sensitivity in post-menopausal 

overweight and obese women: A MONET study. Int J Obes. 2008;32(11):1626–

32.  

115.  Hunter GR, Chandler-Laney PC, Brock DW, Lara-Castro C, Fernandez JR, 

Gower BA. Fat distribution, aerobic fitness, blood lipids, and insulin sensitivity in 

African-American and European-American women. Obesity. 2010 

Feb;18(2):274–81.  

116.  Rebuffe-Scrive M, Enk L, Crona N, Lönnroth P, Abrahamsson L, Smith U, et al. 

Fat cell metabolism in different regions in women. Effect of menstrual cycle, 

pregnancy, and lactation. J Clin Invest. 1985;75(6):1973–6.  

117.  Bos G, Snijder MB, Nijpels G, Dekker JM, Stehouwer CDA, Bouter LM, et al. 

Opposite contributions of trunk and leg fat mass with plasma lipase activities: 

The hoorn study. Obes Res. 2005;13(10):1817–23.  

118.  Martin ML, Jensen MD. Effects of body fat distribution on regional lipolysis in 

obesity. J Clin Invest. 1991;88(2):609–13.  

119.  Pinnick KE, Nicholson G, Manolopoulos KN, McQuaid SE, Valet P, Frayn KN, 

et al. Distinct developmental profile of lower-body adipose tissue defines 



224 
 

resistance against obesity-associated metabolic complications. Diabetes. 

2014;63(11):3785–97.  

120.  Goedecke JH, Evans J, Keswell D, Stimson RH, Livingstone DEW, Hayes P, et 

al. Reduced gluteal expression of adipogenic and lipogenic genes in black South 

African women is associated with obesity-related insulin resistance. J Clin 

Endocrinol Metab. 2011;96(12):1–5.  

121.  Chantler S, Dickie K, Micklesfield LK, Goedecke JH. Longitudinal Changes in 

Body Fat and Its Distribution in Relation to Cardiometabolic Risk in Black South 

African Women. Metab Syndr Relat Disord. 2015;13(9):381–8.  

122.  Jensen MD, Johnson CM. Contribution of leg and splanchnic free fatty acid 

(FFA) kinetics to postabsorptive FFA flux in men and women. Metabolism. 

1996;45(5):662–6.  

123.  Rebuffé-Scrive M, Anderson B, Olbe L, Björntorp P. Metabolism of adipose 

tissue in intraabdominal depots in severely obese men and women. Metabolism. 

1990 Oct;39(10):1021–5.  

124.  Tchernof A, Bélanger C, Morisset AS, Richard C, Mailloux J, Laberge P, et al. 

Regional differences in adipose tissue metabolism in women: Minor effect of 

obesity and body fat distribution. Diabetes. 2006;55(5):1353–60.  

125.  Jensen MD. Is visceral fat involved in the pathogenesis of the metabolic 

syndrome? Human model. Obesity (Silver Spring). 2006 Feb;14 Suppl 1:20S-

24S.  

126.  Preis SR, Massaro JM, Robins SJ, Hoffmann U, Vasan RS, Irlbeck T, et al. 

Abdominal subcutaneous and visceral adipose tissue and insulin resistance in 



225 
 

the framingham heart study. Obesity. 2010 Nov;18(11):2191–8.  

127.  Ross R, Rissanen J. Mobilization of visceral and subcutaneous adipose tissue 

in response to energy restriction and exercise. Am J Clin Nutr. 1994 

Nov;60(5):695–703.  

128.  Wagenknecht LE, Langefeld CD, Scherzinger AL, Norris JM, Haffner SM, Saad 

MF, et al. Insulin sensitivity, insulin secretion, and abdominal fat: The Insulin 

Resistance Atherosclerosis Study (IRAS) Family Study. Diabetes. 2003 

Oct;52(10):2490–6.  

129.  Bjørndal B, Burri L, Staalesen V, Skorve J, Berge RK. Different adipose depots: 

Their role in the development of metabolic syndrome and mitochondrial 

response to hypolipidemic agents. J Obes. 2011;2011:1–15.  

130.  Alvehus M, Burén J, Sjöström M, Goedecke J, Olsson T. The human visceral fat 

depot has a unique inflammatory profile. Obesity. 2010;18(5):879–83.  

131.  Shen W, Wang ZM, Punyanita M, Lei J, Sinav A, Kral JG, et al. Adipose tissue 

quantification by imaging methods: A proposed classification. Obes Res. 

2003;11(1):5–16.  

132.  Després JP, Lemieux I, Bergeron J, Pibarot P, Mathieu P, Larose E, et al. 

Abdominal Obesity and the Metabolic Syndrome: Contribution to global 

cardiometabolic risk. Arterioscler Thromb Vasc Biol. 2008;28(6):1039–49.  

133.  Sites CK, Calles-Escandón J, Brochu M, Butterfield M, Ashikaga T, Poehlman 

ET. Relation of regional fat distribution to insulin sensitivity in postmenopausal 

women. Fertil Steril. 2000 Jan;73(1):61–5.  



226 
 

134.  Brochu M, Starling RD, Tchernof A, Matthews DE, Garcia-Rubi E, Poehlman 

ET.  Visceral Adipose Tissue Is an Independent Correlate of Glucose Disposal 

in Older Obese Postmenopausal Women 1 . J Clin Endocrinol Metab. 2000 

Jul;85(7):2378–84.  

135.  Hayashi T, Boyko EJ, McNeely MJ, Leonetti DL, Kahn SE, Fujimoto WY. 

Visceral adiposity, not abdominal subcutaneous fat area, is associated with an 

increase in future insulin resistance in Japanese Americans. Diabetes. 

2008;57(5):1269–75.  

136.  Sandeep S, Gokulakrishnan K, Velmurugan K, Deepa M, Mohan V. Visceral & 

subcutaneous abdominal fat in relation to insulin resistance & metabolic 

syndrome in non-diabetic south Indians. Indian J Med Res. 2010;131(5):629–

35.  

137.  Tulloch-Reid MK, Hanson RL, Sebring NG, Reynolds JC, Premkumar A, 

Genovese DJ, et al. Both subcutaneous and visceral adipose tissue correlate 

highly with insulin resistance in African Americans. Obes Res. 2004 

Aug;12(8):1352–9.  

138.  Macor C, Ruggeri A, Mazzonetto P, Federspil G, Cobelli C, Vettor R. Visceral 

adipose tissue impairs insulin secretion and insulin sensitivity but not energy 

expenditure in obesity. Metabolism. 1997;46(2):123–9.  

139.  Hsieh C-J, Wang P-W, Chen T-Y. The relationship between regional abdominal 

fat distribution and both insulin resistance and subclinical chronic inflammation 

in non-diabetic adults. Diabetol Metab Syndr. 2014;6(1):49.  

140.  Gastaldelli A, Sironi AM, Ciociaro D, Positano V, Buzzigoli E, Giannessi D, et al. 



227 
 

Visceral fat and beta cell function in non-diabetic humans. Diabetologia. 

2005;48(10):2090–6.  

141.  Cnop M, Landchild MJ, Vidal J, Havel PJ, Knowles NG, Carr DR, et al. The 

concurrent accumulation of intra-abdominal and subcutaneous fat explains the 

association between insulin resistance and plasma leptin concentrations: 

Distinct metabolic effects of two fat compartments. Diabetes. 2002;51(4):1005–

15.  

142.  Abate N, Garg A, Peshock RM, Stray-Gundersen J, Adams-Huet B, Grundy SM. 

Relationship of generalized and regional adiposity to insulin sensitivity in men 

with NIDDM. Diabetes. 1996;45(12):1684–93.  

143.  Mtintsilana A, Micklesfield LK, Chorell E, Olsson T, Goedecke JH. Fat 

redistribution and accumulation of visceral adipose tissue predicts type 2 

diabetes risk in middle-aged black South African women: a 13-year longitudinal 

study. Nutr Diabetes. 2019 Dec 27;9(1):12.  

144.  Lebovitz HE, Banerji MA. Point: Visceral adiposity is causally related to insulin 

resistance. Diabetes Care. 2005 Sep 1;28(9):2322–5.  

145.  Forouhi NG, Jenkinson G, Thomas EL, Mullick S, Mierisova S, Bhonsle U, et al. 

Relation of triglyceride stores in skeletal muscle cells to central obesity and 

insulin sensitivity in European and South Asian men. Diabetologia. 

1999;42(8):932–5.  

146.  Jacob S, Machann J, Rett K, Brechtel K, Volk A, Renn W, et al. Association of 

increased intramyocellular lipid content with insulin resistance in lean 

nondiabetic offspring of type 2 diabetic subjects. Diabetes. 1999;48(5):1113–9.  



228 
 

147.  Perseghin G, Scifo P, De Cobelli F, Pagliato E, Battezzati A, Arcelloni C, et al. 

Intramyocellular triglyceride content is a determinant of in vivo insulin resistance 

in humans: A 1H-13C nuclear magnetic resonance spectroscopy assessment in 

offspring of type 2 diabetic parents. Diabetes. 1999;48(8):1600–6.  

148.  Krssak M, Falk Petersen K, Dresner A, DiPietro L, Vogel SM, Rothman DL, et 

al. Intramyocellular lipid concentrations are correlated with insulin sensitivity in 

humans: A 1H NMR spectroscopy study. Diabetologia. 1999;42(1):113–6.  

149.  Pan DA, Lillioja S, Kriketos AD, Milner MR, Baur LA, Bogardus C, et al. Skeletal 

muscle triglyceride levels are inversely related to insulin action. Diabetes. 1997 

Jun 1;46(6):983–8.  

150.  Kriketos AD, Furler SM, Gan SK, Poynten AM, Chisholm DJ, Campbell L V. 

Multiple indexes of lipid availability are independently related to whole body 

insulin action in healthy humans. J Clin Endocrinol Metab. 2003 Feb;88(2):793–

8.  

151.  Samuel VT, Petersen KF, Shulman GI. Lipid-induced insulin resistance: 

unravelling the mechanism. Lancet. 2010;375(9733):2267–77.  

152.  Caro JF, Sinha MK, Raju SM, Ittoop O, Pories WJ, Flickinger EG, et al. Insulin 

receptor kinase in human skeletal muscle from obese subjects with and without 

noninsulin dependent diabetes. J Clin Invest. 1987;79(5):1330–7.  

153.  Gavin JR, Roth J, Neville DM, de Meyts P, Buell DN. Insulin dependent 

regulation of insulin receptor concentrations: A direct demonstration in cell 

culture. Proc Natl Acad Sci U S A. 1974;71(1):84–8.  

154.  Goodpaster BH, He J, Watkins S, Kelley DE. Skeletal muscle lipid content and 



229 
 

insulin resistance: Evidence for a paradox in endurance-trained athletes. J Clin 

Endocrinol Metab. 2001;86(12):5755–61.  

155.  Liska D, Dufour S, Zern TL, Taksali S, Calí AMG, Dziura J, et al. Interethnic 

differences in muscle, liver and abdominal fat partitioning in obese adolescents. 

PLoS One. 2007;2(6):1–8.  

156.  Lawrence JC, Newcomer BR, Buchthal SD, Sirikul B, Oster RA, Hunter GR, et 

al. Relationship of intramyocellular lipid to insulin sensitivity may differ with 

ethnicity in healthy girls and women. Obesity (Silver Spring). 2011 Jan;19(1):43–

8.  

157.  Jones JG. Hepatic glucose and lipid metabolism. Diabetologia. 

2016;59(6):1098–103.  

158.  Ipsen DH, Lykkesfeldt J, Tveden-Nyborg P. Molecular mechanisms of hepatic 

lipid accumulation in non-alcoholic fatty liver disease. Cell Mol Life Sci. 

2018;75(18):3313–27.  

159.  Stefan N, Kantartzis K, Häring HU. Causes and metabolic consequences of fatty 

liver. Endocr Rev. 2008;29(7):939–60.  

160.  Utzschneider KM, Kahn SE. The Role of Insulin Resistance in Nonalcoholic 

Fatty Liver Disease. J Clin Endocrinol Metab. 2006 Dec 1;91(12):4753–61.  

161.  Hae JK, Hyeong JK, Kwang EL, Dae JK, Soo KK, Chul WA, et al. Metabolic 

significance of nonalcoholic fatty liver disease in nonobese, nondiabetic adults. 

Arch Intern Med. 2004;164(19):2169–75.  

162.  Yatsuya H, Nihashi T, Li Y, Hotta Y, Matsushita K, Muramatsu T, et al. 



230 
 

Independent association of liver fat accumulation with insulin resistance. Obes 

Res Clin Pract. 2014;8(4):e350–5.  

163.  Korenblat KM, Fabbrini E, Mohammed BS, Klein S. Liver, muscle, and adipose 

tissue insulin action is directly related to intrahepatic triglyceride content in 

obese subjects. Gastroenterology. 2008 May;134(5):1369–75.  

164.  Cali AMG, Northrup V, D’Adamo E, Caprio S, Weiss R, Pierpont B, et al. Central 

Role of Fatty Liver in the Pathogenesis of Insulin Resistance in Obese 

Adolescents. Diabetes Care. 2010;33(8):1817–22.  

165.  Gastaldelli A, Cusi K, Pettiti M, Hardies J, Miyazaki Y, Berria R, et al. 

Relationship Between Hepatic/Visceral Fat and Hepatic Insulin Resistance in 

Nondiabetic and Type 2 Diabetic Subjects. Gastroenterology. 2007;133(2):496–

506.  

166.  Gruben N, Shiri-Sverdlov R, Koonen DPY, Hofker MH. Nonalcoholic fatty liver 

disease: A main driver of insulin resistance or a dangerous liaison? Biochim 

Biophys Acta - Mol Basis Dis [Internet]. 2014;1842(11):2329–43. Available from: 

http://dx.doi.org/10.1016/j.bbadis.2014.08.004 

167.  Magkos F, Su X, Bradley D, Fabbrini E, Conte C, Eagon JC, et al. Intrahepatic 

diacylglycerol content is associated with hepatic insulin resistance in obese 

subjects. Gastroenterology. 2012;142(7):1444–6.  

168.  Turner N, Kowalski GM, Leslie SJ, Risis S, Yang C, Lee-Young RS, et al. Distinct 

patterns of tissue-specific lipid accumulation during the induction of insulin 

resistance in mice by high-fat feeding. Diabetologia. 2013;56(7):1638–48.  

169.  Thompson DS, Boyne MS, Osmond C, Ferguson TS, Tulloch-Reid MK, Wilks 



231 
 

RJ, et al. Limitations of fasting indices in the measurement of insulin sensitivity 

in Afro-Caribbean adults. BMC Res Notes. 2014 Feb 20;7(1):98.  

170.  Chung ST, Courville AB, Onuzuruike AU, Galvan-De La Cruz M, Mabundo LS, 

DuBose CW, et al. Gluconeogenesis and risk for fasting hyperglycemia in Black 

and White women. JCI insight. 2018;3(18):e121495.  

171.  Naran NH, Haagensen M, Crowther NJ. Steatosis in South African women: How 

much and why? PLoS One. 2018;13(1):1–12.  

172.  Guerrero R, Vega GL, Grundy SM, Browning JD. Ethnic differences in hepatic 

steatosis: An insulin resistance paradox? Hepatology. 2009 Mar;49(3):791–801.  

173.  Brøns C, Jensen CB, Storgaard H, Hiscock NJ, White A, Appel JS, et al. Impact 

of short-term high-fat feeding on glucose and insulin metabolism in young 

healthy men. J Physiol. 2009;587(10):2387–97.  

174.  Hwang J-H, Stein DT, Barzilai N, Cui M-H, Tonelli J, Kishore P, et al. Increased 

intrahepatic triglyceride is associated with peripheral insulin resistance: in vivo 

MR imaging and spectroscopy studies. Am J Physiol Endocrinol Metab. 

2007;293(6):E1663–9.  

175.  Bugianesi E, Gastaldelli A, Vanni E, Gambino R, Cassader M, Baldi S, et al. 

Insulin resistance in non-diabetic patients with non-alcoholic fatty liver disease: 

Sites and mechanisms. Diabetologia. 2005;48(4):634–42.  

176.  Rossi AP, Fantin F, Zamboni GA, Mazzali G, Rinaldi CA, Del Giglio M, et al. 

Predictors of ectopic fat accumulation in liver and pancreas in obese men and 

women. Obesity. 2011;19(9):1747–54.  



232 
 

177.  Deivanayagam S, Mohammed BS, Vitola BE, Naguib GH, Keshen TH, Kirk EP, 

et al. Nonalcoholic fatty liver disease is associated with hepatic and skeletal 

muscle insulin resistance in overweight adolescents. Am J Clin Nutr. 

2008;88(2):257–62.  

178.  Cernea S, Dobreanu M. Diabetes and beta cell function: From mechanisms to 

evaluation and clinical implications. Biochem Medica. 2013;23(3):266–80.  

179.  Kahn SE, Montgomery B, Howell W, Ligueros-saylan M, Hsu C, Devineni D, et 

al. Importance of Early Phase Insulin Secretion to Intravenous Glucose 

Tolerance in Subjects with Type 2 Diabetes Mellitus. 2001;86(12):5824–9.  

180.  Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ, Bergman RN, Schwartz MW, 

et al. Quantification of the relationship between insulin sensitivity and beta-cell 

function in human subjects. Evidence for a hyperbolic function. Diabetes. 1993 

Nov;42(11):1663–72.  

181.  Cnop M, Vidal J, Hull RL, Utzschneider KM, Carr DB, Schraw T, et al. 

Progressive loss of β-cell function leads to worsening glucose tolerance in first-

degree relatives of subjects with type 2 diabetes. Diabetes Care. 

2007;30(3):677–82.  

182.  Weyer C, Bogardus C, Mott DM, Pratley RE. The natural history of insulin 

secretory dysfunction and insulin resistance in the pathogenesis of type 2 

diabetes mellitus. J Clin Invest. 1999 Sep 15;104(6):787–94.  

183.  Ferrannini E, Natali A, Muscelli E, Nilsson PM, Golay A, Laakso M, et al. Natural 

history and physiological determinants of changes in glucose tolerance in a non-

diabetic population: The RISC Study. Diabetologia. 2011;54(6):1507–16.  



233 
 

184.  Bergman RN, Kim SP, Catalano KJ, Hsu IR, Chiu JD, Kabir M, et al. Why 

visceral fat is bad: mechanisms of the metabolic syndrome. Obesity (Silver 

Spring). 2006 Feb;14 Suppl 1(2S):16S-19S.  

185.  Svedberg J, Stromblad G, Wirth A, Smith U, Bjorntorp P. Fatty acids in the portal 

vein of the rat regulate hepatic insulin clearance. J Clin Invest. 1991;88(6):2054–

8.  

186.  Wiesenthal SR, Sandhu H, McCall RH, Tchipashvili V, Yoshii H, Polonsky K, et 

al. Free fatty acids impair hepatic insulin extraction in vivo. Diabetes. 

1999;48(4):766–74.  

187.  Shah P, Vella A, Basu A, Basu R, Adkins A, Frederick Schwenk W, et al. Effects 

of free fatty acids and glycerol on splanchnic glucose metabolism and insulin 

extraction in nondiabetic humans. Diabetes. 2002;51(2):301–10.  

188.  Kotronen A, Juurinen L, Tiikkainen M, Vehkavaara S, Yki-Järvinen H. Increased 

Liver Fat, Impaired Insulin Clearance, and Hepatic and Adipose Tissue Insulin 

Resistance in Type 2 Diabetes. Gastroenterology. 2008;135(1):122–30.  

189.  Utzschneider KM, Kahn SE, Polidori DC. Hepatic insulin extraction in NAFLD is 

related to insulin resistance rather than liver fat content. J Clin Endocrinol Metab. 

2018;104(May):1855–65.  

190.  Taylor R. Pathogenesis of type 2 diabetes: Tracing the reverse route from cure 

to cause. Diabetologia. 2008;51(10):1781–9.  

191.  Gerst F, Wagner R, Kaiser G, Panse M, Heni M, Machann J, et al. Metabolic 

crosstalk between fatty pancreas and fatty liver: effects on local inflammation 

and insulin secretion. Diabetologia. 2017;60(11):2240–51.  



234 
 

192.  Tushuizen ME, Bunck MC, Pouwels PJ, Bontemps S, Van Waesberghe JHT, 

Schindhelm RK, et al. Pancreatic fat content and β-cell function in men with and 

without type 2 diabetes. Diabetes Care. 2007 Nov 1;30(11):2916–21.  

193.  Van Der Zijl NJ, Goossens GH, Moors CCM, Van Raalte DH, Muskiet MHA, 

Pouwels PJW, et al. Ectopic fat storage in the pancreas, liver, and abdominal 

fat depots: Impact on β-cell function in individuals with impaired glucose 

metabolism. J Clin Endocrinol Metab. 2011;96(2):459–67.  

194.  Prentki M. Islet cell failure in type 2 diabetes. J Clin Invest. 2006 Jul 

3;116(7):1802–12.  

195.  Bensellam M, Laybutt DR, Jonas JC. The molecular mechanisms of pancreatic 

β-cell glucotoxicity: Recent findings and future research directions. Mol Cell 

Endocrinol. 2012 Nov 25;364(1–2):1–27.  

196.  Greenwood RH, Mahler RF, Hales CN. Improvement in Insulin Secretion in 

Diabetes After Diazoxide. Lancet. 1976 Feb 28;307(7957):444–7.  

197.  Unger RH, Zhou Y. Lipotoxicity of beta-cells in obesity and in other causes of 

fatty acid spillover. Diabetes. 2001 Feb 1;50(Supplement 1):S118–21.  

198.  van Raalte DH, van der Zijl NJ, Diamant M. Pancreatic steatosis in humans: 

Cause or marker of lipotoxicity? Curr Opin Clin Nutr Metab Care. 

2010;13(4):478–85.  

199.  Kharroubi I, Ladrière L, Cardozo AK, Dogusan Z, Cnop M, Eizirik DL. Free fatty 

acids and cytokines induce pancreatic β-cell apoptosis by different mechanisms: 

Role of nuclear factor-κB and endoplasmic reticulum stress. Endocrinology. 

2004;145(11):5087–96.  



235 
 

200.  Lee Y, Hirose H, Ohneda M, Johnson JH, McGarry JD, Unger RH. β-Cell 

lipotoxicity in the pathogenesis of non-insulin-dependent diabetes mellitus of 

obese rats: Impairment in adipocyte-β-cell relationships. Proc Natl Acad Sci U 

S A. 1994 Nov 8;91(23):10878–82.  

201.  Komada H, Sakaguchi K, Hirota Y, Sou A, Nakamura T, Kyotani K, et al. 

Pancreatic fat content assessed by 1H magnetic resonance spectroscopy is 

correlated with insulin resistance, but not with insulin secretion, in Japanese 

individuals with normal glucose tolerance. J Diabetes Investig. 2018;9(3):505–

11.  

202.  Popp D, Aertsen S, Luetke-Daldrup C, Coppenrath E, Hetterich H, Saam T, et 

al. No Correlation of Pancreatic Fat and β-Cell Function in Young Women with 

and Without a History of Gestational Diabetes. J Clin Endocrinol Metab. 

2018;103(9):3260–6.  

203.  Staaf J, Labmayr V, Paulmichl K, Manell H, Cen J, Ciba I, et al. Pancreatic fat 

is associated with metabolic syndrome and visceral fat but not beta-cell function 

or body mass index in pediatric obesity. Pancreas. 2017;46(3):358–65.  

204.  Le K-M, Ventura E, Fisher J, Davis J, Weigensberg M, Punyanitya M, et al. 

Ethnic Differences in Pancreatic Fat Accumulation and Its Relationship With 

Other FatDepots and Inflammatory Markers. Diabetes Care. 2011;34(1):485–

90.  

205.  Nowotny B, Kahl S, Klüppelholz B, Hoffmann B, Giani G, Livingstone R, et al. 

Circulating triacylglycerols but not pancreatic fat associate with insulin secretion 

in healthy humans. Metabolism. 2018 Apr;81:113–25.  



236 
 

206.  Cohen M, Syme C, Deforest M, Wells G, Detzler G, Cheng HL, et al. Ectopic fat 

in youth: The contribution of hepatic and pancreatic fat to metabolic 

disturbances. Obesity. 2014;22(5):1280–6.  

207.  Jaghutriz B, Wagner R, Machann J, Stefan N, Peter A, Siegel-Axel DI, et al. 

Association of Pancreas Fat with Impaired Insulin Secretion Depends on Liver 

Fat and Circulating Fatty Acids. Diabetes. 2018 May;67(Supplement 1):1819-P.  

208.  Heni M, Machann J, Staiger H, Schwenzer NF, Peter A, Schick F, et al. 

Pancreatic fat is negatively associated with insulin secretion in individuals with 

impaired fasting glucose and/or impaired glucose tolerance: A nuclear magnetic 

resonance study. Diabetes Metab Res Rev. 2010 Mar;26(3):200–5.  

209.  Szczepaniak LS, Victor RG, Mathur R, Nelson MD, Szczepaniak EW, Tyer N, et 

al. Pancreatic steatosis and its relationship to β-cell dysfunction in humans: 

Racial and ethnic variations. Diabetes Care. 2012 Nov 1;35(11):2377–83.  

210.  Begovatz P, Koliaki C, Weber K, Strassburger K, Nowotny B, Nowotny P, et al. 

Pancreatic adipose tissue infiltration, parenchymal steatosis and beta cell 

function in humans. Diabetologia. 2015;58(7):1646–55.  

211.  Hakim O, Bonadonna RC, Mohandas C, Billoo Z, Sunderland A, Boselli L, et al. 

Associations between pancreatic lipids and β-cell function in black african and 

white european men with type 2 diabetes. J Clin Endocrinol Metab. 2019 Apr 

1;104(4):1201–10.  

212.  Yamazaki H, Tsuboya T, Katanuma A, Kodama Y, Tauchi S, Dohke M, et al. 

Lack of independent association between fatty pancreas and incidence of type 

2 diabetes: 5-Year Japanese cohort study. Diabetes Care. 2016 



237 
 

Oct;39(10):1677–83.  

213.  Lim EL, Hollingsworth KG, Aribisala BS, Chen MJ, Mathers JC, Taylor R. 

Reversal of type 2 diabetes: Normalisation of beta cell function in association 

with decreased pancreas and liver triacylglycerol. Diabetologia. 

2011;54(10):2506–14.  

214.  Steven S, Hollingsworth KG, Small PK, Woodcock SA, Pucci A, Aribisala B, et 

al. Weight Loss Decreases Excess Pancreatic Triacylglycerol Specifically in 

Type 2 Diabetes. Diabetes Care. 2016;39(1):158–65.  

215.  Utzschneider KM, Carr DB, Hull RL, Kodama K, Shofer JB, Retzlaff BM, et al. 

Impact of intra-abdominal fat and age on insulin sensitivity and β-cell function. 

Diabetes. 2004 Nov 1;53(11):2867–72.  

216.  Hu FB, Li TY, Colditz GA, Willett WC, Manson JAE. Television Watching and 

Other Sedentary Behaviors in Relation to Risk of Obesity and Type 2 Diabetes 

Mellitus in Women. J Am Med Assoc. 2003 Apr 9;289(14):1785–91.  

217.  Adams-Campbell LL, Rosenberg L, Washburn RA, Rao RS, Kim KS, Palmer J. 

Descriptive Epidemiology of Physical Activity in African-American Women. Prev 

Med (Baltim). 2000 Jan;30(1):43–50.  

218.  Gradidge PJL, Crowther NJ, Chirwa ED, Norris SA, Micklesfield LK. Patterns, 

levels and correlates of self-reported physical activity in urban black Soweto 

women. BMC Public Health. 2014;14(1):1–10.  

219.  Dickie K, Micklesfield LK, Chantler S, Lambert EV, Goedecke JH. 

Cardiorespiratory Fitness and Light-Intensity Physical Activity Are 

Independently Associated with Reduced Cardiovascular Disease Risk in Urban 



238 
 

Black South African Women: A Cross-Sectional Study. Metab Syndr Relat 

Disord. 2016 Feb;14(1):23–32.  

220.  Wang CY, Haskell WL, Farrell SW, Lamonte MJ, Blair SN, Curtin LR, et al. 

Cardiorespiratory fitness levels among us adults 20-49 years of age: Findings 

from the 1999-2004 national health and nutrition examination survey. Am J 

Epidemiol. 2010;171(4):426–35.  

221.  SEMSDA Type 2 Diabetes Guidelines Expert Committee. SEMSDA 2017 

Guidelines for the Management of Type 2 Diabetes Mellitus. JEMSDA. 

2017;22(1 (Supplement 1)):S1–196.  

222.  Pan XR, Li GW, Hu YH, Wang JX, Yang WY, An ZX, et al. Effects of diet and 

exercise in preventing NIDDM in people with impaired glucose tolerance: The 

Da Qing IGT and diabetes study. Diabetes Care. 1997;20(4):537–44.  

223.  Uusitupa M, Louheranta A, Lindström J, Valle T, Sundvall J, Eriksson J, et al. 

The Finnish Diabetes Prevention Study. Br J Nutr. 2000;83(S1):S137–42.  

224.  Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker 

EA, et al. Reduction in the incidence of type 2 diabetes with lifestyle intervention 

or metformin. N Engl J Med. 2002 Feb 7;346(6):393–403.  

225.  Lindström J, Ilanne-Parikka P, Peltonen M, Aunola S, Eriksson JG, Hemiö K, et 

al. Sustained reduction in the incidence of type 2 diabetes by lifestyle 

intervention: follow-up of the Finnish Diabetes Prevention Study. Lancet. 

2006;368(9548):1673–9.  

226.  Kiens B. Skeletal muscle lipid metabolism in exercise and insulin resistance. 

Physiol Rev. 2006 Jan;86(1):205–43.  



239 
 

227.  Bird SR, Hawley JA. Update on the effects of physical activity on insulin 

sensitivity in humans. BMJ Open Sport Exerc Med. 2017 Mar 1;2(1):e000143.  

228.  Wolfe RR. Metabolic interactions between glucose and fatty acids in humans. 

Am J Clin Nutr. 1998 Mar 1;67(3):519S-526S.  

229.  Brouwers B, Hesselink MKC, Schrauwen P, Schrauwen-Hinderling VB. Effects 

of exercise training on intrahepatic lipid content in humans. Diabetologia. 

2016;59(10):2068–79.  

230.  Richter EA, Hargreaves M. Exercise, GLUT4, and skeletal muscle glucose 

uptake. Physiol Rev. 2013;93(3):993–1017.  

231.  Röhling M, Herder C, Stemper T, Müssig K. Influence of Acute and Chronic 

Exercise on Glucose Uptake. J Diabetes Res. 2016;2016:1–33.  

232.  Jensen J, Rustad PI, Kolnes AJ, Lai YC. The role of skeletal muscle glycogen 

breakdown for regulation of insulin sensitivity by exercise. Front Physiol. 2011;2 

(December):1–11.  

233.  Holloszy JO, Coyle EF. Adaptations of skeletal muscle to endurance exercise 

and their metabolic consequences. J Appl Physiol. 1984;121(6):831–8.  

234.  Mika A, Macaluso F, Barone R, Di Felice V, Sledzinski T. Effect of exercise on 

fatty acid metabolism and adipokine secretion in adipose tissue. Front Physiol. 

2019 Jan 28;10:1–7.  

235.  Goodpaster BH, Katsiaras A, Kelley DE. Enhanced fat oxidation through 

physical activity is associated with improvements in insulin sensitivity in obesity. 

Diabetes. 2003 Sep 1;52(9):2191–7.  



240 
 

236.  Conn VS, Koopman RJ, Ruppar TM, Phillips LJ, Mehr DR, Hafdahl AR. Insulin 

sensitivity following exercise interventions: systematic review and meta-analysis 

of outcomes among healthy adults. J Prim Care Community Heal. 

2014;5(3):211–22.  

237.  Keshel TE, Coker RH. Exercise Training and Insulin Resistance: A Current 

Review. J Obes Weight Loss Ther. 2015 Jul;5(Suppl 5):1–16.  

238.  Way KL, Hackett DA, Baker MK, Johnson NA. The effect of regular exercise on 

insulin sensitivity in type 2 diabetes mellitus: A systematic review and meta-

analysis. Diabetes Metab J. 2016;40(4):253–71.  

239.  King DS, Baldus PJ, Sharp RL, Kesl LD, Feltmeyer TL, Riddle MS. Time course 

for exercise-induced alterations in insulin action and glucose tolerance in 

middle-aged people. J Appl Physiol. 1995 Jan 1;78(1):17–22.  

240.  Magkos F, Sidossis LS. Exercise and Insulin Sensitivity-Where Do We Stand? 

You’d Better Run! US Endocrinol. 2008;4(1):23–6.  

241.  Houmard JA, Tanner CJ, Slentz CA, Duscha BD, McCartney JS, Kraus WE. 

Effect of the volume and intensity of exercise training on insulin sensitivity. J 

Appl Physiol. 2004 Jan;96(1):101–6.  

242.  Dubé JJ, Allison KF, Rousson V, Goodpaster BH, Amati F. Exercise dose and 

insulin sensitivity: Relevance for diabetes prevention. Med Sci Sports Exerc. 

2012 May;44(5):793–9.  

243.  Gillen JB, Martin BJ, MacInnis MJ, Skelly LE, Tarnopolsky MA, Gibala MJ. 

Twelve weeks of sprint interval training improves indices of cardiometabolic 

health similar to traditional endurance training despite a five-fold lower exercise 



241 
 

volume and time commitment. PLoS One. 2016;11(4):1–14.  

244.  Racil G, Ben Ounis O, Hammouda O, Kallel A, Zouhal H, Chamari K, et al. 

Effects of high vs. Moderate exercise intensity during interval training on lipids 

and adiponectin levels in obese young females. Eur J Appl Physiol. 

2013;113(10):2531–40.  

245.  Arad AD, DiMenna FJ, Thomas N, Tamis-Holland J, Weil R, Geliebter A, et al. 

High-intensity interval training without weight loss improves exercise but not 

basal or insulin-induced metabolism in overweight/obese African American 

women. J Appl Physiol. 2015;119(4):352–62.  

246.  Poehlman ET, Dvorak RV, DeNino WF, Brochu M, Ades PA.  Effects of 

Resistance Training and Endurance Training on Insulin Sensitivity in Nonobese, 

Young Women: A Controlled Randomized Trial 1 . J Clin Endocrinol Metab. 

2000 Jul;85(7):2463–8.  

247.  Donges CE, Duffield R, Guelfi KJ, Smith GC, Adams DR, Edge JA. Comparative 

effects of single-mode vs. duration-matched concurrent exercise training on 

body composition, low-grade inflammation, and glucose regulation in sedentary, 

overweight, middle-aged men. Appl Physiol Nutr Metab. 2013;38(7):779–88.  

248.  Goulet EDE, Mélançon MO, Dionne IJ, Leheudre MA. No sustained effect of 

aerobic or resistance training on insulin sensitivity in nonobese, healthy older 

women. J Aging Phys Act. 2005 Jul;13(3):314–26.  

249.  AbouAssi H, Slentz CA, Mikus CR, Tanner CJ, Bateman LA, Willis LH, et al. The 

effects of aerobic, resistance, and combination training on insulin sensitivity and 

secretion in overweight adults from STRRIDE AT/RT: A randomized trial. J Appl 



242 
 

Physiol. 2015 Jun 15;118(12):1474–82.  

250.  Yaspelkis BB. Resistance training improves insulin signaling and action in 

skeletal muscle. Exerc Sport Sci Rev. 2006;34(1):42–6.  

251.  Larson-Meyer DE, Heilbronn LK, Redman LM, Newcomer BR, Frisard MI, Anton 

S, et al. Effect of calorie restriction with or without exercise on insulin sensitivity, 

β-cell function, fat cell size, and ectopic lipid in overweight subjects. Diabetes 

Care. 2006 Jun;29(6):1337–44.  

252.  Heiskanen MA, Motiani KK, Mari A, Saunavaara V, Eskelinen J-J, Virtanen KA, 

et al. Exercise training decreases pancreatic fat content and improves beta cell 

function regardless of baseline glucose tolerance: a randomised controlled trial. 

Diabetologia. 2018;61(8):1817–28.  

253.  Shojaee-Moradie F, Baynes KC, Pentecost C, Bell JD, Thomas EL, Jackson 

NC, et al. Exercise training reduces fatty acid availability and improves the 

insulin sensitivity of glucose metabolism. Diabetologia. 2007;50(2):404–13.  

254.  Schenk S, Harber MP, Shrivastava CR, Burant CF, Horowitz JF. Improved 

insulin sensitivity after weight loss and exercise training is mediated by a 

reduction in plasma fatty acid mobilization, not enhanced oxidative capacity. J 

Physiol. 2009;587(20):4949–61.  

255.  Samjoo IA, Safdar A, Hamadeh MJ, Raha S, Tarnopolsky MA. The effect of 

endurance exercise on both skeletal muscle and systemic oxidative stress in 

previously sedentary obese men. Nutr Diabetes. 2013 Sep 16;3(9):e88–e88.  

256.  Brouwers B, Schrauwen-Hinderling VB, Jelenik T, Gemmink A, Sparks LM, 

Havekes B, et al. Exercise training reduces intrahepatic lipid content in people 



243 
 

with and people without nonalcoholic fatty liver. Am J Physiol Metab. 2018 Feb 

1;314(2):E165–73.  

257.  Cuthbertson DJ, Shojaee-Moradie F, Sprung VS, Jones H, Pugh CJA, 

Richardson P, et al. Dissociation between exercise-induced reduction in liver fat 

and changes in hepatic and peripheral glucose homeostasis in obese patients 

with non-alcoholic fatty liver disease. Clin Sci. 2016 Jan 1;130(2):93–104.  

258.  Ryan AS, Ge S, Blumenthal JB, Serra MC, Prior SJ, Goldberg AP. Aerobic 

exercise and weight loss reduce vascular markers of inflammation and improve 

insulin sensitivity in obese women. J Am Geriatr Soc. 2014;62(4):607–14.  

259.  Le S, Mao L, Lu D, Yang Y, Tan X, Wiklund P, et al. Effect of aerobic exercise 

on insulin resistance and central adiposity disappeared after the discontinuation 

of intervention in overweight women. J Sport Heal Sci. 2016;5(2):166–70.  

260.  Kirwan JP, Kohrt WM, Wojta DM, Bourey RE, Holloszy JO. Endurance exercise 

training reduces glucose-stimulated insulin levels in 60- to 70-year-old men and 

women. Journals Gerontol. 1993;48(3):84–90.  

261.  Slentz CA, Tanner CJ, Bateman LA, Durheim MT, Huffman KM, Houmard JA, 

et al. Effects of exercise training intensity on pancreatic beta-cell function. 

Diabetes Care. 2009 Oct;32(10):1807–11.  

262.  Malin SK, Haus JM, Solomon TPJ, Blaszczak A, Kashyap SR, Kirwan JP. Insulin 

sensitivity and metabolic flexibility following exercise training among different 

obese insulin-resistant phenotypes. Am J Physiol - Endocrinol Metab. 

2013;305(10):1292–8.  

263.  Madsen SM, Thorup AC, Overgaard K, Jeppesen PB. High intensity interval 



244 
 

training improves glycaemic control and pancreatic β cell function of type 2 

diabetes patients. PLoS One. 2015;10(8):1–24.  

264.  Solomon TPJ, Malin SK, Karstoft K, Kashyap SR, Haus JM, Kirwan JP. 

Pancreatic β-cell function is a stronger predictor of changes in glycemic control 

after an aerobic exercise intervention than insulin sensitivity. J Clin Endocrinol 

Metab. 2013 Oct;98(10):4176–86.  

265.  Kahn SE, Larson VG, Schwartz RS, Beard JC, Cain KC, Fellingham GW, et al. 

Exercise training delineates the importance of B-cell dysfunction to the glucose 

intolerance of human aging. J Clin Endocrinol Metab. 1992 Jun;74(6):1336–42.  

266.  Goulet EDB, Mélançon MO, Aubertin-Leheudre M, Dionne IJ. Aerobic training 

improves insulin sensitivity 72-120 h after the last exercise session in younger 

but not in older women. Eur J Appl Physiol. 2005;95(2–3):146–52.  

267.  Giannopoulou I, Ploutz-Snyder LL, Carhart R, Weinstock RS, Fernhall B, 

Goulopoulou S, et al. Exercise is required for visceral fat loss in postmenopausal 

women with type 2 diabetes. J Clin Endocrinol Metab. 2005;90(3):1511–8.  

268.  Solomon TPJ, Sistrun SN, Krishnan RK, Del Aguila LF, Marchetti CM, O’Carroll 

SM, et al. Exercise and diet enhance fat oxidation and reduce insulin resistance 

in older obese adults. J Appl Physiol. 2008 May;104(5):1313–9.  

269.  Short KR, Vittone JL, Bigelow ML, Proctor DN, Rizza RA, Coenen-Schimke JM, 

et al. Impact of aerobic exercise training on age-related changes in insulin 

sensitivity and muscle oxidative capacity. Diabetes. 2003 Aug;52(8):1888–96.  

270.  Meex RCR, Schrauwen-Hinderling VB, Moonen-Kornips E, Schaart G, Mensink 

M, Phielix E, et al. Restoration of muscle mitochondrial function and metabolic 



245 
 

flexibility in type 2 diabetes by exercise training is paralleled by increased 

myocellular fat storage and improved insulin sensitivity. Diabetes. 

2010;59(3):572–9.  

271.  Ross R, Janssen I, Dawson J, Kungl AM, Kuk JL, Wong SL, et al. Exercise-

induced reduction in obesity and insulin resistance in women: A randomized 

controlled trial. Obes Res. 2004;12(5):789–98.  

272.  Oh S, So R, Shida T, Matsuo T, Kim B, Akiyama K, et al. High-Intensity Aerobic 

Exercise Improves Both Hepatic Fat Content and Stiffness in Sedentary Obese 

Men with Nonalcoholic Fatty Liver Disease. Sci Rep. 2017 Mar 22;7(1):1–12.  

273.  Christiansen T, Paulsen SK, Bruun JM, Overgaard K, Ringgaard S, Pedersen 

SB, et al. Comparable reduction of the visceral adipose tissue depot after a diet-

induced weight loss with or without aerobic exercise in obese subjects: A 12-

week randomized intervention study. Eur J Endocrinol. 2009;160(5):759–67.  

274.  Johnson NA, Sachinwalla T, Walton DW, Smith K, Armstrong A, Thompson MW, 

et al. Aerobic exercise training reduces hepatic and visceral lipids in obese 

individuals without weight loss. Hepatology. 2009;50(4):1105–12.  

275.  Devries MC, Hamadeh MJ, Glover AW, Raha S, Samjoo IA, Tarnopolsky MA. 

Endurance training without weight loss lowers systemic, but not muscle, 

oxidative stress with no effect on inflammation in lean and obese women. Free 

Radic Biol Med. 2008;45(4):503–11.  

276.  Van Gemert WA, Monninkhof EM, May AM, Peeters PH, Schuit AJ. Effect of 

exercise on insulin sensitivity in healthy postmenopausal women: The SHAPE 

study. Cancer Epidemiol Biomarkers Prev. 2015;24(1):81–7.  



246 
 

277.  Schrauwen-Hinderling VB, Schrauwen P, Hesselink MKC, Van Engelshoven 

JMA, Nicolay K, Saris WHM, et al. The increase in intramyocellular lipid content 

is a very early response to training. J Clin Endocrinol Metab. 2003;88(4):1610–

6.  

278.  Thompson D, Karpe F, Lafontan M, Frayn K. Physical Activity and Exercise in 

the Regulation of Human Adipose Tissue Physiology. Physiol Rev. 

2012;92:157–91.  

279.  Many G, Hurtado ME, Tanner C, Houmard J, Gordish-Dressman H, Park JJ, et 

al. Moderate-intensity aerobic training program improves insulin sensitivity and 

inflammatory markers in a pilot study of morbidly obese minority teens. Pediatr 

Exerc Sci. 2013;25(1):12–26.  

280.  Brown MD, Moore GE, Korytkowski MT, McCole SD, Hagberg JM. Improvement 

of insulin sensitivity by short-term exercise training in hypertensive African 

American women. Hypertension. 1997 Dec;30(6):1549–53.  

281.  Ortmeyer HK, Goldberg AP, Ryan AS. Exercise with weight loss improves 

adipose tissue and skeletal muscle markers of fatty acid metabolism in 

postmenopausal women. Obesity. 2017;25(7):1246–53.  

282.  Marliss EB, Vrani M. Intense Exercise Has Unique Effects on Both Insulin 

Release and Its Role in Glucoregulation: Implications for Diabetes. Diabetes. 

2002;51(1):271–83.  

283.  Bruce CR, Thrush AB, Mertz VA, Bezaire V, Chabowski A, Heigenhauser GJF, 

et al. Endurance training in obese humans improves glucose tolerance and 

mitochondrial fatty acid oxidation and alters muscle lipid content. Am J Physiol 



247 
 

- Endocrinol Metab. 2006;291(1):99–107.  

284.  Malin SK, Solomon TPJ, Blaszczak A, Finnegan S, Filion J, Kirwan JP. 

Pancreatic β-cell function increases in a linear dose-response manner following 

exercise training in adults with prediabetes. Am J Physiol Metab. 

2013;305(10):E1248–54.  

285.  Dela F, Von Linstow ME, Mikines KJ, Galbo H. Physical training may enhance 

β-cell function in type 2 diabetes. Am J Physiol - Endocrinol Metab. 2004 

Nov;287(5):E1024–31.  

286.  Viskochil R, Malin SK, Blankenship JM, Braun B. Exercise training and 

metformin, but not exercise training alone, decreases insulin production and 

increases insulin clearance in adults with prediabetes. J Appl Physiol. 

2017;123(1):243–8.  

287.  Asare-Bediako I, Paszkiewicz RL, Burch M, Kolka CM, Woolcott OO, Kim SP, 

et al. Assessment of hepatic insulin extraction from in vivo surrogate methods 

of insulin clearance measurement. Am J Physiol Metab. 2018;315(4):E605–12.  

288.  Melanson EL, MacLean PS, Hill JO. Exercise improves fat metabolism in muscle 

but does not increase 24-h fat oxidation. Exerc Sport Sci Rev. 2009 

Apr;37(2):93–101.  

289.  Daemen S, Van Polanen N, Hesselink MKC. The effect of diet and exercise on 

lipid droplet dynamics in human muscle tissue. J Exp Biol. 2018;121:1–12.  

290.  Sjöros T, Saunavaara V, Löyttyniemi E, Koivumäki M, Heinonen IHA, Eskelinen 

JJ, et al. Intramyocellular lipid accumulation after sprint interval and moderate-

intensity continuous training in healthy and diabetic subjects. Physiol Rep. 



248 
 

2019;7(3):1–11.  

291.  Bruce CR, Kriketos AD, Cooney GJ, Hawley JA. Disassociation of muscle 

triglyceride content and insulin sensitivity after exercise training in patients with 

Type 2 diabetes. Diabetologia. 2004;47(1):23–30.  

292.  Dubé JJ, Amati F, Stefanovic-Racic M, Toledo FGS, Sauers SE, Goodpaster 

BH. Exercise-induced alterations in intramyocellular lipids and insulin 

resistance: The athlete’s paradox revisited. Am J Physiol - Endocrinol Metab. 

2008;294(5):E882-8.  

293.  Pruchnic R, Katsiaras A, He J, Kelley DE, Winters C, Goodpaster BH. Exercise 

training increases intramyocellular lipid and oxidative capacity in older adults. 

Am J Physiol - Endocrinol Metab. 2004;287(5 50-5):857–63.  

294.  Solomon TPJ, Haus JM, Kelly KR, Cook MD, Riccardi M, Rocco M, et al. 

Randomized trial on the effects of a 7-d low-glycemic diet and exercise 

intervention on insulin resistance in older obese humans. Am J Clin Nutr. 

2009;90(5):1222–9.  

295.  Otten J, Stomby A, Waling M, Isaksson A, Söderström I, Ryberg M, et al. A 

heterogeneous response of liver and skeletal muscle fat to the combination of a 

Paleolithic diet and exercise in obese individuals with type 2 diabetes: a 

randomised controlled trial. Diabetologia. 2018 Apr 26;61(7):1548–59.  

296.  Dubé JJ, Amati F, Toledo FGS, Stefanovic-Racic M, Rossi A, Coen P, et al. 

Effects of weight loss and exercise on insulin resistance, and intramyocellular 

triacylglycerol, diacylglycerol and ceramide. Diabetologia. 2011 

May;54(5):1147–56.  



249 
 

297.  Kim HJ, Lee JS, Kim CK. Effect of exercise training on muscle glucose 

transporter 4 protein and intramuscular lipid content in elderly men with impaired 

glucose tolerance. Eur J Appl Physiol. 2004;93(3):353–8.  

298.  Van Der Windt DJ, Sud V, Zhang H, Tsung A, Huang H. The effects of physical 

exercise on fatty liver disease. Gene Expr. 2018;18(2):89–101.  

299.  Haus JM, Solomon TPJ, Kelly KR, Fealy CE, Kullman EL, Scelsi AR, et al. 

Improved hepatic lipid composition following short-term exercise in nonalcoholic 

fatty liver disease. J Clin Endocrinol Metab. 2013;98(7):E1181–8.  

300.  Shojaee-Moradie F, Cuthbertson DJ, Barrett M, Jackson NC, Herring R, Thomas 

EL, et al. Exercise training reduces liver fat and increases rates of VLDL 

clearance but not VLDL production in NAFLD. J Clin Endocrinol Metab. 

2016;101(11):4219–28.  

301.  Sullivan S, Kirk EP, Mittendorfer B, Patterson BW, Klein S. Randomized trial of 

exercise effect on intrahepatic triglyceride content and lipid kinetics in 

nonalcoholic fatty liver disease. Hepatology. 2012;55(6):1738–45.  

302.  Bacchi E, Negri C, Targher G, Faccioli N, Lanza M, Zoppini G, et al. Both 

resistance training and aerobic training reduce hepatic fat content in type 2 

diabetic subjects with nonalcoholic fatty liver disease (the RAED2 randomized 

trial). Hepatology. 2013;58(4):1287–95.  

303.  Tamura Y, Tanaka Y, Sato F, Jong BC, Watada H, Niwa M, et al. Effects of diet 

and exercise on muscle and liver intracellular lipid contents and insulin 

sensitivity in type 2 diabetic patients. J Clin Endocrinol Metab. 2005;90(6):3191–

6.  



250 
 

304.  Devries MC, Samjoo IA, Hamadeh MJ, Tarnopolsky MA. Effect of endurance 

exercise on hepatic lipid content, enzymes, and adiposity in men and women. 

Obesity. 2008;16(10):2281–8.  

305.  Keating SE, Hackett DA, Parker HM, O’Connor HT, Gerofi JA, Sainsbury A, et 

al. Effect of aerobic exercise training dose on liver fat and visceral adiposity. J 

Hepatol. 2015;63(1):174–82.  

306.  Haffner SM. Epidemiology of type 2 diabetes: Risk factors. Diabetes Care. 1998 

Dec;21(12 Suppl):C3-6.  

307.  Hu HH. Magnetic Resonance Techniques for Fat Quantification in Obesity. 

Signal Inf Process Assoc Annu Summit. 2012;1–10.  

308.  Sharma P, Altbach M, Galons JP, Kalb B, Martin DR. Measurement of liver fat 

fraction and iron with MRI and MR spectroscopy techniques. Diagnostic Interv 

Radiol. 2014;20(1):17–26.  

309.  Procter AJ, Sun JY, Malcolm PN, Toms AP. Measuring liver fat fraction with 

complex-based chemical shift MRI: The effect of simplified sampling protocols 

on accuracy. BMC Med Imaging. 2019;19(1):1–9.  

310.  Kang BK, Kim M, Song SY, Jun DW, Jang K. Feasibility of modified Dixon MRI 

techniques for hepatic fat quantification in hepatic disorders: Validation with 

MRS and histology. Br J Radiol. 2018 Oct 12;91(1089):1–8.  

311.  Hui SCN, So H kwan, Chan DFY, Wong SKH, Yeung DKW, Ng EKW, et al. 

Validation of water-fat MRI and proton MRS in assessment of hepatic fat and 

the heterogeneous distribution of hepatic fat and iron in subjects with non-

alcoholic fatty liver disease. Eur J Radiol. 2018;107(March):7–13.  



251 
 

312.  Commean PK, Tuttle LJ, Hastings MK, Strube MJ, Mueller MJ. Magnetic 

resonance imaging measurement reproducibility for calf muscle and adipose 

tissue volume. J Magn Reson Imaging. 2011 Dec;34(6):1285–94.  

313.  Boettcher M, Machann J, Stefan N, Thamer C, Häring HU, Claussen CD, et al. 

Intermuscular adipose tissue (IMAT): Association with other adipose tissue 

compartments and insulin sensitivity. J Magn Reson Imaging. 2009 

Jun;29(6):1340–5.  

314.  Beattie K, Davison MJ, Noseworthy M, Adachi JD, Maly MR. Quantifying fat and 

lean muscle in the lower legs of women with knee osteoarthritis using two 

different MRI systems. Rheumatol Int. 2016;36(6):855–62.  

315.  Hogrel J-Y, Barnouin Y, Azzabou N, Butler-Browne G, Voit T, Moraux A, et al. 

NMR imaging estimates of muscle volume and intramuscular fat infiltration in 

the thigh: variations with muscle, gender, and age. Age (Omaha). 2015 Jun 

4;37(3):60.  

316.  Loughran T, Higgins DM, McCallum M, Coombs A, Straub V, Hollingsworth KG. 

Improving highly accelerated fat fraction measurements for clinical trials in 

muscular dystrophy: Origin and quantitative effect of R2∗ changes. Radiology. 

2015;275(2):570–8.  

317.  Dahlqvist JR, Vissing CR, Thomsen C, Vissing J. Severe paraspinal muscle 

involvement in facioscapulohumeral muscular dystrophy. Neurology. 2014 Sep 

23;83(13):1178–83.  

318.  Alizai H, Nardo L, Karampinos DC, Joseph GB, Yap SP, Baum T, et al. 

Comparison of clinical semi-quantitative assessment of muscle fat infiltration 



252 
 

with quantitative assessment using chemical shift-based water/fat separation in 

MR studies of the calf of post-menopausal women. Eur Radiol. 

2012;22(7):1592–600.  

319.  Baudin PY, Azzabou N, Carlier PG, Paragios N. Prior knowledge, random walks 

and human skeletal muscle segmentation. Med Image Comput Comput Assist 

Interv. 2012;15:569–76.  

320.  Abildgaard J, Danielsen ER, Dorph E, Thomsen C, Juul A, Ewertsen C, et al. 

Ectopic Lipid Deposition Is Associated with Insulin Resistance in 

Postmenopausal Women. J Clin Endocrinol Metab. 2018;103(9):3394–404.  

321.  Dahlqvist JR, Vissing CR, Hedermann G, Thomsen C, Vissing J. Fat 

Replacement of Paraspinal Muscles with Aging in Healthy Adults. Med Sci 

Sports Exerc. 2017;49(3):595–601.  

322.  Machann J, Bachmann OP, Brechtel K, Dahl DB, Wietek B, Klumpp B, et al. 

Lipid content in the musculature of the lower leg assessed by fat selective MRI: 

Intra- and interindividual differences and correlation with anthropometric and 

metabolic data. J Magn Reson Imaging. 2003;17(3):350–7.  

323.  Schwenzer N, Machann J, Martirosian P, Schraml C, Claussen C, Schick F. 

Quantification of Pancreatic and Hepatic Fat using Gradient Echo MRI – 

Comparison of a Spatial-Spectral Excitation Technique with In/Opposed-phase 

Imaging. Proc 16th Sci Meet Int Soc Magn Reson Med. 2008;76(1):3795.  

324.  Al-Mrabeh A, Hollingsworth KG, Steven S, Tiniakos D, Taylor R. Quantification 

of intrapancreatic fat in type 2 diabetes by MRI. PLoS One. 2017;12(4):1–19.  

325.  Cheung AS, De Rooy C, Hoermann R, Gianatti EJ, Hamilton EJ, Roff G, et al. 



253 
 

Correlation of visceral adipose tissue measured by Lunar Prodigy dual X-ray 

absorptiometry with MRI and CT in older men. Int J Obes. 2016;40(8):1325–8.  

326.  Demerath EW, Shen W, Lee M, Choh AC, Czerwinski SA, Siervogel RM, et al. 

Approximation of total visceral adipose tissue with a single magnetic resonance 

image. Am J Clin Nutr. 2007 Feb;85(2):362–8.  

327.  Shen W, Chen J, Gantz M, Velasquez G, Punyanitya M, Heymsfield SB. A single 

mri slice does not accurately predict visceral and subcutaneous adipose tissue 

changes during weight loss. Obesity. 2012;20(12):2458–63.  

328.  Thomas EL, Bell JD. Influence of undersampling on magnetic resonance 

imaging measurements of intra-abdominal adipose tissue. Int J Obes. 

2003;27(2):211–8.  

329.  Kovanlikaya A, Guclu C, Desai C, Becerra R, Gilsanz V. Fat quantification using 

three-point Dixon technique: In vitro validation. Acad Radiol. 2005;12(5):636–9.  

330.  Bonekamp S, Ghosh P, Crawford S, Solga SF, Horska A, Brancati FL, et al. 

Quantitative comparison and evaluation of software packages for assessment 

of abdominal adipose tissue distribution by magnetic resonance imaging. Int J 

Obes (Lond). 2008;32(1):100–11.  

331.  DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: A method for 

quantifying insulin secretion and resistance. Am J Physiol Endocrinol Metab 

Gastrointest Physiol. 1979 Sep;6(3):E214-23.  

332.  Bergman RN, Prager R, Volund A, Olefsky JM. Equivalence of the insulin 

sensitivity index in man derived by the minimal model method and the 

euglycemic glucose clamp. J Clin Invest. 1987;79(3):790–800.  



254 
 

333.  Muniyappa R, Madan R. Assessing Insulin Sensitivity and Resistance in 

Humans. Endotext. 2000. 1–13 p.  

334.  Korytkowski MT, Berga SL, Horwitz MJ. Comparison of the minimal model and 

the hyperglycemic clamp for measuring insulin sensitivity and acute insulin 

response to glucose. Metabolism. 1995 Sep;44(9):1121–5.  

335.  Faber OK, Hagen C, Binder C, Markussen J, Naithani VK, Blix PM, et al. Kinetics 

of human connecting peptide in normal and diabetic subjects. J Clin Invest. 

1978;62(1):197–203.  

336.  Eaton RP, Allen RC, Schade DS. Hepatic removal of insulin in normal man: 

Dose response to endogenous insulin secretion. J Clin Endocrinol Metab. 

1983;56(6):1294–300.  

337.  Van Cauter E, Mestrez F, Sturis J, Polonsky KS. Estimation of insulin secretion 

rates from C-peptide levels: Comparison of individual and standard kinetic 

parameters for C-peptide clearance. Diabetes. 1992 Mar;41(3):368–77.  

338.  Volund A, Polonsky KS, Bergman RN. Calculated pattern of intraportal insulin 

appearance without independent assessment of C-peptide kinetics. Diabetes. 

1987;36(10):1195–202.  

339.  Polonsky KS, Licinio-Paixao J, Given BD, Pugh W, Rue P, Galloway J, et al. 

Use of biosynthetic human C-peptide in the measurement of insulin secretion 

rates in normal volunteers and type I diabetic patients. J Clin Invest. 

1986;77(1):98–105.  

340.  Caumo A, Florea I, Luzi L. Effect of a variable hepatic insulin clearance on the 

postprandial insulin profile: Insights from a model simulation study. Acta 



255 
 

Diabetol. 2007;44(1):23–9.  

341.  Polonsky KS, Pugh W, Jaspan JB, Cohen DM, Karrison T, Tager HS, et al. C-

peptide and insulin secretion. Relationship between peripheral concentrations 

of C-peptide and insulin and their secretion rates in the dog. J Clin Invest. 

1984;74(5):1821–9.  

342.  Berzins R, Wieczorek KR, Rajotte RV, Molnar GD, Tam YK, McGregor JR, et al. 

Accuracy of C-peptide:insulin molar ratio as a measure of hepatic removal of 

insulin. Diabetes Res Clin Pract. 1987 Nov;4(1):37–43.  

343.  Watanabe RM, Volund A, Roy S, Bergman RN. Prehepatic β-cell secretion 

during the intravenous glucose tolerance test in humans: Application of a 

combined model of insulin and c-peptide kinetics. J Clin Endocrinol Metab. 

1989;69(4):790–7.  

344.  Stefanovski D, Moate PJ, Boston RC. WinSAAM: A windows-based 

compartmental modeling system. Metabolism. 2003;52(9):1153–66.  

345.  Brundin T. Splanchnic and extrasplanchnic extraction of insulin following oral 

and intravenous glucose loads. 1999;436:429–36.  

346.  Burnham K, Anderson D. Model Selection and Multimodel Inference: A Practical 

Information-Theoretic Approach. 2nd ed. New York: Springer; 2002.  

347.  Goedecke JH, Mendham AE, Clamp L, Nono Nankam PA, Fortuin-De Smidt 

MC, Phiri L, et al. An exercise intervention to unravel the mechanisms underlying 

insulin resistance in a cohort of black South African women: Protocol for a 

randomized controlled trial and baseline characteristics of participants. J Med 

Internet Res. 2018 Apr 18;20(4):e75.  



256 
 

348.  Takagi S, Sakamoto S, Midorikawa T, Konishi M, Katsumura T. Determination 

of the exercise intensity that elicits maximal fat oxidation in short-time testing. J 

Sports Sci. 2014 Jan 20;32(2):175–82.  

349.  Santos-Lozano A, Torres-Luque G, Marín PJ, Ruiz JR, Lucia A, Garatachea N. 

Intermonitor variability of GT3X accelerometer. Int J Sports Med. 

2012;33(12):994–9.  

350.  Matthews C. Calibration for Accelerometer Output for Adults. Med Sci Sport 

Exerc. 2005;S512(Supplement):S512–22.  

351.  Choi L, Liu Z, Matthews CE, Buchowski MS. Validation of accelerometer wear 

and nonwear time. Med Sci Sport Exerc. 2011;43(2):357–64.  

352.  Wolmarans P, Kunneke E, Laubscher R. Use of the South African Food 

Composition Database System (SAFOODS) and its products in assessing 

dietary intake data: Part II. South African J Clin Nutr. 2009 Jan 31;22(2):59–67.  

353.  Jochen A, Hays J, Lee M. Kinetics of insulin internalization and processing in 

adipocytes: Effects of insulin concentration. J Cell Physiol. 1989;141(3):527–34.  

354.  Eggleston EM, Jahn LA, Barrett EJ. Hyperinsulinemia rapidly increases human 

muscle microvascular perfusion but fails to increase muscle insulin clearance: 

Evidence that a saturable process mediates muscle insulin uptake. Diabetes. 

2007 Dec;56(12):2958–63.  

355.  Dunmore SJ, Brown JEP. The role of adipokines in β-cell failure of type 2 

diabetes. J Endocrinol. 2013;216(1).  

356.  Brooks-Worrell B, Palmer JP. Immunology in the Clinic Review Series; focus on 



257 
 

metabolic diseases: Development of islet autoimmune disease in type 2 

diabetes patients: Potential sequelae of chronic inflammation. Clin Exp 

Immunol. 2012;167(1):40–6.  

357.  Hairston KG, Scherzinger A, Foy C, Hanley AJ, McCorkle O, Haffner S, et al. 

Five-year change in visceral adipose tissue quantity in a minority cohort: The 

insulin resistance atherosclerosis study (IRAS) family study. Diabetes Care. 

2009;32(8):1553–5.  

358.  Chibalin A V., Yu M, Ryder JW, Song XM, Galuska D, Krook A, et al. Exercise-

induced changes in expression and activity of proteins involved in insulin signal 

transduction in skeletal muscle: Differential effects on insulin-receptor 

substrates 1 and 2. Proc Natl Acad Sci U S A. 2000;97(1):38–43.  

359.  Swift DL, Houmard JA, Slentz CA, Kraus WE. Effects of aerobic training with 

and without weight loss on insulin sensitivity and lipids. PLoS One. 

2018;13(5):1–15.  

360.  Draper CE, Davidowitz KJ, Goedecke JH. Perceptions relating to body size, 

weight loss and weight-loss interventions in black South African women: A 

qualitative study. Public Health Nutr. 2016;19(3):548–56.  

361.  Bogardus C, Thuillez P, Ravussin E, Vasquez B. Effect of muscle glycogen 

depletion on in vivo insulin action in man. J Clin Invest. 1983;72(5):1605–10.  

362.  Farrell SW, Finley CE, Radford NB, Haskell WL. Cardiorespiratory fitness, body 

mass index, and heart failure mortality in men: Cooper center longitudinal study. 

Circ Hear Fail. 2013;6(5):898–905.  

363.  Teixeira-Lemos E, Nunes S, Teixeira F, Reis F. Regular physical exercise 



258 
 

training assists in preventing type 2 diabetes development: Focus on its 

antioxidant and anti-inflammatory properties. Cardiovasc Diabetol. 2011;10:1–

15.  

364.  West DS, Elaine Prewitt T, Bursac Z, Felix HC. Weight loss of black, white, and 

Hispanic men and women in the diabetes prevention program. Obesity. 

2008;16(6):1413–20.  

365.  Polak J, Bajzova M, Stich V. Effect of exercise on lipolysis in adipose tissue. 

Future Lipidol. 2008;3(5):557–72.  

366.  Gower BA, Goss AM. A Lower-Carbohydrate, Higher-Fat Diet Reduces 

Abdominal and Intermuscular Fat and Increases Insulin Sensitivity in Adults at 

Risk of Type 2 Diabetes. J Nutr. 2015 Jan;145(1):177S-183S.  

367.  Cerf ME. Beta cell dysfunction and insulin resistance. Front Endocrinol 

(Lausanne). 2013;4(March):37.  

368.  Templeman NM, Skovsø S, Page MM, Lim GE, Johnson JD. A causal role for 

hyperinsulinemia in obesity. J Endocrinol. 2017;232(3):R173–83.  

369.  Kotzé-Hörstmann LM, Keswell D, Adams K, Dlamini T, Goedecke JH. Hypoxia 

and extra-cellular matrix gene expression in adipose tissue associates with 

reduced insulin sensitivity in black South African women. Endocrine. 

2017;55(1):144–52.  

370.  Guglielmi V, Sbraccia P. Type 2 diabetes: Does pancreatic fat really matter? 

Diabetes Metab Res Rev. 2018 Feb;34(2):e2955.  

371.  Chiu S, Mulligan K, Schwarz JM. Dietary carbohydrates and fatty liver disease: 



259 
 

De novo lipogenesis. Curr Opin Clin Nutr Metab Care. 2018;21(4):277–82.  

372.  Kasim-Karakas SE. Ethnic differences in the insulin resistance syndrome. Am J 

Clin Nutr. 2000;71(3):670–1.  

373.  Kahn SE. The Importance of β-Cell Failure in the Development and Progression 

of Type 2 Diabetes. J Clin Endocrinol Metab. 2001 Sep;86(9):4047–58.  

374.  Evans J, Goedecke JH, Söderström I, Burén J, Alvehus M, Blomquist C, et al. 

Depot- and ethnic-specific differences in the relationship between adipose 

tissue inflammation and insulin sensitivity. Clin Endocrinol (Oxf). 2011;74(1):51–

9.  

375.  Vissers D, Hens W, Taeymans J, Baeyens JP, Poortmans J, Van Gaal L. The 

Effect of Exercise on Visceral Adipose Tissue in Overweight Adults: A 

Systematic Review and Meta-Analysis. PLoS One. 2013;8(2):e56415.  

376.  Draper CE, Tomaz SA, Stone M, Hinkley T, Jones RA, Louw J, et al. Developing 

intervention strategies to optimise body composition in early childhood in South 

Africa. Biomed Res Int. 2017;2017:1–13.  

377.  American College of Sports Medicine. ACSM’s Guidelines for Exercise testing 

and Prescription Ninth Edition. 2014.  

378.  Kaminsky LA, Arena R, Myers J. Reference standards for cardiorespiratory 

fitness measured with cardiopulmonary exercise testing data from the fitness 

registry and the importance of exercise national database. Mayo Clin Proc. 

2015;90(11):1515–23.  

379.  Lee D, Artero EG, Sui X, Blair SN. Mortality trends in the general population: the 



260 
 

importance of cardiorespiratory fitness. J Psychopharmacol. 2010 Nov 5;24(4 

Suppl):27–35.  

380.  National Department of Health. Prevention and control of obesity in South Africa. 

2016.  

381.  Ascaso JF, Pardo S, Real JT, Lorente RI, Priego A, Carmena R. Diagnosing 

Insulin Resistance by Simple Quantitative Methods in Subjects with Normal 

Glucose Metabolism. Diabetes Care. 2003 Dec;26(12):3320–5.  

382.  Sumner AE, Sen S, Ricks M, Frempong BA, Sebring NG, Kushner H. 

Determining the waist circumference in African Americans which best predicts 

insulin resistance. Obesity. 2008;16(4):841–6.  

383.  Brahimaj A, Rivadeneira F, Muka T, Sijbrands EJG, Franco OH, Dehghan A, et 

al. Novel metabolic indices and incident type 2 diabetes among women and 

men: the Rotterdam Study. Diabetologia. 2019;62:1581–90.  

384.  Okop KJ, Mukumbang FC, Mathole T, Levitt N, Puoane T. Perceptions of body 

size, obesity threat and the willingness to lose weight among black South African 

adults: A qualitative study. BMC Public Health. 2016;16(1):1–13.  

385.  Goedecke JH, George C, Veras K, Peer N, Lombard C, Victor H, et al. Sex 

differences in insulin sensitivity and insulin response with increasing age in black 

South African men and women. Diabetes Res Clin Pract. 2016 Dec;122:207–

14.  

 

 



261 

APPENDICES

APPENDIX A: ORIGINAL ETHICS PERMISSION LETTER 

Signature Removed



262 
 

APPENDIX B: INFORMED CONSENT 
INFORMED CONSENT 

 
THE EFFECT OF EXERCISE TRAINING ON INSULIN SECRETION AND 

SENSITIVITY IN OBESE BLACK SOUTH AFRICAN WOMEN 
 
 
Why is the study being done? 
 
Within South Africa, there are many people living with diabetes (sugar disease), with 
black women being the most affected, especially those who are carrying extra body 
weight (obese). Many studies in other countries have shown that exercise training 
reduces the risk for diabetes. However, there are no studies in South Africa that 
have studied this. This study will help us understand the various factors that may 
cause diabetes in obese black women, including factors within the muscle, fat and 
blood, as well as lifestyle factors including food intake, activity levels and family 
history. Therefore, the aim of the study is to measure changes in the risk for diabetes 
in response to a 12-week exercise-training programme in obese black South African 
women, and to examine specific factors linked to the changes in diabetes risk. This 
study is important, as it will help us understand if exercise training does reduce the 
risk of diabetes in obese black South African women, and help us understand how 
this is done.  
 
Who can participate? 
If you fulfil the following criteria you will be able to take part in the study:  

I. Aged 20-35 years;  
II. Obese (weight in kg divided by height in metres squared: 30-38 kg/m2) 
III. No known diseases or not taking medication for any diseases; 
IV. Not currently pregnant or breast feeding; 
V. Self-reported Xhosa ancestry (both parents are Xhosa); 

VI. No muscle or joint pains or medical problems that prevent you from 
exercising;  

VII. Able to attend four exercise sessions per week for the 12 week study period; 
VIII. Weight stable (weight not changed more than 5 kg or no change in your 

clothes size over the past 6 months); 
IX. Using injectable contraceptives, to prevent pregnancy, for a minimum of 1 

month prior to testing; 
X. No smoking or taking of recreational drugs 

XI. Not currently taking part in organized activity (exercise training); 
XII. No previous adverse reactions to an anaesthetic (e.g. at the dentist). 

XIII. No surgical procedures in the last 6 months. 
 
 
How do we decide if you are eligible to take part in the study? 
If you meet all the criteria listed above, you will then be asked to complete some 
tests on one day at the community facility in Khayelitsha to check that you meet the 
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inclusion criteria of the study. You will be asked to complete the following 
tests/measurements: 
 Complete a questionnaire including information on your age, medication use, 

ancestry, medical history, exercise and diet history, physical activity readiness; 
 Weight and height will be measured using a scale and a height measure; 
 Blood pressure: After a 5 minute relaxation period, blood pressure will be 

measured 3 times in a row, separated by 5 minutes between readings using a 
standard blood pressure monitor;  

 Glycated haemoglobin (red blood cells that joined with blood glucose 
(sugar)) – A measure of the average blood glucose over a period of time:   A 
blood sample will be obtained; 

 HIV screening will be performed. You will receive pre- and post-test counselling 
from a trained counsellor and a referral will be made to an appropriate HIV clinic 
if you are found to be HIV positive. If you test negative, you will be able to 
participate in the trial; 

 
How many people will take part in the study? 
Forty (40) obese women, who meet all the criteria above, can take part in the study.  
 
How long will the study last? 
The study will last 14 weeks in total. The first week (week 1) and last week (week 14) 
will include testing at the Sports Science Institute in Newlands. Weeks 2-13 (12 weeks) 
will include exercise training (4 times per week) in Khayeltisha.  
 
What will happen if you decide to take part in the study? 
If you meet all the criteria listed above and decide to take part in the study, you will 
be required to complete all the testing and training procedures outlined below. You 
will be randomly assigned to either an exercise group or a control group. Neither you 
nor the investigators will be able to choose which group you will be assigned to. If 
you are assigned to the exercise group, you will be required to complete 12 weeks of 
supervised aerobic training (training that increases your heart rate and breathing 
rate) for 1 hour on 4 days/week by a trained facilitator in a central facility in 
Khayelitsha. We request that you do not participate in any new additional training 
outside of this study. If you are assigned to the control group, you can continue with 
your normal life activities, and we request that you do not start a new exercise-
training programme somewhere else for the 12 weeks.  
 
You are under no obligation to take part in the study and are not required to give a 
reason if you do not wish to participate.  If you decide to take part in the study, you are 
free to withdraw at any time and without giving a reason and without prejudice. If you 
decide to withdraw from the study, we will discuss with you what will happen to any 
information or samples that you have provided. If the incomplete samples and 
information can usefully contribute to the study, we will ask your permission to store 
them and use them in our analysis. Alternatively, on your request all your information 
and samples will be destroyed.  
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Procedures: 
If you meet all the criteria above and are in the control OR experimental group, you 
will be required to complete 2 testing sessions before and another 2 sessions at the 
end of the 12 week study, as summarised in Table 1 and explained in detail below. 
All testing will be undertaken either at the Division of Exercise Science and Sports 
Medicine, based at the Sports Science Institute of South Africa (SSISA) in Newlands, 
or at CUBIC, Department of Radiology, Groote Schuur Hospital. Appropriately 
trained medical personnel will carry out all procedures.  
 
Table 1. Summary of testing schedule the week before and after the 12 week 
exercise/control intervention 

 Testing Week  

Testing session: Testing session 1 Testing session 2 
Location: SSISA Groote Schuur Hospital 
Time of day: 8 am Morning 
Preparation: Overnight fast and no 

exercise for 3 days prior 
Overnight fast and no 
exercise for 3 days prior 

Duration: 4 hrs 1 hr 
Procedure: -Insulin test 

-Inflammatory markers in 
blood 
-Body composition 
-Questionnaires 
-Physical activity 

-MRS scan  
 
 

 
Testing Session 1: Early morning before breakfast - At SSISA - 4 hours 
 
You will be requested to come to the laboratory at the Sports Science Institute in the 
morning after an overnight fast.  In other words, you must not eat or drink anything, 
except water, from 10pm the night before (at least 10 hours). You cannot take part in 
any exercise training for 72 (3 days) hours before this test.  
 
Insulin test – a measure of insulin secretion and insulin sensitivity: 
A small plastic tube will be placed into a vein in each arm.  You will then be required 
to undergo a test that will measure how much insulin your body produces and how 
sensitive your body is to insulin.  We will inject a concentrated glucose solution (~ 30-
100 mL, depending on your weight) into one vein over a 1-minute period. Small 
amounts of blood (1 teaspoon) will be withdrawn from the other arm at regular intervals 
(1-2 minutes) for 20 min.  After 20 min, insulin will be infused into your arm, which will 
assist your body to take up the glucose into the cells.  Further blood samples (1 
teaspoon each) will be drawn from your other arm for a further 3.5 hrs.  During this 
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test, a maximum of 200 mL of blood will be drawn (1/3rd of the amount drawn when 
you donate blood).  During the tests, you will be required to sit or lie quietly and DVDs 
will be provided for entertainment.   
 
Questionnaires: 
You will be asked questions related to your family history, your personal health and 
reproductive history, including the number of children you have, medications that you 
use and how much physical activity you do.  You will also be interviewed by a dietician 
who will ask you questions about your diet and the foods that you normally eat. You 
will be given a form to record the foods that you eat at home for a period of three days. 
 
Body composition: 
After your insulin test, we will take measurements of your body, including weight, 
height, waist and hip circumference. In addition, you will be asked to undergo a scan, 
which will accurately measure your fat and muscle mass, as well as your bone density.  
This is called a dual x-ray absorptiometry (DXA) scan. The scan will take 
approximately 20 minutes to perform during which you will lie quietly on the scanning 
table in a medical gown provided.  
 
Physical activity: 
You will be given 2 motion sensor devices, to wear for 1 week before and 1 week after the 
12 week study period and at week 4, 8 and 12 during the intervention.  One device is an 
accelerometer that measures how fast you move and an Actipal that measures how little 
you move. Both devices are the size of a small matchbox and will be attached to your 
waist (accelerometer) and to your thigh (Actipal) with a lightweight belt.  You should wear 
the monitors at all times, except when swimming, bathing, showering and sleeping.  
 
Testing Session 2: Morning - At Groote Schuur Hospital- 1 hour 
 
Magnetic resonance spectroscopy (MRS) scan 
The MRS scans will be performed at Groote Schuur Hospital in Observatory, and will 
take approximately 1 hour.   
 
The MRS scan will be used to measure the fat content of your calf muscle, liver and 
pancreas. MRS uses magnetic and radio waves, and will be used to generate a picture 
of your calf, liver and pancreas.  You will be required to lie on a bed, which is moved 
into a wide-bore tubular structure.  This is open at both ends.  You will be required to 
lie still for 15 minutes while being in constant voice contact with the Radiographer.   
If you have any of the following conditions, you may not have an MRS scan:  
implanted medical devices such as aneurysm clips in the brain, heart pacemakers, 
and cochlear (inner ear) implants; lead-based tattoos; or pieces of metal close to or 
in an important organ (such as the eye); claustrophobia or fear of being confined in a 
small space.   
 



266 
 

 
12-week exercise/control intervention 
If you are assigned to the control group we will request that you do not start any 
new exercise training programs during the 12-week study period, and continue with 
your daily activities and diet as usual. When you have completed the 14-week trial, 
you will be offered the opportunity to undergo the same exercise training as the 
exercise group, as described below. This is totally voluntary.  
 
If you are assigned to the exercise group, you will be required to perform 12-weeks 
of supervised aerobic training at a moderate-vigorous intensity for one hour, four 
times per week. The exercise training will include cardiovascular exercises in the 
form of aerobic dance, boxing, running, skipping, stepping, and strengthening 
exercises using your own body weight or minimal equipment for resistance training 
(e.g. bands and weights). The frequency, duration and intensity of the exercise 
intervention are based on the recommendations from the British Association of Sport 
and Exercise Sciences (BASES), to ensure the prevention of injuries. The 60 min 
classes will include moderate exercise (70-75% of your maximum heart rate) and at 
least 30 min of vigorous activity (75-85% of your maximum heart rate), which will be 
monitored using heart rate monitors. The exercise classes will be supervised by a 
trained biokineticist, who will monitor your progress (using heart rate data) and adjust 
the classes accordingly to ensure adequate improvement in cardiorespiratory fitness 
throughout the 12-week programme. We request that you do not participate in any 
new additional training outside of this study and maintain your normal diet during the 
12-week trial.  
 
Monitoring in the control and exercise groups:  
If you are in the control or the exercise group, you will be asked to wear the accelerometer 
and Actipal for 7 days at the beginning and every 4 weeks during the 12-week trial (week -
1, 4, 8 and 12) (as described above). Accelerometers will be used to provide a more 
accurate assessment of the intensity of your activity, and Actipals provide more 
information on sedentary time. You should wear the monitors at all times, except when 
swimming, bathing, showering and sleeping. At the same time that you wear the monitors 
(week -1, 4, 8 and 12), we will request that you record your dietary intake for three days ( 
2 week days and 1 weekend day) as explained in the first session.  Attendance at each 
session, and the compliance to the exercise training will be monitored by the biokineticist.  
 
What are the risks and discomforts of this study? 
 
Insulin test – a measure of insulin secretion and insulin sensitivity: 
There are no appreciable risks for this test, other than those associated with routine 
blood sampling.  All procedures will be supervised and carried out by a medical doctor 
and appropriately trained medical personnel using sterile techniques to minimise any 
risks of infection.  These tests are used routinely in research to accurately determine 
insulin secretion and insulin sensitivity.  A maximum of 200 ml of blood will be drawn 
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during the entire study, which is less than half that drawn during standard blood 
donation.  
 
Body composition: 
The only risk associated with the DXA scan is exposure to radiation. However, the 
radiation exposure with a DXA scan is less than half that of a chest x-ray (11.3 
microSieverts).   
 
Physical activity: 
There are no risks or side-effects from wearing the physical activity monitors. 
 
Magnetic resonance spectroscopy (MRS) scan 
You will not experience any pain or discomfort when having the MRS scan, and 
there are no known harmful long-term effects of the magnetic fields used in this 
study.  When the scanner takes the pictures, the bed may shake, and you will hear 
loud banging noises.  You will be given earplugs or headphones to protect your ears.  
Also, some people feel nervous in a small closed space, such as when they are in 
the scanner.  You will be able to see out of the scanner at all times, and we will not 
start until you tell us that you are comfortable.  You will be able to stop at any time by 
squeezing a ball that you will hold in one hand and can talk to us using an intercom 
that is built into the scanner.  If you have any of the following conditions, you may not 
have an MRS scan:  implanted medical devices such as aneurysm clips in the brain, 
heart pacemakers, and cochlear (inner ear) implants; lead-based tattoos; or pieces 
of metal close to or in an important organ (such as the eye); claustrophobia or fear of 
being confined in a small space.   
 
12-week exercise/control intervention 
The training program is designed for exercise progression to ensure minimal 
physical discomfort and associated soreness. In the unlikely event that you sustain 
an injury due to the exercise intervention, you will be referred to the appropriate clinic 
for treatment at no expense to yourself. However, you might experience some 
physical discomfort and associated muscle soreness following the first session (and 
in some cases the first week) of training. All efforts will be made to ensure a suitable 
training environment, including safe setting up and provision of equipment, sufficient 
lighting, suitable temperature, suitable ventilation, and convenient access to toilets, 
etc. In the unlikely event that medical assistance is required a mobile phone and 
automated external defibrillator (AED) will be present at all exercise sessions with a 
biokineticist that has all required certificates and training for using this device.  
 
Are there any benefits to you for being in the study? 
You will receive your own results, including body composition (weight, height, waist 
circumference, muscle and fat mass and bone density), blood pressure, risk for 
diabetes, physical fitness and dietary analysis, with some recommendations made 
by a dietician on how to adapt your dietary intake to improve your health. If you are 
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in the control group, after the completion of the study, you will have the opportunity 
to participate in the same exercise training as the exercise group. This is completely 
voluntary. Following the training (if you were in the exercise or control group), you 
will receive guidelines and recommendations on how to continue your exercise 
training. If you have any abnormal results, you will be given a referral letter and 
directed to the appropriate health practitioner or local clinic.  
 
What will happen when the study is over? 
As mentioned above, when the testing of all the women has been completed, you will 
receive your individual results and the provisional findings of the study will be 
presented. Once the final analyses have been completed, the final results of the study 
will be shared with you. This information will assist in our understanding of the effect 
of exercising training on the risk for diabetes, and therefore help us to prevent and/or 
manage the problem of diabetes in South African women.   
 
Will any of your blood samples be stored and used for research in the future? 
The researchers will ask your permission to store your blood samples for future 
research. All samples will be kept in a freezer in a secure facility with access limited 
to research personnel. Future research analyses will be based on new research that 
we are at present not aware of, but may be important in our understanding of the risk 
for type 2 diabetes.  Any research done on your blood  in the future must be 
approved by the Faculty of Health Sciences Research Ethics Committee at the 
University of Cape Town that is set up to determine that the research is done 
according to accepted standards. You will not be penalized in any way for not 
allowing the use of your blood for future research.  If you decide not to donate blood 
for future research, it will be destroyed on completion of this trial. Strict confidentiality 
of results will be maintained.   
 
 
Will you receive reimbursement for transport, time and inconvenience? 
All transport required to get to the training and testing facilities will be arranged by 
the researchers and be at no cost to you. You will receive R30/day to cover their 
transport costs to the training venue in Khayelitsha (4 x training sessions per week 
for 12 weeks + 3 monthly monitoring visits). In addition, you will receive R60/day for 
transport to the testing facilities at UCT and Groote Schuur (R50 x 2 testing 
sessions).  The transport money will be paid to you at the end of each session. 
 
To compensate you for your time and inconvenience, you will be reimbursed R20/hr 
for the training session (48 hrs), and R50/hr for the testing sessions (18 hrs of testing 
and monitoring). Payment for time and inconvenience will be paid on a pro-rata basis 
at the end of the 12-week study period.  
 
Who will see the information that is collected about you during the study? 
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Strict confidentiality of results will be maintained. Your name will be removed from all 
data, and you will be assigned a number, which will be used to identify data relating 
to you.  All records will be kept in a locked room and in a secure computer database 
in the research unit.  Your name will not be used in any publication of the results. 
 
What if Something Goes Wrong? 

The University of Cape Town (UCT) has insurance cover for the event that research-
related injury or harm results from your participation in the trial. The insurer will pay 
all reasonable medical expenses in accordance with the South African Good Clinical 
Practice Guidelines (DoH 2006), based on the Association of the British 
Pharmaceutical Industry Guidelines (ABPI) in the event of an injury or side effect 
resulting directly from your participation in the trial. You will not be required to prove 
fault on the part of the University. 

 

The University will not be liable for any loss, injuries and/or harm that you may 
sustain where the loss is caused by 

 The use of unauthorised medicine or substances during the study 

 Any injury that results from you not following the protocol requirements or the 
instructions that the study doctor may give you 

 Any injury that arises from inadequate action or lack of action to deal adequately 
with a side effect or reaction to the intervention 

 An injury that results from negligence on your part 

By agreeing to participate in this study, you do not give up your right to claim 
compensation for injury where you can prove negligence, in separate litigation. In 
particular, your right to pursue such a claim in a South African court in terms of 
South African law must be ensured. Note, however, that you will usually be 
requested to accept that payment made by the University under the SA GCP 
guideline 4.11 is in full settlement of the claim relating to the medical expenses.  

 

An injury is considered trial-related if, and to the extent that, it is caused by study 
activities. You must notify the study doctor immediately of any side effects and/or 
injuries during the trial, whether they are research-related or other related 
complications. 

 

UCT reserves the right not to provide compensation if, and to the extent that, your 
injury came about because you chose not to follow the instructions that you were 
given while you were taking part in the study. Your right in law to claim compensation 
for injury where you prove negligence is not affected. Copies of these guidelines are 
available on request. 

 
Who do I contact if I have any questions about the study? 
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If you have any questions or you experience any problems during or after the tests, 
please contact Professor Julia Goedecke or Dr Amy Mendham:   
 
Associate Professor Julia Goedecke (PhD)  
Principal Investigator 
Division of Exercise Science and Sports Medicine 
Department of Human Biology 
3rd Floor, Sports Science Institute of South Africa 
Boundary Road, Newlands, 7725 
Cape Town 
Tel:  021-6504573 (w) 0828255616 (cell) 
Email : julia.goedecke@uct.ac.za  
 
 
Dr Amy Mendham (PhD 
Project coordinator 
Division of Exercise Science and Sports Medicine 
Department of Human Biology 
3rd Floor, Sports Science Institute of South Africa 
Boundary Road, Newlands, 7725 
Cape Town 
Tel:  021-6504567(w), 0723879889 (cell) 
Email : Amy.Mendham@uct.ac.za 
 
Should you have any concerns about this study, you are also free to contact the head 
of the University of Cape Town Faculty of Health Sciences Human Research Ethics 
Committee, Professor Marc Blockman. 
 
Professor Marc Blockman 
Head, Human Research Ethics Committee 
Faculty of Health Sciences 
Room E52-24 Groote Schuur Hospital Old Main Building, Observatory 7925 
Telephone [021] 406 6338 .Facsimile [021] 406 6411 
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Subject code:  
 

 
THE EFFECT OF EXERCISE TRAINING ON INSULIN SECRETION AND 
SENSITIVITY IN OBESE BLACK SOUTH AFRICAN WOMEN 
 
Consent to participate in the study: 
 
“I, _________________________, hereby give consent to participate in this 
research trial to be conducted by the Division of Exercise Science and Sports 
Medicine, within the Department of Human Biology at the University of Cape Town.   
 
I understand that I will undergo preliminary testing to determine if I am eligible for the 
study. I understand that I will be randomly assigned to the exercise or the control 
group. If I am assigned to the exercise group, I understand that I will be required to 
complete 12 weeks of exercise training, consisting of 1 hour of exercise training 4 
days/week by a trained facilitator in a central facility in Khayelitsha.  If I am assigned 
to the control group, I understand that I will be required to continue with my normal 
daily living and not start a new exercise-training programme during the study period, 
but can be part of the same exercise-training programme once I have completed the 
study. I understand that irrespective of the group that I am assigned to, I will be 
required to complete 2 testing sessions before and at the end of the 12-week study. 
In addition, I understand that I will be required to visit the community centre every 4 
weeks to have my weight, dietary intake and physical activity. I understand that the 
testing sessions will be performed at the Sports Science Institute and Groote Schuur 
Hospital and will include completion of a demographic and lifestyle questionnaire, the 
measurement of blood pressure, body composition including whole body scans and 
MRS scans of my calf muscle, pancreas and liver, blood glucose (sugar), 
inflammatory and hormone levels, physical fitness, as well as a test to measure 
insulin secretion and sensitivity.   
I have read and have had explained to me the procedures described. I have had an 
opportunity to ask questions and my questions have been answered in a satisfactory 
way.  I understand the nature of the trial and the risks and benefits associated with 
my participation and that I am free to withdraw from this study at any time.   
 
I understand that all the information collected during the study will be treated with the 
strictest confidentiality and will only be used for scientific research purposes. All 
samples will be kept in a freezer in a secure facility with access limited to research 
personnel. All records will be kept in a locked room and in a secure computer 
database in the research unit.  Your name will not be used in any publication of the 
results.  I understand that for data verification and quality control purposes regulatory 
authorities and/or members of the University of Cape Town Faculty of Health 
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Sciences Human Research Ethics Committee may be allowed access to my 
personal data under conditions of strict confidentiality.  
 
 
I have read the information, or it has been read to me. I have had the opportunity 
to ask questions about it and my questions have been answered to my 
satisfaction. I consent voluntarily and understand that I have the right to 
withdraw my consent without this affecting the current research study or my 
medical care.  
 
Print Name of Participant _________________________  
 
Signature of Participant ___________________________  
 
Date ___________________________  
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Subject code:  
 

 
CONSENT FOR HIV TESTING: 

 
Additional consent to: The effect of exercise training on insulin secretion and 
sensitivity in obese black South African women 
 
 
 

I ______________________________ agree to provide a blood sample for the 

purposes of confidential HIV testing. I understand that it is necessary for me to have 

this test to participate in the research study. If I test positive, I cannot participate in the 

study entitled “Mechanisms underlying insulin resistance in black South African 

women”, conducted by the Division of Exercise Science and Sports Medicine, within 

the Department of Human Biology at the University of Cape Town.  I aware that I will 

receive pre and post-test counselling from a qualified HIV counsellor, and will be 

referred to an appropriate health care clinic if necessary. I understand the implications 

of performing the test. 

 
I have read the information, or it has been read to me. I have had the opportunity 
to ask questions about it and my questions have been answered to my 
satisfaction. I consent voluntarily and understand that I have the right to 
withdraw my consent without this affecting the current research study or my 
medical care.  
 
Print Name of Participant _________________________  
 
Signature of Participant ___________________________  
 
Date ___________________________  
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Subject code:  
 

 
CONSENT FOR STORAGE AND FUTURE USE OF UNUSED SAMPLES: 
 
Additional consent to: The effect of exercise training on insulin secretion and 
sensitivity in obese black South African women 
  
Information sheet: 
 
We are seeking permission to store your unused blood samples for possible future in 
either our own research or collaborators’ research studies. Permission to use these 
samples is in addition to the use of your samples for the current study. This is important 
as these analyses will be based on new research that we are at present not aware of, 
but may be important in our understanding of the risk for type 2 diabetes. Before the 
samples can be used for future research, approval by the University of Cape Town 
Faculty of Health Sciences Human Research Ethics Committee will be obtained. 
Please be aware that the samples will not be sold for profit.  
 
When entering into the study, you will receive a unique code that will be used for 
sample and data analysis, which serves to maintain your confidentiality. When storing 
samples, you may choose that we keep the unique code on the sample so that we can 
link any new results to your existing data. If any clinically relevant information relating 
to this sample is found, we will inform you of the results. Alternatively, you can remove 
the identifying number, so that your information will not be linked to the sample and 
you will not be informed of any clinical results relating to the new analyses.  
 
You may also refuse to allow future analyses of samples without being penalised, and 
your results relating to the current study will not be compromised in any way. If you 
refuse to allow future analyses of samples, your samples will be destroyed on 
completion of this trial. Furthermore, you may withdraw permission to use your 
samples at any time. If you wish to do this, please contact: 
 
Associate Professor Julia Goedecke (PhD) 
Principal Investigator 
Division of Exercise Science and Sports Medicine 
Department of Human Biology 
3rd Floor, Sports Science Institute of South Africa 
Boundary Road, Newlands, 7725 
Cape Town 
Tel:  021-6504573 (w)  0828255616 (cell) 
Email : julia.goedecke@uct.ac.za  
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All information collected during the study will be treated with the strictest confidentiality 
and will only be used for scientific research purposes. All samples will be kept in a 
freezer in a secure facility with access limited to research personnel; all records will 
be kept in a locked room and in a secure computer database in the research unit.  
Your name will not be used in any publication of the results. For data verification and 
quality control purposes regulatory authorities and/or members of the University of 
Cape Town Faculty of Health Sciences Human Research Ethics Committee may be 
allowed access to my personal data under conditions of strict confidentiality.  
 
Certificate of Consent: 
 
1) If any of the BLOOD that I have provided for this research project is unused or leftover 

when the project is completed (Tick one choice from each of the following boxes)  
☐ I wish my blood sample to be destroyed immediately.  

☐ I want my blood sample to be destroyed after ____ years.  

☐ I give permission for my blood sample to be stored indefinitely  
 
AND if my blood sample is to be stored: 

  I give permission for my blood sample to be stored and used in future research 
but only on the same subject as the current research project: “The effect of exercise 
training on insulin secretion and sensitivity in obese black South African women”. 

  I give my permission for my blood sample to be stored and used in future 
research of any type, which has been properly approved  

  I give permission for my blood sample to be stored and used in future research 
except for research about __________________________ 

 
AND 
  I want my identity to be removed from my blood sample.  
  I want my identity to be kept with my blood sample.  

 
 
 
I have read the information, or it has been read to me. I have had the opportunity 
to ask questions about it and my questions have been answered to my 
satisfaction. I consent voluntarily and understand that I have the right to 
withdraw my consent without this affecting the current research study or my 
medical care.  
 
Print Name of Participant _________________________  
 
Signature of Participant ___________________________  
 
Date ___________________________  
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APPENDIX C: SCREENING QUESTIONNAIRE 
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