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DIABETES MELLITUS TYPE 2: A ‘PROSPERITY’ DISEASE 

 

 There are several forms of diabetes of which type 1 (~15%) and type 2 

diabetes mellitus (~85%) are the major forms. Type 1 diabetes mellitus is 

characterized by onset at young age and destruction of pancreatic beta-cells, 

resulting in insulin deficiency. Diabetes mellitus type 2 is a multi-factorial disease 

characterized by hyperglycaemia, impaired insulin action and impaired insulin 

secretion. Historically it is associated with older age, but nowadays the term 

‘diabetes of the obese’ applies more than ‘diabetes of the elderly’ as it occurs more 

and more at younger age.  

 Diabetes is associated with severe complications. Long-term 

hyperglycaemia and hyperlipidaemia lead to multilevel organ damage, ranging 

from damage to blood vessels, nerves, eyes and kidneys. This may lead to loss of 

sight, foot ulcers and amputations and kidney damage. A major problem of 

diabetes is the two- to three-fold increased risk for cardiovascular disease, which 

is the leading cause of death in diabetic patients (1-4). 

 The phenotype of diabetes mellitus type 2 (DM2) is determined by the 

interaction between genes and the environment. The Western society nowadays 

has brought about a lifestyle with a deficiency in physical activity and an 

abundance of palatable, energy-dense foods rich in saturated fatty acids. A 

lifestyle that is rapidly being adopted by developing countries (5-7). This has 

resulted in an increase in the prevalence of obesity as well as of DM2, since 

obesity, in particular abdominal obesity, is a strong determinant for the 

development of insulin resistance and DM2 (8).  

 The first part of this chapter will describe the prevalence development, 

pathogenesis and epidemiological risk factors for the development of DM2. Then 

it will go into further detail by describing the impaired glucose tolerant state and 

risk factors for the progression of impaired glucose tolerance to DM2, concluding 

with studies that have been conducted in an attempt to prevent or postpone the 

onset of DM2. The second part will go into detail about the role of fatty acid 

metabolism in the development of insulin resistance and DM2 with special 

attention to the role of an impaired skeletal muscle metabolism. 
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Diabetes mellitus type 2: prevalence, pathogenesis and 
predisposition 

Prevalence 

 In the year 2000, the prevalence of diabetes worldwide was around 151 

million people, with estimates for the year 2010 of 221 million, and for 2025 of 

about 324 million people (9, 10). In 2004, about 480,000 people in the Netherlands 

had diabetes, of which 85% had DM2 (11). A major concern is the increase in DM2 

prevalence in children (12, 13). In Japan, DM2 is already more prevalent among 

children than diabetes mellitus type 1 (14).  

 

Diagnosis and treatment 

 In daily practice, the diagnosis will be made based upon the clinical 

picture of (severe) symptoms and gross hyperglycaemia. However, the symptoms 

of DM2, like thirst, glucosuria, extreme tiredness, itching, blurred vision and 

weight loss will indicate that the patient has already developed (severe) 

complications. For the early detection of DM2 or the prediabetic state, the World 

Health Organization recommends to perform a standardized oral glucose 

tolerance test (15). In this test, blood glucose is measured during fasting and 2 

hours after the intake of a 75 g-glucose load, dissolved in 250 ml water. This test is 

preferably performed twice. According to the  WHO criteria, subjects can be 

classified as having normal glucose tolerance (NGT), impaired fasting glucose 

(IFG), impaired glucose tolerance (IGT) or DM2 (Table 1.1.). IFG and IGT can be 

seen as ‘prediabetic’ states (Figure 1.1.).  

 Treatment and prevention of diabetes has changed a lot over the past 

decades. A Dutch cooking book from the 1920’s states that ‘With new times comes 

new knowledge’ which is certainly true for the treatment of diabetes. The Dutch 

dietary guideline from that period states that all sugar and carbohydrates should 

be completely banned and replaced by large amounts of protein and easily 

digestible fats (16). This was rather a strategy to survive than to treat. Life for 

diabetes patients changed with the actual treatment of diabetes, which started in 

1922 after the discovery of insulin in 1921 by F. Banting (17).  

 Nowadays, the first advice for newly diagnosed DM2 is to improve diet, 

physical activity pattern and reduce overweight. Next, patients can be treated 
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with one or more of the following medications: sulfonylureas to stimulate insulin 

secretion, biguanides (metformin) to reduce hepatic glucose output, alpha-

glucosidase inhibitors (acarbose) to delay glucose uptake from the gut, 

thiazolidinediones (glitazones) to increase peripheral insulin sensitivity and/or 

insulin therapy. 

 

 
Table 1.1. WHO criteria for the diagnosis of impairmed glucose metabolism (1999). 

 Venous blood 

(mmol/l) 

Venous plasma 

(mmol/l) 

Capillar blood 

(mmol/l) 

Capillar 

plasma 

(mmol/l) 

Normoglycaemia 

   fasting 

   2-hr glucose 

 

< 5.6 

< 6.7 

 

< 6.1 

< 7.8 

 

< 5.6 

< 7.8 

 

< 6.1 

< 8.9 

Impaired Fasting Glucose 

   fasting 

   2-hr glucose 

 

5.6 ≤ x < 6.1 

< 6.7 

 

6.1 ≤ x < 7.0 

< 7.8 

 

5.6 ≤x < 6.1 

< 7.8 

 

6.1 – 7.0 

< 8.9 

Impaired Glucose 

Tolerance 

   fasting 

   2-hr glucose 

 

< 6.1 

6.7≤ x < 10.0 

 

< 7.0 

7.8 ≤ x < 11.1 

 

< 6.1 

7.8 ≤ x < 11.1 

 

< 7.0 

8.9 ≤ x <  12.2 

Diabetes Mellitus Type 2 

   fasting 

   2-hr glucose 

 

≥ 6.1 

≥ 10.0 

 

≥ 7.0 

≥ 11.1 

 

≥ 6.1 

≥ 11.1 

 

≥ 7.0 

≥ 12.2 

 

 

Pathogenesis 

 DM2 is characterized by insulin resistance and beta-cell failure. Insulin 

resistance is the reduced ability of insulin to stimulate glucose uptake in 

peripheral tissues, mainly skeletal muscle (18). Beta-cell failure is characterised by 

the inability of the pancreatic beta-cell to secrete insulin in adequate amounts. This 

can be due to a reduced glucose sensitivity, to a reduced beta-cell mass, to a 

reduced pulsatility of insulin secretion and to a reduced first-phase insulin 

response to a meal (19). The impairments in insulin sensitivity and insulin 

secretion initially result in mild hyperinsulinaemia and hyperglycaemia. The 

development of DM2 may take many years, progressing from the normal glucose 

tolerant state to impaired glucose tolerance (Figure 1.1.), a condition characterized 
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by relatively normal fasting glucose concentrations combined with postprandial 

hyperglycaemia (20). Subsequent deterioration of insulin resistance and beta-cell 

failure will lead to overt DM2 (Figure 1.1.) (20, 21). Both insulin resistance and 

beta-cell failure occur very early in the course of DM2, and both factors contribute 

to the progression of NGT to IGT and of IGT to DM2. The relative contribution of 

each of these factors strongly depends on the environmental and genetic 

heterogeneity of the patient population (22, 23).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Transition from normal glucose tolerance to diabetes mellitus type 2: three step 

model (adapted from Saad et al.). The development of normal glucose tolerance to impaired 

glucose tolerance and diabetes mellitus type 2 can be affected by older age, genes and 

lifestyle. It is (partly) reversible by healthy changes in lifestyle. 

 

 

Some evidence is emerging that mechanisms that lead to muscle insulin resistance 

may simultaneously lead to a reduced glucose sensitivity of the pancreatic beta 

cell (24). Lifestyle factors play an important role in the deterioration of insulin 

sensitivity and beta cell function.  
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Predisposition: Lifestyle factors 

 Several lifestyle and lifestyle-associated  factors are related to the 

incidence of DM2. The strongest modifiable risk factor for progression to DM2 is 

obesity. Data from the Nurses’ Health Study, a large prospective study, showed 

that risk of DM2 was strongly associated with BMI at age 18 and with body 

weight gain. Weight gain of 11-20 kg in 14 years of follow-up increased age-

adjusted relative risk 5.4-fold among female nurses who had normal weight at age 

18 (BMI 22-25) relative to nurses with normal weight at age 18 who had no weight 

gain or loss of more than 5 kg (25). In addition to over-all obesity, body fat 

distribution and especially increased (intra)abdominal fat is a predictor of DM2 

(26, 27). Other important lifestyle factors for the development of DM2 are 

smoking, physical inactivity and dietary factors, like total fat intake, dietary fat 

quality, dietary fibre, alcohol consumption, coffee consumption and glycemic 

index/glycemic load (28). Cross-sectional epidemiological studies showed that the 

consumption of saturated fat was inversely related to insulin sensitivity and 

glucose tolerance, whereas a positive association was found for unsaturated fat 

(29-31). In addition, prospective studies in healthy subjects have shown that a 

serum fatty acid profile of high saturated fatty acids or low unsaturated fatty acids 

can predict the development of diabetes mellitus type 2 (29, 32, 33). Also the total 

fat intake is an important risk factor for the development of DM2, although it is 

less clear whether this is independent of obesity. In the San Louis Valley Diabetes 

Study, a 40g higher fat intake corresponded with a 6-fold increase in diabetes risk 

in IGT subjects after adjustment for obesity and markers of glucose metabolism 

(i.e. fasting glucose and insulin) (34). In the Nurses’ Health Study, investigators 

reported an inverse association between the development of DM2 and the intake 

of vegetable and polyunsaturated fat, a positive association for trans-fatty acids, 

but no association for total fat in the diet (35). Furthermore, a low glycemic diet 

with a high amount of fiber and whole grain products lowers the risk of DM2. 

Dietary fibres can reduce the rate of glucose absorption in the intestine, thereby 

lowering postprandial glycemic and insulinemic responses (36). Prospective 

studies have shown an inverse relation between fibre intake and the development 

of DM2, which was stronger for cereal fibre than for fibre from other sources (e.g. 

fruits and vegetables)(37-39). The adjusted risk reduction was 22% for the highest 

quintile of fibre intake relative to the lowest quintile of fibre intake (37). Also 

moderate consumption of filtered coffee (40) and alcohol may be protective 
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against the development of DM2 (28, 41). Furthermore, cigarette smoking has been 

associated with increased diabetes risk (28) ranging from 42% increased risk (> 25 

cigarettes/day) in the Nurses Health study (42) to 70% increased risk (>20 

cigarettes/day) in the Physicians’Health Study cohort (43) after adjustment for 

obesity and other risk factors. Finally, physical activity has been shown to be 

protective against DM2 and may even improve or reverse the diabetic state. In a 

study following 5,990 men for 14 years, those who exercised regularly, at 

moderate of vigorous intensity, had a 35% lower risk of developing DM2 than 

men who were sedentary (44). In the Nurses’ Health Study it was shown that even 

among women who did not perform vigorous physical activity, diabetes risk was 

reduced with 26% after 8 years of follow-up for those who had walked most 

relative to those who walked least (45). Several prospective studies show a 

significant graded inverse association between levels of self-reported physical 

activity and incident DM2 over long follow-up periods. These associations 

remained significant after extensive adjustment for confounding, including BMI 

(46). The effect of lifestyle factors on the incidence of diabetes as described above 

strongly supports the emerging concept that DM2 is a preventable disease.  

 

Predisposition: Genes and gene-environment interactions 

 Genes modulate the individual susceptibility for multi-factorial diseases 

like DM2 and cardiovascular disease. Genes involved in lipid metabolism, insulin 

signalling and many other metabolic processes, may predispose to DM2 (47). The 

genetic variations that predispose for a disease are usually common variants of the 

gene (polymorphisms) that are functionally different with a modest effect on the 

individual level. This implicates that many genes make a small contribution to 

diabetes risk. The ‘thrifty ‘genotype hypothesis reasons that at some time in 

evolution, genes allowing for efficient storage of energy during periods of food 

abundance did aid to survive in times of food scarcity. However, these previously 

beneficial genes have become deleterious now that times of food scarcity have 

become very rare and physical activity is deficient in our daily living pattern (48, 

49). The development of a pathological phenotype in a population with the 

deleterious genotype strongly depends on the interaction with the environment. 

This was typically demonstrated by migration studies. The prevalence of DM2 in 

the Japanese rapidly increased after migration to the US, where they adapted a 



General Introduction 

 

 

 
 

 

15 

Western lifestyle and, specifically, a Western diet (50). Thus, “genes load the gun, 

lifestyle pulls the trigger”. 

 

Impaired glucose tolerance 

Characterization 

 DM2 is a disease that progresses slowly over years, and is preceded by the 

impaired glucose tolerant state (20). Subjects with impaired glucose tolerance have 

hyperglycaemia after a glucose load, but are still able to reduce glucose levels back 

to normal in the fasting state, although it may take more time relative to normal 

glucose tolerant subjects. Metabolic abnormalities that are associated with the 

impaired glucose tolerant state are part of a clustering of risk factors for DM2 

called the metabolic syndrome or syndrome X, including (abdominal) obesity, 

increased blood pressure, high LDL or low HDL cholesterol and 

hypertriglyceridaemia (8). This is related to impairments in a variety of tissues, 

e.g. abnormalities in lipid metabolism (51), abnormalities in liver glucose output 

(52-54), endothelial dysfunction and low-grade inflammation (55, 56).  

 The clustering of risk factors for DM2 is also a risk factor for 

cardiovascular disease. The long period of IGT before the onset of overt DM2 

contributes to the initiation and progression of cardiovascular disease (57-60). A 

recent meta-analysis concluded that in non-diabetic individuals the relative risk of 

cardiovascular disease events was 1.26 for subjects in the highest category of blood 

glucose compared with subjects in the lowest blood glucose category (61). 

 Many risk factors for DM2, the metabolic syndrome and cardiovascular 

disease are related to lifestyle. Therefore, lifestyle changes may offer a good means 

to prevent these metabolic disorders. 

 

Prevalence and progression of IGT 

 The prevalence of IGT is strongly dependent on the characteristics of the 

population, including age, BMI and ethnicity, and ranges from 2% in rural areas to 

more than 20% in high-risk populations (62). In the Dutch Hoorn study (1989-

1992), a population-based screening in 2484 randomly selected adults aged 50-74 
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years, the reported prevalence was 10.3% for IGT and 8.3% for DM2 (known and 

newly diagnosed) (63).  

 Impaired glucose tolerance is a very strong risk factor for the development 

of diabetes mellitus type 2. In the Dutch Hoorn study, the cumulative incidence of 

DM2 for normal glucose tolerant adults was 4.5% over 6 years, whereas it was 

64.5% for IGT. The Odds Ratio for the development of DM2 in IGT subjects after 

correction for age and gender was 39.5 (95% confidence interval 17.0 - 92.1). The 

Odds Ratio for subjects with impaired fasting glucose concentrations was 10.0 (95 

% CI 6.1 - 16.5) (64). 

 

Risk factors for progression of impaired glucose tolerance to diabetes mellitus 

type 2 

 The most important modifiable risk factor for progression to DM2 is 

obesity. BMI was strongly associated with the incidence of DM2 independent of 

fasting or 2-hour glucose concentrations (65). The combined adjusted relative 

hazard ratio was 1.13 per 4 kg/m2 increase in BMI. In addition to over-all obesity, 

central obesity was found to be a risk factor for developing DM2 (34, 64, 65). 

Beside obesity, dietary fat intake was shown to predict DM2 risk in IGT subjects in 

the San Louis Valley Diabetes Study (34). After adjustment for obesity and 

markers of glucose metabolism (i.e. fasting glucose and insulin), a 40g higher fat 

intake was related to a 6-fold increase in diabetes risk. Age, sex and family history 

of diabetes may be risk factors for the development of diabetes per se, but were 

generally not independently related to the progression of IGT to DM2 (64-66). 

 The effects of lifestyle factors on diabetes risk differs between individuals, 

which is due to the interaction with the genetic background of the individual. 

However, up till now, little information is available about the effect of changes in 

lifestyle on the development of diabetes and the interaction with diabetes-related 

genes. The problem of studies investigating gene-environment interactions is that 

they need sufficient power as well as thoroughly phenotyped subjects. Subjects 

with impaired glucose tolerance may be a very useful population to study the 

effects of lifestyle changes and gene-environment interactions on the progression 

towards diabetes, since they can be identified with a reliable test (OGTT), are at 

high risk of DM2 and the changes in lifestyle are likely to have a large impact in 

this specific population. 
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Prevention of diabetes mellitus type 2 

 As described in the previous paragraphs, the progression of NGT to IGT 

and of IGT to DM2 is importantly influenced by modifiable lifestyle factors, such 

as obesity, diet and physical activity. This led to the idea that the development of 

DM2 is reversible and that changes in lifestyle could provide an important means 

to prevent or postpone the onset of DM2. Also drugs that reverse the metabolic 

impairments that are associated with the development of DM2 have the potential 

to reduce the progression to DM2. 

Drugs 

 The first studies that aimed to postpone or prevent the progression of IGT 

to DM2 were conducted in the 1980’s. Some studies used hypoglycemic drugs (67, 

68) and others a restriction of carbohydrate intake with or without phenformin 

(69), but these results were not very promising. Later on, studies with medication 

like sulfonylureas (70, 71), acarbose (72, 73) and thiazolidinediones (74, 75) were 

able to show positive effects in reversing the progression of impaired glucose 

tolerance and insulin resistance. The STOP-NIDDM trial showed a 25% reduction 

in progression to DM2 in the acarbose treated group after 3.3 years (73). 

 Beside the aforementioned diabetes drugs, interest has risen in the anti-

diabetic effect of anti-hypertensive drugs that inhibit the renin-angiotensin system 

(RAS), i.e. angiotensin-converting enzyme (ACE) inhibitors and angiotensin II 

receptor blockers (ARBs). A meta-analysis was performed with randomized 

clinical trials that compared RAS blockade (ACE-inhibitors or ARBs) versus non-

RAS blockade in very diverse groups of hypertensive subjects at risk for 

cardiovascular disease, who have a high prevalence of insulin resistance. ACE-

inhibitors reduced the incidence of diabetes by 14% to 34%, and ARBs reduced the 

incidence of diabetes by 19% to 25%. The overall risk reduction was 22% (95% CI = 

17% - 26%) (76). 

Dietary intervention 

 An early study on the prevention of DM2 using lifestyle intervention 

aimed at carbohydrate restriction with or without phenformin in subjects with 

‘borderline diabetes’, which had no effect on the development of DM2 (69). A few 

years later it was shown that dietary advice, including a reduction in fat intake 

and an increase in fibre-rich foods, had beneficial effects on glucose metabolism  
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(77, 78), mainly by reducing fasting hyperglycemia (78). The Chinese Da Qing IGT 

and Diabetes study assessed the effect of diet alone, exercise alone, or a combined 

diet and exercise intervention. The diet intervention consisted of 

recommendations to consume 55-65 energy % (E%) of carbohydrates, 10-15 E% of 

protein and 25-30 E% of fat in combination with weight loss. The progression of 

IGT to DM2 was reduced with 31% after 6 years of intervention (79). However, the 

risk reduction was even larger in the other treatment groups (exercise only or 

combined diet and exercise intervention). 

Lifestyle programs 

 Several important large lifestyle intervention studies to prevent DM2 

combining dietary advice, exercise and/or hypoglycemic drugs have been 

conducted in the past years. 

 The Malmö-study consisted of a diet-exercise program in IGT men for 6 

years. The progression of IGT to DM2 was 10.6% in the intervention group versus 

28.6% in the control group, reducing diabetes risk by more than 50% (80, 81). The 

Chinese Da Qing IGT and Diabetes study, which was mentioned earlier, included 

577 men and women with IGT who were randomised per centre to a group with 

diet alone, exercise alone, diet + exercise or controls. The progression of IGT to 

DM2 was reduced with 31% in the diet group, with 46% in the exercise group and 

42% in the diet + exercise group (79). However, these results should be taken with 

care, as progression to DM2 in the control group after 6 years was rather high 

(67.7%) and centres instead of individuals were randomised to different 

interventions. The Finnish Diabetes Prevention Study included 522 volunteers 

with IGT (80). The intervention group received dietary advice, an individually 

guided exercise program and was stimulated to lose weight (-5% of initial body 

weight). After 3.2 years, progression to DM2 was 11% in the intervention group 

and 23% in the control group, which indicates that lifestyle can reduce diabetes 

risk by 58%. A comparable reduction in diabetes risk achieved with lifestyle 

intervention was found in the Diabetes Prevention Program in the USA (75). IGT 

subjects were randomised to a diet + exercise lifestyle program (n=1079), to 

treatment with metformin (n=1073) or to a control group (n=1082). Metformin, 

which suppresses hepatic glucose production, was less effective to reduce DM2 

risk (-31%) than lifestyle (-58%) after 2.8 years of intervention. In the Netherlands, 

the Study on Lifestyle intervention in Impaired glucose tolerance Maastricht 

(SLIM) was conducted with 147 IGT subjects from a population cohort, who were 
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randomised to a control and diet + exercise lifestyle intervention group. After 2 

years, the postprandial glucose concentration in the lifestyle group was 1.5 mmol/l 

lower than in the control group, which represents a substantial reduction in 

diabetes risk (83). The setup of this study is characterised by an extensive 

metabolic profiling of the participants. This will allow a more mechanistic 

approach to explain the effects of lifestyle changes on the progression of DM2. 

 The studies mentioned above clearly indicate that improvements in 

lifestyle can have a large impact on diabetes risk. In addition, healthy changes in 

lifestyle may not only be beneficial for the prevention of DM2, but may also 

reverse features of the metabolic syndrome (84) and improve cardiovascular risk 

profile (85). The exact effect of the different components of the lifestyle program 

(e.g. a reduction in total fat intake, a change in type of dietary fat, increasing 

physical activity, or a reduction in body weight) is not elucidated yet. The Oslo 

Diet and Exercise study concluded that the combination of diet and exercise was 

most effective to decrease insulin resistance (86). In the Chinese Da Qing IGT and 

Diabetes Study diet and exercise were equally effective as exercise alone to 

prevent the progression of IGT to DM2. Post-hoc analysis of the SLIM study 

indicated that the combination of diet and exercise was more effective than diet or 

exercise alone (83). 

Concluding remarks 

 Lifestyle changes in subjects with IGT improve glucose metabolism and 

reduce or delay the development of DM2. However, the effectiveness of different 

aspects of the lifestyle intervention may differ between individuals, depending on 

their genetic background and the interaction of genes with lifestyle. Therefore it is 

important to elucidate the metabolic mechanisms that underlie the effects of 

lifestyle, since knowledge about these mechanisms may contribute to a more 

efficient and targeted intervention to prevent and/or treat DM2 in the future. 
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FATTY ACID METABOLISM 

 

 Skeletal muscle, and in particular an impaired lipid metabolism in skeletal 

muscle, may play an important role in the development of insulin resistance and 

DM2. Due to its large total mass, skeletal muscle plays a major role in 

carbohydrate and lipid metabolism in general, even at rest. To further elucidate 

the role of impairments in skeletal muscle fatty acid metabolism in the 

development of DM2, it is important to investigate this in subjects at high risk for 

DM2, i.e. subjects with impaired glucose tolerance, rather than in diabetic subjects, 

since muscle metabolism can be profoundly altered by the consequences of 

diabetes itself. Disturbances that are found in IGT subjects may represent primary 

factors in the aetiology of DM2. Below, fatty acid handling in healthy muscle will 

be described first, followed by the impairments in fatty acid handling that are 

characteristic of skeletal muscle in insulin resistant and/or diabetic subjects. An 

overview will be presented on the link between obesity, impairments in lipid 

metabolism, impairments in skeletal muscle metabolism and the development of 

insulin resistance. At last, the potential effects of lifestyle factors on skeletal 

muscle metabolism, insulin resistance and DM2 are pointed out. 

Fatty acid handling in healthy muscle  

 Fatty acids and carbohydrates are the major substrates available in the 

body to provide energy. Whereas the amount of fat that can be stored is almost 

unlimited, glucose can only be stored as glycogen in relatively small amounts in 

liver and muscle. The consequence of this is that during fasting conditions, 

glucose will be saved for organs that are glucose-dependent, whereas other 

organs, like skeletal muscle, will rely on fatty acid oxidation. Skeletal muscle is the 

most important organ concerning the uptake and oxidation of fatty acids. At rest, 

about 60-80% of muscle energy production is provided by fat oxidation (Figure 

1.2A). Furthermore, in absolute terms, skeletal muscle is a major consumer of O2 

due to its large total mass, although the oxygen consumption of skeletal muscle 

per unit of mass is rather low (4ml O2/kg wet weight). During exercise, the oxygen 

consumption may increase enormously, up to ~350 ml O2/kg wet weight (87). In 

the postprandial phase, glucose will be present in abundance (Figure 1.2A and 

1.2B). High glucose concentrations have potential toxic effects, and skeletal muscle 

will prevent toxic glucose concentrations by increasing glucose uptake and  
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Figure 1.2. Metabolic fluxes of fatty acids and glucose between organs in healthy subjects 

during fasting (A) and in the postprandial phase (B) and in the same conditions 

characterized by insulin resistance (C, D). CHO, carbohydrate; FFA, free fatty acids; HSL, 

Hormone Sensitive Lipase; VLDL-TG, very low density lipoproteins; meal-TG, 

chylomicrons.  

 

 

oxidation at the cost of fatty acid uptake and oxidation. In insulin-stimulated 

conditions ~80% of the glucose utilization is accounted for by skeletal muscle (88). 
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Fatty acid availability 

In general, fatty acids are released into the circulation by adipose tissue and taken 

up in the peripheral tissues such as skeletal muscle by facilitated diffusion. These 

fatty acids can be stored or transported into the mitochondria for oxidation. 

Fatty acid mobilisation, transport and supply 

 Fatty acids are present in the circulation as free fatty acids bound to 

plasma proteins, as VLDL-triglycerides produced by the liver or as triglycerides in 

chylomicrons after a meal. Plasma free fatty acid concentrations largely reflect 

lipolytic activity in adipose tissue. In adipose tissue, hormone-sensitive lipase 

(HSL) hydrolyzes triglycerides to glycerol and free fatty acids via diacylglycerol 

(DAG) and monoacylglycerol. Recently a second enzyme, adipose triglyceride 

lipase (ATGL), has been discovered. This enzyme is also capable to hydrolyse 

triglycerides to diacylglycerol (89). The free fatty acids are released into the 

circulation and bind to plasma proteins, in particular to albumin. HSL activity is 

stimulated by adrenaline and noradrenalin, whereas insulin can almost 

completely suppress HSL activity, which results in a dramatic fall in plasma free 

fatty acids after a meal (87). Beside this fatty acid supply from circulating albumin-

bound FFA, fatty acids can also be derived from lipolysis of circulating 

triglycerides. Triglycerides can be hydrolysed by lipoprotein lipase (LPL) in the 

capillary endothelium (90). In addition, blood flow is a major determinant of 

plasma-derived fatty acid supply.  

Fatty acid uptake into skeletal muscle 

 Fatty acid uptake is dependent on diffusion and thus on the concentration 

gradient over muscle membrane, which is determined by the plasma free fatty 

acid (FFA) concentration and the rate of cellular metabolism (intracellular FFA 

concentration). Evidence from the past years has shown that fatty acid uptake in 

muscle is not just a passive diffusion process, but that it is facilitated by specific 

transport proteins (Figure 1.3)(91). Among these proteins are the membrane 

bound fatty acid transporters, in particular fatty acid translocase (FAT/CD36), 

which is identical to glycoprotein IV or CD36 on human blood platelets and 

leukocytes, fatty acid binding protein (FABPm) and fatty acid transport protein 

(FATP) and two cytosolic proteins: cytosolic fatty acid binding protein (FABPc) 

and acyl-CoA binding protein (ACBP)(91).  
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 The fatty acid transporter CD36 appears to play a major role in the 

regulation of fatty acid uptake. Research with rodents has shown that CD36 may 

be present in a membrane as well as in a cytosolic compartment, and that both 

insulin and muscle contraction can induce the translocation of CD36 to the plasma 

membrane (91, 93, 94). In human skeletal muscle, CD36 expression is sensitive to 

regulation by (agonists of) PPAR-γ (95, 96). Furthermore, the relative contribution 

of CD36 to fatty acid uptake is likely to be larger when the fatty acid:albumin ratio 

is low (97). 

Fatty acid uptake into mitochondria 

 The uptake of fatty acids into mitochondria is assumed to be regulated by 

the activity of carnitine palmitoyl transferase-1 (CPT-1) system. CPT-1 catalyzes 

the trans-esterification of fatty acyl-CoA into acylcarnitine using carnitine as a 

cofactor. Acylcarnitine can then be translocated to the inner mitochondrial 

membrane by carnitine:acylcarnitine translocase and finally acylcarnitine is 

regenerated to acyl-CoA by CPT-2 in the mitochondrial matrix. The activity of 

CPT-1 is suppressed by cytosolic malonyl-CoA, which in its turn is formed by 

acetyl-CoA carboxylase (ACC) or degraded by malonyl-CoA decarboxylase 

(MCD) as illustrated in Figure 1.3. (98-101). Recently it was suggested that the 

fatty acid transporter CD36 may also play a role in the mitochondrial uptake of 

long chain fatty acids. It was shown in mitochondria from rat tibialis anterior 

muscle that a specific inhibitor of CD36 (sulfo-N-succimidyl oleate) suppressed 

specific mitochondrial palmitate binding and oxidation and reduced CPT-1 

activity. It was hypothesized that CD36 may act as a long-chain fatty acid acceptor 

in the CPT-1 system (102). 

Fat oxidation 

 Inside the mitochondrial matrix, fatty acyl-CoA is stepwise degraded to 

acetyl-CoAs in a process called beta-oxidation. Hydroxyacyl-CoA dehydrogenase 

(HAD), the enzyme catalyzing the final step of the beta-oxidation, is assumed to 

be the rate-limiting step. The acetyl-CoAs from both beta-oxidation and glycolysis 

then enter the TCA-cycle. The first step is the formation of citrate by citrate 

synthase (CS). Next, acetyl-CoA is completely oxidized by a series of enzymatic 

reactions. The biochemical energy released during β-oxidation and in the TCA-

cycle is transferred to hydrogen atoms bound to nicotinamide- and flavin adenine 
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Figure 1.3. Cell metabolism in the myocyte: key actors in the pathogenesis of fat-induced 

muscular insulin resistance (adapted from Perseghin et al.(128)). 

The intra-muscular fuel-sensing pathway may be represented by the malonyl-CoA (FA-

CoA) metabolic pathway. Intra-muscular malonyl-CoA is a potent allosteric inhibitor of 

carnitine-palmitoyl transferase-1 (CPT-1). Malonyl-CoA concentration is synthesized by  
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dinucleotide (NAD+/FAD), which are transferred to the respiratory chain. There 

they are used in the formation of adenosine triphosphate (ATP) (103). 

 

Fat storage in skeletal muscle 

 Muscle as an organ contains two triglyceride depots. One is 

extramyocellular and is probably located in adipocytes interlaced in muscle and 

the other is intramyocellular triglyceride (IMTG). This IMTG depot is estimated to 

contain about the same amount of energy as the muscle glycogen stores (104). 

IMTG is located nearby the mitochondria and the amount of lipid, the dispersion 

of droplets in the muscle fibre as well as the size of the droplets may vary greatly 

between muscle types and individuals (105-108). IMTG is more abundant in 

(oxidative) type 1 fibres than in (more glycolytic) type 2 fibres (106, 109, 110). 

IMTG can be hydrolyzed by HSL (111), and it was found that the IMTG-derived 

FFAs can be oxidized during exercise (112, 113). It is not clear yet whether and 

how much IMTG may contribute to skeletal muscle fat oxidation in other 

conditions. 

 

 

the acetyl-CoA carboxylase-2 (ACC2) and broken down by malonyl-CoA decarboxylase 

(MCD). When nutrients are plentiful, glucose and fatty acid fluxes increases intra-

mitochondrial citrate -through the tricarboxylic acid (TCA) cycle- and of cytosolic 

citrate, which is able to stimulate ACC2 and which in turn increases the production of 

malonyl- CoA. Malonyl-CoA, inhibiting CPT-1, will then block mitochondrial FA-

CoA uptake and therefore limit Beta-oxidation. The consequent accumulation of FA-

CoA and malonyl-CoA will drive fatty acid synthesis, resulting in increased levels of 

diacylglycerol (DAG), triacylglycerol (IMTG) and ceramide. Nutrient excess will 

therefore limit its own oxidation and will stimulate storage. In contrast, when 

nutrients are not in excess and during exercise, the energy demand will be mediated by 

a drop in citrate levels and a subsequent drop in malonyl-CoA levels, resulting in 

facilitation of FA-CoA uptake by CPT-1, which will stimulate fatty acid oxidative 

disposal. CS = citrate synthase; FABPc = cytosolic fatty acid binding protein; 

FAT/CD36 = fatty acid transporter/CD36; FFA = free fatty acid; Glut4 = glucose 

transporter 4; HAD = hydroxyacyl-CoA dehydrogenase; IRS = insulin receptor 

substrates; Ser = Serine; Thr = Threonine. 
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Fatty acid handling in insulin resistance and diabetes mellitus 
type 2  

General paradigms 

 Impairments in lipid metabolism play an important role in the 

development of insulin resistance and DM2, and the term ‘ diabetes lipidus’  

instead of ‘ diabetes mellitus’ has even been suggested (24, 114). But what are the 

underlying mechanisms explaining the relation between an impaired glucose and 

fatty acid utilization in skeletal muscle and insulin resistance? Several paradigms 

have been developed to explain this. 

The glucose-fatty acid cycle 

 The first concept to explain fatty acid-induced insulin resistance was the 

glucose-fatty acid cycle proposed by Sir Randle in 1963, which was based on 

substrate competition between fatty acids and glucose (115). The Randle glucose-

fatty acid cycle coupled an increase in FFA availability to an increased FFA 

oxidation. This would in turn reduce the glucose that is available for oxidation by 

inhibition of the pyruvate dehydrogenase complex, phosphofructokinase and 

hexokinase. A subsequent rise in intracellular glucose concentrations would then 

result in a negative feedback to glucose uptake. This concept of a high availability 

of FFA that stimulates fat oxidation and reduces glucose oxidation seems to fit 

cardiac muscle (116) better than skeletal muscle. Studies that argue against the 

post-receptor mechanisms of the Randle cycle as originally proposed point to an 

inhibition of the insulin signalling cascade by FFA or lipid intermediates (117-119). 

Studies with FFA infusions show a delay in the effect of fatty acids on muscle 

insulin resistance. This delayed inhibition of insulin-stimulated glucose uptake 

may be caused by an accumulation of IMTG and lipid intermediates interfering 

with insulin signaling (118), rather than by acute post-receptor mechanisms. In 

addition, there is increasing evidence that in skeletal muscle of obese and/or 

diabetic subjects, fatty acid uptake and oxidation are reduced rather than 

increased (120-122). 

The accumulation of intramyocellular lipids 

 More recent insights have led to the hypothesis that an accumulation of 

triglycerides in muscle impairs insulin signalling, since the accumulation of 

triglycerides in skeletal muscle strongly correlates to insulin resistance and DM2 
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(123-126), and infusion of insulin combined with elevated levels of plasma FFA 

time-dependently (over 6 hrs) increased the amount of IMTG and decreased 

insulin sensitivity (127). Even in lean, sedentary subjects, a positive relation 

between insulin resistance and IMTG content was found (128, 129). Ravikumar 

and coworkers found an increase in postprandial IMTG during the day in diabetic 

patients, but not in age- and body fat mass-matched controls (130). However, the 

relation between high IMTG content and insulin resistance becomes a paradox 

when the observations in trained athletes are included. Trained athletes are 

markedly insulin sensitive, despite high IMTG content. In endurance-trained 

athletes, an elevated IMTG content can even be predictive of high insulin 

sensitivity (131). An important difference between obese subjects and endurance-

trained athletes with high IMTG content is muscle oxidative capacity (109, 131, 

132). It seems likely that the capacity to mobilize and/or oxidize IMTG stores is 

one of the main factors that modulates the association between IMTG storage and 

the development of skeletal muscle insulin resistance (104). In insulin resistance, 

the fine tuning between fatty acid uptake and oxidation may be impaired, 

increasing the accumulation of intermediates of lipid metabolism such as fatty 

acyl CoA, ceramides and diacylglycerol, that appear to have the potential to 

increase insulin resistance (Figure 1.3) (124, 125, 133, 134). 

 Ectopic fat storage, i.e. in other organs than adipose tissue, not only occurs 

in skeletal muscle, but also in the liver and pancreas (87, 135). Ectopic fat storage 

in the liver is related to fat mass, in particular to abdominal fat mass, which may 

be due to the inability of insulin to decrease lipolysis and thus fatty acid release 

from adipose tissue (136-138). An increased supply of fatty acids to the liver 

results in an increased VLDL production (139), an increased glucose output in the 

fasting state, an impaired insulin-mediated suppression of glucose output (140, 

141) and diminished hepatic insulin clearance (140) (Figure 1.2). Furthermore, 

evidence starts to emerge that lipid accumulation may also play a role in the 

‘glucose-insensitivity’ of the beta-cell, leading to inadequate insulin secretion (19). 

 

Defects in fatty acid utilization 

 The accumulation of IMTG is dependent on the balance between fatty acid 

uptake and fatty acid oxidation. A dysbalance between fatty acid uptake and 

oxidation in skeletal muscle may in turn be explained by an increased supply of 
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FFA from the circulation or a reduced regulation and/or capacity to oxidize fatty 

acids in skeletal muscle. 

Impaired fatty acid utilization in obesity and diabetes mellitus type 2 

 An increased supply of fatty acids to other organs than adipose tissue 

(ectopic fat storage) may be related to an increased adipose tissue mass, a reduced 

clearance of plasma lipids and altered activities of lipase enzymes. In obese, 

insulin resistant subjects, the mass effect of expanded adipose tissue may 

contribute to an increased fasting FFA concentration. In addition, there is evidence 

that the insulin-mediated suppression of lipolysis in adipose tissue is decreased, 

thereby impairing the postprandial suppression of plasma free fatty acids (138, 

142, 143). Furthermore, insulin resistance is associated with an impaired clearance 

of dietary triglycerides by adipose tissue and an impaired insulin mediated 

suppression of VLDL production in the liver. The subsequent increased 

availability of fatty acids may enhance ectopic fat storage in skeletal muscle. In 

addition, HSL and possibly ATGL may play a role in the hydrolysis of IMTG to 

DAG and mono-acylglycerol in skeletal muscle (144), but the exact role of these 

lipases in muscle insulin resistance is still unclear. 

 In addition to an impaired supply of fatty acids to skeletal muscle, there is 

a growing body of evidence that a reduced ability to regulate the uptake and 

oxidation of fatty acids may play a role in the development of insulin resistance. 

Blaak and coworkers were the first to report an impaired ability to utilize fatty 

acids in skeletal muscle of obese (insulin resistant) subjects in the postabsorptive 

state and during beta-adrenergic stimulation (121). Later on, similar observations 

were made during exercise as well, in diabetic patients (145) and in men with 

impaired glucose tolerance (122, 146). Also in viscerally obese women, leg muscle 

fat oxidation was reduced during fasting when compared to lean controls (147). In 

diabetic subjects it was shown that the uptake as well as the oxidation of fatty 

acids in leg and forearm muscle were reduced when compared to lean controls 

(120, 148). In addition, it was found that after meal intake, the suppression of fatty 

acid uptake was blunted in the diabetic subjects, indicating an impaired regulation 

of fatty acid uptake (120). Furthermore, Kelley and coworkers showed a reduced 

fat oxidation during fasting and an impaired suppression of fat oxidation during 

insulin stimulation (149). This resulted in the concept of ‘metabolic flexibility’ of 

substrate oxidation (Figure 1.4.), stating that in the insulin resistant condition, the 

ability to stimulate fat oxidation in the fasting state and to suppress fat oxidation 
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after insulin stimulation was impaired.  

 As mentioned before, DM2 has also been associated with impairments in 

fatty acid uptake in skeletal muscle. Fatty acid uptake is determined by fatty acid 

supply (plasma FFA concentrations), intracellular lipid metabolism (intracellular 

FFA concentrations) and the facilitation of diffusion by fatty acid transporters. 

Evidence is accumulating that alterations in the fatty acid transporter CD36 are 

related to insulin resistance and/or DM2 (95, 150, 151). Wilmsen and coworkers 

treated skeletal muscle fibres obtained from diabetic patients with 

thiazolidinediones, which are insulin-sensitising drugs. They showed that this 

treatment restored insulin sensitivity in parallel with the protein-mediated 

palmitate uptake, which was strongly associated with an upregulation of CD36 

 

 

 
Figure 1.4. Metabolic flexibility & metabolic inflexibility: model for postabsorptive and 

postprandial adaptations in skeletal muscle substrate oxidation. A low respiratory quotient 

(RQ) indicates a relatively high fat oxidation, a high RQ indicates a relatively low fat 

oxidation. 

 

expression. They suggested that CD36 may mediate part of the insulin sensitising 

effects of thiazolidinediones (95). In addition, Blaak and coworkers found a 

lowered cytosolic fatty acid binding protein (FABPc) content in skeletal muscle in 

parallel with a lowered muscle plasma FFA uptake in diabetic subjects relative to 

lean controls (148). Kempen and coworkers found that the FABPc content of 
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skeletal muscle increased after a period of energy restriction in obese 

premenopausal women (152). Furthermore, Bonen and coworkers suggested that 

fatty acid uptake may be increased in type 2 diabetic muscle, which may enhance 

IMTG storage. Abdominal muscle strips were obtained from diabetic and obese 

subjects, and basal fatty acid uptake was measured with the giant vesicle model. 

With this model, membrane-bound processes such as uptake can be studied 

without the influence of intracellular metabolism. Fatty acid uptake was increased 

4-fold compared to overweight and lean controls (153). This was explained by the 

finding that obesity and DM2 were associated with an increased translocation of 

the fatty acid transporter CD36 to the plasma membrane. This study shows that 

the fatty acid uptake capacity may be increased in the obese and diabetic 

condition. At first sight, the increased fatty acid uptake capacity may seem in 

contrast with the previously reported in vivo findings that muscle fatty acid 

uptake was reduced in diabetic subjects. However, in vivo, fatty acid uptake is 

determined by the plasma FFA concentration, intracellular FFA concentration as 

well as the fatty acid uptake capacity. Up till now, very little is known about the 

precise function or regulation of CD36 under different physiological conditions in 

human skeletal muscle in vivo. 

 The reduced ability to regulate fat oxidation in skeletal muscle may be a 

primary factor in the aetiology of DM2. Studies in the 90’s have found that a high 

whole body respiratory quotient, indicative of a relatively low fat oxidation, could 

predict the development of obesity and insulin resistance, even after adjustment 

for differences in energy balance, adiposity and gender (154, 155). Studies with 

muscle strips obtained from diabetic subjects showed that the reduced fat 

oxidation was still present after isolation and cultivation in vitro (156), suggesting 

that the reduced capacity to oxidize fatty acids may be of genetic origin. This was 

further supported by the observation that the ability of myotubes from healthy 

donors to regulate fat oxidation in vitro reflected the metabolic flexibility of 

substrate oxidation in vivo (157, 18). Furthermore, a reduced oxidative capacity 

was observed in subjects with impaired glucose tolerance, which suggests that it is 

an early factor in the progression towards DM2 (122, 146). 

 A reduced fat oxidative capacity has been associated with several 

mitochondrial impairments, such as a reduced mitochondrial fatty acid uptake, a 

reduced mitochondrial density, a reduced enzyme activity and/ or dysfunctional 

electron transport capacity. Insulin resistance has been related to a reduced CPT-1 

activity, which is the rate-limiting step in the uptake of fatty acids into the 
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mitochondria and thus of the rate of beta-oxidation. A reduced CPT-1 activity may 

be caused by increased malonyl-CoA concentration (159, 160) (Figure 1.3.). 

Interestingly, it was shown in human skeletal muscle that malonyl-CoA 

concentrations could be increased by a combination of hyperglycaemia and 

hyperinsulinaemia, thereby lowering fat oxidation, implicating a ‘reverse Randle 

cycle’ in which glucose availability regulates FFA availability to the mitochondria 

(99, 101). Furthermore, a reduced mitochondrial density and/ or dysfunction have 

been found in diabetic subjects, explaining a reduced muscle oxidative capacity 

(161-1635). In addition, the enzyme activities for beta-oxidation may be reduced, 

as well as electron transport capacity. Interestingly, Ritov found that the electron 

transport capacity was reduced in particular in mitochondria of the 

subsarcolemmal pool in skeletal muscle of obese subjects, and even more in obese 

DM2 subjects (164, 165). Whether a reduced energetic support of membrane-

bound processes may play a role the impaired ability to regulate fatty acid uptake 

and oxidation in skeletal muscle is still unclear. 

 In general, the balance between uptake and oxidation in the insulin 

resistant muscle appears to be directed more towards fat storage that to fat 

oxidation. 

 

Inflammation, insulin resistance and diabetes mellitus type 2  

The Endocrine paradigm 

 Obesity and DM2 have been associated with increased levels of pro-

inflammatory markers like adipokines, the cytokine interleukin-6 (IL-6) and the 

acute-phase protein C-Reactive Protein (166-168). The discovery of leptin in 1994 

(169) has shown that adipose tissue is not just an organ to store fat. It appears to be 

a very active endocrine organ, secreting adipokines, like leptin, adiponectin, TNFα 

and resistin, cytokines like interleukin-6 (IL-6) and hormones like angiotensin II 

(135). Plasma IL-6 has been shown to be predictive of the development of DM2 in 

several prospective studies (170, 171). These observations have led to the 

endocrine hypothesis, stating that adipokines produced by adipose tissue may 

impair metabolism and insulin sensitivity in distant tissues. In this context, it was 

suggested that IL-6 may play a role in the abnormalities in muscle fatty acid 

handling that are observed in the insulin resistant state. IL-6 blunted the insulin-

induced suppression of fat oxidation in isolated rat soleus muscle (172) and 
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enhanced the inhibiting effect of palmitate on glucose uptake in C2C12 muscle 

cells (173). Interestingly, recent investigations have shown that skeletal muscle as 

well can secrete inflammatory markers like IL-6 during exercise (174, 175). 

Whether muscle can release inflammatory markers like IL-6 under other 

physiological conditions than exercise is not known.  

 

Effect of lifestyle factors on defects in fat metabolism 

Energy restriction and exercise 

 As insulin resistance and DM2 are associated with obesity, it seems 

reasonable to suggest that weight loss would improve insulin sensitivity and 

reduce concomitant impairments in metabolism. This is partly true. Weight loss 

improves insulin sensitivity and reduces fasting glucose, insulin and FFA plasma 

concentrations in obese, insulin resistant and diabetic subjects. Weight loss has 

also been shown to improve the insulin-mediated suppression of fat oxidation 

(149). On the other hand it has been shown that weight loss failed to improve 

fasting fat oxidation in skeletal muscle (121, 149, 176) or skeletal muscle markers of 

fat oxidation (177). A similar lack of improvement in skeletal muscle fat oxidation 

after weight loss was found during beta-adrenergic stimulation and exercise (121, 

176). The effect of weight loss on impairments in fatty acid uptake and oxidation 

in the postprandial phase is not clear yet. A lack of improvement after weight loss 

would support the hypothesis that impairments in muscle lipid metabolism are 

primary rather than adaptive in the development of obesity and insulin resistance. 

 Another lifestyle factor that is associated with the incidence of DM2 is 

physical activity. It has been shown that exercise training is able to improve 

insulin sensitivity in different populations (178). In trained athletes, it is known 

that exercise may increase skeletal muscle capillarization (179), CPT-1 activity 

(180) and the oxidative capacity of skeletal muscle. Theoretically, an improved 

(skeletal muscle) fat oxidation may restore the balance between fatty acid uptake 

and oxidation, thereby reducing the level of lipid intermediates (fatty acyl-CoA, 

DAG, ceramide) that have the potential to induce insulin resistance. In elderly 

subjects (~ 74 yr), of whom it is known that they have a reduced rate of fat 

oxidation, endurance training for 16 weeks increased the rate of fat oxidation 

during exercise (181). In healthy trained subjects (182) and in obese men (183), 

low-intensity training (40% VO2max) tended to increase total fat oxidation during 
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exercise, but not during fasting. This increase in fat oxidation could not be 

accounted for by plasma-derived FFA oxidation, but more likely by an increased 

oxidation of IMTG-derived or plasma TG-derived fatty acids. Furthermore, in the 

study with the healthy men, a decrease (-36%) in ACC mRNA was observed after 

training, which could be in favour of fat oxidation. 

 In most studies the exercise intervention was combined with dietary 

advice or energy restriction, which generally improved insulin sensitivity. 

Goodpaster and coworkers performed a combined training and weight loss study 

in obese subjects. This program did improve fat oxidation during fasting as well as 

the insulin-mediated switch from fat oxidation to carbohydrate oxidation. The 

improvements in fasting fat oxidation were strongly related to improvements in 

insulin sensitivity (184). They also showed that both exercise and diet alone 

improved insulin sensitivity, but the combination of diet and exercise was most 

effective. Mensink and coworkers showed that a combined diet-exercise lifestyle 

intervention in overweight IGT subjects improved insulin sensitivity after one 

year of intervention, which was accompanied by a reduction in the muscle mRNA 

expression of ACC2 (see also Figure 1.3.) (185). Furthermore, the IGT subjects that 

followed the lifestyle intervention were able to maintain or even slightly improve 

the capacity to oxidize fatty acids, whereas in IGT subjects of the control group the 

fatty acid oxidation was reduced (186).  

 The effects of lifestyle on IMTG storage are diverse and seem to depend 

on the type of intervention. Weight loss induced by energy restriction has been 

shown to improve insulin sensitivity and to reduce IMTG in obese subjects (110, 

187), whereas exercise had a positive effect on insulin sensitivity and increased 

basal fat oxidation, but without reducing IMTG in overweight to obese men (188). 

Malenfant and coworkers did not find a significant decrease in IMTG (-35%) after 

energy restriction or exercise in obese subjects (189). A study by He and coworkers 

in obese subjects did not show a reduction in IMTG after a combined exercise and 

energy restriction program neither, but found that the lipids were dispersed into 

smaller droplets (16). This might enhance the availability of lipids in the IMTG 

pool for oxidation, increasing IMTG turnover and reducing the level of lipid 

intermediates that may downregulate insulin signalling.  

 In summary, some of these studies have shown no effect of weight loss on 

skeletal muscle fat oxidation, whereas others suggest that weight loss induced by 

energy restriction and low-intensity exercise training may have beneficial effects 

on skeletal muscle fat oxidation and insulin sensitivity. Whether and how the 
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effects of weight loss on insulin sensitivity are indeed mediated by changes in 

muscle fatty acid handling, IMTG and/or intracellular lipid intermediates needs 

further elucidation. 

 

Dietary fat quality 

 Insulin sensitivity is also affected by the quality of dietary fat, and it is 

generally recommended in lifestyle programs that the intake of total fat is reduced 

and that saturated fat is replaced by unsaturated fat. In particular an excess of 

saturated fat may have detrimental effects on skeletal muscle insulin sensitivity 

(29, 32, 190). Recently, two well-controlled human studies were able to show an 

improved insulin sensitivity when saturated fatty acids in the diet were replaced 

either by mono-unsaturated fat (191) or poly-unsaturated fat (192). Insulin 

sensitivity improved in particular in subjects with a low total fat intake (191). The 

relation between insulin sensitivity and n-3 poly-unsaturated fatty acids (PUFAs) 

is less clear. Most studies using a euglycemic hyperinsulinemic clamp have found 

no effect of n-3 PUFAs on insulin sensitivity in healthy or diabetic subjects (191-

195). Furthermore, n-3 PUFAs reduce plasma triglyceride levels, but increase low 

density lipoprotein cholesterol, which is a risk factor for cardiovascular disease 

(31).  

 The potential effect of dietary fatty acids on insulin sensitivity in skeletal 

muscle is hypothesized to be mediated by changes in membrane fluidity. This 

may result in changes in insulin receptor binding or affinity, membrane ion 

permeability and cell signalling (31). Furthermore, highly unsaturated fatty acids 

can be ligands for transcription factors like PPARs, HNF4, NFκB, and SREBP 

which interact with genes that are involved in lipogenesis and fatty acid oxidation 

(196). The degree of unsaturation of lipids throughout the body is regulated by the 

activity of desaturase enzymes. Recently, it was found that the ∆9-desaturase 

(stearyl-CoA desaturase-1) mRNA expression was upregulated in rectus 

abdominus muscle of obese subjects (197). This ∆9-desaturase catalyzes the 

conversion of palmitic and stearic acid into palmitoleic and oleic acid respectively, 

and its activity in myocytes was associated with low rates of fatty acid oxidation 

and increased triacylglycerol synthesis (197). Whether these desaturase enzymes 

play a role in the development of insulin resistance and/or impaired glucose 

tolerance, and whether changes in lifestyle may have an effect on desaturase 

activities has not yet been investigated. 
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Concluding remarks  

 Lipids play a key role in the development of insulin resistance and DM2. 

In particular impairments in fatty acid metabolism of skeletal muscle prove to be 

of importance for the development of insulin resistance. Impairments in muscle 

fatty acid metabolism include a dysregulation of fatty acid uptake and oxidation, a 

reduced oxidative capacity, and an increased IMTG storage. Very little is known 

about these impairments in IGT subjects, such as whether the impairments in fat 

metabolism are already present in the prediabetic state and whether healthy 

changes in lifestyle may provide a means to improve skeletal muscle metabolism 

and thereby whole-body metabolism. 

 

 

OUTLINE OF THIS THESIS 

 Lifestyle intervention in subjects with impaired glucose tolerance 

improves insulin resistance, reduces postprandial glucose concentrations and 

reduces the incidence of DM2. In Chapter 2 the rationale and design of the SLIM-

study (Study on Lifestyle intervention and Impaired glucose tolerance Maastricht) 

are described. The screening results illustrate the high prevalence of a disturbed 

glucose metabolism in a population at risk. Further results from the SLIM Study 

show that improvements in dietary fat quality, physical activity pattern and body 

weight contribute to a reduction in diabetes risk. The physiological mechanisms 

that mediate the beneficial effects of lifestyle may be strongly related to 

improvements in skeletal muscle fatty acid handling. However, it is difficult to 

investigate skeletal muscle abnormalities when the diabetic state has already 

developed, since it is impossible to differentiate between primary factors and 

adaptations that have developed later on. However, disturbances that are found in 

IGT subjects, a prediabetic state, may represent early or primary factors in the 

development towards DM2 rather than metabolic adaptations due to the diabetic 

state. As people in the Western societies are in the postprandial state most of the 

day, we have paid special attention to the handling of fatty acids by skeletal 

muscle after a meal. 

 To investigate the role of a disturbed fat metabolism in the development 

of insulin resistance and DM2 as well as its role in the effects of lifestyle 

intervention on insulin resistance, we investigated skeletal muscle fatty acid 
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handling (uptake, oxidation and storage of fatty acids) in subjects with impaired 

glucose tolerance before and after weight loss. Disturbances that are found in the 

capacity to regulate fatty acid uptake and oxidation in skeletal muscle of IGT men 

are reported in Chapter 3. Part of the impairments in fatty acid uptake in skeletal 

muscle may be the result of impairments in fatty acid transporters. The role of the 

fatty acid transporter CD36 in insulin resistance and DM2 is investigated in 

Chapter 4 and 5. Chapter 4 describes the CD36 protein content in skeletal muscle 

in relation to insulin resistance before and after insulin stimulation in vivo, and 

Chapter 5 describes the association of a single nucleotide polymorphism in the 

promoter region of the CD36 gene with the prevalence of DM2 in 675 in a 

population-based cohort. Obesity and insulin resistance have also been associated 

with increased release of pro-inflammatory markers from adipose tissue, with a 

potential effect on insulin resistance and fatty acid metabolism. Recently, it was 

shown that skeletal muscle could also release the pro-inflammatory cytokine 

interleukin-6, during exercise. In Chapter 6 we investigated whether skeletal 

muscle of obese, insulin resistant subjects releases pro-inflammatory markers 

during fasting, whether this would be enhanced after a meal with high fat content, 

and whether there would be differences between the prediabetic men and the 

control men. In Chapter 7, we investigated whether lifestyle-induced changes in 

serum fatty acid profile were related to changes in glucose tolerance and insulin 

resistance. Finally, the results and conclusions of the previous chapters are 

integrated in Chapter 8. In this last chapter, the implications of the work 

presented in this thesis are discussed with respect to the understanding of the role 

of fatty acid handling in the aetiology of insulin resistance and DM2 and the 

underlying physiological mechanisms with respect to fatty acid handling that 

mediate the effects of lifestyle on insulin resistance and the development of DM2. 
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ABSTRACT 

 

The Study on Lifestyle-intervention and Impaired Glucose Tolerance Maastricht 

(SLIM) is a 3 year randomised clinical trial designed to evaluate the effect of a 

combined diet and physical activity intervention program on glucose tolerance in 

a Dutch population at increased risk for developing type 2 diabetes. Here the 

design of the lifestyle-intervention study is described and results are presented 

from the preliminary population screening, conducted between March 1999 and 

June 2000. In total, 2820 subjects with an increased risk of having disturbances in 

glucose homeostasis (i.e. age > 40 years and BMI > 25 kg/m2 or a family history of 

diabetes) underwent a first oral glucose tolerance test (OGTT). Abnormal glucose 

homeostasis was detected in 826 subjects (30.4%): 226 type 2 Diabetes (type 2DM, 

8.3 %), 215 Impaired Fasting Glucose (IFG, 7.9%) and 385 Impaired Glucose 

Tolerance (IGT, 14.2%). Both increasing age and BMI were strongly related to the 

prevalence of IGT and diabetes. After a second OGTT, 114 subjects with glucose 

intolerance and in otherwise good health were eligible for participation in the 

intervention study (SLIM). The high prevalence of disturbances in glucose 

homeostasis observed in the preliminary screening underscore the importance of 

early (lifestyle) interventions in those at risk for developing diabetes. The Study on 

Lifestyle-intervention and IGT Maastricht (SLIM) will address this topic in the 

Dutch population. 
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INTRODUCTION 

 

Type 2 diabetes mellitus is rapidly becoming one of the main health issues in the 

21st century. Prevalence has explosively increased the last two decades, and global 

estimates indicate a further rise from a current 150 million people with diabetes, to 

300 million in 2025 [1,2]. Impaired glucose tolerance (IGT) is the obligatory 

transition state preceding type 2 diabetes. Prevalence of IGT varies widely 

between populations, from as low as 2.0% in rural populations to more than 20% 

in high-risk populations [3]. Cumulative incidence of type 2 diabetes in subjects 

with IGT ranged from 3.6% to 8.7% per year in six prospective studies [4], and is 

strongly related to the fasting and the 2-hour plasma glucose concentrations at the 

time of IGT recognition [4,5]. Most important modifiable risk factor for 

progression from IGT to diabetes is obesity. Body Mass Index (BMI) at the time of 

IGT recognition is a strong predictor of progression, independently of fasting and 

2-hour blood glucose concentrations [4]. Dietary factors, especially a high fat 

intake are also related to the risk of conversion from IGT to diabetes [6]. 

 Several recent studies have reported the feasibility and efficacy of 

interventions to prevent or delay the progression to type 2 diabetes in subjects 

with IGT [7-13]. Acarbose, [13], as well as metformin [12], have been shown to 

reduce the incidence of diabetes in a population with IGT. Other studies have 

focused on the potential of lifestyle changes to reduce the progression rate from 

IGT to type 2 diabetes. The Finnish Diabetes Prevention Study [11] and the US 

Diabetes Prevention Program [12] reported that weight-loss, changes in dietary 

intake, and increased physical activity resulted in a 58% reduction in the incidence 

of diabetes after a mean follow-up of only 3 years. Moreover, lifestyle-intervention 

was much more effective in reducing the incidence of diabetes than 

pharmacological intervention (i.e. metformin) [12]. It is important to confirm these 

observations in different populations, with a different dietary and physical 

activity background, and a different attitude towards changing lifestyle-habits.  

 The Study on Lifestyle-intervention and Impaired Glucose Tolerance 

Maastricht (SLIM) is a 3 year randomised clinical trial designed to evaluate the 

effect of a combined diet and physical activity intervention program on glucose 

tolerance in a Dutch population at increased risk for developing type 2 diabetes. 

Furthermore, we will consider changes in anthropometric measurements, aerobic 

capacity and cardiovascular risk factors. Additional measurements will be 

performed in subgroups of the study population in search for underlying 

mechanisms.  

 The objective of this report is to describe the design of the lifestyle-

intervention study and to evaluate the results of the preliminary population 

screening, form which the subjects were recruited for the intervention study. Data 
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are presented about the prevalence of disturbances in glucose homeostasis in a 

middle-aged Dutch population. 

 The Study on Lifestyle-intervention and IGT, Maastricht (SLIM), is 

designed to study whether a diet/physical activity intervention program can 

improve glucose tolerance in subjects with a high risk for developing type 2 

diabetes mellitus. Total duration of the study is three years. The Medical Ethical 

Review Committee of Maastricht University approved the study protocol, and all 

subjects gave their written informed consent before the start of the study. 

 

MATERIAL & METHODS 

Recruitment of subjects.  

 The recruitment period started March 1999 and was completed at the end 

of May 2000. Subjects with an increased risk for glucose intolerance, i.e. those of 

age > 40 years and a family history of diabetes or a BMI > 25 kg/m2, were selected 

from a large existing cohort, monitoring health and disease in the general 

population [14], and invited to undergo a standard OGTT (glucose load 75 g)[15]. 

Blood glucose was measured in capillary blood using the Glucometer Elite (Bayer, 

Zurich, Schweiz). Furthermore, body weight was measured, without wearing 

shoes and jackets. Subjects with known diabetes, or those with fasting glucose 

values > 8.5 mmol/l did not participate in the OGTT. Those subjects with a 2-hour 

blood glucose concentration > 7.8 mmol/l at the preliminary screening and which 

were otherwise in good health ( i.e. no history of cardiovascular disease, or any 

(chronic) disease or medication use that makes participation in a lifestyle 

intervention program impossible) were invited for a second OGTT. During this 

second OGTT, glucose tolerance was measured in venous plasma. Furthermore a 

medical history was taken, a physical examination was performed and several 

additional measurements were performed (see under measurements, below).  

 For definitive inclusion in the lifestyle-intervention study, mean 2-hour 

glucose concentration of both OGTTs had to be between 7.8 and 12.5 mmol/l, 

together with a fasting glucose concentration of less than 7.8 mmol/l. Other 

inclusion and exclusion criteria for participation in the intervention study are 

indicated in Table 2.1. To follow changes in glucose tolerance over time, data 

obtained by the second (venous) OGTT were used as baseline values. After final 

recruitment, subjects were randomised to two study groups, the lifestyle 

intervention group or the control group. Randomisation was carried out with 

stratification for sex and mean 2hr-plasma glucose concentration. It was 

calculated, according the preliminary results after 1 year of the Finnish DPS [16], 

that 50-60 subjects per group would be sufficient to detect a 1.0 mmol/l difference 

in 2-hour glucose concentration between groups. 
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Table 2.1. Inclusion and exclusion criteria Lifestyle-intervention study 

  

Inclusion criteria: Mean 2-hour blood glucose > 7.8 and < 12.5 mmol/l 

 Mean fasting blood glucose < 7.8 mmol/l 

 Caucasian 

 Age 40-70 years 

  

Exclusion criteria: Known diabetes mellitus 

 Mean 2-hour blood glucose > 12.5 mmol/l 

 Mean fasting blood glucose > 7.8 mmol/l 

 Any chronic illness that makes 5-year survival improbable, 

    or that interferes with glucose tolerance, 

    or makes participation in a lifestyle-intervention impossible 

 Medication known to interfere with glucose tolerance 

 Participation in a vigourous exercise and/or diet program 

  

 

 

Lifestyle-intervention program 

 The intervention program consists of a dietary and physical activity part. 

Dietary recommendations are based on the Dutch guidelines for a healthy diet 

(Dutch Nutrition Council, 1992, Table 2.2). Participants are encouraged to stop 

smoking and, if necessary, to reduce alcohol intake. Dietary advice is given at 

regular intervals by a skilled dietician on an individual basis after consideration of 

a 3-day food record (Table 2.2.). A body weight loss of 5-7% is the objective. If 

subjects do not loose weight on this regimen during the first year, a mild energy 

restriction is prescribed during the second year. No very-low calorie diet or 

dietary products are used to loose weight. 

 Subjects are stimulated to increase their level of physical activity to at least 

30 minutes of moderate physical activity a day for at least 5 days a week [17]. 

Individual advice is given on how to increase daily physical activity (walking, 

cycling, swimming), and goals are set. Furthermore, subjects are encouraged to 

participate in an exercise program, especially designed for this study, including 

components of aerobic exercise training and components of resistance training 

[18]. Subjects have free access to these training sessions, and are stimulated to 

participate at least one hour a week. Participation to the exercise sessions is 

recorded.  

 Subjects in the control group are informed, orally and written, about the 

beneficial effects of a healthy diet, weight loss and increased physical activity, 

whereas no individual advices or programs are provided. No additional 

appointments are scheduled, apart from the annual visits for follow-up 

measurements. 
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Measurements 

 At the start of the study, and every year thereafter several measurements 

are performed, in both the intervention and control group. A standard OGTT is 

performed every year, according to the guidelines described by the WHO [15]. 

Venous blood samples are immediately centrifuged and plasma is frozen at -80°C 

until analysis. Plasma glucose and FFA concentrations are measured with a 

standard enzymatic techniques (Glucose HK 125, ABX diagnostics, Montpellier, 

France; FFA-C test kit, Wako chemicals, Neuss, Germany, respectively). Plasma 

insulin concentration is measured with an ELISA assay (Mercodia, Uppsala, 

Sweden), which shows no cross-reactivity with pro-insulin. Glycated haemoglobin 

(HbA1c) is determined with the HPLC technique (reference value for our 

laboratory 4.4 – 6.2 %). Insulin sensitivity is estimated with the HOMA-index and 

insulin secretion with the insulinogenic index 30’ (Insulin30-Insulin0)/(glucose 30-

glucose0) [19]. Blood lipids are measured with standard enzymatic techniques in  

 
Table 2.2. Details of the dietary intervention 

 Dietary Guidelines  

   

  Carbohydrates: ± 55 Energy% 

   max. 15-25 Energy% mono- and di-saccharides 

  Fat: 30-35 Energy% 

   < 10 Energy% saturated fatty acids 

   < 33 mg/MJ cholesterol, maximal 300 mg a day 

  Proteins: 10-15 Energy% 

   ± 0.8 g/kg bodyweight 

  Fiber: > 3 g/MJ a day 

    

 Visit Time Visit and Topic 

    

 1 0 Baseline visit 

 2 4-6 weeks Discussion baseline food-record 

 3 3 months  'Fat' 

 4 6 months  'Carbohydrates'  

 5 9 months Group-session: 'label-reading' and 'novel foods' 

 6 12 months One-Year meeting 

    

 7 15 months  'Artificial sweeteners' 

 8 18 months  'Special occasions, e.g. a party' 

 9 21 months Group session: 'a dietary game' 

 10 24 months Two-Year meeting 

    

 11 27 months  'Vegetarian food' 

 12 30 months  'Vitamins and minerals' 

 13 33 months Group-session: 'lifestyle and diabetes' 

 14 36 months Three-Year meeting 
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fasting serum samples (triglycerides: Sigma, St Louis, USA; cholesterol: cholesterol 

100, ABX diagnostics, Montpellier, France; HDL: HDL-C Roche, Indianapolis, 

USA). LDL cholesterol is calculated according to the formula of Friedewald [20]. 

 Body weight is measured on an electronical scale. BMI is calculated as the 

ratio of weight and height squared (kg/m2). Skinfold measurements are performed 

to calculate fat mass, fat free mass and body fat percentage [21]. Waist 

circumference (waist) is measured at the level midway between the lowest rib and 

the iliacal crest. Hip circumference is measured as the maximum circumference 

over the buttocks. Sagittal and transverse abdominal diameter are measured with 

the subject in a recumbent position, at the level of the crista iliaca using a sliding 

beam calliper. 

 To evaluate changes in aerobical fitness, an incremental exhaustive 

exercise test is performed on an electronically braked bicycle ergometer (Lode 

Excalibur, Groningen, the Netherlands). The test starts at a workload of 0.75 

W/kgFFM for 3 minutes, followed by 3 minutes at 1.5 W/kgFFM. Subsequently, 

workload is increased every 3 minutes by 0.5 W/kgFFM until exhaustion. O2-

consumption and CO2-production are measured with an Oxycon-Beta (Mijnhardt, 

Breda, the Netherlands) to define maximal VO2. 

 At every (annual) visit a physical examination is performed, including 

recording a 12-lead resting ECG. Blood pressure is measured twice on the right 

arm with a standard sphygmomanometer, after at least 10 min of rest. Subjects 

taking any blood pressure-lowering medication are asked not to take these at the 

morning of the measurements. A 3-day food record (two weekdays and 1 

weekend day) is kept at the start of the study and every year thereafter. Food 

records are checked by a dietician and intake of nutrients is calculated with a 

computer program according to the Dutch food table. 

 

Outcome 

 Primary outcome measure is the change in glucose tolerance (i.e. 2-hour 

blood glucose), one of the most important risk factors for progression to diabetes 

[4]. Secondary outcome measures are changes in fasting plasma glucose 

concentration, plasma insulin concentration, insulin resistance, HbA1c, and 

changes in body weight, body composition and VO2max. Furthermore changes in 

cardiovascular risk factors are assessed (blood pressure and blood lipid profile). 

 

Statistical analysis 

 Data from the intervention study are analysed according to the intention-

to-treat principle. Differences between groups (over time) are analysed by 
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unpaired t-tests or ANOVA (repeated measures). Level of significance is set at 

0.05. Results of the preliminary screening were analysed with ANOVA 

(differences between categories) and Chi-square-testing (Frequency distribution of 

disturbances in glucose homeostasis). 

 

 

RESULTS 

Subjects 

 In total 6108 subjects were invited to participate in the preliminary 

screening. Of those, 2820 subjects were willing to participate in this -first- oral 

glucose tolerance test (OGTT). Non-response was observed in 3288 cases (53.8%). 

Mean age of the non-responders was 55.7 ± 0.1 year, which was significant lower 

compared to the responders (n=2820; age 56.8 ± 0.1; p-value < 0.001). No difference 

was seen in sex between responders and non-responders (50.6% male vs. 50.9% 

male respectively P = ns). After considering the initial selection criteria (a 2-hour 

blood glucose concentration > 7.8 mmol/l at the preliminary screening and with no 

history of cardiovascular disease, or any (chronic) disease or medication use that 

makes participation in a lifestyle intervention program impossible), 379 men and 

women were invited for the second OGTT, of whom 177 were willing to do so. 

Finally, 114 subjects, 64 men and 50 women, were included in the lifestyle 

intervention study (SLIM). 

 
 

Table 2.3 Results of the preliminary screening (n=2715) 

  NGT IFG IGT type 2 DM P-value 

number (%(n)) 69.9 (1889) 7.9 (215) 14.2 (385) 8.3 (226)  

sex  (%male) 47.5 61.2 49.1 67.8 < 0.0001 

age (year) 55.9 ± 0.2 58.8 ± 0.4 57.1 ± 0.5 59.8 ± 0.4 < 0.0001 

BMI (kg/m2) 28.0 ± 0.1 29.7 ± 0.3 29.5 ± 0.2 30.6 ± 0.3 < 0.0001 

FBG (mmol/l) 5.2 ± 0.1 6.3 ± 0.1 5.8 ± 0.1 7.4 ± 0.1 < 0.0001 

2hr BG (mmol/l) 6.5 ± 0.1 6.8 ± 0.1 10.1 ± 0.1 13.0 ± 0.2* < 0.0001 
Data are mean ± sem; FBG = Fasting Blood Glucose, r BG = 2-hour Blood Glucose; comparison of frequencies 

was done by a Chi-square test; * subjects with fasting glucose > 8.5 mmol/L did not undergo an OGTT (n = 28)  
 

Preliminary screening 

 From the 2820 subjects participating in the screening OGTT, 105 were 

excluded from the analysis: 48 because of recently diagnosed diabetes; 57 because 

of non-caucasian ethnicity, non-fasting state, or incomplete data. Results from the 

remaining 2715 subjects are depicted in Table 2.3. WHO criteria of 1999 for 

capillary plasma were applied, as the glucometer Elite measures glucose levels 
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equivalent to capillary plasma [15]. Abnormal glucose homeostasis was detected 

in 826 subjects (30.4%): 226 subjects with type 2 Diabetes (type 2DM, 8.3 %), 215 

with Impaired Fasting Glucose (IFG, 7.9%) and 385 with Impaired Glucose 

Tolerance (IGT, 14.2%). Of the latter group, almost two-third (n=244) had normal  

 

 
Table 2.4 Prevalence of disturbances in glucose homeostasis according to age and 

BMI groups, for men and women separately (n=2715) 

   MEN     WOMEN  

 n DM 

(%) 

IGT (%) IFG 

(%) 

NGT 

(%) 

 n DM 

(%) 

IGT (%) IFG 

(%) 

NGT 

(%) 

Age            

< 50 289 6.6 8.0 6.2 79.2  254 0.8 9.1 2.4 87.8 

50-54 256 7.8 10.2 13.7 68.4  252 2.4 13.9 6.7 77.0 

55-59 289 11.1 14.5 12.5 61.9  281 6.8 14.6 7.8 70.8 

60-64 301 14.0 16.3 9.0 60.8  322 8.6 15.8 6.8 70.5 

> 65 238 16.8 20.6 7.1 55.5  233 10.3 19.7 6.4 63.5 

BMI            

< 27 477 6.7 10.5 6.1 76.7  515 3.1 10.1 4.1 82.7 

27-30 484 8.9 10.5 9.7 70.9  415 4.1 15.7 5.5 74.7 

> 30 412 18.9 21.4 13.8 45.9  412 9.7 19.2 9.2 61.9 

            

Total 1373 11.1 13.8 9.7 65.4  1342 5.4** 14.6 6.1** 73.8** 
** p < 0.001 between sexes (Chi-square test) 

 

 

fasting glucose (NFG/IGT) and one-third (n=141) impaired fasting glucose 

(IFG/IGT). Prevalence of type 2 DM and IFG was higher among men than women. 

A strong upward trend for age and BMI was seen from NGT to type 2 DM, with 

IGT and IFG in between (Table 2.3). In Table 2.4 the prevalence of NGT, IFG, IGT 

and type 2 DM is given for age and BMI groups, for men and women separately. 

In both men and women, prevalence of disturbed glucose homeostasis increased 

with age, except for IFG which reached the highest prevalence in the age group of 

55-59 years. In the population of 65 years and older only 55.5 % of the men and 

63.5% of the women had normal glucose homeostasis. In men and women with a 

BMI above 30 kg/m2, diabetes was three times more prevalent and IFG and IGT 

were two times more prevalent, compared to those with a BMI below 27 kg/m2. 

Prevalence of newly diagnosed diabetes was almost two times higher in men than 

in women in each BMI and age group. Likewise, IFG was 1.5 times more frequent 

in men than in women, which was most pronounced in the age groups below 55 

years. Additionally, more women were normoglycemic compared to men 

(P<0.001). 
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DISCUSSION 

 

Lifestyle-intervention 

 Justification of lifestyle-intervention studies is that they may prevent or 

postpone the onset of type 2 diabetes and related complications. Both, the Finnish 

Diabetes Prevention Study (DPS) and the U.S. Diabetes Prevention Program (DPP) 

reported that changing dietary and physical activity habits reduce the incidence of 

diabetes by about 58% [11,12]. Confirmation of these results in different 

populations is important. SLIM will consider this in a middle-aged Dutch 

population at increased risk for diabetes. The Dutch population has a low 

prevalence of obesity [22], and Dutch subjects are known for their relatively high 

level of physical activity. In 1997 slightly more than one-half of the population 

was, on average, moderately active for more than half an hour per day [23], 

compared to about one-third of the US adults [24]. As obesity and physical activity 

are important factors associated with diabetes, it is important to know whether 

lifestyle-changes result in a comparable risk reduction in the Dutch population as 

in the Finnish and American population. 

 Dietary and physical activity intervention strategies are combined, as 

earlier reports indicated that the combination is most effective [25,26]. The 

intervention strategy in this randomised study is based on general public health 

recommendations for nutritional intake and physical activity. A regimen, based on 

general recommendations, is much more suitable to prevent diabetes, as it is less 

time consuming and much better tolerated than very intensive intervention 

programmes. Furthermore, we will perform additional measurements in small 

subgroups of the intervention and control population (n =10 per group) using  

stable isotopes, indirect calorimetry and muscle biopsies. Since type 2 diabetes and 

IGT are characterized by disturbances in (skeletal muscle) fatty acid uptake and 

oxidation [27-29], the question will be addressed whether changes in glucose 

tolerance are accompanied by changes in (skeletal muscle) fatty acid metabolism. 

These additional measurements could identify some of the mechanisms 

underlying the development of insulin resistance and type 2 diabetes mellitus. 

 

Methodological considerations 

 Participation rate was relatively low in the present study, approximately 

50 %. As subjects were selected from an ongoing monitoring project for health and 

disease, some 'research-fatigue' could not be excluded, and this could have led to 

some selection-bias. Classification of the subjects was based on a single OGTT 

(with the glucometer Elite), and was not confirmed by repeated testing as 
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recommended. Some misclassification might have occurred because of the known 

high intra-individual variability in glucose levels. However, a previous Dutch 

study showed that the prevalence of IGT and diabetes was not different between 

the first and the second test [30]. Only when the diagnosis was based on meeting 

classification criteria at both OGTT's, prevalence decreased. Finally, we tested the 

consistency in classification between measurements made with the glucometer 

Elite and measurements made with a standard enzymatic technique in venous 

plasma. Consistency in classification according to the WHO criteria was good 

(69%, kappa 0.55, P-value < 0.001; n = 245; ref. [31]). 

Preliminary screening 

 The results of the preliminary screening confirm the high-risk profile of 

the population under study. Three out of every ten subjects had a disturbed 

glucose homeostasis, which is quite comparable with the results reported in the 

STOP-NIDDM trial, also a screening in a high-risk population [32]. Prevalence of 

IGT and newly diagnosed diabetes in the screening population was higher than 

reported in the Dutch Hoorn Study over the period 1989-1992 (10.3% for IGT and 

4.8% for newly diagnosed diabetes [33]). This may reflect the (world-wide) 

increasing prevalence of disturbances in glucose homeostasis [1], and parallels the 

increasing prevalence of obesity reported in the Dutch population [22]. However, 

in the Hoorn Study the old WHO criteria (1985) were used. Since the fasting 

glucose level for the diagnosis of diabetes is reduced, this could partly explain the 

higher prevalence of diabetes in our study, but not the higher prevalence of IGT. 

In line with other populations, the present study confirmed that IGT is 

considerably more prevalent than IFG, and that overlap between the two 

categories is limited [3]. This limited overlap points towards the difference in 

metabolic background: IGT is primarily associated with insulin resistance while 

IFG is associated with a more pronounced defect in insulin secretion and 

endogenous glucose output [34]. 

 A strong positive relation was observed between increasing age and 

prevalence of IGT and diabetes. For IFG, the highest prevalence was seen in 

middle-aged subjects (55-59 year). This is a consistent finding in European 

populations, particularly among men [3]. The prevalence of disturbances in 

glucose homeostasis was almost twofold higher in the group with a BMI > 30 

kg/m2 compared to those with a BMI < 30 kg/m2. This underscores earlier reports, 

showing dramatic increases in relative risk of diabetes in the highest BMI groups, 

compared to the lowest BMI group [35]. 

 Type 2 diabetes is generally more prevalent in women compared to men 

[1]. In contrast, we observed a prevalence of diabetes being (two times) higher in 

males than in females, in all BMI and age groups. In the Finnmark study [36], BMI 
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was reported to be a dominant risk factor for both sexes. In women, however, the 

relation was confounded by other factors as blood pressure, height, HDL, glucose, 

smoking and physical activity. Furthermore, in addition to over-all adiposity, 

body fat distribution is an important risk factor for diabetes [35]. Thus, differences 

in other risk factors, beside age and BMI, can underlie the observed higher 

prevalence of diabetes in men in the present study. 

Conclusion 

 The high prevalence of disturbances in glucose homeostasis observed in 

the preliminary screening underscores the importance of early interventions in 

those at risk for developing diabetes. Changes in dietary habits and physical 

activity have shown to reduce the incidence of diabetes. Additional studies are 

required to confirm these results in different populations with a different dietary 

and physical activity background. The Study on Lifestyle-intervention and IGT 

Maastricht (SLIM) will address this question in the Dutch population. 
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CHAPTER 3 

 
Impaired skeletal muscle substrate oxidation in 

glucose-intolerant men improves after weight loss 
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ABSTRACT 

 
Objective: An impaired fatty acid handling in skeletal muscle may be involved in 

the development of insulin resistance and diabetes mellitus type 2 (DM2). We 

investigated muscle fatty acid metabolism in glucose-intolerant men (IGT), a 

prediabetic state, relative to BMI-matched control men (NGT) during fasting and 

after a high fat meal, since most people in the Western society are in the fed state 

most of the day. 

Research Methods and Procedures: Skeletal muscle free fatty acid uptake and 

oxidation were studied using the stable isotope tracer [2,2-2H]-palmitate and 

muscle indirect calorimetry in the forearm model during fasting and after a mixed 

meal (30 energy% carbohydrates, 60 energy% fat). Intramyocellular triglycerides 

were monitored with 1H-Magnetic Resonance Spectroscopy. IGT men were re-

examined after weight loss (-15% of body weight). 

Results: The postprandial increase in forearm muscle respiratory quotient (RQ) 

was blunted in IGT compared to NGT, but improved after weight loss. Weight 

loss also improved fasting fat oxidation and tended to decrease intramyocellular 

triglycerides (p = 0.08). No differences were found in fasting and postprandial 

forearm muscle fatty acid uptake between NGT and IGT, or in IGT before and 

after weight loss. 

Discussion: The ability to switch from fat oxidation to carbohydrate oxidation 

after a meal is already impaired in the prediabetic state, suggesting this may be an 

early factor in the development towards diabetes mellitus type 2. This impaired 

ability to regulate fat oxidation during fasting and after a meal (impaired metabolic 

flexibility) can be (partly) reversed by weight loss. 
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INTRODUCTION 

 
There is increasing evidence that insulin resistance and diabetes mellitus type 2 

(DM2) are strongly related to disturbances in skeletal muscle lipid metabolism (1-

5). Both muscle fatty acid uptake and oxidation were found to be impaired (5-9). 

An imbalance between fatty acid uptake and oxidation may enhance the 

accumulation of triglycerides in skeletal muscle. These intramyocellular 

triglycerides (IMTG) and, more likely, lipid intermediates, may interfere with the 

insulin signaling cascade, inducing insulin resistance (10-12). 

 Impairments in fatty acid uptake and oxidation have been found during 

fasting, during exercise (6), after beta-adrenergic stimulation (7) and after a meal 

(8). A reduced fasting fat oxidation was also found to predispose to obesity and 

insulin resistance (13, 14). However, it is important to realize that the majority of 

people in Western countries are in the fed state most of the day, and that fatty acid 

uptake and oxidation in skeletal muscle are very dynamic processes depending on 

substrate availability and energy demand. Normally, healthy muscle switches 

rapidly from a predominant fat oxidation during fasting to carbohydrate 

oxidation in the postprandial state. In obese, insulin resistant subjects, it was 

shown that the fat oxidation in skeletal muscle was reduced during fasting and 

that after insulin stimulation the fat oxidation was less suppressed (9). In addition, 

it was found that the uptake of plasma free fatty acids into skeletal muscle was 

reduced during fasting in subjects with impaired glucose tolerance (15) and in 

diabetic patients (6, 8) and that in diabetic patients the regulation of fatty acid 

uptake after a meal was impaired as well (8). To what extent the impaired fatty 

acid handling in skeletal muscle may be cause or consequence of diabetes mellitus 

type 2 is not clear yet. Because of the multiple aberrations that are observed in 

type 2 diabetes, including hormonal and metabolic abnormalities, it is impossible 

to differentiate whether impairments are primary or acquired. Studying subjects 

who are prone to develop diabetes, i.e. subjects with impaired glucose tolerance, 

will provide important clues towards the mechanisms behind the pathogenesis of 

diabetes. Nevertheless, studies on the postprandial dynamics of skeletal muscle fat 

oxidation and uptake in vivo are sparse and have never been performed before in 

impaired glucose tolerance. Therefore, we investigated the regulation of skeletal 

muscle fatty acid uptake and oxidation in obese subjects with impaired glucose 

tolerance relative to obese controls, both during fasting and after ingestion of a 

mixed meal with high fat content and related this to baseline intramyocellular 

triglyceride storage. Our second aim was to investigate whether impairments in 

skeletal muscle fatty acid handling in impaired glucose tolerance could be 

reversed with weight loss.  
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RESEARCH METHODS AND PROCEDURES 

Subjects  

Thirteen obese men with impaired glucose tolerance (IGT) and nine obese men 

with normal glucose tolerance (NGT), matched for age and BMI, participated in 

the study. Glucose tolerance was determined with a standard oral glucose 

tolerance test according to the WHO guidelines with capillary plasma sampling at 

baseline and after 2 hrs (capillary plasma IGT: fasting < 7.0 mmol/l; 2hr postload 

between 8.9 and 12.2 mmol/l) (16). Additional inclusion criteria were obesity (BMI 

> 30 kg/m2), diastolic blood pressure < 100 mmHg, no major organ dysfunction, 

and no use of medication that could influence the results. The NGT men had no 

family history of diabetes. Subjects were not involved in any regular physical 

activity for more than 3 hours a week. The experimental protocol was approved 

by the local Medical Ethical Committee of the Maastricht University. All subjects 

gave written informed consent. 

 

Experimental design  

The NGT men and IGT men underwent measurements for insulin sensitivity, 

skeletal muscle metabolism, muscle lipid content, body composition and aerobic 

capacity as described below. Eight IGT men were re-examined after weight loss.  

 

Weight loss period  

Eight men from the IGT group were willing to follow a 12-week weight loss 

program. During the first four weeks the subjects were provided with a very low 

calory diet (2 MJ/day) based on shakes (Modifast Nutrition et Santé, Breda, the 

Netherlands) containing all the essential macro- and micronutrients. From week 

five to week eight, the shakes were gradually replaced by normal meals, 

increasing the energy content of the diet up to 4.2 MJ/day. In the last four weeks 

the subjects were kept in energy balance by prescribing detailed weekly menus. 

After at least 2 weeks of energy balance the measurements as described below 

were repeated (week 10-12). 

 

Body composition and aerobic capacity, insulin sensitivity and muscle biopsies  

Body weight (BW), fat mass (FM) and fat free mass (FFM) were determined by 

hydrostatic weighing with simultaneous correction for lung volume according to 

Siri (17). Maximal aerobic power (Wmax) and peak oxygen uptake (VO2max) were 
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determined during an incremental exhaustive bicycle ergometer test (18). Waist 

and hip circumference were measured to the nearest 1 cm. Insulin sensitivity was 

determined with a hyperinsulinemic euglycemic clamp. Subjects arrived at the 

laboratory by car or public transport after an overnight fast (10-12 hrs). 

Percutaneous needle biopsies were taken during fasting from the m. vastus 

lateralis under local anesthesia of the skin using the Bergström method with 

suction (19). Biopsies were immediately frozen in liquid nitrogen. Insulin was 

infused at a constant rate (1 mU*kg BW-1*min-1) with glucose clamped at 4.5 ± 0.9 

mmol/l with an intravenous infusion of 20% w/v glucose solution. Insulin 

sensitivity (M-value) was calculated as the glucose infusion rate per kg FFM 

(mmol*kgFFM-1*min-1) during a steady state of 30 minutes after at least 120 

minutes of insulin infusion.  

 

Intramyocellular triglycerides  

Intramyocellular triglyceride content (IMTG) was measured in the m. vastus 

lateralis with 1H-MRS on a 1.5T whole body scanner (Intera, Philips Medical 

Systems, Best, The Netherlands) as described before (20). The average of at least 

two different voxels (12x11x18 mm) per subject was taken. For one IGT subject, 

only one voxel could be measured before and after weight loss. To reproduce the 

same three voxel positions (12 x 11 x 18 mm) for measurements after weight loss, 

the longitudinal distance of the voxel from the intercondylar eminence of the knee 

joint and patterns of fat distribution were used. IMTG content is expressed as % of 

the area of the CH2 resonance of IMTG compared to the area of water resonance, 

corrected for T1 and T2 relaxation. Complete data sets of 6 NGT and 7 IGT men 

before and after weight loss were obtained.  

 

Fasting and postprandial fatty acid metabolism 

Forearm model  

Skeletal muscle metabolism was studied in the forearm model, using arterio-

venous concentration differences corrected for blood flow. One catheter was 

inserted under local anesthesia of the skin in the radial artery of the forearm. In 

the same arm, a second catheter was inserted in an antecubital vein for the 

infusion of the stable isotope tracer [2,2-2H]-palmitate. The use of stable isotopes 

permits the measurement of the uptake of plasma FFA across the forearm despite 

the negative net balance of plasma FFA. In the contralateral arm, a third catheter 

was inserted in retrograde direction in an antecubital vein for the sampling of 

deep venous blood, draining forearm muscle (O2-saturation < 60%). To exclude 
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metabolism of the hand, a hand cuff was inflated for 1 minute above 200 mm Hg 

before sampling. During this minute forearm blood flow was measured in 

triplicate by venous occlusion plethysmography with a mercury strain gauge 

(EC5R plethysmograph, Hokanson, Bellevue, USA). 

Postprandial test  

Subjects were instructed to consume a prescribed carbohydrate-rich dinner the 

day before the test. Subjects came to the laboratory by car or public transport after 

an overnight fast (10-12 hrs). Blood samples were drawn before (at –120, -60, -30 

and 0 minutes) and after a mixed meal with high fat content (at 30, 60, 90, 120, 180, 

and 240 min). The meal provided 2.6 MJ consisting of 33 energy % (E%) 

carbohydrates, 61 E% from fat (35.5 E% saturated, 18.8 E% mono-unsaturated and 

1.7 E% polyunsaturated fat) and 6 E% protein. 

Whole Body Respiratory Quotient  

Whole body O2 consumption and CO2 production were measured with an open-

circuit ventilated hood system (Oxycon Beta, Mijnhardt, Breda, The Netherlands) 

at baseline and at 30, 60, 90, 120, 180 and 240 minutes after the meal. 

Forearm Muscle Substrate Oxidation  

At every blood sampling time point, pH, hemoglobin, oxygen saturation of 

hemoglobin and pCO2 were analyzed immediately in triplicate samples (ABL 510 

blood gas analyser, Radiometer, Copenhagen, Denmark) to calculate O2 and CO2 

concentration (21) assuming a fixed protein oxidation. For these calculations, data 

sets of 8 NGT men, and 8 IGT men before and after weight loss were available. 

Isotope infusion  

After taking background blood samples (t = -120), a continuous infusion of [2,2-
2H]-palmitate (98% enrichment, Cambridge Isotope Laboratories Inc, USA) was 

started (0.035 µmol*kg BW-1*min-1) using a calibrated infusion pump (IVAC 560 

pump, San Diego, CA). Sampling started after 1 hour of isotopic equilibration. The 

exact concentration of [2,2-2H]-palmitate in the infusate was analyzed for each 

experiment (2.335 ± 0.036 mM). 

Calculations  

Metabolite fluxes over the forearm muscle were calculated as forearm arterio-

venous differences multiplied by forearm plasmaflow (bloodflow * 1-

hematocrit/100) or total blood flow (for O2 and CO2 exchange). A positive flux 

indicates uptake by muscle and a negative flux indicates release from muscle. The 

palmitate rate of appearance (Ra) and rate of disappearance (Rd) were calculated 

with Steele’s equation for steady state during fasting and with Steele’s single-pool 
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non-steady state equations in the postprandial phase (22). The fractional extraction 

was calculated as the arteriovenous difference of [2,2-2H]-palmitate by the arterial 

[2,2-2H]-palmitate concentration. Total forearm muscle free fatty acid (FFA) 

uptake was calculated by multiplying the fractional extraction with arterial FFA 

concentration and plasma blood flow, as described before (7, 23). 

 

Biochemical analysis  

Plasma FFA, total glycerol, free glycerol, and glucose were analyzed in EDTA 

plasma using standard enzymatic techniques automated on the COBAS Fara 

centrifugal analyzer at 550 nm (for FFA: FFA-C test kit, Wako chemicals, Neuss, 

Germany; for glycerol: EnzyPlus, Diffchamb AB, Västra Frölunda, Sweden; for 

glucose: Roche Unikit III, Hoffman-la-Roche, Basel, Switzerland). Insulin was 

analyzed using a fluoroimmunometric assay (autoDELFIA Insulin, PerkinElmer, 

Turku, Finland) with no cross-reactivity with pro-insulin or split forms of 

proinsulin. For the analysis of plasma palmitate, FFAs were extracted from 

plasma, isolated by thin-layer chromatography, and derivatized to their methyl 

esthers. Isotope enrichment of palmitate was analyzed by GC-isotope ratio mass 

spectrometry (Finnigan Incos-XL GC-MS). Plasma palmitate concentrations were 

analyzed on an analytical GC with ion flame detection using heptadecanoic acid 

as internal standard. The palmitate fraction of total plasma FFA (26.8 ± 0.7 %) was 

comparable in NGT men, IGT men and IGT men before and after weight loss. In 

muscle biopsies, enzyme activities of citrate synthase (CS) and 3-hydroxyacyl-CoA 

dehydrogenase (HAD) activity were determined as described before (7, 24, 25). 

 

Statistical analysis  

IGT (n = 13) and NGT men (n = 9) were compared with a two-tailed Student’s t-

test for independent samples. As the means for n = 13 showed no significant or 

relevant differences to the means for n = 9, the lines in the figures for IGT men 

before weight loss represent n = 13. The IGT men that did not follow the weight 

loss period were included in the baseline comparison with NGT to increase 

power. IGT men before (n = 8) and after weight loss (n = 8) were compared with a 

two-tailed Student’s t-test for paired samples. For fasting values the average of 

time points –60, -30 and 0 was taken. The postprandial response was calculated as 

the incremental area under the curve (iAUC = total AUC/min – fasting value). 

Correlations were tested using Pearson’s correlation coefficient (r). Results are 

given as mean ± sem. A p-value < 0.05 was considered as statistically significant. 

Statistical analysis was performed using SPSS 10.0 for Macintosh. 
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RESULTS 
 

Subject characteristics and whole body metabolism  

The IGT and NGT men were comparable with respect to age, body fat percentage 

and aerobic capacity, but insulin sensitivity tended to be lower in IGT compared 

to NGT (p = 0.09, Table 3.1.). The postprandial increase in both glucose and insulin 

tended to be higher in the IGT men than in the NGT men (iAUC, p = 0.09, p = 0.08 

respectively, Figure 3.1.), whereas postprandial FFAs were equally suppressed. 

Weight loss in the IGT men (-14.0 ± 1.6 kg) improved insulin sensitivity (Table 3.1.) 

and reduced the total postprandial area under the curve for glucose (-8%) and 

insulin (-40%), but did not change the postprandial suppression of FFA (Figure 

3.1.). The rate of appearance (Ra) of FFA, expressed per kg fat free mass, was 

comparable in NGT and IGT during fasting and decreased to a similar extent after 

the meal (Fig. 1). The same pattern was observed for the rate of disappearance of 

FFA (data not shown). After weight loss, the Ra of FFA was comparable to before 

weight loss during fasting and was equally suppressed in the postprandial phase 

(iAUC, Figure 3.1.). Whole body respiratory quotient (RQ) during fasting and in 

the postprandial phase was not different between IGT and NGT and did not 

change after weight loss (data not shown).  

 
Table 3.1. General and metabolic characteristics 

IGT  NGT IGT 

before WL after WL 

 n = 9 n = 13 n = 8 n = 8 

Age (yrs) 57.1 ± 2.6 55.7 ± 2.1 56.1 ± 3.2 - 

Body weight (kg) 107.0 ± 6.4 96.4 ± 2.8 93.7 ± 2.8 79.7 ± 2.4 ** 

Fat free mass (kg) 69.5 ± 3.6 65.2 ± 1.6 62.8 ± 1.2 58.8 ± 1.3 ** 

Body fat (%) 34.7 ± 1.9 32.3 ± 0.9 31.0 ± 1.8 20.8 ± 1.4 ** 

BMI (kg/m2) 34.2 ± 1.5 32.1 ± 0.7 32.3 ± 0.6 27.5 ± 0.5 ** 

Waist-hip ratio 1.02 ± 0.02 1.02 ± 0.01 1.04 ± 0.01 0.99 ± 0.01 ** 

VO2peak (ml O2* kg FFM
-1*min-1) 40.5 ± 2.0 40.6 ± 1.4 39.2 ± 1.6 41.1 ± 2.5 

Wmax (W) 178 ± 12 173 ± 13 152 ± 10 157 ± 28 

Glucose, fasting (capillary, mmol/l) 5.7 ± 0.2 6.6 ± 0.3† 6.7 ± 0.4 - 

Glucose, 2 hrs after 75g glucose load  

(capillary, mmol/l) 

6.7 ± 0.4 11.7 ± 0.6† 12.7 ± 0.8 - 

Insulin sensitivity  

(M-value, µmol*kg FFM-1*min-1) 

32.2 ± 4.5 22.8 ± 3.1‡ 21.7 ± 3.3 37.9 ± 3.9 ** 

Mean ± sem. NGT = normal glucose tolerance; IGT = impaired glucose tolerance; WL = weight loss. ** p < 0.01 

for IGT before weight loss vs after weight loss; † p < 0.05 for NGT vs IGT; ‡ p < 0.10 for NGT vs IGT 

 

Skeletal muscle metabolism  

In Figure 3.2, the forearm muscle respiratory quotient and estimated rates of fat 

and carbohydrate oxidation during fasting and after a high fat, mixed meal are 
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shown time-dependently. During fasting, no differences were found in forearm 

muscle respiratory quotient (RQ) or the rate of fat oxidation in forearm muscle. 

After the meal, the relative switch from fat oxidation to carbohydrate oxidation, 

expressed as an increase in RQ (iAUC), was blunted in IGT men compared to 

NGT men (p = 0.03, Figure 3.2A). Weight loss in IGT men decreased fasting 

forearm muscle RQ, reflecting an improved stimulation of fatty acid oxidation 

during fasting (p = 0.02, Figure 3.2D and 3.2F). The fatty acid and glucose 

oxidation is also presented in relation to fatty acid and glucose uptake in Table 3.2. 

In addition, the postprandial response in muscle RQ (iAUC) was larger after 

weight loss (p = 0.03), reflecting trends for an improved suppression of fat 

oxidation and an improved stimulation of carbohydrate oxidation (Figures 3.2E 

and 3.2F; Table 3.2.). No differences in forearm blood flow, forearm glucose 

uptake or plasma-derived FFA uptake were found between NGT and IGT, or 

before and after weight loss during fasting or after the meal (Table 3.2.). Net 

glycerol flux and net triglyceride flux were not different neither between groups 

or after weight loss (data not shown).  

 

 
Table 3.2. Skeletal muscle substrate metabolism during fasting and after a mixed 

meal with high fat content in NGT, IGT men and in IGT men after weight loss. 

IGT  NGT 

before WL after WL 

FASTING 

 

n = 8 n = 8 n = 8 

Blood flow (ml*100 ml tissue-1*min-1) 1.51 ± 0.17 1.68 ± 0.21 1.44 ± 0.10 

Glucose uptakea 180 ± 49 102 ± 57 222 ± 37 

Glucose oxidationa 202 ± 107 379 ± 116 209 ± 82# 

Total FFA uptakea 199 ± 46 285 ± 57 252 ± 28 

Total fatty acid oxidationa 181 ± 36 160 ± 35 211 ± 23* 

    

POSTPRANDIAL 

 

   

Blood flow (ml*100 ml tissue-1*min-1) 1.82 ± 0.22 1.54 ± 0.14 1.33 ± 0.05 

Total glucose uptakea 558 ± 96 333 ± 99 ‡ 423 ± 38 

    Change in glucose uptakea + 379 ± 107 + 231 ± 50 + 201 ± 101 

Total glucose oxidationa 446 ± 123 316 ± 92 375 ± 98 

     Change in glucose oxidationa + 245 ± 92 -63 ± 90† + 166 ± 130# 

Total FFA uptakea 163 ± 46 185 ± 32 123 ± 14 

     Change in FFA uptakea -33 ± 23 -69 ± 46 -112 ± 24 

Total fatty acid oxidationa 145 ± 27 163 ± 20 163 ± 11 

     Change in fatty acid oxidationa -36 ± 22 + 3 ± 24 -48 ± 43# 
Means ± sem. NGT = normal glucose tolerance; IGT = impaired glucose tolerance; WL = weight loss. a Glucose 

and FFA uptake and glucose and fatty acid oxidation are expressed as nmol*100 ml tissue-1*min-1. ‘Total’ 

indicates the total AUC/min; ‘Change’ indicates the postprandial change from baseline (iAUC); * p < 0.05 for 

IGT before weight loss vs after weight loss; ‡ p < 0.10 for NGT vs IGT; † p < 0.05 for IGT vs NGT; # p < 0.10 

for IGT before weight loss vs after weight loss. 
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Skeletal muscle characteristics  

IMTG content was comparable in NGT and IGT men, but after weight loss the 

IMTG content of muscle was reduced in 6 out of 7 IGT subjects (p = 0.08, Figure 

3.3.). The reduction in IMTG strongly correlated with the loss of fat mass (r = 0.79, 

p = 0.03), and a reduced postprandial insulin response (r = 0.89, p = 0.02). The 

HAD activity did not change, but CS activity increased after weight loss in IGT 

men (Table 3.3.).  

 

Table 3.3. Intramyocellular storage of triglycerides and enzyme activities of m. vastus 

lateralis in obese men with normal glucose tolerance (NGT) and impaired glucose 

tolerance (IGT) before and after weight loss 

IGT  NGT IGT 

before WL after WL 

 n=6 n=7 n=7 n=7 

IMTG (% of H2O resonance) 0.69 ± 0.10 0.60 ± 0.06 0.60 ± 0.06 0.43 ± 0.07 # 

     

 n=9 n=8 n=7 n=7 

HAD (U/g wet weight) 4.99 ± 0.72 4.75 ± 0.50 4.69 ± 0.58 3.85 ± 0.79 

CS (U/g wet weight) 4.10 ± 0.89 4.04 ± 0.34 4.02 ± 0.39 7.12 ± 0.95** 
Mean ± sem. IMTG = intramyocellular triglycerides; HAD = 3-hydroxyacyl-CoA dehydrogenase; CS = citrate 

synthase activity. # p < 0.10 for IGT before weight loss vs after weight loss. ** p < 0.01 for IGT before weight 

loss vs after weight loss. 

 

 

DISCUSSION 
 

The main finding of the present study is that in obese IGT men, a prediabetic state, 

forearm muscle showed a reduced capacity to switch from a predominant fat 

oxidation in the fasting state to a predominant carbohydrate oxidation after a 

mixed meal with high fat content. This inability to suppress fat oxidation after a 

meal was described earlier in diabetic subjects compared to overweight controls 

(8). The results of the present study provide strong evidence that this impaired 

ability to regulate fat oxidation is an early impairment in the development of 

diabetes mellitus type 2, since impaired glucose tolerance is considered to be the 

transitional state between normal glucose tolerance and diabetes mellitus type 2. 

This impaired ability to switch between fuels after insulin stimulation, i.e. after a 

meal, was defined as a reduced ‘metabolic flexibility’ of substrate oxidation (9, 26). 

We also found that this impaired ‘metabolic flexibility’ of substrate oxidation 

could be reversed by weight loss, in parallel with an improvement in insulin 

sensitivity, suggesting that the degree of impairment is partly dependent on 

obesity and/or insulin resistance. 
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Figure 3.1. Arterial plasma metabolites during fasting and after mixed meal with high fat content in 

obese men with normal glucose tolerance (NGT, solid squares and dotted line) and obese men with 

impaired glucose tolerance (IGT) before (solid circles) and after (open circles) weight loss. 

 

A. Arterial glucose (mmol/l). Postprandial total AUC: IGT before vs after weight loss (WL): p = 

0.02. 

B. Arterial insulin (mU/l). Fasting: IGT before vs after WL p < 0.01. Postprandial iAUC: NGT vs 

IGT p = 0.08; IGT before vs after WL p = 0.01. 

C. Arterial triglycerides (mol/l) Fasting: IGT before vs after WL p < 0.05; Postprandial iAUC: IGT 

before vs after WL p < 0.01. 

D. Arterial free fatty acids (mmol/l). Fasting: IGT before vs after WL p < 0.05. 

E. Whole body rate of appearance of free fatty acids per kg fat free mass (µmol*kg FFM-1*min-1). 

Postprandial total AUC: p < 0.01 for IGT before vs after weight loss. 
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The finding that the ability of skeletal muscle to switch between fuels in the 

postprandial phase was reduced in IGT subjects relative to NGT subjects well 

matched for environmental factors, e.g. body fat mass and physical activity, 

suggests that this reduced ‘metabolic flexibility’ may be an intrinsic characteristic 

of skeletal muscle involved in the development of DM2. Also the reduced ability 

to stimulate fat oxidation during exercise, as previously found in diabetic subjects, 

was already present in the IGT state (23). In myotubes from diabetic patients it 

was shown that the reduced fat oxidation was still present after isolation and 

cultivation in vitro (28), suggesting that the reduced capacity to oxidize fatty acids 

may be of genetic origin. Furthermore, even in cultured myotubes from healthy 

young men, the ability to regulate fat oxidation in vitro was positively related to 

the in vivo ‘metabolic flexibility’ of muscle substrate oxidation of the donor (29). 

These studies support the idea that the impaired ability to regulate fat oxidation 

may be a primary characteristic of skeletal muscle in IGT men. 

 In the present study, weight loss in IGT men (-14 kg) improved the 

postprandial switch from fat oxidation to carbohydrate oxidation as well as 

skeletal muscle fat oxidation in the fasting state. The improvement in postprandial 

metabolism is well in line with previous studies. These show improvements in the 

suppression of fat oxidation by insulin in weight loss studies with energy 

restriction (-15 kg) (9) and a combined energy restriction (- 7 kg body weight loss) 

and exercise (+ 20% increase in VO2max) program (27) in obese subjects. 

 Our study provides evidence that also fasting fat oxidation can be 

improved by weight reduction. However, previous studies report various 

findings. In obese subjects, weight loss with energy restriction did not change 

fasting fat oxidation (9) and a combined energy restriction and exercise program 

improved fasting fat oxidation (27), whereas weight loss in diabetic patients (-15 

kg) had no effect on plasma-derived fatty acid oxidation and whole body fat 

oxidation during fasting or during exercise (30). Altogether, there are clear 

indications that weight loss is able to reverse impairments in metabolic flexibility 

of substrate oxidation, although with respect to fasting fat oxidation, this could 

not be confirmed in all studies. 

 In addition to impairments in fat oxidation, impairments in fatty acid 

uptake have been implicated in the etiology of diabetes. In most in vivo studies, a 

decreased FFA uptake into skeletal muscle was found in obese subjects with 

impaired glucose tolerance and diabetes mellitus type 2 (6, 15). On the other hand, 

an increased muscle FFA uptake was shown in the giant vesicle model, using 

muscle biopsies from obese Zucker rats (31), obese subjects (32) and diabetic 

patients (32). The main difference between these studies is the applied model. The 

giant vesicles contain plasma and cytosolic membranes, but lack intracellular 

metabolism, and may thus reflect the fatty acid transport capacity of the muscle 
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Figure 3.2. Forearm muscle respiratory quotient, carbohydrate oxidation and fat oxidation in obese 

men with normal glucose tolerance (NGT, solid squares and dotted line) and impaired glucose 

tolerance (IGT) before (open circles) and after weight loss (solid circles). Postprandial changes are 

defined are incremental postprandial AUC. A. Respiratory quotient in NGT and IGT men 

(postprandial change in RQ, p = 0.03). B. Carbohydrate oxidation (nmol*100 ml tissue-1*min-1) in 

NGT and IGT men (postprandial change, p = 0.03). C Fat oxidation (nmol*100 ml tissue-1*min-1) in 

NGT and IGT men. D Respiratory quotient in IGT men before and after weight loss (fasting, p = 

0.03; postprandial change, p = 0.03). E. Carbohydrate oxidation in IGT men before and after weight 

loss (fasting, p = 0.07; postprandial increment, p = 0.06). F. Fat oxidation in IGT men before and 

after weight loss (fasting, p = 0.02; postprandial increment, p = 0.08). 
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per se. In vivo, other factors may determine the final FFA uptake into skeletal 

muscle, like the FFA concentration gradient over the cell membrane, in its turn 

determined by the plasma FFA concentration and the rate of cellular metabolism 

(intracellular FFA concentration). The present study shows no differences in 

plasma-derived FFA uptake in forearm muscle between NGT and IGT men, 

neither before and after weight loss. We conclude that fatty acid uptake cannot 

explain the differences in substrate oxidation that were found between NGT and 

IGT men, nor the improvements after weight loss in metabolic flexibility of 

substrate oxidation, muscle fat storage and insulin resistance in IGT men. 

The balance between fatty acid uptake and oxidation will eventually determine 

the accumulation of IMTG, which in turn may have an effect on insulin resistance 

(1-3). In this perspective, we examined IMTG content before and after weight loss 

and found that energy restriction reduced the amount of IMTG in 6 out of 7 

subjects. This is in line with most other energy restriction studies (33, 34), although 

the decrease in IMTG (-35%) found by Malenfant and coworkers was not 

significant (35). The present findings support the view that an improved 

regulation of postprandial substrate oxidation may have improved the fine tuning 

between fatty acid uptake and oxidation, thereby reducing IMTG content and 

reducing the amount of lipid intermediates with the potential to induce insulin 

resistance, such as long chain acyl-CoA, diacylglycerol and ceramide (10-12), 

although this needs confirmation by further investigation.  

 It is difficult to 

indicate which mechanisms 

underlie an impaired 

regulation of fat oxidation. 

In our study, the activity of 

HAD in skeletal muscle did 

not change after weight 

loss, whereas the activity of 

citrate synthase increased, 

supporting the idea that 

improvements in 

mitochondrial oxidative 

capacity may have played a 

role in the improvement of 

substrate oxidation. It has 

been suggested that an 

impaired fat oxidation 

could be the result of a 

reduced mitochondrial 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.3. Intramyocellular triglycerides before and after 

weight loss in men with impaired glucose tolerance. 

Individual changes in IMTG, p = 0.08. The dotted line 

indicates mean IMTG.  
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number and/or function (36-38). It was also found in obese DM2 subjects that the 

mitochondrial electron transport capacity was reduced, especially in the 

subsarcolemmal pool (39). These mitochondria play an important role in the 

bioenergetic support of signal transduction, fat oxidation and substrate transport 

(39, 40).  

 In summary, this study has shown for the first time that in prediabetic 

men, the postprandial switch from fat oxidation to carbohydrate oxidation was 

impaired relative to obese controls. This provides strong evidence that the 

impaired ability to regulate muscle fat oxidation may be an early and intrinsic 

factor in the development towards diabetes mellitus type 2. Furthermore, weight 

loss was able to improve the ability of skeletal muscle to stimulate fat oxidation 

during fasting and to improve the postprandial switch from fat oxidation to 

carbohydrate oxidation, which shows that in the prediabetic state, the impaired 

‘metabolic flexibility’ of substrate oxidation in skeletal muscle is also (partly) 

dependent on obesity and/or insulin resistance. 
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CHAPTER 4 
 

Insulin acutely upregulates protein expression of the 

fatty acid transporter CD36 in human skeletal 

muscle in vivo 

 
Disturbed regulation in insulin resistance 
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ABSTRACT 
 

Context: Insulin resistance and diabetes mellitus type 2 are related to impairments 

in fatty acid uptake in skeletal muscle.  

Objective and design: We investigated the regulation of the fatty acid transporter 

CD36 (FAT) and the cytosolic fatty acid binding protein FABPc in skeletal muscle 

during fasting and after insulin stimulation in obese men with impaired glucose 

tolerance (IGT), a prediabetic state, and obese men with normal glucose tolerance 

(NGT). During a hyperinsulinemic euglycemic clamp, insulin sensitivity was 

determined and biopsies (m. vastus lateralis) were taken before and after clamp. 

Protein expression was analyzed with ELISA and intramyocellular triglycerides 

with 1H-magnetic resonance spectroscopy and Oil Red O staining.  

Results: No differences in CD36 and FABPc expression were found between IGT 

and NGT. Muscle protein expression of CD36, but not of FABPc, was 1.5-fold 

increased (p<0.05) after 3-hrs of insulin stimulation. The increase in CD36 protein 

was positively related to insulin resistance (r = 0.56, p<0.05) and to an increase in 

intramyocellular triglycerides after the clamp (Pearson r = 0.89, p<0.05).  

Conclusions: We conclude that the CD36 protein expression in human skeletal 

muscle is acutely upregulated by insulin in vivo. Furthermore, the degree of 

upregulation is dependent on the degree of insulin resistance, which supports the 

hypothesis that the regulation of fatty acid uptake is disturbed in insulin resistant 

subjects. 
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INTRODUCTION 

 
Conditions characterized by insulin resistance are accompanied by disturbances in 

fatty acid metabolism, e.g. an increased level of circulating free fatty acids and a 

reduced fatty acid utilization in skeletal muscle. The uptake of plasma free fatty 

acids (FFA) was found to be reduced in skeletal muscle of diabetic patients in the 

postabsorptive state (1, 2) as well as during exercise (2). Interestingly, these 

findings were extended to subjects with the pre-diabetic condition of impaired 

glucose tolerance (IGT), suggesting that an impaired FFA utilization may be an 

important etiological factor in the development of diabetes mellitus type 2 (3, 4). 

 It is important to realize that the majority of the people in Western 

countries are in the fed state most of the day. Therefore, it is very relevant to 

consider the regulation of fatty acid uptake into skeletal muscle in insulin-

stimulated conditions. In healthy subjects, both the fatty acid uptake and fatty acid 

oxidation are suppressed after a meal. In diabetic patients, fatty acid uptake is 

reduced in the fasting state relative to healthy lean subjects, whilst in the 

postprandial phase, the fatty acid uptake is not adequately suppressed (1). A high 

fatty acid uptake relative to oxidation in the postprandial state may enhance the 

storage of triglycerides in skeletal muscle, which is strongly associated with 

insulin resistance (5-7). 

 New insights have shown that trans-membrane fatty acid uptake is not 

just a passive process, but that it is regulated by specific transport proteins (8). 

Alterations in gene and protein expression of fatty acid transporters have been 

associated with a disturbed uptake of FFAs (9, 10) and insulin resistance (11-14). 

Two important fatty acid transporters in skeletal muscle are the membrane-bound 

fatty acid translocase (CD36 or FAT) (15) and cytosolic fatty acid binding protein 

(FABPc)(16). Evidence is accumulating that alterations in CD36 are related to 

insulin resistance and/or diabetes (13, 17, 18). In diabetic subjects, the FABPc 

protein content in skeletal muscle was lower than in lean controls (19). This 

reduced FABPc content was found in parallel with a reduced fatty acid uptake in 

the postabsorptive state, despite high circulating FFA concentrations, suggesting 

that a reduced amount of fatty acid transporters may be involved in a reduced 

skeletal muscle FFA uptake. 

 Little is known about the regulation of fatty acid transporters by insulin in 

human skeletal muscle. Previously, it was found that insulin stimulated the 

translocation of CD36 from an intracellular compartment to the membrane in rat 

cardiac and skeletal muscle (20). Recently, it was demonstrated in rat 

cardiomyocytes that insulin not only induced the translocation of CD36, but also 

very rapidly upregulated both the mRNA and protein expression of CD36 (21). 

This supports the hypothesis that fatty acid transporters and fatty acid uptake are  
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part of a carefully regulated system. In humans, an increased amount of CD36 

protein was located at the plasma membrane of abdominal muscle strips obtained 

from insulin resistant subjects during fasting (22), suggesting disturbances in 

CD36 translocation and/or internalization. Up till now, the effect of in vivo insulin 

stimulation on CD36 protein expression in skeletal muscle of humans has never 

been addressed before.  

 The purpose of the present study was to investigate whether CD36 protein 

expression was increased after 3 hrs of insulin stimulation in human skeletal 

muscle in vivo. Furthermore, we investigated in obese men with impaired glucose 

tolerance, a prediabetic state, and obese controls whether the baseline and insulin-

mediated protein expression of these fatty acid transporters in skeletal muscle 

were different, and how this was related to the intramyocellular triglyceride 

content.  

 

SUBJECTS AND METHODS 

Subjects  

Nine obese men with impaired glucose tolerance (IGT) and eight obese men with 

normal glucose tolerance (NGT), matched for age and BMI, participated in the 

study. The NGT men had no family history of diabetes. Glucose tolerance was 

determined with a standard oral glucose tolerance test according to the WHO 

guidelines (23). Additional inclusion criteria were obesity (BMI > 30 kg/m2), 

diastolic blood pressure < 100 mm Hg, no major organ dysfunction, and no use of 

medication that could interfere with the results. Subjects were not involved in any 

regular physical activity for more than 3 hours a week. The experimental protocol 

was approved by the local Medical Ethical Committee of the Maastricht 

University. All subjects gave written informed consent. 

 

Experimental design  

The NGT and IGT men underwent measurements for body composition, aerobic 

capacity and insulin sensitivity. Muscle biopsies were taken before and after 

insulin-stimulation to analyze fatty acid transporters and lipid content using Oil 

Red O staining. Intramyocellular lipid content was additionally measured, on a 

separate day, in the fasting state with the 1H-Magnetic Resonance Spectroscopy 

technique.  
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Body composition and aerobic capacity  

Body weight was determined on an electronic scale. Body composition (fat mass 

and fat free mass) was determined by hydrostatic weighing with simultaneous 

correction for lung volume according to Siri (24). Maximal aerobic power (Wmax) 

and peak oxygen uptake (VO2peak) were determined during an incremental 

exhaustive bicycle test as described before (25). Waist and hip circumference were 

measured to the nearest 1 cm. 

 

Insulin sensitivity and muscle biopsies  

Insulin sensitivity was determined by a hyperinsulinemic euglycemic clamp. 

Subjects arrived at the laboratory by car or public transport after an overnight fast 

(10-12 hrs). Insulin was infused at a constant rate (1 mU*kg BW-1*min-1) with 

glucose clamped at 4.5 ± 0.9 mmol/l with an intravenous infusion of 20% w/v 

glucose solution. The insulin concentration during the steady state was 109 ± 5 

mU/L. Insulin sensitivity (M-value) was calculated as the glucose infusion rate per 

kg fat free mass (mmol*kgFFM-1*min-1) during a steady state of 30 minutes after at 

least 120 minutes of insulin infusion. Before the clamp and at the end of the steady 

state, a percutaneous needle biopsy was taken from the m. vastus lateralis under 

local anesthesia of the skin using the Bergström method with suction (26). Biopsies 

were freed from any visible fat and blood and immediately frozen in liquid 

nitrogen. Biopsies for immunofluorescence were first frozen in isopentane at its 

melting point and embedded in Tissue-Tek (Sakura Europe, Zoeterwoude, The 

Netherlands). All biopsies were stored at -80 ºC until analysis. 

 

Intramyocellular triglycerides  

Postabsorptive intramyocellular triglyceride content (IMTG) was quantified in the 

m. vastus lateralis with magnetic resonance spectroscopy (1H-MRS). 

Measurements with 1H-MRS were performed on a 1.5T whole body scanner 

(Intera, Philips Medical Systems, Best, The Netherlands) using the average of at 

least two voxels (12 x 11 x 18 mm) as described before (27). IMTG content is 

expressed as % of the area of the CH2 resonance of IMTG compared to the area of 

water resonance, corrected for T1 and T2 relaxation. Complete data sets of 8 NGT 

and 8 IGT men were obtained.  

 In addition, IMTG was quantified in biopsies from the m. vastus lateralis 

before and at the end of the clamp, using Oil red O staining in combination with 

immufluorescence and computerized quantification of lipid droplets as described 

before (28). In short, serial cross sections (4 µm) of frozen muscle were thaw 
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mounted on uncoated precleaned glass slides and air dried for 15 minutes. Slices 

were fixated by a 3.7% formaldehyde solution for 1 hour, rinsed, and treated with 

0.5% Triton X-100 in PBS for 5 minutes. Slides were incubated with a primary 

antibody against adult human slow myosin heavy chain (A4.951, Developmental 

Studies Hybridoma Bank, Iowa City, USA), to determine fibre type, and a rabbit 

polyclonal antiserum against human laminine (pLam, Sigma), to visualize 

myocyte membranes, for 45 minutes at room temperature. The slides were rinsed 

and incubated with the appropriate secondary fluorescin antibodies (GAM-IgG1 

Alexa Fluor 488 and GAR-IgG alexa Fluor 350 respectively, Molecular Probes) for 

45 minutes and washed. Thereafter, slides were immersed in an Oil red O solution 

(Fluka Chemie, Buchs, Switzerland) for 30 minutes and washed. Stained sections 

were embedded in 10% glycerol in 10mM TRIS-HCl, pH 8.5, and covered with 

Mowiol and a coverslip. Images were captured using a Nikon E800 fluorescence 

microscope (Uvikon, Bunnik, The Netherlands) and a colour CCD camera (Basler 

A101 C) with 240 times magnification. Per biopsy, at least 50 different cells were 

analyzed using Lucia 5.49 software as described before (28). Fibre type area 1 was 

calculated as the measured fibre type 1 area divided by total measured area. 

 

Biochemical analysis  

Plasma FFA and glucose were analyzed in EDTA plasma using standard 

enzymatic techniques automated on the COBAS Fara centrifugal analyzer at 550 

nm (for FFA: FFA-C test kit, Wako chemicals, Neuss, Germany; for glucose: Roche 

Unikit III, Hoffman-la-Roche, Basel, Switzerland). Insulin was analyzed using a 

fluoroimmunometric assay (autoDELFIA Insulin, PerkinElmer, Turku, Finland) 

with no cross-reactivity with pro-insulin or split forms of proinsulin. For the 

determination of protein content of fatty acid transporters, muscle biopsies were 

homogenized in ice-cold tris-EDTA buffer at Ph 7.4. Homogenates were 

subsequently sonicated for 15 seconds, 4 times. CD36 was measured by a 

sandwich-type ELISA with mAb 131.4 as the capture antibody (29). In four 

subjects, the increase in CD36 content was additionally confirmed by Western blot 

analysis. This was done to exclude the possibility that the findings with the ELISA 

method were due to methodological aspects, e.g. the antibody that was used. The 

Western blot analysis was performed according to Keizer et al. with minor 

modifications (30). The membrane was blocked in 5% BSA in Tris buffered saline 

containing 0.1% Tween-20. The dilution of the primary antibody (MO25) against 

CD36 was 1:100.000 and the secondary horseradish peroxidase-conjugated rabbit 

anti-mouse Ig (DAKO, Glostrup, Denmark) antibody dilution was 1:20.000. For 

the determination of cytosolic fatty acid binding protein (FABPc), the 

homogenates were centrifuged at 10000 g for 2 min to remove cell debris 
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(membranes). Muscle type FABPc was measured by means of ELISA (Hycult 

Biotechnology, Uden, TheNetherlands), using recombinant human FABPc as 

standard (31).  

 

Statistical analysis  

Results are given as mean ± sem. A two-tailed Student’s t-test for independent 

samples was used to compare groups. Correlations were tested using Pearson’s 

correlation coefficient (r). Since correlations between the changes in protein 

content and insulin resistance, as shown in Figure 2B, may also be dependent on 

the baseline values of the protein content, we divided the changes in CD36 protein 

by their initial values and related these to insulin resistance as well (Figure 2C). A 

p-value < 0.05 was considered statistically significant. Statistical analysis was 

performed using SPSS 10.0 for Macintosh.  

 

 

 

RESULTS 
 

Subject characteristics  

The IGT and NGT men were well matched for age and body composition (Table 

4.1.). Also maximal aerobic capacity was comparable between groups. Insulin 

sensitivity tended to be lower in IGT compared to NGT (p = 0.08, Table 4.2.). 

Fasting glucose, insulin and FFA were not significantly different between IGT and 

NGT (Table 4.2.).  
 

 

 

 
Table 4.1. General and metabolic characteristics 

 NGT IGT 

 n = 9 n = 8 

Age (yrs) 57.1 ± 2.6 58.1 ± 2.7 

Body mass index (kg/m2) 34.2 ± 1.5 32.6 ± 0.6 

Body fat (%) 34.7 ± 1.5 32.7 ± 1.1 

Fat free mass (kg) 69.5 ± 10.8 62.7 ± 3.8 

Waist-hip ratio 1.02 ± 0.02 1.03 ± 0.01 

VO2max (ml O2* kg FFM
-1*min-1) 40.5 ± 2.0 38.9 ± 1.8 

Triglycerides (mmol/l) 1.73 ± 0.29 1.54 ± 0.27 
Mean ± sem. Student’s t-test for unpaired samples, two-tailed; FFM = fat free mass; IGT = impaired glucose 

tolerance; NGT = normal glucose tolerance 
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Table 4.2. M-value and plasma metabolites during fasting and during the steady state 

of the hyperinsulinemic euglycemic clamp 

NGT IGT  

Fasting SS fasting SS 

Glucose (mmol/l) 5.7 ± 0.1 4.5 ± 0.1 6.2 ± 0.2* 4.4 ± 0.1 

Insulin (mU/l) 16.8 ± 4.1 111 ± 6 14.1 ± 1.8 108 ± 9 

Free fatty acids (µmol/l) 539 ± 54 140 ± 19 696 ± 81 167 ± 13 

Insulin sensitivity 

(M-value, µmol*kg FFM-1*min-1) 

n.a. 32.2 ± 4.5 n.a. 21.2 ± 3.7* 

Mean ± sem. Student’s t-test for unpaired samples, two-tailed; * p < 0.10; FFM = fat free mass; IGT = impaired 

glucose tolerance; n.a. = not applicable; NGT = normal glucose tolerance; SS = steady state at the end of the 

clamp procedure. 

 

Skeletal muscle protein content  

No significant differences were found in the FABPc protein or CD36 protein 

content in vastus lateralis muscle between IGT and NGT during fasting (Table 

4.3.). A 3-hr insulin stimulation had no effect on FABPc content but significantly 

increased CD36 protein content ~1.5-fold in skeletal muscle (Figure 1A and 1B) 

with no differences between NGT and IGT men. This increase in CD36, as 

measured with ELISA, was confirmed with Western blot analysis in four subjects 

(before clamp = 0.106 ± 0.043 AU; during clamp = 0.181 ± 0.035 AU). 

 Insulin sensitivity (M-value) was positively related to CD36 protein 

content during fasting (Figure 2A). Furthermore, the insulin-mediated increase in 

CD36 protein was negatively related to insulin sensitivity (the M-value, Figure 

2B). To exclude that the correlation was due to differences in baseline values, we 

related insulin sensitivity to the change in CD36 protein content divided by their 

initial CD36 value. This correlation was significant as well (Figure 2C, Pearson r = 

-0.64, p = 0.02). No associations were found between CD36 protein content at 

baseline and fasting FFA concentration, fasting glucose concentration, the 

percentage of muscle type 1 fiber area or body fat percentage. The suppression of 

plasma FFA during clamp and the increase in CD36 protein content were not 

related either. 

 
Table 4.3. CD36 protein, FABPc protein, IMTG content and fibre type in m. vastus 

lateralis of obese men with normal glucose tolerance (NGT) and impaired glucose 

tolerance (IGT). 

 NGT IGT 

CD36 (ng/g wet weight) 20.0 ± 4.1 (n=9) 16.5 ± 4.3 (n=8) 

FABPc (µg/g wet weight) 93.6 ± 13.6 (n=9) 83.5 ± 13.8 (n=8) 

IMTG (1H-MRS, % of H2O resonance) 0.842 ± 0.124 (n=8) 0.716 ± 0.083 (n=8) 

IMTG (Oil Red O, lipid stained area fraction) 0.058 ± 0.034 (n=5) 0.068 ± 0.041 (n=4) 

Fibre type area (% type 1 fibre) 46.5 ± 8.7 (n=5) 51.3 ± 11.6 (n=4) 
Mean ± sem; IMTG = intramyocellular triglycerides. 
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Figure 1. Skeletal muscle protein content (µg/g wet weight)of CD36 (1A) and FABPc (1B) 

during fasting and after insulin stimulation in obese men. Open diamonds are NGT 

subjects; filled circles are IGT subjects; flat object with dotted line is the mean.  

* p<0.05, paired Student’s t-test, two-tailed. 

 

 

Skeletal muscle lipid content  

At baseline, no differences in IMTG content were seen between IGT and NGT men 

as measured with 1H-MRS or Oil Red O staining (Table 4.3). The purpose of the 

Oil Red O method was to measure lipid content in skeletal muscle before and after 

clamp. Due to methodological problems we were able to analyze 9 biopsies before 

clamp and 6 biopsies after clamp, which resulted in five pairs of biopsies (3 NGT 

and 2 IGT) before and after clamp, which could be compared to changes in CD36 

protein content.  The lipid content in skeletal muscle (expressed as the lipid 

fraction of total stained area) before clamp was 0.085 ± 0.054 for NGT and 0.086 ± 

0.083 for IGT. After clamp it was 0.030 ± 0.028 for NGT and 0.112 ± 0.111 for IGT. 

The insulin-induced change in lipid content of skeletal muscle determined by 

ORO staining was positively related to the increase in CD36 protein during clamp 

(Figure 3).  
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Figure 2A. Relationship between 

fasting CD36 protein content 

and insulin sensitivity (M-

value) in obese control men 

(open diamonds, n = 9) and obese 

IGT men (filled circles, n = 8). 

 

 

 

Figure 2B. Relationship between 

the increase in CD36 protein 

content after insulin stimulation 

and insulin sensitivity (M-

value) in obese control men 

(open diamonds, n = 8) and obese 

IGT men (filled circles, n = 5) 

 

 

 

Figure 2C. Relationship between 

the increase in CD36 protein 

content after insulin stimulation 

corrected for fasting CD36 

protein levels and insulin 

sensitivity (M-value) in obese 

control men (open diamonds, n = 

8) and obese IGT men (filled 

circles, n = 5) 

 

 

 

DISCUSSION 

 
The major finding of the present study is that insulin very rapidly upregulates the 

protein expression of CD36 in human skeletal muscle, but did not alter FABPc 

protein content. To our knowledge, this is the first study to report on CD36 

protein content in human skeletal muscle of insulin resistant subjects after in vivo 

stimulation with insulin. Furthermore, the increase in CD36 protein content was 

most pronounced in the most insulin resistant subjects. This supports the 
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hypothesis that the uptake of plasma FFA into skeletal muscle is not only 

regulated by insulin at the level of lipolysis in adipose tissue but is actively 

regulated at the level of skeletal muscle itself and that this regulation may be 

disturbed in skeletal muscle of insulin resistant subjects. 

 The changes in CD36 protein content in human skeletal muscle after 

insulin-stimulation in vivo are supported by rodent studies. In rat 

cardiomyocytes, insulin mediated an increase in CD36 protein expression, which 

was preceded by an increase in mRNA expression (21). A large part of the newly 

synthesized CD36 protein was translocated to the plasma membrane, suggesting 

that the newly synthesized CD36 may directly contribute to the fatty acid uptake 

capacity of the muscle cell. 

 The CD36 protein expression in the postabsorptive state was inversely 

related to insulin resistance, in other words CD36 protein was reduced in more 

insulin resistant subjects. This is in accordance with studies that found a reduced 

fatty acid uptake in fasting human skeletal muscle as measured in vivo with the 

use of stable isotope techniques (1, 3, 18, 19, 32). Interestingly, whereas we found 

that in the more insulin resistant subjects fasting CD36 protein content was 

reduced, the insulin-mediated change in CD36 protein content was increased with 

insulin resistance. This fits well with the findings of Kelley and coworkers who 

reported that in diabetic patients relative to healthy lean controls, the fasting fatty 

acid uptake into skeletal muscle was reduced, whereas the insulin-stimulated 

suppression of fatty acid uptake in the postprandial phase was impaired (1). In 

addition, the regulation of fat oxidation was found to be impaired in insulin 

resistant subjects as well (33, 34). This led to the hypothesis of ‘metabolic 

flexibility’, stating that a mal-adaptation to a new situation, e.g. during insulin 

stimulation after a meal, could dysregulate the balance between fatty acid uptake 

and fatty acid oxidation, eventually enhancing the accumulation of IMTG and 

intermediates of intracellular lipid metabolism (35), which may in turn deteriorate 

skeletal muscle insulin resistance (5-7). This concept is supported by our own 

findings that the insulin-stimulated increase in CD36 protein expression was 

positively related to the change in skeletal muscle lipid content after clamp. 

Previous studies have shown that in diabetic patients the postprandial 

suppression of FFA uptake in skeletal muscle was blunted, as mentioned before 

(1), and the postprandial incorporation of FFA into IMTG was increased (36). 

Taken together, it is tempting to speculate that in insulin resistant subjects, a large 

increase in CD36 protein may contribute to this blunted suppression of fatty acid 

uptake (i.e. the relatively high fatty acid uptake) in the insulin-stimulated 

condition, enhancing triglyceride storage and further deteriorating insulin 

resistance in skeletal muscle. However, these findings are still primary and require 

further confirmation. 
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Figure 3. Relationship between the 

increase in CD36 protein content 

after insulin stimulation and the 

change in intramyocellular lipids 

(lipid stained area fraction) in obese 

control men (open diamonds, n = 3) 

and obese IGT men (filled circles, n = 

2) 

 

 

 

 A previous study in which it was suggested that CD36 could be involved 

in the accumulation of intramyocellular triglycerides was performed by Bonen 

and coworkers. They investigated the expression of CD36 protein in an ex vivo 

model using abdominal muscle strips of lean, overweight, obese and overweight 

diabetic subjects (22). They showed that obesity and diabetes were associated with 

an increased amount of CD36 protein at the cellular membrane of abdominal 

muscle biopsies. Fatty acid transport measured with the giant vesicle model 

showed an approximately 4-fold increase in fatty acid uptake in the diabetic 

patients. They reported no differences in total CD36 protein content among lean, 

overweight, obese and diabetic patients, which is in contrast with the findings in 

the fasting condition of the present study. The reason for this discrepancy with the 

literature is not entirely clear, but may be due to differences between the study of 

Bonen et al. and the present study in type of muscle (abdominal vs vastus 

lateralis), in characterization of the subjects (lean/obese/diabetic vs insulin 

resistance with clamp) or conditions at the moment of biopsy sampling, such as 

the duration of fasting (16-18 hrs vs 10-12 hrs) and being under general 

anaesthesia or resting in consciousness, respectively. Obviously, further research 

is required to elucidate the regulation of both protein content and the 

translocation of CD36 in skeletal muscle in vivo in healthy subjects and DM2. 

 Differences in CD36 protein content could be related to differences in 

muscle fibre type or numbers of capillaries in skeletal muscle, since it is known 

that CD36 is very abundant in capillaries and more abundant in type 1 muscle 

fibres than in type 2 fibres (30, 37). The fibre type composition may in turn be 

affected by training status. In the present study, the relation between CD36 and 

insulin resistance could not be explained by differences in fibre type or aerobic 

capacity (VO2max), since they were both unrelated to CD36 protein content or 

insulin sensitivity. 

 The changes in IMTG and muscle CD36 protein that we observed occur in 

a relatively short period of time. This makes sense since substrate metabolism in 
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skeletal muscle is subject to very rapid changes in energy demand and substrate 

supply. Rapid reductions in IMTG (up to -50%) have been found after exercise 

(38), whereas a 6-hr insulin-stimulation combined with high plasma FFA 

availability resulted in a large change in IMTG, significantly from two hours on, in 

the soleus muscle (+20%) and the tibialis anterior muscle (+64%) (39). Chabowski 

and colleagues reported a rapid increase in CD36 protein within 1 hour of insulin 

stimulation in rat cardiomyocytes (21). 

 The role of the fatty acid transporter CD36 for net fatty acid uptake into 

skeletal muscle is not entirely clear yet. As has been known for many years, the 

insulin-medated suppression of plasma FFA concentrations is an important factor 

in the regulation of fatty acid uptake. In addition to previous data, the present 

study supports the idea that fatty acid uptake is also regulated at the level of 

skeletal muscle itself. Mice that lack CD36 show impairments in fatty acid uptake 

in particular when the FFA:BSA (bovine serum albumin) ratios are low (11), 

suggesting that CD36 may be especially important for fatty acid uptake when the 

FFA concentration is low, as is the case in the postprandial phase. Moreover, the 

prediabetic state is characterized by impairments in the postprandial phase, thus 

increasing the relevance of postprandial impairments in the regulation of CD36 for 

the progression towards DM2. 

 In summary, insulin rapidly upregulates the protein expression of CD36 

in human skeletal muscle. This study confirms that also in humans in vivo, the 

uptake of plasma FFA into skeletal muscle is actively regulated at the level of 

skeletal muscle itself. No differences in CD36 protein expression were found 

between obese prediabetic men and obese control men, although the protein 

expression of CD36 in the postabsorptive state was reduced in the more insulin 

resistant subjects. Interestingly, the insulin-induced increase in CD36 protein was 

increased with insulin resistance, which may enhance the dysbalance between 

fatty acid uptake and oxidation. This disturbed balance may lead to the storage of 

triglycerides in skeletal muscle in the postprandial phase, which is associated with 

insulin resistance. We conclude that the CD36 protein expression in human 

skeletal muscle in vivo is disturbed in subjects with insulin resistance. 
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ABSTRACT 
 

Aims: The membrane-bound fatty acid transporter CD36/FAT may play a role in 

disturbed fatty acid handling as observed in the metabolic syndrome and diabetes 

mellitus type 2 (DM2). Genetic variation in the CD36 gene may contribute to the 

aetiology of diabetes. 

Methods: A population based cohort in the Netherlands (age > 40 years and body 

mass index (BMI) > 25 kg/m2) of 675 subjects was phenotyped with respect to 

glucose metabolism with an oral glucose tolerance test and was genotyped for a 

known 478C→T substitution and a C/T snp in the upstream promoter region 

(rs1527479) in the CD36 gene.  

Results: DM2 was more prevalent in the TT genotype than in the CC genotype. 

This was most pronounced in women and in the subjects with a high BMI (BMI > 

27 kg/m2). In addition, within the group of diabetic patients, the TT genotype was 

commoner in subjects with increased homeostasis model assesment (HOMA) 

index for insulin resistance. The 478C→T substitution, previously found in the 

Japanese population, was not found in our caucasian population. 

Conclusions: This is the first study to show a direct association of a CD36 snp with 

DM2. Moreover, within the diabetic subjects, this CD36 snp was associated with 

insulin resistance (HOMA index). 
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INTRODUCTION 
 

Conditions characterized by insulin resistance are accompanied by disturbances in 

fatty acid metabolism, e.g. a reduced capacity to take up and oxidize fatty acids in 

skeletal muscle during postabsorptive conditions, during β-adrenergic stimulation 

[1] and exercise [2]. In particular modifications in expression and protein level of 

CD36/fatty acid transporter have been associated with disturbed uptake of free 

fatty acids [3, 4] and insulin resistance [5-8]. It has been suggested that 

disturbances in cellular fatty acid transport could contribute to storage of 

intramyocellular triacylglycerol in skeletal muscle, enhancing insulin resistance 

and type 2 diabetes mellitus (DM2) [9]. Interestingly, the positive effect of 

thiazolidinediones on insulin sensitivity and DM2 may be mediated in part by 

increased CD36 mRNA and protein expression in skeletal muscle cells [10]. 

Information on the genetic variability in the CD36/FAT gene in DM2 is still sparse. 

So far, one study has shown a rare non-sense mutation in the CD36 gene in a 

French family with autosomal dominant diabetes [11]. Another study has found 

three mutations in the CD36 gene that were associated with low adiponectin 

concentrations, which may reflect an positive association with insulin resistance 

[12]. However, untill now no direct association of a CD36 polymorphism with 

diabetes was found in the general population. Here, we report the result of an 

investigation of two polymorphisms in the CD36 gene that have not been related 

to impaired glucose tolerance (IGT) and/or insulin resistance previously. 

 

 

METHODS 

 

Study subjects 

 All participants were selected from a large population-based cohort, 

monitored for health and disease by the National Institute for Public Health and 

the Environment [13]. The subjects participated in random screening for 

disturbances in glucose tolerance as previously described [14, 15]. Inclusion 

criteria were age > 40 years for all subjects and, in addition, at least one of the 

following criteria: BMI > 25 kg/m2; a positive family history of diabetes; a history 

of gestational diabetes and/or glucosuria; and known DM2. Exclusion criteria 

were non-caucasian ethnicity, the use of insulin therapy and the use of thyroid 

hormones. Subsequently, subjects participated in the Study on Lifestyle-

intervention and Impaired glucose tolerance Maastricht (SLIM) or in the Cohort 

study of Diabetes and Atherosclerosis Maastricht (CoDAM) [14, 15]. The study 
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was approved by the local Medical Ethical Committee of the Maastricht 

University. All subjects gave written informed consent. 

 

Phenotypic characterization 

 After an overnight fast, subjects underwent a standard 75-g oral glucose 

tolerance test (OGTT) with venous blood sampling and were characterized for 

glucose tolerance according to the World Health Organization criteria of 1999 [16]. 

After the OGTT, body weight (kg) and height (m) were measured to calculate 

BMI. Waist and hip circumference were measured to calculate waist-hip ratio 

(WHR). Blood pressure was measured twice with a standard sphygmomanometer 

after 15 minutes of rest in supine position. Family history of diabetes was assessed 

with a questionnaire. All plasma glucose concentrations were measured with the 

hexokinase glucose-6-phosphate dehydrogenase method (HK-G6PD method, ABX 

Diagnostics Glucose HK 125, Montpellier, France). In the SLIM-study, plasma 

insulin concentration was measured with an ELISA assay (Mercodia, Uppsala, 

Sweden), which shows no cross-reactivity with pro-insulin. In the CODAM-study, 

plasma insulin concentration was measured with a two-sided immunoradiometric 

test, using paired monoclonal antibodies (Medgenix Diagnostics, Fleurus, 

Belgium). Insulin sensitivity (HOMA-IR) and β-cell function (HOMA-βcell) were 

estimated with HOMA indices [17]. 

 

CD36 polymorphisms  

 Two CD36 single nucleotide polymorphisms (snp), which had not yet 

been associated with DM2, were selected. DNA was isolated from buffy coats with 

a QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). Genotypes of the C/T 

single nucleotide polymorphism rs1527479 in the upstream promoter region 

(VEGA gene ID OTTHUMG00000023490, intron 1B, -3489 bp relative to the 

translation start site) of the CD36 gene were identified from AlwNI digested 

fragments of polymerase chain reaction (PCR)-amplified products with the 

forward primer 5’-TAGAGAGGGAGCCATTGGAG-3’ and reverse primer 5’-

TTTGCAACTCTGACAAATGTGAT-3’. Genotypes of the 478 C→T substitution 

[18] were identified from ECO01091 digested fragments of PCR-amplified 

products with the forward primer 5’-CTGACTCAAGGCTGCAAACA-3’ and 

reverse primer 5’-TTAGGATTCTATACAGACAGGAAAA-3’. Of each genotype, 

PCR products of randomly chosen samples were verified by direct sequencing 

with a 310 Genetic Analyzer (ABI Prism, Applied Biosystems, Nieuwekerk a/d 

IJssel, The Netherlands). 
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Table 5.1. Characteristics of subjects with normal glucose tolerance (NGT), impaired 

glucose tolerance (IGT) or type 2 diabetes mellitus (DM2). 

 NGT 

(n=308) 

IGT 

(n=216) 

DM2 

(n=151) 

Age (yrs) 58.1 ± 7.4 57.9 ± 7.2 60.3 ± 6.2 * † 

Men (%) 61% 52%* ‡ 66% 

BMI (kg/m2) 27.8 ± 4.0 29.3 ± 3.8* 30.4 ± 4.6 * † 

Fasting glucose (mmol/l) 5.3 ± 0.4 5.8 ± 0.5* 8.0 ± 1.8 * † 

2-hr glucose (mmol/l) 5.6 ± 1.2 8.9 ± 1.6* 13.0 ± 3.4 * † 

Body fat (%) 31.2 ± 7.1 36.9 ± 6.8* 36.0 ± 6.3 * † 

Waist-hip ratio 0.94 ± 0.08 0.97 ± 0.08* 0.99 ± 0.07 * † 

Mean ± SD. * p<0.05 for the comparison with NGT subjects; † p<0.05 for the comparison with IGT subjects; ‡ 

p<0.05 for the comparison with DM2 subjects; one-way ANOVA.  

 

Statistical methods  

 Differences in genotype frequencies were tested with a χ2 test, using the 

normal glucose-tolerant subjects as the reference group. Insulin and indices of 

insulin secretion and sensitivity calculated from the insulin concentration were ln-

transformed to obtain normal distributions. The differences in parameters 

between the genotype groups (TT vs CT vs CC) were tested using multivariate 

analysis of variance with adjustment for age, gender and BMI. The data are 

presented as mean ± SD. A value of p < 0.05 was considered to be statistically 

significant. Hardy-Weinberg equilibrium was tested in the overall group. SPSS 

version 10.0 for Macintosh was used (SPSS Inc., Chicago, IL, USA). 

 

 

RESULTS 
 

Of the included subjects (n = 675), 308 were normal glucose tolerant (NGT), 216 

had IGT and 151 had DM2, of whom 61 were newly diagnosed, 11 were recently 

diagnosed (< 1 year), 34 had had diabetes for 1-4 years and 45 had had diabetes for 

> 4 years. Subject characteristics are give in Table 5.1. For the C/T promoter 

polymorphism (rs1527479), the allele frequencies in the overall group were 0.464 

and 0.536 for the T and C alleles, respectively. The alleles were in Hardy-Weinberg 

equilibrium. The frequency of the TT genotype was higher in the DM2 (26.5%, p = 

0.035) and in the IGT subjects (24.1%, p = 0.020) than in the NGT subjects (19.5%) 

(Table 5.2.). No differences were found in age, gender or BMI between the 

different genotypes (table 5.3.). Notably, the TT genotype subjects had 

significantly higher fasting glucose concentrations and HOMA-IR than the CT and 

CC genotype  
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Table 5.2. Distribution of genotype frequencies of the CD36 C/T promoter 

polymorphism (rs1527479) in the different categories of glucose tolerance (WHO 

1999).  

 NGT 

(n=308) 

IGT 

(n=216) 

DM2 

(n=151) 

   CC genotype 26.6% 31.5 % 29.1 % 

   CT genotype 53.9 % 44.4 % 44.4 % 

   TT genotype 19.5 % 24.1%* 26.5%† 
Data are given as percentages within the glucose tolerance groups. The frequency distributions were compared 

with a multiple Chi-square test. * p = 0.020 for the comparison with NGT subjects; † p = 0.035 for the 

comparison with NGT subjects. 

 

subjects, which persisted after adjustment for age, gender and BMI (Table 5.3.). In 

addition, we found that within the group of DM2 patients, those with the TT 

genotype had a significantly higher HOMA index for insulin resistance (TT = 4.55 

±1.88 (n=40), CT = 4.56 ± 1.94 (n=66) and CC = 4.02 ± 1.98 (n=44), p = 0.02). Fasting 

glucose concentrations were not significantly different. No association was found 

between genotype and family history of DM2, blood pressure, WHR, fasting 

plasma free fatty acids, triglycerides, total cholesterol, low-density lipoprotein 

(LDL)-cholesterol or high-density lipoprotein (HDL)-cholesterol (data not 

presented). 

 Additional interactions were assessed for BMI and gender with genotype. 

In subjects with a BMI > 27 kg/m2 (BMI = 30.9 ± 3.6 kg/m2, n = 444), the TT 

genotype was more frequent in DM2 patients (27.0%, p = 0.005) and in IGT (22.7%, 

p = 0.008) than in NGT (16.5%). This was reflected in the TT genotype subjects by a 

higher fasting blood glucose concentration and a higher HOMA-IR than in the CT 

and CC subjects (fasting glucose 6.6 ± 1.7, 6.2 ± 1.5 and 6.2 ± 1.3 mmol/l, 

respectively, p < 0.05; HOMA.IR 3.33 ± 1.90, 2.89 ± 1.87 and 3.04 ± 1.84, 

respectively, p < 0.05). No differences were found in subjects with a BMI ≤ 27 

kg/m2 (BMI = 24.8 ± 1.8 kg/m2, n = 230). The relation between the CD36 

polymorphism and diabetes depended not only on BMI, but also on gender. In 

women (n=276), the TT genotype was more frequent in DM2 patients (30.8%, p = 

0.005) and in IGT (25.2%, p = 0.004) than in NGT (14.9%), whilst in men (n=399) no 

significant differences were seen. The TT genotype, compared with the CC 

genotype, was related to a higher fasting glucose concentration in both women 

(6.2 ± 1.6 vs 5.7 ± 0.9 mmol/l, p <0.05) and men (6.3 ± 1.5 vs 6.2 ± 1.3 mmol/l, p < 

0.05), but to an increased postload blood glucose concentration only in women (9.1 

± 3.9 vs 7.7 ± 2.6 mmol/l, p < 0.05). The CT genotype showed an intermediate 

phenotype. For gender, no associations were found between genotype and WHR, 

or fasting concentrations of free fatty acids, triglycerides, total cholesterol, HDL 

cholesterol or LDL cholesterol (data not presented). A random selection of 199 
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Table 5.3. Characteristics of the TT, CT and CC genotypes of the C/T promoter 

polymorphism (rs1527479) in the CD36 gene. 

 TT 

(n=152; 22.5%) 

CT 

(n=329; 48.7%) 

CC 

(n=194, 28.7%) 

DM2(%) 26.3 20.4 22.7 

Men (%) 61 57 62 

Age (years)  57.8 ± 7.6 58.7 ± 7.2 58.9 ± 6.5 

BMI (kg/m2) 28.7 ± 4.3 28.8 ± 4.2 29.0 ± 4.2 

Waist-to-hip ratio 0.96 ± 0.07 0.96 ± 0.07 0.96 ± 0.07 

Fasting glucose (mmol/l) 6.3 ± 1.5* 6.0 ± 1.4 6.0 ± 1.2 

2-hr glucose (mmol/l) 8.4 ± 3.6 7.8 ± 3.3 8.0 ± 3.1 

Fasting insulin (mU/l) 9.9 ± 1.7 9.3 ± 1.7 9.6 ± 1.7 

HOMA-IR 2.62 ± 1.90* 2.41 ± 1.91 2.52 ± 1.85 

HOMA-βcell 77.8 ± 1.7 84.3 ± 1.7 84.9 ± 1.7 

Mean ± SD. All parameters except for age, % men and BMI are corrected for age, gender and BMI in the 

Multivariate Analysis of Variance. *p<0.05 for the comparison with the other two genotypes.  

 

subjects from the database was screened for the 478 C→T substitution. All subjects 

proved to be homozygote wildtypes (CC), showing that the T allele was not 

prevalent or very rare in this caucasian population (T allele frequency < 0.005).  

 

 

DISCUSSION 
 

In the present study, we have demonstrated for the first time that the TT genotype 

of a promoter polymorphism in the CD36 gene was related to higher fasting 

glucose concentrations, insulin resistance and DM2. Interestingly, the relation 

between the promoter polymorphism in the CD36 gene and diabetes was most 

pronounced in the more overweight subjects (BMI > 27 kg/m2) and in women. This 

suggests an unfavourable interaction of the T allele of the CD36 polymorphism 

rs1527479 with gender and BMI, factors known to modify the risk of DM2. We 

suggest that the CD36 gene is a modifier gene in the polygenic aetiology of DM2 

and regard the TT genotype as disadvantageous.  

 Evidence from literature clearly shows that modifications in the CD36 

gene expression or protein content are related to insulin resistance, probably 

through its contribution to a disturbed fatty acid metabolism. For example, at least 

two strains of the spontaneous hypertensive rat (SHR-TG10 and SHR-TG19), a 

model for the metabolic syndrome, have a spontaneous deletion in CD36. 

Transgenic rescue of the CD36 gene in the rat genome specifically restored insulin 

sensitivity [7, 19]. Wilmsen and coworkers [10] showed that ex vivo treatment of 

human skeletal muscle fibres of DM2 patients with thiazolidinediones, which are 

insulin-sensitising drugs, restored protein-mediated palmitate uptake. This was 
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strongly associated with upregulation of CD36 expression [10], suggesting that 

CD36 may mediate part of the insulin-sensitising effects of thiazolidinediones. 

The exact functionality of the C/T polymorphism in our study is not yet known. 

Since the studied C/T polymorphism is a polymorphism in the upstream promoter 

region of CD36, it suggests that either transcription or alternative splicing may be 

involved, altering the amount or function of the CD36 protein. Alternatively, this 

polymorphism may be in linkage disequilibrium with a coding polymorphism 

located elsewhere in the CD36 gene or in another gene located nearby the CD36 

gene on chromosome 7q11.2.  

 Studies on the relation between CD36 gene polymorphisms and insulin 

resistance in humans are still sparse. A recent French study revealed a rare non-

sense mutation in the CD36 gene in a French family with a strong history of DM2 

[11], indicating that mutations in CD36 gene per se may play a role in the 

aetiology of DM2. A very recent study in Italian men has shown that a haplotype 

of five CD36 polymorphisms was associated with increased plasma free fatty 

acids, but not with glucose metabolism [20]. However, all subjects with glucose ≥ 

7.0 mmol/l were excluded, possibly masking an association of variation in the 

CD36 gene with diabetes. Recently, Lepretre and coworkers showed that three 

mutations in the CD36 gene were associated with adiponectin concentrations, 

which may reflect an association with insulin resistance [12]. So far, no common 

snp has been associated directly to diabetes. In our study, we find that subjects 

with the TT genotype have a higher prevalence of diabetes, a finding which was 

significant and very consistent in the overall group as well as in the subgroups. In 

addition, within the group of diabetic patients, the TT genotype was also 

associated with higher insulin resistance, even with a relatively low number of 

subjects. Our study is the first to show a direct association of a common CD36 

polymorphism with diabetes in the general population and within the diabetic 

population with insulin resistance. 

 The 478C→T substitution in the CD36 gene is the most common 

polymorphism associated with CD36 deficiency in Japanese patients with heart 

disease [4, 18]. It has been suggested that CD36 deficiency is related to insulin 

resistance in the Japanese population [21]. However, in our study none of the 

randomly selected caucasian subjects carried this 478 C→T substitution.  

According to the hypothesis of the thrifty genotype, the expressed phenotype of a 

certain genotype may be dependent of the environment [22]. Our results show 

that the TT genotype of the CD36 promoter polymorphism has a stronger 

association with diabetes in obese subjects. An increased BMI in general is 

associated with increased insulin resistance and increased plasma concentrations 

of free fatty acids and triglycerides [23]. It is possible that an alteration in the CD36 

protein structure or amount contributes more to disturbances in fat and glucose 
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metabolism when the body is physiologically burdened, i.e. in the more obese 

person. Another modifier was gender. It remains difficult to explain why the 

results were more pronounced in women. Gale has suggested that women have a 

genetically determined ‘female insulin advantage’, defined as a comparable 

insulin sensitivity with higher adipose tissue mass, partly protecting women from 

metabolic disadvantages caused by obesity [24]. An unfavourable genetic 

background may reduce this ‘female insulin advantage’ and make women of the 

CD36 TT genotype relatively more vulnerable for the development of insulin 

resistance. There are also indications that the basal fat oxidation is lower in 

females than in males [25]. This may make women more prone to the storage of 

triglycerides in non-adipose tissue when the balance between fatty acid oxidation 

and fatty acid uptake is disturbed. However, this needs confirmation by future 

studies.  

 In conclusion, we show a direct association of the TT genotype of the 

CD36 promoter snp rs1527479 with the presence of DM2 in subjects from a 

caucasian population at risk for the metabolic syndrome. This is most evident in 

women and in obese subjects. These data suggest that genetic variability in the 

fatty acid transporter CD36 can play a role in the aetiology of DM2 by modifying 

the susceptibility to DM2. 
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ABSTRACT 
 

Context: Obesity and type 2 diabetes mellitus are associated with increased levels 

of interleukin-6 (IL-6), a marker of inflammation.  

Objective: This study addressed the question of whether IL-6 was released from 

skeletal muscle after a high fat meal in men with impaired glucose tolerance (IGT), 

a prediabetic state, and whether IL-6 release could be reduced by weight loss.  

Design: Skeletal muscle metabolism was studied in men with IGT (n = 11) and 

compared to men with normal glucose tolerance (NGT, n = 9), matched for BMI 

and age. IL-6 flux over skeletal muscle was measured with the forearm model. 

Eight IGT men were willing to participate in a 12-week weight loss program and 

were tested again. 

Results: IL-6, but not C-reactive protein, tumor necrosis factor-alfa receptor 1 and 

2, was released by skeletal muscle. Muscle IL-6 release was higher in IGT than in 

NGT, during fasting (IGT = 2.26 ± 1.89 vs NGT = 0.87 ± 0.48 fmol*100 ml tissue-

1*min-1, p=0.04) and after a meal (mean area under the curve/minute: IGT = 3.48 ± 

2.63 vs NGT = 1.37 ± 0.75 fmol*100ml tissue-1*min-1, p=0.03). In the IGT men, body 

weight loss resulted in a decrease of postprandial IL-6 release from skeletal muscle 

(-52%, p = 0.04), reaching levels of the obese, NGT controls.  

Conclusion: The present data suggest that a high fat meal can evoke IL-6 release 

from muscle and that the IL-6 release is a consequence rather than a cause of the 

obese, insulin resistant and/or impaired glucose tolerant state. 



Muscle IL6-release is reduced by weight loss 

 

 

 

115 

INTRODUCTION 
 

Obesity and type 2 diabetes mellitus (DM2) have been associated with sub-clinical 

inflammation. Markers of inflammation, like the cytokine interleukin-6 (IL-6) and 

the acute-phase protein C-Reactive Protein (CRP) are elevated in obese, insulin 

resistant subjects (1,2,3). Also TNF-α receptors, as markers for TNF-α action (4), 

and to a lesser extent TNF-α itself, have been found to be elevated in patients with 

DM2 (3) and in some studies also in subjects with impaired glucose tolerance 

(IGT), a prediabetic state (5). IL-6 is a cytokine that is produced by many cell types 

and is increased in cancer cachexia (6), after endotoxin stimulation (7) and after 

vaccination (8). IL-6 is also increased in obesity, insulin resistance and DM2, and 

plasma IL-6 has been shown to be predictive of the development of DM2 in 

several prospective studies (9, 10). So, besides its role in inflammation, IL-6 may 

also affect insulin sensitivity or glucose metabolism.  

 It was suggested that IL-6 may cause insulin resistance in organs like liver 

and skeletal muscle. In human HepG2 cells and primary mouse hepatocytes, IL-6 

has been shown to impair insulin signaling by reducing the tyrosine 

phosphorylation of insulin receptor substrate (IRS)-1 and reducing the association 

of the p85 subunit of phosphatidylinositol 3 (PI3)-kinase with IRS-1 (11). Insulin 

receptor autophosphorylation and IRS-1 tyrosine phosphorylation were also 

reduced in vivo in the livers of mice after chronic infusion with IL-6 (12). On the 

other hand, in the same study, no effect was found on skeletal muscle. In addition, 

IL-6 administration to myocytes in culture had no effect on insulin action (13) and 

a short-term infusion of IL-6 in rats did not affect insulin sensitivity or whole-body 

glucose uptake (14). A study with healthy young men showed that the infusion of 

high amounts of recombinant human IL-6 did not alter glucose uptake or 

oxidation. This shows that acute high concentrations of IL-6 might not disturb 

insulin sensitivity or glucose disposal in skeletal muscle in healthy subjects (15). 

 The observation that increased IL-6 concentrations are associated with 

DM2 leads to the suggestion that the systemic production of IL-6 is increased in 

the insulin resistant state. It is known that adiposity plays a role in sub-clinical 

inflammation, as adipose tissue produces inflammation markers like IL-6 (16). 

Recently however, the skeletal muscle has become an interesting organ in the 

production of IL-6 as well, as it released IL-6 during and after exercise (17, 18). So 

far, few studies addressed the role of muscle IL-6 production in man in the 

development of insulin resistance in conditions like impaired glucose tolerance 

and DM2. During exercise, no significant differences were found in muscle IL-6 

production in skeletal muscle between controls and DM2 patients (19). However, 

an important stressor next to exercise is the intake of a high fat meal. In particular 

in DM2, the impaired handling of substrates in the postprandial phase may be of 
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importance in the development or deterioration of insulin resistance and 

hyperglycemia. It has been found before that venous IL-6 concentrations increased 

after a high fat meal in obese men (20). Additionally, it has been shown that after a 

high fat meal, the venous IL-6 concentrations slightly increased in healthy 

overweight subjects, and increased even more in newly diagnosed diabetic 

subjects (21).  

 The aim of this study was to examine 1) whether skeletal muscle produces 

IL-6 during fasting or in the postprandial phase; 2) whether the production of IL-6 

by skeletal muscle is increased in obese men with impaired glucose tolerance 

compared to obese men with normal glucose tolerance and if so, 3) whether the 

production of IL-6 in skeletal muscle changes after weight loss in IGT men. In 

parallel with IL-6, other inflammatory markers like CRP and TNF-α receptors 

were monitored. 

 

 

SUBJECTS AND METHODS 

Subjects 

 Eleven obese men with impaired glucose tolerance (IGT) and nine obese 

men with normal glucose tolerance (NGT) matched for age and BMI participated 

in the study. Inclusion criteria were obesity (BMI > 30 kg/m2), diastolic blood 

pressure < 100 mmHg, no major health problems, and no use of medication that 

could influence the measurements. The NGT men had no family history of 

diabetes. Subjects were not involved in any regular physical activity for more than 

3 hours a week. The participants were asked not to change their physical activity 

and smoking habits during the study. One IGT person smoked. The experimental 

protocol was approved by the local Medical Ethical Committee of the Maastricht 

University. All subjects gave written informed consent. 

 

Glucose tolerance, body composition, aerobic capacity and insulin sensitivity 

 Subjects were screened for glucose metabolism with a standard oral 

glucose tolerance test (75 g glucose) with capillary blood sampling at baseline and 

after 2 hrs. Subjects were included according to the WHO criteria of 1999 for 

capillary plasma (IGT: fasting < 7.0 mmol/l, 2hr postload > 8.9 and < 12.2 mmol/l). 

Two subjects with glucose values (fasting < 8.0 mmol/l and 2hr postload < 14.8 

mmol/l) above the cutoff points were included as well. After inclusion, fat mass 

(FM) and fat free mass (FFM) were determined by underwater weighing with 

correction for residual lung volume (Volugraph 2000, Mijnhardt, Bunnik, The  
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Netherlands) and calculated according to Siri (22). Extracellular water was 

estimated using bio-impedance (Hydra, Xitron Utilities, San Diego, USA). 

Maximal aerobic power (Wmax) and peak oxygen uptake (VO2max) were 

determined during an incremental exhaustive exercise test on an electronically 

braked bicycle ergometer (Lode, Groningen, The Netherlands). Insulin sensitivity 

was measured with a hyperinsulinemic euglycemic clamp (23). Insulin (1 mU*kg 

BW-1*min-1) was infused at a constant rate with glucose clamped at 4.6 mmol/l 

with an intravenous infusion of 20% w/v glucose infusion. M-value was calculated 

as the glucose infusion rate (mmol glucose/min) per kg fat free mass (FFM) during 

a steady state of 30 minutes after at least 120 min of insulin infusion. 

 

High fat meal test 

 Subjects were informed to refrain from heavy exercise like organized 

sports activities or heavy physical work and to consume a carbohydrate-rich 

dinner like pasta the day before the test. Subjects came to the laboratory by car or 

public transport after an overnight fast (12-14 hrs) during which they were only 

allowed to drink water. Forearm skeletal muscle was studied with the forearm 

model by measuring arterio-venous concentration differences across the muscle in 

combination with forearm blood flow measurements (24). Two catheters were 

inserted, one in the arteria radialis and one in a retrograde direction into a deep 

forearm vein. The O2-saturation in the deep venous forearm samples was less than 

60%, implying that deep venous blood was drawn mainly from skeletal muscle. 

Blood sampling and blood flow measurements took place before and after a high 

fat meal. The meal provided 2.6 MJ, which consisted of 61 energy % (E%) from fat 

(of which 35.5 E% saturated, 18.8 E% mono-unsaturated, and 1.7 E% poly-

unsaturated fat), 33 E% carbohydrates and 6 E% protein. To exclude metabolism 

in the hand, the hand circulation on the side of the deep venous catheter was 

occluded (>200 mm Hg) at every measurement. Immediately after occlusion, blood 

flow was measured with venous occlusion plethysmography (EC5R 

plethysmograph, Hokanson, Bellevue, USA). One minute after occlusion, arterial 

and deep venous blood samples were simultaneously drawn in EDTA syringes 

(1.5 mg EDTA/ml) for plasma analyses before (at –60, -30 and 0 minutes) and 30, 

60, 90, 120, 180, and 240 minutes after the test meal. Blood samples were 

immediately centrifuged and plasma was frozen in liquid nitrogen and stored for 

analysis at –80 degrees Celsius. Plasmaflow was calculated as bloodflow*(1-

(hematocrit/100)). Metabolite fluxes were calculated as arterio-venous differences 

of metabolites multiplied by plasmaflow. A positive flux is uptake from plasma 

and a negative flux is release by muscle. 
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Table 6.1. General and metabolic characteristics of the obese men 

IGT 
 NGT IGT 

before WL after WL 

 n = 9 n = 11 n = 8 n = 8 

Age (yrs) 55.9 ± 7.2 55.5 ± 7.9 56.1 ± 8.4 - 

Body weight (kg) 107.0 ± 19.2 95.9 ± 7.8 95.2 ± 7.6 80.2 ± 7.6 ‡ 

Fat free mass (kg) 69.5 ± 10.8 64.8 ± 5.0 63.2 ± 3.6 58.9 ± 4.2 ‡ 

BMI (kg/m2) 34.6 ± 4.8 32.1 ± 2.3 32.2 ± 4.4 27.5 ± 1.5 ‡ 

Body fat % 34.6 ± 6.0 32.5 ± 3.0 33.6 ± 2.1 26.3 ± 3.6 ‡ 

Waist-hip ratio 1.02 ± 0.05 1.03 ± 0.04 1.04 ± 0.03 0.99 ± 0.03 ‡ 

VO2max  

(ml O2 * kg FFM
-1*min-1) 

39.7 ± 6.0 41.0 ± 4.8 39.7 ± 4.3 40.9 ± 7.2 

Glucose, fasting 

(capillary, mmol/l) 
5.7 ± 0.6 6.5 ± 0.9* 6.7 ± 1.0 n.d. 

Glucose, 2 hrs postload 

(capillary, mmol/l) 
6.7 ± 1.2 11.9 ± 2.0** 12.7 ± 2.0 n.d. 

Insulin sensitivity (M-value, 

µmol*kg FFM-1*min-1) 
32.4 ± 14.3 24.5 ± 10.8 23.3 ± 9.4 39.2 ± 11.7 ‡ 

NGT = normal glucose tolerant, IGT = impaired glucose tolerant, WL = weight loss. Mean ± SD. n.d. = not 

determined ‡ p < 0.01 IGT pre weight loss vs after weight loss, paired test with n=8; * p < 0.05 NGT vs IGT; ** 

p < 0.01 NGT vs IGT 

 

Weight loss period 

 After the measurements, eight men from the IGT group were willing to 

follow a 12-week weight loss program and visited a dietician every week. Every 

week, the subjects were weighed and capillary plasma glucose was checked. 

During the first four weeks the subjects were provided with a very low calorie diet 

(2 MJ/day) based on shakes (Modifast, Nutrition et Santé, Breda, the Netherlands) 

containing all the essential macro- and micronutrients. Beside the shakes, subjects 

were stimulated to eat at least 150 g of raw non-starchy vegetables each day. From 

week 5 to 8, the shakes were gradually replaced by meals, increasing the energy 

content of the diet up to 4.2 MJ/day. In week 8 to 12, the subjects were kept in 

energy balance by prescribing detailed weekly menus. All measurements, i.e. 

clamp, forearm model, hydrostatic weighing and the exercise test, were repeated 

in week 11 and 12.  

Biochemical analysis 

 Plasma free fatty acids and glucose were analyzed using standard 

enzymatic techniques automated on the COBAS Fara centrifugal analyzer at 550 

nm (for FFA: FFA-C test kit, Wako chemicals, Neuss, Germany; for glucose: Roche 

Unikit III, Hoffman-la-Roche, Basel, Switzerland). Insulin was analyzed using a 

fluoroimmunometric assay (autoDELFIA Insulin, PerkinElmer, Turku, Finland) 

with no cross-reactivity with proinsulin or split forms of proinsulin. IL-6 was  
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analyzed with an ultra-sensitive ELISA kit (R&D systems, Quantikine HS SixPak, 

Abingdon, UK, intraassay coefficient of variation (CV) of 3.8%), CRP-s (soluble) 

was analysed on an autoanalyser Hitachi 912 (Roche, High Sensitive kit 11972855, 

Almere, The Netherlands, intra assay CV of 2.6%). The TNF-receptors R1 and R2 

(soluble) were analyzed with an ELISA kit from Biosource (TNF-R1/p55: 

KAC1762, intra assay CV of 7.9%; TNF-R2/p75: KAC1772, Nivelles, Belgium, intra 

assay CV of 6.6%). All metabolites were analyzed in duplo (duplo CV < 10%). 

 

Statistical analysis 

 NGT and IGT men were compared with a two-tailed Student’s t-test for 

independent samples. IGT men before and after weight loss were compared with 

a two-tailed Student’s t-test for paired samples. For fasting values the average of 

time points –60, -30 and 0 was taken. For postprandial responses the total areas 

under the curve divided by time (AUC/min) were compared. Results in the tables 

and text are given in mean ± SD. Data in figures are given in mean ± SEM. A p-

value < 0.05 was considered as statistically significant. Statistical analysis was 

performed using SPSS 10.0 for Macintosh. 

 

 

RESULTS 

General 

 No differences were seen in age, BMI, body fat percentage and aerobic 

capacity between the IGT men and the NGT men. Insulin sensitivity was not 

significantly different (Table 6.1.).  

 

Fasting metabolites and postprandial response in forearm muscle 

 Fasting concentrations of glucose, insulin and free fatty acids were not 

different between IGT and NGT men. Postprandially, arterial glucose tended to 

increase more (p = 0.10) in the IGT men, but the postprandial increase of arterial 

insulin and the postprandial decrease of arterial free fatty acid concentrations 

were not different between NGT and IGT (Table 6.2.) Arterial IL-6 concentrations 

were not different between groups in the fasting state, nor after the meal. Deep 

venous IL-6 concentrations, however, were higher in the IGT men during fasting 

(IGT = 3.89 ± 1.99 vs NGT = 2.31 ± 0.73 pg/ml, p = 0.03), and in the postprandial 

phase (AUC/min: IGT = 5.06 ± 3.18 vs NGT = 2.86 ± 0.77 pg/ml, p = 0.05, Figure 

6.1.). 
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Table 6.2. Fasting and postprandial arterial concentrations of glucose, insulin and 

free fatty acids in men with normal glucose tolerance, impaired glucose tolerance, 

and impaired glucose tolerance after weight loss 

IGT 
 NGT IGT 

before WL after WL 

 n = 9 n = 11 n = 8 n = 8 

Glucose, fasting (mmol/l) 5.8 ± 0.3 6.0 ± 0.5 5.9 ± 0.6 5.3 ± 0.5 † 

Postprandial AUC 6.57 ± 0.47 7.08 ± 0.65 # 7.07 ± 0.75 6.47 ± 0.33 † 

Insulin, fasting (mU/L) 18.0 ± 12.7 14.4 ± 3.8 14.3 ± 4.5 6.5 ± 3.1 ‡ 

Postprandial AUC 31.5 ± 13.7 38.2 ± 14.7 34.5 ± 11.5 20.9 ± 9.0† 

FFA, fasting (µmol/l) 555 ± 166 675 ± 184 697 ± 201 556 ± 102 † 

Postprandial AUC 359 ± 70 440 ± 148 473 ± 163 360 ± 92 † 

NGT = normal glucose tolerant, IGT = impaired glucose tolerant, WL = weight loss. Mean ± SD. Postprandial 

area under the curve as mean per minute (AUC/min). # p < 0.10 difference between NGT and IGT; † p < 0.05 

IGT pre weight loss vs after weight loss, paired test with n=8; ‡ p < 0.01 IGT pre weight loss vs after weight loss, 

paired test with n=8.  

 

Similar differences were found for IL-6 flux, as blood flow was not different 

between groups during fasting (NGT = 1.51 ± 0.47; IGT = 1.78 ± 0.60 ml*100 ml 

tissue-1*min-1) or after a meal (AUC/min, NGT = 1.82 ± 0.62; IGT = 1.97 ± 0.85 

ml*100 ml tissue-1*min-1). It was found that the IL-6 release from muscle was 

higher in the IGT group than in the NGT group, both in the fasting state (IGT = 

2.26 ± 1.89 vs NGT = 0.87 ± 0.48 fmol*100 ml tissue-1*min-1, p = 0.04) and in the 

postprandial phase (AUC/min: IGT = 3.48 ± 2.63 vs NGT = 1.37 ± 0.75 fmol*100 ml 

tissue-1*min-1, p = 0.03, Figure 6.2.). The postprandial IL-6 release (AUC/min) was 

higher than the fasting IL-6 release (p < 0.05) in the group as a whole. Arterial 

CRP, TNF-R1 and TNF-R2 concentrations were not different between groups 

(Table 6.3.). CRP, TNF-R1 and TNF-R2 arterio-venous differences were all less 

than 1% of arterial concentrations. Subsequently all fluxes were around zero, 

showing that CRP, TNF-R1 and TNF-R2 were not released from muscle, neither in 

the fasting, nor in the postprandial phase. 

Extrapolated estimated muscle IL-6 production 

 It can be calculated to what extent the release of IL-6 from muscle can 

contribute to systemic IL-6 levels. It has to be taken into account that these are 

calculated estimates, partly based on assumptions. We assumed that muscle mass, 

estimated as ~ 55% (25) of fat free mass, released IL-6 at the same rate as the 

forearm muscle studied here, and used an estimated half-life of 3 min (26). We 

estimated the IL-6 production rate of total muscle mass during fasting (meanTOTAL 

GROUP = 0.58 ng/min, range 0.12 - 2.11 ng/min) and postprandially (meanTOTAL GROUP = 
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Table 6.3. Fasting arterial concentrations of IL-6, CRP and TNF-αααα receptors in men 

with normal glucose tolerance, impaired glucose tolerance, and impaired glucose 

tolerance after weight loss. 

 NGT IGT p-value IGT before WL IGT after WL p-value 

 n = 9 n = 11  n = 8 n = 8  

IL-6 1.33± 0.57 1.47 ± 0.42 0.57 1.58 ± 0.40 1.41 ± 0.41 0.23 

CRP-s 2.21 ± 1.71 3.46 ± 1.90 0.15 4.21 ± 1.75 2.09 ± 1.15 0.004 

TNF-R1 1.52 ± 0.22 1.45 ± 0.23 0.55 1.45 ± 0.27 1.35 ± 0.28 0.06 

TNF-R2 3.27 ± 0.89 3.65 ± 0.87 0.42 3.59 ± 0.67 3.65 ± 2.01 0.79 

NGT = normal glucose tolerant. IGT = Impaired glucose tolerant, WL = weight loss. Mean ± sd. IL-6 is given in 

pg/ml, CRP-S in mg/l, and TNF-R1 and TNF-R2 are given in ng/ml.  

 

0.90 ng/min, range 0.06 - 2.61 ng/min). The estimated contribution of IL-6 release 

from skeletal muscle to systemic IL-6, using whole body extracellular fluid 

estimated from bio-impedance (Hydra, Xitron Utilities, San Diego, USA), was 12% 

(range 2% - 42%) for the whole group in the fasting state. In the postprandial 

phase it was 11% (range 2% -21%) in NGT men and highest in IGT men (25%, 

range 2% - 66%).  

 

Effect of weight loss 

 Eight IGT men were willing to participate in the weight loss program. 

They lost on average 15.0 ± 3.4 kg of body weight (Table 6.1.). Approximately 72% 

of this weight loss was owing to a reduced fat mass and 28% to a reduction in fat 

free mass. Body weight was 82.4 ± 8.3 kg in week 8, at the end of the weight loss 

period, and 82.5 ± 9.4 kg in week 10, just before repeating the measurements, 

indicating that subjects were in energy balance during the measurement period. 

Weight loss improved insulin sensitivity (Table 6.1.), reduced fasting arterial 

glucose, insulin and free fatty acid concentrations and reduced postprandial 

hyperglycemia (-8%) and hyperinsulinemia (-41%) (Table 6.2.). No change was 

seen in aerobic capacity (Table 6.1.). 

 After weight loss (WL), no significant change was observed in fasting 

arterial IL-6 concentrations (Table 6.3.) or fasting IL-6 release from muscle (IGTPRE 

WL: 2.22 ± 1.86 vs IGTAFTER WL: 1.40 ± 1.32 fmol*100 ml tissue-1*min-1 , Figure 6.1. p = 

0.24), but postprandial IL-6 release had decreased (IGTPRE WL : 2.99 ± 2.58 vs 

IGTAFTER WL: 1.45 ± 1.33 fmol*100 ml tissue-1*min-1, p = 0.04) after weight loss ( 

Figure 6.2.). Weight loss also decreased the arterial CRP level (-45%, p = 0.004, 

Table 6.3.) whereas the TNF-R1 receptor showed a trend for a lower concentration 

(-7%, p = 0.06, Table 6.3.). No correlations between M-value, body weight loss and 

IL-6 release were found. 
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DISCUSSION 
 

A major finding of the present study is that the cytokine IL-6 was released from 

skeletal muscle of obese IGT and obese NGT men during fasting and after a high 

fat meal. Interestingly, the IL-6 release from forearm muscle was higher in obese 

men with impaired glucose tolerance compared to obese men with normal glucose 

tolerance. Furthermore, in IGT men, the IL-6 release from muscle after a high fat 

meal was reduced after weight loss, in concert with improvements in insulin 

sensitivity and glucose tolerance. 

 It has been reported before that the venous IL-6 concentration increases 

after a meal, especially after a high fat meal (20, 21). This is the first report 

describing IL-6 release in the postprandial phase by skeletal muscle. In the present 

study, it can be calculated that the estimated total muscle mass would produce 7  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Arterial and deep venous concentrations of IL-6 across forearm muscle during fasting and 

after a meal: compare normal glucose tolerant (NGT) and impaired glucose tolerant (IGT) men. 

Arterial IGT (open circles); deep venous IGT (closed circles); arterial NGT (open squares); deep 

venous NGT (closed squares). Means ± sem. 

Groups were compared with an unpaired Student’s t-test: arterial IL-6 concentration during fasting, 

p = 0.492; deep venous IL-6 concentration, p = 0.031; postprandial AUC for arterial IL-6 

concentration, p = 0.698; postprandial AUC for deep venous IL-6 concentration, p = 0.049. Arterial 

vs venous concentrations, paired Student’s t-test: all differences p < 0.01.  
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Figure 2. IL-6 flux over skeletal muscle during fasting and after a meal: compare obese normal 

glucose tolerant men (obese NGT, n=9) with obese men with impaired glucose tolerance before (obese 

IGT, n=11) and after weight loss (IGT after weight loss, n=8). NGT men (closed squares); IGT men 

before weight loss (closed circles); IGT men after weight loss (open triangle). Means ± sem. 

NGT men and IGT men before weight loss were compared with a Student’s t-test for independent 

samples: IL-6 flux during fasting, p = 0.038; postprandial AUC for IL-6 flux, p = 0.026. IGT men 

(n=8) before and after weight loss were compared with a Student’s t-test for paired samples: IL-6 flux 

during fasting, p = 0.301; postprandial AUC for IL-6 flux, p = 0.042. 

 

vs 16 % of the systemic IL-6 during fasting and 11 vs 25% in the postprandial 

phase for NGT and IGT subjects, respectively. Mohamed-Ali (27) previously 

reported that the estimated production rate of whole body adipose tissue was 1.41 

ng/min (range 0.22 - 2.67 ng/min), which was in the same range as the values we 

found for muscle in the postprandial phase in IGT men before weight loss (1.17 

ng/min, range 0.15 - 2.61 ng/min). Thus, both adipose tissue and skeletal muscle 

contribute to circulating IL-6 concentrations. The question remains whether the IL-

6 is produced by myocytes or by other cell types present in muscle, as it has 

recently been found that the IL-6 release from adipose tissue derives for 90% from 

non-adipocytes (28). Although it is known that IL-6 can be released by muscle 

fibers itself (13, 29), the contribution of other cell types such as monocytes/ 

macrophages, endothelial cells, fibroblasts and smooth muscle cells cannot be 

excluded. The contribution of other tissues in the forearm, like adipose tissue, 

cannot be entirely excluded either, although the deep venous plasma was mainly 

drawn from muscle, as confirmed by an O2-saturation < 60%. 
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 It is still unclear what may trigger IL-6 release from muscle. We cannot 

even exclude that the experimental conditions per se may have had an effect on 

IL-6 release from muscle, as we did not include a control group for the meal-effect. 

Nevertheless, it is likely that the meal per se evoked an effect on IL-6 release, as 

the postprandial IL-6 release (AUC/min) was higher than the fasting IL-6 release 

(p < 0.05) in the group as a whole. Several factors may provoke IL-6 release from 

muscle. In the first place, the production of cytokines in skeletal muscle, like IL-6, 

may be stimulated by oxidative stress (30). One of the factors that may cause 

oxidative stress in the postprandial period is impaired substrate handling (31), as 

described in impaired glucose tolerance and type 2 diabetes mellitus (24, 32). 

Impairments in lipid (33) and glucose (34) handling may both lead to oxidative 

stress. In the second place, impairments in lipid metabolism, like a reduced 

oxidation of plasma derived fatty acids (24, 32) in DM2 subjects may lead to the 

accumulation of interstitial or cytosolic free fatty acids. Especially saturated fatty 

acids like palmitate can directly stimulate the production of IL-6 in myocytes from 

DM2 patients (13) when present in abundance. So, impairments in substrate 

handling, as found in IGT and DM2, may lead to the production of oxidative 

stress and/or to an increment of local concentrations of saturated free fatty acids. 

Each of these may stimulate the production of IL-6 in the postprandial phase. The 

physiological significance of IL-6 release from muscle is still unclear. Pedersen (35) 

suggested that IL-6 may be an inter-organ signaling molecule during exercise, 

reporting a signal from skeletal muscle to the liver to indicate the use of glycogen. 

However, this is not likely to be the case after meal intake. 

 What may be the effect of the cytokines that are produced on skeletal 

muscle metabolism? It has been shown that systemic IL-6 infusion, resulting in 

high arterial IL-6 concentrations (~ 150 pg/ml), stimulates lipolysis and fatty acid 

oxidation in humans in rest (36), although it is not known whether similar effects 

will be found in the physiological range. However, in adipose tissue it has been 

shown that interstitial IL-6 concentrations may be up to ~100 times as high as 

plasma values (37). Likewise, high interstitial amounts of IL-6 may affect fatty acid 

metabolism in an auto- or paracrine manner. On the other hand, it has been 

reported that IL-6 infusion did not affect glucose uptake or oxidation, and in vitro 

and in vivo studies show no effect of IL-6 on insulin action in skeletal muscle (12, 

13, 14). However, IL-6 may induce tissue insulin resistance in other organs, e.g. in 

liver (11, 12), thus contributing to the further progression of impaired glucose 

tolerance to type 2 diabetes mellitus. 

 After weight loss, arterial IL-6 concentrations had not changed, but the 

postprandial release of IL-6 from muscle was decreased (-52%, p = 0.04). This 

improvement in IL-6 release after weight loss may have been a consequence of the 

reduction in body weight, the improvement of glucose tolerance and/or the 
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increase in insulin sensitivity. This supports the concept that the postprandial 

increase in IL-6 production may have been triggered by disturbances in glucose 

and/or fat metabolism found in obese IGT men. 

 The lack of differences between NGT and IGT subjects in arterial 

concentrations of IL-6, CRP, TNF-R1 and TNF-R2 is in accordance with some (5, 

38), but not all studies (3) and may be explained by the fact that the observed 

groups are equally obese and only slightly different in insulin resistance. 

 In conclusion, we observed IL-6 release from forearm muscle in obese 

NGT and obese IGT subjects, both during fasting and after a meal. IL-6 release 

was significantly higher in IGT men during the postprandial phase when 

compared to obese NGT men. In these IGT men, the postprandial IL-6 release 

decreased after body weight loss, reaching levels that were found in the obese, 

normal glucose tolerant controls. We suggest that the high fat meal may be an 

important metabolic stressor, evoking IL-6 release from skeletal muscle, due to the 

impairment in substrate handling in IGT men and that the IL-6 production may 

rather be a consequence than a cause of the obese, insulin resistant and/or 

impaired glucose tolerant state. Further studies have to provide more information 

on the mechanisms that are responsible for the increased IL-6 production by 

muscle, and whether the production of IL-6 in muscle may lead to a further 

increase in insulin resistance, contributing to the progression of impaired glucose 

tolerance to type 2 diabetes mellitus. 
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ABSTRACT 

 
Aims/hypothesis: We investigated whether lifestyle-intervention induced changes 

in serum fatty acid profile of cholesteryl esters and estimated desaturase activities 

were related to improvements in insulin sensitivity in subjects at risk for type 2 

diabetes. 

Methods: In the SLIM study, 97 men and women with impaired glucose tolerance 

were randomised to a combined diet-and-exercise program (47 intervention) or to 

a control group (50 control subjects). At baseline and after one year, an oral 

glucose tolerance test, an exercise test to determine maximal aerobic capacity, 

anthropometry and analysis of fatty acid profile in serum cholesteryl esters were 

performed. 

Results: The lifestyle program was effective to reduce the intake of total and 

saturated fat, to increase physical activity, to reduce obesity and to improve 

insulin sensitivity and glucose tolerance. Regression analysis on the total 

population showed that an increase in C20:4 n-6/ C20:3 n-6 ratio (estimated ∆5-

desaturase activity) and a reduction in C18:3 n-6/C18:2 n-6 ratio (estimated ∆6-

desaturase activity) and C16:1 n-7/ C16:0 ratio (estimated ∆9-desaturase activity or 

stearoyl-CoA desaturase-1) in the total group were significantly associated with a 

decrease in HOMA index for insulin resistance. After adjustment for lifestyle 

changes (change in body fat percentage, aerobic capacity and saturated fat intake) 

these associations were partly reduced, but remained statistically significant. 

Conclusions/interpretation: Lifestyle-induced changes in fatty acid profile of 

cholesteryl esters and desaturase activities were independently related to changes 

in insulin sensitivity in subjects at risk for type 2 diabetes. 
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INTRODUCTION 
 

In the past, the interest in the fat quality of the Western diet was raised by cross-

sectional epidemiological studies. These showed that the consumption of 

saturated fat was inversely related to insulin sensitivity and glucose tolerance, 

whereas a positive association was found for unsaturated fat [1-3]. Similar results 

were found for fatty acid composition in serum [4, 5]. In addition, prospective 

studies in healthy subjects have shown that a serum fatty acid profile of high 

saturated fatty acids or low unsaturated fatty acids can predict the development of 

type 2 diabetes [1, 6, 7]. Recently, two well-controlled human studies 

demonstrated that replacing saturated fatty acids (SFA) in the diet either by mono-

unsaturated fat (MUFA) [8] or poly-unsaturated fat (PUFA) [9] resulted in changes 

in serum fatty acid profile and an improved insulin sensitivity. This improvement 

in insulin sensitivity was found in particular in subjects with a relatively low total 

fat intake (below median 37 energy %) [8]. 

 The plasma fatty acid profile reflects not only dietary fat intake, but is also 

influenced by endogenous fatty acid metabolism, e.g. by desaturase enzymes. An 

important role for the desaturase enzymes is to regulate the degree of 

unsaturation of lipids throughout the body. This is important for the fluidity of 

cell membranes, affecting cell permeability and signalling, including insulin 

signalling [10]. The ∆9-desaturase catalyzes the conversion of palmitic and stearic 

acid into palmitoleic acid and oleic acid, respectively. These mono-unsaturated 

fatty acids are required for the fatty acid composition of membrane phospholipids 

and the synthesis of adipose tissue triglycerides and cholesteryl esters [10, 11]. The 

∆5- and ∆6-desaturases catalyze the synthesis of n-6 and n-3 poly-unsaturated 

fatty acids [10], of which arachidonic acid (C20:4 n-6) is an eicosanoid precursor, 

and docosahexaenoic acid (C22:6 n-3) plays a role in the function of the retina and 

central nervous system. Some specific highly unsaturated fatty acids are 

regulators of the expression of genes involved in lipogenesis and lipid oxidation 

[12]. The activity of desaturase enzymes has been associated with insulin 

resistance [13-15]. Animal studies have shown that mice lacking stearoyl-CoA 

desaturase-1 (SCD-1), a mouse isoform of ∆9-desaturase, are more insulin 

sensitive than their wildtype littermates [13]. In human studies, an increased ∆6-

desaturase activity and a decreased ∆5-desaturase activity have been associated 

with insulin resistance and type 2 diabetes [14, 16, 17]. Recently, a 20-yr 

prospective study in healthy Swedish men showed that high estimated ∆9- and 

∆6-desaturase activities and low ∆5-desaturase activities predicted the 

development of the metabolic syndrome [18]. These studies suggest that 

desaturase enzymes may be directly or indirectly involved in the development of 

insulin resistance. 
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 There is increasing evidence that serum fatty acid profiles and fatty acid 

desaturase activities may be influenced by lifestyle factors, such as diet [3, 16] and 

exercise [19, 20]. Previously, we have shown that a combined lifestyle intervention 

program was effective to improve glucose tolerance and insulin sensitivity in 

prediabetic subjects, thereby reducing the risk for diabetes [21]. Therefore, we 

investigated whether changes in fatty acid profile of serum cholesteryl esters and 

estimated fatty acid desaturase activities were related to lifestyle-intervention 

induced changes in glucose tolerance and insulin sensitivity. 

 

 

METHODS 

Subjects 

 Subjects were recruited from a large existing cohort of the general 

population [22] and through advertisements in the local newspaper. Subjects were 

screened for impaired glucose tolerance with a standard oral glucose tolerance test 

(OGTT) with capillary sampling according to the World Health Organization 

guidelines [23]. Subjects with impaired glucose tolerance were invited to undergo 

a second OGTT and were included when the mean 2-hour glucose concentration 

was between 7.8 and 12.5 mmol/l. Exclusion criteria were previously diagnosed 

diabetes other than gestational diabetes, medication use known to interfere with 

glucose metabolism, participation in vigorous exercise or an intensive weight loss 

program during the last year before participation, and any (chronic) disease that 

makes participation in a lifestyle program impossible, or has an improbable 5-year 

survival. The study protocol was approved by the local Medical Ethical 

Committee of the Maastricht University. All subjects gave written informed 

consent. 

 Subjects were randomized to the intervention group or the control group 

with stratification for gender and 2-hr glucose value. Of the 147 subjects, 131 

completed the one-year intervention period. We obtained complete datasets of 

general and metabolic characteristics and serum fatty acid profile in cholesteryl 

esters of 97 subjects for regression analysis. Incomplete datasets were mainly due 

to missing values for dietary intake and aerobic capacity (VO2max). The number 

of women was higher in the group of excluded subjects (+29%), but no differences 

in age, BMI, 2-hr glucose values or HOMA index for insulin resistance were found 

between excluded and included subjects. Also the number of excluded subjects in 

the intervention (n = 27) and control group (n = 23) was comparable. The results of 

this lifestyle-intervention have been published previously [21].  
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Table 7.1. Subject characteristics at baseline and after one year of lifestyle 

intervention 

 Intervention 

 

Control p-value 

  

baseline 

after 

one year 

 

baseline 

after 

one year 

 

group 

 

time 

group 

x 

time 
n (m/f) 47 (29/18) 47 (29/18) 50 (30/20) 50 (30/20)    

Age (yr) 56.0 ± 0.9 - 58.5 ± 1.0 - 0.07 - - 

Body weight (kg) 88.2 ± 1.9 85.4 ± 1.8 84.5 ± 1.9 83.8 ± 1.8 0.31 <0.01 <0.01 

BMI (kg/m2) 29.7 ± 0.5 28.8 ± 0.5 29.6 ± 0.5 29.4 ± 0.5 0.71 <0.01 0.01 

Body fat (%) 37.4 ± 0.9 35.8 ± 0.9 37.5 ± 0.9 36.8 ± 0.9 0.67 <0.01 0.08 

Waist (cm) 104 ± 1 100 ± 2 104 ± 1 102 ± 1 0.66 <0.1 0.06 

Fasting glucose  6.1 ± 0.1 6.0 ± 0.1 5.8 ± 0.1 5.9 ± 0.1 0.17 0.70 0.05 

2-hr glucose 9.0 ± 0.3 8.1 ± 0.3 8.5 ± 0.3 8.7 ± 0.3 0.91 0.10 <0.01 

HbA1c (%) 6.0 ± 0.1 5.8 ± 0.1 5.9 ± 0.1 5.7 ± 0.1 0.26 <0.01 0.12 

Fasting insulin  17.9 ± 1.2 15.5 ± 1.1 17.3 ± 1.2 17.4 ± 1.1 0.70 0.06 0.04 

2-hr insulin  93 ± 12 78 ± 9 103 ± 11 107 ± 9 0.16 0.31 0.06 

HOMA-IR 5.00 ± 0.40 4.22 ± 0.35 4.58 ± 0.39 4.67 ± 0.34 0.98 0.08 0.03 

VO2max  40.9 ± 1.0 43.3 ± 1.1 39.8 ± 1.0 39.9 ± 1.0 0.11 <0.01 0.01 

Mean ± sem. Glucose is given in mmol/l, insulin in mU/l, VO2max in ml O2*kgFFM
-1*min-1. 

 

Lifestyle intervention program 

 The lifestyle intervention program consisted of a dietary and physical 

activity part. Dietary recommendations were based on the Dutch guidelines for a 

healthy diet [24] and consisted of: carbohydrate intake of at least 55 energy% (E%); 

total fat intake below 30-35 E% combined with a saturated fat intake below 10 E%; 

cholesterol intake < 33 mg/MJ. No (very) low calorie diets were used. Dietary 

advice was given by a skilled dietician on an individual basis, after consideration 

of an individual 3-day weighed food record. The first visit took place 4-6 weeks 

after randomization. Thereafter, every three months a visit was scheduled. 

Subjects were stimulated to increase their physical activity to at least 30 minutes of 

moderate physical activity a day for at least 5 days a week [25]. At the start of the 

study individual advice was given how to increase daily physical activity 

(walking, cycling, swimming), and well-defined goals were set. Furthermore, 

subjects were encouraged to participate in an exercise program, especially 

designed for this study, with components of both aerobic exercise training and 

resistance training. Exercise sessions were supervised by trainers. Subjects had 

free access to these training sessions and were stimulated to participate at least 

one hour a week. Subjects in the control group received oral and written 

information about the beneficial effects of a healthy diet, weight loss and increased 

physical activity once a year, whereas no individual advice or programs were 

provided.  
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Table 7.2. Dietary intake of macronutrients for the intervention and control group at 

baseline and after 1 year of a combined diet-exercise lifestyle intervention. 

 Intervention Control p-value 

  

baseline 

 

one year 

 

baseline 

 

one year 

 

group 

 

time 

group 

x 

time 

n  

(m/f) 

47 

(29/18) 

47 

(29/18) 

50 

(30/20) 

50 

(30/20) 

   

Enery intake (MJ/day) 9.2 ± 0.4 8.2 ± 0.3 8.6 ± 0.4 8.4 ± 0.3 0.63 <0.01 0.07 

Carbohydrates (E%) 42 ± 1 47 ± 1 43 ± 1 44 ± 1 0.61 <0.01 <0.01 

Fat (E%) 35.9 ± 0.9 30.7 ± 0.9 35.3 ± 0.9 34.0 ± 0.9 0.21 <0.01 <0.01 

    SFA (E%) 13.6 ± 0.4 11.3 ± 0.5 13.7 ± 0.4 13.0 ± 0.4 0.08 <0.01 0.01 

    MUFA (E%) 13.0 ± 0.4 10.9 ± 0.4 12.7 ± 0.4 12.0 ± 0.4 0.36 <0.01 0.02 

    PUFA (E%) 6.8 ± 0.3 6.3 ± 0.3 6.5 ± 0.3 6.5 ± 0.3 0.82 0.30 0.28 

Cholesterol (mg/MJ) 27 ± 1 22 ± 2 26 ± 1 25 ± 1 0.56 <0.01 0.04 

Protein (E%) 16.5 ± 0.5 17.5 ± 0.5 16.0 ± 0.5 16.0 ± 0.5 0.07 0.15 0.21 

Fibre (g/MJ) 2.7 ± 0.1 3.3 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 0.09 <0.01 <0.01 

Alcohol (E%) 5.5 ± 0.9 4.7 ± 0.9 5.4 ± 0.9 5.4 ± 0.9 0.75 0.48 0.51 

Means ± sem.  

 

Measurements 

 Glucose tolerance was monitored with a standard glucose tolerance test 

with venous blood sampling at baseline and after 2 hours [22]. During the same 

visit, body weight was measured to the nearest 0.1 kg on an electronical scale, 

with the subject wearing only light clothing. Height was measured to the nearest 

0.5 cm without shoes. Skinfold thickness was measured twice using a skinfold 

caliper at the triceps, biceps, subscapular and suprailiacal region. The sum of 

skinfolds was used to calculate body fat percentage [26]. Waist circumference 

(waist) was measured with the subject in standing position at the level midway 

between the lowest rib and iliacal crest to the nearest 0.5 cm. A 3-day weighed 

food record (two weekdays and one weekend day) was kept in the two weeks just 

before the visit. Food records were checked by a dietician and the intake of 

nutrients was calculated with a validated computer program using the Dutch food 

table (NEVO). An incremental exhaustive exercise test was performed on an 

electronically braked bicycle ergometer to determine the maximal power output 

(Watt) and maximal oxygen consumption (VO2max). 

 

Biochemical analysis and calculations 

 Plasma glucose was measured with a standard enzymatic technique 

automated on the Cobas Fara centrifugal analyzer (Glucose HK 125, ABX 

Diagnostics, Montpellier, France). Plasma insulin was measured with an ELISA 

assay (Mercodia, Uppsala, Sweden) with no cross-reactivity with pro-insulin. The 
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HOMA index for insulin resistance (HOMA-IR) was calculated as described by 

Matthews et al. [27]. The HOMA index is the outcome of a mathematical model 

based on dose-response curves for glucose uptake and insulin production in a 

fasting, steady-state condition. Although it is not suitable for use at the individual 

level, as is the hyperinsulinemic euglycemic clamp, it is a fairly good marker for 

insulin resistance in larger groups (n > 30) and is a better marker for insulin 

resistance than fasting insulin, in particular in obese and/or IGT subjects [28]. 

Glycated hemoblobin (HbA1c) was determined in fasting serum with HPLC 

(reference values for our laboratory 4.4 – 6.2 %).  

 The fatty acid profile of serum cholesteryl esters was determined by GC-

FID after solid phase extraction adapted from Agren and coworkers [29]. Shortly 

after deproteination and chloroform extraction the lipid extract was applied onto 

an aminopropyl solid-phase column (Bond-Elut NH2 200 mg, Varian Ass, 

Middelburg, The Netherlands) and the cholesteryl-bound fatty acids were eluted 

with hexane. After hydrolysis and methylation, the fatty acid methyl esters 

(FAME) were separated on a 100 x 0.25 mm ID WCOT fused silica capillary 

column using a GC-3900 gas chromatograph (Varian Ass.). Galaxie software 

(Varian Ass.) was used for quantification and identification of peaks. The relative 

amount of each fatty acid (% of total fatty acids) was quantified by integrating the 

area under the peak and dividing the result by the total area of all fatty acids. The 

activity of ∆5-desaturase activity was estimated as the product-to-precursor ratio 

of the proportion of arachidonic acid (C20:4 n-6) to dihomo-gamma-linolenic acid 

(C20:3 n-6), the ∆6-desaturase activity was estimated as the proportion of gamma-

linolenic acid (C18:3 n-6) to linoleic acid (C18:2 n-6) and the ∆9-desaturase activity 

was estimated as the proportion palmitoleic acid (C16:1 n-7) to palmitic acid 

(C16:0). 

 

Statistical analysis 

 Correlations were tested using Pearson’s correlation coefficient (r), two-

tailed. Analysis of Variance (ANOVA) for repeated measures was used to test 

differences between groups and changes over time. Regression analysis was 

performed to identify the contribution of changes in lifestyle and fatty acid profile 

to changes in insulin resistance (HOMA-IR). When testing a one-year change as 

the dependent variable, the mean of the dependent variable ((year 0 + year 1)/2) 

was included in the model to correct for regression to the mean. Regression 

analysis was also performed with adjustment for the means of all variables, but 

this did not add to the explained variance of the model and did not change the 

outcomes, so only the mean of the dependent variable was included. All one-year 

changes were calculated as year 1 - year 0. To investigate whether the relation 
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between changes in desaturase activity and changes in insulin resistance was 

dependent on changes in lifestyle, we tested the contribution of desaturase activity 

alone (model 1), adjusted for the mean of the dependent variable. Then we added 

the intake of SFA as a reflection in changes in the diet (model 2), VO2max as a 

reflection of changes in physical activity (model 3) and body fat percentage (model 

4). None of these regression parameters showed intercorrelations larger than 0.6. 

HOMA index was ln-transformed to obtain a normal distribution. For regression 

analysis the beta coefficients and their 95% confidence intervals are presented. 

Other data are expressed as mean ± sem. A p-value < 0.05 was considered as 

statistically significant. Statistical analysis was performed using SPSS 10.0 for 

Macintosh. 

 

 

RESULTS 

 

General lifestyle effects 

 After one year of lifestyle intervention, body weight and BMI were 

reduced and VO2max had increased, together with improvements in 2 hr glucose 

values, fasting insulin and HOMA index for insulin resistance (Table 7.1.). The 

lifestyle intervention was effective to increase the intake of carbohydrates and 

fibre and to reduce the intake of total fat, saturated fat and concomitantly reduced 

mono-unsaturated fat intake (Table 7.2.), as previously reported in a smaller 

group in the same intervention study [22]. The reported intake of poly-

unsaturated fatty acids (PUFA) correlated well with poly-unsaturated fatty acids 

in serum, both at baseline (r = 0.44, p < 0.05) and after one year (r = 0.42, p < 0.001). 

This indicates that the reported intakes of fatty acids were well recorded and 

estimated.  

 

Serum fatty acid profile, glucose tolerance and insulin sensitivity 

 After one year of lifestyle intervention, no direct changes were observed in 

individual fatty acids fractions. However, changes in several specific fatty acid 

fractions of the cholesteryl esters were related to changes in insulin resistance after 

1 year (Table 7.3.). One-year changes in serum fractions of myristic (C14:0), 

palmitoleic acid (C16:1 n-7), γ-linolenic acid (C18:3 n-6) and dihomo-γ-linolenic 

acid (c20:3 n-6) correlated positively with changes in HOMA-IR, whereas this 

relation was inverse for oleic acid (C18:1 n-9) and arachidonic acid (C20:4 n-6). 

One-year decreases in estimated ∆9- and ∆6-desaturase activities and an increase  
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Table 7.3. Fatty acid fractions of serum cholesteryl esters at baseline, one-year 

changes in fatty acid fractions and the relation between changes in fatty acid 

fractions and lifestyle-induced changes in HOMA index for insulin resistance. 

 baseline value one-year change ∆ homa-ir (ln) 

 Mean ± sem Mean (range) r 

14:0 0.84 ± 0.02 -0.013 (-0.49; 0.55) 0.28** 

16:0 11.7 ± 0.1 -0.005 (-1.76; 1.60) -0.13 

16:1 n-7 3.4 ± 0.1 -0.06 (-2.44; 2.46) 0.22* 

18:0 0.95 ± 0.02 0.01 (-0.45; 0.26) -0.14 

18:1 n-9 16.9 ± 0.2 0.51 (-3.84; 5.82) -0.28** 

18:2 n-6 52.7 ± 0.5 -0.49 (-9.06; 5.46) +0.19 

18:3 n-3 0.61 ± 0.01 0.04 (-0.28; 0.60) +0.13 

18:3 n-6 1.06 ± 0.04 0.04 (-1.13; 1.59) +0.32** 

20:3 n-6 0.87 ± 0.02 -0.001 (-0.57; 0.32) +0.20* 

20:4 n-6 7.3 ± 0.2 -0.08 (-3.22; 3.14) -0.29** 

20:5 n-3 1.11 ± 0.06 0.02 (-2.98; 1.14) +0.14 

22:6 n-3 0.63 ± 0.02 0.00 (-0.52; 0.36) -0.13 

C20:4 n-6/C20:3 n-6 8.69 ± 2.59 -0.14 (-8.92; 9.14) -0.31** 

C18:3 n-6/C18:2 n-6 0.021 ± 0.008 0.001 (-0.022; 0.032) +0.28** 

C16:0/C16:1 n-7 0.286 ± 0.109 -0.005 (-0.19; 0.25) +0.24* 
Fatty acid fractions of serum cholesteryl esters are expressed as % of total. n = 97. * p<0.05; **p<0.01. 

 

 

in estimated ∆5-desaturase were related to a reduction in HOMA index for insulin 

resistance (Table 7.3.). 

 To investigate whether the relation between desaturase activity and 

insulin resistance was dependent on changes in lifestyle, we performed regression 

analysis and presented the standardized beta coefficients of the estimated 

desaturase activities after the addition of changes in SFA intake, VO2max and 

body fat percentage (Table 7.4.). The results show that the changes in ∆9-and ∆6-

desaturase were positively related and changes in ∆5-desaturase were inversely 

related to changes in HOMA-IR. These relations remained statistically significant 

after adjustment for changes in lifestyle factors and body fat percentage for ∆9- 

and ∆6-desaturase and for ∆5-desaturase. The beta-coefficients of ∆9- and ∆6-

desaturase were reduced after the addition of VO2max (-13% and -14% 

respectively, model 3) and body fat percentage (-24% and -4% respectively, model 

4) to the model, whereas the beta-coefficient of ∆5-desaturase only changed after 

correction for body fat percentage (-16%, model 4). 

 Since sometimes the correlation of a parameter with HOMA-IR can be 

fully explained by one component of the HOMA-index, we explored the 

associations of fasting glucose and fasting insulin with different fatty acid 

variables as well. We found that analysis of changes in fasting glucose or insulin 

as the dependent variable revealed significant correlations to changes in ∆9-, ∆6, 

and ∆5-desaturase indices as well. For the change in fasting insulin and changes in 
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Table 7.4. Regression model for changes after 1 year: relationships between changes 

in HOMA-IR (ln) and changes in estimated desaturase activity. 

  Std Beta (95% CI) of ∆9-

desaturase activity 

aR2 Std Beta (95% CI) of ∆6-

desaturase activity 

aR2 Std Beta (95% CI) of ∆5-

desaturase activity 

aR2 

1 Desaturase 0.234*(0.032; 0.438) 0.04 0.278** (0.077; 0.479) 0.06 -0.307** (-0.501; -0.108) 0.08 

2 Desaturase 0.251* (0.055; 0.448) 0.10 0.274** (0.079; 0.479) 0.11 -0.296** (-0.484; -0.102) 0.13 

 SFA_intake 0.271** (0.076; 0.466)  0.252* (0.059; 0.437)  0.242* (0.050; 0.426)  

3 Desaturase 0.218* (0.028; 0.406) 0.18 0.237* (0.050; 0.426) 0.19 -0.301** (-0.478; -0.118) 0.23 

 SFA intake 0.281** (0.094; 0.468)  0.264** (0.085; 0.451)  0.255** (0.077; 0.434)  

 VO2max -0.295** (-0.492; -0.111)  -0.289** (-0.470; -0.108)  -0.324** (-0.504; -0.144)  

4 Desaturase 0.167* (0.005; 0.331) 0.40 0.226** (0.068; 0.386) 0.43 -0.254** (-0.405; -0.097) 0.44 

 SFA intake 0.194* (0.034; 0.354)  0.178* (0.025; 0.331)  0.175* (0.017; 0.325)  

 VO2max -0.310** (-0.465; -0.155)  -0.301** (-0.458; -0.144)  -0.332** (-0.474; -0.178)  

 BF% 0.478** (0.315; 0.635)  0.491** (0.333; 0.649)  0.470** (0.317; 0.629)  

n = 97. * p<0.05; **p<0.01. Std Beta, standardized Beta-coefficient; CI, confidence interval; aR2adjusted R-

square; Desaturase, desaturase activity mentioned above the column; SFA intake, saturated fat intake; BF%, body 

fat percentage. 

Model 1: change in desaturase activity, adjusted for mean HOMA-IR. 

Model 2: + change in SFA intake (en%) 

Model 3: + change in VO2max (ml O2/kg fat free mass). 

Model 4: + change in BF% 

 

∆9-, ∆6-, and ∆5-desaturase this was: r = 0.151 (p = 0.067), r = 0.196 (p = 0.016) and r 

= -0.243 (p = 0.002), respectively. For the change in fasting glucose and changes in 

∆9-, ∆6-, and ∆5-desaturase this was: r = 0.199 (p = 0.045), r = 0.287 (p = 0.003) and r 

= -0.210 (p = 0.033), respectively. These data reveal that we cannot appoint one 

specific component of the HOMA-IR index (glucose or insulin) that could explain 

the correlations with HOMA-IR. It appears that both impaired glucose as well as 

impaired insulin concentrations are relevant, indicating impairments in the 

regulation of glucose metabolism. Since insulin resistance is most likely to be 

central to these impairments, we chose to present the data on HOMA-IR. 

 Interestingly, the relationships between changes in the estimated 

desaturase enzyme activities and changes in HOMA-IR were modified by total fat 

intake. Regression analysis revealed that changes in ∆9- and ∆6-desaturase 

contributed significantly to the HOMA-IR model in subjects with a total fat intake 

<35.5 E% (Figures 7.1A and 7.1C), which followed a similar pattern as was 

observed in the group as a whole, whereas in subjects with a fat intake above 35.5 

E%, no significant association was found (Figures 7.1B and 7.1D). Also in 

regression analysis of the total group, a relevant interaction between fat intake 

(below or above 35.5 E%) and change in ∆9-desaturase activity was found (p = 

0.13). The correlation between the change in ∆5-desaturase and insulin resistance 

was not affected by total fat intake (Figures 7.1E and 7.1F). 
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DISCUSSION 
 

A strong relation between the lifestyle-induced changes in insulin resistance and 

the changes in cholesteryl ester fatty acid profile were found after one year. An 

improvement in insulin resistance was typically associated with a reduction in 

myristic acid (C14:0), palmitoleic acid (C16:1 n-7), γ-linolenic acid (C18:3 n-6) and 

dihomo-γ-linolenic acid (c20:3 n-6) fractions, an increase in oleic acid (C18:1 n-9) 

and arachidonic acid (C20:4 n-6)fractions; and was further characterized by a 

decrease in estimated ∆9-desaturase (SCD-1) and ∆6-desaturase activities and an 

increase in ∆5-desaturase activity. 

 This specific pattern of individual fatty acids (high myristic, palmitoleic, 

γ-linolenic and dihomo-γ-linolenic acid fractions and a low arachidonic acid 

fraction) is typical for insulin resistance and is very consistent with previous 

reports [5, 9, 18, 30]. Furthermore, we found a positive relation between one-year 

changes in oleic acid fractions and changes in insulin sensitivity, which is in line 

with most, but not all previous studies. On the one hand, dietary studies have 

found that insulin sensitivity is inversely associated with oleic acid fractions [18, 

30]. On the other hand, exercise, assumed to be related to insulin sensitivity, is 

positively associated with high oleic acid fractions [19]. In addition, the 

replacement of dietary SFA by MUFA, (predominantly oleic acid) improved 

insulin sensitivity [8], which supports the positive relation between changes in 

serum oleic acid and insulin sensitivity in the present study.  

 The relation between insulin sensitivity and n-3 poly-unsaturated fatty 

acids is less clear. The present study shows no correlation between EPA (C20:5 n-

3) or DHA (C22:6 n-3) and insulin resistance (Table 7.3.). This is in accordance 

with other studies using other measures of insulin resistance, such as the 

euglycemic hyperinsulinemic clamp or an intravenous glucose tolerance test [8, 

31, 32, 33]. 

The present study shows that also changes in insulin resistance were inversely 

related to the changes in ∆5-desaturase activity and positively to changes in ∆6-

desaturase and ∆9-desaturase activities. Desaturase enzymes may be important in 

the development of insulin resistance, since mice with a ∆9-desaturase deficiency 

are very insulin sensitive [13], and a the ∆9-desaturase mRNA level in human 

skeletal muscle was positively related to the amount of triglyceride accumulation 

[15]. This accumulation of triglycerides in skeletal muscle is strongly associated 

with insulin resistance in sedentary subjects [34-36].  

 The associations between changes in ∆9-, ∆6- and ∆5-desaturase activities 

and changes in insulin resistance in the present study were influenced by changes 

in saturated fat intake, VO2max and/or body fat percentage, which suggests that 

desaturase activities are affected by lifestyle. The finding that lifestyle affects fatty 
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acid profile is supported by both rodent and human studies. In mice, it was shown 

that a high fat diet increased the ∆9-desaturase activity in the liver [37, 38]. Dietary 

intervention studies in humans have shown that replacing saturated dietary fat by 

unsaturated dietary fat reduced the estimated ∆6-desaturase and ∆9-desaturase 

activities, and increased the estimated ∆5-desaturase activity [16]. Also an 

increased physical activity correlated with an increased estimated ∆5-desaturase 

activity in skeletal muscle phospholipids [20]. 

 Part of the relation between changes in insulin resistance and the changes 

in ∆6-desaturase and ∆9-desaturase activity may be a direct consequence of 

changes in lifestyle. The finding that these associations nevertheless remained 

present after adjustment for lifestyle factors (saturated fat intake, VO2max and 

body fat percentage) indicates that changes in desaturase activities are also 

affected by endogenous factors. Many dietary, hormonal and environmental 

factors are involved in the regulation of ∆9-desaturase and most likely also of ∆6- 

and ∆5-desaturase [10, 39]. Therefore, we cannot exclude that insulin resistance as 

such may have had an effect on desaturase activities. Other factors that may be 

involved are changes in insulin [40] or glucose itself, changes in leptin concentra-

tion [41] or changes in fatty acid handling with different preferences for saturated 

or unsaturated fatty acids in lipolytic and oxidative processes [42, 43]. For the 

future it remains a challenge to elucidate whether and how lifestyle factors can 

modify desaturase enzyme activities with consequences for the insulin resistant 

state, and on the other hand whether and how changes in metabolic profile, e.g. 

insulin resistance, may in its turn affect desaturase enzyme activity.  

 A general hypothesis on the molecular background of the relation 

between desaturase enzymes and insulin resistance is that desaturase enzymes 

can change the fatty acid composition of cell membranes, which influence 

membrane fluidity. This may result in changes in insulin receptor binding or 

affinity, membrane ion permeability and cell signalling [3]. Furthermore, ∆9-

desaturase may produce precursors for compounds that have been associated 

with insulin resistance, like ceramide [13]. The ∆6 and ∆5-desaturases are involved 

in the synthesis of highly unsaturated fatty acids. These highly unsaturated fatty 

acids can be ligands for transcription factors like PPARs, HNF4, NFκB, and 

SREBP, which interact with genes that are involved in lipogenesis and fatty acid 

oxidation [12].  

 In the present study, the relations between changes in fatty acid profile 

and changes in insulin resistance were modified by total fat intake (Figure 7.1). 

The association of changes in estimated ∆9- and ∆6-desaturase activity with 

changes in insulin sensitivity were more pronounced in subjects with a lower total 

fat intake (< 35.5 E%). This has been reported previously in the KANWU study, a 

large diet-controlled study [8]. In that study, the impact of fatty acid profile,  
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Figure 7.1. Regression model for changes after 1 year: changes in HOMA-IR (ln) related to changes 

in estimated ∆9-desaturase activity (a, b), ∆6-desaturase activity (c, d) and ∆5-desaturase activity (e, 

f) in subjects with a total dietary fat intake below (a, c, e) or above median (35.5 E%) (b, d, f). Partial 

correlations adjusted for mean HOMA-IR, change in SFA intake, change in VO2max and change in 

body fat percentage (model 4). n.s. = not significant  

 
reflecting dietary fat quality, on insulin sensitivity was mainly observed in 

subjects with a total fat intake below median (< 37 E%). This emphasises that both 

the quality and quantity of dietary fat intake are relevant in relation to insulin 

resistance. It also shows that a high fat intake may mask the potential relationship 

between fat quality and insulin resistance. The correlation between the change in 
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∆5-desaturase and insulin resistance was not affected by total fat intake (Figure 7.1 

and Table 7.4.) nor by physical activity (Table 7.4.), which suggests that ∆5-

desaturase activity may be less influenced by environmental factors than ∆9- and 

∆6-desaturase activity. A previous study examined the predictive effect of 

desaturase indices on the development of the metabolic syndrome, and found that 

the relation between ∆9- and ∆6-desaturase and the development of the metabolic 

syndrome diminished after adjustment for BMI + smoking habit + physical 

activity, whereas the predictive value of ∆5-desaturase on the development of the 

metabolic syndrome was not affected after adjustment for BMI or physical activity 

[18].  

 In the present study, both insulin sensitivity and desaturase activity were 

measured with indirect measures. Nevertheless, the present data should be 

considered as a clear indication for the relationship between insulin resistance and 

fatty acid profile, including the activity of desaturase enzymes, which deserves 

further investigation. Mechanistic studies using more direct measures such as the 

hyperinsulinemic euglycemic clamp and analysis of desaturase activity and 

mRNA expression in a variety of tissues will be the next step to elucidate the 

relation between desaturase enzymes and lifestyle-induced changes in insulin 

sensitivity.  

 In summary, lifestyle-induced improvements in insulin sensitivity are 

independently explained by specific changes in fatty acid profile of serum 

cholesteryl esters. Moreover, an increase in insulin sensitivity is associated with an 

increase in estimated ∆5-desaturase activity and a decrease in estimated ∆6- and 

∆9-desaturase activities. The associations between changes in ∆9-, ∆6- and ∆5-

desaturase activities and changes in insulin resistance remained significant after 

adjustment for changes in diet, VO2max and/or body fat percentage. We conclude 

that lifestyle-induced changes in insulin sensitivity are partly related to changes in 

fatty acid profile, in particular to changes in desaturase activities. The association 

between insulin resistance and desaturase activities is depending on lifestyle, but 

also on changes in other, more endogenous factors that remain to be identified in 

the future. 

 

ACKNOWLEDGEMENTS 
 

We want to thank Jos Stegen and Hans Cremers for their excellent support for the 

analytical measurements. Furthermore we want to thank Tanja Hermans-

Limpens, Ilse Nijs and Marja Ockeloen - van der Hulst for running the dietary 

intervention. This work was supported by grants from the Dutch Diabetes 

Research Foundation (DFN 98.901 and DFN 2000.00.020) and the Netherlands 

Organization for Scientific Research (ZonMW 940-35-034 and 2200.0139). 



Insulin resistance and desaturase activities  

 

 

 

143 

REFERENCES 

 
1 Feskens EJ and van Dam RM (1999) Dietary fat and the etiology of type 2 diabetes: an 

epidemiological perspective. Nutr Metab Cardiovasc Dis 9:87-95 

2 Hu FB, van Dam RM and Liu S (2001) Diet and risk of Type II diabetes: the role of 

types of fat and carbohydrate. Diabetologia 44:805-817 

3 Riccardi G, Giacco R and Rivellese AA (2004) Dietary fat, insulin sensitivity and the 

metabolic syndrome. Clin Nutr 23:447-456 

4 Pelikanova T, Kohout M, Valek J, Base J and Kazdova L (1989) Insulin secretion and 

insulin action related to the serum phospholipid fatty acid pattern in healthy men. 

Metabolism 38:188-192 

5 Vessby B, Tengblad S and Lithell H (1994) Insulin sensitivity is related to the fatty 

acid composition of serum lipids and skeletal muscle phospholipids in 70-year-old 

men. Diabetologia 37:1044-1050 

6 Vessby B, Aro A, Skarfors E, Berglund L, Salminen I and Lithell H (1994) The risk to 

develop NIDDM is related to the fatty acid composition of the serum cholesterol 

esters. Diabetes 43:1353-1357 

7 Wang L, Folsom AR, Zheng ZJ, Pankow JS and Eckfeldt JH (2003) Plasma fatty acid 

composition and incidence of diabetes in middle-aged adults: the Atherosclerosis Risk 

in Communities (ARIC) Study. Am J Clin Nutr 78:91-98 

8 Vessby B, Unsitupa M, Hermansen K, et al. (2001) Substituting dietary saturated for 

monounsaturated fat impairs insulin sensitivity in healthy men and women: The 

KANWU Study. Diabetologia 44:312-319 

9 Summers LK, Fielding BA, Bradshaw HA, et al. (2002) Substituting dietary saturated 

fat with polyunsaturated fat changes abdominal fat distribution and improves insulin 

sensitivity. Diabetologia 45:369-377 

10 Nakamura MT and Nara TY (2004) Structure, function, and dietary regulation of 

delta6, delta5, and delta9 desaturases. Annu Rev Nutr 24:345-376 

11 Dobrzyn A and Ntambi JM (2004) The role of stearoyl-CoA desaturase in body weight 

regulation. Trends Cardiovasc Med 14:77-81 

12 Jump DB and Clarke SD (1999) Regulation of gene expression by dietary fat. Annu 

Rev Nutr 19:63-90 

13 Dobrzyn A, Dobrzyn P, Lee SH, et al. (2005) Stearoyl-CoA desaturase-1 deficiency 

reduces ceramide synthesis by downregulating serine palmitoyltransferase and 

increasing beta-oxidation in skeletal muscle. Am J Physiol Endocrinol Metab 

288:E599-607 

14 Borkman M, Storlien LH, Pan DA, Jenkins AB, Chisholm DJ and Campbell LV (1993) 

The relation between insulin sensitivity and the fatty-acid composition of skeletal-

muscle phospholipids. N Engl J Med 328:238-244 



 Chapter 7 

 

 

 

144 

15 Hulver MW, Berggren JR, Carper MJ, et al. (2005) Elevated stearoyl-CoA desaturase-1 

expression in skeletal muscle contributes to abnormal fatty acid partitioning in obese 

humans. Cell Metab 2:251-261 

16 Vessby B, Gustafsson IB, Tengblad S, Boberg M and Andersson A (2002) Desaturation 

and elongation of Fatty acids and insulin action. Ann N Y Acad Sci 967:183-195 

17 Kelley DE, Goodpaster BH and Storlien L (2002) Muscle triglyceride and insulin 

resistance. Annu Rev Nutr 22:325-346 

18 Warensjo E, Riserus U and Vessby B (2005) Fatty acid composition of serum lipids 

predicts the development of the metabolic syndrome in men. Diabetologia 48:1999-

2005 

19 Andersson A, Sjodin A, Olsson R and Vessby B (1998) Effects of physical exercise on 

phospholipid fatty acid composition in skeletal muscle. Am J Physiol 274:E432-438 

20 Andersson A, Sjodin A, Hedman A, Olsson R and Vessby B (2000) Fatty acid profile of 

skeletal muscle phospholipids in trained and untrained young men. Am J Physiol 

Endocrinol Metab 279:E744-751 

21 Mensink M, Blaak EE, Corpeleijn E, Saris WH, de Bruin TW and Feskens EJ (2003) 

Lifestyle intervention according to general recommendations improves glucose 

tolerance. Obes Res 11:1588-1596 

22 Mensink M, Corpeleijn E, Feskens EJ, et al. (2003) Study on lifestyle-intervention and 

impaired glucose tolerance Maastricht (SLIM): design and screening results. Diabetes 

Res Clin Pract 61:49-58 

23 World Health Organization (1999) Definition, diagnosis and classification of diabetes 

mellitus and its complications. Report of a WHO consultation part 1: diagnosis and 

classification of diabetes mellitus. WHO technical report series 1-59 

24 Commissie Voedingsnormen en Voedingsraad (1992) Nederlandse voedingsnormen 

1989. Den Haag: voorlichtingsbureau voor de voeding. 

25 American College of Sports Medicine Position Stand (1998) The recommended 

quantity and quality of exercise for developing and maintaining cardiorespiratory 

and muscular fitness, and flexibility in healthy adults. Med Sci Sports Exerc 30:975-

991 

26 Durnin JV and Womersley J (1974) Body fat assessed from total body density and its 

estimation from skinfold thickness: measurements on 481 men and women aged from 

16 to 72 years. Br J Nutr 32:77-97 

27 Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF and Turner RC 

(1985) Homeostasis model assessment: insulin resistance and beta-cell function from 

fasting plasma glucose and insulin concentrations in man. Diabetologia 28:412-419 

28 Wallace TM, Levy JC and Matthews DR (2004) Use and abuse of HOMA modeling. 

Diabetes Care 27:1487-1495 

29 Agren JJ, Julkunen A and Penttila I (1992) Rapid separation of serum lipids for fatty 

acid analysis by a single aminopropyl column. J Lipid Res 33:1871-1876 



Insulin resistance and desaturase activities  

 

 

 

145 

30 Vessby B (2000) Dietary fat and insulin action in humans. Br J Nutr 83 Suppl 1:S91-96 

31 Borkman M, Chisholm DJ, Furler SM, et al. (1989) Effects of fish oil supplementation 

on glucose and lipid metabolism in NIDDM. Diabetes 38:1314-1319 

32 McManus RM, Jumpson J, Finegood DT, Clandinin MT and Ryan EA (1996) A 

comparison of the effects of n-3 fatty acids from linseed oil and fish oil in well-

controlled type II diabetes. Diabetes Care 19:463-467 

33 Rivellese AA, Maffettone A, Iovine C, et al. (1996) Long-term effects of fish oil on 

insulin resistance and plasma lipoproteins in NIDDM patients with 

hypertriglyceridemia. Diabetes Care 19:1207-1213 

34 Pan DA, Lillioja S, Kriketos AD, et al. (1997) Skeletal muscle triglyceride levels are 

inversely related to insulin action. Diabetes 46:983-988 

35 Krssak M, Falk Petersen K, Dresner A, et al. (1999) Intramyocellular lipid 

concentrations are correlated with insulin sensitivity in humans: a 1H NMR 

spectroscopy study. Diabetologia 42:113-116. 

36 Schmitz-Peiffer C (2000) Signalling aspects of insulin resistance in skeletal muscle: 

mechanisms induced by lipid oversupply. Cell Signal 12:583-594 

37 Hu CC, Qing K and Chen Y (2004) Diet-induced changes in stearoyl-CoA desaturase 1 

expression in obesity-prone and -resistant mice. Obes Res 12:1264-1270 

38 Biddinger SB, Almind K, Miyazaki M, Kokkotou E, Ntambi JM and Kahn CR (2005) 

Effects of diet and genetic background on sterol regulatory element-binding protein-

1c, stearoyl-CoA desaturase 1, and the development of the metabolic syndrome. 

Diabetes 54:1314-1323 

39 Ntambi JM and Miyazaki M (2004) Regulation of stearoyl-CoA desaturases and role 

in metabolism. Prog Lipid Res 43:91-104 

40 Brenner RR (2003) Hormonal modulation of delta6 and delta5 desaturases: case of 

diabetes. Prostaglandins Leukot Essent Fatty Acids 68:151-162 

41 Cohen P and Friedman JM (2004) Leptin and the control of metabolism: role for 

stearoyl-CoA desaturase-1 (SCD-1). J Nutr 134:2455S-2463S 

42 Blaak EE (2004) Basic disturbances in skeletal muscle fatty acid metabolism in obesity 

and type 2 diabetes mellitus. Proc Nutr Soc 63:323-330 

43 Raclot T and Oudart H (1999) Selectivity of fatty acids on lipid metabolism and gene 

expression. Proc Nutr Soc 58:633-646 

 





 

 

147 

 

 

 

 

CHAPTER 8 
 

GENERAL DISCUSSION 
 

 



Chapter 8 

 

 

 

148 

 

CONTENTS 

 

 

Introduction 149 

Prevalence of impaired glucose metabolism 149 

Lifestyle-intervention to prevent diabetes mellitus type 2 149 

  

Impairments in fatty acid handling 150 

Fatty acid uptake 150 

Fatty acid oxidation 154 

In summary 155 

  

Effects of lifestyle on insulin resistance and fatty acid handling 155 

A diet-and-exercise lifestyle intervention program 155 

Body weight loss 156 

Dietary fat quality and serum fatty acid profile 157 

In summary 159 

  

Impaired metabolic flexibility and inflammation 159 

  

Concluding remarks 160 

  

Suggestion for future research 161 



General Discussion 

 

 

 

149 

Introduction 

 

Prevalence of impaired glucose metabolism 

 The prevalence of diabetes is increasing rapidly. Awareness of the 

diabetes problem is also rising. The justification for this concern is shown by the 

results in chapter 2. A single oral glucose tolerance test in 2715 subjects from a 

population at risk revealed that every three out of ten people with an increased 

risk for glucose intolerance, i.e. those of age > 40 years and/or a family history of 

diabetes and/or a BMI > 25 kg/m2, had an impaired glucose metabolism, and one 

out of twelve had diabetes. Although part of the increased prevalence in diabetes 

is due to demographic ageing and an improved alertness for diagnosis, lifestyle 

factors such as obesity, dietary habits and physical activity play a important role 

in the increased prevalence of diabetes worldwide. 

 

Lifestyle-intervention to prevent diabetes mellitus type 2 

 Lifestyle intervention programs have shown that improvements in 

lifestyle habits can reduce the progression of IGT to diabetes with about 58% over 

three years (1, 2). These lifestyle intervention programs included dietary advice, 

an increase in physical activity and weight loss. In the SLIM study (Study on 

Lifestyle intervention in Impaired glucose tolerance Maastricht) subjects with 

impaired glucose tolerance participated in a combined diet and exercise 

intervention program which was effective to reduce body weight, to reduce the 

intake of saturated fat and to increase physical activity. After 2 years of 

intervention, the 2-hr postload glucose concentrations were 1.5 mmol/l lower than 

in the control group, which represents a substantial reduction in diabetes risk (3). 

Furthermore, it was found that after 3 years, the progression to DM2 was 18% in 

the lifestyle intervention group and 34% in the control group, showing that the 

order of magnitude of the lifestyle effect (-53% risk) was comparable with 

previous studies (Cheryl Roumen, personal communication). This emphasises that 

a lifestyle intervention provides a very important means in the prevention of 

diabetes mellitus type 2.  

 The effectiveness of different aspects of the lifestyle intervention may 

differ between subjects, depending in part on their metabolic state, their genetic 

background and the interaction of genes with lifestyle. It is important to elucidate 

the metabolic mechanisms that underlie the effects of lifestyle, since knowledge 
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about these mechanisms not only contributes to a better understanding of the 

disease, it will also contribute to a more efficient and targeted intervention to 

prevent and/or treat diabetes in the future. Below, impairments in fatty acid 

handling which may be involved in the development of diabetes mellitus type 2 

and which may be modified by lifestyle intervention will be discussed with a 

special focus on skeletal muscle metabolism. 

 

Impairments in fatty acid handling 

 Insulin resistance in skeletal muscle is strongly associated to an 

accumulation of intramyocellular triglycerides (IMTG) (4-6). This accumulation of 

triglycerides is the result of an imbalance between fatty acid uptake and oxidation. 

Studies measuring in vivo substrate oxidation in skeletal muscle of obese, insulin 

resistant or diabetic subjects are sparse, but suggest that both fatty acid uptake as 

well as fatty acid oxidation can be impaired. Furthermore, it is still unclear 

whether the impairments in muscle fatty acid handling may be a primary factor in 

the development of diabetes mellitus type 2 or rather a consequence of the 

diabetic state. Therefore, we investigated skeletal muscle fatty acid uptake and 

oxidation in obese subjects with impaired glucose tolerance (IGT), a prediabetic 

state (chapter 3). To detect differences in forearm muscle metabolism that may be 

specific for the prediabetic state, we compared these subjects to normal glucose 

tolerant controls (NGT) with similar body fat percentage, age and fitness (maximal 

aerobic capacity). Since the majority of the people in Western countries are in the 

fed state most of the day, we studied fatty acid handling during fasting and after a 

mixed meal with high fat content. 

 

Fatty acid uptake 

 Previously, it has been shown that whole body FFA disposal was reduced 

both during fasting and during moderate-intensity exercise in diabetic and IGT 

subjects compared to obese controls (7, 8). Also fatty acid uptake specifically into 

skeletal muscle was reduced in obese subjects (9), in IGT subjects (10) and in 

diabetic patients during fasting (11, 12) and in diabetic patients after beta-

adrenergic stimulation (12). An overview of human studies measuring fatty acid 

uptake in insulin resistant subjects is given in Table 8.1. Since very little is known 

about impairments in muscle metabolism after a meal and even less is known 

about these impairments in the prediabetic state, this was investigated in chapter 

3. Surprisingly, we found that both in the fasting state as well as after the mixed 

meal with high fat content, no differences in fatty acid uptake were found between 
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IGT and NGT men. This suggests that an impaired plasma free fatty acid uptake  

into skeletal muscle may not play a primary role in the progression of NGT to 

DM2, for which IGT is considered to be the necessary transitional state. On the 

other hand, from the literature we know that fatty acid uptake is reduced in the 

obese, insulin resistant state. Thus, an impaired fatty acid uptake may not be 

directly related to the development of DM2, but may be impaired due to the 

obese, insulin resistant state per se and thereby contribute secondarily to an 

impaired balance between fatty acid uptake and oxidation.  

 In addition to the uptake of free fatty acids from plasma, it is assumed that 

lipolysis of chylomicrons and VLDL-TG can contribute to the fatty acid uptake 

into muscle as well. In chapter 3, we measured the net flux of triglycerides over 

skeletal muscle during fasting and postprandial conditions, but found no 

differences between IGT and NGT men. Since it has been suggested that the fatty 

acids derived from triglycerides mix with plasma FFA to one pool (14), one may 

argue that impairments that are found in the uptake of plasma FFA may also 

apply for plasma TG-FA. We cannot exclude that more sophisticated methods to 

measure the uptake of fatty acids from chylomicrons and VLDL-TG could reveal 

impairments in IGT subjects. 

 Fatty acid uptake into muscle has also been studied in in vitro models, 

called giant vesicles. These vesicles are constructed from skeletal muscle biopsies 

and consist of plasma and cytosolic membranes, but lack intracellular metabolism. 

With this model, Bonen and coworkers have shown a 4-fold higher absolute FFA 

uptake in abdominal muscle from diabetic subjects relative to those from lean 

subjects. This was related to an increased amount of the fatty acid transporter 

CD36 located at the membrane (15). They suggested that the FFA uptake in insulin 

resistant conditions is increased and may thus result in IMTG accumulation. This 

may at first sight seem in contrast with the studies mentioned above, reporting a 

decreased fatty acid uptake in the insulin resistant condition (7-12). However, 

since these giant vesicles contain plasma and cytosolic membranes but lack 

intracellular metabolism, this model is likely to reflect the fatty acid transport 

capacity of the muscle in and of itself. Whether this relates to an increased fatty 

acid uptake into muscle in vivo will also be dependent on the concentration 

gradient over the muscle membrane, which is determined by the plasma FFA 

concentration and the intracellular FFA concentration (rate of cellular 

metabolism). This may explain the differences in fatty acid uptake that are found 

between in vivo and in vitro experiments. 

 Evidence from the past years has shown that fatty acid uptake in skeletal 

muscle is not just a passive diffusion process, but that it is facilitated by specific 

transport proteins (16). Fatty acid uptake is regulated by insulin at the level of 

lipolysis in adipose tissue, but the presence of fatty acid transporters in muscle  
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 subjects  model  condition  Outcome on FA uptake 

     

Range 

Colberg 1995 (9) Lean to obese women A-V difference over leg;  

stable isotopes  

 

Fasting (overnight)  FFA uptake inversely related to 

visceral fat (r = -0.60, p = -0.01) 

DM2 compared to lean 

Kelley 1994 (11) Obese DM2 vs lean A-V difference over leg;  

stable isotopes  

Fasting (overnight)  

Postprandial (mixe d meal) 

reduced d uring fasting; 

blunted suppression postprandially  

Blaak 2000 (12) Obese DM2 vs lean A-V difference over forearm;  

stable isotopes 

Fasting (overnight);  

§-adrenergic stimulation  

Reduced during fasting; 

Impaired increase 

Bonen 2004 (15) DM2, obese, overweight 

and lean 

giant vesicles;  

abdominal  muscle 

Fasting (15-18h) increased i n DM2 and obese 

 

Turpeinen 1999 (10) Obese IGT vs lean Positron Emission Tomography; 

Femoral regions  

 

Fasting (12-15 h) reduced  

Obese compared to lean 

Blaak 1994 (13) Obese vs lean A-V difference over forearm  

 

§-adrenergic stimulation  Impaired increase in FFA uptake 

Kelley 1999 (18) Obese vs lean A-V difference over leg;  

stable isotopes  

Fasting (overnight);  

insulin stimulati on 

 

comparable 

DM2/IGT compared to BMI-matched controls 

Blaak 2000 (7) Obese DM2 vs  

obese control  

whole body;  

stable isotopes  

Fasting (overnight);  

exercise 

whole body FFA disposal reduced 

in both conditions  

Mensink 2001 (8)  Obese IGT vs  

obese NGT 

whole body;  

stable isotopes  

Fasting (overnight);  

exercise 

whole body FFA disposal reduced 

in both conditions  

Chapter 3 Obese IGT vs  

obese NGT 

A-V difference over forearm;  

stable isotopes 

Fasting (overnight);  

Postprandial (mixe d meal) 

comparable in both conditions  

Table 8.1. Studies  that have measured fatty acid uptake in insulin  resistant subjects in vivo or directly  in musc le obtained from insulin  resistant subjects.  
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suggests that fatty acid uptake may also be actively regulated at the level of 

skeletal muscle itself. It appears that the fatty acid transporter CD36 may play a 

critical role in this facilitated diffusion of fatty acids. Therefore, we studied CD36 

protein content of skeletal muscle before and after insulin stimulation in relation 

to insulin resistance (chapter 4). We found no significant difference between the 

IGT and NGT men. However, we found that the baseline protein content of CD36 

in skeletal muscle was negatively related to insulin resistance, which is in 

accordance with previous reports showing that fasting fatty acid uptake into 

skeletal muscle is reduced in the insulin resistant state (11, 12). Surprisingly, we 

also found that insulin can rapidly increase CD36 protein expression in skeletal 

muscle. Such a fast upregulation of CD36 protein by insulin was found before in 

rat cardiomyocytes (17). In these rat cardiomyocytes, a large part of the newly 

synthesized CD36 protein was translocated to the plasma membrane, suggesting 

that the newly synthesized CD36 may directly contribute to the fatty acid uptake 

capacity of the muscle cell. Interestingly, whereas we found that in more insulin 

resistant subjects fasting CD36 protein content was reduced, the insulin-mediated 

upregulation of CD36 protein expression was increased with insulin resistance. 

This is in line with the finding that in diabetic patients, relative to healthy lean 

controls, the fasting fatty acid uptake into skeletal muscle was reduced, whereas 

the insulin-stimulated suppression of fatty acid uptake in the postprandial phase 

was blunted (11). It is tempting to speculate that in the insulin-stimulated 

condition, an increased upregulation of the CD36 protein may contribute to the 

lack of suppression of postprandial fatty acid uptake as previously observed in 

diabetic subjects. This could then lead to an excess fatty acid uptake in the 

postprandial phase and a postprandial accumulation of IMTG. This concept is 

supported by the finding in chapter 4 that the insulin-stimulated increase in CD36 

protein was positively related to the change in skeletal muscle lipid content. 

However, these findings are only based on associations and need further 

confirmation. 

 Genetic evidence that the fatty acid transporter CD36 indeed may play a 

role in the development of insulin resistance is presented in chapter 5. We show 

that the TT genotype of a promoter polymorphism in the CD36 gene (rs1527479) is 

more common in diabetic subjects than in subjects with normal glucose tolerance. 

This TT genotype is related to a higher insulin resistance in general as well as 

within the group of diabetic patients. This supports the hypothesis that fatty acid 

uptake is differently regulated in the insulin resistant state, and that the fatty acid 

transporter CD36 may play a role in this. 
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Fatty acid oxidation 

Beside impairments in fatty acid uptake, impairments in fatty acid oxidation of 

skeletal muscle could also lead to the accumulation of triglycerides in skeletal 

muscle. The major finding in chapter 3 is that, in the postprandial phase, the 

switch from fat oxidation to carbohydrate oxidation was blunted in IGT relative to 

NGT. This inability to switch between fuels in the insulin stimulated condition 

may play a role in the development towards DM2, since IGT is considered to be 

the transitional state between normal glucose tolerance and diabetes mellitus type 

2. These findings are in line with the concept of ‘metabolic flexibility’ as proposed 

by Kelley and coworkers. They observed that leg muscle fat oxidation was 

reduced in the fasting state and did not change in the postprandial phase in 

overweight, established diabetic subjects (11) as well as in (visceral) obese men 

when compared to lean controls (18). The concept of ‘metabolic flexibility’ of 

substrate oxidation states that in the insulin resistant condition, the ability to 

stimulate fat oxidation in the fasting state and to suppress fat oxidation after 

insulin stimulation is impaired.  

 The question whether the impairments in ‘metabolic flexibility’ are 

primary or rather a consequence of the obese, insulin resistant and/or diabetic 

state is difficult to answer. Interestingly, weight loss studies showed a lack of 

improvement in the impaired ability to increase fat oxidation during beta-

adrenergic stimulation in obese subjects (19) and in the ability to stimulate fat 

oxidation during exercise in diabetic patients (20). This reduced ability to 

stimulate fat oxidation during exercise was already present in IGT subjects (8). 

These studies suggest that the inability to regulate fat oxidation may be a primary 

factor of skeletal muscle in prediabetic or diabetic subjects. This is consistent with 

data from in vitro models with cultured myotubes derived from diabetic patients 

which show a lower baseline fat oxidation relative to cultured myotubes from 

BMI-matched controls (21). On the other hand, in chapter 3 we show a clear 

improvement in fasting fat oxidation and in the ability to suppress fat oxidation 

after a meal in skeletal muscle of IGT men, which will be discussed in more detail 

under the heading “body weight loss”. Nevertheless, even in cultured myotubes 

from healthy young men, the ability to regulate fat oxidation in vitro was 

positively related to the ‘metabolic flexibility’ of muscle substrate oxidation of the 

donor, suggesting that the impaired ability to switch between fuels may be a 

primary characteristic of skeletal muscle (22). Studies with micro-array techniques 

show that a whole cluster of genes under the control of PGC-1alfa (PPARgamma 

coactivator-1), involved in fat oxidation and mitochondrial biogenesis, was 

coordinately downregulated in muscle biopsies from diabetic patients (23) as well 



General Discussion 

 

 

 

155 

as in healthy offspring of diabetic subjects (24). These studies support the evidence 

that at least part of the impaired fat oxidation may be of genetic origin. 

 

In summary 

 The ability of forearm muscle to switch from fat oxidation to carbohydrate 

oxidation in the postprandial phase is impaired in IGT relative to NGT men. This 

difference in postprandial ‘metabolic flexibility’ of substrate oxidation could not 

be explained by differences in fatty acid uptake. 

 Furthermore we found that the protein content of the fatty acid 

transporter CD36 in skeletal muscle was negatively related to insulin resistance. 

Surprisingly, insulin rapidly increased the protein expression of the fatty acid 

transporter CD36 in skeletal muscle of both IGT and NGT men. The increase in 

CD36 protein was positively related to insulin resistance. This illustrates that fatty 

acid uptake is actively regulated in skeletal muscle itself, but that the regulation of 

the CD36 protein expression is disturbed in insulin resistance. 

 Although we did not find differences in fatty acid uptake and fatty acid 

transporters between IGT and NGT men, there may be slight disturbances related 

to insulin resistance per se. This way, an impaired fatty acid uptake could 

indirectly play a role in the aetiology of diabetes.  

 

 

 

Effects of lifestyle on insulin resistance and fatty acid handling 

A diet-and-exercise lifestyle intervention program 

 The DPP (Diabetes prevention Program) and the DPS (Diabetes 

Prevention Study) are lifestyle intervention studies which have shown that 

changes in diet, physical activity and adiposity can prevent or postpone the 

progression of IGT to diabetes mellitus type 2 (1, 2). The SLIM study (Study on 

Lifestyle intervention in Impaired glucose tolerance Maastricht) showed that 

lifestyle can significantly reduce the 2-hr glucose concentration after an oral 

glucose tolerance test, thus reducing diabetes risk (3). Each of these lifestyle 

aspects may have specific effects on metabolism. It is important to elucidate the 

metabolic mechanisms that underlie the effects of lifestyle, since knowledge about 

these mechanisms may contribute to a more efficient and targeted intervention to 

prevent and/or treat DM2 in the future. 
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Body weight loss 

 As described previously, the insulin resistant state is characterized by an 

impaired ‘metabolic flexibility’ of substrate oxidation. As insulin resistance and 

diabetes are strongly associated with obesity, it seems reasonable to suggest that 

weight loss would improve insulin sensitivity and reduce concomitant 

impairments in metabolism. 

 We studied the effect of weight loss on muscle fat oxidation in prediabetic 

subjects (chapter 3) and found that weight loss (-15 kg) in IGT men improved 

insulin sensitivity together with an improved stimulation of muscle fat oxidation 

in the fasting state as well as an improved switch from fat oxidation to 

carbohydrate oxidation after a meal, which indicates that the impairments in fat 

oxidation in skeletal muscle are still reversible in obese, IGT men. The findings 

from our study with regard to the postprandial phase are well in line with 

previous studies. These have shown an improvement in the insulin-mediated 

suppression of fat oxidation in obese subjects after weight loss induced by energy 

restriction (-15 kg) (18) and after weight loss induced by a combined energy 

restriction (- 7 kg body weight loss) and exercise (+ 20% increase in VO2max) 

program (25). In additon, the findings in chapter 3 provide evidence that also 

fasting fat oxidation can be improved by weight reduction. However, previous 

studies report different findings on fasting fat oxidation. In the studies mentioned 

above, weight loss showed either an improvement (25) or no change (18) in fasting 

fat oxidation in skeletal muscle. Furthermore, weight loss in diabetic patients (-15 

kg) had no effect on plasma-derived fatty acid oxidation and whole body fat 

oxidation during fasting or during exercise (20). Altogether, there are clear 

indications that weight loss is able to reverse impairments in metabolic flexibility 

of substrate oxidation, although with respect to fasting fat oxidation, this could 

not be confirmed in all studies. 

 To our knowledge, the study in chapter 3 is the first to report on in vivo 

skeletal muscle fatty acid uptake before and after weight loss in men with 

impaired glucose tolerance. No differences were found in fatty acid uptake before 

versus after weight loss. This suggests that in skeletal muscle, differences in fatty 

acid uptake cannot explain the improvements in the regulation of fasting and 

postprandial fat oxidation. One previous study examined skeletal muscle fatty 

acid uptake in obese, insulin resistant subjects before and after weight loss relative 

to lean subjects (18). Weight loss reduced fasting FFA uptake, but did not affect 

fasting fat oxidation. Furthermore, the obese were not different from lean with 

regard to muscle fatty acid uptake during fasting or insulin stimulation, whereas 

the oxidation of fatty acids in obese was lower during fasting and the suppression 

of fat oxidation after insulin stimulation was blunted. From our own results 
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presented in chapter 3 and the literature reported above, we conclude that 

impairments in skeletal muscle fat oxidation in the IGT state cannot be directly 

explained by impairments in skeletal muscle fatty acid uptake. 

 In chapter 3, we show that weight loss reduced IMTG in 6 out of 7 

subjects. This is consistent with most other studies (26, 27), although the decrease 

in IMTG (-35%) found by Malenfant and coworkers was not significant (28). 

Recently, it was suggested that the intermediates of intramyocellular lipid 

metabolism, like fatty acyl-CoA, ceramides and diacylglycerol, rather than IMTG 

itself may induce insulin resistance (29-32). The capacity to mobilize and/or 

oxidize IMTG stores may be one of the main factors that modulates the association 

between IMTG storage and the development of skeletal muscle insulin resistance 

(33). In chapter 3, we show that an improved ‘metabolic flexibility’ of substrate 

oxidation after weight loss is accompanied by a reduction in IMTG and an 

improvement in insulin sensitivity. Although we cannot distinguish cause from 

consequence in that study, an improved metabolic flexibility of substrate 

oxidation could be accompanied with a higher efficiency and fine tuning of fatty 

acid uptake and oxidation. This could reduce the amount of lipid intermediates in 

the cytoplasm and thus reduce their effect on insulin signaling (29-32). 
 

Dietary fat quality and serum fatty acid profile 

 Insulin resistance and diabetes mellitus type 2 are characterized by serum 

fatty acid profiles reflecting a high intake of saturated fat and a low intake of 

unsaturated fat (34-36). High saturated fat intake and high levels of saturated fatty 

acids in serum are risk factors for the progression of diabetes (34, 37-40). Serum 

fatty acid profiles are partly determined by desaturase enzymes (mainly present in 

the liver and adipose tissue), since these enzymes regulate the degree of 

unsaturation of lipids throughout the body. This is important for the fluidity of 

cell membranes, affecting cell permeability and signaling, including insulin cell 

signaling (41). 

 Since we know that the reduction of saturated fat intake is an important 

aspect of the lifestyle intervention, and that lifestyle intervention is effective to 

reduce diabetes risk, we investigated the effect of a diet-exercise lifestyle program 

on serum fatty acid profiles in relation to changes in insulin resistance (chapter 7). 

Desaturase activities were estimated by their product-to-precursor ratios in 

plasma cholesteryl esters, considered an estimate of desaturase activities in the 

liver. We found a strong relation between the lifestyle-induced changes in insulin 

resistance and the changes in serum fatty acid profile in cholesteryl esters after 

one year. An improvement in insulin resistance was typically associated with a 

reduction in myristic acid (C14:0), palmitoleic acid (C16:1 n-7), γ-linolenic acid  
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(C18:3 n-6) and dihomo-γ-linolenic acid (c20:3 n-6) fractions, an increase in oleic 

acid (C18:1 n-9) and arachidonic acid (C20:4 n-6); and was further characterized by 

a decrease in estimated ∆9-desaturase (SCD-1) and ∆6-desaturase activities and an 

increase in ∆5-desaturase activity. The associations between changes in ∆9-, ∆6- 

and ∆5-desaturase activities and changes in insulin resistance were influenced by 

changes in aerobic capacity (VO2max) and/or body fat percentage, which supports 

the hypothesis that desaturase activities are affected by lifestyle. This evidence, 

that lifestyle affects fatty acid profile, is supported by two recent, well-controlled 

human studies. These demonstrate that replacing saturated fatty acids (SFA) in the 

diet either by mono-unsaturated fat (MUFA) (42) or poly-unsaturated fat (PUFA) 

(43) results in changes in serum fatty acid profile and improves insulin sensitivity. 

Also an increased physical activity was associated with an increased estimated ∆5-

desaturase activity in skeletal muscle phospholipids (44, 45).  

 On the other hand it was shown in chapter 7 that the association between 

desaturase activities and insulin resistance was still significant after correction for 

lifestyle factors. This indicates that other factors, which were not accounted for in 

this study, may interfere with the relation between insulin resistance and 

endogenous fatty acid production, e.g. an impaired fatty acid handling (uptake, 

oxidation or storage) or hormones like insulin (46) or leptin (47). As illustrated in 

this thesis, insulin resistance is strongly related to impairments in skeletal muscle 

fatty acid handling. The question rises whether there are indications that lipid 

profiles or desaturase activities may play a role specifically in skeletal muscle fatty 

acid handling or in the development of insulin resistance. 

 There is a growing body of experimental evidence in rodents and humans 

that desaturase enzymes are related to insulin resistance. Mice lacking stearoyl-

CoA desaturase-1 (SCD-1), a mouse isoform of ∆9-desaturase, are more insulin 

sensitive than their wildtype littermates (48). In humans, insulin resistance was 

associated with a fatty acid profile of muscle phospholipids characterized by a low 

fraction of unsaturated fatty acids and a low estimated ∆5-desaturase activity (49). 

Recently, it was found that the ∆9-desaturase mRNA expression in rectus 

abdominus muscle of obese subjects is increased (50). Cultured myocytes from 

these obese subjects revealed a reduced fat oxidation, an increased protein 

expression of ∆9-desaturase protein and increased fatty acid esterification. This 

∆9-desaturase may enhance triglyceride storage by providing the preferential fatty 

acids for storage (C16:1 n-7 and C18:1 n-9) (51). Whether desaturase enzymes can 

play a primary role in the development of diabetes, and whether lifestyle (diet and 

exercise) can change desaturase activities in muscle of obese, insulin resistant or 

diabetic subjects needs further investigation. 
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In summary 

 Energy restriction leading to body weight loss in obese men with impaired 

glucose tolerance improves insulin resistance and improves ‘metabolic flexibility’ 

of substrate oxidation, which is strongly related to a reduction in IMTG content. A 

combined diet- and exercise program improves insulin resistance and reduced 

postprandial hyperglycemia, thus reducing diabetes risk. The effect of changes in 

lifestyle (saturated fat intake, physical activity, body weight) on insulin resistance 

may be partly mediated by changes in fatty acid profile and estimated desaturase 

activities. 

 

Impaired metabolic flexibility and inflammation 

 After the discovery that adipose tissue is a very active endocrine organ, 

secreting adipokines and cytokines like IL-6, it was hypothesized that sub-clinical 

inflammation could be involved in the development of obesity-induced insulin 

resistance (52-55). Indeed, sub-clinical inflammation is a risk factor for the 

progression of IGT to DM2 (56, 57), and also for cardiovascular disease (58). A 

very interesting and new finding, reported in chapter 6, is that not only adipose 

tissue but also skeletal muscle releases the cytokine IL-6 in considerable amounts, 

both in obese IGT and NGT men. This IL-6 release from skeletal muscle is 

increased after the ingestion of a meal with high fat content, in particular in the 

IGT men. Weight loss reduced this meal-induced response in muscle IL-6 release. 

This IL-6 release may have been provoked by oxidative stress induced by the high 

fat meal or by the abundant presence of saturated fatty acids such as palmitate in 

the cytoplasm. From previous studies it is known that a high fat meal can induce 

an increase in circulating IL-6 concentrations (59, 60). Furthermore, it is known 

that a meal, in particular a high fat meal, induces oxidative stress in diabetic 

patients (61, 62). In addition, specific fatty acids, such as palmitate, have been 

shown to induce IL-6 release from myocytes in vitro (63). Both oxidative stress as 

well as the accumulation of intracellular palmitate could be enhanced by an 

impaired fine tuning between fatty acid uptake and oxidation. Indeed, in our 

study described in chapter 6, the weight loss-induced reduction in postprandial 

IL-6 release after a meal was accompanied by an improvement in ‘metabolic 

flexibility’ of substrate oxidation. There are indications that IL-6 can interfere with 

muscle fatty acid handling in isolated rat soleus muscle (64) and C2C12 muscle 

cells (65), although it is not sure yet whether IL-6 may affect insulin resistance in 

human skeletal muscle (63, 66, 67). Moreover, IL-6 may affect the function of other 

organs, since it is known that IL-6 can induce liver insulin resistance (66, 68). 
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Concluding remarks 

 In this thesis it is shown that the ability of skeletal muscle to switch from 

fat oxidation to carbohydrate oxidation in the postprandial phase may play a role 

in the aetiology of diabetes mellitus type 2. Furthermore, the amount of fatty acid 

transporter CD36 is acutely upregulated by insulin, indicating that fatty acid 

uptake is actively regulated at the level of skeletal muscle itself. The insulin-

induced upregulation of CD36 protein is impaired with insulin resistance. This 

may contribute to an impaired balance between fatty acid uptake and oxidation in 

the insulin resistant skeletal muscle, which may in turn enhance in the 

accumulation of intramyocellular lipid intermediates and insulin resistance. In 

addition, the impairments in fat oxidation in the prediabetic state may be present 

in particular when the system is “stressed” to adapt to a new situation, e.g. after a 

meal. It is important to realize that these postprandial impairments in skeletal 

muscle can have a large impact on whole body metabolism, since muscle 

metabolism makes a large contribution to whole body metabolism and most of the 

people in Western countries are in the fed state most of the day. 

 Lifestyle changes can have a variety of effects on the metabolic state of an 

insulin resistant individual. In this thesis, we show that lifestyle changes impact 

on substrate oxidation, lipid storage, fatty acid transport and inflammation in 

skeletal muscle, serum fatty acid profile and in particular estimated desaturase 

activities, and indeed improves insulin sensitivity in subjects with impaired 

glucose tolerance, thereby reducing diabetes risk. In general, a large variety of 

changes in the metabolic state, induced by changes in lifestyle, touch upon muscle 

metabolism, although the link between desaturase activities and fatty acid 

handling in skeletal muscle needs further confirmation. Since skeletal muscle is an 

important contributor to whole body metabolism, this suggests that skeletal 

muscle plays a major role in mediating the beneficial effects of lifestyle. 

 A point that is sometimes made about lifestyle studies is that the effects on 

metabolism may appear to be rather small. The opposite is true. Lifestyle 

intervention studies in subjects at high risk for DM2, i.e. IGT, show that small 

changes in lifestyle based on general recommendations such as 30 minutes of 

physical activity per day and 3-4 kg of weight loss may reduce diabetes risk more 

than 50% over a period of 3 years. Just bear in mind that it may take many years to 

develop diabetes, and that: “Small deviations in metabolism over a large period of 

time will have a great impact on the development of diabetes”. Turn this around, 

and find that according to the same principle: “Small improvements, induced by 

changes in lifestyle, will have a great impact on the prevention of diabetes.” 
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Suggestions for future research 

Now that we have travelled between ‘eat’iology and ‘aet’iology, it appears that 

there is a lot that we do know, and even more that we don’t know, and some of it 

is listed below. 

 

 

 - In this thesis we have shown that fatty acid uptake into skeletal muscle 

was not different between NGT and IGT nor in IGT before and after weight loss. 

Therefore, fatty acid uptake could not explain the impaired regulation of substrate 

oxidation in impaired glucose tolerance. Nevertheless, previous work shows that 

fatty acid uptake into muscle can certainly be impaired in obesity, thus 

impairments in fatty acid uptake may rather be related to insulin resistance than 

to impaired glucose tolerance per se. Further investigation on the regulation of the 

fatty acid transporter CD36 and on the contribution of TG-derived fatty acids to 

fatty acid uptake and oxidation in the (late) postprandial phase may provide more 

insight on the dynamics between fatty acid uptake, oxidation and the 

accumulation of IMTG in skeletal muscle. Studies with impaired glucose tolerant 

subjects or with myocytes in culture derived from diabetic patients may serve as 

models to elucidate whether the impairments may be primary to the development 

of DM2. This could contribute to clarifying the aetiology of insulin resistance and 

provide strategies for intervention. 

 

 - It is well known that diabetes is characterized by low-grade 

inflammation. However, it remains unclear whether inflammation is a cause or 

consequence of diabetes and whether it should be treated or not. Now that we 

know that not only adipose tissue but also muscle can release the cytokine IL-6, it 

will be a challenge to investigate the endocrine and auto- or paracrine effect of IL-

6 on muscle metabolism and to further define the relationship between insulin 

resistance, (impaired) muscle fat metabolism and inflammation. This will provide 

more insight on whether and how sub-clinical inflammation should be dealt with 

in order to reduce the development of insulin resistance and/or DM2, and the 

diabetes-associated risk for cardiovascular disease. 

 

 - Evidence is emerging that the impaired fat oxidative capacity of skeletal 

muscle may play a primary role in the aetiology of insulin resistance and diabetes 

mellitus type 2. In order to elucidate underlying molecular and genetic factors 

without losing contact with the ‘real’ in vivo situation in humans, we could com- 
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combine the in vivo studies with experiments in myocyte cultures from these 

subjects to link the in vitro findings to the donor phenotype. In order to achieve 

this, it is suggested to apply and/or develop in vitro protocols for muscle cells that 

reflect different metabolic conditions. 

 

 - There is strong evidence that healthy changes in lifestyle can reduce or 

postpone the development of diabetes. It is likely that the effectiveness of changes 

in lifestyle will depend on many factors, such as socio-economic factors, 

psychological factors, physiological factors and genetic background. Further 

investigation on these determinants of lifestyle effect may provide knowledge for 

a more efficient and targeted intervention to prevent and treat diabetes. 
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SAMENVATTING 
 

van het proefschrift getiteld ‘Fatty acid metabolism, impaired glucose tolerance 

and the effects of lifestyle’ oftewel ‘Vetzuurmetabolisme, een gestoorde glucose 

tolerantie en de effecten van leefwijze’. 

 Diabetes mellitus type 2 (DM2), ook wel ouderdomssuikerziekte 

genoemd, komt steeds meer voor. Gelukkig neemt de aandacht voor het probleem 

‘diabetes’ ook toe. Dat dit terecht is, is te lezen in hoofdstuk 2. Er is een orale 

glucose tolerantie test uitgevoerd bij 2715 mensen met een verhoogd risico op een 

gestoord glucose metabolisme, d.w.z. leeftijd > 40 jaar en/of een 

familiegeschiedenis van diabetes en/of een BMI > 25 kg/m2. De resultaten laten 

zien dat drie op de tien mensen met een verhoogd risico een gestoord glucose 

metabolisme heeft (gestoorde gevaste glucose, gestoorde glucose tolerantie of 

DM2) en dat één op de twaalf diabetes heeft.  

 Eerder werd aangetoond dat een leefstijl interventie de insuline 

gevoeligheid en de glucose tolerantie verbeterde en het risico op DM2 

verminderde in mensen met een gestoorde glucose tolerantie. Een gestoorde 

glucose tolerantie wordt gezien als een voorstadium van diabetes. De leefstijl 

interventies waren gericht op het verbeteren van het voedingspatroon (minder 

totaal en verzadigd vet en meer vezel inname) en het verhogen van de 

lichamelijke activiteit. Ook de resultaten van de SLIM studie (Study on Lifestyle 

intervention and Impaired glucose tolerance Maastricht) laten zien dat 

verbeteringen in het patroon van vetinname, lichamelijke activiteit en een matige 

afname van lichaamsgewicht in belangrijke mate konden bijdragen aan het 

verlagen van het risico op diabetes mellitus type 2 bij mensen met een gestoorde 

glucose tolerantie.  

 Verstoringen die aanwezig zijn in het voorstadium van diabetes 

vertegenwoordigen factoren die oorzakelijk zijn of in ieder geval een grote rol 

spelen bij het ontstaan van diabetes mellitus type 2. De effecten van leefwijze op 

het risico op diabetes en de mechanismen waardoor dit bewerkstelligd wordt zijn 

daarom goed te bestuderen in deze groep mensen. Verbeteringen in het 

vetzuurmetabolisme van de skeletspier worden verondersteld een belangrijke 

fysiologische rol te spelen in de gunstige effecten van veranderingen in leefwijze. 

De belangstelling voor de rol van het vetzuurmetabolisme in de skeletspier 

(opname, verbranding en opslag van vetten) is ontstaan door de bevinding dat 

insuline resistentie en diabetes mellitus type 2 worden gekenmerkt door een 

verhoogde opslag van triglyceriden (vetten) in de spier. Met name een verstoorde 

regulering van het vetzuurmetabolisme in de spier zou kunnen leiden tot een 

dysbalans tussen opname en verbranding en zo tot een opéénhoping van vetten 

en intermediairen van het vetzuurmetabolisme in de spier. Met name van deze 
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intermediairen wordt verondersteld dat ze de insuline resistentie en daarmee het 

risico op diabetes verhogen. 

 In dit proefschrift is gekeken naar de metabole verstoringen die aanwezig 

zijn in het voorstadium van diabetes, en naar de effecten van leefwijze op deze 

metabole verstoringen. Omdat de meeste mensen in de Westerse gemeenschap 

overdag doorgaans in de gevoede toestand zijn, is er extra aandacht besteed aan 

verstoringen in de regulering van het vetzuurmetabolisme in de skeletspier na het 

eten. 

 In hoofdstuk 3 laten we zien dat de capaciteit van de skeletspier om om te 

schakelen van vetverbranding tijdens het vasten naar voornamelijk 

koolhydraatverbranding na het eten, is verminderd bij mensen in de prediabete 

fase (impaired glucose tolerance, IGT), zelfs als ze vergeleken worden met mensen 

van gelijk lichaamsvetpercentage en lichamelijke fitheid zonder gestoord glucose 

metabolisme (normal glucose tolerance, NGT). De verschillen in vetverbranding 

konden niet verklaard worden door verschillen in opname van vetten of suikers in 

de skeletspier. Deze bevindingen geven een sterke aanwijzing dat een 

verminderde capaciteit om de vetverbranding te reguleren (een verminderde 

‘metabole flexibiliteit’ van de vetverbranding) een vroege en mogelijk oorzakelijke 

verstoring is in het ontstaan van diabetes mellitus type 2. Gewichtsverlies 

verbeterde niet alleen het vermogen van de skeletspier om om te schakelen van 

vetverbranding naar koolhydraatverbranding maar ook om de vetverbranding 

tijdens het vasten te doen toenemen. Deze veranderingen gingen gepaard met een 

verbeterde insuline gevoeligheid. Daarnaast was de ophoping van vetten in de 

spier afgenomen in 6 van de 7 proefpersonen. Hoewel we in deze studie oorzaak 

en gevolg niet kunnen onderscheiden, past dit wel in de gedachte dat een 

verbeterde ‘metabole flexibiliteit’ zorgt voor een verbeterde efficiëntie en 

afstemming tussen vetzuuropname en -verbranding, wat vervolgens zorgt voor 

een vermindering in de hoeveelheid triglyceriden in de spier. 

 Hoewel in hoofdstuk 3 geen verschillen werden gevonden in de 

vetzuuropname door de spier tussen obese mannen met IGT en obese mannen 

met NGT, is in het verleden wel aangetoond dat de vetzuuropname in de spier 

van mensen met insuline resistentie en diabetes verlaagd is t.o.v. mensen met een 

gezond gewicht. Deze verlaagde vetzuuropname in de spier zou deels verklaard 

kunnen worden door verstoringen in functie en hoeveelheid van 

vetzuurtransporters in de skeletspier. De rol van de vetzuurtransporter CD36 

m.b.t. insuline resistentie en een gestoorde glucose tolerantie is onderzocht in 

hoofdstuk 4 en 5. Inderdaad was een verlaagde hoeveelheid CD36 tijdens het 

vasten gerelateerd aan insuline resistentie, maar niet verschillend tussen NGT en 

IGT. Een belangrijke observatie was de acute toename in CD36 eiwit in de 

skeletspier na insuline stimulering in vivo. Dit geeft aan dat vetzuuropname niet 
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alleen indirect gereguleerd wordt door vetzuuraanvoer, maar ook direct en actief 

wordt gereguleerd op het niveau van de spier zelf. Ook vonden we dat de 

insuline-geïnduceerde toename van CD36 eiwit positief gerelateerd was aan 

insuline resistentie, wat wijst op een verstoorde regulering van de vetzuuropname 

capaciteit in de insuline resistente conditie. Deze verhoogde toename van CD36 

eiwit met toenemende insuline resistentie zou kunnen bijdragen aan de dysbalans 

tussen vetzuuropname en -verbranding in insuline-gestimuleerde 

omstandigheden, met als gevolg een verhoogde hoeveelheid van triglyceriden en 

intermediairen van vetmetabolisme in de spier. De bevinding dat diabetes 

mellitus type 2 meer voorkomt bij mensen van het TT genotype van een 

genvariatie in de promoter van CD36 (hoofdstuk 5), draagt bij aan het concept dat 

de vetzuurtransporter CD36 betrokken zou kunnen zijn bij het ontstaan of de 

verergering van insuline resistentie en diabetes mellitus type 2. 

 Overgewicht en insuline resistentie zijn ook geassocieerd met een 

verhoogde afgifte van ontstekingsmarkers door het vetweefsel. Hoewel reeds 

bekend was dat vetweefsel ontstekingsmarkers kan afgeven, is nu ook aangetoond 

dat spierweefsel ontstekingsmarkers zoals interleukine-6 (IL-6) kan afgeven, met 

name tijdens extreme inspanning. Een belangrijke bevinding in hoofdstuk 6 is dat 

wij nu aantonen dat IL-6 ook wordt afgegeven door de skeletspier van insuline 

resistente mensen, d.w.z. in obese mannen met IGT als met NGT, en zowel tijdens 

vasten als na het eten. Buitengewoon interessant was de bevinding dat deze IL-6 

afgifte toenam na eten van een hoog-vet maaltijd, en dat dit met name toenam bij 

de mannen met een gestoorde glucose tolerantie. Gewichtsverlies verminderde 

deze maaltijd-geïnduceerde IL-6 afgifte, tezamen met een verbeterde insuline 

gevoeligheid en een verbeterde ‘metabole flexibiliteit’ van de vetverbranding. Dit 

geeft aan dat een hoog-vet maaltijd een metabole stressor is, met name in de 

prediabete fase. Een mogelijk verklaring is dat de verminderde capaciteit om de 

vetverbranding te reguleren zorgt voor een opeenhoping van intermediairen die 

kunnen leiden tot oxidatieve stress. Zowel oxidatieve stress als vrije vetzuren 

zoals palmitaat zelf kunnen in de skeletspier de afgifte van IL-6 provoceren. 

 Een ander mechanisme waardoor leefstijl een gunstig effect zou kunnen 

hebben op insuline resistentie en het risico op diabetes, is het effect van het soort 

vetzuur op het metabolisme. Aangezien een vermindering in de verzadigd vet 

consumptie een belangrijk aspect is van een gezonde leefwijze, en aangezien 

leefstijl adviezen het risico op diabetes kunnen verminderen, hebben we in 

hoofdstuk 7 gekeken naar de effecten van een leefstijl interventie programma op 

de serum vetzuurprofielen en het verband met insuline resistentie. Een 

vermindering in insuline resistentie werd gekenmerkt door een vermindering in 

de fractie van myristinezuur (C14:0), palmitoleïnezuur (C16:1 n-7), γ-linoleenzuur 

(C18:3 n-6) en dihomo-γ-linoleenzuur (c20:3 n-6), en een toename in oliezuur 
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(C18:1 n-9) en arachidonzuur (C20:4 n-6). Een verminderde insuline resistentie 

werd verder gekenmerkt door een afname in geschatte ∆9-desaturase (Stearyl-

CoA Desaturase-1) en ∆6-desaturase activiteit en een toename in geschatte ∆5-

desaturase activiteit. De associaties tussen veranderingen in ∆9-, ∆6- en ∆5-

desaturase activiteit en insuline resistentie verminderden wel na correctie voor 

leefstijl parameters zoals voeding, lichamelijke activiteit en 

lichaamsvetpercentage, maar bleven significant. Dit houdt in dat andere factoren, 

waarvoor niet gecorrigeerd is in deze studie, effect kunnen hebben op de relatie 

tussen het serum vetzuurprofiel en insuline resistentie. Factoren die hiervoor in 

aanmerking komen zijn veranderingen in hormonen en gen-omgevingsinteracties. 

Met name de ∆9-desaturase activiteit zou interessant kunnen zijn m.b.t. een 

verstoord vetmetabolisme en insuline resistentie in de skeletspier. Onlangs is 

gesuggereerd dat een verhoogde ∆9-desaturase activiteit de opslag van 

triglyceriden in de skeletspier zou kunnen bevorderen door te zorgen voor de 

omzetting van palmitaat tot palmitoleïnezuur en stearaat tot oliezuur, wat betere 

substraten zijn voor opslag dan de hier genoemde verzadigde vetzuren. Daarnaast 

zouden desaturase enzymen de vloeibaarheid van de celmembraan kunnen 

beïnvloeden en zo indirect een effect kunnen hebben op membraangebonden 

processen zoals insuline signalering en substraat opname.  

 

In het kort toont het onderzoek in dit proefschrift aan dat: 

- het vermogen om de vetverbranding te reguleren, hier metabole flexibiliteit 

genoemd, is verminderd in de skeletspier van mannen in de prediabete fase, wat 

erop duidt dat dit een rol kan spelen in het ontstaan van diabetes mellitus type 2. 

Gewichtsverlies kan dit vermogen om de vetverbranding te reguleren verbeteren. 

Dit ging samen met een afname van triglyceriden in de spier en een verbetering in 

insuline gevoeligheid. 

- de hoeveelheid van de vetzuurtransporter CD36 in de skeletspier acuut toeneemt 

na insuline stimulering in vivo, en dat deze insuline-gemedieerde opregulatie van 

het CD36 eiwit meer verstoord is met een toegenomen insuline resistentie. Dit 

geeft aan dat CD36 mogelijk betrokken is bij een verstoorde balans tussen 

vetzuuropname en -verbranding in de insuline resistente spier. 

- IL-6, een pro-inflammatoir cytokine, wordt afgegeven door de skeletspier van 

insuline resistente mannen. Deze afgifte neemt toe na het eten, met name in de 

prediabete mannen. Gewichtsverlies reduceert deze maaltijd-geïnduceerde IL-6 

afgifte, tezamen met een verbeterde ‘metabole flexibiliteit’ van de vetverbranding 

en een verbetering in insuline gevoeligheid. 

- een vermindering in insuline resistentie werd gekarakteriseerd door 

veranderingen in het serum vetzuurprofiel en enzymen die de verzadiging van de 
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vetzuren reguleren (zoals een afname in geschatte ∆9- en ∆6-desaturase activiteit 

en een toename in geschatte ∆5-desaturase activiteit). Deze associaties 

verminderden wel na correctie voor leefstijl factoren (voeding, lichamelijke 

activiteit, lichaamsvetpercentage), maar bleven significant. 
 

De resultaten en conclusies van dit proefschrift dragen bij aan de kennis over het 

ontstaan van insuline resistentie en diabetes mellitus type 2, alswel aan de kennis 

over de fysiologische mechanismen die verantwoordelijk zijn voor het effect van 

leefwijze op insuline resistentie en het diabetes risico. 

 

 

Verklarende woordenlijst 

∆9-, ∆6-, en ∆5- desaturase eiwitten (enzymen) die de vetzuurketens meer onverzadigd 

maken door op specifieke plaatsen in de vetzuurketen een dubbele 

binding aan de te brengen 

insuline resistentie  verminderde gevoeligheid voor de werking van het hormoon 

insuline. Insuline stimuleert o.a. de weefsels (met name de 

skeletspier) om glucose uit het bloed op te nemen. 

IGT afkorting voor ‘gestoorde glucose tolerantie’, het lichaam heeft 

moeite de suiker te verwerken maar er is nog geen sprake van 

diabetes 

‘metabole flexibiliteit’van de 

vet- en koolhydraatverbranding 

de capaciteit van de cellen en/of weefsels om zich adequaat aan te 

passen aan veranderingen in het interne milieu, bv door om te 

schakelen van vetverbranding naar koolhydraatverbranding na de 

maaltijd of om terug om de schakelen naar vetverbranding tijdens 

vasten  

NGT afkorting voor ‘normale glucose tolerantie’, het lichaam kan de 

suiker goed verwerken 

ontstekingsmarker stoffen die in geval van een ontsteking in het bloed worden 

aangetroffen en die vaak een rol spelen in het ontstekingsproces 

orale glucose tolerantie test Een test met een suikerdrank (gestandaardiseerde hoeveelheid) 

om te kijken of er verstoringen zijn in het glucose (suiker) 

metabolisme 

skeletspier de spieren die gebruikt worden voor beweging en waar je bewuste 

controle over uit kunt voeren 

triglyceriden vetten die bestaan uit drie vetzuurketens die verbonden zijn met 

elkaar  door een glycerol molecuul (‘normaal’vet) 

vetzuur metabolisme de opname, opslag en verbranding van vetten in het lichaam  

vetzuurtransporters eiwitten in de wand (membraan) van een cel die ervoor zorgen dat 

vetten door deze wand kunnen worden opgenomen of die 

vetzuren binnen in de cel binden en transporteren 

vrije vetzuren losse vetzuurketens (wel grotendeels gedragen door bloedeiwitten 

of andere bindingseiwitten) 



Summary 

 

 

 

175 

SUMMARY 
 

 The prevalence of diabetes is increasing rapidly. Fortunately, the 

awareness of diabetes as a problem of major concern is also rising. The 

justification for this concern is shown by the results in chapter 2. A single oral 

glucose tolerance test was performed in 2715 subjects at high risk for glucose 

intolerance, i.e. those of age > 40 years and/or a family history of diabetes and/or a 

BMI > 25 kg/m2. This revealed that every three out of ten people at risk had an 

impairment in glucose metabolism (impaired fasting glucose, impaired glucose 

tolerance or diabetes mellitus type 2), and one out of twelve had diabetes mellitus 

type 2.  

 Previously it was shown that a lifestyle intervention program aimed at 

diet (reducing total and saturated fat intake and increasing fibre intake) and 

increasing physical activity in subjects with impaired glucose tolerance, a pre-

diabetic state, could improve insulin sensitivity, reduce postprandial glucose 

concentrations and reduce the incidence of DM2. Results from the SLIM study 

(Study on Lifestyle intervention and Impaired glucose tolerance Maastricht) show 

that improvements in dietary fat quality, physical activity pattern and body 

weight contribute to a reduction in diabetes risk.  

 Disturbances that are found in IGT subjects, a prediabetic state, may 

represent primary or early factors in the development towards DM2 rather than 

metabolic adaptations due to the diabetic state. This makes IGT subjects a very 

suitable population to investigate the effects of different lifestyle aspects on 

diabetes risk and the mechanisms by which this is mediated. An important 

physiological mechanism that may mediate these beneficial effects of lifestyle may 

be related to improvements in fatty acid handling by skeletal muscle. The interest 

in the role of fatty acid handling in skeletal muscle (uptake, oxidation and storage 

of fatty acids) was raised by the finding that in insulin resistance and DM2, the 

accumulation of triacylglycerol in muscle was high and showed a strong positive 

association to insulin resistance. Dysregulation of fatty acid handling may lead to 

a dysbalance between uptake and use (oxidation) of fatty acids, thereby enhancing 

the accumulation of lipids and intermediates of lipid metabolism in skeletal 

muscle. In particular these intermediates of lipid metabolism are thought to 

interfere with insulin signalling, thereby enhancing insulin resistance and thus 

diabetes risk. 

 This thesis is focussed on metabolic impairments that are related to the 

development of diabetes mellitus type 2, which is investigated in subjects with 

impaired glucose tolerance, and evaluates the effects of different lifestyle aspects 

on these metabolic impairments. Since the majority of people in Western societies 
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is in the postprandial state most of the day, we have paid special attention to the 

handling of fatty acids by skeletal muscle after a meal. 

 We found that the ability of skeletal muscle to switch from fat oxidation to 

carbohydrate oxidation after a meal was reduced in IGT subjects relative to NGT 

subjects that were well matched for body fat mass and physical activity (chapter 

3). This provides strong evidence that this reduced postprandial ‘metabolic 

flexibility’ of substrate oxidation is an early and intrinsic characteristic of skeletal 

muscle involved in the development of DM2. Weight loss was able to reverse the 

impaired capacity of forearm muscle to switch from fat to carbohydrate oxidation 

after the meal, and improved fasting fat oxidation as well, in parallel with an 

improved insulin sensitivity. This suggests that the degree of impairment is partly 

dependent on obesity and/or insulin resistance. In this study, no differences were 

found in skeletal muscle fatty acid uptake between IGT or NGT, or before and 

after weight loss. Thus, the findings on substrate oxidation could not be explained 

by differences in fatty acid uptake. The improved metabolic flexibility of substrate 

oxidation after weight loss is accompanied by a reduction in intramyocellular 

triacylglycerol in 6 out of 7 subjects. 

 Although we found no differences in skeletal muscle fatty acid uptake 

between men with impaired glucose tolerance and BMI-matched normal glucose 

tolerant men, previous studies have shown that free fatty acid uptake into skeletal 

muscle is reduced in the insulin resistant and/or diabetic state when compared to 

overweight or lean controls. This may be the result of impairments in fatty acid 

transport. The role of the fatty acid transporter CD36 in insulin resistance and 

impaired glucose tolerance was investigated in chapters 4 and 5. No differences 

were observed between IGT and NGT. We found that the amount of fatty acid 

transporter CD36 is acutely upregulated by insulin, indicating that fatty acid 

uptake is actively regulated at the level of skeletal muscle itself. Furthermore, 

insulin resistance was associated with a reduced CD36 protein in skeletal muscle 

during fasting, but with an increased upregulation of CD36 protein expression 

during insulin stimulation. This altered regulation of CD36 protein content may 

contribute to an impaired balance between fatty acid uptake and oxidation in the 

insulin resistant skeletal muscle, which may in turn enhance in the accumulation 

of intramyocellular lipid intermediates. In addition, we showed that DM2 was 

more prevalent among subjects with the TT genotype of a promoter 

polymorphism in the CD36 gene (chapter 5) and that TT homozygotes were more 

insulin resistant, even within the group of diabetes patients. 

 Obesity and insulin resistance have also been associated with increased 

release of pro-inflammatory markers from adipose tissue, with a potential effect 

on insulin resistance. Recently, it was shown that in addition to adipose tissue, 

skeletal muscle could also release the pro-inflammatory cytokine interleukin-6, 
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during exercise. A major finding presented in chapter 6 is that the cytokine IL-6 

was released from skeletal muscle of obese IGT and obese NGT men during 

fasting and even more after a mixed meal with high fat content, in particular in the 

IGT subjects. The IL-6 release from muscle induced by a high fat meal was 

reduced after weight loss in IGT men, in parallel with improvements in insulin 

sensitivity and metabolic flexibility of substrate metabolism. We suggest that a 

mixed meal with high fat content may be an important metabolic stressor, evoking 

IL-6 release from skeletal muscle, in particular in insulin resistant men in the 

prediabetic state. A possible explanation for this may be found in the impairments 

in skeletal muscle substrate oxidation in IGT men. 

 Another mechanism by which lifestyle may have a positive effect on 

insulin resistance and diabetes risk is by the effect of different kinds of fatty acids 

on metabolism. Since the reduction of saturated fat intake is an important aspect 

of the lifestyle intervention, and since lifestyle intervention is effective to reduce 

diabetes risk, we investigated the effect of a diet-exercise lifestyle program on 

serum fatty acid profiles in relation to changes in insulin resistance (chapter 7). An 

improvement in insulin resistance was typically associated with a reduction in 

myristic acid (C14:0), palmitoleic acid (C16:1 n-7), γ-linolenic acid (C18:3 n-6) and 

dihomo-γ-linolenic acid (c20:3 n-6) fractions, an increase in oleic acid (C18:1 n-9) 

and arachidonic acid (C20:4 n-6). Reduced insulin resistance was further 

characterized by a decrease in estimated ∆9-desaturase (SCD-1) and ∆6-desaturase 

activities and an increase in estimated ∆5-desaturase activity. The associations 

between changes in ∆9-, ∆6- and ∆5-desaturase activities and changes in insulin 

resistance were influenced by changes in aerobic capacity (VO2max) and/or body 

fat percentage, supporting the hypothesis that desaturase activities are affected by 

lifestyle. Furthermore, the finding that the association between desaturase 

activities and insulin resistance was still significant after correction for lifestyle 

factors (diet, physical activity, body fat percentage) indicates that other factors, 

which were not accounted for in this study, may interfere with the relation 

between insulin resistance and endogenous fatty acid production, e.g. an impaired 

fatty acid handling (uptake, oxidation or storage) or hormones like insulin or 

leptin. In particular the ∆9-desaturase activity may be of interest for fatty acid 

handling in skeletal muscle. Recently it was suggested that an increased ∆9-

desaturase activity may enhance the storage of triacylglycerol in skeletal muscle 

by providing the preferential substrates for storage (palmitoleic and oleic acid). 

Furthermore, desaturase enzymes can influence membrane fluidity, affecting 

membrane-associated processes such as hormone signaling and transport, 

including insulin signaling, and glucose and FFA transport. 
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In conclusion, this thesis shows that: 

 

- the ability to regulate fat oxidation in skeletal muscle, indicated here as 

‘metabolic flexibility’ of substrate oxidation, is specifically impaired in prediabetic 

subjects and may be an early factor in the development towards diabetes mellitus 

type 2. Weight loss improves metabolic flexibility in parallel with an improvement 

in insulin sensitivity and a decrease in IMTG.  

 

- the protein content of the fatty acid transporter CD36 in skeletal muscle is 

acutely upregulated by insulin and its regulation is disturbed with insulin 

resistance. Thus, CD36 may be involved in the impaired handling of fatty acids by 

skeletal muscle in the insulin resistant condition. 

 

- IL-6, a pro-inflammatory cytokine, is released by skeletal muscle of insulin 

resistant subjects. This release is increased after a mixed meal with high fat 

content, in particular in prediabetic subjects. Weight loss reduces this postprandial 

IL-6 response of skeletal muscle, in parallel with an improved insulin sensitivity 

and an improved metabolic flexibility of substrate oxidation in skeletal muscle. 

 

- an improvement in insulin resistance was typically associated with a decrease in 

estimated ∆9-desaturase (Stearyl CoA Desaturase-1) and ∆6-desaturase activities 

and an increase in estimated ∆5-desaturase activity, and that these associations are 

partly modified by diet, physical activity and body fat percentage but remain 

significant after adjustment for these lifestyle factors. 

 

 

The results and conclusions of this thesis contribute to the understanding of the 

development of insulin resistance and diabetes mellitus type 2, as well as to the 

knowledge about physiological mechanisms that are responsible for the effect of 

lifestyle on diabetes risk. 
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Explanatory list 
∆9-, ∆6-, en ∆5- desaturase proteins (enzymes) that increase the degree of  unsaturation of 

fatty acid chains  

insulin resistence  decreased sensitivity to the action of the hormoen insulin. Insulin 

stimulates tissues (predominantly skeletal muscle) to clear 

glucose from the blood 

IGT abbreviation for ‘impaired glucose tolerance’, the body has 

difficulty in processing the glucose, but diabetes has not 

developed (yet) 

‘metabolic flexibility’ of fat- 

and carbohydrate oxidation 

the capacity of cells and/or tissues to be able to switch between 

fuels for oxidation, e.g. from fat to carbohydrate oxidation after a 

meal and back to fat oxidation during fasting 

NGT abbreviation for ‘normal glucose tolerance’, the body has no 

problem in processing glucose 

inflammatory markers chemical compounds that can be found in the blood during 

inflammation and that usually play a role in inflammatory 

processes 

oral glucose tolerance test a ‘sugerdrink’ test with a standardized amount of glucose to 

diagnose impairments in glucose metabolism 

skeletal muscle muscles that are used to facilitate movement and generally 

contract voluntarily  

triglycerides fats made up of three fatty acid chains bound together by glycerol 

(‘normal’ fat)  

fatty acid metabolism the uptake, storage and oxidation of fatty acids in the body 

fatty acid transporters proteins in the cell walls (membranes) that allow fats to be taken 

up through this wall or that bind and transport fatty acids within 

the cell 

free fatty acids single fatty acids chains (mostly carried by plasma protein or 

other binding proteins) 
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... 

Hè? Njoaa, wel aardig.  

Hmm.  

... 

Nou, ik dacht zoiets..... bijvoorbeeld ehm.... Beste Boer’n, burge’rs en buit’nlui,...?  

... 

Hmm, ja.  

... 

Hihi. 

... 

‘Lieve Voedingsmiepen, leden Argonauten, euh.....’  

... 

Deuhhhh. ?   Dus euh, Geachte drs’s, ir’s, dr’s, prof’s en wat dies meer zij?  

- lieve vrienden en familie,...? 

 

 

 

 

 

Geachte Lezer, 

 

hier voor u ligt mijn proefschrift. Niemand hoeft meer bang te zijn voor een 

moeilijke blik bij de vraag hoe het er mee staat. Ik kan nu volmondig en blij 

zeggen “Goed!”. Het is af. Het einde van een lange reis, of misschien wel het 

begin.  

 

Voor mij was het een reis langs allerlei onderzoeksgebieden, van de genetische 

epidemiologie langs de interventie-studies naar de humaan-fysiologische 

experimenten en daar dan weer wat dieper de cel in. Het was een spannende reis 

en ik heb veel gezien en geleerd. Ik heb er erg van genoten en soms ook 

ontberingen geleden, zoals dat gaat op lange reizen. Maar achteraf onthoud je toch 

de goede dingen, heb je wat mooie kroegverhalen en laat je trots al je artikelen 

zien. Deze reis heb ik beslist niet alleen gemaakt, en daarom wil ik een heleboel 

mensen bedanken die ik op mijn weg ben tegengekomen.  

 

Allereerst de proefpersonen. Zij hebben enorm veel tijd, moeite en geduld 

geïnvesteerd in deze onderzoeken, en moeten zich soms als de galeislaven van ons 

schip hebben gevoeld (vooral tijdens de maximaaltesten op de fiets ;-), maar 

hebben een wezenlijke bijdrage kunnen leveren aan het onderzoek om m.b.v. 

veranderingen in leefwijze de opmars van diabetes te kunnen stuiten. Mijn dank 

daarvoor is groot.  

 

Zeer geachte Dr. Ir. Ellen Blaak, beste Ellen, ik kan met recht zeggen dat ik blij ben 

dat ik jou als begeleider heb getroffen, je hebt me veel geleerd, en op de goede 
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momenten moed ingepraat (bijvoorbeeld als ons boomerang-artikel weer eens 

terugkwam). In het laatste jaar was je ook een goede sparring-partner, wat me erg 

heeft uitgedaagd om een goede discussie neer te zetten. Ik hoop dat ik in mijn 

wetenschappelijke carriëre nog vaak met je van gedachten mag wisselen over de 

‘metabole flexibiliteit’ in de spier en al die andere aspecten van het metabolisme 

die óók zo interessant zijn in relatie tot diabetes.  

Uiteraard bedank ik mijn promotoren, Wim Saris en Tjerk de Bruin, die mij met 

goede vragen en tips zowel inhoudelijk als met betrekking tot de toekomst tot 

steun zijn geweest. 

Carla van der Kallen, je hebt me enorm geholpen met het CD36-snp artikel, en 

zonder jouw expertise en onze creatieve gesprekken had het nu misschien nog op 

mijn bureau gelegen! Heel erg bedankt dat je altijd tijd wilde maken hiervoor. 

Ook belangrijk voor mij: dr. Edith Feskens. Hoewel ik tijdens mijn studie in 

Wageningen eigenlijk geen voorkeur had voor de epidemiologie, heb ik me toch 

nog behoorlijk wat bezig gehouden met modellen in SPSS en heb je me geholpen 

op koers te blijven in een zee van analyses. En daarnaast was het gewoon altijd 

heel gezellig.  

 

Ook wil ik de beoordelingscommissie, bestaande uit prof. Ronald Mensink, prof. 

Coen Stehouwer, dr. Hans Keizer, prof. Keith Frayn en prof. Jaap Seidell, 

bedanken voor het lezen en beoordelen van het manuscript.  

To prof. Keith Frayn, from the start of my PhD work I’ve really been an admirer of 

your research and techniques, and I am very grateful that you have found the time 

to read the manuscript and be present at the defense.  

 

Lieve Margriet (K.), vriendin, kroeg- en sportmaatje, je ging mij als het ware voor 

in het onderzoek en promoveren, en het was goed om al eens in de aula gestaan te 

hebben. En natuurlijk bedankt voor de vele kopjes thee en de goede gesprekken 

van vrouwen onder mekaar die 30 zijn (geworden).... Ik hoop met jou nog ver in 

de tijd te kunnen reizen. 

 

Lieve Cheryl, ik ben blij met jou als opvolgster en collega! Ondanks dat je al 

maanden gewapend met een fotocamera rondloopt om slechte momenten vast te 

leggen (alles wat je doet kan en zal tegen je worden gebruikt) vind ik je een 

supermeid en ben je volgens mij ook nog een supervrouw en -moeder, en ik ben 

blij dat ik voorlopig onze hardloopuurtjes nog niet hoef te missen! En op reis zijn 

we natuurlijk ‘very irresistable’ ;-). 

 

Tanja en Marja, bedankt voor jullie betrouwbare hulp met de SLIM en de 

substudies, jullie hebben me geholpen om door een paar zware stormen te komen. 
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Daarnaast was en is het supergezellig en is het eigenlijk maar goed dat jullie er 

meestal niet tegelijk zijn! 

 

Aan het begin van mijn reis heb ik volop de gelegenheid gehad om mij moed in te 

drinken in John Mullins samen met Jos, Luc, Joost, Margriet, Michiel, Freddy, 

Gabby, Petra, Guy en vele anderen. Eenmaal goed op weg is dat wat minder 

geworden maar gelukkig heeft Jos de vrijdagmiddagborrel ingevoerd en dat het 

ver weg zou zijn kan voor niemand meer een excuus wezen! 

 

En wat kwam ik zoal tegen op mijn reis? 

Het begon met de SLIM, en ik dank Marco Mensink voor de uitleg en later voor de 

praktische hulp bij deze studie zowel als bij de substudie. Voor de SLIM ook heel 

belangrijk: het professionele bewegingsprogramma dat verzorgd werd door 

Birgitte Hendrikx en de sportdocenten, waaronder Ruud, Loek, Beate, Wendy, 

Chantal en Esther, wiens enthousiasme heeft zonder meer bijgedragen aan het 

succes van het bewegingsprogramma, en ik ben blij dat het nog een staartje krijgt! 

Verder is er vooral bij de substudie heel wat ‘spierwerk’ verzet, in samenwerking 

met Eline Kooi van Radiologie, Hans Keizer van Bewegingswetenschappen, Paul 

Roekaerts van Anesthesiologie, Eugene Jansen van het RIVM en Jan Glatz (we zijn 

nog lang niet uitgediscussieerd, wat mij betreft :-) van Moleculaire Genetica. Wat 

betreft het werk aan de CD36-vetzuurtransporter dank ik ook voor de 

medewerking van Gert Schaart, Michaël Magagnin en Maurice Pelsers en ik dank 

Annemie, Freek, Wendy en Joan voor hópen analyses, die essentieel waren voor 

mijn onderzoek. Ook de stagiairen Judith, Dorien en Stijn verdienen lof voor het 

proefpersonen bellen, vele cupjes schrijven, testen draaien en coupes snijden, 

plakken, kleuren en tellen. Laat ik ook vooral de mensen niet vergeten die op 

cruciale momenten tijd hadden om te helpen met het zetten van infusen, naast 

Marco, Joan (dank voor je geduld toen ik het moest leren) en Gabby natuurlijk ook 

Gerrit, succes verzekerd! 

En natuurlijk Jos, Jos, Jos, en Jos, van wie je altijd op aan kon/kunt voor hulp 

(“wille we nie kunne we nie doen we nie. Wat moet je?”) en die op deze reis wel 

veel meer OGTT’s op zich af heeft zien komen dan hem lief was. Ook dank 

daarvoor. 

 

Rian, ik ben op jouw kamertje met mijn AIO-schap begonnen en heb het er ook 

weer beëindigd. Het is een rustig kamertje, en ik was blij met de gezellige 

gesprekken en je tips over de specifieke vrije vetzuren. 

 

Loek en Paul: jullie waren de redders in nood van oxycons, plethysmografen en 

computers! 
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En was je hoofd dan even de weg kwijt, dan was het fijn om even aanspraak te 

hebben bij Berber, Myriam, Wendy, Ping, Ralph (from the White House), Gijs, 

Antoine, Anneke, Hanneke, Sjonnie Sjocken (als je een snoepje komt -euh- halen), 

Edwin en Herman. 

 

Een verassing op het einde van mijn reis was de kennismaking met een hele 

bijzondere groep andere ‘AIO’s-in-de-laatste-fase’, en ik hoop nog vaak met jullie 

(Bianca, Babette, Magda, Danitsja, Judith, Daniel) te gaan picknicken om jullie 

verhalen te horen. 

 

Arlien, je bent en blijft gewoon familie! Blijf vooral cocktails feestjes houden ;-) 

Marco Mout, je hebt me laten ontdekken dat creativiteit inderdaad in ieder mens 

schuilt. Fotocursusgenoten: het was gezellig in het donker. Daarnaast was het 

gezelling even bij te kunnen komen in ‘Holland’ met Martine, Janneke, Annemiek, 

Monique, Irene, Annelies, Diane (we komen langs!), Menno en Mascha en al onze 

Paasvrienden, de Chaootjes, Joop, Paul en Patricia.  

 

En natuurlijk de echte familie, die misschien nog niet zo vaak naar Maastricht is 

gekomen maar nu van harte welkom is in de B&B Berkeleijn te Bunde: Matthijs 

natuurlijk, ik hoop ook eens met Ali, en Wil & Willy, Guus + kids, Jean & Nel, en 

de ‘nichtjes’ met gezin. 

 

Mam, ik mocht doen wat ik het liefste deed, en je hebt me daarin altijd 

gestimuleerd. Ook al beginnen we allebei op een heel andere manier aan een reis, 

je hebt me nooit tegengehouden. Ik wil je bedanken omdat je zo verstandig bent, 

en zo geduldig, en voor alles wat je me geleerd hebt over de mensen en het leven.  

 

Michaël, jij bent voor mij heel bijzonder, en je vele sportieve en creatieve 

momenten waaronder de uitvinding van het “Mheuuh”-moment zijn mij enorm 

tot steun geweest. 

Op weg naar de toekomst! 
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HSL Hormone Sensitive Lipase 
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WHR Waist-to-hip ratio 



 

 

 

 

 

 

 

 

 

? 
 

 


	Contents
	Chapter 1 - General Introduction
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8 - General Discussion
	Samenvatting/Summary
	Dankwoord
	Curriculum Vitae
	List of Publications
	Abstracts
	Abbreviations

