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INTRODUCTION  

The fast growing prevalence of obesity and diabetes is becoming a major health 
problem worldwide. There is no indication that this trend is turning into the healthy 
direction. Obesity develops when energy intake exceeds energy expenditure resulting 
in a positive energy balance, the excess energy being stored in the adipose tissue. 
However, the various dietary aspects that are associated with overeating and obesity 
are not well understood (1). As insulin resistance accompanies the incidence of obesity 
more attention is focused on improving glycemic control, specifically insulin 
responsiveness, through altering dietary macronutrient ratios, type of macronutrients 
and meal frequency (2-4). To develop strategies to prevent or treat obesity it is 
necessary to understand the mechanism of body weight regulation, i.e. energy intake 
regulation, such as food intake regulation and appetite control, and the metabolic 
mechanisms linked to energy expenditure, i.e. substrate partitioning. Before the use of 
molecular technologies, body weight regulation was a black box with hardly any 
information about the mechanisms involved. With the application of new techniques, 
such as nutrigenomics, underlying mechanisms and metabolic pathways can be studied 
in more detail leading to a better insight in the health effects of specific diets of dietary 
components. 

HYPERINSULINEMIA AND HYPERGLYCEMIA IN RELATION TO BODY WEIGHT 

REGULATION 

Insulin regulates blood glucose concentrations; it stimulates glucose uptake in the 
muscle, glycogen synthesis, protein synthesis, fat storage, resulting in higher 
carbohydrate oxidation and lower fat oxidation (5; 6). Frequent daily insulinemia will 
suppress fat oxidation, which could lead to weight gain on the long term (7; 8). 
Furthermore, accumulating data suggests that diets intended to reduce the insulin 
response after carbohydrate intake might improve access to stored metabolic 
substrates, and stimulate weight loss (9). A higher insulinemic response to food 
ingestion is related to weight gain, still the scientific debate is continuing (10; 11). In 
contrast, regardless of hyperinsulinemia, variable changes in insulin action might be 
present in obesity (12; 13). This variability may well predict additional weight gain or 
that weight will stabilize. Despite insulin resistance is associated with a higher risk to 
develop cardiovascular diseases, a decline in insulin action might be essential to 
prevent further weight gain in subjects as partitioning of lipid fuels is directed from 
storage in adipose tissue to immediate or delayed oxidation in skeletal muscle (12; 13). 
Consumption of sugar-sweetened beverages (SSBs) is associated with dental caries and 
an increased risk for cardiovascular diseases (14), however there is no consensus about 
the association between SSB consumption (hyperglycemia) and obesity and type 2 
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diabetes (15-18). Nevertheless, energy restricted, high protein diets have shown to 
increase insulin sensitivity, improve lipid profiles and body weight loss (19; 20), and 
maintenance of weight loss in the RCT Diogenesis trial (21). These beneficial effects 
may be associated with lower glucose removal, reduced endogenous glucose output 
(22), and the fact that proteins increase insulin levels (23; 24). Especially dairy proteins 
are rich in branch chain amino acids (25) and consequently have strong insulinotropic 
effects (26). Furthermore, dairy products indicated to have an anti-obesity effect (27), 
causing changes in body weight, body fat and insulin resistance (28), although the 
increased postprandial insulin levels that are linked to weight gain and insulin 
resistance (9). Therefore, the contradiction between the concept that (dairy) proteins 
increase body weight control and the notion that the high postprandial insulin levels 
(insulinotropic effects of protein) are linked to insulin resistance and consequently 
weight gain warrants additional investigation (9). 

APPETITE CONTROL 

Changes in dietary intake can also affect appetite control. Appetite is the summation 
of the perceived appetite (hunger, desire to eat) and satiety sensations (feeling of 
being satisfactorily full and unable to eat any more food) that ultimately lead to 
whether food is or not consumed (29). Appetite profiles can be assessed by anchored 
100-mm visual analogue scales (VAS) with words at each end that expressed the most 
extreme rating to assess feelings of hunger, fullness, satiety, thirst, and desire to eat 
(30). Satiety refers to postprandial events that affect the interval to the following meal, 
in this manner regulating meal frequency (31). Post-gastric factors seem to play a key 
role in satiety through secretion of various peptides by the intestine in response to 
ingested food (32). The hormones that have the most robust effects on appetite are 
ghrelin, cholecystokinin (CCK), glucagon-like peptide (GLP-1) and peptide YY (PYY) (33-
35). 

ENERGY EXPENDITURE 

Carbohydrates, proteins, fats and alcohol from food supplies the fuel for the human 
body. All energy contained by the substrates is converted into ATP and heat via several 
sub-processes (36). ATP is used throughout the human body to fuel all processes 
needing energy. The amount of O2 consumed and CO2 produced is fixed when 
substrates are metabolized. Hence, energy expenditure can be calculated from the 
measurements of O2 consumption, CO2 production, and urine nitrogen excretion 
according to Brouwer (37). 
Total daily energy expenditure can be separated into different compartments (38); 
basal metabolic rate (BMR) represents the minimal energy expenditure for a subject 
lying awake and relaxed in a bed. Sleeping metabolic rate (SMR) stands for the amount 
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of energy used during sleep. In addition, the energy expenditure related to the intake 
and processing of nutrients is called diet induced thermogenesis (DIT). 

NUTRIGENOMICS 

Nutrigenomics research will increase knowledge of the underlying mechanisms behind 
the health effects of specific diets of dietary components. This can be investigated on 
several levels, including the genome, the transcriptome, the proteome and the 
metabolome of cells, tissue or organisms (39; 40). The transcriptome reflects the genes 
that are being expressed and transcriptomics exams the expression of messenger RNA 
in a cell population or tissue. Transcriptomics utilizes high-throughput genomic tools, 
such as DNA microarrays, to examine changes in the expression of all genes, under 
various conditions (dietary interventions) at a given time. This technique provides 
insights in genome-wide effects of dietary interventions or dietary components and 
will increase understanding of how nutrition influences metabolic pathways and 
homeostatic control (40). 
 
Tissue availability for transcriptomics 

As the application of transcriptomics in nutrition research is very promising, the major 
disadvantage in transcriptomics studies in healthy subjects is the availability of tissue 
due to practical and ethical reasons. In healthy subjects the main options for tissue 
sampling are muscle and adipose tissue biopsies because they are relatively easy to 
collect. Biopsies of other tissues such as liver or intestine could be used for these 
analyses, however these invasive procedures for obtaining these tissues are not 
generally performed in healthy subjects in dietary interventions. 
Peripheral blood mononuclear cells (PBMC), a mixture of B-cells, T-cells and 
monocytes, are an easily accessed tissue type that show differential gene expression 
following nutritional stimulus in vivo (41). PBMCs demonstrated to be metabolically 
active and it is expected that PBMCs may reflect physiological and pathological 
processes in different body tissues as they circulate throughout the whole body (42). 
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AIMS AND OUTLINE THESIS 

The incidence of obesity and associated metabolic disorders such as hyperglycemia 
and hyperinsulinemia are still growing worldwide. For that reason, in this thesis 
potentially dietary strategies to reduce hyperglycemia, hyperinsulinemia and to 
achieve and maintain a healthy body weight will be investigated. 
First, an overview of current literature is given about the role of hyperglycemia and 
hyperinsulinemia on body weight regulation (Chapter 2). Next, the effect of sugar-
sweetened beverage intake on energy intake in an ad libitum 6-month low-fat high-
carbohydrate diet was investigated (Chapter 3). Subsequently, the effects of different 
protein and glycemic index diets were investigated on 24 h profiles of metabolic 
markers and substrate partitioning in lean healthy males (Chapter 4). In addition, the 
effects of meal frequency on metabolic profiles and substrate partitioning in lean 
healthy males were investigated (Chapter 5). Then, the meal frequency study was 
repeated in subjects with impaired glucose tolerance (IGT). Furthermore, the effects of 
meal frequency were investigated on gene expression profiles in PBMCs and muscle 
tissue (Chapter 6). In Chapter 7 the main results and conclusions described in previous 
chapters are discussed and implications for future research are addressed. 
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ABSTRACT 

This review discusses dietary strategies that may improve the metabolic profile and 
body weight regulation in obesity. Recent evidence demonstrated that long-term 
health effects seem to be more beneficial for low-glycemic index (GI) diets compared 
to high-protein diets. Still, these results need to be confirmed by other prospective 
cohort studies and long-term clinical trials, and the discrepancy between these study 
designs needs to be explored in more detail. Furthermore, the current literature is 
mixed with regard to the efficacy of increased meal frequency (or snacking) regimens 
in causing metabolic alterations, particularly in relation to body weight control. In 
conclusion, a growing body of evidence suggests that dietary strategies with the aim to 
reduce postprandial insulin response and increase fat oxidation, and that tend to 
restore metabolic flexibility have a place in the prevention and treatment of obesity 
and associated metabolic disorders. 
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production (3). Insulin stimulates glucose transport in muscle and glycogen synthesis in 
both muscle and liver. In addition, insulin decreases the release of free fatty acids (FFA) 
from adipose tissue by inhibiting hormone-sensitive lipase and stimulates 
triacylglycerol uptake in adipose tissue by activating lipoprotein lipase. The 
postprandial rise in glycemia and in insulinemia, in combination with a reduced plasma 
FFA concentration, results in an increase in carbohydrate oxidation and in a decrease 
in fat oxidation in the whole body (13; 14). The combination of substrates (fat, 
carbohydrates, protein) oxidized may also influence the energy balance and therefore 
body weight regulation, which is explained next. 
The traditional concept of energy balance states that obesity and overweight develops 
when energy intake exceeds energy expenditure. Long-term weight maintenance in 
normal and obese subjects requires that energy intake equals energy expenditure and 
when the macronutrient composition of the diet is modified, fuel oxidation will be 
adjusted to achieve a new equilibrium (15). Protein and carbohydrate balances seem 
to be strictly controlled compared to fat balance; an increase in fat intake does not 
stimulate its oxidation to the same extent as carbohydrate and protein (16). The rate 
at which these adjustments are achieved is faster in the transition from a low-
carbohydrate to high-carbohydrate diet (~2 days). Nevertheless, fat oxidation can take 
more than one week to match fat intake in response to a higher dietary fat intake (17). 
In addition, dietary fat is stored very efficiently as body fat but is not efficient in 
stimulating satiety (18). 
Therefore, the limited ability to increase fat oxidation to fat intake may translate into a 
positive fat balance and, consequently, to weight gain over time, as suggested by Flatt 
and colleagues (16; 19; 20). Flatt introduced the concept of body weight regulation 
with a two-compartment model. This model suggests that weight maintenance can be 
achieved by a regulation of food intake to maintain stable glycogen levels, which are 
an integration of carbohydrate and lipid fluxes. Failure to adjust fat oxidation in 
response to excess dietary fat intake may result in an increased depletion of the 
glycogen stores, which may stimulate food intake. Expansion of the adipose tissue to 
enhance fat oxidation to a rate equal to dietary fat intake is one of the mechanisms for 
adapting to a high-fat diet. Nevertheless, this positive correlation between adipose 
tissue and 24-h fat oxidation (fasting) could not be confirmed in all studies (21; 22).  
 
Defense mechanism to obesity: hyperglycemia and hyperinsulinemia   

As mentioned before, insulin is the principal hormone of glucose homeostasis; it 
stimulates glucose influx into muscle, glycogen synthesis in the liver and muscle, 
protein synthesis, and fat deposition in adipocytes, and thereby increases 
carbohydrate oxidation and decreases fat oxidation (4; 23). With regard to the 
duration over which the difference in serum insulin concentration is maintained, it 
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usually peaks in a relatively short time, although its effects may prevail much longer via 
effect on gene expression of metabolically relevant proteins (24). In a situation of 
frequent daily insulinemia, fat oxidation is suppressed (25). Reduced fat oxidation can 
result in weight gain in the long term. Moreover, a growing body of theoretical and 
experimental work suggests that diets designed to lower the insulin response to 
ingested carbohydrate may improve access to stored metabolic fuels, decrease 
hunger, and promote weight loss. Additionally, the risks for various conditions 
associated with hyperinsulinemia may be lowered, such as diabetes mellitus (26). A 
higher insulinemic response is linked to weight gain, although the scientific debate is 
still ongoing (27; 28). 
Despite hyperinsulinemia, however, alterations in insulin action may be, to a variable 
extent, present in obesity. This variability could predict whether weight will stabilize or 
further increase. Insulin resistance can be physiological, but most often is associated 
with metabolic disorders such as obesity. The reduction in insulin action seen in 
insulin-resistant states affects metabolic substrate partitioning in a way that would 
prevent additional weight gain and as such recovers body weight stability. Partitioning 
of lipid fuels is directed from storage in adipose tissue to immediate or delayed 
oxidation in skeletal muscle. Despite the potential adverse effects of cardiovascular 
risk factors that accompany insulin resistance, reductions in insulin action may well be 
necessary to prevent additional weight gain in humans who eat excessively and are 
inactive (29; 30). 
 
Metabolic inflexibility  

As explained before, metabolic flexibility is defined as the capacity to increase fat 
oxidation upon increased fatty acid availability and to switch between fat and glucose 
as the primary fuel source after a meal (9). The metabolism of healthy persons can 
switch quickly and completely; this is called a flexible metabolism. A growing body of 
evidence demonstrates a blunted substrate switching from low- to high-fat oxidation 
in obese individuals, and in the pre-obese and post-obese, and this metabolic 
inflexibility may be a genetically determined trait (31). Prospective studies identified 
that Pima Indians with a habitually high 24-h respiratory quotient (RQ) are more prone 
to gain weight over time (32). In addition, a significant positive association between 
resting RQ and subsequent weight gain was found in the Baltimore Longitudinal Study 
on Aging, by Seidell et al. (1992) (33). 
Dietary changes and weight loss may improve metabolic flexibility in skeletal muscle 
(9), because it accounts for 75-80% of whole-body insulin-stimulated glucose uptake 
(34), and thereby contribute to the prevention of obesity and T2D. The reduced 
capacity of obese persons to mobilize and subsequently oxidize fat has been 
mentioned as a consequence of long-term hyperinsulinemia; however, whether a 
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a quest for factors that undermine the innate regulatory control of body weight. 
Research has shown very few clear nutrient- or food-based determinants of obesity. 
Meta-analyses and a large-scale, long-term dietary intervention trials show that a 
reduction in dietary fat causes a reduction in energy intake and may produce a modest 
weight loss in overweight subjects (31). Although some studies show a protective 
effect of a high proportion of carbohydrate versus low fat, many others found no 
association. The evidence relating the intake of sugar per se to weight change is 
inconsistent (46). A review of studies (intervention, prospective, and cross-sectional) 
on the relationship between sugars, insulin resistance, and diabetes concluded that all 
these studies failed to demonstrate an obvious relationship between total simple 
carbohydrate intake and glycemic control, insulin resistance, or risk to develop T2D 
(45; 47). Also, the only long-term randomized controlled trial (RCT) on the effect of 
simple versus complex carbohydrates executed in our lab did not demonstrate a 
significant effect on body weight (48). However, the search for nutrient- or food-based 
determinants of obesity needs to continue, and for that reason other potential dietary 
strategies to reduce hyperglycemia and hyperinsulinemia are discussed next.  
 
Glycemic index  

The glycemic index (GI) is suggested as a useful strategy for achieving and maintaining 
a healthy body weight and reducing the risk of T2D and cardiovascular diseases (49; 
50). The rate of carbohydrate absorption after a meal is illustrated by the GI (51). The 
GI of a food is defined as the incremental area under the 2-h plasma glucose response 
curve of a 50-g carbohydrate portion of a test food expressed as a percentage of the 
response to the same amount of carbohydrate from a reference food: either white 
bread or glucose (52). In addition, the glycemic load (GL) was developed to improve 
the prediction of the glycemic response. The GL of a specific food can be determined 
by combining the GI of the food and the amount of carbohydrates in a serving. In this 
manner, the overall GL of a meal or an entire diet can be calculated (53). Nevertheless, 
food processing, food matrix, nutrient bioavailability, and the interaction of nutrients 
within the meal itself are factors that influence the actual GI of a diet, together with 
the rate and capacity of digestion and absorption. Digestive and absorptive 
mechanisms are tightly regulated by hormonal responses, such as cholecystokinin, 
insulin, and glucagon like peptide-1 (50).   
Carbohydrate-rich foods with a lower GI (lower induced postprandial glucose and 
insulin levels) may assist in weight management via several mechanisms such as 
providing greater access to fatty acids as a source of fuel by reducing insulinemia, 
blunting the counter regulatory response that occurs with high blood glucose and 
insulin swings, maintaining insulin sensitivity, and promoting satiety and greater fat 
oxidation. In contrast, high-GI meals have been associated with appetite stimulation, 
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higher energy intake, and higher fat storage. Additionally, the increased stimulation of 
glucose and insulin secretion may lead to postprandial hyperinsulinemia, possibly 
continuing a vicious cycle with peripheral cell insulin receptor downregulation (27; 54; 
55).  
 
Glycemic index and obesity 

Although low-GI diets showed beneficial effects in diabetes, the role of GI in body 
weight control remains controversial. The possible usefulness of low-GI foods in the 
management of obesity has been reviewed extensively (27; 56; 57). Raben (2002) 
concluded that there is no evidence that low-GI foods are superior to high-GI foods in 
regard to long-term body weight control (58). Furthermore, a Cochrane Review (49)  
and a meta-analysis by Livesey et al. (2008) (59), showed that body weight fell with 
reduction in GI and GL. However, in these studies, food intake was ad libitum or food 
intake control was limited. The beneficial effect was not observed in studies where 
food intake was controlled (59). New studies, in particular the recent RCT on protein 
and GI by (60), confirm the results of the two meta-analyses, as pointed out in a recent 
review by van Baak & Astrup (2009) (47). These authors concluded that an effect of 
low-GI/GL diets on body weight is likely to be small and of limited practical and clinical 
importance. 
 

High protein and dairy versus vegetable protein source 

Next to low-GI diets, energy-restricted, high-protein diets have been found to improve 
insulin sensitivity, body composition, lipid profiles, and body weight loss (61; 62). 
Additionally, after weight loss, extra protein intake was found to reduce weight regain 
(63). Recently, the RCT Diogenes study demonstrated that a modest increase in protein 
content and a modest reduction in the GI improved maintenance of weight loss in 
overweight subjects (60). This beneficial effect of high-protein diets has been 
attributed to reduced energy efficiency and/or increased thermogenesis (64; 65) and a 
higher satiating effect of proteins (66; 67). These effects could be related to reduced 
glucose disposal, higher endogenous glucose output (54), and the insulin-stimulating 
effect of proteins that has been described in both healthy (68) and diabetic subjects 
(69). Dairy proteins such as whey protein isolate, in particular, are relatively rich in 
branch chain amino acids (70) and therefore have strong insulinotropic effects (71). 
Moreover, dairy products, and in particular calcium, have shown to have an anti-
obesity effect (72), despite the higher postprandial insulin levels that are associated 
with insulin resistance and weight gain (26). Data suggest that both calcium and other 
dairy product components may contribute to alterations in the metabolic partitioning 
of dietary energy, resulting in modulation of body weight, body fat, and the insulin-
resistance syndrome (73). 
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Furthermore, a low-fat, plant-based nutritional approach also has been suggested to 
improve body weight control, glycemia, and cardiovascular risk (74). These foods are 
nutrient dense and good sources of dietary fiber. However, foods containing soy 
(vegetable proteins) are proposed as being as good as any other protein source for 
promoting weight loss (75). 
So far, the evidence suggests that a moderate increase of dietary protein may improve 
weight loss and weight maintenance following weight loss. 
 
Low-glycemic-index versus high-protein diets 

Both dietary strategies are associated with a lower postprandial glucose response, but 
with a different postprandial insulin response. Short-term studies have been shown to 
be beneficial for body weight control; nevertheless the long-term health effects may 
be different. The RCT Diogenes study recently showed that a slightly higher protein 
content and a lower GI improved study completion and weight loss maintenance in 
overweight subjects over a 26-week period (60). Although lower-carbohydrate, higher-
protein diets increase the rate of weight loss, cohort studies and meta-analyses of 
clinical trials suggest the potential for increased mortality (54). The European 
Prospective Investigation into Cancer and Nutrition study followed subjects for a mean 
of 6.5 years for individual dietary information and anthropometric measures. 
Researchers concluded that a higher intake of total protein, and protein from animal 
sources, seemed to be positively associated with long-term weight gain (76). 
Conflicting results are found between RCTs showing a beneficial effect of a high-
protein intake on weight maintenance and observational studies suggesting the 
opposite effect. This might be a consequence of the study designs, although the two 
study designs often obtain similar results results (77-79). The discrepancy between 
trials and cohort studies could be explained by the fact that the participants in the 
trials are a subset of the population that on average might be more resistant to weight 
loss by a high protein diet. Thus, mimicking a trial with observational data might be a 
way to reconcile this opposing evidence, as demonstrated before to be a useful 
method (80; 81). 
Brand-Miller et al. (2009) concluded in a recent review that a large body of evidence 
provides robust support for low-GI carbohydrate diets in the prevention of obesity, 
diabetes, and cardiovascular disease. Moreover, low-GI diets may be more 
behaviorally sustainable because they do not restrict either fat or carbohydrate, or 
specific food groups (54). 
In conclusion, long-term health effects of both dietary strategies seem to be more 
beneficial for low-GI diets compared to high-protein diets. Still, these results need to 
be confirmed by other prospective cohort studies and long-term clinical trials, and the 
discrepancy between these study designs needs to be explored in more detail. 
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Furthermore, the discrepancy between the theory that (dairy) proteins have a positive 
effect on body weight control and the assumption that the high postprandial insulin 
levels (insulinotropic effects of protein) are associated with insulin resistance and 
consequently weight gain warrants further investigation (26) (Fig. 1). 

 

Figure 1. Body weight regulation: A low-glycemic-index (GI) diet induces lower postprandial glucose and 
insulin levels, which may result in higher fat oxidation and thereby increase body weight regulation. This 
demonstrates the discrepancy between the theory that proteins have a positive effect on body weight control 
by reducing postprandial glucose levels and the assumption that the high postprandial insulin levels are 
associated with insulin resistance and consequently weight gain. 

 
Meal frequency  

Although consumption of three meals a day is the most common pattern of eating in 
industrialized countries, a scientific rationale for this meal frequency with respect to 
optimal health is lacking (26). Epidemiological evidence indicates a clear increasing 
trend in recent years of dietary snacking and increased meal frequency (82; 83). The 
pattern of food intake is often cited as one of the variables that can influence energy 
balance and substrate metabolism. When the daily energy intake is consumed in 
several large meals (gorging pattern), relatively more energy has to be stored than 
with a feeding pattern of several small meals (nibbling pattern; 6--8 meals/day) (84). A 
gorging pattern (1--2 meals a day) of food intake has been shown to enhance 
lipogenesis, increase body weight, and reduce glucose tolerance (85), whereas another 
study showed the opposite (86).  
Additionally, eating several small meals is suggested to lead to increased glucose and 
insulin levels, resulting in a continuous postprandial status thereby inhibiting fat 
oxidation, which can have a harmful effect on body weight control and metabolic 
flexibility (14). Solomon et al. (2008) demonstrated that 2 meals per day led to greater 
fluctuations in glucose, insulin, and ghrelin responses (i.e., greater peaks and lower 
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troughs), compared with 12 meals per day assessed throughout an 8-h period (87). 
Experimental and cross-sectional epidemiological studies to date, in which energy 
intake underreporting is taken into consideration, suggest that increasing meal 
frequency may promote positive energy balance in free-living adults (88; 89). However, 
well-controlled intervention studies do not support an association between meal 
frequency and body weight (84; 89-91). It is important that 24-h profiles be taken into 
consideration, as substrate oxidation differences during the day can be compensated 
during the night, and for that reason no 24-h effects are observed (92).  
To conclude, the current literature is mixed with regard to the efficacy of increased 
meal frequency (or snacking) regimens in causing metabolic alterations, particularly in 
relation to body weight control (87). Therefore, the possible association between the 
current increase in meal frequency (snacking) and the rising obesity epidemic requires 
further investigation by well-controlled trials. 

FUTURE RESEARCH 

The discrepancy between the theory that proteins (especially dairy proteins) have a 
positive effect on body weight control and the assumption that insulinemia as a 
modulator of insulin resistance and consequently substrate partitioning leading to 
weight gain warrants further investigation (26). It is suggested that the low-GI property 
of protein leads to glycemic improvements resulting in a better body weight control 
despite the stronger insulinotropic effects comparable to high-GI foods. Insulin 
sensitivity may be improved due to the insulinotropic effect of high-protein diets. 
The effect of (dairy) proteins on postprandial insulinemia and consequently substrate 
partitioning has not been explored previously, because insulin secretion is largely 
assumed to be proportional to postprandial glycemia as with carbohydrate intake (71). 
Therefore, the effects of carbohydrate intake (high-glucose and high-insulin levels) 
versus (dairy) protein intake (low-glucose and high-insulin levels) on the metabolic 
profile and body weight control need to be investigated in more detail. 

SUMMARY AND CONCLUSIONS 

Obesity and T2D mellitus are associated with hyperglycemia and hyperinsulinemia as a 
result of insulin resistance and can be accompanied by a reduced fat oxidation and 
metabolic inflexibility. Dietary strategies may improve metabolic flexibility and 
increase fat oxidation. Low-GI and high-protein diets are both associated with a lower 
postprandial glucose response but with different postprandial insulin responses. Long-
term health effects of both dietary strategies seem to be more beneficial for low-GI 
diets than for high-protein diets. Still, these results need to be confirmed by other 
prospective cohort studies and long-term clinical trials, and the discrepancy between 
these study designs needs to be explored in more detail. In conclusion, a growing body 
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of evidence suggests that dietary strategies with the aim to reduce postprandial insulin 
response and increase fat oxidation, and that tend to restore metabolic flexibility have 
a place in the prevention and treatment of obesity and associated metabolic disorders. 
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INTRODUCTION 

Worldwide, the incidence of overweight and obesity has continued to rise relentlessly 
since the early 1980s. In particular, the increasing incidence of childhood obesity has 
been recognized as a growing threat in both developed and developing countries (1). 
Overweight and obesity are associated with an increased risk of developing diet-
related diseases such as diabetes type 2, cancer and cardiovascular diseases. It is 
generally accepted that energy-dense diets, that is high-fat diets, are a major factor in 
excess energy intake leading to weight gain (2). Besides fat intake, sugar-sweetened 
beverages (SSBs) and products of high glycemic index (GI) have been suggested as 
important dietary factors causing overfeeding leading to excess weight (3-6). 
A high GI, mostly based on refined carbohydrates, indicates rapid digestion and 
absorption of carbohydrate-containing meals resulting in high postprandial blood 
glucose and insulin concentrations. This is in contrast with low GI products, mostly 
based on unrefined carbohydrates, which result in low postprandial (maximal) blood 
glucose and insulin responses (7). Moreover, the increased incidence of obesity has 
coincided with increased SSB consumption in the United States (8). Thus, more 
attention has been paid to the role of SSBs, such as soft drinks and fruit drinks, in the 
development of obesity (9). A proposed mechanism through which consumption of 
sugar-sweetened drinks could lead to obesity is imprecise and incomplete 
compensation for energy consumed in liquid form (6). Energy in a liquid food matrix is 
absorbed and metabolized more efficiently than energy in a solid food matrix (10). The 
development of sports drinks was based on this principle of a fast gastric emptying and 
absorption in the gut. In addition, studies have shown that higher liquid carbohydrate 
consumption did not result in a reduction of solid food consumption (11; 12). It has 
also been suggested that fluids are less efficient in inducing satiety and suppressing 
food intake compared with solid foods (13; 14). Based on these studies, it has been 
suggested that liquid carbohydrates may promote excess energy intake and, 
consequently, result in weight gain and obesity. However, critical reviews of the 
literature on the association between SSB consumption and weight gain have come to 
different conclusions. Several investigators found that a greater SSB intake resulted in 
an increased energy intake and body weight (15; 16). However, other meta-analyses 
and review articles concluded that this association was weak or equivocal (9; 17-20). 
All review articles indicated a lack of randomized controlled long-term studies. 
Therefore, the aim of the present study was to investigate the effect of a 6-month ad 
libitum intake of SSBs on energy intake in overweight-obese individuals in a reanalysis 
of the data obtained from one of the centers in the Carbohydrate Ratio Management 
in European National diets (CARMEN) study (21). In the randomized controlled 
CARMEN trial, subjects followed a 6-month strictly controlled diet using the laboratory 
shop system with either a low-fat high simple carbohydrate diet, a low-fat high 
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low-fat high complex carbohydrate (CCHO) group were provided with a variety of fat-
reduced alternatives and products with a high respectively low ratio of simple to 
complex carbohydrates, in order to reduce fat intake by 10 energy percent (En%) and, 
at the same time, to increase either simple or complex carbohydrate intake resulting in 
a simple to complex CHO ratio of the habitual intake of about 1.0 - 1.5 and 0.5, 
respectively.  
 
Measurements 

Total food intake, that is consumption of food items provided via the laboratory shop 
and consumption of food items bought in conventional supermarkets, was recorded at 
baseline, at the end of the run-in period and after 1, 2, 4 and 6 month(s) of 
intervention, using 3- or 7-day weighed dietary records and checked with the 
individually laboratory shop record inclusive return of not used products. Energy and 
macronutrient intakes were calculated using a computerized Dutch food composition 
table (23). Simple carbohydrates are based on mono- and disaccharides such as 
sucrose while complex carbohydrates are calculated from the polysaccharides levels as 
tabulated in the national food table. Additionally, subanalyses were made in this study 
for the energy, amount and energy density of all drinks and in particular of SBs. Energy 
intake of all drinks included SBs (non-diet and diet) and alcoholic drinks, and excluded 
dairy liquid products. The SCHO and CD groups were able to select nondiet (sugar) SBs, 
including soft drinks and fruit juices from the shop, while the CCHO group received diet 
(artificially) SB alternatives. Body weight, fat mass and percentage of body fat were 
also measured before and at the end of the 6-month intervention. Furthermore, C-
reactive protein (CRP) levels were measured before and at the end of the 6 month 
intervention to investigate the effect of the three diets on chronic low-grade 
inflammation, because the cross-sectional study of Liu et al. (24) showed in healthy 
overweight women that dietary GI and glycemic load were positively associated with 
plasma CRP concentration, which is a sensitive marker for systemic inflammation. 
 
Statistical analysis 

Results are presented as mean ± standard error of the mean. Homogeneity was 
checked with the Kolmogorov-Smirnov test. Regarding the 6-month dietary 
intervention, analysis of variance was used as a global test for differences in the 
degree of change from values at the start of the intervention among groups. 
Additionally, post hoc comparisons were made with Bonferroni adjustment of 
significance levels, when analysis of variance indicated a significant difference between 
the groups (p < 0.05). Simple regression analysis was used to compare the changes in 
macronutrients and energy derived from all drinks and SBs with the changes in weight 
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Table 2. Start intervention values for variables related to the diet, according to study group. 
Variable SCHO group CCHO group CD group 
 (n = 14) (n = 15) (n = 18) 
Energy intake, MJ/day 11.1 ± 0.7 11.7 ± 0.7 11.9 ± 0.7 
Protein intake, En% 15.0 ± 0.6 13.4 ± 0.4 13.5 ± 0.4 
Fat intake, En% 40.1 ± 1.4 39.0 ± 1.4 38.9 ± 1.3 
Total carbohydrate intake, En%            42.4 ± 1.5 44.9 ± 1.5 45.2 ± 1.6 
Simple carbohydrate intake, En%         19.0 ± 1.7 21.2 ± 1.2 21.7 ± 1.6 
Complex carbohydrate intake, En% 23.0 ± 0.9 23.5 ± 1.2 23.4 ± 0.9 
Alcohol intake, En%   2.5 ± 1.1   2.7 ± 0.9   2.4 ± 0.7 
Fibre intake, g/d  19.0 ± 1.5 17.7 ± 1.7 18.1 ± 1.2 
Total energy density, kJ/g   4.2 ± 0.2   4.4 ± 0.8           4.2 ± 0.8 
Energy intake all drinks, kJ/day   914 ± 164 1136 ± 243 1213 ± 159 
Amount all drinks, g/day 1263.0 ± 129.5 1334.9 ± 149.2 1508.5 ± 119.5 
Density all drinks, kJ/g   0.75 ± 0.11   0.82 ± 0.08   0.83 ± 0.09 
Energy intake SBs, kJ/day 461 ± 97 633 ± 77   744 ± 100 
Amount SBs, g/day  295.0 ± 65.6 391.1 ± 47.3 464.8 ± 64.2 
Density SBs, kJ/g   1.36 ± 0.16   1.61 ± 0.12   1.54 ± 0.11 
Simple CHO intake SBs, g/day            27.0 ± 5.7 37.0 ± 4.5 43.7 ± 5.9 

Values are expressed as mean ± SEM.    

 
Sweetened beverages 

The intake of SBs in all groups was around 5.3 En% at the start of the intervention and 
reflects average SB intake in the Netherlands. Energy intake of all drinks increased 
significantly in the SCHO and CD groups compared with the CCHO group during the 
intervention (Table 3). The increase in SB (soft drinks and fruit juices) intake in the 
SCHO group during the study resulted in a total energy intake from SB of 648 kJ/day 
(6.7 En%), an increase of 187 kJ/day compared with the start of the intervention (Table 
3). The CD group increased SB intake by 101 kJ/day during the intervention period, 
which resulted in a total SB energy intake of 844 kJ/day (7.2 En%). When only diet SBs 
were provided to the CCHO group, SB intake decreased by 432 kJ/day to a total energy 
intake from SB of 201 kJ/day (2.2 En%). Energy density of all drinks increased 
significantly in the SCHO and CD groups compared with the CCHO group. In the SCHO 
and CD groups, energy intake and total simple carbohydrate intake from SBs increased 
significantly compared with the CCHO group (Fig. 1). Although the SCHO group showed 
the highest and the CCHO group the lowest SB consumption, no significant difference 
was found between the three groups in the amount of SBs consumed. Additionally, 
energy density of SBs increased significantly in the SCHO group compared with the 
CCHO group (+0.64 vs. -0.98 kJ/g, respectively; p < 0.01) (Table 3).  
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Figure. 1: The change in liquid and solid simple carbohydrate intake during 6-month intervention period in 
the SCHO, CCHO and CD groups. * P < 0.05 compared with the SCHO group. + P < 0.05 compared with the 
CCHO group. 
 

Body weight and body composition 

Analysis of variance showed no significant differences for body weight and 
composition at the start of the intervention period among the three groups (Table 4). 
After 6 months of intervention, body weight (p = 0.086) and BMI (p = 0.097) tended to 
be lower in the CCHO group when compared with the CD group, although differences 
did not reach statistical significance (Table 4). During the intervention period no 
significant relation was observed between changes in macronutrient intake, energy 
derived from all drinks and SBs as well as changes in body weight and body fat (data 
not shown). Results showed no significant differences in CRP levels between the three 
groups at the start of the intervention (SCHO, 3.2 ± 0.8; CCHO, 2.9 ± 0.7; CD, 2.8 ± 0.8 
mg/L) and no significant differences in changes of CRP levels were observed during the 
intervention period (SCHO: -0.1 ± 0.9; CCHO: -0.4 ± 0.3; CD: +0.2 ± 0.7 mg/L).  

DISCUSSION 

The present study was executed in a subsample of the multi-randomized 6-month ad 
libitum low-fat high carbohydrate diet trial CARMEN (21) to gain a better insight into 
the role of energy derived from SSBs in a situation where specific SB diet alternatives 
were used to create a difference in simple carbohydrate intake over a relatively long 
period (6 months). As in the overall trial, in this subsample the rise of SB intake also 
created a significant difference in simple carbohydrate intake between the SCHO and 
CCHO groups. Analyses of the data from the National Health and Nutrition Examination 
Survey (from 1999-2001) in the US showed that SSB intake accounted for 12.3% of 
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well as this subanalysis of the CARMEN data, with considerable use of low-fat, high 
simple carbohydrate foods, does not confirm this statement (21). The relationship 
between low-fat and high simple carbohydrate intake may be less of a concern than 
previously suggested because of the trend in lower energy intake and significantly 
lower energy density of the low-fat high simple carbohydrate diet. This study has 
demonstrated that the type of carbohydrates (simple or complex carbohydrates) does 
not seem to have much impact on body weight regulation due to the lower energy 
density of both low-fat groups.  
Several observational studies found an inverse relationship between energy intake 
from fat and from sugar, but not between fat and starch intake (28). In our study, the 
SCHO group increased the intake of nondiet SBs and, therefore, simple carbohydrate 
intake (En%) and total carbohydrate intake (En%) although overall energy intake 
tended to decrease because of fat intake reduction (-15.1 En% fat). The study by Raben 
et al. (29) also found no difference in an ad libitum energy intake between the high-fat 
diet and the high-sugar low-fat diet after 14 days (10.2 and 10.3 MJ/day, respectively). 
Sugar intake reduces intake of fat simultaneously and subsequently reduces energy 
intake, because of the lower energy density. In contrast, a reduction in sugar intake 
could result in an increased fat intake. Furthermore, dietary sugar may increase 
acceptance of a low-fat diet, which could lead to increased long-term compliance as 
shown in a study by Drummond and Kirk (30). 
Additionally, after the 6-month dietary intervention period, no significant relation was 
observed between changes in the diet and change in body weight, BMI and body fat in 
the overweight subjects. These results are in line with a meta-analysis by Forshee et al. 
(9) and reviews (17-20), which all concluded that the association was equivocal 
between intake of SSBs and BMI in children and adolescents. Evidence linking beverage 
consumption to the global obesity epidemic is still weak (31). Furthermore, Liu and 
colleagues found a positive association between dietary GI, glycemic load and CRP 
levels, although our results cannot confirm this observation.   
While this study showed interesting results about the effects of SBs consumption, it 
has certain limitations. No difference was found in complex carbohydrate intake (En%) 
between the low-fat groups. The low-fat, high complex carbohydrate diet tended to 
result in a reduced body weight and BMI, although none of these effects were 
significant (table 4). Although the body weight and complex carbohydrate intake 
changes were not significant, the trends are the same compared with the results of the 
complete CARMEN trial since the dietary characteristics from this subgroup of the 
CARMEN trial are highly comparable to the diet characteristics in the main study. The 
lack of significance in body weight changes is related to the underpowered analyses 
(table 1). The Carmen study was powered about 5 times greater to detect body weight 
changes. Therefore the results should be interpreted with some caution. 
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In summary, a significantly lower energy intake was achieved when diet SBs were 
consumed instead of nondiet SBs. However, in daily life, diet SBs are used partly or 
completely in addition to nondiet products. Consequently, the consumption of diet 
products can only be effective when accompanied by a drastic reduction in the 
consumption of nondiet products. Replacement of fat by low-fat, simple/complex 
carbohydrates in foods did not lead to higher energy-dense foods as suggested before. 
The relationship between low-fat and high simple carbohydrate intake may be less of a 
concern than previously suggested because of the lower energy density of the low-fat 
high simple carbohydrate diet. 
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ABSTRACT   

Introduction: Dietary glycemic index (GI) and protein affects postprandial insulin 
responses and consequently 24 h glucose metabolism and therefore substrate 
partitioning. This study investigated the mechanistic effects of different protein and GI 
diets on 24 h profiles of metabolic markers and substrate partitioning.  
Methods: After 3 days of diet and physical activity standardization 10 healthy male 
subjects (BMI: 22.5 ± 0.6 kg/m2) stayed in a respiration chamber 4 times for 36 h each 
time to measure substrate partitioning. All subjects randomly received four 
isoenergetic diets with either a normal (15 En%) dairy protein, low GI (< 40 units) 
(NDP-LGI) diet; a high (25 En%) dairy protein, low GI (HDP-LGI) diet; a normal vegetable 
protein, low GI (NVP-LGI) diet or a normal dairy protein, high GI (> 60 units) (NDP-HGI) 
diet. During the day blood was sampled at fixed time points for the measurement of 
metabolic markers and satiety hormones.  
Results: The HDP-LGI diet increased 24 h protein oxidation and sleeping metabolic rate 
(SMR) compared with the NDP-LGI diet (p < 0.002). No significant differences in 24 h 
carbohydrate and fat oxidation (day and night) were found between all intervention 
diets. Net incremental area under the curve (net iAUC) of 24 h plasma glucose 
decreased in the HDP-LGI diet compared with the NDP-LGI diet (p < 0.01), but no effect 
was observed on insulin levels.  
Conclusion: No difference in appetite profiles were observed between all intervention 
diets. The lower 24 h glycemic profile as a result of a high dairy protein diet did not 
lead to changes in 24 h substrate partitioning in lean healthy subjects with a normal 
insulin sensitivity. 
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INTRODUCTION 

Both dietary glycemic index (GI) and protein affect postprandial insulin responses and 
consequently 24 h glucose metabolism and substrate partitioning. Therefore, these 
factors are suggested to play an important role in body weight control. The claim that 
low GI foods have a positive effect on obesity is partly based on the assumption that 
reduction of postprandial glucose and insulin responses will decrease carbohydrate 
oxidation and fat storage and increase fat oxidation (1-3). Furthermore, lower and 
slower postprandial blood glucose and insulin responses are believed to promote 
satiety and suppress hunger, because large fluctuations in blood glucose and insulin 
may induce hypoglycemia, which could lead to increased hunger (1-3). However, 
inconsistencies about the effects of GI also exist, most likely because of lack in 
standardization of human diets, such as isocaloric feeding, proportion and types of 
carbohydrates, fiber, protein, fat, food matrix, and method of preparation. All have 
profound effects on the postprandial glucose response (4).  
In addition, studies have found that modestly increasing the proportion of protein in 
the diet may improve body composition, facilitate fat loss, promote satiety, and 
improve body weight maintenance after weight loss (5; 6). Interestingly, proteins, 
protein hydrolysates, and amino acids can generate a substantial increase in insulin 
response of up to 200% (7), particularly branch-chain amino acids (BCAA) such as 
leucine. Dairy proteins, such as whey protein isolate, are relatively rich in BCAA (8). 
McCarron first pointed out the inverse relation between dairy intake (in particular, 
calcium and protein intake) and body weight (9). Dairy products have a very low GI, 
and except for cheese, all these products have potent insulinotropic effects (10). This 
gives a puzzling physiological mechanistic profile with the notion of the positive weight 
regulatory aspects of dairy (protein) intake on one hand and the hypothesis that 
insulinemia, as a modulator of insulin resistance and consequently substrate 
partitioning, leads to weight gain on the other hand (11). It is suggested that the low GI 
property of (dairy) protein causes glycemic improvements leading to a better body 
weight control despite the stronger insulinotropic effects, which are comparable to 
high GI foods. This hints at an improvement of insulin sensitivity due to the stimulatory 
insulin secretion effect using diets in high dairy protein. 
The extent to which dairy factors affect postprandial insulinemia has not been 
investigated previously, because insulin secretion is largely assumed to be proportional 
to postprandial glycemia (10). Therefore, the purpose of the present study was to 
investigate the mechanistic effects of different proteins (content and source) and GI 
diets on the 24 h profiles of metabolic markers (main focus on glucose and insulin 
levels) and substrate partitioning in lean healthy males.  
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MATERIAL AND METHODS 

Subjects 

Ten healthy non-smoking men aged 28 ± 1.8 y, with a mean BMI of 22.5 ± 0.6 kg/m2 

and a mean percentage body fat of 17.9 ± 2.7 % were recruited from local educational 
institutions. Inclusion criteria were as follows: weight stable over the past 3 months, 
no known metabolic abnormalities, BMI < 25 kg/m2; alcohol intake (< 28 drinks 
weekly). At screening subjects completed a medical history questionnaire and 
performed an Oral Glucose Tolerance Test (OGTT). The results of the OGTT were mean 
fasting glucose level of 5.2 ± 0.2 mmol/L, a fasting insulin level of 9.2 ± 0.8 mU/L and 
mean 2 h glucose level after the OGTT of 4.2 mmol/L. Given that energy expenditure 
(EE) declines with increasing age, a maximal age of 40 years was set to form a 
homogeneous adult group. For homogeneity reasons, as well as to avoid menstrual 
cycle effects on EE, only Caucasian males were included. This study was conducted 
according to the guidelines laid down in the Declaration of Helsinki (12), and the 
Medical Ethical Committee of the University Hospital Maastricht approved all 
procedures involving human subjects. All subjects signed an informed consent form.   
 
Study design 

This study had a randomized, single-blind, four-way crossover design. The four 
isoenergetic interventions consisted of 30% energy (En%) from fat and 45 or 55 En% 
from carbohydrates (higher protein is compensated by lower carbohydrates) and: (1) 
normal (15 En%) dairy protein (DP) and low GI (GI < 40) (NDP-LGI); (2) high (25 En%) 
dairy protein and low GI (GI < 40) (HDP-LGI); (3) normal (15 En%) vegetable protein 
(VP) and low GI (GI < 40) (NVP-LGI); and (4) normal (15 En%) dairy protein and high GI 
(GI >60) (NDP-HGI). A diet consisting of 100% dairy protein was not possible to 
produce, consequently the predominantly dairy protein diets consisted of 70% animal 
protein (of which 70% was dairy protein) and 30% vegetable protein. The vegetable 
protein diet consisted of 100% vegetable protein; predominantly gluten, nuts, and soy. 
Subjects consumed the four different diets randomly and water and tea were provided 
ad libitum. The diet consisted of breakfast at 09.00 h, lunch at 13.00 h, dinner at 18.00 
h, and a potential snack at 21.30 h when subjects were not in energy balance (for 
calculation see later). The dietary content of the intervention diets is described in 
detail in Table 1. The diets were adapted from the Diogenes multicenter trial and were 
changed accordingly (13). The GI of each diet was calculated at the beginning of the 
study using the international GI tables, however in this article the new more 
appropriate GI values of individual food components from the Diogenes GI database 
were used. The Diogenes GI database contains GI levels of typical foods per country, 
which became available when the study was already underway. 
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Before each intervention, subjects had to standardize their food intake and physical 
activity (PA) to have the same baseline condition. Food intake and PA diaries were 
completed for 3 days prior the first intervention and repeated precisely before 
subsequent interventions. The interventions started at 21.00 h when subjects entered 
the respiration chamber and finished 36 h later at 09.00 h. The system of the 
respiration chamber is described in detail by Schoffelen et al. (1997) (14). The subjects 
were maintained in energy balance by carefully controlling energy intake and 
expenditure, which was based on individually measured and calculated requirements. 
In the respiration chamber, PA was prescribed by means of a standardized PA protocol, 
three repetitions of stepping (15 min each). The sleeping metabolic rate (SMR) was 
assessed throughout the first night in the respiration chamber. The SMR is defined as 
the lowest EE (measured in 30-min intervals) over three consecutive sleeping hours. 
The total daily EE was estimated by multiplying the SMR with a physical activity index 
(PAI) of 1.55 (15). This level of EE was used subsequently as the energy intake level for 
all four 24 h intervention days.  
 
Continuous glucose monitoring   

Before each intervention, a MiniMed sensor and MiniMed Continuous Glucose 
Monitoring System Gold (CGMS) were used to measure subcutaneous interstitial fluid 
glucose levels (Medtronic MiniMed, Northridge, California, USA). The monitor sampled 
the signals once every 10 s and recorded an average signal every 5 min. The monitor 
was calibrated with four separate capillary finger prick glucose readings using a glucose 
meter (Glucocard Memory PC; A. Menarini Diagnostics, Florence, Italy). Although the 
sensors recorded data for 36 h, only the last 24 h data (monitored between 09.00 h on 
day 2 and 09.00 h on day 3) were used for analysis. Continuous overall net glycemic 
action (CONGA) was used to measure the intraday glycemic variability (16). CONGAn 
was defined as the standard deviation of the differences in glucose concentration 
between current observation and the observation n hours previous. CONGA1, 
CONGA2, and CONGA4 were calculated indicating intraday glycemic variability based 
on 1, 2 and 4 h time periods. Higher CONGA values indicate greater glycemic variation, 
values above 1.5 indicate glycemic lability (16). The coefficient of variability (CV) is 
defined as the SD divided by the mean of the glucose values (17).  
 
Blood sampling 

In the morning, a catheter was placed into an antecubital vein for blood withdrawal. 
Blood was sampled just before ingestion of the three experimental meals, and 30, 60, 
120 and 240 min postprandially for determination of plasma levels of insulin, glucose, 
free fatty acids (FFA), and triglycerides (TG). At T=0 (baseline 09.00 h) and 60 min after 
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Body composition 

In the fasted state, body density was measured by underwater weighing. Lung volume 
was assessed simultaneously by the helium dilution technique using a spirometer 
(Volugraph 2000; Mijnhardt, Bunnik, the Netherlands). Body weight was determined 
on a digital balance, accurate to 0.001 kg (IDI plus; Mettler Toledo, Tiel, the 
Netherlands). Underwater, body weight was measured on a digital balance, accurate 
to 0.01 kg (EC240; Mettler Toledo, Tiel, the Netherlands). Body fat percentage was 
calculated using the equation of Siri (22).  
 
Statistical analyses 

The primary endpoint for this study was the postprandial glucose response, and the 
results of Manders et al. (2006) (23) were used for power calculation (power of 90%). 
That study examined postprandial plasma glucose responses after co-ingestion of an 
insulinotropic protein (Pro) hydrolysate without additional free leucine with a single 
bolus of carbohydrate (Cho). SPSS software (version 15 for windows; SPSS) was used 
for data entry and analysis. Data are reported as means ± standard error of the mean 
(SEM). Homogeneity of the data was checked with the Kolmogorov-Smirnov test, and 
ln transformation was applied when data were not normally distributed. The total area 
under the curve (AUC) and the net incremental area under the curve (net iAUC), which 
includes all iAUC, together with the area below the fasting concentration were 
calculated using the trapezoidal rule for all data except for indirect calorimetry data. 
CGMS data, EE, substrate partitioning, and (net i)AUCs (i.e. both net iAUC and AUC) 
were compared between the four intervention diets with one-way repeated measures 
ANOVA. Mixed-model ANOVA was used to compare the intervention diets at the 
different time points for VAS scales and the metabolic markers. Outcomes were 
corrected for multiple testing. Statistical significance was set at p < 0.05.  

RESULTS 

Normal vs. high dairy protein 

The HDP-LGI diet showed a higher SMR compared with the NDP-LGI diet (p < 0.001) 
(Table 2). As expected, the HDP-LGI diet increased 24 h protein oxidation compared 
with the other three diets (p < 0.05). Overall, net iAUC of 24 h glucose levels and AUC 
of 2 h glucose levels after lunch were significantly lower in the HDP-LGI diet compared 
with the NDP-LGI diet (p < 0.01) and NDP-HGI diet (p < 0.05) (Fig. 1 and Table 3). FFA 
levels increased in the NDP-LGI diet compared with the HDP-LGI diet, particularly after 
lunch and dinner. Changes in the TG profiles are less pronounced, however the HDP-
LGI diet showed a higher TG level. GLP-1 active levels showed no significant differences 
between the intervention diets (data not shown). Surprisingly, CGMS data 
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