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Chapter 1

1.1 THE IMPORTANCE OF LIFESTYLE-RELATED FACTORS IN THE PATHOGENESIS OF 
T2DM
Type 2 Diabetes Mellitus (T2DM), also known as non-insulin dependent diabetes mellitus, is a rapidly 

growing health problem affecting many people worldwide. It is estimated that around 450 million 

adults (18-99 y) currently have diabetes, of which around 90% concerns T2DM (1). This worldwide 

prevalence is rapidly increasing, and was estimated to reach around 693 million people in 2045 (1). 

The development of T2DM is often preceded by overweight or obesity and insulin resistance (IR), 

and is implicated with an increased risk of cardiovascular diseases (CVD) (2). The metabolic disease 

mainly develops in elderly persons, but it is increasingly affecting young persons as well (3). This 

worrying trend shows the urge for preventive measures.

Dysregulation of glucose homeostasis

In T2DM glucose homeostasis is affected, which leads to serious health consequences. High glucose 

concentrations in the blood (hyperglycemia) can cause damage to the heart, blood vessels, kidneys, 

eyes and nerves (4). Too low concentrations of glucose (hypoglycemia) can lead to fainting and even 

coma. 

In healthy individuals, glucose concentrations in the blood are kept closely within a certain 

range by regulatory hormones to prevent health problems. The liver has a prominent role in glucose 

homeostasis, being able to store excess glucose in the form of glycogen and release it again in 

the period between meals when glucose levels decrease. Because glucose is an important fuel for 

the human body, these processes are tightly regulated, mainly by the pancreatic hormones insulin 

and glucagon. In the normal postprandial state when glucose enters the body via nutrition, insulin 

is excreted from the β-cells of the pancreas in response to the increasing glucose concentrations 

(5). This increases glucose uptake by insulin-sensitive tissues, such as muscle and adipose tissue, 

resulting in normalization of glucose levels in the blood. Glucose is partly oxidized in the cells to 

provide energy and a part can be stored in muscle or liver cells in the form of glycogen. Excess 

amounts of glucose can be stored as fat due to lipogenesis (6). 

Over time, influenced by factors such as age, gender, genetics, lifestyle and body weight, 

tissue cells can become less sensitive to insulin (7). This insulin resistance (IR) results in increasingly 

high glucose levels in the blood. Because the body attempts to keep the postprandial glucose 

concentrations within range, the β-cells need to produce and secrete more insulin. This process 

can continue unnoticed, but the high glucose and insulin concentrations are detrimental for the 

body. Compared to other tissues, β-cells are even more vulnerable when it comes to glucose 

toxicity, because glucose can enter these cells independent of insulin (equilibrium via transporter 

GLUT2) (8). Eventually the pancreas can no longer make sufficient amounts of insulin due to β-cell 

deterioration/failure (9, 10). In this stage, where diabetes has developed, patients are advised to 

take glucose lowering medication and/or insulin to manage their disease.

Thus, T2DM is characterized by hyperglycemia, insulin resistance, and relative impairment in 
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insulin secretion. The progression from normal-to-abnormal glucose homeostasis is a continuous 

one, with the term pre-diabetes describing the intermediate stage (11). Pre-diabetes is a condition 

in which blood glucose levels are higher than normal, but not high enough to be diagnosed as type 

2 diabetes. The stage of pre-diabetes is characterized by either high fasting glucose concentrations 

related to hepatic IR, named impaired fasting glucose, and/or by postprandial hyperglycemia due 

to peripheral IR and/or inadequate insulin production, indicated as impaired glucose tolerance (IGT) 

(12). In addition to the high prevalence of T2DM, the International Diabetes Federation estimated in 

2015 there are 318 million adults with impaired glucose tolerance, which puts them at high risk of 

developing T2DM in the future (13).

Role of lifestyle-related factors in the pathogenesis of T2DM

Although genetic elements are involved in the pathogenesis of T2DM, there is an important role 

for lifestyle-related factors. In the current western society the onset of T2DM is often related to a 

sedentary lifestyle and overweight; around 80% of persons with diabetes is overweight or obese 

(14). This indicates that a lack of physical activity and a poor diet are important modifiable risk-

factors of the disease. Therefore, next to pharmaceutical intervention, persons with diabetes are 

generally advised to improve their lifestyle by increasing physical activity in combination with a 

healthy diet, with moderate weight loss as an important goal.

Persons with pre-diabetes (especially IGT) may be able to delay or even prevent the progression 

of the disease by adapting their lifestyle, because the progression from pre-diabetes to T2DM is 

rather slow, and the process is reversible until a certain stage (15). A study on the impact of lifestyle 

intervention on glucose metabolism, with three years of follow-up (SLIM-study, Maastricht) was 

conducted in 147 subjects with IGT (16). Lifestyle changes consisted of both a dietary element 

and a physical activity element based on general public health recommendations. Dietary 

recommendations were based on the Dutch Guidelines for a healthy diet (Dutch Nutrition Council) 

and participants were instructed to increase physical activity to at least 30 min 5 times a week. 

The intervention resulted in improved body weight, improved measures of steady-state insulin 

sensitivity (IS) and a beneficial effect on 2h glucose and free fatty acid concentrations after an oral 

glucose tolerance test (OGTT). Diabetes incidence was reduced by 58% in the intervention group 

(16). Similar effects were obtained in other European studies, and pooled analysis clearly showed 

the increasing preventive effects of ≥5% weight loss maintained for 1 up to 3 years (17).

Nutrition is an important focus area for prevention of the development of T2DM, mainly for 

persons at risk, but for healthy individuals as well. In observational studies several characteristics of 

a diet were associated with an altered risk of the development of T2DM. A recent systematic review 

formulated evidence based dietary recommendations for both the prevention and management of 

T2DM (18), as the aims for nutritional strategies are similar; to achieve optimal blood glucose and 

blood lipid concentrations, to prevent, delay, and/or treat diabetes-related complications, and to 

improve health through balanced nutrition. Healthy dietary patterns were typically rich in whole 
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grains, fruits and vegetables, nuts and legumes; moderate in alcohol consumption; and lower in 

refined grains, red or processed meats, and sugar-sweetened beverages. Although there is some 

debate about the relative amount of carbohydrate, fat and protein intake which is optimal in the 

prevention and management of T2DM, it was emphasized that the quality of consumed fats and 

carbohydrates is more important than the relative quantity of these macronutrients (18, 19).

Quality of carbohydrates and (prevention of) T2DM  

Dietary intake of carbohydrates accounts for large fluctuations in circulating glucose concentrations. 

Carbohydrates differ substantially in their physiological and metabolic response depending on their 

source and accompanying food matrix (e.g. sugar-sweetened beverages vs whole grain bread), and 

therefore have varying health effects. The quality of carbohydrates and carbohydrate-rich foods 

in the diet is therefore very important (19). The rise in blood glucose concentration following 

the consumption of a carbohydrate-rich food product, often reflected using the Glycemic Index 

(GI) (20), is seen as one of the indicators of carbohydrate quality (21). The GI is determined using 

the incremental area under the curve (iAUC) of the 2h glucose response, compared to the iAUC 

of a reference food (white wheat bread) or an equivalent amount of glucose (Figure 1). With 

this classification system based on the products’ glycemic impact, a high GI product is indicated 

by a value above 70, a low GI product has a value below 55 (20). Low GI products often contain 

slowly digestible carbohydrates, and therefore the terms low/high GI and slowly/rapidly digestible 

carbohydrates are often used interchangeably. 

The GI was intended as a tool for T2DM patients to avoid postprandial hyperglycemia. Later, 

the concept of glycemic load (GL) was developed to simultaneously describe the quantity of 

carbohydrate in a food serving, meal, or diet. Foods with a low GI and/or GL can contribute to 

improved glycemic control (22), making them suitable for use in the management of T2DM. 

Figure 1. Illustration of a high and a low glycemic response over time. Adapted from The University of Sydney.
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However, products with a low glycemic response might also be beneficial for healthy individuals or 

persons at increased risk of developing T2DM when it comes to prevention of the disease. Several 

epidemiological studies have found low GI and/or low GL diets to be associated with a reduced risk 

of developing obesity, IR, T2DM and CVD (23-30). As an example related to T2DM, large studies by 

Salmeron et al. showed that GI and GL were positively associated with the risk of diabetes, whereas 

cereal fiber intake was inversely associated with risk of diabetes in both men (23) and woman (24). 

The combination of a high glycemic load and a low cereal fiber intake further increased the risk 

of diabetes (RR=2.50, 95% CI, 1.14-5.51) when compared with a low glycemic load and high cereal 

fiber intake. The findings suggest that consuming grains in a minimally refined form can reduce the 

incidence of diabetes (23, 24). A meta-analysis of observational studies concluded that low-GI and/

or low-GL diets were independently associated with a reduced risk of diabetes and heart disease, 

with the protection being comparable with that seen for whole grain and high fiber intakes (31). 

However, there are some inconsistencies in the literature, as some other epidemiological studies 

found no association between GI and the risk for T2DM (32, 33).   

Several (short term) intervention studies with low and high glycemic foods or diets were 

performed to study the effect on body weight and metabolic health, evaluating intermediate risk 

markers for T2DM, as reviewed by Blaak et al. (34). Overall, these studies and their results are very 

heterogeneous. It was noted that several studies for instance did not report on the actual glycemic 

response of their intervention diet or did not find a difference in glycemic response between their 

low and high-GI diet. This makes it difficult to compare and draw conclusions on the effects of low- 

and high GI diets. However, a systematic review and meta-analysis (including 45 studies) by Livesey 

et al. evaluating the impact of the glycemic response on markers of health, reported that diets with 

a low-GI reduced fasting blood glucose and glycated protein levels (35). Several included studies 

found increased IS, using a variety of measurement methods, in non-diabetic subjects on a low-GI 

diet.

To get more information on this possible association between postprandial glucose 

concentrations and the risk of developing IR and T2DM, data from long term intervention studies 

that aimed to lower postprandial glycemia by pharmaceutical intervention in persons with IGT 

could be used. For instance, acarbose is an α-glucosidase inhibitor that decreases the breakdown 

of complex carbohydrates such as starch and thereby delays glucose absorption and reduces 

postprandial glycemia. An example of an intervention study with acarbose is the STOP-NIDDM trial, 

in which over 1400 persons with IGT received either 100 mg acarbose or placebo  3x daily (36). They 

found that with acarbose the risk of progression to T2DM over 3.3 years was decreased by 25%. In 

addition, an increased probability of reversing IGT to NGT over time was observed. These results 

indicate that reducing starch digestibility and alleviating postprandial hyperglycaemia delays or 

prevents the progression to T2DM. A meta-analyses of similar studies (n=5) reported that due to 

acarbose treatment on average a 20% reduction in incidence of T2DM in patients with IGT was 

found (37). 
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From these studies it is difficult to determine whether it is the lower glycemic response itself 

or other associated responses, such as a lower insulin response, that causes the beneficial health 

effects. It is however clear that these high postprandial responses, even in healthy subjects, result in 

a deleterious metabolic and hormonal state, harming several organ systems, with the phenomena 

being exacerbated in subjects with IGT (34). Thus, there are indications that repeated high 

postprandial glucose concentrations (and/or related factors) may be implicated with an increased 

risk of the development of obesity, IR, T2DM, and CVD. Hence, the reduction of postprandial glucose 

excursions is considered beneficial for health. This could be targeted by nutritional strategies, with 

a focus on food products rich in starch.

1.2 STARCHY FOOD PRODUCTS AND THEIR POSTPRANDIAL RESPONSE
Many plants and crops such as wheat, corn, rice and potatoes are rich in starch, which is the main 

form by which plants store carbohydrates, and therefore are widely used as staple foods worldwide. 

Consumption of foods rich in starch have a direct impact on glucose homeostasis. These foods, 

depending on their characteristics, might be related to the prevention or development of IR and 

T2DM. 

This section will provide information about starch digestibility and uptake of starch-derived 

glucose, and about possible ways to influence these processes in order to decrease the postprandial 

glycemic response.  To be able to monitor the effects of modifications of starch digestibility 

dedicated techniques are necessary, which will be subsequently discussed.

Glycemic response of wheat products

One of the most common sources of starch in human nutrition is wheat (Triticum spp.). Several types 

of products are made from wheat, which can be either high, intermediate or low glycemic (38). In 

general, consumption of a wheat-based product such as pasta results in a low, prolonged elevation 

of postprandial glucose concentrations (low GI). However, the consumption of wheat bread often 

results in high postprandial glucose concentrations (high GI) and the starch in wheat bread is 

therefore considered to be rapidly digested. This mainly accounts for refined white wheat bread, 

which is often used as a high glycemic reference food. However, although delivering more beneficial 

nutrients and fibers, the glycemic response of whole-grain wheat bread is generally not much 

lower (38). Therefore, there is some room for improvement when it comes to the glycemic response 

to wheat bread. When attempting to decrease the glycemic response to a food product, the most 

obvious factor to approach is the digestibility of starch in the product, which mainly depends on the 

intrinsic characteristics of the starch and on factors related to the food product. 

Digestion of starch and uptake of starch-derived glucose

Starch is a polysaccharide consisting of many glucose units joined by glycosidic bonds. The two 

glucose polymers that build up starch are amylose and amylopectin. Amylose has a linear structure 
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due to α-1,4 bonds between the glucose units, whereas additional α-1,6 bonds in amylopectine 

result in a branched structure (39, 40). When starchy food products are consumed, starch is broken 

down by enzymes that cleave the bonds between the sugar units. During mastication, the first 

enzymatic step is α-amylase in the saliva which starts the breakdown of α-1,4 bonds in starch. After 

further destructuring of the food and bolus formation in the stomach, this breakdown is continued 

in the small intestine, where the pancreas excretes several digestive enzymes, including α-amylase. 

Enzymes present in the brush border of the small intestine (e.g. (iso)maltase, α-glucosidases), 

continue with this breakdown by splicing e.g. the di-saccharide maltose into two glucose units. 

This is the final step of digestion, before the resulting glucose molecules can be taken up by the 

intestinal cells. Glucose enters the enterocytes via the sodium-dependent hexose transporter SGLT-

1 via active transport. Glucose leaves the enterocytes via the basolateral membrane using the GLUT2 

transporter for facilitated diffusion to enter the portal venous system.

Factors that affect the rate of starch digestion and intestinal uptake of starch-derived glucose

Physiological processes 

The rate and extent of starch digestion and intestinal uptake of starch-derived glucose can be 

affected by several physiological processes. The first step in digestion, oral processing, is highly 

dependent on the chewing habits (e.g. duration, thoroughness) of a person, the amount of saliva 

production and also on the structure of the food product (41). Gastric emptying of the resulting food 

bolus is also a modifiable factor, which is determined by e.g. volume, caloric content, the particle 

size, the fat content and the viscosity of the food bolus (42). Further, gastric emptying is regulated 

by several gastro-intestinal hormones. Once the food bolus enters the small intestine, there can 

be an additional difference in intestinal transit time. This is influenced by factors including gastro-

intestinal hormones, viscosity of the food bolus, intake of a subsequent meal and person-related 

factors (43, 44). The resulting contact time between the nutrients and the intestinal mucosa can 

affect the rate and extent of starch digestion and/or the uptake of starch-derived glucose (45, 46).

Thus, several physiological processes, whether or not influenced by the food product, can 

influence starch digestibility and the uptake starch-derived glucose. In addition, many product-

related factors determine the rate of starch digestion and the uptake of starch-derived glucose.

Product-related factors 

Starchy food products differ in the rate of starch digestion and/or uptake of starch-derived glucose.  

This can depend on several product-related factors, which can be modified in order to influence 

the postprandial response. As indicated, starch consists of both amylose and amylopectin, and the 

proportion depends on the botanical origin of the starch. Amylose, generally making up around 

30% of starch, is more resistant to digestion due to its linear structure (39). A possibility to decrease 

starch digestibility is therefore by increasing the amylose/amylopectin ratio.

Other starch characteristics additionally depending on the botanical source, determine the 
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rate of digestion as well. In plants, amylose and amylopectin are organized in concentric layers 

of alternate crystalline and amorphous regions, which form a starch granule. The structural 

characteristics of starch granules, such as granule size and the unit-chain length distribution of 

amylopectin, modulate their enzyme digestibility (47, 48).

When raw starch is prepared for consumption by heating in the presence of water, e.g. cooked, 

or baked, starch granules will become gelatinized. This process involves disruption of the semi-

crystalline granular structure and leakage of starch molecules from the granules, which increases 

the accessibility of starch for hydrolysis (or amylolysis) (39). The degree of gelatinization depends 

on water content, temperature, duration of heating and the pressure (49). Cooling down and 

ageing of gelatinized starch (e.g. pasta, or bread, respectively) results in re-crystalinization. This 

rearrangement process is called retrogradation and results in a decreased starch digestibility and 

an increase in resistant starch (50). The formation of resistant starch has an additional health benefit, 

as it is suitable for fermentation by the colonic microbiota resulting in short-chain fatty acids (51). 

The presence of organic acids in bread (e.g. sourdough) may increase starch retrogradation and thus 

resistant starch content (52).

After processing of the food product, the physical form of the food may hinder the accessibility 

of starch as well. The mastication process, which is partly determined by the food structure, might 

influence this. For instance, a compact food structure and the larger particle size remaining after 

chewing and gastric processing, both limit the surface area for digestive enzymes to gain access 

to the substrate, thereby limiting the rate of starch digestion (53). The importance of food structure 

was demonstrated in a study where bread and pasta were both made with pasta ingredients (54). 

The compact structure of pasta achieved during processing contributed substantially to a decreased 

starch hydrolysis and glucose response, as indicated by the finding that bread made from durum 

wheat gave a higher glucose response compared to pasta made from the same ingredients. Here, 

the food matrix is another factor that may explain the slow digestion of starch in pasta. The presence 

of a continuous protein matrix or network, which entraps starch granules, could limit and/or retard 

the accessibility of starch to α-amylase (55).

Kernels or larger grain particles in the food product could also keep the starch protected from the 

digestive enzymes (56-58). Several studies showed that substitution of flour with boiled cereal grains 

or parboiled cracked wheat in bread could reduce the postprandial glycemic response compared 

to white wheat bread (56, 57, 59, 60). In addition, the presence of other components in the food 

product or the meal can affect starch digestibility. For example, the presence of phytochemicals 

that could inhibit the digestive enzymes (α-amylase, α-glucosidase) (61), such as polyphenol-rich 

ingredients (62) or extracts from white beans (63). The fat content of the product or co-ingestion 

of fat with the meal may decrease gastric emptying, and thereby delay the digestion process, 

generally resulting in a lower glycemic response (64). The same may account for the addition of acid 

to a meal or ingesting sourdough bread (65). The fiber content of the food product and the type of 

fiber can also influence starch digestibility and glucose uptake. Soluble or viscous fiber is able to 
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increase viscosity of the food bolus, and may thereby interfere with starch digestion by decreasing 

contact between starch and digestive enzymes. In addition, the rate of absorption of glucose can 

also be delayed by the presence of viscous fiber by hindering glucose transport to the brush border 

membrane and by thickening the unstirred layer (43).

The main factors involved in the digestion of starch are summarized in Figure 2.

Figure 2. Simplified schematic of factors involved in the rate of starch digestion and intestinal uptake of starch-
derived glucose 

Techniques to study starch digestibility and/or uptake of starch-derived glucose 

In vitro

Several in vitro methods exist to study starch and product-related characteristics which can give 

some information on starch digestibility and the effects of e.g. food processing. In vitro tests are 

product related, so characterizing the raw material or the end product. 

Most widely used is the method by Englyst et al. (66), where starch is hydrolysed enzymatically 

with pancreatin and amyloglucosidases in vitro. Based on this method starch in foods may be 

classified into rapidly digestible starch (RDS), slowly digestible starch (SDS) and RS. Another method 

to gain insight into the digestibility of the starch in the product is the hydrolysis index, which is an 

in vitro method measuring maltose after incubation with pepsin and pancreatic α-amylase. Because 
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food structure was increasingly being discussed as an important determinant of the metabolic 

responses to starchy foods, the test does include a person-related factor; mastication of the test 

product by volunteers (structure ‘as eaten’) is a first step (67). However, other physiological responses 

after the food intake (e.g. hormones, transit time, glucose uptake) are not taken into account. Several 

more sophisticated in vitro models are designed, imitating the entire gastro-intestinal tract (68). 

The in vitro methods are useful to accurately study and compare starch digestibility of 

several products, and are also used to predict the glycemic response it will elicit in humans after 

consumption. However, hormonal responses regulating and influencing these processes in vivo 

cannot be mimicked in this way.

In vivo

With many nutritional studies in this area, where the focus is on the improvement of the glycemic 

response (via digestibility), different starchy food products are tested in vivo with the main 

outcome being the glycemic response or GI. In this way, the impact of the starchy food product 

on postprandial glycemia is known, taking into account the physiological processes involved. 

It is generally thought that the glycemic response or GI of a food product directly reflects the 

rate of starch digestion and entry of glucose into the systemic circulation. However, the total 

postprandial glycemic response is not only determined by starch digestibility and/or the rate of 

glucose absorption from the ingested meal.  There is simultaneous clearance of glucose from the 

circulation due to mainly insulin-stimulated, but also insulin-independent, uptake of glucose into 

tissue, lowering the glycemic response. An example is a study by Schenk et al. where they show 

that the difference in GI of different breakfast cereals is not due to glucose influx from the meal, but 

due to a difference in glucose clearance (69). Endogenous glucose production, keeping glucose 

concentrations constant between meals (both glycogenolysis and gluconeogenesis), is suppressed 

postprandially, and should be taken into account as well (70). 

Taken together, the glycemic response is the net result of these different post meal processes 

(Figure 3). To make a distinction between these three main processes contributing to total plasma 

glucose concentration and to get insight into the underlying postprandial glucose kinetics, stable 

isotopes can be used. These are isotopes of certain elements that naturally occur in a low abundance 

and do not decay. For instance, 13C is a stable isotope of Carbon (12C) with a natural abundance of 

around 1.08%. Some plants like corn, incorporate more 13C in their tissue, leading to an abundance 

of 1.09%. The natural abundance of these isotopes can be increased by culturing plants in 13CO2 

-enriched atmosphere (71).

Administration of a starchy food product which is labeled with the stable isotope 13C, enables 

the differentiation in plasma between exogenous glucose coming from the consumed test meal 

and endogenous glucose produced predominantly by the liver. By simultaneously infusing the 

volunteers with a known tracer amount of deuterium labeled glucose (D-[6,6-2H2]glucose), it is 

possible to monitor and correct for the uptake of glucose into the tissues, and calculate the glucose 
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clearance rate (GCR). With the resulting data the ‘Rate of appearance of Total glucose’ (RaT) and 

the ‘Rate of appearance of Exogenous glucose’ (RaE) can be calculated, and by subtraction the 

endogenous glucose production (EGP) can be derived. 

The RaE represents the systemic appearance of starch-derived glucose, and although it is 

measured (indirectly) after it has passed the liver, it is also seen as a reflection of influx of glucose 

from the intestine. It can give an indication of the digestibility of starch from the food product, and 

is therefore often referred to as ‘in vivo starch digestibility’. It must be noted that this is influenced by 

all processes related to starch digestion (including oral processing, gastric emptying, transit time, 

starch digestibility) and by the intestinal uptake of starch-derived glucose, thus reflecting the rate 

and extent of starch digestion and/or uptake of starch-derived glucose.

The different glucose fluxes can be related to relevant physiological factors such as the insulin 

response or concentrations of gastrointestinal hormones (section 1.3), which are influenced by and/

or influence glucose kinetics. Thus, the use of this ‘dual isotope technique’ gives the ability to study 

starch- and product characteristics  in vivo  and to zoom in on the physiological effects of starch 

digestion and glucose uptake.

1.3 REGULATION OF POSTPRANDIAL GLUCOSE KINETICS AND METABOLISM 
Several hormones are involved in the regulation of postprandial glucose kinetics and metabolism, 

being either released or suppressed in the postprandial state. Starch digestion and subsequent 

starch-derived glucose uptake affects the glucose and insulin response, as well as the release of 

some gastrointestinal hormones. Recently it has been found that other physiological factors, such 

as bile acids, may also play a role in glucose homeostasis. These factors related to the consumption 

of starchy food products will shortly be introduced in this section.

Insulin and glucagon

As indicated, the pancreatic hormones glucagon and insulin are important players in glucose 

homeostasis. They are produced and released by the α- and β- cells, respectively, located in the 
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Figure 3. Illustration of the different postprandial processes that result in the total blood glucose concentration.
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islets of Langerhans, the endocrine part of the pancreas. By their opposing actions, they regulate 

glucose concentrations in the blood to keep it within the normal range. Where increasing glucagon 

levels stimulate the release and use of glucose from the internal glycogen stores (liver, muscle) and 

necessarily the synthesis of glucose (gluconeogenesis) between meals, the increase in insulin (mainly 

due to rising postprandial glucose levels) will inhibit these processes (72). Insulin also decreases the 

glucose levels by facilitating the uptake of glucose into cells of insulin sensitive tissues. By binding 

to the insulin receptor on muscle cells and adipocytes it regulates the translocation of intracellular 

vesicles containing GLUT4 to the plasma membrane. After fusion the GLUT4 transporters are inserted 

and become available for transporting glucose into the cells (73). Postprandial glucose uptake into 

tissue and thereby GCR is thus greatly determined by the action of insulin, whereas basal uptake of 

glucose via GLUT1 is a continuous process.

 

Glucose-dependent insulinotropic polypeptide and glucagon-like peptide 1 

The glucose-induced insulin response is greatly potentiated (up to 70%) by the incretin hormones 

glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) (74). 

Therefore, these incretin hormones play an important role in postprandial glucose homeostasis. 

GIP is secreted from intestinal K-cells located in the duodenum, mainly in response to ingested 

glucose in a dose-dependent manner (75), but also triggered by proteins and lipids (76). In a previous 

study that used corn products, our group showed plasma GIP concentrations to correlate strongly 

with the RaE (77) and related GIP release to the rate of intestinal glucose uptake. The regulation of 

GLP-1 release from L-cells is less straight-forward, as more factors are involved. Nutrient ingestion 

is the main stimulus to L- cells, which are most abundantly present in the colon but also found in 

the duodenum in similar amounts as K-cells (78). The L-cells are described as an open type cell, 

enabling direct stimulation and release of GLP-1 by luminal contact (79). Other routes (via nerves 

or hormones) have also been proposed, but appear to play a less prominent role in humans (76).

Next to their role as an incretin, GIP and GLP-1 serve other functions as well (80). Studies have 

indicated that GIP is involved in several anabolic effects in adipose tissue, such as stimulation 

of fatty acid synthesis and enhancement of insulin-stimulated incorporation of fatty acids into 

triglycerides (81-83). GLP-1 reduces glucagon secretion (84, 85), decreases gastric emptying rate (86), 

induces satiety (87), and was found to restore β cell function in rodents (88). GLP-1 and related 

factors are also seen as important (pharmacological) targets in T2DM treatment and prevention.

Cholecystokinin and bile acids

Bile, which is continuously produced by the liver, is stored in the gall bladder and is released into the 

small intestine in response to food intake to aid in the digestive process. Gall bladder contraction is 

mainly stimulated via the intestinal hormone cholecystokinin (CCK), released from the duodenum 

in response to mainly fat and protein intake (89). CCK is also known for its inhibitory effects on 

gastric emptying and the induction of satiety (90).
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Bile acids (BA) are known for their classical role in lipid metabolism, but receive more and more 

attention in relation to their function as signaling molecules in glucose metabolism. Bile acids are 

efficiently re-used after their presence in the intestine due to absorption by the enterocyte and 

transport back to the liver, known as the enterohepatic circulation.  However, postprandial increases 

in plasma bile acids have been observed, indicated as spillover, which makes it possible to exert 

systemic effects as well (91). After an OGTT an increase in plasma bile acids was observed (92) at 

several time points postprandial (t = 0, 60 and 120) and also diurnal responses were described (93). 

Their actions also involve GLP-1 stimulation, making BAs a relevant factor in glucose homeostasis.

1.4 ABOUT THIS THESIS – SCOPE, AIM AND OUTLINE
Nutritional strategies for the prevention of the development of (pre-)diabetes may help to decrease 

the growing incidence of T2DM worldwide. Repeated high postprandial glucose concentrations in 

the blood are implicated with an increased risk on the development of metabolic disorders like 

T2DM. Starchy food products, such as bread and pasta, are widely consumed and the properties of 

these foods, such as the digestibility of starch, the presence of fiber or the food structure may play 

a role in the development or prevention of this disease. Therefore, a better understanding of their 

effects on physiology and metabolism and thereby their metabolic quality is necessary. This would 

also help in selecting the appropriate raw material and/or the best method of processing when 

designing beneficial starchy food products for the at risk population.

Aim and research questions

Thus, the aim of this thesis was to increase our insight into the metabolic effects of starchy foods in 

healthy men by studying the postprandial response and the glucose kinetics of a variety of wheat 

products differing in composition and/or structure.

The following research questions were addressed:

•	 What are the effects of product modification on the postprandial glucose response and 

underlying glucose kinetics?

•	 What are the effects of product modification on other postprandial metabolic factors like 

insulin, GIP, GLP-1, and bile acids?

Product modifications to bread included changes in bran type and kernel size, as well as changes in 

compactness of bread. High fiber wheat bread an pasta were used as control products. The common 

denominator in the described intervention studies was the use of stable isotopes (13C and 2H) to 

determine glucose kinetics (Chapter 1.2). Postprandial plasma concentrations of glucose, insulin, 

glucagon, and GIP were analyzed, and in a later stage also GLP-1, CCK and bile acids.  This allowed 

linking ‘in vivo starch digestibility’ to postprandial factors possibly related to the risk of development 

of T2DM. Additional metabolomics analyses of postprandial plasma samples was performed as well. 

A more detailed description of the study methods can be found in each separate chapter.
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Outline of the thesis

In our first study, we aimed to investigate whether total plasma glucose concentrations reflect 

the in vivo starch digestibility of a starchy food product by comparing different 13C-labeled wheat 

products (Chapter 2). A fiber-rich bread (control bread, CB1) was included as a product with an 

expected high glycemic response, whereas pasta with the same fiber content (PA1) was included 

as a product with an expected low glycemic response. Anthocyanins, a subclass of polyphenols, are 

capable of inhibiting α-amylase in vitro and are abundantly present in the fiber of purple wheat. In 

an attempt to decrease the glycemic response of a white wheat bread by slowing the rate of starch 

digestion, purple wheat bran was added. 

Investigating the postprandial effects of bread and pasta (CB1 and PA1, Chapter 2), we would 

expect to see a high and a low glycemic response, respectively. However, as consumption of both 

fiber-rich wheat products resulted in a similar glycemic response, despite a clear difference in 

appearance of starch-derived glucose, we described in Chapter 3 the more extended underlying 

glucose kinetics of this phenomenon, together with the postprandial responses of insulin and GIP.

In Chapter 4, a follow-up study was described investigating the effect of food structure on glucose 

kinetics and related postprandial variables. Based on the findings described in Chapter 3, we 

hypothesized that consumption of bread with a compact food structure would result in slower 

digestibility of starch, with an accompanying moderate metabolic response as seen for pasta, and a 

similar glycemic response compared to normal bread. Therefore, we designed compact flat breads 

(FB) without the use of a leavening agent and compared this to a yeast-leavened porous wheat 

bread (CB2, control bread with open structure) and to pasta (PA2, control wheat product with 

compact structure). All products had a similar composition, but different food structures due to the 

processing conditions.

Underlying mechanisms of the beneficial health effects of low glycemic index (GI) starchy foods 

are not fully elucidated yet. To be able to study the postprandial glucose kinetics of bread with a low 

glycemic response, we investigated in Chapter 5 the effects of the substitution of 85% wheat flour 

by broken kernels (kernel bread, KB). Besides glucose kinetics, also postprandial insulin, glucagon, 

GIP, GLP-1, CCK and bile acid responses were studied.

Metabolomics was used to further deepen our insight into the acute metabolic consequences 

of the intake of products with a difference in appearance of starch-derived glucose, but a similar 

glycemic response. Chapter 6 describes the metabolic profiles of nine healthy men that were 

analyzed after consumption of wheat bread (CB1) and pasta (PA1), both enriched with wheat-bran.

In Chapter 7, the results from these studies will be summarized and discussed based on the 

aforementioned research questions. This final chapter will be ended with describing the relevance 

of our findings for the prevention of type 2 diabetes, an overall conclusion and some future 

perspectives.
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ABSTRACT

Starchy food products differ in the rate of starch digestion which can affect their metabolic impact. 

In this study we examined how the in vivo starch digestibility is reflected by the glycemic response 

because this response is often used to predict starch digestibility. Ten healthy male volunteers (age 

21 ± 0.5 y, BMI 23 ± 0.6 kg/m2 [mean ± SEM]) participated in a cross-over study, receiving three 

different meals: pasta with normal wheat bran (PA) and bread with normal (CB) or purple wheat 

bran (PBB). Purple wheat bran was added in an attempt to decrease the rate of starch digestion. 

The meals were enriched in 13C and the dual isotope technique was applied in order to calculate the 

rate of appearance of exogenous glucose (RaE). The 13C-isotopic enrichment of glucose in plasma 

was measured with gas chromatography/combustion/isotope ratio mass spectrometry (GC/C/

IRMS) and liquid chromatography (LC)/IRMS. Both IRMS techniques gave similar results. Plasma 

glucose concentrations (2 h incremental area under the curve (iAUC)) were not different between 

the test meals. The RaE was similar after consumption of CB and PBB, showing that purple wheat 

bran in bread does not affect in vivo starch digestibility. However, the incremental AUC of RaE after 

men consumed PA was less than after they consumed CB (p<0.0001), despite the similar glucose 

response. To conclude, the glycemic response does not always reflect the in vivo starch digestibility. 

This could have implications for intervention studies in which the glycemic response is used to 

characterize test products.
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INTRODUCTION

Starch digestibility, which varies widely between different food products, is implicated in the 

pathogenesis, treatment and prevention of chronic diseases. Frequent consumption of rapidly 

digestible starch, resulting in postprandial hyperglycemia and -insulinemia, might be a risk factor 

for the development of insulin resistance, T2DM and cardiovascular  (1-3). For T2DM-patients it is 

important to avoid postprandial hyperglycemia, and foods with slowly digestible carbohydrates can 

contribute to improved glycemic control (4). Slowly digestible starch might also be beneficial due 

to the increased nutrient delivery to the distal small intestine and the resulting increase in plasma 

GLP-1 concentrations, which is one of the proposed explanations for the complete remission of 

T2DM after bariatric surgery (5). In addition, fermentation of starch that reaches the colon increases 

the production of short-chain fatty acids which are associated with several health benefits (6,7).

Information about starch digestibility can be obtained from in vitro assays (8) which, however, 

might not always predict the in vivo starch digestion as we have shown before (9). In addition, 

carbohydrate-rich foods are often classified using the GI, which reflects the effect on postprandial 

blood glucose concentrations (10). A low GI of starchy foods is generally assumed to be due to 

slow digestibility of starch. However, the postprandial glucose response is not only determined 

by the glucose absorbed from the ingested meal. Endogenous glucose production and glucose 

uptake into tissues contribute to the postprandial glucose concentrations measured. To get insight 

into the in vivo digestive behavior of starchy foods and how this relates to the glycemic response, 

stable isotopes can be used. By labeling the glucose in the food products with 13C and infusing the 

volunteer with a tracer amount of D-[6,6-2H2]glucose the above mentioned processes contributing 

to total glucose concentration can be distinguished. So far, only little data is available describing the 

value of the glycemic response of different starchy foods for predicting starch digestibility. With this 

study we aim to extent this knowledge by investigating different wheat products.

One of the most common sources of starch in human nutrition is wheat (Triticum spp), and 

products made from wheat can be either high or low glycemic. In general, the consumption of 

wheat bread results in high postprandial glucose concentrations (high GI) (11) and the starch 

in wheat bread is therefore considered to be rapidly digested. A wheat product such as pasta is 

considered as more slowly digestible, due to a generally lower, more prolonged elevation of 

postprandial glucose concentrations (low GI) (11). Considering the negative aspects of a diet rich in 

rapidly digestible starch several attempts are being made to diminish the rapid hydrolysis of starch, 

for instance by inhibiting the digestive enzymes using natural ingredients (12). Anthocyanins, a 

subgroup of plant-derived polyphenols, have been shown to inhibit the action of α-amylase and/

or α-glucosidase in vitro (13-18). Besides their presence in berries, vegetables and red wine, purple 

wheat (T. aethiopicum) has high anthocyanin concentrations in the pericarp (bran fraction) (19, 20). 

Thus, we hypothesized that the addition of purple wheat bran decreases the digestion rate of 

rapidly digestible wheat bread.

In order to calculate the rate of starch digestion and uptake of starch derived glucose in vivo 
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various methods can be used to measure isotopic enrichment of plasma glucose. In our studies 
13C-isotopic enrichment is usually determined with GC/C/IRMS, requiring derivatization of plasma 

samples prior to analysis (21-24). Since the introduction of the LC interface for IRMS by Krummen et 

al. (25) several studies showed the power and accuracy of this method in many disciplines (26-30). 

As the method using GC/C/IRMS is a labor-intensive method which might increase the uncertainty 

of the measured isotopic composition, Schierbeek et al. (31) developed a more simple method for 

the simultaneous measurement of 13C-glucose enrichment and glucose concentration in human 

plasma, using LC/IRMS. In the present study this method was used in addition to our standard GC/C/

IRMS method. 

In summary, this study aimed to investigate whether total plasma glucose concentrations reflect 

the in vivo starch digestibility of a starchy food product by comparing different 13C-labeled wheat 

products (breads and pasta). In an attempt to decrease the rate of starch digestion, wheat bread was 

made with added purple wheat bran. To evaluate our results concerning 13C-enrichment of glucose 

in plasma obtained with GC/C/IRMS a comparison was made with LC/IRMS-data.

PARTICIPANTS AND METHODS 

Participants 

Ten healthy men (age 21 ± 0.5 y, BMI 23 ± 0.6 kg/m2 [mean ± SEM]) were recruited. Criteria for exclusion 

were use of medication, blood donation or use of antibiotics in the past 3 mo, gastrointestinal 

surgery or dysfunction, inflammatory diseases, and diabetes mellitus. Approval was obtained from 

the Medical Ethics Committee of the BEBO foundation, Assen, The Netherlands. Each participant 

gave written informed consent for the study. 

Experimental design

The study was performed in a crossover manner, with each participant studied on three occasions at 

least one week apart. The participants refrained from consuming 13C-enriched foods like cane sugar, 

corn products and pineapple, for three days and from alcohol consumption and strenuous exercise 

for 24 h before each study day. Food intake on the day before each experiment was individually 

standardized using a diary. A standard evening meal was provided at the research facility, where 

the men stayed overnight. Participants fasted overnight, but were allowed to drink water. A venous 

catheter was inserted in each forearm: for blood collection and for infusion of D-[6,6-2H2]glucose 

(98% 2H APE) (Isotec Inc, Miamisburg, OH, USA). In the morning (t=-120) 26.7 mL D-[6,6-2H2]glucose 

solution (80 × 0.07 mg/kg body weight) was infused, and a continuous infusion of 0.07 mg/kg body 

weight D-[6,6-2H2]glucose per min was started and maintained for 8 h. Two hours after the start of 

the infusion (t= 0) the test meal was ingested. During the study period physical activity was limited.

Sample collection 

Blood was collected into 2 mL BD Vacutainer Fluoride tubes (BD Diagnostics, Franklin Lakes, NJ). 



33

Glycemic response and in vivo starch digestion

2

Three basal blood samples were collected (t= -60, t= -30, t= -5) and after the test meal samples were 

drawn every 15 min for 2 h and every 30 min for an additional 4 h. After centrifugation (1300 × g for 

10 min at 4 °C), sample aliquots were stored at -20 °C until analysis. 

Test meals and preparation

The three wheat-based test meals were 132 g control bread with normal wheat bran (CB), 132 g 

bread with purple wheat bran (PBB) and 119 g (uncooked weight) pasta with normal wheat bran 

(PA), all prepared at TNO Healthy Living, Zeist, The Netherlands. Each test meal consisted of 50 g 

available carbohydrates and was consumed together with 10 g margarine light (4 g fat), 2 slices lean 

ham (5 g fat, 6 g protein) and 250 mL tap water within 20 min.

Meals were 13C-enriched by the addition of 12% 13C-labeled wheat (T. aestivum var Paragon (1.359 AP 
13C)) cultured in a 13CO2 enriched atmosphere, as described before (32). Normal wheat bran (English 

Biscuit Wheat) and purple wheat bran (Purple Wheat) were purchased from Meneba, Rotterdam, 

The Netherlands.

Breads were prepared with 1110 g unlabelled white wheat flour (T. aestivum Kolibri/Ibis (ratio 

70/30)) (1.085 AP 13C), 210 g wheat bran (normal or purple bran, resulting in 7% dietary fiber in the 

final product), 180 g 13C-labeled wheat flour, 975 g water, 25 g yeast and 30 g salt. After kneading, 

the dough was let to rise for 30 min, and was baked for 30 min at 240 °C. Portions of 132 g bread 

were stored at -20 °C until use. PA was freshly prepared with 739 g wheat flour (T. durum de Cecco), 

141 g normal wheat bran and 120 g 13C-labeled wheat flour, 400 g water and 20 g salt. Portions of 

119 g were stored at 5 °C until use and cooked for 6.5 min in 2 L water before consumption. 

Determination of total phenolic concentration 

Polyphenols were extracted from the bran and the test meals by boiling in water under reflux (30 

min). The total phenolic concentration of the extract was determined using the Folin-Ciocalteu 

method (limit of detection 0.1g/100g) as described by Singleton et al. (33). 

In vitro analysis of starch fractions

In order to analyse the starch fractions (GT, GRA, GSA, GTA and RS) in the test meals, an adapted version 

of the Englyst method (8) was used, as described previously (32). 

To determine the 13C abundance of the test meals, necessary for further calculations, the glucose 

resulting from this method was derivatized (as described later for plasma samples) and measured 

by GC/C/IRMS. 

Measurement of plasma glucose concentrations 

Plasma glucose concentrations were measured on a Roche/Hitachi Modular automatic analyzer 

(Roche Diagnostics, Hitachi, Tokyo, Japan) using a glucose hexokinase method. The within- and 

between-run CV were ≤ 2 %. 
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Analysis of isotopic enrichment by GC/MS and GC/C/IRMS

Analysis of isotopic enrichment in plasma by GC requires the derivatization of glucose to glucose 

penta acetate. The sample preparation was described in detail elsewhere (23, 24). 
2H enrichment was measured by GC/MS as described previously (23), with some modifications. 

The GC/MS system used was an Agilent 5975 MSD quadrupole instrument (Agilent Technologies, 

Amstelveen, The Netherlands). The sample was separated on a 30 m × 0.25 mm (0.25 µm film 

thickness) AT 1701 capillary column (Alltech Ass. Inc., Deerfield, IL, USA). The initial column 

temperature was 150 ºC for 0.5 min and was increased to 280 ºC (80 ºC/min). The MS was used in the 

chemical ionization mode and selected ion monitoring was performed for the mass ions m/z 331 

(M0) and 333 (M2). 
13C/12C isotope ratio was measured using GC/C/IRMS as described previously (21, 22), with some 

modifications. A Delta plus XL HP 6890 series GC system (Finnigan MAT, Bremen, Germany) was 

used. The sample was injected in the splitless mode onto a 30 m × 0.32 mm (0.25 µm film thickness) 

J&W Scientific column (Folsom, CA, USA). Eluting compounds were combusted on-line in a platin 

catalyzed CuO oxidation reactor operating at 940 ºC. 

Analysis of isotopic enrichment by LC/IRMS 

An aliquot plasma (25 µL) was mixed with 50 µL of 1 mmol/L trehalose (internal standard) and 

deproteinated by adding 125 µL of 2 mol/L perchloric acid, incubating for 10 min on ice and 

centrifugation at 10,000 × g for 20 min. The supernatant was filtered through 0.2  µm Nylon 

membrane filters (Grace Alltech, Breda, Netherlands). The injection volume was 20 µL.

High performance ion-exclusion chromatography was carried out on a LC system consisting of 

two Knauer pumps (Berlin, Germany) and a Midas auto sampler (Spark, Emmen, The Netherlands), 

fitted with a Transgenomic ICSep ION-300 column (300 × 7.8 mm) (Achrom, Zulte, Belgium). The 

LC system was coupled to the IRMS instrument by a LC-Isolink interface (Thermo Fisher, Bremen, 

Germany), which is based on wet oxidation of organic components with sodium peroxodisulfate 

under acidic conditions. The flow rates of the acid reagent (1.5 mol/L phosphoric acid) and the 

oxidant reagent (0.84 mol/L peroxodisulfate) in the LC interface were both 25 µL/min. Isotopic ratio 

measurements were carried out on a Delta XP IRMS instrument (Thermo Fisher, Bremen, Germany). 

The ion source pressure was 0.4 mPa, and ions were generated by electron impact at 70 eV. The CO2
+ 

signals for the three major ions at m/z 44 (12CO2), m/z 45 (13CO2 and 12C17O16O) and m/z 46 (12C18O16O) 

were monitored.  

Calculations

The 13C/12C abundance ratio was expressed as δ 13C (‰) value. The delta notation is defined as 

δ 13Csample = [(Rs / Rst) – 1] × 1000, where Rs is the 13C/12C ratio in the sample and Rst is the 13C/12C 

ratio of the International Standard of Vienna Pee Dee Belemnite. The δ 13C was transformed to the 

abundance of 13C in a sample, defined as AP, as follows:
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AP = Atom % =  

The AP values retrieved from GC/C/IRMS measurement represent the 13C abundance of glucose penta 

acetate. In order to calculate the AP from glucose, the AP from penta acetate was determined using 

two reference glucose samples (from corn and potato) as described previously (23). The obtained 

value was used to correct for derivatization of the plasma glucose. APE, the isotopic enrichment 

in a sample compared to the basal value, is defined as AP (sample) minus AP (natural abundance). 

The systemic RaE was calculated as described by Tissot et al. (34). The used molar percentage 

enrichment of [6,6-2H2]glucose (calculated as previously described (23)) and the AP curves were first 

smoothed (35) before further calculations. 

To determine differences in plasma glucose concentrations and RaE, the iAUC was calculated as 

described before (24) and compared for the time period 0–120 min. 

Statistics 

Data are presented as means ± SEM. A mixed model was used to test statistical differences between 

meals within participants, using test meal as a fixed factor and participant as a random factor. Partial 

tests were corrected for multiple comparison (Dunnet, with CB as reference). All analyses were 

performed with the software package SAS (release 9.1; SAS Institute Inc., Cary, NC). A P value <0.05 

was considered statistically significant. 

RESULTS

Characterization of test meals 

The 13C abundance of CB and PBB was 1.118 AP 13C and was 1.119 AP 13C in the PA.

A clear difference in total polyphenol concentration between normal (0.58 g/100 g bran) and 

purple bran (0.96 g/100 g bran) was measured, however, no difference could be measured between 

both breads (CB and PBB: 0.10 g/100 g bread), possibly due to the sensitivity of the method.

In vitro analysis of starch fractions showed only minor differences in the GRA fraction of the meals 

(Table 1). The percentage GSA found in PA was almost double the percentage determined for both 

breads. 

Postprandial plasma glucose concentrations 

Concerning PA, data is available from 9 participants as one did not consume the entire meal. Fasting 

plasma glucose concentrations did not differ between study days (P=0.68), nor did the peak values 

(P=0.35) (Figure 1A). The iAUC were not different after men consumed CB (144 ± 15.9 mmol/L∙2h), 

PBB (168 ± 32.0 mmol/L∙2h) and PA (115 ± 20.6 mmol/L∙2h) (P=0.11). 

( )( )
( )( ) 






+×+
+××
11000/CR1
11000/CR100

13
st

13
st

δ
δ



36

Chapter 2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

1

2

3

4

5

0 60 120 180 240 300 360
Time (min)

E
xo

ge
no

us
 g

lu
co

se
 (m

g/
(k

g·
m

in
)) 

 

4

5

6

7

8

9

0 60 120 180 240 300 360
Time (min)

P
la

sm
a 

gl
uc

os
e 

(m
m

ol
/L

) CB
PBB
PA

A 

B 

*
*

# 

* 

* 
* 

* * 

* 

* 

Figure 1. Postprandial plasma glucose concentrations (A) and rate of appearance of exogenous glucose 
concentrations (RaE) (B) in healthy men after ingestion of 132 g 13C-enriched control bread with normal wheat bran 
(CB), 132 g 13C-enriched bread with purple wheat bran (PBB) and 119 g (uncooked weight) 13C-enriched pasta (PA). 
Values are means ± SEM, n=10 (n=9 for PA). *PA is different from CB (P<0.05), #PBB is different from CB (P<0.05).

Table 1. In vitro analysis of starch fractions in the test meals1 

                                           Test meal

Starch fraction CB PBB PA
                                                       %

GT 100 100 100
GRA 91.4 90.3 87.0
GSA 6.1 5.4 10.6
GTA 97.5 95.7 97.6
RS 2.3 3.9 2.2

1CB, control bread with normal wheat bran; GRA, rapidly available glucose (20 min); GSA, slowly available glucose (20-
120 min); GT, total glucose (indicated as 100%); GTA, total available glucose (120 min); PA, pasta with normal wheat 
bran, PBB, bread with purple wheat bran, RS, resistant starch.
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RaE 

The rate at which glucose from both breads appeared in the systemic circulation showed no 

difference, whereas after the consumption of PA it was much slower (Figure 1B). The iAUC of 

RaE after men consumed PA (37 ± 1.5 %dose∙2h) was less than after they consumed CB (54 ± 2.9 

%dose∙2h) (P<0.0001).

13C-isotopic enrichment measured with GC/C/IRMS and LC/IRMS

Comparison of APE obtained with LC/IRMS and GC/C/IRMS showed only minor deviations 

(Supplemental Figure 1). The agreement between both methods was also visualized using a Bland-

Altman plot (Figure 2A). in which the majority of points were within the 95% limit of agreement 

Figure 2. Comparison of 13C Atom Percent Excess (APE) values determined with gas chromatography/combustion/
isotope ratio mass spectrometry (GC/C/IRMS) and liquid chromatography (LC)/IRMS in 11 postprandial plasma 
samples from 10 healthy men after ingestion of three 13C-enriched test meals visualized in a Bland-Altman plot (A) 
and a scatter plot (B) (n=328 (33 in each man, 2 missing values)). 

A 

B 
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(-0.0015 to 0.0040 %). The mean difference between both methods was 0.0012 %, indicating that 

the APE values calculated from the measurements on the LC/IRMS were slightly higher. This also 

appeared from the scatter plot (Figure 2B) where, especially in the higher region, the points were 

mainly above the line of equality.

DISCUSSION

This study aimed to investigate to what extent the glycemic response reflects the in vivo starch 

digestibility of a starchy food product, by comparing different 13C-labeled wheat products. 

Comparing the iAUC of postprandial glucose concentrations after men consumed PA and CB, 

no difference was observed, whereas a pronounced difference was found between the RaE after 

consumption of these test meals. While the RaE after men consumed both breads was comparable, 

this was much slower after they consumed PA, with the iAUC being 30% smaller as compared to CB. 

Because the glycemic response was unable to show the slowly digestible properties of PA, these 

results indicate that total postprandial glucose concentrations do not always predict the in vivo 

digestion rate of a starchy food product. This could be explained by various factors, as for example 

a difference in endogenous glucose production or glucose clearance rate, which will be examined 

in detail in future work. In a similar study Schenk et al. (36) investigated the underlying glucose 

kinetics of breakfasts with a low and a high GI. Despite a pronounced difference in total blood 

glucose response, the RaE was similar for both test meals. The observed low glycemic response was 

explained by a difference in tissue glucose uptake. The discrepancy between the glycemic response 

and RaE observed by both Schenk et al. and us emphasize the importance of determining RaE by 

using stable isotope technology. This is especially relevant in mechanistic studies relating intestinal 

absorption of starch derived glucose with metabolic effects. Also, intervention studies investigating 

the effect of a low versus high GI diet might give more consistent results when the test products are 

characterized based on the RaE rather than the glycemic response. 

A bread with purple wheat bran was made in an attempt to slow starch digestion, because the 

principal anthocyanin present in purple wheat, cyanidin-3-glucoside (19, 20), has shown inhibitory 

activity towards pancreatic α-amylase in vitro (18). However, in our study the purple wheat bran in 

the wheat bread had no effect on the rate of starch digestion. Recently, the addition of polyphenol-

rich berries to a starch-based food product was also reported to have no effect on the glycemic 

response (37). 

Total polyphenol concentrations in the purple wheat bran were higher than in normal wheat 

bran, as expected due to higher anthocyanin concentrations in the pericarp of purple wheat (19, 20). 

However, this difference could not be measured in CB and PBB, possibly because in the complete 

breads the polyphenol concentrations were around the limit of detection of the method due to 

‘dilution‘ of the bran fraction with other ingredients. Baking of the bread might also have had an 

effect on polyphenol concentrations, as anthocyanin pigments readily degrade during thermal 

processing (38). Li et al. (39) showed that the antioxidant capacity of heat-treated purple wheat 
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bran was not diminished, but whether this holds true for the amylase-inhibiting properties of the 

anthocyanins after baking is not known.

The 13C-glucose measurement with GC/C/IRMS requires the derivatization of glucose to 

glucose penta acetate, which is a laborious procedure. To obtain the degree of isotopic enrichment 

of glucose without the penta acetate ester a correction is needed, which might increase the 

uncertainty of the measured isotopic composition. Therefore, the 13C enrichment in postprandial 

plasma samples was also determined using a recent developed LC/IRMS method (31), which does 

not need derivatization of glucose. Comparison of all data indicated that LC/IRMS measurements 

result in a slightly higher APE, mainly in the higher APE region. As in this study the GC/C/IRMS 

data was used for RaE calculation, no overestimation of differences between bread and pasta was 

made. Taken together, the comparison of both analytical methods confirmed and strengthened our 

findings. Determination of 13C enrichment in plasma using LC/IRMS is however more convenient 

due to less laborious sample preparation and therefore recommended as method of choice. In our 

dual label studies derivatization is also required for 2H-glucose determination by GC/MS, making the 

use of GC/C/IRMS for determination of 13C/12C ratio more practical. Thus, the use of stable isotopes is 

a robust method providing good insight in the in vivo rate of starch digestion. Both GC/C/IRMS and 

LC/IRMS techniques provided reliable results enabling the calculation of RaE from each test meal. 

In conclusion, this study showed that the in vivo rate of starch digestion can not always be 

predicted by measuring the glycemic response. Despite a similar glycemic response after men 

consumed CB and PA, the RaE was much slower after they consumed PA. In order to generate reliable 

and comparable results in intervention studies investigating low vs high GI diets, care should be 

taken when characterizing test meals based on their GI. Ingestion of two products with the same GI 

can - due to different glucose kinetics - result in different postprandial metabolic processes which 

consequently can lead to great variances in the outcome measures under study.
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Supplemental Figure 1. Representative graph comparing Atom Percent Excess (APE) values obtained with liquid 
chromatography/isotope ratio mass spectrometry (LC/IRMS) and gas chromatography/combustion (GC/C)/IRMS. 
Plasma from 1 participant after consumption of 132 g 13C-enriched control bread with normal wheat bran (CB) was 
used. 
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ABSTRACT

BACKGROUND: Previously we observed that the consumption of pasta and bread resulted in 

a similar glycemic response, despite a slower intestinal influx rate of glucose from the pasta. 

Underlying mechanisms of this effect were not clear.

OBJECTIVE: Investigating the differences in glucose kinetics and hormonal response after 

consumption of products with slow and rapid in vivo starch digestibility, but with a similar glycemic 

response.

DESIGN: Ten healthy male volunteers participated in a cross-over study, consuming 13C-enriched 

wheat bread or pasta while on a primed-continuous D-[6,6-2H2]glucose infusion. The dual isotope 

technique enabled calculation of glucose kinetics: rate of appearance of exogenous glucose (RaE), 

endogenous glucose production (EGP), and glucose clearance rate (GCR). In addition postprandial 

plasma concentrations of glucose, insulin, glucagon and glucose-dependent insulinotropic 

polypeptide (GIP) were analyzed. 

RESULTS: GIP concentrations after pasta were lower than after bread consumption and strongly 

correlated with the RaE (r=0.82; p<0.01). The insulin response was also lower after pasta (p<0.01). 

In accordance with the low insulin response the GCR was lower after pasta, explaining the high 

glycemic response despite a low RaE.

CONCLUSIONS: Slower intestinal uptake of glucose from a starchy food product can result in lower 

postprandial insulin and GIP concentrations, but not necessarily in a lower glycemic response, due 

to a slower GCR. Even without being able to reduce postprandial glycemia, products with slowly 

digestible starch can have beneficial long term effects. Obviously these types of starchy products 

cannot be identified using the glycemic index and therefore another classification system seems 

necessary.
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INTRODUCTION

Consumption of foods with slowly digestible starch compared to those with rapidly digestible starch 

may benefit the management of type 2 diabetes and may decrease the risk for the development of 

obesity, insulin resistance and type 2 diabetes (1-6). The GI, based on the postprandial glycemic 

response, is often used to derive information about the rate of starch digestion of carbohydrate-

rich foods (7), by considering a high GI product as containing rapidly digestible starch and a low 

GI product as containing slowly digestible starch. However, the glycemic response is not only 

determined by the rate of glucose absorption from the ingested food, but also by the EGP and 

glucose uptake into tissues.

The use of stable isotopes enables the distinction between these processes, and studies show 

that the rate of appearance of glucose into the systemic circulation and the glycemic response of a 

starchy food product do not always correspond well. Previously, bread and pasta consumption were 

compared using the dual isotope technique, to obtain an insight into the in vivo digestive behavior 

of these starchy foods and how this relates to the glycemic response (8). Despite an apparent 

difference in RaE, being much slower for pasta, consumption of bread and pasta resulted in the 

same glycemic response. On the other hand, in a single-label study investigating the underlying 

glucose kinetics of breakfast cereals with a low and a high GI, the difference in glycemic response 

was not explained by a difference in glucose appearance but by a difference in glucose uptake 

into tissues, reflected by the GCR (9). These studies show the importance of determining glucose 

kinetics, as it is possible that a low GI product contains rapidly digestible starch and that a product 

that contains slowly digestible starch results in a relatively high glycemic response. Both may be 

beneficial, but via a different mechanism.

Several hormones play a role in the regulation of postprandial glucose kinetics and metabolism. 

The EGP is mainly regulated by the opposing actions of the hormones glucagon and insulin. 

Glucose uptake into tissue is greatly influenced by insulin, as it regulates the presence of the glucose 

transporter GLUT4 on the membrane of muscle cells and adipocytes as well as the subsequent 

glucose transport into the cells. Besides responding to elevated glucose concentrations in the 

circulation, the insulin response is greatly potentiated (up to 70%) by the incretin hormones GIP and 

GLP-1, released from the small intestine after an oral glycemic load (10-12). The incretins are thereby 

also important regulators of glucose kinetics. In a previous study using corn products we showed 

plasma GIP concentrations to correlate strongly with the RaE (13), relating GIP release to the rate of 

intestinal glucose absorption.

To answer the question why the glycemic response is not different after the consumption of 

bread and pasta, despite a large difference in RaE, as previously reported (8), we examined also 

the EGP and GCR and analyzed postprandial insulin, glucagon and GIP concentrations in plasma 

samples of this study.
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SUBJECTS AND METHODS 

Subjects

Ten healthy men [age 21 ± 0.5 y, BMI 23 ± 0.6 kg/m2 (mean ± SEM)] were recruited. The criteria 

for exclusion were use of medication, blood donation or use of antibiotics in the past 3 mo, 

gastrointestinal surgery or dysfunction, inflammatory diseases, and diabetes mellitus. Approval was 

obtained from the Medical Ethics Committee of the BEBO foundation, Assen, The Netherlands. Each 

subject gave written informed consent for the study. This trial was registered at controlled-trials.

com as ISRCTN42106325. A part of the data obtained in this trial was previously published (8).

Experimental design

The study was performed in a crossover manner, with at least 1 wk between each study day. The 

subjects were asked to refrain from consuming 13C-enriched foods, like cane sugar, corn products 

and pineapple, for 3 d preceding the experiments and from alcohol consumption and strenuous 

exercise for 24 h before each study day. Food intake on the day before each experiment was 

individually standardized using a diary. A standard evening meal was provided at the commercial 

research facility (QPS Netherlands B.V.), where the subjects stayed overnight. In the evening a 

venous catheter was inserted in each forearm for blood collection and for infusion of D-[6,6-2H2]

glucose (98% 2H atom percent excess) (Isotec). Subjects fasted overnight, but were allowed to drink 

water. In the morning (t = -120), 26.7 mL D-[6,6-2H2]glucose solution (80 × 0.07 mg/kg body weight) 

was infused, and a continuous infusion of 0.07 mg/kg body weight D-[6,6-2H2]glucose per min was 

started and maintained for 8 h. Two hours after the start of the infusion (t = 0) the test meal was 

ingested. During the study period physical activity was limited.

Sample collection

Blood was collected into 2 mL BD Vacutainer Fluoride tubes and 3 mL BD™ P700 Blood Collection 

Systems containing DPP-IV inhibitor for GLP-1 preservation (BD Diagnostics). Three basal blood 

samples were collected (t = -60, t = -30, t = -5) and after the test meal samples were drawn every 15 

min for 2 h and every 30 min for an additional 4 h. After centrifugation (1300 × g for 10 min at 4°C), 

plasma aliquots were stored at –20°C until analysis. Breath samples were collected by breathing 

through a straw into 10 mL Exetainer vials (Labco Limited). Two basal breath samples were collected 

(t = -30, t = -5) and after the test meal a sample was taken every 30 min until t = 360. 

Test meals

The wheat-based test meals were 132 g bread and 119 g pasta (uncooked weight), prepared at 

TNO, Zeist, The Netherlands. Wheat bran (English Biscuit Wheat, Meneba) was added, resulting in 7% 

dietary fiber in the final product. Meals were 13C-enriched by the addition of 12% 13C-labeled wheat 

[T. aestivum var Paragon (1.359 Atom % 13C)] cultured in a 13CO2 enriched atmosphere, as described 

before14. Both test meals consisted of 50 g available carbohydrates and were consumed together 
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with 10 g light margarine (4 g fat), 2 slices lean ham (5 g fat, 6 g protein) and 250 mL tap water within 

20 min.

The bread was prepared with 1110 g unlabeled white wheat flour [T. aestivum Kolibri/Ibis (ratio 

70/30) (1.085 Atom % 13C)], 180 g 13C-labeled wheat flour, 210 g wheat bran, 975 g water, 25 g yeast 

and 30 g salt. After kneading, the dough was allowed to rise for 30 min, and was baked for 30 min at 

240 °C. Portions of 132 g bread were stored at -20 °C until use. Pasta was freshly prepared with 739 

g wheat flour (T. durum de Cecco), 120 g 13C-labeled wheat flour, 141 g wheat bran, 400 g water and 

20 g salt. Portions of 119 g were stored at 5 °C until use and cooked for 6.5 min in 2 L water before 

consumption. 

In vitro analysis of starch fractions and determination of 13C abundance of the test meals was 

previously described (8).

Measurement of plasma glucose, insulin, glucagon and GIP concentrations

Plasma glucose concentrations were measured on a Roche/Hitachi Modular automatic analyzer 

(Roche Diagnostics, Hitachi) using a glucose hexokinase method. The within- and between-run 

CV were ≤ 2 %. The ARCHITECT® insulin assay (Abbott Laboratories) was used to determine insulin 

concentrations in plasma. The total CV of this chemiluminescent microparticle immunoassay 

was ≤ 7%. Glucagon was determined using a radioimmunoassay (KGND1, Siemens). The plasma 

concentrations of total GIP were measured on the Luminex 100 Total System (Luminex Corporation) 

using Bio-Plex Pro™ Human Diabetes Panel (BioRad Laboratories). 

13CO2 analysis in breath samples

Analysis of 13C abundance in breath CO 2 was performed using GC/IRMS (Delta Plus XL; Thermo Fisher 

Scientific) measuring the 13C/12C ratio versus the international standard Pee Dee Belemnite (δ13CPDB, 

in  ‰). 

Analysis of isotopic enrichment by GC/MS and GC/C/IRMS

Analysis of isotopic enrichment by GC requires the derivatization of plasma glucose to glucose penta 

acetate or an alternative suitable derivative. The sample preparation is described in detail (13, 15) 

elsewhere. 2H enrichment of plasma samples was measured by GC/MS as previously described (15) 

and 13C/12C isotope ratio was measured in plasma using GC/C/IRMS as previously described (16, 17), 

both with some modifications (8). 

Calculation of glucose kinetics

The molar percentage enrichment of [6,6-2H2]glucose and the 13C atom% were calculated as 

previously described (15), except that the data were not smoothed this time. The RaT (glucose from 

exogenous (meal) and endogenous (hepatic) sources) was calculated from total plasma glucose 

concentrations and 2H-enrichment data by using the non-steady-state equation of Steele et al. (18) 
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as modified by De Bodo et al. (19). It was assumed that labeled and unlabeled glucose molecules 

showed identical behavior. The effective volume of distribution was considered to be 200 mL/kg and 

the pool fraction to be 0.75 (20). The systemic RaE was calculated from the RaT and 13C-enrichment 

data, as described by Tissot et al. (20). The EGP was calculated by subtracting RaE from RaT (20). The 

GCR, which reflects the tissue glucose uptake, was calculated as described by Schenk et al. (9). 

Incremental areas under the curve

To determine differences in glucose kinetics and in plasma glucose, insulin, glucagon and GIP 

concentrations, the 0–2 h iAUC was calculated using the trapezoidal rule (21). The averages of 

fasting measurements were used as baseline values, and areas below baseline were not included. 

For the iAUC calculations of RaT, RaE and GCR, the values were multiplied by body weight. The iAUC 

of RaE was expressed as a percentage of the administered dose of glucose equivalents (cumulative 

dose %). Because EGP and glucagon were suppressed after the test meals, the area beneath baseline 

(dAUC) was calculated, using the mirrored graphs of these parameters.

Statistics

Data are presented as means ± SEM, n=9 (n=8 for glucagon). A mixed model was used to test for 

time x treatment effects. If a significant interaction was found (P-value < 0.05), partial tests between 

treatments per time point were performed. A Bonferroni correction was used to correct for multiple 

comparisons. If necessary, data were log-transformed before analysis. The analyses were performed 

with the software package SAS (release 9.1; SAS Institute). For additional indices (fasting and 

peak values, time to peak and iAUC) differences between meals were assessed using a two-tailed 

paired Student’s t-test. The within-subject relationship (correlation) between variables was tested 

by regression analysis according to the method of Bland and Altman (22). These analyses were 

performed by using SPSS 16.0 for Windows (SPSS Inc., Chicago). A P value <0.05 was considered 

statistically significant. 

RESULTS

Characterization of test meals

Results from the in vitro analysis of starch fractions and determination of 13C abundance of the test 

meals were previously reported (8).

Postprandial glucose response

Data is available from 9 subjects, because one person did not consume the entire pasta meal. No 

differences were found in fasting plasma glucose concentrations (P = 0.42), peak values (P = 0.55), 

time to peak (P = 0.35),  or iAUC (P = 0.22) after the consumption of bread and pasta (Table 1, Figure 

1).
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Table 1. Indices reflecting the metabolic response after ingestion of 132 g 13C-enriched control bread and 119 g 
13C-enriched pasta (uncooked weight) in healthy men1

    Fasting values Peak values Time to peak    
(min) 

iAUC (0-2 h)

Glucose (mmol/L) Bread   5.2 ± 0.1   8.0 ± 0.3 43.3 ± 3.0 140.1 ± 17.3
Pasta   5.3 ± 0.1   7.8 ± 0.4 40.8 ± 3.3 115.0 ± 20.6

RaT (mg/(kg·min)) Bread   2.3 ± 0.1   7.0 ± 0.3 48.3 ± 7.0 44.3 ± 1.5
Pasta   2.3 ± 0.1   5.9 ± 0.3 38.3 ± 6.7   32.8 ± 1.2*

RaE (mg/(kg·min)) Bread      0 ± 0   4.7 ± 0.1 60.0 ± 10.3 56.0 ± 2.5
Pasta      0 ± 0   4.0 ± 0.2* 48.3 ± 10.5   38.2 ± 1.4*

EGP2 (mg/(kg·min)) Bread   2.3 ± 0.1   1.0 ± 0.1 133.3 ± 23.1 61.8 ± 4.6
Pasta   2.3 ± 0.1   0.6 ± 0.1* 121.7 ± 24.2   90.9 ± 9.7*

GCR (mL/(kg·min)) Bread   2.8 ± 0.1   6.9 ± 0.4 95.0 ± 6.6 18.5 ± 2.0
Pasta   2.8 ± 0.1   5.0 ± 0.3* 93.3 ± 9.3     8.7 ± 1.4*

  
Insulin (µU/mL) Bread   6.7 ± 0.9 67.3 ± 9.4 45.0 ± 5.0 3359.5 ± 472.4

Pasta   5.6 ± 0.5 38.1 ± 3.8* 38.3 ± 3.6*   1743.4 ± 156.5*

Glucagon2 (pmol/L) Bread 11.4 ± 0.9   9.1 ± 0.9 60.0 ± 8.0    80.2 ± 26.4
Pasta 11.9 ± 1.1   9.5 ± 0.8 69.4 ± 8.5    64.5 ± 12.0

GIP (pg/mL) Bread 70.7 ± 9.4 583.1 ± 64.8  71.7 ± 8.6 36275.1 ± 4084.9
Pasta 53.4 ± 5.7 397.5 ± 37.5*  66.7 ± 10.9   24682.1 ± 2805.6*

13CO2 (%dose/h) Bread      0 ± 0   7.3 ± 0.2 216.7 ± 9.7   4.5 ± 0.2
  Pasta      0 ± 0   7.2 ± 0.2 250.0 ± 11.2*     3.3 ± 0.1*

1Values are means ± SEM, n=9 (n=8 for glucagon). Differences were assessed using a two-tailed paired Student’s t-test. 
* Significantly different from bread, P < 0.05.
EGP, endogenous glucose production; GCR, glucose clearance rate; GIP, glucose-dependent insulinotropic polypeptide; 
iAUC, incremental AUC; RaE, rate of appearance of exogenous glucose; RaT, rate of appearance of total glucose 
2Because EGP and glucagon were suppressed after the test meals, the nadir values and time to nadir are presented. 
Also, the area beneath baseline (dAUC) was calculated using mirrored data.
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Figure 1. Mean (± SEM) changes from baseline 
in plasma glucose concentrations after 
ingestion of 132 g 13C-enriched control bread (●) 
and 119 g 13C-enriched pasta (Δ) in healthy men 
(n=9). There was a significant time × treatment 
interaction (P = 0.0190), but no differences 
between treatments per time point were found 
after Bonferroni correction. 
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Glucose kinetics

The results are summarized in Table 1. The RaE was slower after pasta consumption compared with 

bread intake (Figure 2), resulting in a lower 0-2 h iAUC (P < 0.0001). The EGP was more suppressed 

after consumption of pasta compared with bread (dAUC, P = 0.03). Comparing the GCR after both 

test meals showed that after pasta consumption glucose was cleared from the circulation at a lower 

rate (Figure 3). The 0-2 h iAUC was more than 50% lower after pasta (P = 0.0002). 
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Figure 2. Mean (± SEM) RaE after ingestion 
of 132 g 13C-enriched control bread (●) and 
119 g 13C-enriched pasta (Δ) in healthy men 
(n=9). There was a significant time × treatment 
interaction (P < 0.0001). Significant differences 
between treatments per time point (after 
Bonferroni correction) are indicated (*).  RaE, 
rate of appearance of exogenous glucose.

Figure 3. Mean (± SEM) changes from baseline 
in GCR after ingestion of 132 g 13C-enriched 
control bread (●) and 119 g 13C-enriched 
pasta (Δ) in healthy men (n=9). There was a 
significant time × treatment interaction (P 
< 0.0001). Significant differences between 
treatments per time point (after Bonferroni 
correction) are indicated (*). Differences were 
assessed using a two-tailed paired Student’s 
t-test. * P < 0.05. GCR, glucose clearance rate.

Postprandial insulin, glucagon and GIP response

Insulin concentrations were lower after pasta consumption (Figure 4), indicated by a 48% smaller 

iAUC (0-2 h) compared with bread intake (P < 0.01) (Table 1). Glucagon concentrations after 

pasta were not significantly different compared with bread (data not shown). Postprandial GIP 

concentrations were lower after pasta compared with bread intake (Figure 5), also apparent from 

the lower iAUC (P = 0.002) (Table 1). 

13CO2 excretion in breath

For 13CO2 excretion in breath, reflecting the rate of oxidation of the 13C-labeled substrate, a 

significant time x treatment interaction was found (p < 0.0001). 13CO2 excretion was higher after 

bread consumption from t = 90 until t = 180 (P < 0.001) and was higher after pasta consumption at 

t = 330 (P = 0.003) (data not shown). Peak values were the same after both meals (p = 0.68), but the 

time to peak was significantly later after pasta consumption (P = 0.007) (Table 1).
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Correlations

Correlations between glucose, insulin, GIP and RaE (all time points, 0-2 h;  P < 0.01) are presented in 

Table 2. RaE and GIP showed the strongest correlation.
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Figure 5. Mean (± SEM) changes from baseline 
in plasma GIP concentrations after ingestion 
of 132 g 13C-enriched control bread (●) and 
119 g 13C-enriched pasta (Δ) in healthy men 
(n=9). There was a significant time × treatment 
interaction (P < 0.0001). Significant differences 
between treatments per time point (after 
Bonferroni correction) are indicated (*). GIP, 
glucose-dependent insulinotropic polypeptide.

Figure 4. Mean (± SEM) changes from baseline 
in plasma insulin concentrations after ingestion 
of 132 g 13C-enriched control bread (●) and 
119 g 13C-enriched pasta (Δ) in healthy men 
(n=9). There was a significant time × treatment 
interaction (P < 0.0001). Significant differences 
between treatments per time point (after 
Bonferroni correction) are indicated (*).

Table 2. Correlation coefficients relating the glucose, insulin and GIP concentrations, and RaE after ingestion of 132 g 
13C-enriched control bread and 119 g 13C-enriched pasta (uncooked weight) in healthy men 1

  Glucose Insulin GIP RaE

Glucose        

Insulin 0.79  

GIP 0.48 0.60  

RaE 0.63 0.72 0.82  

1The within-subject relationship between variables (n=9) was tested by regression analysis according to the method of 
Bland and Altman (22), P < 0.01 for all reported coefficients. GIP, glucose-dependent insulinotropic polypeptide; RaE, 
rate of appearance of exogenous glucose
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DISCUSSION

Previously we reported that bread and pasta consumption resulted in a similar glycemic response 

in healthy men, despite the slower glucose influx rate from the intestine (RaE) after  pasta (8). These 

findings emphasize that the glucose response does not reflect the influx of starch-derived glucose 

from the food product and is the result of several metabolic processes occurring simultaneously. 

Because the lower RaE did not lead to a lower glycemic response, it was expected that the EGP was 

less suppressed and/or that the glucose uptake into tissues (GCR) was slower after pasta compared 

to bread, thus ‘counterbalancing’ the slow RaE. Therefore, the EGP and GCR were studied in detail 

together with the hormones influencing these processes.

The similar glycemic response after bread and pasta could not be explained by the difference in 

EGP, because EGP was somewhat more suppressed after pasta consumption. However, the GCR was 

much slower after the consumption of pasta, enabling the glucose to remain in the circulation for 

longer. Thus, the slower GCR after pasta consumption ‘counterbalances’ the slow RaE, explaining the 

similar glycemic response after the slowly and rapidly digestible test meal. In accordance with the 

lower GCR, insulin concentrations were lower after pasta than after bread consumption. However, 

the insulin response to pasta was much lower as would be expected from the glycemic response, as 

both responses often resemble each other after the consumption of starchy food products (23-25). 

Nevertheless, such discrepancy was also observed after intake of certain types of breads, as 

discussed below. 

The insulin response is potentiated by the incretin hormones, and therefore the low GIP 

concentrations after the consumption of pasta were as expected. The low GIP response is likely 

explained by slower digestion of starch in pasta, which is reflected by the slow RaE. In the present 

study the individual patterns of RaE and GIP closely resembled each other, which is in accordance 

with one of our previous studies using corn products, in which GIP and RaE also showed a strong 

correlation (13). Duodenal perfusion studies demonstrate that GIP release dose-dependently 

responds to the rate of glucose delivery in the duodenum as well (26-28). Together, this means that 

the slow digestion of starch in pasta results in a low GIP and a subsequent low insulin response. This 

in turn leads to slower GCR and by that to a relatively high glycemic response. 

The question then remains why some products with slowly digestible starch do result in a low 

glycemic response (13, 23, 29), despite of this apparent ‘counterbalancing’ effect. The answer could 

possibly be derived from two intraduodenal perfusion studies comparing glucose, insulin and 

incretin responses during glucose infusion ranging from 1 to 4 kcal/min (26, 28). An increase in 

glucose load from 1 to 2 kcal/min considerably raised the glycemic response, but there was hardly 

any further rise in glycemic response when 3 kcal/min (28) or 4 kcal/min (26)  were administered. The 

absence of a further increase in glucose concentrations was explained by the substantially greater 

incretin and insulin responses to the higher glucose infusion rates (26, 28). GIP was suggested to 

account for the effect on insulin in the lower infusion range, whereas GLP-1 mainly contributed in 

the highest infusion range (26). The responses to the 3 – 4 kcal/min and 2 kcal/min infusion rates are 
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in line with our observations after bread and pasta consumption. In accordance with the infusion 

rate of 3 – 4 kcal/min, our bread (high RaE) resulted in a high glucose, GIP and insulin response, 

whereas consistent with the infusion rate of 2 kcal/min, our pasta (low RaE) resulted also in a high 

glucose, but a lower GIP and insulin response. Thus, it can be expected that a product with an even 

slower RaE than our pasta would give a response comparable to that of the 1 kcal/min infusion rate: 

namely a very low GIP and insulin response and a low glycemic response. We hypothesize that in 

this condition the reduction of GCR is not sufficient to counterbalance the very low RaE, resulting in 

a lower glycemic response (Figure 6). Further investigation is needed to determine the role of GLP-1 

Figure 6. Overview of results from the present study (solid text boxes), comparing a rapidly and a slowly digestible 
starchy food product (50 g available carbohydrates), resulting in a high glycemic response. On the left (dotted text 
boxes) the hypothesized situation, presumably resulting in a low glycemic response.

and the validity of this hypothesis when there are other factors present in food that could influence 

GIP, insulin or GCR independently from the rate of starch digestion. For example, protein is capable 

of enhancing postprandial GIP and insulin secretion (30, 31) and when added to a starchy food 
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product likely to affect the glycemic response. It must also be noted that this study was conducted 

in healthy subjects, and results might be different in subjects with e.g. decreased glucose tolerance.

Our findings could shed light on the so far unexplained discrepancy between glucose and 

insulin response after the consumption of certain types of bread. For instance, several rye breads 

gave a glycemic response comparable with that of white wheat bread, whereas the insulin and 

incretin response were significantly lower (32-34). Glucose kinetics after consumption of these rye 

breads were not studied; however, based on the observed correlations between glucose influx and 

GIP concentrations (13, 26, 28), it is very likely that the lower GIP, GLP-1 and insulin concentrations 

after these rye products can be explained by a lower RaE. Indications for a slower digestibility of 

starch in these products were the lower hydrolysis indices compared to white wheat bread (32, 33) 

This was explained by a decreased accessibility of starch by degrading enzymes due to a different 

(microscopic) structure of rye breads (33). In addition, it can be expected that the lower insulin 

concentrations after rye bread result in a reduced GCR, thus showing the same counterbalancing 

effect as in the present study, explaining the similar glycemic response after the white wheat and 

rye breads. Similarly, the consumption of several differently processed wheat breads also resulted in 

a similar glucose, but a lower GIP (35) or insulin response (36) compared with ‘conventional’ breads. 

Here, the differences in bread preparation were suggested to have decreased the availability of 

starch, as indicated by the lower content of rapidly available glucose (35) or a more rigid bread 

structure (36). 

Consumption of slowly digestible products, although not always resulting in a low glycemic 

response, might have several beneficial effects. Because glucose enters the circulation at a slower 

rate, less insulin is secreted to keep glucose concentrations beneath an acceptable limit, which 

would be less demanding for the pancreatic β-cells. The modest insulin response also prevents a 

drop in glucose concentrations beneath baseline, which is associated with increased food intake (1). 

The effect of a low insulin response on the inflammatory status, associated with an increased risk for 

the development of type 2 diabetes, was studied in a 12 wk intervention study in individuals with the 

metabolic syndrome. A slightly positive modulation of inflammation markers after the ‘low insulin 

diet’ was found (37), whereas the ‘high insulin diet’ upregulated genes related to inflammation and 

oxidative stress (38). With the knowledge of the present study in mind, these findings might also be 

explained by a slower RaE, GCR and/or oxidation rate after the ‘low insulin diet’, likely resulting in less 

oxidative stress and inflammation. Low postprandial GIP concentrations might also be favorable, as 

several studies have indicated that GIP might be involved in the development of obesity, due to its 

anabolic effects in adipose tissue, such as stimulation of fatty acid synthesis and enhancement of 

insulin-stimulated incorporation of fatty acids into triglycerides (39-42). 

In conclusion, a high glycemic response after pasta consumption, despite slow starch digestion, 

can be explained by slower uptake of glucose into tissues. This is likely the result of a low insulin 

response, caused by the low GIP response due to slow influx of glucose from the pasta meal. 

Foods with slowly digestible starch, even without being able to reduce postprandial glycemia, are 
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preferable to those with rapidly digestible starch because of the expected beneficial long term 

effects. Obviously these products cannot be identified with the GI as they would fall into the high 

GI category. Therefore another classification system seems necessary which would be able to reflect 

these more subtle differences. Based on this study insulin or GIP seem to be promising candidates.
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ABSTRACT

Postprandial high glucose and insulin responses after starchy food consumption, associated with 

an increased risk of developing several metabolic diseases, could possibly be improved by altering 

food structure. We investigated the influence of a compact food structure; different wheat products 

with a similar composition were created using different processing conditions. The postprandial 

glucose kinetics and metabolic response to bread with a compact structure (flat bread, FB) was 

compared to bread with a porous structure (control bread, CB) in a randomized, crossover study with 

ten healthy male volunteers. Pasta (PA), with a very compact structure, was used as control. The rate 

of appearance of exogenous glucose (RaE), endogenous glucose production, and glucose clearance 

rate (GCR) was calculated using stable isotopes. Furthermore, postprandial plasma concentrations 

of glucose, insulin, several intestinal hormones and bile acids were analyzed. 

The structure of FB was considerably more compact compared to CB, as confirmed by microscopy, 

XRT analysis (porosity) and density measurements. Consumption of FB resulted in lower peak 

glucose, insulin and glucose-dependent insulinotropic polypeptide (ns) responses and a slower 

initial RaE compared to CB. These variables were similar to the PA response, except for RaE which 

remained slower over a longer period after PA consumption. Interestingly, the GCR after FB was 

higher than expected based on the insulin response, indicating increased insulin sensitivity or 

insulin-independent glucose disposal. These results demonstrate that the structure of wheat bread 

can influence the postprandial metabolic response, with a more compact structure being more 

beneficial for health. Bread-making technology should be further explored to create healthier 

products.
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INTRODUCTION

Frequent consumption of starchy foods that result in a high postprandial blood glucose response 

may contribute to an increased risk of developing type 2 diabetes (1). In addition, high postprandial 

insulin concentrations could play a role in developing obesity (2) and insulin resistance (3). Therefore, 

efforts to modulate the postprandial glucose and insulin responses after consumption of starchy 

foods are highly relevant.

The glycemic response after starchy foods is determined by three glucose fluxes: glucose 

which is derived from digested starch entering the circulation (RaE: rate of appearance of 

exogenous glucose), glucose produced in the liver (EGP: endogenous glucose production) and 

glucose uptake into tissues (GCR: glucose clearance rate). The postprandial glucose-induced rise 

in insulin concentrations, facilitating glucose uptake into tissue, can be potentiated by up to 70% 

by the incretin hormones; glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like 

peptide-1 (GLP-1) (4). They are released postprandial from intestinal K- and L-cells, respectively, and 

have several other physiological functions. GLP-1 is involved in the regulation of gastric emptying (5) 

and satiety (6) and, in rodents, found to preserve β-cell function (7). GIP may be implicated, at least in 

animals, with increased nutrient uptake into adipocytes and fat accumulation (4, 8), and inhibition 

of GIP signaling in mice prevented obesity (9). It has been shown that GIP plasma concentrations 

are closely correlated with the RaE (10, 11). Therefore, slow starch digestion may also exert beneficial 

effects by reducing GIP release. The relationship of GLP-1 and RaE is weaker (10) and in contrast to 

GIP, GLP-1 would need to be elevated to exert its beneficial effects. 

One way to influence postprandial glucose kinetics is by applying different food processing 

techniques and by consequence changing food structure. A slower RaE, reflecting decreased starch 

digestibility, was observed after ingestion of breakfast biscuits, which were produced from the same 

ingredients, but underwent different processing conditions than breakfast cereals (12). Extrusion 

rendered starch granules in breakfast cereals more accessible to starch digestion, whereas the integrity 

of starch granules was preserved by preventing complete gelatinization of starch by the biscuit 

making process (heating with low water content). Previously, we compared postprandial glucose 

kinetics of fiber-rich fresh pasta and wheat bread which were composed of similar ingredients, but 

were processed differently (11). The RaE was slower and the insulin response lower after pasta than 

after bread, but unexpectedly, total blood glucose did not differ. The same discrepancy between 

the glucose and insulin response was observed in several studies comparing different types of 

wheat (13) and rye breads (14, 15). A common characteristic of the products exerting this effect 

was their relatively compact food structure - likely resulting in slow starch digestion - which was in 

agreement with the observation for pasta in our previous study (11). After consumption of starchy 

products with a compact food structure, the food particles leaving the stomach can still be relatively 

compact, and accordingly the accessibility to α-amylase is reduced (16), resulting in a slower RaE. 

As a consequence GIP is lower and results in a lower insulin response (11). This causes a slower 

GCR and therefore total blood glucose is not necessarily decreased. Products with slowly digestible 
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starch could thus exert beneficial effects by reducing insulin and GIP concentrations even without 

lowering total postprandial blood glucose. 

Bread is widely consumed worldwide, but many types result in undesirable high glucose and 

insulin responses (17), whereas the glucose kinetics and GIP response are mostly unknown. We 

aimed to produce bread with a compact structure, flat bread, by changing processing conditions, 

and compared this to a porous control bread and compact wheat pasta. All high-fiber products 

were manufactured from the same ingredients, except for the addition of yeast to the control 

bread, thus only differed in structure. We investigated whether consumption of this flat bread 

could result in a more beneficial postprandial ‘pasta-type’ response compared to the control bread. 

For characterizing the metabolic response, we measured glucose kinetics, insulin, GIP and GLP-1, 

various bile acids (BA) and cholecystokinin (CCK). 

SUBJECTS AND METHODS 

Subjects

Ten healthy men [age 24 ± 0.6 y, BMI 22 ± 0.2 kg/m2 (mean ± SEM)] were recruited (Sept-Oct 2011). 

The main criteria for exclusion were use of medication, blood donation or use of antibiotics in the 

past 3 mo, gastrointestinal surgery or dysfunction, inflammatory diseases, and diabetes mellitus. 

Approval was obtained from the Medical Ethics Committee of the ‘Beoordeling Ethiek Biomedisch 

Onderzoek’ foundation, Assen, The Netherlands. Each subject gave written informed consent for the 

study. This trial was registered at trialregister.nl as NTR3020.

Test meals

Three wheat-based test products were prepared (TNO, Zeist, The Netherlands) that had a similar 

composition, but differed in food structure due to different processing conditions: control bread 

(CB), flat bread (FB), and pasta (PA). 

By conventional roller-milling, refined white flour and wheat bran were obtained from unlabeled 

(1.085 Atom % 13C) wheat [T. aestivum var Capo, grown in Austria]. The products were 13C-enriched 

by using 12% whole meal flour from 13C-labeled wheat [T. aestivum var Paragon (1.359 Atom % 13C)] 

cultured in a 13CO2 enriched atmosphere. 

The control bread (CB) was prepared with 1446 g unlabeled white wheat flour, 240 g 13C-labeled 

whole meal wheat flour, 314 g wheat bran, 1300 g water, 33.4 g yeast, 36 g salt, 3 g malt and 70 ppm 

ascorbic acid. After kneading, the dough was left to rise for 30 min, moulded, and left to rise for 60 

minutes. Subsequently, the bread was baked for 30 min at 240 °C. 

Flat bread (FB) was prepared with 1450 g unlabeled white wheat flour, 240 g 13C-labeled whole 

meal wheat flour, 310 g wheat bran, 1300 g water, 36 g salt, and 3 g malt. After kneading, the dough 

was left to rest for 30 min, sheeted to 1.5 mm thickness and disks with a diameter of 14 cm were cut. 

The thin dough pieces were baked on a hot stone plate in an oven at 350 °C for 30 s at each side to 

provide flat breads with a brown colored dry crust and a soft moist crumb inside. Bread portions 
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were stored at -20 °C until use. 

Pasta (PA) was prepared with 763 g unlabeled white wheat flour, 120 g 13C-labeled whole meal 

wheat flour, 117 g wheat bran, 390 g water and 20 g salt. Dough was mixed in a z-blade mixer and 

spaghetti was prepared using a sheeting method, creating an elastic dough sheet after multiple 

rolling and folding steps. This dough sheet was cut in spaghetti strings which were about 2*2 mm 

and 25 cm long. Portions of pasta dough were stored at -20 °C until use and cooked for 3 min in 2 L 

water before consumption.

All test meals provided 50 g available carbohydrates; portion sizes were 138 g for CB, 119 g for 

FB, and 127 g for PA (uncooked weight). The breads and pasta were consumed together with 10 g 

margarine light (4 g fat), 2 slices lean ham (5 g fat, 6 g protein) and 250 mL tap water within 20 min.

Experimental design

The total registered study, addressing two different research questions, consisted of 4 test products. 

To increase clarity and be able to focus on the results of one of these questions, three meals are 

described in this paper and a part is described elsewhere (18). The study was performed in a 

randomized, crossover manner, with at least 1 wk between each study day. The subjects were asked 

to refrain from consuming 13C-enriched foods, such as cane sugar, corn products and pineapple, for 3 

d preceding the experiments and from alcohol consumption and strenuous exercise for 24 h before 

each study day. Food intake on the day before each experiment was individually standardized using 

a diary. 

A standard evening meal was provided at the commercial research facility (QPS Netherlands B.V.), 

where the men stayed overnight. In the evening, a venous catheter was inserted in each forearm 

for blood collection and for infusion of D-[6,6-2H2]glucose (98% 2H atom percent excess) (Isotec). 

Subjects fasted overnight, but were allowed to drink water. In the morning (t = -122 min), 26.7 mL 

D-[6,6-2H2]glucose solution (80 × 0.07 mg/kg body weight) was infused, and a continuous infusion 

of 0.07 mg/kg body weight D-[6,6-2H2]glucose per min was started (t = -120 min) and maintained 

for 8 h (until t = 360 min).  Two hours after the start of the infusion, the test meal was ingested (t 

= 0 min). Water (150 mL) was provided hourly, starting at t = 120 min. Physical activity was limited 

during the day.

Test meal characterization 

Starch, dietary fiber and moisture contents were determined [Starch, enzymatic method (W55110); 

Total Dietary Fiber (AOAC), Gravimetric method (W5586); Moisture 102 °C, Gravimetric method 

(W5549)] at Eurofins Analytico Food, The Netherlands. To quantify starch fractions (GT, GRA, GSA, GTA 

and RS) of the test meals in vitro, an adapted version of the Englyst method (19) was used (20).

Bread density (g/mL) was calculated by the bread weight (g) divided by volume (mL), which was 

determined by rapeseed displacement in duplicate. The density of cooked PA was measured in 10-

fold (10 replicates of 1 pasta string) by paraffin oil displacement.
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Stereomicroscopy was performed without sample preparation using an Olympus SZX-9 microscope 

connected with a DP-50 digital camera (settings: Red 1.22; Green 1.22 and Blue 1.22). Light 

microscopy was performed with an Olympus BH-2 light microscope and the same digital camera 

type and settings. Sections of 10 μm thickness were cut in a cryostat-microtome at -26°C and 

applied on gelatin/glycerol coated slides. Sections were stained for 1 minute with Lugol (KI-I2) to 

color the starch (blue) and for 10 minutes with 0.05 % Ponceau 2R solution in 50% glycerol in water 

to color the protein (red). The excess of stain was rinsed with a minimum of water and the sections 

were covered with glycerol.

To determine test meal porosity, samples were scanned using a desktop X-ray microtomography 

(XRT) system (Model 1172, SkyScan, Aartselaar, Belgium) consisting of an X-ray tube, an X-ray 

detector and a CCD camera. The X-ray tube was operated at a voltage of 40 kV/250 µA to obtain 

optimum contrast between void (air cells) and matter (cell walls) according to a modified method. A 

12-bit cooled CCD camera (512 x 1024 pixels) was used to collect the X-ray data. Bread samples were 

sealed in small bags and rotated by a total of 180° during the scanning process with a pixel size of 

24.31 μm to obtain optimum resolution, which gave a total scanning time of 18 min. Pasta samples 

were cooked in boiling water as described above and then sealed in microcentrifuge tubes with 

water to avoid drying out during the scanning period. Pasta samples were rotated by a total of 180o 

with a pixel size of 4.86 µm and a total scanning time of 30 min. The initial X-ray radiographs or raw 

images were obtained at every 0.7° of rotation. Samples were scanned in triplicate. After scanning, 

radiographs were loaded into NRecon reconstruction software (v. 1.6.6). The software combines the 

images graphically into a 3-D object from which 2-D cross sectional images can be taken. Before 

the reconstruction, the CS rotation feature was used to rotate the sample cross sections, making 

them parallel to the view window. Beam hardening correction was set to 40% in order to reduce the 

number of artefacts. Cell walls of the solid matrix appear grey, whereas air cells appear black. The 

reconstructed 2-D slices were then loaded into CTAn software (v. 1.12, Skyscan, Belgium) to obtain 

the parameters of porosity, air cell wall thickness, and air cell diameter.

Sample collection

Blood was collected into 2 mL fluoride tubes (NaF), 3 mL EDTA tubes [+ 30 µL DPP-4 inhibitor 

(Millipore)], and 3 mL Lithium/Heparin tubes (BD Diagnostics). Three basal blood samples were 

collected (t = -60, t = -30, t = -15 min) and postprandial samples were drawn every 15 min for 2 h, 

every 30 min for an additional 3 h, and once after 6 h. To obtain heparin plasma, blood was collected 

at t = -60, t = -15 min and then every 30 min for the first 3 hours, and hourly for the last 3 hours. After 

centrifugation (1300 × g for 10 min at 4°C), plasma aliquots were stored at –20°C (NaF and EDTA 

plasma) or –80°C (heparin plasma) until analysis.

Breath samples were collected by breathing through a straw into 10 mL Exetainer vials (Labco 

Limited). Two basal breath samples were collected (t = -30, t = -5 min) and after the test meal a 

sample was taken every 30 min until t = 360 min. 
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Subjects were asked to rate their feeling of hunger using a visual analogue scale (VAS) 15 min 

before and hourly after the test meal. At the same time points, their feeling and extent of discomfort 

(abdominal pain, flatulence, other complaints) were recorded (0 = no complaints, 3 = severe 

complaints). The liking of the test meal was rated using a VAS (0 = not tasty, 100 = very tasty) half an 

hour after the start of test meal consumption (t = 30 min). 

Measurement of plasma glucose, insulin, glucagon, incretin and CCK concentrations

Plasma glucose concentrations were measured on a Roche/Hitachi Modular automatic analyzer 

(Roche Diagnostics, Hitachi) using a glucose hexokinase method. The within- and between-run 

CV were ≤ 2 %. The ARCHITECT® insulin assay (Abbott Laboratories) was used to determine insulin 

concentrations in plasma. The total CV of this chemiluminescent microparticle immunoassay was 

≤ 7%. The glucagon assay was directed against the C-terminal of the glucagon molecule (antibody 

code no. 4305) and therefore measures glucagon of mainly pancreatic origin (21). 

Total GIP was measured using the C-terminally directed antiserum (code no. 80867) (22), which 

reacts fully with intact GIP (1-42) and the N-terminally truncated metabolite GIP (3–42).  Total 

GLP-1 concentrations were determined as previously described (23), using a radioimmunoassay 

(antiserum no. 89390) specific for the C-terminal of the GLP-1 molecule and reacting equally with 

intact GLP-1 and the primary (N-terminally truncated) metabolite. The glucagon and incretin assays 

have detection limits of < 2 pmol/L and an intra-assay CV of approximately 6%. CCK was measured 

using antiserum no. 92128, which binds the bioactive forms of CCK with equal potency without 

cross-reactivity with any gastrin (24). The detection limit of the CCK assay is 0.1 pmol/L, and the 

intra-assay CV approximately 5%.

Measurement of plasma bile acids

Fasting and postprandial concentrations of 15 individual BAs were determined using LC/MS; the 

primary BAs [cholic acid (CA) and chenodeoxycholic acid (CDCA)], the secondary BAs [deoxycholic 

acid (DCA), ursodeoxycholic acid (UDCA) and lithocholic acid (LCA)], as well as their glycine (G, 

glyco-) and taurine (T, tauro-) conjugates. Concentrations of 7 of the BAs were below the lower limit 

of quantitation (LOQ) of 0.05 µM. The intra- and inter-assay CV ranged from 1.6% to 11.3% and 4.4% 

to 13.3%, respectively.

For sample preparation, 250 µl of internal standard solution was mixed with 25 µl plasma, and 

centrifuged at 15.900 x g for 10 min. The supernatant was transferred into a new vial, evaporated 

under nitrogen at 40 °C, and reconstituted in 100 µl of 50% methanol. The solution was filtered with 

a 0.2 µm centrifugal filter at 2000 x g for 10 min. After this step, the samples (injection volume 10 µl) 

were ready for analysis, using two different LC-MS systems. 

Analysis of isotopic enrichment in breath and plasma samples

Analysis of 13C abundance in breath CO 2 was performed using GC/IRMS (Delta Plus XL; Thermo Fisher 
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Scientific) measuring the 13C/12C ratio versus the international standard Pee Dee Belemnite (δ13CPDB, 

in  ‰). 

Plasma sample preparation required for analysis of isotopic enrichment by GC (derivatization) 

is described in detail elsewhere (10, 25). 2H enrichment was measured by GC/MS as previously 

described (25) and 13C/12C isotope ratio was measured using GC/C/IRMS as previously described (26), 

both with some modifications (27).

Calculation of glucose kinetics

The molar percentage enrichment of [6,6-2H2]glucose and the 13C atom% were calculated as 

previously described (25), except that data were not smoothed this time. The rate of appearance 

of total glucose [RaT, glucose from exogenous (meal) and endogenous (hepatic) sources] was 

calculated from total plasma glucose concentrations and 2H-enrichment data by using the non-

steady-state equation of Steele et al. (28) as modified by De Bodo et al. (29) It was assumed that 

labeled and unlabeled glucose molecules showed identical metabolic behavior. The effective 

volume of distribution was assumed to be 200 mL/kg and the pool fraction to be 0.75 (30). The 

systemic RaE was calculated from the RaT and 13C-enrichment data, as described by Tissot et al. (30). 

The EGP was calculated by subtracting RaE from RaT (30). The GCR, which reflects the tissue glucose 

uptake, was calculated as described by Schenk et al. (31).

Incremental areas under the curve

To determine differences in glucose kinetics and plasma glucose, insulin, glucagon, incretin, CCK  

and bile acid concentrations, the 0–2 and 0-6 h iAUC were calculated using the trapezoidal rule (32). 

The averages of fasting measurements were used as baseline values, and areas below baseline 

were not included. For the iAUC calculations of RaT, RaE and GCR, the values were multiplied by 

body weight. The iAUC of RaE was expressed as a percentage of the administered dose of glucose 

equivalents (cumulative dose %). Because EGP and unconjugated BA were suppressed after the test 

meals, the area beneath baseline (dAUC) was calculated.

Insulin sensitivity 

Post hoc analyses of possible differences in insulin sensitivity were performed according to a 

previously reported adapted method (33, 34) using GCR and insulin data. The time periods 0-2 and 

0-6 h, but also the time period 0-3 h were analyzed; the latter because this time period included the 

postprandial insulin response until it returned back to baseline.

Statistics

Data are presented as means ± SEM (n=10), unless indicated otherwise. Analyses were based 

on the total registered study, so including data from 4 test meals (see experimental design). For 

parameters that result in individual points of a time curve, we fitted a model that accounts for the 
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differences in the means of the 40 subject/occasion combinations, the main effects of treatment 

and time and the time x treatment interaction. Residual plots based on such a model were used to 

assess approximate normality and homogeneity of variances. Parameters that were not compatible 

with these assumptions were transformed before definitive analysis. We performed F tests on time 

× treatment interaction effects to assess whether the test meals gave rise to curves of a different 

shape. If the test resulted in a P value < 0.05, we tested differences between the meals for each time 

point. If there were no statistically significant differences in shapes, we tested overall differences 

between the meals based on the above model without the time x treatment interaction. 

To assess summary measures such as iAUC, we fitted a model accounting for the differences in 

the means of the 10 subjects and the four occasions, and the main effects of treatment. Transformed 

data were used whenever residual plots showed incompatibility with normality and homogeneity 

assumptions. We performed an F test to see whether there were differences between the meals. 

If this test resulted in a P value < 0.05, pairwise comparisons among the meals were conducted. A 

Benjamini-Hochberg correction was applied on P values from all partial tests to correct for multiple 

comparisons, resulting in a set of differences in which at most 5% were falsely selected (P < 0.0052 

for partial tests was considered significant). The analyses were performed with the software package 

GenStat, release 13.

The within-subject relationship (correlation) between variables was tested by regression analysis 

according to the method of Bland and Altman (35). Test meal differences (e.g. density, porosity) were 

assessed using a Student’s t test; a P value < 0.05 was considered significant. These analyses were 

performed using SPSS 20.0 for Windows (SPSS Inc., Chicago). 

RESULTS

Characterization of test meals

Results from in vitro quantification of starch fractions suggested that CB and FB were most similar, 

whereas the PA contained approximately 10% less GRA and 10% more GSA (Table 1). 

Table 1. In vitro analysis of starch fractions in the test meals1,2 

                                          Test meal/portion

Starch fraction CB

Total

FB

Total

PA

Total

                                                                  %
GT 100 100 100
GRA 78.8 77.9 69.4
GSA 11.8 9.1 20.3
GTA 90.6 87.0 89.7
RS 8.4 11.7 9.3

1Analyses were performed in duplicate.
2CB, control bread; FB, flat bread; GRA, rapidly available glucose (20 min); GSA, slowly available glucose (20-120 min); GT, 
total glucose (indicated as 100%); GTA, total available glucose (120 min); PA, pasta; RS, resistant starch.
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Figure 1. Pictures of 13C-enriched control bread (CB), flat bread (FB) and pasta (PA): A, overview; B, stereo microscopy; 
C, light microscopy with starch (lugol; blue) and protein (Ponceau 2R; red) staining.

    Control bread (CB)                    Flatr bread (FB)                      Wheat pasta (PA)

A.

B.

C.

The products (CB vs FB vs PA (cooked)) varied in amount of starch (36.2, 42.1 and 20.1%), dietary 

fiber (7.6, 7.5 and 3.5%) and moisture content (38.6, 32.6 and 69.5%). Based on the portion size (50g 

available carbohydrate) the products contained 10.5, 8.9 and 8.7g dietary fiber, respectively.

Product density varied substantially between the meals (Figure 1 A). CB had a density of 0.29 g/

mL ± 0.01 compared to 0.47 g/mL ± 0.00 for FB and 1.15 g/mL ± 0.01 for PA (cooked). The difference 

in density was clearly visible in the product structure (Figure 1 B). Where CB had large air cells 

and thin cell walls due to yeast leavening, FB had a more compact structure with fewer air cells in 

absence of yeast leavening. Only small air cells were visible in FB originating from air incorporation 

during the mixing process, as well as a larger cavity in the middle of the product as a result of puffing 

of the dough during baking. PA had a compact structure without any air cells. This was reflected 

by measures of porosity using XRT (Supplemental Table 1). Porosity was highest for CB (83 %). 

FB, which had a more closed structure, had a porosity of 47%. The 3% porosity obtained for PA 

was mainly related to the structural disintegrates (e.g. internal cracks) coming from the added bran 

(Figure 2). Average cell wall thickness of CB was significantly smaller than of FB and the average air 

cell diameter was larger in CB due to the processing differences described above.
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The porosity and average air cell diameter obtained from image analysis are closely related (r = 

1.00) and inversely related to the product density as determined by physical measurement (r = -0.97 

and -0.95 respectively). 

The products’ microstructure (Figure 1 C) showed that FB appeared to have a protein continuous 

phase (protein stained red) in which the starch granules are dispersed, whereas the microstructure 

of PA and even more of CB appeared to be dominated by swollen starch granules (starch stained 

blue-purple), with patches of protein. This may be explained by the very short baking process of FB, 

resulting in less time for complete swelling and gelatinization of the starch. For PA, a clear gradient 

from the center to the surface of the structure can be observed. In the center (left top corner) the 

starch granules were dark and compact, whereas more and more swelling of the granules was 

observed towards the outside, with lighter color of the granules and some colored areas in between 

the starch granules due to amylose leakage. 

Postprandial glucose and insulin response

Postprandial glucose concentrations did not differ after the consumption of CB, FB and PA based 

on comparisons (all meals) of iAUC and time points (Figure 3 A, Table 2). However, significant 

differences in glucose peak value between CB-FB (8.3 ± 0.3 vs 7.5 ± 0.2, P < 0.002) and CB-PA (8.3 ± 

0.3 vs 7.6 ± 0.3, P < 0.003) were found (Table 2).

The insulin response was lower after PA consumption compared to CB at several time points (t 

= 45, 60, 105 min, P < 0.005) (Figure 3 B), which resulted in a smaller 0-6 h iAUC compared with CB 

consumption (P < 0.005, Table 2). FB and PA showed similar low insulin responses, which were lower 

compared to CB based on the 0-2 h iAUC (P < 0.005). A lower average peak value was observed after 

FB and PA consumption compared to CB (P < 0.005) as well. At t = 210 min (P < 0.005), insulin was 

higher after PA compared to CB and FB.

CB FB PA 

Figure 2. Representative 2D XRT images of control bread (CB), flat bread (FB) and cooked pasta (PA). 
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Figure 4. Mean (± SEM) of (A) RaE and (B) 
changes from baseline in GCR, after ingestion 
of 138 g 13C-enriched control bread (●), 
119 g 13C-enriched flat bread (■), and 127 g 
13C-enriched pasta (Δ) in healthy men (n=10). 
There was a significant time × treatment 
interaction for RaE (P < 0.0001) and GCR (P 
= 0.0002). *Significantly different between 
CB and PA per time point (after Benjamini 
Hochberg correction). °Significantly 
different between CB and FB per time point 
(after Benjamini Hochberg correction). 
#Significantly different between PA and FB 
per time point (after Benjamini Hochberg 
correction). GCR, glucose clearance rate, RaE, 
rate of appearance of exogenous glucose. 
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Figure 3. Mean (± SEM) changes from 
baseline in (A) plasma glucose concentrations 
and (B) plasma insulin concentrations, 
after ingestion of 138 g 13C-enriched control 
bread (●), 119 g 13C-enriched flat bread (■), 
and 127 g 13C-enriched pasta (Δ) in healthy 
men (n=10). There was no significant time 
× treatment interaction for glucose (P = 
0.1773), but there was for insulin (P < 0.0001). 
*Significantly different between CB and PA 
per time point (after Benjamini Hochberg 
correction). #Significantly different between 
PA and FB per time point (after Benjamini 
Hochberg correction). 
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Glucose kinetics

FB intake resulted in a slower RaE compared to CB at t = 30 min (P < 0.005), but was similar to CB in 

the later postprandial phase. The RaE was slower after PA compared with CB intake at several time 

points (Figure 4 A), resulting in a lower 0-2 h iAUC (P < 0.005) (Table 2). In the later phase, the RaE 

after PA was higher compared to CB (t = 210 and 270 min, P < 0.005). The average peak values of RaE 

from FB and PA were also lower compared to CB (Table 2). The EGP was not significantly different 

after consumption of the meals (Supplemental Figure 1). The GCR after FB and CB showed a 

remarkable similarity, whereas after PA consumption, glucose was cleared from the circulation at 

a slower rate (Figure 4 B). The GCR after PA and FB consumption was different at t = 150 min (FB 

higher) and at t = 240 min (PA higher) (P < 0.005). No partial tests for iAUC were performed because 

of a lack of difference based on the F test.

Postprandial glucagon, incretin and CCK response

The postprandial glucagon responses were not significantly different between the test meals 

(Supplemental Figure 2). The average postprandial GIP response after FB consumption tended to 

be lower compared to CB and was similar compared to the response after PA intake (Figure 5 A). 

However, no partial tests could be performed on iAUC data (Table 2; F test, P = 0.16). Looking at time 

points, a significant difference in GIP response after CB and PA consumption was found at t = 120 
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Figure 5. Mean (± SEM) changes from 
baseline in (A) plasma GIP concentrations 
and (B) plasma GLP-1 concentrations, after 
ingestion of 138 g 13C-enriched control 
bread (●), 119 g 13C-enriched flat bread (■), 
and 127 g 13C-enriched pasta (Δ) in healthy 
men (n=10). There was a significant time × 
treatment interaction for GIP (P = 0.0355), 
but not for GLP-1 (P = 0.0733). *Significantly 
different between CB and PA per time point 
(after Benjamini Hochberg correction). 
GIP, glucose-dependent insulinotropic 
polypeptide, GLP-1, glucagon-like peptide-1.
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min (P < 0.005). 

The GLP-1 response showed a different pattern after PA compared to CB and FB consumption 

(Figure 5 B), especially around t = 30 min, where PA consumption did not evoke the sharp peak in 

GLP-1 concentrations observed after FB and CB consumption. However, time x treatment interaction 

failed to reach significance (P = 0.0733). The GLP-1 response to FB was similar compared to CB in 

the first hour, but tended to drop thereafter. The GLP-1 response after PA increased gradually, and 

reached a similar average increase from baseline compared to CB (t = 150 min). The iAUCs of GLP-1 

responses were similar between meals (Table 2). The average postprandial CCK response was lower 

after PA consumption compared to CB between t = 0 and 180 min (0-2 and 0-6 h iAUC, P < 0.005), 

whereas the response to FB was intermediate (Figure 6).

Postprandial bile acid response

The postprandial pattern of each individual (glycine- and taurine-) conjugated BA was identical, 

with the highest concentrations for GCDCA, followed by either GDCA or GCA. The unconjugated 

BAs (both primary and secondary) also responded in the same way within each person per test 

period. Therefore, by summing up concentrations, individual BAs were grouped as conjugated and 

unconjugated BAs, and together they formed the total BA response (Figure 7 A). Except for the high 

peak at t = 30 min after FB, conjugated BAs after FB and PA showed a similar pattern, whereas CB 

consumption showed a biphasic pattern with a second peak around t = 120 min (Figure 7 C). Due to 

the great inter-individual differences in postprandial responses, F tests did not result in significant 

P-values.

13CO2 excretion in breath
13CO2 excretion in breath, reflecting the rate of oxidation of the 13C-labeled substrate, was higher 

after CB compared to PA (t = 90 – 210 min, and 0-2 h iAUC, P < 0.005) and to FB (t = 120 – 180 min, 

and 0-2 and 0-6 h iAUC, P < 0.005) (Table 2, Figure 8). The 13CO2 responses were similar after PA and 

FB consumption.

-0.5

0

0.5

1

1.5

2

2.5

0 60 120 240 300 360

Δ
 P

la
sm

a 
CC

K 
(p

m
ol

/L
)

180
Time (min)

control bread 

flat bread 

pasta

Figure 6. Mean (± SEM) changes from 
baseline in plasma CCK concentrations after 
ingestion of 138 g 13C-enriched control bread 
(●), 119 g 13C-enriched flat bread (■), and 127 g 
13C-enriched pasta (Δ)  in healthy men (n=10). 
There was no significant time × treatment 
interaction (P = 0.4559). CCK, cholecystokinin.



79

Postprandial metabolic effects of wheat bread structure 

4

-1

0

1

2

3

4

0 60 120 180 240 300 360

Δ
 P

la
sm

a 
to

ta
l B

A
 (µ

m
ol

/L
)

Time (min)

control bread 

flat bread 

pasta

-1

0

1

2

3

-2 

4

0 60 120 240 300 360Δ
 P

la
sm

a 
co

nj
ug

at
ed

 B
A

 (µ
m

ol
/L

)

180

Time (min)

control bread 

flat bread 

pasta

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 60 120 180 240 300 360

Δ
 P

la
sm

a 
un

co
nj

ug
at

ed
 B

A
 (µ

m
ol

/L
)

Time (min)

control bread 

flat bread 

pasta

A 

B 

C 

-1

0

1

2

3

4

0 60 120 180 240 300 360

Δ
 P

la
sm

a 
to

ta
l B

A
 (µ

m
ol

/L
)

Time (min)

control bread 

flat bread 

pasta

-1

0

1

2

3

-2 

4

0 60 120 240 300 360Δ
 P

la
sm

a 
co

nj
ug

at
ed

 B
A

 (µ
m

ol
/L

)

180

Time (min)

control bread 

flat bread 

pasta

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 60 120 180 240 300 360

Δ
 P

la
sm

a 
un

co
nj

ug
at

ed
 B

A
 (µ

m
ol

/L
)

Time (min)

control bread 

flat bread 

pasta

A 

B 

C 

-1

0

1

2

3

4

0 60 120 180 240 300 360

Δ
 P

la
sm

a 
to

ta
l B

A
 (µ

m
ol

/L
)

Time (min)

control bread 

flat bread 

pasta

-1

0

1

2

3

-2 

4

0 60 120 240 300 360Δ
 P

la
sm

a 
co

nj
ug

at
ed

 B
A

 (µ
m

ol
/L

)

180

Time (min)

control bread 

flat bread 

pasta

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 60 120 180 240 300 360

Δ
 P

la
sm

a 
un

co
nj

ug
at

ed
 B

A
 (µ

m
ol

/L
)

Time (min)

control bread 

flat bread 

pasta

A 

B 

C 

Figure 7. Mean (± SEM) changes from 
baseline in (A) total plasma BA concentrations, 
(B) unconjugated BA concentrations and 
(C) conjugated BA concentrations, after 
ingestion of 138 g 13C-enriched control bread 
(●), 119 g 13C-enriched flat bread (■), and 
127 g 13C-enriched pasta (Δ) in healthy men 
(n=10).  There were no significant time × 
treatment interactions. BA, Bile acids.

Rated hunger, discomfort and liking of test meal

The subjective sensation of hunger, as determined hourly using a VAS, did not differ after 

consumption of CB, FB, and PA (Supplemental Figure 3), which might be due to a lack of power. 

Occasional mild complaints of flatulence were not meal type related. The VAS scores for liking (CB = 

57, PA = 62, FB = 62) indicated that all meals were appreciated similarly by the subjects.
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Correlations

Correlations between several variables (all time points, 0-6 h) were determined. RaE and GIP 

correlated very well (CB r = 0.84; FB r = 0.81, PA r = 0.75), whereas RaE and GLP-1 correlated 

moderately for CB (r = 0.70) and FB (r = 0.69), but less for PA (r = 0.47). The correlation between GLP-

1 and conjugated BA was moderate for CB (r = 0.60), but was lower for FB (r = 0.40), and PA (r = 0.28).

Insulin sensitivity 

Post hoc analysis of possible difference in insulin sensitivity revealed that for the time period 0-3 h, 

there was a difference between PA and FB (t test, P < 0.05) (Supplemental Table 2). A higher relative 

value indicates increased insulin sensitivity. 

DISCUSSION

Because food structure may be important in determining starch digestibility and the metabolic 

response to a food product, we hypothesized that fiber-rich wheat bread with a compact structure 

would result in a more beneficial response compared to normal fiber-rich bread, and show similarities 

to fiber-rich wheat pasta with respect to postprandial glucose kinetics and associated processes. 

Therefore, we made compact flat breads (FB) without the use of a leavening agent and compared 

this to a yeast-leavened porous wheat bread (CB, control bread with open structure) and to pasta 

(PA, control wheat product with compact structure). All products had the same composition, but 

different food structures due to the processing conditions. 

As confirmed by microscopy, XRT analysis (porosity) and density measurements, the structure 

of FB was indeed considerably more compact compared to CB (porosity CB 83% vs FB 47%, density 

CB 0.29 g/mL vs FB 0.47 g/mL). However, although no leavening agent was used in these breads, 

some air bubbles were present because of the mixing and baking procedure, resulting in a porosity 

of 47%. FB was, therefore, not as compact as pasta (density cooked PA 1.15 g/mL), which did not 

contain any air cells. Our pasta did show some porosity (3%), which was due to the addition of fiber 

resulting in small cracks in the pasta. These cracks, making the pasta structure less dense, might also 
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(partly) explain why this pasta did not result in a low glucose response (neither in the present nor 

the previous study (11)) as most often is the case for pasta as described in previous literature (36). 

From microscopy data FB appeared to contain less swollen starch granules. This can be explained by 

the very short baking process of FB, which leaves little time for complete swelling and gelatinization 

of the starch and is likely to decrease starch digestibility as well.

The in vivo digestibility of the products is reflected by the RaE. After FB consumption the RaE 

was lower compared to CB in the first hour postprandial (t = 30 and peak value), and comparable to 

the low PA response. However, although not significantly different, the RaE between 45 and 150 min 

postprandial was intermediate for FB compared to PA and CB, indicating that starch digestibility and/

or oral processing, gastric emptying, etc was different between the meals. The in vitro digestibility 

data (Table 1) suggested that FB was most similar to CB, but contained some more resistant starch.

Despite the differences in RaE, the resulting total glucose response after consumption of the 

test meals was similar based on the iAUC. This corresponds to the findings in our previous study 

comparing CB and PA (11), although this time the peak value of glucose was somewhat lower for PA 

and also for FB compared to CB. The insulin response was, however, clearly lower after FB compared 

to CB, and was similar to the low insulin response after PA consumption, as observed previously (11).

GIP, one of the incretin hormones involved in insulin potentiation, responded very similarly 

after FB and PA consumption, whereas the increase was less pronounced than after CB. In previous 

studies, we showed that the RaE (influx rate of glucose from the meal) and the GIP response are 

in good agreement (10,11), which can be explained by the importance of the intestinal glucose 

transporter SGLT-1 in GIP secretion (37). The relation between glucose absorption and GIP release 

(dose-response) was also shown in several duodenal perfusion studies (38, 39). In the present study, 

this relationship between RaE and GIP was again demonstrated by the good correlation coefficients 

(CB r = 0.84, FB r = 0.81, PA r = 0.75).  However, the obviously faster RaE from t = 45 min after FB as 

compared to PA (ns) was not reflected in the GIP response. It might be that the initial glucose influx 

rate is the most important factor in determining the extent of the GIP response, as the RaE at 30 min 

was the same after FB and PA and significantly lower than after CB in this early postprandial phase (t 

= 30 min FB,  t = 45 min PA). In support of this, the initial rate of delivery of glucose to the duodenum 

was found to be important in determining the pattern of the incretin response (40). An initial rapid 

infusion rate (3 kcal/min) for 15 min and subsequent slower infusion rate of 0.71 kcal/min until t = 

120 resulted in a high peak in plasma GIP and GLP-1 responses around 30 min, whereas the same 

amount of calories infused at a constant rate of 1 kcal/min resulted in a low response (40).

The initial high influx rate of glucose in our study, however, cannot explain the difference in 

GLP-1 response. We observed a sharp GLP-1 peak at t = 30 min after FB, which was very similar 

to that after CB, but absent after PA consumption. As the RaE indicated that the rate of glucose 

absorption was similar between PA and FB at around 30 min postprandially, the ‘difference’ in the 

initial GLP-1 peak between FB and PA cannot be explained by this mechanism. Although SGLT-

1 plays a role in stimulating GLP-1 release to some extent (37, 41), other factors are capable of 
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stimulating GLP-1 secretion from L-cells as well. For instance, GLP-1 release, but not GIP release, was 

found to be influenced also by BAs via the BA receptor TGR5 in the small intestine (42). Interestingly, 

we observed a similar pattern when comparing GLP-1 and plasma BA concentrations after FB and 

PA, mainly with respect to the first postprandial hour. Conjugated BA peaked after FB around 30 min 

postprandial, whereas PA consumption resulted only in a modest increase in BAs. It could thus be 

speculated that the high conjugated BA peak after FB had an additional effect on GLP-1 secretion, 

thereby explaining the initial high GLP-1 peak. The reason for this ‘difference’ in plasma BA peak is 

not evident. CCK is known to stimulate gall bladder contraction and thus BA release(43), but the CCK 

response in our study did not correspond well with the BA concentrations.  

Insulin is an important factor in glucose uptake into insulin sensitive tissues (via GLUT4 

translocation), and therefore a low insulin response would be expected to result in a slow GCR. This 

was indeed observed in previous studies (11, 31). Interestingly, despite the lower insulin response 

(peak value and 0-2 h iAUC) to FB as compared to CB, the GCR after CB and FB consumption was 

almost identical. In addition, although insulin was very similar after PA and FB, the GCR was higher 

after FB compared to PA intake. Taken together, data from this study indicate either increased 

peripheral insulin sensitivity or increased insulin-independent glucose absorption after FB leading 

to augmented glucose disposal. Only speculations can be offered about the underlying mechanism. 

One factor involved in increasing insulin sensitivity and glucose disposal could be BAs. After FB 

consumption, the conjugated BA concentrations rose steeply (peak at t = 30 min), whereas no 

pronounced peak was observed after PA consumption. There are indications from rodent studies 

that BAs, via activation of their receptor FXR, could be involved in improving insulin sensitivity 

and increased glycogen storage (44-46). In addition, treatment of obese and diabetic mice with 

TUDCA resulted in normalization of hyperglycemia (within 10 days), restoration of systemic insulin 

sensitivity, and enhancement of insulin action in liver, muscle, and adipose tissue (47). Treatment of 

obese human subjects with TUDCA for 4 weeks improved muscle and hepatic insulin sensitivity (48). 

Although these are mainly longer term effects, it indicates the potency of BAs in regulating insulin 

sensitivity.

Previously we observed that a slow GCR (together with a slow RaE) resulted in a relatively ‘high’ 

glucose response after pasta consumption (11). Therefore, with an increased GCR after FB compared 

to PA, total glucose concentrations after FB would be expected to be lower. However, the similar 

glucose responses after FB and PA may be explained by the somewhat higher RaE, and a slightly less 

suppressed EGP after FB consumption. 

To summarize, consumption of a compact flat bread resulted in a more moderate postprandial 

response compared to CB intake based on glucose, insulin and GIP responses, resembling that 

of pasta, although RaE was only lower in the first hour. Interestingly, the GCR after FB was higher 

than expected based on the insulin response and seems to be due to insulin-independent glucose 

disposal or increased insulin sensitivity. The role  (and regulation) of BA and possibly other factors 

stimulating GLP-1 release and affecting insulin sensitivity after ingestion of starchy food products 

needs further study.
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CONCLUSION 

The results of this study clearly show that the structure of bread can influence the postprandial 

metabolic response. A more compact bread structure, due to reduced porosity and/or air cell 

diameter, may be advantageous because of the lower peak glucose, insulin and GIP (ns) response, via 

a slower initial RaE after FB consumption. Therefore, the effect of bread processing on postprandial 

metabolism and related health aspects deserves further study.
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SUPPLEMENTARY FILES

Supplemental Figure 1. Mean (± SEM) changes 
from baseline of EGP, after ingestion of 138 g 
13C-enriched control bread (●), 119 g 13C-enriched 
flat bread (■), and 127 g 13C-enriched pasta (Δ) 
in healthy men (n=10). EGP, endogenous glucose 
production. 

Supplemental Figure 2. Mean (± SEM) changes 
from baseline in plasma glucagon concentrations, 
after ingestion of 138 g 13C-enriched control bread 
(●), 119 g 13C-enriched flat bread (■), and 127 g 
13C-enriched pasta (Δ) in healthy men (n=10). 

Supplemental Figure 3. Mean (± SEM) changes 
from baseline in subjective rating of hunger using 
VAS after ingestion of 138 g 13C-enriched control 
bread (●), 119 g 13C-enriched flat bread (■), and 
127 g 13C-enriched pasta (Δ) in healthy men 
(n=10). VAS, visual analogue scale.
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Supplemental Table 1. Image analysis parameters from 3D XRT data1

  Average cell wall 
thickness (µm)

Average cell
 diameter (µm) Porosity (%)

Control bread 143 ± 7a 900± 143a 83± 3a

Flat bread 278 ± 22b 476 ± 68b 47 ± 3b

Pasta 188 ± 36c 25 ± 1c 3 ± 1c

1Data are presented as means ± SD, n=3. Values followed by different letters in a column are significantly different (P 
< 0.05; LSD test). XRT, X-ray microtomography

Supplemental Table 2. Post hoc analyses of insulin sensitivity after ingestion of 138 g 13C-enriched control bread, 119 
g 13C-enriched flat bread and 127 g 13C-enriched pasta (uncooked weight) using GCR and insulin data1

0-2h 0-3h 0-6h
CB 11.0a 18.4a,b 26.3a

FB 11.4a 19.9a 29.4a

PA 9.5a 15.6b 26.7a

1A higher relative value indicates increased insulin sensitivity. Values followed by different letters in a column are 
significantly different (P < 0.05; t-test). CB, control bread; FB, flat bread; PA, pasta.
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ABSTRACT 

PURPOSE: Underlying mechanisms of the beneficial health effects of low glycemic index (GI) starchy 

foods are not fully elucidated yet. We varied the wheat particle size to obtain fiber-rich breads with 

a high and low glycemic response and investigated the differences in postprandial glucose kinetics 

and metabolic response after their consumption. 

METHODS: Ten healthy male volunteers participated in a randomized, crossover study, consuming 
13C-enriched breads with different structures; a control bread (CB) made from wheat flour combined 

with wheat bran, and a kernel bread (KB) where 85% of flour was substituted with broken wheat 

kernels. The structure of the breads was characterized extensively. The use of stable isotopes 

enabled calculation of glucose kinetics: rate of appearance of exogenous glucose, endogenous 

glucose production, and glucose clearance rate. Additionally, postprandial plasma concentrations 

of glucose, insulin, glucagon, incretins, cholecystokinin and bile acids were analyzed. 

RESULTS: Despite the attempt to obtain a bread with a low glycemic response by replacing flour by 

broken kernels, the glycemic response and glucose kinetics were quite similar after consumption 

of CB and KB. Interestingly, the glucagon-like peptide-1 (GLP-1) response was much lower after KB 

compared to CB (iAUC, P < 0.005). A clear postprandial increase in plasma conjugated bile acids was 

observed after both meals. 

CONCLUSIONS: Substitution of 85% wheat flour by broken kernels in bread did not result in a 

difference in glucose response and kinetics, but in a pronounced difference in GLP-1 response. 

Thus, changing the processing conditions of wheat for baking bread can influence the metabolic 

response beyond glycemia, and may thereby influence health. 
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INTRODUCTION

Consumption of foods with a low glycemic index (GI) instead of those with a high GI is considered 

beneficial for health, being associated with a decreased risk for the development of obesity, insulin 

resistance and type 2 diabetes (T2DM) (1-5), although this association is not always found (6). Based 

on results from a prospective cohort study, it was suggested that replacement of high GI bread by 

low GI bread in the diet may reduce the risk of developing T2DM (7). Possible explanations were, 

for instance, that consumption of a low GI diet might be associated with less weight gain (4) or 

decreased development of β-cell failure and insulin resistance (1, 3). However, the underlying 

mechanisms responsible for the beneficial effects need further study. 

The postprandial glycemic response obviously depends on intestinal glucose influx, but is also 

influenced by suppression of endogenous glucose production (EGP) and increased glucose uptake 

in tissues, processes that are mainly regulated by the pancreatic hormones insulin and glucagon. 

The incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like 

peptide-1 (GLP-1), released postprandial from intestinal K- and L-cells, respectively, are known to 

potentiate the insulin response to a carbohydrate-rich meal, and are therefore important factors 

in glucose metabolism. Besides their role as incretin hormones, GIP is involved in fat metabolism 

(8), and GLP-1 is involved in decreasing gastric emptying rate (9), suppression of glucagon (10), 

as well as increasing satiety (11), and, in rodents, preserving β-cell function (12). Nowadays, bile 

acids (BAs) are also being recognized as signaling molecules in glucose metabolism. For instance, 

overexpression of the BA receptor TGR5 (13) and administration of taurocholic acid (TCA) (14) in 

mice was associated with elevated GLP-1 concentrations in response to an oral glucose tolerance 

test (OGTT). Although BAs are mainly released in response to fat ingestion, an increase in several 

plasma conjugated BAs was found after an OGTT (15, 16). Thus BAs, as well as (indirectly) the 

gastrointestinal hormone cholecystokinin (CCK) which stimulates gall bladder contraction, might 

also play a role in glucose metabolism after consumption of a carbohydrate-rich meal.

We were, therefore, interested in studying both the postprandial glucose kinetics as well as the 

metabolic responses to bread with a high and a low glycemic response, using wheat particle size as 

a variable factor. Postprandial glucose responses to wheat products prepared with different flour or 

grain particle size have been shown to decrease with increasing particle size (17), likely explained 

by decreasing the rate of amylolysis. Replacement of finely ground wheat flour by increasing the 

proportion of cracked wheat in bread (to 50 and 75%) also resulted in a reduction in GI (18). 

In this crossover study, we investigated the metabolic effects of consumption of two 13C-labeled 

wheat breads, with the same overall composition, only varying in structure; a bread prepared with 

flour and 85% broken wheat kernels and a control bread made from wheat flour combined with 

wheat bran, to obtain a similar dietary fiber content in both breads. We hypothesized that, due to 

the variation in particle size, the glycemic response, the underlying glucose kinetics, and possibly 

other factors involved in glucose metabolism would be different between both breads.
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SUBJECTS AND METHODS 

Subjects

Ten healthy men [age 24 ± 0.6 y, BMI 22 ± 0.2 kg/m2 (mean ± SEM)] were recruited. The main 

criteria for exclusion were use of medication, blood donation or use of antibiotics in the past 3 mo, 

gastrointestinal surgery or dysfunction, inflammatory diseases, and diabetes mellitus. Approval was 

obtained from the Medical Ethics Committee of the ‘Beoordeling Ethiek Biomedisch Onderzoek’ 

foundation, Assen, The Netherlands. Each subject gave written informed consent for the study. This 

trial was registered at trialregister.nl as NTR3020.

Experimental design

In the overall study design, addressing two different research questions, 4 different wheat-based 

products were tested. To increase clarity and be able to focus on the results of one of these questions, 

only two meals are described in this paper. A description of the other products and the results can 

be found elsewhere (19). The study was performed in a randomized, crossover manner, with at least 

1 wk between each study day. The subjects were asked to refrain from consuming foods naturally 

high in 13C, like cane sugar, corn products and pineapple, for 3 d preceding the experiments and 

from alcohol consumption and strenuous exercise for 24 h before each study day. Food intake on 

the day before each study day was individually standardized. To minimize variation, a standard 

evening meal was provided at the commercial research facility (QPS Netherlands B.V.), where the 

participants stayed overnight. In the evening, a venous catheter was inserted in each forearm for 

blood collection and for infusion of the tracer D-[6,6-2H2]glucose (98% 2H atom percent excess, 

Isotec) (20, 21). Subjects fasted overnight, but were allow ed to drink water. In the morning (t = -122 

min), a bolus of 26.7 mL D-[6,6-2H2]glucose solution (80 × 0.07 mg/kg body weight) was injected 

within 2 min, and a continuous infusion of 0.07 mg/kg body weight D-[6,6-2H2]glucose per min was 

started (t = -120 min) and maintained for 8 h (until t = 360 min). The bolus amount was 80 times the 

infusion rate over 1 min, according to the paper of Tissot et al. (20). The infusion rate over 1 min was 

0.07 mg/kg BW (21), to reach a good steady state. So the continuous infusion contained 4.2 mg/kg 

BW per 60 min, administered at a desired infusion rate of 20 mL/hour, resulting in the concentration 

of 0.21 mg/mL/kg BW. The bolus had the same concentration, and therefore, to administer 80 x 0.07 

mg/kg BW an amount of 26.7 mL was administered.

Two hours after the start of the infusion the test meal was ingested (t = 0 min). Figure 1 shows 

a simplified time line of each study day. Water (150 mL) was provided hourly, starting at t = 120 min. 

During the study period physical activity was limited.

Test meals

Two types of wheat bread were prepared (TNO, Zeist, The Netherlands), with the same composition, 

but a different structure, due to different milling- and bread making processes; a kernel bread (KB) 

prepared with flour and 85% broken wheat kernels, and a control bread (CB) made from wheat flour, 
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combined with wheat bran, to obtain the same dietary fiber content as in the KB. 

To provide the necessary ingredients, unlabeled (1.085 Atom % 13C) wheat grains [T. aestivum 

var Capo, grown in Austria] were milled in different ways; by conventional roller-milling the wheat 

kernels were milled to obtain refined white flour and wheat bran, and broken wheat kernels were 

obtained using a breaker mill. For 13C-enrichment of the products, 13C-labeled wheat [T. aestivum var 

Paragon (1.359 Atom % 13C)], cultured in a 13CO2 enriched atmosphere, was used. A small part of the 
13C-labeled wheat kernels was milled to obtain a fine wholemeal wheat flour, and the other part was 

broken to obtain broken kernels that were similar to the unlabeled broken kernels. 

CB was prepared with 1446 g unlabeled white wheat flour, 240 g 13C-labeled wholemeal wheat 

flour, 314 g wheat bran, 1300 g water, 33.4 g yeast, 36 g salt, 3 g malt and 70 ppm ascorbic acid. 

After kneading, the dough was left to rise for 30 min, moulded, and left to rise for 60 minutes. KB 

was prepared with 264 g unlabeled white wheat flour, 36 g 13C-labeled wholemeal wheat flour, 1496 

g unlabeled broken wheat kernels and 204 g 13C-labeled broken wheat kernels. All broken kernels 

were soaked in 1000 g water overnight at 10°C. The following day, the soaked kernels were mixed 

with the flour, 230 g water, 33.4 g yeast, 36 g salt, 3 g malt and 70 ppm ascorbic acid. The resulting 

dough was left to rise for 30 min, moulded, and left to rise for 50 minutes. Subsequently, the breads 

were baked for 30 min at 240 °C. Bread slices were stored at -20°C until use.

All test meals provided 50 g available carbohydrates; for the CB the portion size was 138 g and 

for the KB 137 g. The breads were consumed together with 10 g light margarine (4 g fat), 2 slices lean 

ham (5 g fat, 6 g protein) and 250 mL tap water within 20 min. We assume that the digestibility of 

starch from both test products is similarly affected by this addition.

Bread characterization 

Starch, dietary fiber and moisture content were determined at Eurofins Analytico Food, The 

Netherlands. To quantify starch fractions (GT, GRA, GSA, GTA and RS) of the test meals in vitro, an adapted 

version of the Englyst method (22) was used (23). 

 

Continuous D-[6,6-2H2]glucose (0.07 mg/min/kg BW) (t = -120 until t = 360 min) 

-12
 
0 -60
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    180

 
  240

 
 300

 
   360
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Priming D-[6,6-2H2]glucose bolus infusion (t = -122 min) 

Ingestion 13C-enriched test meal (t = 0 min) 

Figure 1. Simplified schematic timeline of each study day. Blood was collected at 18 time points, indicated by    . Also, 
several breath and urine samples were collected during each study day.
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Particle size distribution of the broken kernels was determined by sieve analysis in duplicate.  

Bread products volume (mL) was determined in triplicate by rapeseed displacement (AACCI Method 

10-05.01(24)) and, together with the bread weight (g), the product overall specific volume (mL/g) 

and density (g/mL) were obtained. 

Breads were further characterized using microscopy and X-ray microtomography (XRT, porosity). 

A detailed description of both techniques can be found in Online Resource 1.

Sample collection

Blood was collected into several blood collection tubes (BD Diagnostics): 2 mL Fluoride tubes (NaF) 

for glucose and bile acid measurements, 3 mL EDTA tubes [+ 30 µL DPP-4 inhibitor (Millipore)] for 

GIP, GLP-1, glucagon and insulin determination, and 3 mL Lithium/Heparin tubes (CCK). Three basal 

blood samples were collected (t = -60, -30, -15 min) and postprandial samples were drawn every 15 

min for 2 h, every 30 min for an additional 3 h, and once after 6h. To obtain heparin plasma, blood 

was collected at t = -60, t = -15 min and then every 30 min for the first 3 h, and hourly for the last 3 

h. After centrifugation (1300 × g for 10 min at 4°C), plasma aliquots were stored at –20°C (NaF and 

EDTA plasma) or –80°C (heparin plasma) until analysis. 

Breath samples were collected by breathing through a straw into 10 mL Exetainer vials (Labco 

Limited). Two basal breath samples were collected (t = -30, t = -5 min), and after the test meal, a 

sample was taken every 30 min until t = 360 min. 

To get an impression about the impact of the breads on appetite, subjects were asked to rate 

their feeling of appetite (hunger) using a visual analogue scale (VAS) at 15 min before and hourly 

after the test meal, although the number of subjects (n=10) is insufficient to detect differences in 

these subjective measures (25),  At the same time points, their feeling and extent of discomfort 

(abdominal pain, flatulence, other complaints) was recorded (0 = no complaints, 3 = severe 

complaints). Shortly after consumption of the meal, the subjects scored (VAS) how tasty the meal 

was.

Measurement of plasma concentrations

Plasma glucose concentrations were measured on a Roche/Hitachi Modular automatic analyzer 

(Roche Diagnostics, Hitachi) using a glucose hexokinase method. The within- and between-run 

CV were ≤ 2%. The ARCHITECT® insulin assay (Abbott Laboratories) was used to determine insulin 

concentrations in plasma. The total CV of this chemiluminescent microparticle immunoassay was 

≤ 7%. The glucagon assay was directed against the C-terminal of the glucagon molecule (antibody 

code no. 4305) and therefore measures glucagon of mainly pancreatic origin (26). 

Total GIP was measured using the C-terminally directed antiserum (no. 80867) (27), which 

reacts fully with intact GIP (1-42) and the N-terminally truncated metabolite GIP (3–42). Total 

GLP-1 concentrations were determined as previously described (28), using a radioimmunoassay 

(antiserum no. 89390) specific for the C-terminal of the GLP-1 molecule and reacting equally with 
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intact GLP-1 and the primary (N-terminally truncated) metabolite. The glucagon and incretin assays 

have detection limits of < 2 pmol/L, and an intra-assay coefficient of variation of approximately 6%. 

CCK was measured using antiserum no. 92128, which binds the bioactive forms of CCK with equal 

potency without cross-reactivity with any gastrin (29). The detection limit of the CCK assay is 0.1 

pmol/L, and the intra-assay coefficient of variation approximately 5%. 

Measurement of plasma bile acids

Fasting and postprandial concentrations of 15 individual BAs were determined using LC/MS; the 

primary BAs [cholic acid (CA) and chenodeoxycholic acid (CDCA)], the secondary BAs [deoxycholic 

acid (DCA), ursodeoxycholic acid (UDCA) and lithocholic acid (LCA)], as well as their glycine (G, 

glyco-) and taurine (T, tauro-) conjugates. The lower limit of quantitation (LOQ) was 0.05 µM. 

Concentrations of TCA, LCA, GLCA, TLCA, TDCA, UDCA and TUDCA were below the LOQ. The intra- and 

inter-assay CV ranged from 1.6% to 11.3% and 4.4% to 13.3%, respectively. For sample preparation, 

250 µl of internal standard solution was mixed with 25 µl plasma, and centrifuged at 15.900 x g for 

10 min. The supernatant was transferred into a new vial, evaporated under nitrogen at 40°C, and 

reconstituted in 100 µl of 50% methanol. The solution was filtered with a 0.2 µm centrifugal filter 

at 2000 x g for 10 min. After this step, the samples (injection volume 10 µl) were ready for analysis, 

using two different LC-MS systems. A detailed description of the systems and settings can be found 

in Online Resource 2.

Analysis of isotopic enrichment (breath and plasma) and calculations 

Analysis of 13C abundance in breath CO 2 was performed using GC/IRMS (Delta Plus XL; Thermo Fisher 

Scientific) measuring the 13C/12C ratio versus the international standard Pee Dee Belemnite (δ13CPDB, 

in  ‰). 

Plasma sample preparation required for analysis of isotopic enrichment by GC (derivatization) 

is described in detail elsewhere (30, 31). 2H enrichment was measured by GC/MS as previously 

described (30) and 13C/12C isotope ratio was measured using GC/C/IRMS as previously described (32), 

both with some modifications (33). Calculation of glucose kinetics was performed as previously 

reported (34).

Incremental areas under the curve (iAUC)

To determine differences in glucose kinetics and plasma glucose, insulin, glucagon, incretin, CCK 

and bile acid concentrations, the 0-2 and 0-6 h iAUCs were calculated as previously described (34).

Statistics

Human data are presented as means ± SEM, n = 10. Baseline-subtracted values are shown in the 

figures and were used in the analyses as well, for clarity, consistency and comparison of variables. 

The overall study involved testing of 4 test meals. From the statistical analysis of the full experiment, 
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we highlight only the comparisons involving the products of current interest. For parameters 

that result in individual points of a time curve, we fitted a model that accounts for the differences 

between the 10 subjects and the 4 occasions, the main effects of treatment and time, respectively, 

and the time × treatment interaction. Residual plots based on such a model were used to assess 

approximate normality and homogeneity of variances. Parameters that were not compatible 

with these assumptions were transformed before definitive analysis. Most variables were log-

transformed, except for glucose (reciprocal values), VAS scores (angular transformation), RaE and 
13CO2 values (Poisson regression model on log scale).

We performed F-tests on time × treatment interaction effects to assess whether the four test 

meals gave rise to curves of a different shape. If the test resulted in a P value <0.05, we tested 

differences between the meals for each time point. If there were no statistically significant differences 

in shapes, we tested overall differences between the meals based on the above model without the 

time × treatment interaction.

To assess summary measures such as iAUC, we fitted a model accounting for the differences in 

the means of the 10 subjects and the 4 occasions, and the main effects of treatment. Transformed 

data were used whenever residual plots showed incompatibility with normality and homogeneity 

assumptions. We performed an F test to see whether there were differences between the meals. If 

this test resulted in a P value <0.05, pairwise comparisons among the meals were conducted.

A Benjamini-Hochberg correction was applied on P-values from all partial tests to correct for 

multiple comparisons, resulting in a set of differences in which at most 5% were falsely selected 

(P < 0.0052 for partial tests was considered significant). The analyses were performed with the 

software package GenStat, release 13. The within-subject relationship (correlation) between 

variables was tested by regression analysis according to the method of Bland and Altman (35). Test 

meal differences (e.g. density, porosity) were assessed using a Student’s t-test; a P-value < 0.05 was 

considered significant. These analyses were performed using SPSS 20.0 for Windows (SPSS Inc., 

Chicago). 

RESULTS

Characterization of test meals

The breads (CB and KB, respectively) were comparable in amount of starch (36.2 and 36.4%), dietary 

fiber (7.6 and 8.3%) and moisture content (38.6 and 37.8%). In vitro quantification of starch fractions 

showed similar digestive characteristics for CB and KB when a sample from the total bread was 

analysed (Table 1). 

A main difference between the two breads (Figure 2a) was their density; CB had a density of 0.29 

± 0.007 g/mL compared to 0.41 ± 0.003 g/mL for KB (P < 0.05). The difference in density was clearly 

visible in the product structure (Figure 2b). In the case of KB, 85% of the wheat material consisted of 

broken kernels. The majority (72.6%) of the broken kernels had a particle size between 1680-2800 

µm as measured by pan sieving. Both visual evaluation as well as microscopy confirmed that the KB 
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Table 1. In vitro quantification of starch fractions in the test meals1 

                                               Test meal/portion
Starch fraction CB

Total
KB
Total

KB
Kernel

KB
Crumb

                                                                       %
GT 100 100 100 100
GRA 78.8 76.4 65.5 67.8
GSA 11.8 13.6 15.9 16.3
GTA 90.6 90.0 81.4 84.1
RS 8.4 9.0 16.7 14.3

1CB, control bread; GRA, rapidly available glucose (20 min); GSA, slowly available glucose (20-120 min); GT, total glucose 
(indicated as 100%); GTA, total available glucose (120 min); KB, kernel bread, RS, resistant starch.

Control bread (CB) Kernel bread (KB) 

a 

c 

b 

Figure 2. Pictures of 13C-enriched control and kernel bread: a, overview; b, stereo microscopy; c, light microscopy with 
starch (lugol; blue) and protein (Ponceau 2R; red) staining.
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structure consisted of broken wheat kernels with a particle size of 1 to several mm (Figure 2b). Light 

microscopy with starch (lugol; blue) and protein staining (Ponceau 2R; red) (Figure 2c) showed that 

CB had a porous structure and the thin cell walls were dominated by a continuous phase of starch 

granules in blue. In this matrix bran particles were clearly visible as clusters of red aleurone cells 

aligned on the outer side by pericarp layers. An apparent difference was the presence of broken 

wheat kernels in which no starch granules (blue) were observed (Figure 2c). Apparently, the matrix 

was governed by proteins (in red) embedding the starch granules.

A description of the porosity measurements of both breads using XRT can be found in Online 

Resource 1.

Postprandial glucose and insulin response

Postprandial glucose concentrations were similar after the consumption of CB and KB (Figure 3a, 

Table 2). The insulin response was lower after KB consumption compared to CB at t = 60 min (P = 

0.002) (Figure 3b), which resulted in a 31% smaller iAUC (0-2 h) compared with CB intake (NS, P = 

0.011).
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Figure 3. Mean (± SEM) changes 
from baseline in (a) plasma glucose 
concentrations and (b) plasma insulin 
concentrations, after ingestion of 138 g 
13C-enriched control bread (●) and 137 g 
13C-enriched kernel bread (◊) in healthy 
men (n = 10). There was no significant 
time × treatment interaction for glucose 
(P = 0.1773), but there was for insulin 
(P < 0.0001). *Significantly different 
between treatments per time point (after 
Benjamini-Hochberg correction).
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Table 2. Indices reflecting the metabolic response after ingestion of 138 g 13C-enriched control bread and 137 g 
13C-enriched kernel bread in healthy men1

  Fasting values     Peak values Time to peak 
(min) iAUC (0-2 h) iAUC (0-6 h)

Glucose (mmol/L)
CB 5.1 ± 0.1 8.3 ± 0.3 40.5 ± 3.2 163.2 ± 20.5 197.0 ± 23.4
KB 5.0 ± 0.1 8.2 ± 0.3 34.5 ± 2.3 159.4 ± 30.1 195.4 ± 35.4

Insulin (µU/mL)
CB 4.9 ± 0.5   69.9 ± 10.5 43.5 ± 3.5 3290.9 ± 528.8 4193.0 ± 936.6
KB 5.0 ± 0.5 48.7 ± 4.5 36.0 ± 2.4 2262.1 ± 205.4 2707.6 ± 292.9

Glucagon (pmol/L)
CB    8.3 ± 1.0 15.8 ± 1.7 175.5 ± 33.4 272.9 ± 84.6   980.5 ± 163.4
KB 10.4 ± 1.2 16.8 ± 2.3 136.5 ± 38.2 207.1 ± 89.4   706.8 ± 199.9

GIP (pmol/L)
CB   9.2 ± 1.8 84.9 ± 10.5 93.0 ± 13.6 4904.6 ± 426.7   9089.2 ± 1137.8
KB 12.4 ± 1.6 74.5 ± 11.0 84.0 ± 13.5 4494.8 ± 743.1 7169.4 ± 989.0

GLP-1 (pmol/L)
CB 15.5 ± 1.4 30.9 ± 2.1 86.3 ± 15.7 949.9 ± 95.0 2019.9 ± 183.0
KB 18.3 ± 1.6 30.2 ± 1.8 76.5 ± 16.9     594.7 ± 102.4*   1167.0 ± 295.3*

RaT (mg/kg·min)
CB 2.0 ± 0.1 6.5 ± 0.3    57.0 ± 14.5 39.1 ± 1.4 88.1 ± 1.6
Kb 2.0 ± 0.0 6.8 ± 0.3 36.0 ± 6.0 38.2 ± 1.1 85.1 ± 1.4

RaE (mg/kg·min)
CB 0 ± 0 4.9 ± 0.2 66.0 ± 14.9 49.7 ± 1.6 95.9 ± 4.7
KB 0 ± 0 4.9 ± 0.2 42.0 ± 12.0 46.9 ± 1.7 89.1 ± 1.8

EGP (mg/kg·min)2

CB 2.0 ± 0.1 0.9 ± 0.2 111.0 ± 12.1 43.4 ± 9.3 157.8 ± 26.7
KB 2.0 ± 0.0 0.9 ± 0.2 117.0 ± 23.7 40.8 ± 8.8 151.4 ± 24.3

GCR (mL/kg·min)
CB 2.5 ± 0.1 6.4 ± 0.2  100.5 ± 12.5 15.6 ± 1.5 32.7 ± 1.7
KB 2.5 ± 0.1 6.1 ± 0.3    85.5 ± 12.3 15.5 ± 1.9 30.9 ± 2.9
13CO2 (%dose/h)
CB 0 ± 0 7.7 ± 0.2 228.0 ± 9.2 4.3 ± 0.3 31.7 ± 0.7
KB 0 ± 0   7.2 ± 0.2* 237.0 ± 7.0 4.2 ± 0.2 30.0 ± 0.8

CCK (pmol/L)
CB 0.5 ± 0.1 2.6 ± 0.3 115.5 ± 10.5 142.4 ± 5.7 295.0 ± 26.4
KB 0.6 ± 0.1 2.2 ± 0.1 126.0 ± 14.0    132.0 ± 13.6 243.0 ± 26.2

Total BA (µmol/L)
CB 2.1 ± 0.4 4.3 ± 0.7 61.5 ± 19.7 93.0 ± 23.3 171.2 ± 40.9
KB 2.1 ± 0.6 4.2 ± 0.7 63.0 ± 21.1 80.3 ± 18.1 139.8 ± 42.8

Conjugated BA (µmol/L)
CB 1.2 ± 0.3 3.6 ± 0.6 63.0 ± 19.3 110.8 ± 21.3 216.2 ± 43.4
KB 1.0 ± 0.3 3.3 ± 0.4 64.5 ± 20.7 108.7 ± 24.9 204.5 ± 43.8

Unconjugated BA (µmol/L)2

CB 0.9 ± 0.3 0.2 ± 0.1 211.5 ± 38.0 47.7 ± 26.9 185.2 ± 96.9
KB 1.1 ± 0.5 0.2 ± 0.0 257.3 ± 41.3 60.2 ± 40.5    260.2 ± 160.9

1Values are means ± SEM, n = 10. * Significantly different from control bread. BA, bile acid; CB, control bread; CCK, 
cholecystokinin; EGP, endogenous glucose production; GCR, glucose clearance rate; GIP, glucose-dependent 
insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; iAUC, incremental area under the curve; KB, kernel bread; 
RaE, rate of appearance of exogenous glucose; RaT, rate of appearance of total glucose.
2 Because EGP and unconjugated BAs were suppressed after the test meals, the nadir values and time to nadir are 
presented. Also, the area beneath baseline (dAUC) was calculated using mirrored data.
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Glucose kinetics

The RaE was similar after CB and KB consumption (Figure 4a), except for t = 120 min, where RaE 

was higher after CB intake (P = 0.005). EGP was not significantly different after consumption of CB 

and KB. The rate at which glucose was cleared from the circulation (GCR) was also similar (Figure 4b, 

Table 2). 

Postprandial incretin, glucagon, and CCK response

The average postprandial GIP response was somewhat higher after CB compared with KB intake 

(Figure 5a, Table 2), but a significant difference was only found at t = 120 min (P < 0.005). The average 

GLP-1 response was higher after CB compared to KB consumption at each time point (Figure 5b), 

resulting in a difference in the 0-2 and 0-6 h iAUC (Table 2, P < 0.005). Differences between time 

points could however not be determined, as time×treatment interaction failed to reach significance 

(P = 0.073). 

The postprandial glucagon response appeared higher after CB consumption, but no partial test 

(CB-KB) could be performed for iAUC. Also, differences between meals at individual time points 

could not be tested, as there was no time×treatment interaction (P = 0.9991). 

There was a slight increase in CCK concentrations in response to the test meals, which seemed 

somewhat lower after the KB from 90 min postprandial (Figure 6a, Table 2), although differences 

were not significant (iAUC 0-6 h, P = 0.03). 
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Figure 4. Mean (± SEM) of (a) RaE and (b) 
changes from baseline in GCR, after ingestion 
of 138 g 13C-enriched control bread (●) and 
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Figure 5. Mean (± SEM) changes from 
baseline in (a) plasma GIP concentrations 
and (b) plasma GLP-1 concentrations, after 
ingestion of 138 g 13C-enriched control bread 
(●) and 137 g 13C-enriched kernel bread 
(◊) in healthy men (n = 10). There was a 
significant time × treatment interaction for 
GIP (P = 0.036), but not for GLP-1 (P = 0.073). 
*Significantly different between treatments 
per time point (after Benjamini-Hochberg 
correction). GIP, glucose-dependent 
insulinotropic polypeptide, GLP-1, glucagon-
like peptide-1.
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Figure 6. Mean (± SEM) changes from baseline in (a) plasma CCK concentrations (b) total plasma BA concentrations, 
(c) unconjugated BA concentrations and (d) conjugated BA concentrations, after ingestion of 138 g 13C-enriched 
control bread (●) and 137 g 13C-enriched kernel bread (◊) in healthy men (n = 10). There were no significant time × 
treatment interactions. CCK, cholecystokinin, BA, Bile acid.
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Postprandial bile acid response

The postprandial pattern of glycine and taurine conjugated BAs in plasma was intra-individually 

identical, with the highest concentrations for GCDCA, followed by either GDCA or GCA. The 

unconjugated BAs (primary and secondary) also responded in the same way within each person per 

test period. Therefore, by summing up concentrations, individual BAs were grouped as conjugated 

and unconjugated BAs, and together they formed the total BA response (Figure 6b). Unconjugated 

BAs in plasma showed a decrease after test meal consumption (Figure 6c), whereas the conjugated 

BAs increased postprandial and peaked around t = 30 min (Figure 6d). After CB consumption, 

conjugated BAs showed a second peak around t = 120 min. Due to the great inter-individual variation 

in postprandial responses, F-tests did not result in significant P-values, so differences between CB 

and KB could not be tested. 

13CO2 excretion in breath
13CO2 excretion in breath, reflecting the rate of oxidation of the 13C-labeled substrate, was higher 

after CB consumption at t = 210 min (P = 0.0014). The time to peak was not different after the meals, 

but the peak value was significantly higher after CB consumption (P = 0.005) (Table 2). 

Correlations

Correlations between several variables (all time points, 0-6 h; P < 0.05) were determined (Table 3). 

RaE and GIP were very well correlated, especially for CB (CB, r = 0.84; KB, r = 0.71). RaE and GLP-

1 showed a moderate correlation (CB, r = 0.70; KB, r = 0.58). The correlation between GLP-1 and 

conjugated BAs was moderate for CB (r = 0.60), and lower for KB (r = 0.39). Total BAs with GLP-1 

showed similar correlation coefficients (CB, r = 0.53; KB, r = 0.43).

Table 3. Correlation coefficients relating the glucose, insulin, GIP, GLP-1, conjugated and total BA concentrations, and 
RaE after ingestion of 138g 13C-enriched CB and 137g 13C-enriched KB1

Glucose Insulin GIP GLP-1 RaE BA Con BA Tot

CB KB CB KB CB KB CB KB CB KB CB KB CB KB

Glucose

Insulin 0.86 0.83

GIP 0.57 0.56 0.55 0.63

GLP-1 0.41 0.43 0.41 0.46 0.59 0.69

RaE 0.73 0.71 0.66 0.76 0.84 0.71 0.70 0.58

BA Con 0.21 0.24 0.18 0.41 0.34 0.27 0.60 0.39 0.41 0.38

BA Tot 0.23 0.25 0.19 0.39 0.26 0.25 0.53 0.43 0.35 0.27 0.94 0.89

1The within-subject relationship (correlation) between variables was tested by regression analysis according to the 
method of Bland and Altman35, P < 0.05. BA Con, conjugated bile acids; BA Tot, total bile acids; CB, control bread; 
GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; KB, kernel bread; RaE, rate of 
appearance of exogenous glucose.
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Rated appetite, discomfort and liking of test meal

The subjective sensation of appetite (hunger), as determined hourly using a VAS, was similar after 

consumption of CB and KB (data not shown). Occasional mild complaints about flatulence were 

not meal type related. The liking of the test meal was rated by using a VAS (0 = not tasty, 100 = very 

tasty). The resulting scores (CB = 57, KB = 33) indicate that the KB was not well appreciated by the 

subjects.

DISCUSSION

This paper describes the glucose kinetics and metabolic effects in healthy men after consumption 

of control bread (CB) and 85% broken kernel bread (KB). We expected that consumption of KB 

would result in a low glycemic response due to slower digestion of starch in the larger wheat kernel 

particles (17, 18). However, the postprandial glycemic response did not differ after consumption 

of our breads. Although a similar glycemic response does not exclude a difference in in vivo 

starch digestibility due to possible differences in GCR (33, 34) or EGP, the present study found no 

pronounced differences in glucose kinetics. The RaE, reflecting intestinal glucose uptake, as well 

as the GCR and EGP, were similar after KB compared to CB.  However, a clear difference in GLP-1 

responses was observed after consumption of the test meals.

The use of intact grain kernels in bread formulations has been reported to reduce the glucose 

response by limiting starch gelatinization and forming a physical barrier for α-amylase, reducing 

amylolysis (36). For instance, the incorporation of 80% preboiled whole wheat kernels (37, 38) showed 

the expected lowering effect of incorporated kernels on the glycemic response. However, the use of 

intact kernels per se does not necessarily induce a low GI, as incorporation of oat kernels showed less 

effect on glycemia (38). Considering the palatability of the breads, we chose to incorporate broken 

wheat kernels and not intact kernels in KB, because the replacement of flour (50 and 75% (18)) with 

cracked wheat was also previously reported to result in a reduction in GI. The broken kernels were 

soaked overnight to prevent difficulties in chewing. Even though the broken kernels in KB were 

still clearly visible, during preparation of the dough the soaked kernels were thoroughly kneaded 

together with other ingredients, which might have further destructured the kernels, thus increasing 

starch accessibility to amylolysis. Breads were extensively characterized to document the impact of 

addition of broken kernels. The porosity, the average size of air cell diameter and air cell distribution 

was not significantly different between both breads. However, KB did have a higher density, which in 

itself is a characteristic that could give rise to a lower glycemic response (39). Moreover, the average 

air cell wall thickness of KB was significantly increased compared to CB, but these differences were 

apparently not large enough to evoke a difference in glucose response or kinetics.  

Despite the similarities in the glycemic response, however, the GLP-1 response was much lower 

after KB consumption compared to CB (iAUC, P<0.005). Nutrient ingestion is the main stimulus to 

L-cells, which are described as an open type cell, enabling direct stimulation and release of GLP-1 

by luminal contact (40). Although several mechanisms have been proposed with respect to glucose 
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sensing, in the early postprandial phase GLP-1 secretion seems to mainly involve the SGLT-1 glucose 

transporter in L-cells, similar to GIP secretion from K-cells (41, 42). In the present study, glucose 

transport across the intestinal membrane is reflected by the RaE, which correlated well with GLP-

1 concentrations after the CB (r = 0.70, P < 0.01), but more moderately after the KB (r = 0.58, P < 

0.01). However, the correlations of RaE with GIP (CB: r = 0.84 and KB: r = 0.71, P < 0.01), which are in 

accordance with our previous studies (31, 34), were stronger. The involvement of additional factors 

in stimulating GLP-1 release in the present study is thus likely.

We expected that due to the larger particle size in KB, more starch would reach the more abundant 

distal L-cells, resulting in an increased late-postprandial GLP-1 response. This was, for instance, seen 

in a study with slowly digestible starch, together with a prolonged influx of glucose (31). However, 

the GLP-1 response was prolonged after CB, but not after KB consumption, even though intestinal 

glucose uptake did not differ between our breads.

Moreover, with inhibition of SGLT-1 and in SGLT-1-/- mice, a late prolonged increase in GLP-

1 after a glucose load was observed (43), besides the decreased GIP and GLP-1 responses in the 

early postprandial phase (41, 42). This indicates that the late postprandial GLP-1 response might 

not require glucose absorption via SGLT-1 (43). Because L-cells are densely distributed in the distal 

small intestine and colon, it might be that only the presence of still unabsorbed carbohydrates 

is important in stimulating GLP-1 in the late postprandial phase, for instance via other glucose-

sensing mechanisms. 

A prolonged postprandial GLP-1 response was also observed when sucrose digestion was 

delayed by acarbose (44, 45), which was linked to a simultaneous increase in breath hydrogen after 

60-120 min, related to fermentation of sucrose. Another explanation for GLP-1 secretion in the late 

postprandial phase is therefore the involvement of short chain fatty acids (SCFAs), produced during 

fermentation of unabsorbed carbohydrates or fiber by the intestinal microbiota, and known to 

stimulate GLP-1 secretion as well (46). Although fermentation of solid food may be expected in a 

later phase, in a previous study using 13C-labeled barley, 13C-labeled SCFAs in plasma were detected 

within 3 h after ingestion (23). Increased SCFA formation after CB may be expected due to the 

presence of finer wheat bran (47). 

In addition to nutrients and SCFAs, BAs are also able to potentiate GLP-1 release via activation 

of the BA receptor TGR5 (13,14, 48). Besides in vitro and animal data, in healthy humans, jejunal 

infusion with TCA and glucose increased GLP-1 concentrations (49). In our study, conjugated bile 

acids in plasma increased, whereas the unconjugated BAs decreased after bread consumption. 

These observations are in agreement with those of others made after an OGTT (50, 51). However, to 

the best of our knowledge, so far the differences in BA responses after various starchy food products 

have not yet been investigated. After KB consumption, the total BA response tended to be lower 

compared to CB (from t = 90 min), but differences were not significant and large inter-individual 

variations were observed. CCK, involved in regulating gall bladder contraction and thus BA release, 

showed only a slight increase in response to the test meals, which also tended to be somewhat 
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lower for KB between 90 and 180 min postprandial. However, an apparent difference between CCK 

and BA response patterns was the peak in BA concentration during the first 60 min, which was not 

detected in the CCK response in the present study. 

We found a moderate correlation between GLP-1 and total BAs (CB r = 0.53, KB r = 0.43) and 

GLP-1 and conjugated BAs (CB r = 0.60, KB r = 0.39), indicating that there may be a relationship 

between the BA and GLP-1 response. In agreement, another study found a correlation of GLP-1 with 

mainly glycine-conjugated BAs and total BAs after ingestion of a mixed meal (52). The correlation 

coefficients for KB were clearly lower compared to CB, and as mentioned earlier, lower values for KB 

were also observed when correlating RaE with GIP and GLP-1. Because the interactions are likely to 

happen in the intestine, it might be that the more preserved kernel structure in KB resulted in less 

accurate glucose-sensing or interfered in BA-binding by the K- and/or L-cells.

It should also be kept in mind that the BAs measured in the systemic circulation do not necessarily 

directly reflect what happens in the intestine as, for instance, reabsorption of BAs might be influenced 

by food components. Fiber was found to bind BAs to a certain extent (53) and with respect to bran, 

especially more finely milled wheat bran was suggested to have higher BA binding capacity (54). 

Thus, the finer wheat bran fiber in CB could have bound more BAs, preventing reabsorption and 

resulting in higher exposure of the L-cells to BAs in the distal small intestine and colon, thereby 

contributing to the higher late GLP-1 response after CB. In support of this, it was shown in rodents 

that BA sequestrant administration could increase fecal BAs, stimulate TGR5 on L-cells located in 

the colon, and increase postprandial GLP-1 concentrations (55). Moreover, rectal infusion of TCA in 

obese T2DM patients resulted in a pronounced, dose-dependent GLP-1 response (56).

More research is necessary to understand the complex regulation of postprandial GLP-1 

stimulation and the possible role of BAs. Therapies that increase BAs (or mimetics) in the distal 

bowel as a means of increasing endogenous GLP-1 concentrations have been suggested as novel 

treatments of T2DM and obesity (56). Several other approaches to increase GLP-1 action are being 

intensively studied for their potential therapeutic use. Furthermore, because of the beneficial 

effects in T2DM patients, treatment with GLP-1 analogs was also proposed for people with pre-

diabetes to prevent progression to T2DM (57, 58). Pharmaceutical intervention might, however, 

have downsides, and increasing endogenous GLP-1 concentrations by nutritional means would 

therefore be interesting

Some potential limitations of this study should be considered. The breads were frozen 

after baking, to keep them fresh during the whole study period (4-week). Differential effects on 

digestibility of starch in the control or kernel bread cannot be excluded. Furthermore, we did not 

measure the protein content of the products. Protein can affect the blood glucose response, by 

influencing the insulin response independent of carbohydrates. However, we expected the protein 

content to be very similar, as both breads were made from the same wheat type and also had the 

same starch content.

To conclude, the substitution of 85% wheat flour by broken kernels in bread did not result in 
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any difference in glucose response and kinetics, but did elicit a pronounced difference in GLP-1 

responses. Because of the complex regulation of GLP-1 release, several factors could simultaneously 

play a role after consumption of food products such as bread. Plasma bile acids showed a pronounced 

response after the breads, which might play a role in GLP-1 stimulation. 

Our findings show that the glycemic response is not the only parameter which can determine 

health effects of starchy foods. The GLP-1 response is apparently largely independent from glucose 

kinetics and might be influenced by other characteristics of starchy food products. Therefore, 

our finding shows that bread processing technology can influence metabolic response beyond 

glycemia, which offers significant opportunities. 
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ONLINE RESOURCE 1    

Bread characterization – microscopy and X-ray microtomography 

Methods - Microscopy

Stereomicroscopy was performed without sample preparation with an Olympus SZX-9 microscope 

connected to a DP-50 digital camera (settings Red 1.22; Green 1.22 and Blue 1.22). Light microscopy 

was performed with an Olympus BH-2 light microscope and the same camera type and settings. 

Sections of 10 μm thickness were cut in a cryostat-microtome at -26°C and applied to gelatin/

glycerol coated slides. Sections were stained for 1 min with Lugol (KI-I2) to color the starch (blue) and 

for 10 minutes with 0.05% Ponceau 2R solution in 50% glycerol in water to color the protein (red). 

The excess of stain was rinsed with a minimum of water and sections were covered with glycerol.

Methods - X-ray microtomography 

To determine bread porosity, samples were scanned using a desktop X-ray microtomography (XRT) 

system (Model 1172, SkyScan, Aartselaar, Belgium) consisting of an X-ray tube, an X-ray detector and 

a CCD camera. The X-ray tube was operated at a voltage of 40 kV/250 µA to obtain optimum contrast 

between void (air cells) and matter (cell walls) according to a modified method [1]. A 12-bit cooled 

CCD camera (512 x 1024 pixels) was used to collect the X-ray data. Samples were rotated by a total of 

180° during the scanning process with a pixel size of 24.31 μm to obtain optimum resolution, which 

gave a total scanning time of 18 min. The initial X-ray radiographs or raw images were obtained 

at every 0.7° of rotation. In order to avoid water migration during analysis, samples were sealed 

in stretch film. Samples were scanned in triplicate. After scanning, radiographs were loaded into 

NRecon reconstruction software (version 1.6.6). The software combined the images graphically into 

a 3-D object from which 2-D cross sectional images were taken. Before the reconstruction, the CS 

rotation feature was used to rotate the sample cross sections, making them parallel to the view 

window. Beam hardening correction was set to 40% in order to reduce the number of artefacts. Cell 

walls of the solid matrix appear grey, whereas air cells appear black. The reconstructed 2-D slices 

were then loaded into CTAn software (version 1.12, Skyscan, Belgium) to obtain the parameters of 

porosity, air cell wall thickness, and air cell diameter.

Results XRT

Although CB seemed more porous than KB, it was not significantly different (Supplemental Figure 

1, Supplemental Table 1). Furthermore, the average air cell diameter was not statistically different 

between CB and KB (Supplemental Table 1). However, the predominant air cell diameter of CB ranged 

between 200-1000 µm, compared to 600-1200 µm for KB (Supplemental Figure 2a). Generally, KB 

had a more homogenous cell diameter distribution (Supplemental Figure 2a). Addition of broken 

wheat kernels resulted in thicker average cell walls in KB and had a major impact on the volumetric 

distribution of cell wall thickness. CB had a narrower range of cell wall thickness, mostly around 200 
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µm, whereas KB had a wider profile where the thickness went as high as 1500 µm (Supplemental 

Figure 2b) due to the presence of large kernel pieces. Average air cell wall thickness of KB (365 ± 33 

µm) was more than double compared to CB (147 ± 11 µm) (Supplemental Table 1, P < 0.05).

 

   

 

   

Supplemental Figure 1. Reconstructed 3D- and selected representative 2D-images of control and kernel bread 
using X-ray microtomography.

Kernel bread

Control bread
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Supplemental Table 1. Image analysis parameters from 3D XRT data1

Sample Average cell wall 
thickness (µm)

Average cell 
diameter (µm)

Porosity 
(%)

Control bread 143 ± 7a 900 ± 143c 83 ± 3d

Kernel bread 365 ± 33b 1065 ± 266c 73 ± 7d

1Values are means ± SD, n = 3. The values marked with different letter in a column are significantly different at 95% (P 
< 0.05) confidence level

Supplemental Figure 2. Distribution profiles of  (a) air cell diameter and (b) air cell wall thickness of 13C-enriched 
control bread (—) and kernel bread (∙∙∙∙∙).

Reference

1.  Sozer N, Dogan H, Kokini JL (2011) Textural properties and their correlation to cell structure in porous food 

materials. J Agric Food Chem 59:1498-1507 
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ONLINE RESOURCE 2

Supplemental Methods - Analysis of bile acids

Chemicals and reagents

Cholic acid (CA), tauro-cholic acid (TCA), glyco-chenodeoxycholic acid (GCDCA), ursodeoxycholic 

acid (UDCA), tauro-chenodeoxycholic acid (TCDCA), D4-chenodeoxychol acid (D4-CDCA) and D4-

cholic acid (D4-CA) were purchased from Sigma-Aldrich (St. Lous, MO).

Lithocholic acid (LCA), deoxycholic acid (DCA), tauro-deoxycholic acid (TDCA), glyco-deoxycholic 

acid (GDCA), glyco-lithocholic acid (GLCA), chenodeoxycholic acid (CDCA), glyco-ursodeoxycholic 

acid (GUDCA), tauro-lithocholic acid (TLCA), glyco-cholic acid (GCA), and tauro-ursodeoxycholic 

acid (TUDCA) were purchased from Calbiochem.

D4-glyco-chenodeoxycholic acid (D4-GCDCA) and D4-glyco-cholic acid (D4-GCA) were purchased 

from CDN Isotopes (Pointe-Claire, Quebec, Canada).

D4-tauro-chenodeoxycholic acid (D4-TCDCA) and D4-tauro-cholic acid (D4-TCA) were purchased 

from Medical Isotopes (Pelham, NH).

HPLC-grade Methanol was purchased from Rathburn Chemicals (Walkerburn, Scotland).

Ammonium acetate and 25% ammonia were purchased from Merck (Darmstadt, Germany).

Instrumentation

Two different LC-MS systems were used for the analysis of the plasma samples.

System 1 consists of a SHIMADZU liquid chromatography (LC) system (SHIMADZU, Kyoto, Japan) 

coupled to an AB SCIEX API-3000 triple quadrupole mass spectrometer with electrospray ionization 

(ESI) source (AB SCIEX, Framingham, MA).

System 2 consists of an Agilent 1100 liquid chromatography (LC) system (Agilent, Santa Clara, CA) 

coupled to an AB SCIEX API-3200 triple quadrupole mass spectrometer with electrospray ionization 

(ESI) source (AB SCIEX, Framingham, MA).

The LC-MS systems are controlled by Analyst 1.6 software.

All chromatographic separations were performed with a XBridge TM Shield RP18 column (100 mm x 

2.1 mm, 3.5 µm) equipped with a XBridge TM Shield RP18 guard column (10 mm x 2.1 mm, 3.5 µm) 

(Waters, Milford, MA).
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Liquid chromatographic and mass spectrometric conditions

The mobile phase consisted of 20 mM ammonium acetate, adjusted to pH 8.0 with 25% ammonia 

(mobile phase A) and methanol (mobile phase B), at a total flow rate of 0.2 ml/min. The gradient 

profile is shown in Supplemental table 1.

Supplemental table 1. Gradient profile

Total time (min) Flow rate (ml/min) %A %B

0.0 0.200 60 40
22.0 0.200 20 80
22.5 0.200 5 95
25.5 0.200 5 95
26.0 0.200 60 40
33.5 0.200 60 40

The injection volume of all samples was 10 µl.

The mass spectrometer parameters, such as gas pressure, voltage, temperature, etc., were 

optimized by infusing each analyte and the internal standards (IS) separate in a 50% MeOH solution 

via a Harvard pump 11 standard infusion syringe pump (Harvard Apparatus, South Natick, MA). 

All bile acids were detected in negative mode with the mass spectrometer source settings shown in 

Supplemental table 2 and 3.

Supplemental table 2. Mass spectrometer source settings (system 1-API-3000) period 1 and 2

Detection mode MRM, negative mode
Resolution Q1 Unit
Resolution Q3 Unit
Nebulizer gas 12
Curtain gas 10
CAD gas 5
Ion spray voltage -3000V
Temperature 450 oC
EP -10
MR pause 5 msec

Supplemental table 3. Mass spectrometer source settings (system 2-API-3200) period 1 and 2

Detection mode MRM, negative mode
Resolution Q1 Unit
Resolution Q3 Unit
Collision gas 10
CAD gas 10
Ion source gas 1 25
Ion source gas 2 30
Temperature 600 oC
Ion spray voltage -4500V
MR pause 5 msec
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The multiple reaction monitoring (MRM) transitions for each bile acid and internal standard, as well 

as their optimum MS parameters such as collision energy (CE), declustering potential (DP), focusing 

potential (FP), cell exit potential (CXP) and cell entrance potential (CEP) are shown in Supplemental 

table 4 and 5. 

Sample preparation

For plasma samples, 250 µl of internal standard solution was added to 25 µl plasma, vortexed, and 

centrifuged at 15.900 x g for 10 min. The supernatant was transferred into a new vial, evaporated 

under nitrogen at 40 oC, and reconstituted in 100 µl of 50% methanol. The solution is now filtered 

with a 0.2 µm centrifugal filter at 2000 x g. After this step the samples are ready for analysis. 

Supplemental table 4. MRM settings system 1 (API-3000)

Component Q1
mass

Q3 
mass

Dwell 
time 

(msec)

Declus-
tering 

potential 
(DP)

Focus-
sing 

potential
(FP)

Collision 
energy 

(CE)

Cell exit 
potential 

(CXP)

UDCA 391.3 391.3 90 -96 -240 -5 -17
CA 407.2 407.2 90 -96 -140 -5 -17

D4-CA 411.2 411.2 90 -96 -140 -5 -17
GUDCA 448.4 74.0 90 -90 -310 -70 -15

GCA 464.2 74.1 90 -100 -240 -76 -13
D4-GCA 468.2 74.1 90 -100 -240 -76 -13
TUDCA 498.4 79.9 90 -101 -300 -102 -10

TCA 514.2 79.9 90 -100 -230 -100 -5
D4-TCA 518.2 79.9 90 -100 -230 -100 5

LCA 375.1 375.1 90 -101 -280 -5 -17
CDCA, DCA 391.3 391.3 90 -96 -240 -5 -17
D4-CDCA 395.3 395.3 90 -96 -240 -5 -17

GLCA 432.1 74.0 90 -101 -280 -68 -5
GCDCA, GDCA 448.4 74.0 90 -90 -310 -70 -15

D4-GCDCA 452.4 74.0 90 -90 -310 -70 -15
TLCA 482.2 79.8 90 -90 -340 -98 -5

TCDCA, TDCA 498.4 79.9 90 -101 -300 -102 -10
D4-TDCA 502.4 79.9 90 -101 -300 -102 -10
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Supplemental table 5. MRM settings system 2 (API-3200)

Compo
nent

Q1
mass

Q3 
mass

Declus-
tering 

potential 
(DP)

Cell 
entrance 
potential 

(CEP)

Collision 
energy 

(CE)

Cell exit 
potential 

(CXP)

Entrance
Potential

(EP)

Dwell 
time 

(msec)

UDCA 391.3 391.3 -130 -26 -13 -4 -4 90
CA 407.2 407.2 -28 -21 -14 -4 -12 90

D4-CA 411.2 411.2 -28 -21 -14 -4 -12 90
GUDCA 448.4 74.0 -118 -20 -63 -1 -10 90

GCA 464.2 74.1 -106 -23 -65 -1 -7 90
D4-GCA 468.2 74.1 -106 -23 -65 -1 -7 90
TUDCA 498.4 79.9 -23 -21 -83 -1 -5 90

TCA 514.2 79.9 -39 -25 -121 -1 -4 90
D4-TCA 518.2 79.9 -39 -25 -121 -1 -4 90

LCA 375.1 375.1 -123 -18 -13 -6 -7 90
CDCA 391.3 391.3 -134 -19 -13 -5 -10 90
DCA 391.3 391.3 -115 -19 -15 -5 -6 90

D4-CDCA 395.3 395.3 -134 -19 -13 -5 -40 90
GLCA 432.1 74.0 -100 -22 -58 -2 -4 90

GCDCA 448.4 74.0 -102 -20 -62 -1 -7 90
GDCA 448.4 74.0 -103 -20 -62 -1 -7 90

D4-GCDCA 452.4 74.0 -102 -20 -62 -1 -7 90
TLCA 482.2 79.8 -60 -22 -109 -1 -7 90

TCDCA 498.4 79.9 -146 -23 -111 -1 -7 90
TDCA 498.4 79.9 -153 -22 -115 -2 -7 90

D4-TDCA 502.4 79.9 -153 -22 -115 -2 -7 90
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ABSTRACT

BACKGROUND: The consumption of products rich in cereal fiber and with a low glycemic index is 

implicated in a lower risk of metabolic diseases. Previously, we showed that consumption of fiber-

rich pasta compared with bread resulted in a lower rate of appearance of exogenous glucose and 

a lower glucose clearance rate quantified with a dual isotope technique, which was in accordance 

with a lower insulin and glucose-dependent insulinotropic polypeptide response. 

OBJECTIVE: To gain more insight into the acute metabolic consequences of the consumption of 

products resulting in differential glucose kinetics, postprandial metabolic profiles were determined.

METHODS: In a crossover study, 9 healthy men [age 21±0.5 y, BMI 22±0.5 kg/m2 (mean±SEM)] 

consumed wheat bread (132 g) and fresh pasta (119 g uncooked) enriched with wheat bran (10 

%). A total of 134 different metabolites in postprandial plasma samples (at -5, 30, 60, 90, 120, and 

180 min) were quantified by using a gas chromatography-mass spectrometry -based metabolomics 

approach (secondary outcomes). Two-factor ANOVA and advanced multivariate statistical analysis 

(partial least squares) were applied to detect differences between both food products.

RESULTS: 42 different postprandial metabolite profiles were identified, primarily representing 

pathways related to protein and energy metabolism, which were on average 8% and 7% lower after 

the men consumed pasta rather than bread, whereas concentrations of arabinose and xylose were 

58% and 53% higher, respectively. Arabinose and xylose are derived from arabinoxylans, which are 

important components of wheat bran. The higher bioavailability of arabinose and xylose after pasta 

intake coincided with a lower rate of appearance of glucose and amino acids. We speculate that this 

higher bioavailability is due to higher degradation of arabinoxylans by small intestinal microbiota, 

facilitated by the higher viscosity of arabinoxylans after pasta intake than after bread intake.

CONCLUSION: This study suggests that wheat bran, depending on the method of processing, 

can increase the viscosity of the meal bolus in the small intestine and interfere with macronutrient 

absorption in healthy men, thereby influencing postprandial glucose and insulin responses. This 

trial was registered at controlled-trials.com as ISRCTN42106325.
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INTRODUCTION

Metabolomics is increasingly proving its potential to monitor changes in metabolic profiles after 

nutritional interventions (1-3) or after consumption of single nutrients and food products (4-7) 

which ultimately can be used to elucidate the relationship between diet and health or disease. 

Diets rich in cereal fiber and/or with a low glycemic index or glycemic load have been linked 

to a decreased risk of development of metabolic diseases, such as type 2 diabetes, cardiovascular 

diseases, and obesity (8-11). The underlying mechanisms are not fully understood; the lower 

glycemic response itself, the associated lower insulin response, the gastro-intestinal hormone 

response or fiber-associated bioactive compounds have been hypothesized to be involved in the 

reduced risk for these chronic lifestyle-related diseases (12-15).

To gain more insight into these mechanisms, we previously investigated changes in postprandial 

glucose kinetics as well as the insulin and glucose-dependent insulinotropic polypeptide (GIP) 

response after the ingestion of fiber-rich products with ‘slowly’ (pasta) and ‘rapidly’(bread) digestible 

starch. We observed that the consumption of pasta compared with bread resulted in a slower rate 

of appearance of exogenous glucose (RaE), and lower postprandial insulin and GIP concentrations, 

but a similar glycemic response due to a slower glucose clearance rate (GCR) (16). This prompted us 

to perform detailed metabolic profiling to further examine differences in postprandial metabolism 

after consumption of these starchy food products.

METHODS

Subjects 

Ten healthy men [age 21 ± 0.5 y, BMI 23 ± 0.6 kg/m2 (mean ± SEM)] were recruited. The criteria 

for exclusion were use of medication, blood donation or use of antibiotics in the past 3 mo, 

gastrointestinal surgery or dysfunction, inflammatory diseases, and diabetes mellitus. Approval was 

obtained from the Medical Ethics Committee of the BEBO foundation, Assen, The Netherlands. Each 

subject gave written informed consent for the study. This trial was registered at controlled-trials.

com as ISRCTN42106325. A part of the data obtained in this trial was previously published (16, 17).

Experimental design

A detailed description of the experimental design is given elsewhere (16, 17). The study was 

performed in a crossover manner, with at least 1 wk between each study day. Food intake on the day 

before each experiment was individually standardized. Subjects recorded their food intake using a 

diary the day before experiment 1 and consumed the same food on the day before experiment 2. 

A standard evening meal was provided at the commercial research facility (QPS Netherlands B.V.), 

where the subjects stayed overnight. Subjects fasted overnight, but were allowed to drink water. 

During the study period physical activity was limited.
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Test meals

The wheat-based test meals were 132 g bread and 119 g fresh pasta (uncooked weight), prepared at 

TNO, Zeist, The Netherlands. The white wheat flour used for bread was from T. aestivum Kolibri/Ibis 

(ratio 70/30 and for pasta from T. durum de Cecco). Wheat bran (≈ 10 %, English Biscuit Wheat, Meneba) 

was added, resulting in 7 % dietary fiber in the final product, as described before (16, 17). Bread was 

stored at -20 °C until use. Pasta was freshly prepared, stored at 5 °C until use and cooked for 6.5 min 

in 2 L water before consumption. Both test-meals consisted of 50 g available carbohydrates and 

were consumed together with 10 g light margarine (4 g fat), 2 slices lean ham (5 g fat, 6 g protein) 

and 250 mL tap water within 20 min.

Sample collection

Blood was collected into 2 mL BD Vacutainer Fluoride tubes (BD Diagnostics). Three basal blood 

samples were collected (t = -60, t = -30, t = -5) and after the test meal samples were drawn every 15 

min for 2 h and every 30 min for an additional 4 h. After centrifugation (1300 × g for 10 min at 4°C), 

plasma aliquots were stored at –20°C until analysis.

Metabolomics analyses of plasma samples

The GC-MS method used for the measurement of a broad range of metabolites was identical to 

the GC-MS method reported before (18) and applied with success on plasma samples as described 

previously (3, 6). In this study, 100 μl of plasma was extracted and further derivatized. Six samples 

per subject per test meal were analyzed: one baseline sample (t = - 5) and the samples collected at 

30, 60, 90, 120 and 180 minutes after either bread or pasta consumption. Samples of only 9 subjects 

were used as one subject was excluded because he did not consume the pasta meal completely. 

The total of 108 plasma samples was analyzed in 4 different batches. The samples of one particular 

subject were analyzed within the same batch.

The 6 different time-points per subject were analyzed in randomized order. All the study samples 

were prepared and injected once. The performance of the applied metabolic profiling platforms 

was controlled by the frequent analysis of a quality control sample (QC), and method performance 

was monitored by 10 internal standards (including analogs and 2H– and 13C-labeled metabolites), 

as described previously (18, 19). The QC sample, prepared by pooling study samples, represents 

the biochemical diversity of the study samples and allows calculation of the analytical precision for 

all metabolites measured. Every batch contained 6 replicates of the QC samples, with exception of 

the last batch that contained 4 QC replicates. The replicate analyses of the QC samples were used 

to select the most suitable internal standard for each detected metabolite as well as to correct for 

any systematic errors, as described previously in more detail (19). After the above mentioned data 

correction steps, a total of 134 metabolites with known identity were quantified in the different 

plasma samples, of which a total of 100 metabolites had a RSD < 10 % and a total of 18 metabolites 

had a RSD between 10-20%. The data quality was considered to be good (comparable or of higher 

quality as compared to other human studies that used the same methodology (3, 6)). 
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In vitro analysis of arabinoxylan (AX), arabinose (A) and xylose (X) in flour, bran and starchy 

products 

Because A and X were identified in the plasma samples with a distinct postprandial response profile, 

we analyzed the AX, A and X content of the wheat bran (English Biscuit Wheat) as well as of the hard 

(T. durum de Cecco) and the soft wheat flour (T. aestivum Kolibri/Ibis), which were used to produce 

the pasta and bread, respectively. In addition, we assessed how much free A and X is formed as a 

result of the production process of pasta and bread. For this analysis bread and pasta from another 

study (20) were used due to lack of products in the current study. These products were made from 

white wheat flour and wheat bran (7 %) both derived from T. aestivum var Capo. It was assumed that 

formation of A and X during pasta and bread making is not influenced by the origin of the flour or 

wheat bran. Pasta was analyzed raw and after being cooked for 10 min. Samples were homogenized 

by grinding. In all samples, the water content was also measured by using a moisture meter to 

determine the concentrations of bound and free A and X per dry weight unit.

For the analysis of free A and X, 5 g of ground product was extracted with 50 ml of MilliQ water 

for 16 h. For the analysis of total A and X, 100 mg of ground product was homogenized and extracted 

with 30 ml of 2 M sulphuric acid solution in MilliQ water for 1 h at 100° C. The extracts were diluted 

10 times and injected into the High-Performance Anion-Exchange Chromatography with Pulsed 

Amperometric Detection (HPAEC-PAD, Dionex) analysis system. 

Analyses were performed using CarboPac PA1 (50 x 4 mm, Dionex) guard column and a CarboPac 

PA1 (250 x 4 mm, Dionex) analysis column. The temperature of the column was maintained at 22° 

C. 50 µl of (diluted) extract was injected, and the separation was performed with a flow of 1 mL/min 

with the use of a gradient as follows: 0.0 – 19.0 min NaOH 15 mM; 19.1 –24.0 min Acetate 100 mM / 

NaOH 100 mM; 24.0 –32.0 min NaOH 100 mM; 32.0 – 40.0 min NaOH 15 mM.

All eluents were degassed before use by flushing helium; subsequently they were kept 

under a constant helium pressure (eluent degassing module, Dionex). Signals were integrated 

and interpreted by means of chromatography software (PeakNet 5.1 Dionex). Compounds were 

detected using pulsed amperometric detection (PAD, Dionex). 

Quantification was performed by using a 1-point calibration with an external standard solution, 

which was analyzed every 6 samples. All samples were analyzed in duplicate, and the averaged 

concentrations reported. The concentrations of bound A and X were calculated by subtracting the 

measured concentrations of free (unbound) A or X from the measured concentrations of total A or X. 

Statistical analyses and data evaluation

The data sets were analyzed using a two-way ANOVA on time, treatment and its interaction. In 

this mixed model time, treatment and its interaction were used as fixed factors, subject was used 

as random factor. Diagnostics were used to check if the ANOVA assumptions were valid. In case 

the ANOVA assumptions were not met the corresponding metabolite was LOG transformed and 

the ANOVA model was repeated on LOG transformed data. In case the ANOVA assumptions were 
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still not met, the data were checked for the presence of statistical outliers. If present, these were 

removed and the whole procedure was repeated. A sample was considered as a statistical outlier 

and removed if the residual was > 3 x √mse. False Discovery Rate adjustment was used to control 

the false discovery rate and hence to correct for multiple testing. In all statistical tests performed, 

the null hypothesis (no effect) was rejected at the 0.05 level of probability. In this study we evaluated 

metabolites with significant treatment x time interactions, metabolites with a significant treatment 

effect and metabolites with both a significant treatment and time effect. Only when no significant 

interaction between intervention and time was found, main intervention effects averaged over time 

were investigated. The statistical software package SAS (version 9.3; SAS Institute Inc, Cary, NC) was 

used for statistical analysis. 

Partial least squares (PLS) (21) was applied on autoscaled data in order to correlate GC-MS 

time resolved data (delta values) to several time resolved metabolic effects of interest (delta 

values). The endpoints used were insulin response, RaE, GCR, GIP and glucagon as published in 

Eelderink et al.  (16). The delta values were defined as ‘value at time point of interest minus value 

at baseline’. In the PLS procedure the validity of the model was investigated using 10-fold double 

cross validation (DCV) (21). Variable selection was applied during the modeling process using the 

jackknife approach (22). In this way, the importance of the metabolite for the model was evaluated, 

also referred to as the stability of metabolites. Using the RSD values, which were calculated during 

the variable selection procedure, instable metabolites were removed. By ordering the statistical 

importance of the stable and relevant metabolites by regression factors metabolites that contribute 

the most to a specific phenotype were identified. PLS models with R2 mean >0.7 after 10-fold DCV 

were considered to be good models. Metabolites with a higher or equal to 0.1 absolute regression 

value were considered important contributing factors for the good PLS models. Ingenuity Pathway 

Analysis (Ingenuity System, Redwood City, CA, USA) was used to evaluate the differences in 

postprandial metabolism. 

RESULTS

Plasma metabolites

The postprandial response of a total of 134 plasma metabolites with known identity (Supplementary 

Table 1) was quantified before (t= -5), and 30, 60, 90, 120 and 180 min after either bread or pasta 

consumption. ANOVA revealed a significant treatment x time effect for 9 (Figure 1), a significant 

treatment effect for 7 (Table 1, Supplementary Figure 1) and a significant treatment and time 

effect for 15 plasma metabolites (Table 1, Supplementary Figure 2). To further unravel plasma 

metabolites that could explain differences in postprandial metabolism, PLS modeling was applied 

to relate the plasma metabolome to postprandial insulin, GIP, RaE and GCR as parameters earlier 

reported to have different postprandial responses after pasta vs. bread consumption (16). For insulin 

and GCR good PLS models were found and the most contributing plasma metabolites to these 

PLS models are summarized in Table 2. PLS identified an additional 11 plasma metabolites with 
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Figure 1. Plasma metabolites with a significant treatment x time effect in nine healthy male volunteers participating 
in a crossover study consuming either wheat bread (black line) or pasta (dotted line) with postprandial sampling up to 
3 h after consumption. Values are means ±SEM.
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Table 1. Metabolites with a significant treatment, treatment and time or treatment x time effect in nine healthy male 
volunteers participating in a crossover study consuming either wheat bread or pasta with postprandial sampling up 
to 3 h after consumption1. 

Variable Treatment effect
(P – value)

Time effect
(P – value)

Treatment x 
time effect
(P – value)

Response

L-Isoleucine 0.001 a>b2 
L-Leucine 0.029 a>b2

Lactic acid 0.027 a>b2

Fructose 0.025 a>b2

Xylose <0.001 b>a2

Arabinose <0.001 b>a2

2,4-Dihydroxybutanoic acid 0.009 a>b2

L-Phenylalanine <0.001 a>b2

L-Proline <0.001 a>b2

1,2-Diglyceride (Mw 618) 0.030 a>b3

1-Methylhistidine 0.002 a>b3

Urea 0.001 a>b3

Sitosterol 0.021 a>b3

Glyceric acid 0.025 a>b3

Phosphate 0.006 a>b3

Fumaric acid 0.005 a>b3

Fatty acid 14:0 0.044 <0.001 a>b4

Fatty acid 17:0 0.026 <0.001 a>b4

Glycerol 0.035 <0.001 a>b4

Beta-Alanine 0.005 <0.001 b>a4

L-Valine 0.001 <0.001 a>b4

L-Tryptophan 0.001 0.007 a>b4

L-Tyrosine 0.003 <0.001 a>b4

Inositol 0.039 0.001 a>b4

Succinic acid 0.003 0.010 a>b4

Citric acid 0.012 <0.001 a>b4

L-Ornithine 0.020 <0.001 a>b4

Mannose <0.001 <0.001 b>a4

2-Hydroxypiperidine 0.023 0.003 a>b4

Iminodiacetic acid 0.017 0.026 a>b4

Ribulose or Xylulose <0.001 <0.001 a>b4

1a = bread; b= pasta; 2 postprandial responses are shown in Figure 1;  3postprandial responses are shown in OSM Figure 
1; 4postprandial responses are shown in OSM Figure 2

a differential postprandial response in 9 healthy men who consumed pasta as compared to bread. 

This makes a total of 42 out of 134 plasma metabolites to have a different postprandial response. 

These 42 plasma metabolites covered different biological processes related to energy metabolism 

including glycolysis, citric acid cycle and urea cycle intermediates, most amino acids, medium chain 

fatty acids and glycerol, glucose and other monosaccharides such as fructose, ribose, xylulose or 

ribulose. These energy metabolism related plasma metabolites showed significant lower plasma 
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Table 2. Partial least square models that could be well predicted based on the metabolite profiling data from nine 
healthy male volunteers participating in a crossover study consuming either wheat bread or pasta with postprandial 
sampling up to 3 h after consumption1. 

PLS model (mean-R2) Variable Regression value

Insulin (0.721) Glucose 0.232
Lactic acid* 0.220
Myo-inositol -0.164
L-Leucine* 0.158
Beta-Alanine* -0.156
L-Ornithine* -0.136
L-Isoleucine* 0.122
4-hydroxyglutamate semialdehyde -0.122
1,5-Anhydro-D-Glucitol -0.110
L-Tryptophan* 0.109

GCR (0.756) Mannose* -0.233
Lactic acid* 0.182
Pseudo uridine -0.178
Glucose -0.160
Alanine 0.152
Fatty acid 10:0 * -0.151
L-Glutamine 0.150
Vitamin E -0.141
L-Proline* 0.140
L-4-Hydroxyproline 0.140
isocitric acid 0.117
Ribulose- or Xylulose* 0.109
Citric acid* 0.103
Ribose 0.103

1GCR, glucose clearance rate; PLS, Partial least square
*Metabolites with a significant treatment, treatment and time or treatment x time effect from Table 1

concentrations after consumption of pasta as compared to consumption of bread, indicating a lower 

energy generation through the oxidation of acetate derived from carbohydrates, fats and proteins 

into carbon dioxide and energy in the form of adenosine triphosphate (Figures 2 and 3). PLS 

regression on insulin indicates that insulin is an important driver for the difference in the metabolic 

response between pasta and bread, including GCR. 

Next to reduced plasma concentrations of energy metabolism related metabolites including 

protein, lipid and carbohydrate metabolism, remarkable higher concentrations of A and X were 

found after consumption of pasta (Figure 1), which are derivatives from AX. Interestingly, the 

response of A and X is opposite as compared to the response of most metabolites. Furthermore, A 

and X were the metabolites which were the most significantly changed (P-interaction <0.0001 and 

0.00035 respectively) (Figure 1). 
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Figure 2.  Scheme of amino acid metabolism and urea cycle with metabolites indicated (box) that had lower levels in 
nine healthy male volunteers after consumption of wheat pasta as compared to bread.
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Figure 3. Scheme of Citric Acid Cycle with metabolites indicated (box) that had lower levels in nine healthy male 
volunteers after consumption of wheat pasta as compared to bread.

In vitro analysis of flour, bran and starchy products

Both types of flour contained no free A and X and their total amount of AX was the same (Table 3), 

which is in the range of percentages described in literature: 1.7 – 2.9 % AX in refined wheat flours (23) 

and 0.6 – 3.0 % in Durum wheat flour (24).  Wheat bran contained, as expected, a higher amount of 

AX than flour (Table 3). From these data we calculated that one portion bread contained 3.6 g and 

one portion pasta 3.4 g AX (1.4 g from endosperm each and 2.1 and 1.9 g from bran respectively). In 

bread and cooked pasta no free A or X was found and in raw pasta only a negligible amount of A (0.1 

g/100 g wet weight). Thus, during the production process of pasta and bread no A and X is formed.

 

 Glucose metabolism: 
D-glucose, lac�d acid, 
fructose, ribulose or 
xylulose, glyceric acid 
and D-ribose. 

Degrada�on of fa�y acids: 
C14:0 fa�y acid and C17:0 
fa�y acid. 

Metabolism of amino acids: 
L-proline, L-leucine, L-
isoleucine, L-phenylalanine, 
L-valine, L-tryptophan, L-
tyrosine and L-ornithine. 
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Table 3. Concentration of arabinoxylan, arabinose and xylose in flour and wheat bran used for the test products of 
this study1.

Item Wheat flour
T. aestivum Kolibri/Ibis

Wheat flour
T. durum de Cecco

Wheat bran from 
English Biscuit Wheat

Water, g/100 g 14.3 13.8 12.9
Free A, g/100 g wet weight 0.0 0.0 0.4
Free X, g/100 g wet weight 0.0 0.0 0.2
Bound A, g/100 g wet weight 0.8 0.8 8.3
Bound X, g/100 g wet weight 1.2 1.2 14.8
AX, g/100 g wet weight 2.0 2.0 23.1
Bound A, g/100 g dry weight 0.9 0.9 9.5
Bound X, g/100 g dry weight 1.4 1.4 17.0
AX, g/100 g dry weight 2.3 2.3 26.5

1A, Arabinose; AX, arabinoxylan; X, xylose

DISCUSSION

We applied targeted metabolic profiling for in-depth analyses of the postprandial changes 

occurring after consumption of 2 fiber-rich starchy products (bread and pasta), which differed in 

the rate at which starch-derived glucose appeared in the systemic circulation. Despite differences in 

RaE (slower after pasta), the total blood glucose response was the same after consumption of both 

products, whereas the insulin response was lower after the consumption of pasta (16). Lower plasma 

concentrations of metabolites related to energy metabolism were found after pasta consumption 

than after bread consumption. These differences were as expected based on the lower insulin 

response after pasta, which also was confirmed by PLS regression. Our results can only partly be 

compared with those of other studies. Postprandial analyses of metabolites have been conducted 

either after glucose challenges (5-7), after the consumption of breads with different macronutrient 

composition (4) or after the consumption of wheat bread while comparing results of metabolic 

different subgroups (25). An oral glucose load or consumption of wheat bread resulted in increased 

glycolysis and decreased lipolysis, which in our study was shown by, for example, increased lactic 

acid and decreased glycerol and free fatty acid concentrations. After pasta consumption, these 

effects were either less pronounced (glycolysis) or were suppressed for a longer time after pasta 

intake (lipolysis). Several amino acids increased postprandially due to the digestion of protein 

from our starchy products, and the kinetics, especially of leucine and isoleucine, were similar to 

those after the ingestion of refined wheat breads in other studies (4, 25). In our study, amino acid 

concentrations showed less of an increase and an attenuated decrease after pasta consumption 

than after bread consumption. Because pasta can be expected to have a slightly higher protein 

content, a lesser increase after pasta consumption could be explained by the slower absorption 

of amino acids, parallel to slower absorption of starch-derived glucose (RaE). Slower clearance of 

amino acids corresponded to the lower insulin response after pasta consumption. 
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An unexpected finding was the postprandial increase in arabinose and xylose concentrations 

after consumption of the meals, which, to our knowledge, has not been described before. Only in 

one other study were both metabolites detected and decreased in response to a fiber-free meal 

challenge, which can be due to insulin-mediated uptake of these sugars into cells (3).

Arabinose and xylose are derived from arabinoxylan (AX), a hemicellulose, which is an important 

component of wheat bran and also present in the starchy endosperm of the wheat grain. Its main 

feature is a X backbone with A side chains but its specific composition varies dependent on the 

location in the grain (23). In wheat bran, AX is an important part (about 32 %) of the non-starch 

polysaccharides (26) and wheat flour contains about 2.2 % AX (1.7 – 2.9 %) which is located in the 

cell walls of the endosperm (23).   

Isolated AX from endosperm added to a starchy meal has been shown to lower postprandial 

glycemic response (27, 28) and for this function even an European Food Safety Authority (EFSA) 

health claim was approved (29). The mechanism by which this effect is exerted is considered to be 

well known and ascribed to increased viscosity of the meal bolus after consumption of soluble fiber 

interfering with absorption of glucose in the small intestine (29). However, it should be noted that 

other mechanisms could also play a role, as certain types of dietary fiber are implicated with the 

potency to inhibit starch digestion directly (30, 31). Intriguingly, in our study the RaE after pasta is 

significantly lower than after bread and coincides with higher plasma concentrations of A and X.

The question now arises how the early rise in plasma A and X can be explained, as fibers are not 

considered to be broken down in the small intestine. One possibility is that free A and X are already 

present in the products. However, analyses of pasta and bread showed that there is no free A and X 

formed. Thus, this apparently leaves only the possibility that AX is degraded in one way or another 

on its passage through the gastrointestinal tract. One study could be found that demonstrated that 

A in hemicellulose isolated from corn hull can be released under acidic conditions (32). After 3 h 

at 37o C and pH 1, 10% of A was released, but only 0.3 % of X. An increase of the pH to 1.5 and 2 

decreased the release of A to 2.9 and 1% respectively with apparently no release of X. When we 

assume that wheat AX behaves similar, the probability of gastric release (pH 1 - 3) of A and X is not 

very high. Furthermore, the nearly constant postprandial release of both A and X from 60 – 180 min 

suggests another mode of action.

Another possibility is that A and X are released due to enzymatic degradation of AX by the 

microbiota in the gut. Degradation of AX by colonic microbiota does not seem feasible in view of 

the early time points at which the release of A and X occurred; it rather suggests activity of the 

small intestinal microbiota. It is known that the small intestine harbors a range of facultative aerobe 

and anaerobe microbial/bacterial groups although it has a lower species diversity and density 

than the large intestine (33, 34). Functional analysis of the small intestinal microbiota revealed 

that it not only uses and converts simple carbohydrates (35), but can also degrade more complex 

compounds like inulin and other oligosaccharides (36). More specifically, glycoside hydrolase 

(GH) families 10 and 43 were identified, which also comprise the enzymes needed to degrade 
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AX, namely endo-1,4-ß-xylanase  (xylanase,  EC 3.2.1.8),  ß-xylosidase  (EC  3.2.1.37),  and  α-l-

arabinofuranosidase (arabinofuranosidase,  EC  3.2.1.55) (37). These GH families were associated with 

the Bacteroidales group (36), which was also identified to be present in the human small intestine 

in other studies (33, 35, 38, 39). In addition, Firmicutes (especially Bacilli) and Actinobacteria (e.g. 

bifidobacteria) have been shown to be present even in the duodenal microbiota (40-42) members 

of which are able to utilize AX (36, 43).

Thus, the small intestinal microbiota has the potential to degrade AX. An important characteristic 

of dietary fiber that facilitates microbial fermentation is its water solubility (44). Unprocessed AX, 

however, are largely not water soluble, because 70 – 80 % of AX in endosperm (45) and ~94 % of AX 

in bran (26) is water-unextractable (WU). Processing, however, might change these characteristics, 

which will be further discussed below. During bacterial degradation, viscosity is expected to increase, 

because it has been shown that the activity of endoxylanases renders WU-AX more water soluble 

and viscous (45). Solubilized WU-AX fragments and water-extractable viscous AX are then further 

degraded to fragments of low molecular weight and subsequently viscosity again decreases (45). 

Taken together, it seems that microbial degradation of AX in the small intestine is possible, and 

during this process the viscosity of the small intestinal contents may increase and contribute to 

slower digestion of starch by restricting diffusion of α-amylase towards starch and/or absorption of 

starch-derived glucose, reflected by the RaE in our study. In ileal digesta of pigs, soluble AX has been 

shown to be the most important factor that is responsible for differences in viscosity after diets with 

various AX containing breads (46). Increased viscosity coincided with low digestibility of starch after 

the rye aleurone bread despite a decrease of the molecular weight (25 %) of AX (46). Besides viscosity, 

it could be possible that A itself is involved in reducing the appearance of starch-derived glucose 

by inhibiting small intestinal maltase activity (47). However, results so far are contradictory (48, 49).

The remaining question is what causes the apparent difference in small intestinal AX degradation 

between our wheat pasta and bread? Because the amount of AX as well as the composition of both 

test meals were similar, the cause must lie in the differences in food product processing. Obvious 

differences in processing were that pasta dough underwent sheeting (pasta machine by Trattorina) 

after mixing (no drying) and cooking for 6.5 min in water, whereas bread dough after mixing was 

left to rise for 30 min and baked for 30 min at 240 °C. In addition, pasta was consumed directly after 

cooking and bread was frozen at – 20°C and thawed before consumption.   

Information on how food-processing conditions influence AX solubility and molecular weight 

is only available for endosperm-derived AX (50, 51). However, in our bread and pasta also bran AX 

was present and constituted the larger part of AX (ca. 2 g vs 1.4 g from endosperm). Bran AX might 

behave differently due to specific features such as for example presence of high amounts of ferulic 

acid and lignin which might influence its water solubility through interaction with AX (23, 52). One 

study in pigs (46) showed that after consumption of whole meal wheat bread (which contains AX 

from endosperm and also from bran like in our bread) viscosity did not change and molecular 

weight of AX increased in ileal digesta, which is in line with what we would expect based on our 
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data. However, no data on the behavior of AX from whole meal pasta during small intestinal transit 

are available. 

In conclusion, it seems feasible that arabinoxylans are degraded by the small intestinal 

microbiota. The higher solubility of AX in pasta may facilitate their degradation and increase small 

intestinal viscosity. This also suggests that wheat bran, depending on food processing, can, by 

means of increased viscosity, interfere with macronutrient absorption or digestion in the small 

intestine and thereby influence postprandial glucose and insulin responses. The effect of processing 

on bran AX therefore warrants further exploration. 
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# Metabolite name
1 1,2,4-Trihydroxybenzene       

2 1,2-Diglyceride (Mw 618)

3 1,2-Diglyceride (Mw 592)

4 1,2-Diglyceride (Mw 620)

5 1,3-Diglyceride (Mw592)

6 1,3-Diglyceride (Mw620)

7 1,5-Anhydro-D-Glucitol        

8 1-Methylhistidine             

9 1-Monopalmitoylglycerol       

10 1-Monostearoylglycerol        

11 1-Monolineoylglycerol         

12 1-Monooleoylglycerol          

13 2,3,4-Trihydroxybutanoic acid 

14 2,4-Dihydroxybutanoic acid    

15 2-Amino-1-butyric acid        

16 2-Hydroxybutanoic acid        

17 2-Hydroxypentanoic acid       

18 2-Hydroxypiperidine           

19 2-monooleoylglycerol          

20 2-monopalmitoylglycerol       

21 2-stearoylglycerol            

22 3-Amino-2-piperidinon         

23 3-Hydroxybutanoic acid        

24 3-Methylhistidine             

25 4-Methyl-2-oxovaleric acid    

26 4-hydroxyglutamate semialdehyde

27 4-oxoproline                  

28 Alanine                       

29 Aminomalonic acid             

30 Arabinose                     

31 Arachidonic acid              

32 Beta-Alanine                  

33 Fatty acid 10:0              

34 Fatty acid 12:0             

35 Fatty acid 14:0              

36 Fatty acid 16:0              

37 Fatty acid 16:1 (n-7)             

38 Fatty acid 17:0              

39 Fatty acid 18:0              

40 Fatty acid 18:1 (n-9)             

41 Fatty acid 18:2  (n-9 and n-6)            

42 Methylester 18:2 (n-9 and n-6)           

43 Fatty acid 20:1 (n-9)             

44 Fatty acid 22:6  (n-3)           

45 Cholesterol                   

# Metabolite name
46 Citric acid                   

47 Creatinine                    

48 D-Glucose           

49 D-Glutamic acid               

50 D-Maltose      

52 D-Ribose                      

53 Erythronic acid               

54 Lysophosphatidic acid 16:0

55 Fructose                      

56 Glutamic acid internal amide  

57 Glyceric acid                 

58 Glycerol                      

59 Glycine                       

60 Hexadecanoic-methylester      

61 HypoXanthine                  

62 Indole-3-propionic acid       

63 Inositol                      

64 L-4-Hydroxyproline            

65 L-Asparagine                  

66 L-Aspartic acid               

67 L-Cysteine                    

68 L-Glutamine                   

69 L-Histidine                   

70 L-Isoleucine                  

71 L-Leucine                     

72 L-Lysine                      

73 L-Methionine                  

74 L-Ornithine                   

75 L-Phenylalanine               

76 L-Proline                     

77 L-Serine                      

78 L-Tryptophan                  

79 L-Tyrosine                    

80 L-Valine                      

81 Sphingomyelin (d16:1/16:0)

82 Sphingomyelin (d16:1/18:0)

83 Sphingomyelin (d16:1/20:0)

84 Sphingomyelin (d16:1/22:0)

85 Sphingomyelin (d16:1/24:1)

86 Sphingomyelin (d17:1/16:0)

87 Sphingomyelin (d17:1/18:0)

88 Sphingomyelin (d17:1/24:0)

89 Sphingomyelin (d18:0/16:0)

90 Sphingomyelin (d18:1/16:0)

91 Sphingomyelin (d18:1/17:0)

ONLINE SUPPORTING MATERIAL
Supplemental Table 1. List of metabolites which were quantified in plasma samples of nine healthy men before (t= 
-5), and 30, 60, 90, 120 and 180 min after either bread or pasta consumption.

# Metabolite name
92 Sphingomyelin (d18:1/18:0)

93 Sphingomyelin (d18:1/22:0)

94 Sphingomyelin (d18:1/23:0)

95 Sphingomyelin (d18:1/24:0)

96 Sphingomyelin (d18:2/16:0)

97 Sphingomyelin (d18:2/18:0)

98 Sphingomyelin (d18:2/20:0)

99 Sphingomyelin (d18:2/24:0)

100 Lactic acid                   

101 Meso-erythrytol               

102 Monomethylphosphate           

103 Myo-inositol                  

104 Inositol cyclic phosphate

105 N-carboxyl-alanine            

106 N-carboxyproline              

107 N-carboxyvaline               

108 N-methyl-4-hydroxyproline     

109 Phosphate                     

110 Pipecolinic acid              

111 Pseudo uridine                

112 Pyruvic acid                  

113 Quinic acid                   

114 Ribulose- or Xylulose         

115 S-methyl-L-cysteine           

116 Succinic acid                 

117 Sucrose                       

118 Threonine                     

119 Ureum                         

120 Uric acid                     

121 Vitamin E                     

122 Xylose                        

123 Fumaric acid                  

124 Glycolic acid                 

125 Iminodiacetic acid      

126 Isocitric acid                

127 Malic acid                    

128 Methyluric acid isomer 1      

129 Methyluric acid isomer 2      

130 Oxalic acid                   

131 Phosphorylethanolamine        

132 Sitosterol                    

133 Sn-Glycerol-3-Phosphate       

134 Stearamide                    
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ONLINE SUPPORTING MATERIAL

Supplemental Figure 1. Plasma metabolites with a significant treatment effect in nine healthy male volunteers 
participating in a crossover study consuming either wheat bread (black line) or pasta (dotted line) with postprandial 
sampling up to 3 h after consumption. Values are means ± SEM.
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Supplemental Figure 2. Plasma metabolites with a significant treatment and time effect in nine healthy male 
volunteers participating in a crossover study consuming either wheat bread (black line) or pasta (dotted line) with 
postprandial sampling up to 3 h after consumption. Values are means ± SEM.
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Supplemental Figure 2 (continued). Plasma metabolites with a significant treatment and time effect in nine healthy 
male volunteers participating in a crossover study consuming either wheat bread (black line) or pasta (dotted line) 
with postprandial sampling up to 3 h after consumption. Values are means ± SEM.
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PRELUDE

The development of Type 2 Diabetes Mellitus (T2DM) is highly lifestyle related, which asks 

for interventions with a focus on physical activity and/or diet aimed at the prevention of this 

disease or slowing its progression from pre-diabetes. Repeated high postprandial blood glucose 

concentrations, which may increase the risk for developing T2DM, is one factor that could be 

targeted by nutritional strategies. Starchy food products, such as bread, are widely consumed 

worldwide and their metabolic quality could be improved by decreasing their glycemic response, 

e.g. via starch digestibility. A better knowledge of the postprandial effects of starchy foods is crucial 

in order to understand their role in the development of (pre-)diabetes and to design more healthy 

starchy food products.

Therefore, the aim of this thesis was to increase our insight into the metabolic effects of starchy 

foods in healthy men by studying the postprandial response and the glucose kinetics of a variety of 
13C-labeled wheat products differing in composition and/or structure. 

The following questions were addressed:

•	 What are the effects of product modification on the postprandial glucose response and 

underlying glucose kinetics?

•	 What are the effects of product modification on other postprandial metabolic factors like 

insulin, GIP, GLP-1, and bile acids?

Our findings (7.1 and 7.2) and their relevance for the prevention of T2DM (7.3) will be discussed in 

this final chapter. 

7.1  THE EFFECTS OF PRODUCT MODIFICATION ON THE POSTPRANDIAL GLUCOSE 

RESPONSE AND UNDERLYING GLUCOSE KINETICS

To get a better understanding of the postprandial glucose response, it is crucial to calculate glucose 

kinetics after the consumption of the starchy food products under study. This provides us with more 

information about the different processes involved. Reduced postprandial glycemia is generally 

linked to slow starch digestion, so in our studies we attempted to decrease in vivo starch digestibility 

(RaE – Rate of appearance of Exogenous glucose) by modifying the composition or structure of 

wheat products. The main effects on glucose response and glucose kinetics will be discussed in this 

section.

Effects of modification of product composition

All our products were designed to contain 7 % dietary fiber, equivalent to the amount in whole grain 

products, by the use of wheat kernels or the addition of wheat bran. In the study described in Chapter 

2, modifying wheat bread, we substituted normal wheat bran for purple wheat bran, resulting in 
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purple bran bread. Purple wheat contains the anthocyanin cyanidin-3-glucoside, which has shown 

inhibitory activity toward pancreatic α-amylase and α-glucosidase in vitro (1, 2). However, the 

addition of purple wheat bran in the wheat bread did not affect the RaE, from which we concluded 

that there was no inhibitory effect on the rate of starch digestion in vivo. The total glucose response 

was comparable, and even higher after purple bran bread 75 min postprandial, compared to the 

control bread (CB1). In another study in healthy subjects, the addition of polyphenol-rich berries to 

a starch-based food product had also no effect on the glycemic response (3). The lack of in vivo effect 

may be explained by the concentration of anthocyanins in the final food product, the form in which 

it was administered, or the influence of processing of the food product on the enzyme inhibiting 

capacity of cyanidin-3-glucoside. 

The use of intact or broken grain kernels in bread formulations has also been reported to reduce 

the postprandial glucose response, mainly by limiting starch gelatinization and forming a physical 

barrier for α-amylase, and thereby reducing amylolysis (4). For instance, both the incorporation of 

80 % pre-boiled whole wheat kernels (5, 6), as well as the replacement of flour (50 and 75 %) with 

cracked wheat (7), was previously reported to result in a reduction in GI. In the study described in 

Chapter 5, a kernel bread (KB) was prepared containing 85% broken wheat kernels. Unexpectedly, 

compared to a normal fiber-rich wheat bread (control bread, CB2), the postprandial glycemic 

response did not differ. Although this may still result from different glucose fluxes, the RaE reflecting 

‘in vivo starch digestibility’, as well as the glucose clearance rate (GCR) and the endogenous glucose 

production (EGP), was similar after KB compared to CB2 consumption. The broken kernels were 

clearly visible in the breads (Chapter 5, Fig 2), and extensive product characterization showed that 

due to the addition of broken kernels the average air cell wall thickness of KB was significantly larger 

compared to CB2. Moreover, KB had a higher density, and consequently a lower volume, which is 

a bread characteristic that could result in a lower glycemic response (8). However, the observed 

differences between CB2 and KB may have been insufficient to evoke a difference in glucose 

response or kinetics. 

Effects of modification of product structure

As opposed to bread, pasta is a product often resulting in a low glycemic response, which is generally 

ascribed to the slow digestibility of starch (9). In the intervention study described in Chapter 2 and 3 

we compared the postprandial response of a fiber-rich pasta meal (PA1) to a normal fiber-rich bread 

meal (CB1). Surprisingly, both products resulted in nearly the same postprandial glycemic response. 

Despite this remarkable similarity, there was a clear difference in glucose kinetics. RaE was slower 

after pasta, suggesting that there indeed was a difference in starch digestibility between both 

products. In addition, the GCR after pasta was slower, resulting in a prolonged presence of glucose 

in the circulation, which could explain why the glycemic response was similar after consumption of 

both products. It appeared that the GCR was closely ‘matched’ to the influx rate, influenced by insulin 

and GIP, as will be discussed later. With a high influx rate of glucose from the small intestine, such as 
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after consumption of control bread, the GCR is also high to prevent the glucose concentrations from 

rising too high. When the influx is rather slow (e.g. pasta, Chapter 3), the GCR is also slower, thereby 

counterbalancing the slow RaE, resulting in a similar ‘high’ glycemic response.

Based on our pasta results and reports in the literature (10-13), we hypothesized that a bread 

structure more comparable to the dense structure of our pasta, would induce a slower RaE via 

decreased starch digestibility, and may resemble the postprandial pasta (PA1) response (Chapter 4). 

Therefore, a bread with a compact structure, flat bread (FB), was designed. After FB consumption the 

RaE was indeed comparable to the low PA2 response and lower compared to CB2 in the first hour 

postprandial. Thereafter, the RaE was intermediate for FB compared to PA2 and CB2, possibly partly 

related to the fact that FB was less compact than PA due to arising air bubbles during processing. 

However, the compact structure of FB did seem to decrease the RaE to some extent, likely due 

to lower accessibility of starch degrading enzymes to their substrate. In addition, the decreased 

swelling and gelatinization of starch that we observed due to the short baking process may have 

contributed to the slower RaE after FB consumption. Corresponding to the findings with CB1 and 

PA1 regarding the similarity in glycemic response (Chapter 2 and 3), the total glucose response after 

consumption of CB2, FB and PA2 was also similar (iAUC), except that the peak value of glucose was 

somewhat lower for PA2 and FB compared to CB2 (Chapter 4).

It is clear from the described studies that in healthy subjects the glycemic response to 

different products is often very similar. As demonstrated in these studies, distinguishing between 

endogenous (EGP) and exogenous glucose (RaE) and taking into account the uptake rate of glucose 

into tissues (GCR) gives valuable additional information on how the glycemic response arises after 

consuming a certain starchy food product. The RaE itself, however, reflects a combination of several 

processes as well. As mentioned in Chapter 1, it can give an indication of the in vivo digestibility 

of starch. Consequently, the RaE comprises processes such as oral processing, gastric emptying, 

transit time and/or the uptake of starch-derived glucose (Chapter 1, Fig 2), which cannot be further 

distinguished. Therefore, often the exact reason for a slow or rapid RaE after consumption of a certain 

product is still an educated guess based on product characteristics and additional information from 

for instance in vitro and/or animal studies.

In our study comparing pasta and bread (Chapter 2 and 3) we observed a slow RaE after pasta 

consumption, which was expected to mainly result from slow digestibility of starch. However, 

metabolomics analyses of the plasma samples provided us with interesting information about the 

possible additional origin of the slow RaE of our pasta product (Chapter 6). Despite a slower influx 

of glucose into the systemic circulation, we found higher plasma concentrations of arabinose (A) 

and xylose (X) after pasta consumption. These sugar molecules originate from arabinoxylan (AX), 

a hemicellulose, which is an important component of wheat bran and also present in the starchy 

endosperm of the wheat grain (14). AX is known for its potency to increase viscosity (15) and 

decrease the postprandial glucose and insulin response (16). Notably, the higher concentrations 

of A and X after pasta consumption coincided with lower fluxes of other nutrients and several 
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metabolites, indicating a higher bioavailability of A and X from pasta. We speculated that AX, 

present in equal amounts in bread and pasta (mainly from wheat bran), was differently degraded 

by the small intestinal microbiota. The characteristics of the bran may be affected by processing 

of the food product (e.g. boiling), making AX from pasta more soluble and viscous, and thereby 

readily accessible for degradation, possibly further increasing viscosity of the meal bolus. These 

events could have induced either slower gastric emptying, decreased digestibility of starch (either 

by interference with starch degrading enzymes through viscosity (17) or by maltase-inhibition by 

arabinose (18)) and/or interference with uptake of glucose and other nutrients (17), resulting in a 

decreased RaE. These results could indicate that the slow influx of glucose after pasta consumption, 

next to possible other pasta related factors such as the dense product structure, was partly explained 

by the changes made to the characteristics of ingredients during the production process. 

Summary - section 7.1

Taken together, in contrast to the addition of ingredients such as purple bran or broken wheat 

kernels, changing the structure of the products by different processing accounted for the largest 

differences in RaE. Modifying the product structure while keeping the product composition similar 

might nevertheless have changed the characteristics of the ingredients such as bran due to the 

different processing conditions, which may have had an additional effect on the postprandial 

response. The differences in RaE in our studies were not reflected by the glycemic response. In 

general, after consumption of products resulting in a slower RaE compared to a control bread, the 

glycemic response was similar due to the counterbalancing effect of the GCR. Thus, the glycemic 

response does not always reflect ‘in vivo starch digestibility’ in healthy subjects, as the body is able 

to tightly regulate glucose homeostasis. The responses of the hormones that play an important role 

in these processes will be discussed in the next section. 

7.2    THE EFFECTS OF PRODUCT MODIFICATION ON OTHER POSTPRANDIAL FACTORS 

As we observed in our studies, the total glucose response and/or glucose kinetics do not always 

change due to product modifications, but this does not mean that other postprandial processes 

respond similarly as well. We measured several postprandial factors (including insulin, glucagon, 

GIP, GLP-1, CCK, BA) that may play a role in glucose metabolism and investigated their relationship 

to glucose kinetics. The most relevant observations will be discussed in this section.

GIP - regulation via glucose influx

The most obvious effect of product modification on GIP was a decreased response after consumption 

of products with a compact food structure, PA and FB, after which the RaE was lower as well. In 

all studies described in this thesis, RaE and GIP showed a strong correlation (mean correlation 

coefficient ~0.8), which is in accordance with a previous study from our group using corn products 

(19). Although RaE represents the rate of appearance of glucose in the systemic circulation, it is 
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also an indication of the rate of intestinal uptake of starch-derived glucose. The relation between 

intestinal glucose absorption and GIP release (dose-response) was also shown in several duodenal 

perfusion studies (20-22). This relationship can be explained by the importance of the intestinal 

sodium-glucose transporter-1 (SGLT-1) in GIP secretion. The transporter is responsible for the uptake 

of glucose into enterocytes, but is also expressed by K-cells, where it acts as an intestinal glucose 

sensor and triggers GIP secretion (23).

The relationship between RaE and GIP was even more emphasized when we made some 

adjustments to the method of calculating glucose kinetics. Previously a first step was smoothing 

of the raw data (OOPSEG, used in Chapter 2), resulting in less irregular shapes in the calculated 

variables (e.g. RaT, RaE, EGP, GCR). However, omitting this smoothing step (Chapter 3) and calculating 

glucose kinetics with the raw, unsmoothed data from each subject resulted in RaE curves that were 

almost identical to the GIP responses in most cases. The close resemblance of individual patterns of 

RaE and GIP was also visible from the average data. For instance, after consumption of CB2 a peak in 

RaE at 120 min was also clearly present in GIP plasma concentration at the same time point (Chapter 

5, Fig 4a and 5a). 

In Chapter 3 we suggested that GIP, in contrast to total blood glucose, is a good reflection of 

the RaE, and could give additional information about ‘in vivo starch digestibility’. This is for instance 

helpful and informative in studies that do not use stable isotopes and therefore are unable 

to calculate RaE directly. However, in Chapter 4, the exact rate of appearance of glucose after 

consumption of FB was not reflected by the GIP response over the whole postprandial period (Fig 

4a and 5a). Here, GIP concentrations were almost identical after FB and PA2, but the RaE was slightly 

higher after FB consumption between t=45 and t=105 (ns). It might be that the initial glucose influx 

rate is the most important factor in determining the extent of the GIP response, as the RaE at 30 min 

was the same after FB and PA2 in this early postprandial phase. In support of this, the initial rate of 

delivery of readily absorbable glucose to the duodenum was found to be important in determining 

the height of the incretin response; an initial rapid infusion rate of glucose during 15 min and a 

subsequent slower infusion rate resulted in a high peak in plasma GIP and GLP-1 responses around 

30 min, whereas the same amount of calories infused at a constant rate resulted in a low incretin 

response (24). Similar effects could be expected for starch-derived glucose from a source containing 

both rapidly and slowly digestible starch.

Taken together, postprandial GIP response patterns closely resembled the RaE, emphasizing 

that the GIP response is clearly dependent on the intestinal uptake rate of glucose. Rapid glucose 

uptake (and consequent glucose influx into the systemic circulation as visualized by RaE) would 

evoke a high GIP response, resulting in an upregulated insulin response, whereas slow intestinal 

uptake of glucose would result in a low GIP response. Thus, it is clear that when aiming to influence 

the GIP response by changing product characteristics, the (mainly initial) rate of intestinal uptake of 

(starch-derived) glucose is a crucial target for modification.
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Insulin - discrepancy with glucose

In general, plasma glucose and insulin responses closely resemble each other after the consumption 

of starchy food products (25-27). It was clearly seen after intake of most of our products that, with the 

pattern of glucose and insulin being remarkably similar, the postprandial insulin response was largely 

determined by glucose concentrations, as sensed by the pancreatic β-cells. However, in Chapter 3 

we found that the insulin response to pasta (PA1) was much lower as would be expected from the 

glycemic response. In addition, the insulin response was also clearly lower after FB compared to CB2 

(Chapter 4) despite similar glucose responses, and was comparable to the low insulin response after 

PA2 consumption. The intensity of the insulin response can be greatly influenced by the incretins 

(28), and is therefore partly depending on the intestinal influx rate of glucose. After consumption of 

these products the RaE and GIP response were indeed lower compared to the control bread. 

This discrepancy in glucose and insulin response was also described by others after intake of 

certain types of bread. For instance, several rye breads elicited a glycemic response comparable to 

that of white wheat bread, whereas the insulin and incretin responses were significantly lower (10, 

11, 29). This response was low after endosperm rye bread, traditional whole-meal and high fiber rye 

bread (11) and was described as the ‘Rye factor’. Similarly, however, in comparison with conventional 

breads the consumption of some differently processed wheat breads also resulted in a similar 

glucose response but a lower insulin (13) or GIP (12) response. The two products characterized by 

a low insulin response were a wheat bread fermented with mainly leaven from a starter culture 

composed of lactobacilli used to produce traditional sourdough bread, and a traditional baguette, 

for which less yeast (also 60% less yeast compared to the reference) and no ascorbic acid was used 

and a traditional (less intensive) mixing and kneading procedure was applied (13). The breads 

resulting in a low GIP response (and a tendency toward a lower insulin response) were made from 

the ancient Einkorn wheat, one using honey-salt leavening and the other using crushed whole 

grains (12). An Einkorn bread made in the same way as the conventional yeast leavened reference 

bread made from modern wheat did not show this decreased response, indicating  the production 

process to be responsible.

These differences in bread preparation, all described as more traditional bread making, were 

suggested to have decreased the digestibility of starch, as indicated by a more rigid bread structure 

of the traditional baguette (13) or the lower content of rapidly available glucose in vitro (12). Lower 

hydrolysis indexes compared with white wheat bread were indications for a slower digestibility 

of starch in the rye products (10, 11). This was explained by a decreased accessibility of starch 

by degrading enzymes due to a different (microscopic) structure of rye breads (11). As these rye 

products were sourdough breads (combination of yeast and lactobacilli), the presence of certain 

produced organic acids (30) may play a role, as was a proposed explanation for the decreased 

insulin response to the previously mentioned bread fermented with leaven (13) whether or not via 

decreased gastric emptying (31).

A common characteristic of the described breads was their compact structure, which may have 
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resulted in a decreased intestinal glucose influx rate. Consumption of such products may result in 

larger food particles due to differences in chewing. The physical structure of food (texture, density, 

stiffness) determines the size of particles resulting from mastication in the mouth (32). Pasta was 

found to result in larger and denser particles, less mixed with saliva, compared to bread, likely 

resulting in decreased starch degradation. Particle sizes of  several variations of rye and wheat 

breads were also compared after chewing and additional incubation with pepsin, which showed 

that the microstructure of the particles of rye breads (sourdough breads, also resulting in a low 

insulin response) was much less disintegrated compared to wheat breads (33). In turn, larger particle 

size of the food bolus can decrease gastric emptying, due to the slower disintegration rate (34).

In addition, viscosity of the meal bolus in the small intestine can play a role. Indications for 

this possible effect come from our metabolomics results comparing CB and PA (Chapter 6), where 

postprandial A and X concentrations in plasma were higher after pasta consumption, as discussed 

earlier. High concentrations of AX are also found in rye (products) (35). When isolated AX from 

the soluble fraction of wheat was added to wheat bread, similar results concerning a low insulin 

response were found compared to a ground rye bread, in catheterized pigs (36). This suggests that 

this component may play a significant role in the ‘rye factor’, and may be a relevant ingredient to 

consider when aiming at slower glucose influx and low postprandial GIP and insulin responses. 

Sourdough fermentation may further increase solubility of AX, as was found for whole meal wheat 

bread (37).

Thus the observed discrepancy in glucose and insulin response to these breads and pasta might 

be the result of a slow appearance of starch-derived glucose (RaE). This would result in a low GIP 

and insulin response, and thereby in a slow GCR and a ‘high’ glycemic response, as we first described 

in Chapter 3. This probably holds regardless of the reason for the slower RaE, which would need 

further study.

Insulin related effects on GCR and EGP

Insulin stimulates glucose uptake into insulin sensitive tissues via GLUT4 translocation to the 

membrane, and therefore a low insulin response would be expected to result in a slow GCR. This 

effect was indeed observed after consumption of CB1 and PA1 (Chapter 2 and 3) and in another 

previous study comparing breakfast cereals (38). Interestingly, the GCR after FB consumption was 

higher than expected based on the insulin response (Chapter 4). Although insulin was similarly low 

after both FB and PA2, the GCR was higher after FB consumption. In that way, the GCR after FB and 

CB2 was almost identical, despite the lower insulin response to FB as compared to CB2.

This relatively high glucose disposal after FB may be explained by either increased peripheral 

insulin sensitivity or due to insulin-independent glucose clearance. One factor involved may be GLP-

1, which peaked after FB consumption but not after pasta intake. However, results on the effect 

of GLP-1 on insulin sensitivity are not convincing, and by using a hyperinsulinemic-euglycemic 

clamp to assess IS in healthy individuals during GLP-1 infusion, no effect was found (39). In Chapter 
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4 we described the possible involvement of BAs in increasing IS and glucose disposal. After FB 

consumption, the conjugated BA concentrations rose steeply (peak at t = 30 min), whereas no 

pronounced peak was observed after PA consumption. There are indications from studies in rodents 

(40-43) and humans (44) that BAs, via activation of their receptor FXR, could be involved in improving 

insulin sensitivity, normalization of hyperglycemia and/or increased glycogen storage. Similar 

beneficial effects for TGR5, such as improved insulin sensitivity, increased energy expenditure, and 

reduced inflammation, found in mainly pre-clinical studies were described in a recent review (45). 

This may indicate the potency of BAs in regulating insulin sensitivity and emphasizes the possible 

therapeutic potential of BAs in targeting metabolic diseases, although there is less known about 

acute effects of BAs and the translation of their effects to the human situation.

The relatively high GCR after FB consumption, together with a slower glucose influx, would be 

expected to result in a lower glucose response. However, the endogenous glucose flux could also 

be different between these meals. Indeed, EGP was slightly less suppressed after FB (ns) compared 

to CB2, likely due to low insulin concentrations. Although a direct effect of insulin is regarded as the 

primary determinant of EGP in humans (46), it must be noted that EGP does not always respond 

as expected based on insulin concentrations. The EGP after PA2 consumption, with a similar low 

insulin response compared to FB, was comparable to the EGP after CB2 consumption (high insulin 

response). In addition, an increased suppression of EGP despite low insulin concentrations has 

been observed after PA1 compared to CB1 in Chapter 3, and previously after bread consumption 

compared with glucose ingestion (47). Glucagon may play a role in this matter, as it was reported 

that the ratio between glucagon and insulin would mainly determine EGP (48). Our glucagon results 

were however inconsistent, and unable to explain our findings. It could also indicate that in these 

cases EGP was partly suppressed independent of insulin (49), or that hepatic insulin sensitivity 

influenced the extent of EGP suppression (50). 

GLP-1 response independent from glucose kinetics

The modification of our products did also affect the GLP-1 response, most prominently in the study 

described in Chapter 5 comparing CB and KB. GLP-1 secretion often shows a bi-phasic response, 

referred to as early and late postprandial response, which may be explained by the presence of 

L-cells in both the duodenum and the colon (51). It was expected that the larger particles in KB 

would result in more starch(-derived glucose) reaching the more abundant distal L-cells, resulting in 

an increased late postprandial GLP-1 response. In a study with slowly digestible starch, a prolonged 

influx of glucose together with an extended GLP-1 response was observed (19). However, in our 

study the intestinal glucose uptake (RaE) after consumption of CB and KB was very similar over the 

6 hour postprandial period. Still, we observed a large difference in the GLP-1 response, which was 

lower after KB consumption compared to CB.

GLP-1 secretion in the early postprandial phase seems to involve the SGLT-1 glucose transporter 

in L-cells, similar to GIP secretion from K-cells (23, 52). When knocking out or blocking this glucose 
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transporter in mice, the early GIP and GLP-1 responses (measured before t=15) to glucose infusion 

in the small intestine were reduced (23, 52). However, in a similar experiment (53), it was observed 

that this inadequate functioning of SGLT-1 resulted in higher concentration of glucose in the small 

intestine and colon for several hours after an OGTT, and resulted in an increased GLP-1 response 

compared to controls, whereas the results for GIP showed the opposite (53). This suggests that, 

except for the early response, the actual uptake of glucose via SGLT-1 is less crucial for stimulating 

GLP-1 release. In agreement, the correlations between the postprandial RaE and GLP-1 response 

(correlation coefficient ~0.5-0.7) after the different test meals were lower compared with correlations 

between RaE and GIP (mean correlation coefficient ~0.8) in our studies. Together, this indicates that 

the regulation of GLP-1 release was more complex and that besides the intestinal uptake of glucose, 

additional factors were involved in stimulating GLP-1 secretion from L-cells. 

Because L-cells are densely distributed in the distal small intestine and colon, it might be that 

only the presence of still unabsorbed carbohydrates is important in stimulating GLP-1 in the late 

postprandial phase, for instance via other (glucose-)sensing mechanisms. The RaE indicated that 

after CB and KB consumption similar amounts of glucose were taken up in to the circulation. 

However, the products also contained around 7% fiber, which may have increased small intestinal or 

colonic fermentation. Short chain fatty acids (SCFAs), produced during fermentation of unabsorbed 

carbohydrates or fiber by the intestinal microbiota, are known to stimulate GLP-1 secretion as 

well (54), and were found to increase GLP-1 concentrations in the late postprandial phase (55, 56). 

Although fermentation would mainly occur after ~5 hours of consumption, an early increase in 

plasma 13C-SCFA (mainly acetate) was found previously within 3 hours after barley consumption 

(57). Thus, their influence on GLP-1 after CB and KB intake could be possible. The higher GLP-1 

response after CB would then result from the presence of finer wheat bran compared to the broken 

kernels in KB, as finely ground wheat bran was found more readily fermented and more effective in 

butyrate production as compared to coarse wheat bran (58).

In addition, from in vitro and animal data we know that BAs are also able to potentiate GLP-1 

release from L-cells via activation of the BA receptor TGR5 on the cell membrane (59-62). In healthy 

humans, GLP-1 concentrations increased after jejunal infusion with taurocholic acid and glucose 

(63). In Chapter 4 and 5 we studied the postprandial response of bile acids; conjugated bile acids 

in plasma increased, whereas the unconjugated BAs decreased after bread consumption. Similar 

responses were observed after an OGTT (64, 65). After ingestion of a mixed meal, GLP-1 correlated 

with mainly glycine-conjugated BAs and total BAs (66). Corresponding with the latter study, the 

moderate correlations we found between postprandial GLP-1 and BA (correlation coefficient ~0.3-

0.6) indicated that there may be a relationship between both responses. After KB consumption 

(Chapter 5), the total BA response tended to be lower compared to CB (from t = 90 min), which 

corresponded with the findings for GLP-1. In Chapter 4, we observed a sharp GLP-1 peak at 

t = 30 min after FB, which was very similar to that after CB2, but absent after PA2 consumption. 

Interestingly, when comparing GLP-1 responses with plasma BA concentrations after FB and PA2 we 
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observed similar response patterns, mainly with respect to the first postprandial hour. In accordance 

with the GLP-1 response, conjugated BA peaked after FB around 30 min postprandial, whereas PA2 

consumption resulted only in a modest increase in BAs. It could thus be speculated that the high 

conjugated BA peak after FB had an additional effect on GLP-1 secretion, thereby explaining the 

initial high GLP-1 peak. 

The reason for the ‘difference’ in plasma BA peaks after the breads is not evident. CCK, stimulating 

gall bladder contraction and thereby BA release, was only slightly different (ns) after the meals, and 

could not explain the pattern of BAs in plasma. However, for CCK less data points were available (the 

first postprandial time point was t=30). Although not apparent from the CCK response pattern we 

obtained, the time point around 15 min postprandial is likely to contain a peak in CCK response, as 

observed after increasing duodenal glucose loads (21) and a high-fat liquid meal (67). This could 

also explain the relatively low correspondence between CCK and BA patterns (Chapter 4 and 5). 

Although starch can result in a minor CCK response, the main stimulus for CCK is fat and protein 

(68), which was added in the same low amounts to our test meals. There are also indications that 

fiber affects the CCK response (69-71), and although fiber content was also similar in our products, 

fiber characteristics may have been different between products, which might evoke differences in 

CCK response. In this context, there is also a possibility that the fiber or bran in the food product is 

of influence on the BA (and GLP-1) concentrations directly. Reabsorption of BA normally happens 

in the small intestine as part of the enterohepatic circulation of BA. However, fiber was found to 

bind BAs to a certain extent depending on the type (72), thereby preventing BA reabsorption 

by sequestration (73), and affecting BA plasma concentrations as well. BA bound to fiber could 

also result in higher exposure of the L-cells to BAs in the distal small intestine and colon, thereby 

contributing to GLP-1 secretion (74, 75).

Because of the complex regulation of GLP-1 release, several factors could simultaneously play 

a role after consumption of starchy food products such as bread. GLP-1 analogues are successfully 

used in the treatment of T2DM. However, to understand postprandial GLP-1 stimulation and the 

possible role of BAs, more research is necessary. Their relevance in relation to the prevention of 

T2DM will be discussed later.

Summary - section 7.2

Taken together, several postprandial factors were affected by product modification. The responses 

of GIP and insulin were mainly determined by the RaE. The GLP-1 response was less clearly related to 

RaE, and the observed difference in response was probably evoked by other product characteristics 

or released factors (e.g. fiber, BA, SCFA).

Thus, it is clear from the results presented in this section that despite similar glucose responses, 

other postprandial factors may respond differently to the ingested food products. These additional 

postprandial (often glucose-regulating) responses should not be overlooked when studying the 

metabolic quality and health effects of starchy foods.
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The postprandial responses and metabolic interactions described in 7.1 and 7.2 are summarized in 

a simplified scheme (Figure 1). The relevance and implications of the results will be discussed in the 

next section.  1 
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Figure 1. Simplified scheme of metabolic interactions.

7.3     RELEVANCE AND IMPLICATIONS OF OUR FINDINGS 

The modification of our wheat products resulted in several changes in postprandial responses 

and metabolic interactions. The relevance and implications of the results will be discussed in this 

section. This will include the relevance of the observed postprandial responses for the prevention 

of diabetes, and the implications and opportunities related to food processing to design healthier 

starchy foods.

High glucose vs low insulin response

While studying the postprandial responses of several different wheat products, a remarkable 

finding was the discrepancy between the glucose and insulin response after consumption of 

products like PA and FB, and the possibility to reveal the underlying processes in this phenomenon 

by linking glucose kinetics and postprandial hormone responses. Although already observed after 

consumption of several other grain products, such as rye bread, an explanation for this lower insulin 

response was not yet found (11, 76). Based on our results we can assume that a slow RaE (due to 

e.g. slow digestion of starch, increased viscosity, a compact food structure) coincides with a modest 

release of GIP and insulin, keeping the GCR rather low, and allowing the glucose response to be 

relatively ‘high’. Thus, in healthy individuals the GCR is matched to and thereby counterbalancing 

the RaE in such a way that postprandial glucose levels are regulated to an acceptable limit. Whether 

this is indeed the underlying mechanism explaining the ‘rye factor’ and other similar observations 

would need confirmation using dual isotope labeling.
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Postprandial response explained by different glucose influx rates

In accordance with our findings are the results from intra-duodenal perfusion studies that compared 

glucose, insulin, and incretin responses during glucose infusion ranging from 1 to 4 kcal/min (21, 

22). An increase in glucose load from 1 to 2 kcal/min considerably increased the glycemic response, 

but when rates of 3 kcal/min (22) or 4 kcal/min (21) were administered there was hardly any further 

increase in glycemic response. The latter was explained by the substantially greater incretin and 

insulin responses to the higher glucose infusion rates (21, 22). This is in line with our observations 

described in Chapter 3 and 4 after control bread and pasta consumption (comparable to 3–4 kcal/

min vs 2 kcal/min, respectively), which also resulted in a similar glycemic response. With respect 

to pasta consumption, lower concentrations of GIP and insulin were necessary to regulate the 

glycemic response than after bread consumption. Thus, it seems that due to strict regulation of 

glucose concentrations in healthy individuals, the counterbalancing effect of GCR makes creating 

a low glycemic product challenging. To obtain a low glycemic response we hypothesized (Chapter 

3, Figure 6; and as shown in Figure 2) that the RaE needs to be slower compared to the RaE after 

consumption of our pasta product, comparable to that of the 1-kcal/min infusion rate, eliciting a 

very low GIP and insulin response (21, 22). Because the GCR cannot decrease much further due 

to e.g. insulin-independent glucose uptake via GLUT1 (basal GCR), it may result in a low glycemic 

response. Other processes that could contribute to a lower glycemic response could be suppression 

of EGP (77) or increasing GCR (38), e.g. via insulin stimulation due to other ingredients such as 

protein, or via increased insulin sensitivity.

Postprandial response to different glucose influx rates in T2DM

The postprandial response to certain food products is likely different in persons with pre-diabetes 

or T2DM compared to healthy individuals, because this regulation is not functioning properly. As 

our research was performed in healthy volunteers, the results cannot be directly translated to (pre-)

diabetic patients. However, the above described experiment with intra-duodenal glucose loads of 

1, 2 and 4 kcal of glucose/min (21) was also performed in insulin resistant T2DM patients (78). These 

findings can give an indication of what the effect of a product with a slow RaE would be in this 

population. In short, the postprandial incretin responses were comparable between the healthy and 

T2DM subjects, but the insulin response was more pronounced in T2DM subjects, mainly in response 

to the high glucose load. However, while in healthy subjects the glucose response was similar (max 

9 mmol/L) during the 2 and 4 kcal/min infusion of glucose due to regulation by increased incretin 

and insulin responses, the glucose response in T2DM subjects clearly increased with increasing 

influx rates. With 2 kcal/min the mean postprandial glucose response in T2DM reached around 13 

mmol/L, with a moderate insulin response of 50 mU/L, but when infusing 4 kcal glucose per minute, 

mean glucose concentrations reached 15 mmol/L, with insulin concentrations increasing to around 

200 mU/L (78). If the 2 kcal/min infusion of glucose would represent a product with a slower ’in 

vivo starch digestibility’ (RaE), such as PA or FB, consumption of these products by subjects with 



158

Chapter 7

IR and T2DM would likely result in a lower glucose response and a much lower insulin and incretin 

response compared to a product with rapid intestinal glucose influx. Therefore, we hypothesize that 

these products could also be useful in the management of T2DM.

Relevance for the prevention of T2DM 

Lowering postprandial glucose is the main goal of pharmaceutical and nutritional treatments of 

T2DM, as repeated or chronic high glucose concentrations cause damage to nerves and blood vessels 

resulting in severe complications. In addition, lower glucose excursions may also contribute to a 

decreased risk of the development of metabolic diseases like T2DM. Despite general assumptions 

that the glycemic response reflects ‘in vivo starch digestibility’, we observed that the consumption 

of starchy foods that elicit a slow RaE does not always result in a low glycemic response in healthy 
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Figure 2. Overview of the results from Chapter 3 (solid-line text boxes) comparing a rapidly and slowly digestible 
starchy food product (50 g available carbohydrates), which resulted in a relatively high glycemic response. On the left 
(dotted-line text boxes) the hypothesized situation, presumably resulting in a low glycemic response, is shown.
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individuals. We found similar glucose responses after consumption of our products, although this 

was resulting from different rates of influx of starch-derived glucose. These differences in glucose 

influx did however result in differences in the response of e.g. some regulating hormones. An 

interesting aspect is whether the observed response after consumption of products with a slow 

RaE, but without the desired low glucose response, might still have beneficial health effects and 

may contribute to the prevention of T2DM.

GIP and insulin

When glucose is absorbed by the intestinal cells at a slower rate following a meal, less GIP and 

insulin is secreted. GIP, mainly known for the incretin effect, has been linked to bone metabolism, 

suggesting positive effects of this gut hormone (79). However, there is evidence that low GIP 

concentrations could be more beneficial. Based on animal studies it is suggested that GIP might 

be involved in the development of obesity, due to its anabolic effects in adipose tissue, such as 

stimulation of fatty acid synthesis and enhancement of insulin-stimulated incorporation of fatty 

acids into triglycerides (80-82). In studies with mice genetically predisposed to develop obesity-

related diabetes, sustained GIP receptor antagonism from early age (representing pre-diabetes) 

prevented the development of many of the metabolic abnormalities (83). However, despite the 

presence of the GIP receptor in human adipose tissue (84), the importance of these findings for the 

human situation is not yet elucidated as results from human studies are inconsistent (79). 

In persons with pre-diabetes, GIP is secreted in normal amounts in response to an OGTT or meal 

(85, 86). Also in patients with T2DM, GIP secretion is generally not different compared to normal 

subjects (87). However, an impaired incretin effect of GIP is observed in persons with T2DM (88, 89), 

but not (yet) in persons with IGT (86, 90), which may be due to a gradual decrease in expression or 

sensitivity of the GIP receptor (91-93). This decreased effectiveness also explains why GIP receives 

little attention in the treatment of T2DM, as possible beneficial stimulating effects of GIP on insulin 

secretion to compensate for insulin resistance will not likely occur. In contrast to GLP-1, GIP may 

increase glucagon secretion (94), or antagonize the suppression of glucagon by GLP-1 (95), which 

may have an adverse effect on EGP. Thus, low postprandial GIP concentrations would be most 

desirable, also in the light of the possible role of GIP in fat accumulation.

Insulin is involved in many physiological processes, and crucial for the regulation of glycemic 

control and anabolic processes, but regular high insulin responses (hyperinsulinemia) may have 

adverse effects. A prospective cohort study (96) found that a higher dietary insulin index and load 

during puberty were associated with a higher percentage of body fat in young adulthood. In a 

subsequent 3 month lifestyle and metformin intervention trial in obese IR adolescents, diets with 

a lower insulin demand were associated with a lower energy intake which may assist with weight 

loss (97). Foods and/or diets resulting in a reduced postprandial insulin response are considered to 

induce higher satiety and a lower voluntary food intake at a subsequent meal, compared to foods 

with a high insulin demand (98). Rapid glucose influx will result in overstimulation of the counter-
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regulatory response from the incretins and insulin, often resulting in postprandial hypoglycemia 

(99). In turn, this may result in craving for high GI foods, large fluctuations in glucose concentrations 

and overeating. A reduced postprandial insulin response to a moderate glucose influx might also be 

considered beneficial as it would be less demanding for the pancreatic β-cells, which may slow the 

process of deterioration as seen in the progression of T2DM (100, 101).

Possible role of meal-induced inflammation 

The body’s chronic state of low-grade inflammation is a common characteristic in obesity and 

related metabolic disorders like T2DM and CVD, and is associated with IR and an increased risk of 

the development of T2DM (102, 103). The pro-inflammatory factors in the circulation are thought to 

be mainly derived from macrophages in dysfunctioning adipose tissue e.g. due to chronic energy 

excess (104, 105).

High glucose (as well as high fat) intake (acute energy excess) can result in postprandial 

inflammation, which may contribute to the chronic low grade inflammation as observed in 

metabolic disorders, and is also increasingly implicated with both the onset of IR and atherosclerosis 

(106). Hyperglycemia induced by either a hyperglycemic clamp, oral glucose, or a high-GI meal has 

been shown to trigger an immune response via activation of nuclear transcription factor κB activity 

(NF-κB) in isolated peripheral blood mononuclear cells from healthy volunteers (107). Plasma 

concentrations of IL-6 were higher after a high-GI meal, especially in obese subjects (108), whereas 

higher IL-6, IL-18 and TNF-α concentrations were observed after plasma glucose concentrations 

were acutely raised in a glucose clamp study in both healthy volunteers and persons with IGT (109). 

Additionally, it was shown that hyperglycemic spikes affect cytokine concentrations more than 

continuous hyperglycemia. The effects were more pronounced in persons with IGT, who had higher 

fasting values of IL-6 and TNF-α, a higher cytokine peak after the first glucose spike and showed 

a longer increase in cytokine levels (4h vs 2h) during the clamp (109). In this study, concomitant 

intake of the antioxidant glutathione completely prevented the rise in plasma cytokines, suggesting 

a pronounced role for oxidative stress (109). Other studies also suggest postprandial inflammation 

to be mediated by oxidative stress (110, 111). Indeed, hyperglycemia can lead to the formation of 

reactive oxygen species (ROS) such as superoxide (112), also involved in diabetic complications such 

as vascular damage. As summarized by Muñoz et al., excess glucose and free fatty acids reaching 

the mitochondria can lead to an increased production of acetylCoA by overwhelming the TCA cycle, 

which overloads the electron transport chain, resulting in increased ROS within the cell, activating 

redox-sensitive transcription factors like NF-κB, inducing an inflammatory response (113). Among 

other pathways, elevated pro-inflammatory factors can induce insulin resistance by interfering with 

normal insulin receptor signaling, preventing the translocation of GLUT4 to the membrane and 

thereby the insulin-mediated uptake of glucose (106, 114, 115).

Thus, in healthy persons and persons at risk, over the long term, these meal-induced 

repeated inflammatory responses related to hyperglycemia may increase IR and thereby glucose 
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concentrations and insulin responses, resulting in a vicious cycle towards the development T2DM. 

It is however difficult to determine, especially from food studies, whether the glycemic response 

itself, or the intestinal glucose influx rate and/or other associated responses would cause these 

inflammatory effects. There are for instance indications that the insulin response, independent 

form the glycemic response, may also affect the inflammatory status. This was studied in a 12-wk 

intervention in individuals with the metabolic syndrome, who were placed on a rye bread and 

pasta diet, characterized by a low postprandial insulin response, and an oat and wheat bread and 

potato diet, characterized by a high postprandial insulin response (116, 117). Despite the difference 

in insulin responses, these products are known from previous studies to result in similar glucose 

responses (10, 11, 29). Whereas the ‘high-insulin diet’ upregulated genes related to inflammation 

and oxidative stress in subcutaneous adipose tissue (116), and tended to increase the inflammation 

markers IL-6 and IL-1β in serum, after consumption of the ‘low-insulin diet’ a small reduction of these 

inflammatory cytokines was found (117).

It is however debatable whether these findings are explained by the difference in insulin 

response. The products described likely differ in their ‘in vivo starch digestibility’, as we observed 

in our studies. The low postprandial insulin response in their rye bread and pasta diet is most likely 

the result of a slow influx rate of glucose and a low incretin response, and resulting in a slow GCR 

after consumption of these products. The oat and wheat bread and potato diet can be expected to 

evoke a rapid influx rate of glucose and GCR. A more rapid glucose delivery, indicated by the RaE 

and GCR (or high insulin response), and a subsequent increased oxidation rate of glucose, could 

be expected to influence the amount of oxidative stress and inflammation that is evoked (112, 

113, 118). In the body’s attempt to lower the postprandial concentration of glucose in the blood, 

glucose is ‘forced’ into the cells, regulated by the amount of insulin. Consequently, a rapid glucose 

influx and high insulin response would result in more (or excess) glucose in the cell. However, high 

concentrations of glucose are not only harmful for blood vessels, but also for cells and tissues. If this 

nutrient delivery is more than the cell can process (nutrient overload), this may result in oxidative 

stress and inflammation (113). In this context, inflammation may be the stress signal evoked by ROS 

production and the associated IR could be seen as a protective mechanism for the cells to avoid 

further overload with glucose (119). However, it must be noted that such effects of a difference in 

glucose availability on inflammatory markers will be minimal, and may be difficult to observe after 

a meal (120), which does not rule out a cumulative effect over time that may lead to a progressive 

deterioration of glucose metabolism.

Hence, the intestinal influx rate of glucose may be a crucial factor, also because of the effects of 

the related postprandial GIP and insulin concentrations. Lowering postprandial glucose per se may 

(first) not be necessary, because a decreased glucose influx rate may limit mitochondrial nutrient 

overload, help reduce inflammation and eventually prevent IR. It is hypothesized that together, 

these factors may contribute to decreasing the risk of developing T2DM.

In this context, in the treatment of T2DM, it may not be wise to use medication that overrides 
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this protective mechanism of insulin resistance, such as synthetic insulin and insulin sensitizers, 

especially in obese patients with a positive energy balance (121). Lifestyle intervention (exercise and 

diet) is much more effective and desirable, as it addresses the root of the problem. Exercise results in 

a higher energy need for the muscle cells, increasing insulin sensitivity, and with respect to diet, less 

energy intake or regulated release decreases the influx of glucose and lipids into the cell, to prevent 

overload and oxidative stress, which also decreases insulin resistance. The same applies for persons 

with pre-diabetes to prevent the progression to diabetes and possibly reverse their impaired 

glucose tolerance to normal glucose tolerance. Products with a decreased influx of glucose (slow 

RaE) might be helpful for this population.

GLP-1 in the prevention of T2DM

Certain product characteristics also influenced the postprandial response mainly independent 

from glucose kinetics, as we found for GLP-1 after consumption of CB and KB (Chapter 5). Although 

with respect to the incretin GIP a low postprandial response seems most desirable, this may be 

somewhat different for GLP-1. The effects on health are merely beneficial, as GLP-1 is also related 

to e.g. decreased gastric emptying, increased satiety, and decreased food intake, and possibly 

β-cell preservation, as described in Chapter 1. Therefore, GLP-1 might be a valuable hormone in 

the fight against obesity and related diseases. Also in the light of treatment of T2DM high GLP-1 

concentrations are more desirable. However, impaired postprandial GLP-1 responses in pre-diabetes  

and T2DM (86, 122) have been reported. In contrast, an extensive meta-analysis of the available data 

found no overall decreased GLP-1 response in T2DM, but observed low GLP-1 response to be mainly 

present in patients with less controlled T2DM (high HbA1c), and with a longer history of the disease 

(87). Importantly, the GLP-1 receptor does function in T2DM (88), and a high GLP-1 response would 

consequently still evoke an increased insulin response and suppression of glucagon, suppression 

of EGP, combined with increased satiety. Therefore, approaches to increase GLP-1 action for their 

potential therapeutic use in T2DM are being intensively studied (123). Because of the beneficial 

effects in T2DM patients, treatment with GLP-1 analogs was also proposed for people with pre-

diabetes to prevent progression to T2DM (124, 125). Promising results were found in obese, partly 

pre-diabetic (~30%) subjects receiving the GLP-1 receptor agonist liraglutide for 20 weeks combined 

with a diet, including improved obesity-related risk factors such as weight loss and decreased blood 

pressure, and a reduced prevalence of pre-diabetes (126).

Increasing endogenous GLP-1 concentrations by nutrition would be interesting in relation to 

the prevention of T2DM. Although GLP-1 is influenced by glucose in the intestine, its release is only 

upregulated with a relatively high (initial) glucose influx, as demonstrated with intra-duodenal 

perfusion studies in both healthy subjects and T2DM patients (21, 24, 78, 127). A high glucose load 

is however not a desired stimulus, so it is interesting that GLP-1 secretion can be influenced, and 

thereby targeted, via other routes. This makes GLP-1 a relevant, but also complex and challenging 

target for nutritional intervention. We observed an unexpected decrease in postprandial GLP-1 
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concentrations after our KB bread (Chapter 5), so careful studies would be necessary addressing the 

exact mechanisms involved.

Plasma bile acids were found to play a role in GLP-1 stimulation as well, as discussed in section 

7.2. Therapies that increase BAs (e.g. BA sequestrants or BA mimetics) in the distal bowel as a means 

of increasing endogenous GLP-1 concentrations have been suggested as novel treatments of 

T2DM and obesity (75). In our studies, the conjugated BA showed a pronounced response after 

consumption of the breads. Increasing or extending the postprandial BA response after ingestion 

of starchy food products would be an interesting approach, as besides stimulating GLP-1 excretion, 

BAs have a possible role in affecting insulin sensitivity and increased energy expenditure (40, 44, 

45). Although the effects of BA are numerous, their role in glucose metabolism should not be 

underestimated. More research in this field may generate useful insights in the prevention and 

treatment of metabolic diseases. 

Implications and opportunities related to food processing 

General recommendations like reducing calories or eating more healthy and whole foods are 

important in the prevention of diabetes. Additionally, there are opportunities for the bread industry 

related to product modification. As discussed above, there are several product characteristics that 

potentially change the postprandial response to bread and may contribute to the prevention of 

T2DM.

Lowering the glycemic response is often the main goal of improving starchy foods. However, 

this is challenging in healthy subjects due to regulation of the glucose concentrations and may not 

necessarily be strived for. Positive effects of products with a slow release and/or influx of starch-

derived glucose were observed as well. Products with a slow RaE could contribute to a moderate 

nutrient load, which may be beneficial by inducing less oxidative stress and inflammation, and 

thereby decreasing IR and the risk of developing diabetes. In addition, they result in lower GIP and 

insulin responses, less glycemic fluctuations, and likely less overeating. 

Therefore it is important to design and create these starchy food products and increase the 

availability for consumers. There would be several ways to address this issue, for instance by 

changing the structure of bread. We found that a more compact bread generally results in this 

slower release of glucose. In our study we prepared flatbread, which was made without yeast and 

baked shortly with high temperature (Chapter 4). Comparable products would be a wrap, tortilla, 

chapatti, roti or pita bread, some of which are classified as low GI products (128), and are often well 

received by consumers.

A more compact structure of classical breads and baguettes could for instance be achieved by 

using a more traditional way of bread making, using different ways of leavening and/or kneading 

(12, 13). Also reducing the amount of yeast and/or applying sourdough fermentation would be a 

suitable option, to create a more rigid bread structure. Sourdough fermentation, often applied in 

rye breads, was related to reduced gastric emptying and thereby may slow starch digestibility and 
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decrease starch-derived glucose uptake. Related to this, sourdough may further increase solubility 

of the soluble fiber AX, likely influencing viscosity (37). We found AX availability in pasta and bread 

to be changed by processing, possibly affecting the rate of in vivo starch digestibility. In addition, 

isolated AX could be a relevant ingredient when aiming at slower glucose influx and low postprandial 

GIP and insulin responses, as previously observed in a study with pigs (36). Importantly, with these 

modifications, the palatability of the bread product must be taken into consideration, because most 

people prefer more soft structured (‘fluffy’) and light bread. 

For research purposes, it is important to be able to identify these beneficial starchy food 

products. This would be mainly relevant in intervention studies using the glycemic response to 

characterize test products, e.g. investigating the physiological effects of low- and high-GI food 

products or diets. The products under study (e.g. with the same GI) may have a very diverse 

underlying glucose kinetics and postprandial hormone response, which often remains unnoticed 

because only the glycemic response or the food composition is known, and consequently can lead 

to great variances in outcome. This may also explain some of the inconsistencies observed in the 

literature as previously noted (129). To generate reliable, comparable and consistent results, care 

should be taken when characterizing test meals only based on their glycemic response, because this 

is the result of several underlying processes. The assessment of the metabolic quality of the starchy 

food products should therefore be based on additional markers. To be able to reflect the differences 

in RaE (which is often not determined), insulin or GIP (reflecting RaE) are advised to be taken into 

account as well, especially in healthy subjects. 

Other routes to slow starch digestion are promising and ask for further research. The addition 

of natural ingredients that inhibit α-glucosidase and thereby starch digestibility (e.g. anthocyanins, 

Chapter 2) is still an interesting approach. However, this would need additional research related to 

e.g. dose and stability. The use of coarser meal or the addition of intact or broken kernels in bread 

making is also a possible way to decrease starch digestibility and the glycemic and/or insulinemic 

response (5-7), although also this approach is not always successful ((130) and Chapter 5). 

It can be expected that modifications aimed at slowing the digestibility of starch or decreasing 

the uptake of starch-derived glucose will result in increased delivery of unabsorbed carbohydrates 

to the colon, resulting in fermentation by intestinal microbiota and the production of beneficial 

SCFA. Besides stimulating GLP-1 secretion, SCFA are known for several other beneficial health 

effects, related to colonic health and anti-inflammation (131, 132). An interesting finding related to 

weight control was that SCFA infusion into the colon, in concentrations and ratios reached after fiber 

intake, increased fat oxidation and energy expenditure in overweight and obese subjects (133).

The observations in Chapter 5 showed that the GLP-1 response can be influenced independently 

from intestinal glucose influx, due to modification of the bread product. However, it also shows 

that more research is necessary to elucidate the underlying mechanisms, as the addition of broken 

wheat kernels resulted in an unexpected decrease in GLP-1. Because of the possible effects of GLP-1 

in the prevention and management of T2DM, the nutritional stimulation and extension of the GLP-1 
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response would be a challenging goal.

Related to this, consumption of the breads resulted in a pronounced response of BAs (Chapter 

4 + 5), although it is unclear how the ‘difference’ in plasma BA peaks was evoked. Besides the ability 

to stimulate GLP-1 excretion, BAs may have a role in improving insulin sensitivity and increased 

energy expenditure (40, 44, 45). Therefore, augmenting or extending the postprandial BA response 

to starchy food products would also be an interesting approach in the prevention of T2DM. Which 

product characteristics could be modified to achieve this, would be an intriguing topic for future 

research.

Concluding remarks

Taken together, these findings reveal the complex metabolic processes determining postprandial 

glycemia and insulinemia after the consumption of different starchy food products. It was observed 

that the glycemic response does not generally reflect ‘in vivo starch digestibility’ after consumption 

of fiber-rich wheat products in healthy men. Slower intestinal uptake of glucose from a starchy food 

product resulted in a lower response of gastrointestinal hormones, such as GIP, and consequently 

a lower insulin response. Because this low insulin response would generally also result in a slower 

GCR, the slow RaE does not necessarily result in a lower glycemic response. This shows that the rate 

of ‘in vivo starch digestion’, which could be influenced by factors such as the compactness and/

or the viscosity of the food product, is better reflected by the GIP and insulin response than by 

postprandial glycemia in healthy individuals. 

Even without being able to reduce postprandial glycemia, these products may have beneficial 

long-term effects due to the moderate postprandial response of e.g. GIP and insulin. Slow influx of 

glucose may also result in less oxidative stress and inflammation, thereby reducing IR and the risk 

of developing T2DM. The GLP-1 response was mainly influenced independent of the glucose fluxes 

possibly due to the fiber/bran characteristics of the starchy food product, and may involve the BA 

response. It is important to realize that besides the postprandial glucose response, these factors also 

have an effect on health and should be taken into account when ‘designing’ healthy food products. 

Which factor is the most promising target to modulate via nutrition in the prevention of metabolic 

diseases like T2DM is intriguing, and deserves further study.

Based on the findings in this thesis, we can say that a more compact bread structure results in 

a moderate postprandial response, which may benefit health. It emphasizes the importance of the 

development of starchy food products with slower release and/or uptake of starch derived-glucose. 

This offers opportunities for bakeries to optimize their methods of baking bread to improve health, 

and e.g. may stimulate the more traditional ways of bread making. 

To conclude, the quality of starchy food products and their impact on health should not solely 

be based on the glycemic response, as many other postprandial variables change simultaneously, 

and underlying responses may differ. Food structure and modification of bread (ingredients) can 

affect postprandial metabolism and health related outcomes, and is thereby an important factor to 

take into consideration in the prevention of the development of metabolic diseases such as T2DM. 
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SUMMARY

There is an increasing prevalence of chronic metabolic disorders like obesity, insulin resistance 

(IR) and type 2 diabetes (T2DM). Because these disorders are highly lifestyle related, preventing 

the development of T2DM or slowing the progression from IR and pre-diabetes to T2DM could 

be targeted by nutritional strategies. Repeated high blood glucose concentrations after the 

consumption of carbohydrate-rich foods, a high postprandial glycemic response, is one of the factors 

that may increase the risk for development of IR and T2DM. Starchy food products, such as bread 

and pasta, which are frequently consumed world-wide, differ substantially in their physiological 

and metabolic response (‘metabolic quality’) depending on their product characteristics. Improving 

the postprandial response to these food products, e.g. by decreasing starch digestibility, might be 

beneficial for the prevention of T2DM. Therefore, we investigated the glucose kinetics and metabolic 

responses after consumption of various starchy food products. By varying with food ingredients 

and structure, we aimed to create slowly digestible starchy food products, to gain insight into 

the underlying postprandial processes accompanying the glycemic response and the possible 

relationship with the development of insulin resistance and T2DM. These insights are relevant in 

order to develop beneficial starchy food products that aid the prevention (and/or management) of 

these metabolic disorders.

This thesis describes the results of several nutritional interventions performed in healthy male 

volunteers consuming a variety of fiber-rich wheat products with different ingredients and/or 

structural features: pasta, bread, bread with polyphenol-rich bran, bread with 85% broken wheat 

kernels and flat bread. The different wheat products, enriched with the stable isotope 13C, were 

consumed while receiving a primed-continuous D-[6,6-2H2]glucose infusion. This ‘dual-isotope 

technique’ enables the calculation of glucose kinetics, such as the rate of appearance of exogenous 

glucose (RaE), endogenous glucose production (EGP), and glucose clearance rate (GCR). Postprandial 

plasma concentrations of total glucose, and the pancreatic hormones insulin and glucagon, were 

investigated and related to the glucose kinetics data. The incretin hormones glucose-dependent 

insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), released from the intestinal 

K- and L-cells in response to food intake and involved in potentiating the glucose-induced insulin 

response, were taken into account as well. In addition, cholecystokinin and bile acids in plasma were 

analyzed, because of the increasingly recognized role of bile acids in glucose metabolism. This gave 

us insight into the postprandial metabolic changes that occur after consumption of starchy food 

products.

First we compared the postprandial response of a normal fiber-rich wheat bread and a fiber-rich 

pasta, with an expected high and low glycemic response, respectively. However, bread and pasta 

consumption resulted in a similar glycemic response in healthy men, despite a much slower influx 

rate of exogenous glucose (RaE) after pasta consumption. These findings emphasize that the glucose 

response does not only reflect the intestinal influx of starch-derived glucose from the food product, 



177

Addendum

A

but is the net result of several metabolic processes occurring simultaneously. Interestingly, despite 

the similar glucose responses, insulin concentrations were markedly lower after pasta consumption. 

We observed that the slower RaE after consumption of pasta compared to bread coincided with a 

lower postprandial GIP response. Consequently, insulin concentrations were lower, resulting in a 

slow GCR. This explained the relatively high glycemic response despite a slow RaE. In order to obtain 

a low glycemic response, we expect that the RaE after a certain starchy food product needs to be 

lower, without a further decrease in GCR.

From metabolomics analyses of plasma samples after consumption of bread and pasta it appeared 

that the slow appearance of starch-derived glucose (RaE) after pasta intake may partly result from 

increased viscosity. The concentrations of arabinose and xylose, originating from the viscous fiber 

arabinoxylan (AX), were higher after pasta consumption, although the fluxes of all other nutrients 

and metabolites after pasta were lower. This suggests that AX from pasta was better available for 

degradation in the intestine (possibly caused by hydrolyses by the small intestinal microbiota) 

due to processing, possibly resulting in an increased viscosity of the meal bolus. This could have 

induced slower gastric emptying, decreased digestibility of starch and/or interference with uptake 

of glucose and other nutrients.

Slow release or uptake of glucose from pasta and the resulting low GIP and insulin response might 

also be due to the compact food structure. Other breads made from rye and wheat with a more rigid 

structure showed comparable postprandial results; a normal glycemic response and a low insulin 

response. Therefore, we made compact flat breads, and compared the postprandial response to that 

of normal fiber-rich wheat bread (‘control bread’) and pasta. All products had the same composition 

(except yeast), but a different food structure due to the processing conditions. Consumption of 

compact flat bread resulted in a more moderate postprandial response compared to control bread. 

As hypothesized, the response was similar to pasta based on glucose, insulin, and the GIP response, 

although the RaE was slower only in the first hour postprandial. Interestingly, the GCR after flat bread 

was higher than expected based on the insulin response, suggesting increased insulin sensitivity or 

insulin-independent glucose disposal.

The effect of specific ingredients on starch digestibility and/or the glycemic response was also 

investigated. Bread with added purple bran was made in an attempt to slow starch digestion, 

because anthocyanins present in purple wheat have shown inhibitory activity toward pancreatic 

α-amylase in vitro. However, the purple wheat bran in the wheat bread had no effect on the rate 

of ‘in vivo starch digestion’, reflected by the similar RaE compared to the control bread. Against 

expectations, bread with the addition of 85% broken wheat kernels did not affect the glycemic 

response nor the glucose kinetics either, indicating similar starch digestibility compared to control 

bread. Interestingly, although no clear difference in GIP response was observed, the GLP-1 response 

was much lower after kernel bread compared to control bread. Thus, as observed in all studies, the 
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RaE showed a strong correlation with GIP, but in contrast, for GLP-1 this relationship was less clear. 

Despite similar glucose kinetics after control bread and kernel bread, the GLP-1 response was clearly 

influenced by the presence of broken wheat kernels. Possibly, stimulation of GLP-1 by bile acids may 

play a role in this regard.

Taken together, these findings reveal the complex metabolic processes determining postprandial 

glycemia and insulinemia after the consumption of starchy food products. It was observed that the 

glycemic response does not generally reflect ’in vivo starch digestibility’ after consumption of fiber-

rich wheat products in healthy men. Slower intestinal uptake of glucose from a starchy food product 

resulted in lower postprandial GIP and insulin concentrations, but not necessarily in a lower glycemic 

response, because of a slower GCR. This shows that the rate of ‘in vivo starch digestion’, which could 

be influenced by factors such as the compactness and/or the viscosity of the food product, is better 

reflected by the GIP and insulin response than by postprandial glycemia in healthy individuals. Even 

without being able to reduce postprandial glycemia, these products may have beneficial long-term 

effects due to the moderate postprandial response of e.g. GIP and insulin. Slow influx of glucose 

may also result in less oxidative stress and low-grade inflammation, thereby reducing IR and the risk 

of developing T2DM. The GLP-1 response was additionally influenced independent of the glucose 

fluxes, possibly due to other characteristics of the starchy food product, and may be related to bile 

acids. This deserves further study, as GLP-1 and bile acids are seen as promising therapeutic agents 

in T2DM and its prevention.

Based on the findings in this thesis, we state that a more compact bread structure results in a 

moderate postprandial response, which may benefit health. It emphasizes the importance of the 

development of starchy food products with slower release and/or uptake of starch-derived glucose. 

This offers opportunities for bakeries to optimize their methods of baking bread to improve health, 

and may for instance stimulate more traditional ways of bread making. 

To conclude, the quality of starchy food products and their impact on health should not solely be 

based on the glycemic response, as many other postprandial variables change simultaneously, 

and underlying responses may differ. We therefore suggest to measure simultaneously insulin 

and incretin hormones. Modification of bread structure and ingredients can affect postprandial 

metabolism and health related outcomes. Thereby these are important factors to take into 

consideration in the prevention of the development of metabolic diseases such as T2DM. 



179

Addendum

A



180



181

Addendum

Samenvatting



182

Addendum

SAMENVATTING

Chronische metabole aandoeningen, zoals obesitas, insuline resistentie (IR) en type 2 diabetes 

(T2DM) komen steeds vaker voor.  De ontwikkeling van deze aandoeningen is sterk gerelateerd 

aan leefstijl. Voeding kan dan ook een belangrijke rol spelen in het ontstaan en de preventie ervan. 

Herhaaldelijk hoge glucoseconcentraties in het bloed na de consumptie van koolhydraatrijke 

voeding, ofwel een hoge postprandiale glycemische respons, is een van de factoren die het risico 

op het ontstaan van IR en T2DM mogelijk kunnen verhogen. Ook zetmeelrijke voedingsmiddelen, 

zoals brood en pasta, die wereldwijd veelvuldig worden geconsumeerd, kunnen aanzienlijk 

verschillen in hun glycemische respons, afhankelijk van de productkenmerken. Het verbeteren 

van de postprandiale respons van deze producten, bijvoorbeeld door de verteerbaarheid van 

zetmeel te vertragen of te verminderen, zou gunstig kunnen zijn in de preventie van T2DM. Daarom 

onderzochten we de postprandiale glucosekinetiek en bijkomende postprandiale responsen die 

optraden na de consumptie van verschillende zetmeelrijke voedingsproducten, wat inzicht geeft in 

de ‘metabole kwaliteit’ van deze producten. Door te variëren met de ingrediënten en structuur van 

de producten hebben we getracht langzaam verteerbare zetmeelrijke producten te creëren, om 

daarmee inzicht te krijgen in de onderliggende postprandiale processen die gepaard gaan met de 

glycemische respons en de mogelijke relatie met het ontstaan van IR en T2DM. Deze inzichten zijn 

relevant om verbeterde zetmeelrijke voedingsproducten te ontwikkelen die kunnen helpen in de 

preventie (en/of het management) van deze metabole aandoeningen.

Dit proefschrift beschrijft de resultaten van verschillende voedingsinterventies in gezonde 

mannelijke vrijwilligers, die een verscheidenheid aan vezelrijke tarweproducten consumeerden met 

verschillende ingrediënten en/of structurele kenmerken: pasta, brood, brood met polyfenolrijke 

zemelen, brood met 85% gebroken tarwekorrels en plat brood. De verschillende tarweproducten, 

verrijkt met het stabiele isotoop 13C, werden geconsumeerd door de deelnemers, terwijl ze 

tegelijkertijd een infusie van D-[6,6-2H2]glucose kregen. Deze ‘dubbele isotoop techniek’ maakt de 

berekening van de glucose kinetiek mogelijk, zoals de verschijningssnelheid van exogene glucose 

(RaE), endogene glucose productie (EGP), en de glucose klaringssnelheid (GCR). Postprandiale 

plasmaconcentraties van totaal glucose, en de alvleesklierhormonen insuline en glucagon, 

werden onderzocht en gerelateerd aan glucose kinetiek data. De incretinehormonen glucose-

afhankelijk insulinotroop polypeptide (GIP) en glucagon-achtig peptide-1 (GLP-1), die vrijgemaakt 

worden vanuit de K- en L-cellen in de darm als reactie op voedselinname en betrokken zijn bij 

het versterken van de glucose-geïnduceerde insulinerespons, werden ook onderzocht. Daarnaast 

werden cholecystokinine en galzouten in plasma geanalyseerd, vanwege de steeds meer erkende 

rol van galzouten in het glucosemetabolisme. Dit gaf ons inzicht in de postprandiale metabole 

veranderingen die optreden na de consumptie van zetmeelrijke producten.
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Allereerst vergeleken we de postprandiale respons na consumptie van een normaal vezelrijk 

tarwebrood en een vezelrijke pasta, met een verwachte hoge en lage glycemische respons. De 

consumptie van brood en pasta resulteerde echter in een vergelijkbare glycemische respons bij 

gezonde mannen, ondanks een veel langzamere influxsnelheid van exogene glucose (RaE) na 

pasta consumptie. Deze bevindingen benadrukken dat de glucoserespons niet alleen de influx 

van exogene glucose uit de darm reflecteert, maar het een netto resultaat is van verschillende 

metabole processen die tegelijkertijd plaatsvinden. Interessant is dat ondanks de vergelijkbare 

glycemische respons na brood- en pastaconsumptie, de insuline concentraties aanzienlijk lager 

waren na pastaconsumptie. We zagen dat de langzame(re) RaE na de consumptie van pasta 

vergeleken met brood samenging met een lage(re) postprandiale GIP-respons. Zodoende waren 

de insulineconcentraties ook lager, wat resulteerde in een langzame GCR. Dit verklaarde de relatief 

hoge glycemische respons ondanks een langzame RaE. Om een lage glycemische respons te krijgen, 

verwachten we dat de RaE na de consumptie van een zetmeelrijk voedingsproduct nog lager zou 

moeten zijn, zonder een verdere afname in GCR.

Om meer informatie te verzamelen over de onderliggende mechanismen werd onderzoek verricht 

aan de afbraakproducten van onder andere de voeding  in het bloed, ook wel metabolieten 

genoemd (metabolomics). Uit deze metabolomics analyses van plasmamonsters na de consumptie 

van brood en pasta bleek dat de langzame verschijning van zetmeel-afkomstige glucose (RaE) 

na pastaconsumptie deels het resultaat zou kunnen zijn van een toename in viscositeit. De 

concentraties van arabinose en xylose, afkomstig van de viskeuze vezel arabinoxylan (AX), waren 

hoger na pastaconsumptie, hoewel de fluxen van alle andere nutriënten en metabolieten na 

pasta lager waren. Dit suggereert dat AX in pasta beter beschikbaar was voor afbraak in de darm 

(mogelijk veroorzaakt door hydrolyse door de microbiota in de dunne darm) als gevolg van de 

productbereiding, mogelijk resulterend in een verhoogde viscositeit van de maaltijdbolus. Dit kan 

geleid hebben tot langzamere maaglediging, een verminderde verteerbaarheid van zetmeel, en/of 

belemmering van de opname van glucose of andere nutriënten.

Langzame afgifte of opname van glucose uit pasta en de resulterende lage GIP- en insulinerespons 

kunnen ook veroorzaakt worden door de compacte structuur van de voeding. Andere type 

broden gemaakt van rogge en tarwe met een meer rigide structuur resulteerden in vergelijkbare 

postprandiale uitkomsten; een normale glycemische respons en een lage insulinerespons. Daarom 

hebben we compacte platte broden gemaakt, en hebben de postprandiale respons vergeleken 

met die van normaal vezelrijk tarwebrood (‘controlebrood’) en pasta. Alle producten hadden 

dezelfde samenstelling (met uitzondering van gist), maar een verschillende structuur vanwege 

de verschillen in bereiding. De consumptie van compact plat brood resulteerde in een meer 

gematigde postprandiale respons in vergelijking met het controlebrood. Zoals verondersteld 
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was de respons van het compacte platte brood vergelijkbaar met de respons na pasta gebaseerd 

op de glucose, insuline en GIP-respons, hoewel de RaE alleen vergelijkbaar langzamer was in het 

eerste uur na de maaltijd. Interessant is dat de GCR na plat brood hoger was dan verwacht op basis 

van de insulinerespons, hetgeen een verhoogde insuline gevoeligheid of insuline-onafhankelijke 

glucoseklaring suggereert.

Het effect van specifieke ingrediënten op de verteerbaarheid van zetmeel en/of de glycemische 

respons werd ook onderzocht. In een poging om de zetmeelvertering te vertragen werd brood 

met toegevoegde paarse zemelen gemaakt, omdat anthocyanen aanwezig in paarse tarwe 

een remmende activiteit hebben laten zien tegen pancreatische α-amylase in vitro. De paarse 

tarwezemelen in het brood hadden echter geen effect op de snelheid van ‘in vivo zetmeelvertering’, 

af te lezen aan de vergelijkbare RaE vergeleken met het controlebrood. Tegen de verwachting in 

had brood met de toevoeging van 85% gebroken tarwekorrels ook geen effect op de glycemische 

respons en de glucose kinetiek vergeleken met het controlebrood, wat op vergelijkbare 

verteerbaarheid van zetmeel duidt. Interessant is dat, hoewel er geen duidelijk verschil in GIP-

respons werd waargenomen, de GLP-1-respons veel lager was na het korrelbrood vergeleken met 

controlebrood. Dus, zoals waargenomen in alle studies, vertoonde de RaE een sterke correlatie met 

GIP, maar was voor GLP-1 deze relatie minder duidelijk. Ondanks vergelijkbare glucosekinetiek na 

controlebrood en korrelbrood, werd de GLP-1-respons duidelijk beïnvloed door de aanwezigheid 

van gebroken tarwekorrels. Mogelijk speelt stimulatie van GLP-1 door galzuren hierbij een rol.

Samengevat onthullen deze bevindingen de complexe metabole processen die postprandiale 

glycemie en insulinemie bepalen na de consumptie van zetmeelrijke voedingsproducten. Er werd 

waargenomen dat de glycemische respons in het algemeen geen ‘in vivo zetmeelverteerbaarheid’ 

weergeeft na consumptie van vezelrijke tarweproducten bij gezonde mannen. Langzamere intestinale 

opname van glucose uit een zetmeelrijk voedingsproduct resulteerde in lagere postprandiale GIP- 

en insulineconcentraties, maar niet noodzakelijk in een lagere glycemische respons, vanwege 

een langzamere GCR. Dit toont aan dat de snelheid van ‘in vivo zetmeelvertering’, die kan worden 

beïnvloed door factoren zoals de compactheid en/of de viscositeit van het voedingsproduct, beter 

wordt weergegeven door de GIP- en insulinerespons dan door postprandiale glycemie bij gezonde 

personen. Zelfs zonder de postprandiale glycemie te verlagen, kunnen deze producten gunstige 

langetermijneffecten hebben als gevolg van de gematigde postprandiale respons van bijvoorbeeld 

GIP en insuline. Langzame influx van glucose zou ook kunnen leiden tot minder oxidatieve stress 

en ontsteking, waardoor IR en het risico op het ontwikkelen van T2DM wordt verminderd. De GLP-

1-respons werd bovendien onafhankelijk van de glucosefluxen beïnvloed, mogelijk als gevolg van 

andere kenmerken van het zetmeelrijke voedingsproduct, en kan verband houden met galzouten. 

Dit verdient verder onderzoek, aangezien GLP-1 en galzouten worden gezien als veelbelovende 
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therapeutische middelen bij T2DM en de preventie ervan.

Op basis van de bevindingen in dit proefschrift stellen we dat een meer compacte broodstructuur 

resulteert in een gematigde postprandiale respons, wat de gezondheid ten goede kan komen. Het 

benadrukt het belang van de ontwikkeling van zetmeelrijke voedselproducten met een langzamere 

afgifte en/of opname van glucose afkomstig uit zetmeel. Dit biedt mogelijkheden voor bakkerijen 

om hun werkwijzen voor het bakken van brood te verbeteren om de gezondheid te bevorderen, en 

zou bijvoorbeeld de meer traditionele manieren van brood maken kunnen stimuleren.

Concluderend zou de kwaliteit van zetmeelrijke voedselproducten en hun impact op de 

gezondheid niet alleen gebaseerd moeten zijn op de glycemische respons, aangezien veel 

andere postprandiale variabelen tegelijkertijd veranderen, en onderliggende responsen kunnen 

verschillen. We stellen daarom voor om gelijktijdig insuline en incretinehormonen te meten. 

Veranderingen in broodstructuur en -ingrediënten kunnen het postprandiale metabolisme en de 

gezondheidsgerelateerde uitkomsten beïnvloeden. Daarmee zijn het belangrijke factoren waarmee 

rekening moet worden gehouden bij de preventie van het ontstaan van metabole ziekten zoals 

T2DM.
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DANKWOORD

Ja, het is zover! Dat het ooit af zou komen heb ik eigenlijk nooit betwijfeld, maar wanneer…!? Het 

was een grote uitdaging, vooral die ‘laatste loodjes’, maar ik ben erg blij dat het afgerond is en dat dit 

het laatste onderdeel is dat voor dit proefschrift geschreven wordt. En ik ben vast niet de enige die 

blij is dat het klaar is! Sommigen begonnen er maar niet meer over, anderen vroegen er voorzichtig 

of juist heel direct naar, een enkeling hoefde ik maar aan te kijken…Vele bemoedigende woorden 

en succeswensen heb ik mogen ontvangen, af en toe een schop onder mijn kont. Graag wil ik hier 

alle mensen bedanken voor hun bijdrage aan het tot stand komen van dit proefschrift in welke 

vorm dan ook!

Mijn promotor Prof. dr. Roel J. Vonk. Beste Roel, bedankt voor je inzet om dit traject tot een goed 

einde te brengen. Tijdens mijn onderzoekstijd heb je je enigszins afzijdig gehouden van mijn 

onderzoek, behalve als we iemand nodig hadden met een helicopterview. Maar de afgelopen jaren 

heb je, ondanks je pensioen, veel tijd en energie gestoken in de afronding van mijn proefschrift; dat 

boekje moest en zou er komen. Hoewel ik vaak met meer vraagtekens wegging dan ik binnenkwam, 

hebben we het volbracht. Hartelijk dank!

Mijn co-promotor Dr. Marion G. Priebe. Lieve Marion, wat was fijn om jou als begeleider te hebben. 

Zonder jou was dit project geen succes geworden! Je wist altijd precies waar je het over had, zowel 

inhoudelijk als organisatorisch, en had tijdens ons wekelijks overleg vaak aan een half woord 

genoeg. Als ik weer eens vast zat met schrijven wist je feilloos aan te geven waar het probleem zat. 

Ik waardeer het zeer dat je me bleef helpen toen je terug naar Duitsland verhuisde. Vielen dank!

Graag zou ik hier ook de leescommissie, bestaande uit Prof. dr. A.J.W. Scheurink, Prof. dr. B.H.R. 

Wolffenbuttel, Prof. dr. ir. E.E. Blaak, bedanken voor het lezen en beoordelen van dit proefschrift. Beste 

Anton, leuk je op deze manier weer te treffen, je hebt me destijds tenslotte aan deze promotieplaats 

geholpen door tijdens mijn buluitreiking te vragen naar mijn vervolgplannen.

~

Het onderzoek bestond voornamelijk uit interventiestudies; veel werk, wat we deels konden 

uitbesteden. Dank aan QPS, en in het bijzonder projectleider Mariska Beukers, voor het zorgvuldig 

plannen en uitvoeren van de verschillende humane studies. Ik kijk terug op een prettige 

samenwerking. Ook de vrijwilligers die hebben deelgenomen aan deze studies, bedankt voor de 

inzet. Daarnaast dank aan enkele mensen van TNO Zeist. Martijn Noort, meesterbakker bij TNO, 

bedankt voor je creativiteit en ideeën bij het ontwikkelen en maken van de testproducten in jullie 

bakkerij. Carina de Jongh voor het uitvoeren dan wel uitdenken (en je geduld bij het uitleggen!) van 

de statistiek van onze studies. Ook het TNO-team betrokken bij het uitvoeren van de metabolomics 

analyses op onze samples, bedankt voor de samenwerking. Andere co-auteurs, bedankt voor de hulp 

en input ten aanzien van de verschillende studies en papers. Van het aanleveren van 13C-gelabelde 

tarwe, tot het uitvoeren van specifieke analyses of het maken van mooie plaatjes! In het bijzonder 

Theo Boer, bedankt voor het meten van alle ademmonsters en opgewerkte samples op de GC! Ik 
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kon me de afgelopen jaren niet op het lab vertonen zonder een reminder van je te krijgen (met of 

zonder woorden) dat m’n boekje nog niet af was. 

TIFN-collega’s, het was leuk om met jullie het B-1003 team over ‘Slow starch’ te vormen! Hoewel we 

werkten aan uiteenlopende onderwerpen, was het altijd nuttig om ideeën uit te wisselen tijdens 

onze maandelijkse meetings. Salomeh en Vincent als mede-promovendi, Albert, Alle, Peter en 

Rachel als senior koolhydraatspecialisten, Lizette als specialist en projectleider, bedankt! Ook altijd 

gezellig in de auto naar Wageningen voor een meeting met de experts van verschillende bedrijven. 

Hanny, zo kwamen we ook in contact met jou, dank voor je interesse en input ten aanzien van onze 

studies met stabiele isotopen. Leuk dat je nu zelf ook op het onderwerp promoveert, succes!

Beste collega’s van onze afdeling Medical Biomics, ik zie jullie nog zo zitten. Han, rondjes draaiend 

met je bril als je diep nadacht. Bedankt voor het meedenken als het ging om fysiologische pathways 

en receptoren. Farhad, duizendpoot die nooit stil zat, altijd vol ideeën en de beste in het regelen 

van korting als er iets besteld moest worden. Leuk dat je me via LinkedIn bleef vragen wanneer ik 

nou eens ging promoveren (reünie!). Marcel, je zat altijd in het lawaaierige lab vol met apparatuur, 

en stak af en toe je hoofd even om de kantoordeuren voor een praatje. Vaak even mopperen, maar 

altijd met een grijns. Ik hoop dat je in Eriba een mooie plek hebt gekregen. Martijn D, bedankt voor 

de gezellige praatjes over het onderzoeksleven als ik laat naar huis ging en jij ook nog achter je PC 

bleek te zitten. Jolien en Lottie, bedankt voor de hulp bij de meer administratieve vragen die er 

soms waren en voor het gezellige kletspraatje als ik weer eens een printje kwam halen. 

Kees en later Andre als mede-promovendi van de afdeling, bedankt voor de gezelligheid. Kees, 

leuk je af en toe nog te spreken in het UMCG, waar je inmiddels als een vis in het water bent als 

Klinisch Chemicus! Andre, onze musicus, knap dat je je promotieonderzoek ook tot een goed eind 

hebt weten te brengen. Heel veel succes bij je promotie (later dit jaar?). Desiree en Marianne, jullie 

zaten een deur verderop, maar waren toch meestal in het lab te vinden! Desiree, bedankt voor het 

overbrengen van al je kennis op het gebied van multiplex. Marianne, pipetteerrobot klinkt niet 

heel aardig, maar samen met jou plasmasamples opwerken ging als een trein! Lief dat je tijdens 

mijn verdediging mijn paranimf wil zijn. Bedankt ook voor de gezellige avondjes poolen en dansen 

in de Rumba, samen met enkele leuke studenten (en sommigen later collega’s) van de afdeling: 

Gerlof, Martijn, Prijono (gezellig dat je tegenover me zat) en Richard (Beaker! Dank voor de vele 

bakjes koffie en het helpen samples sorteren tijdens de kerstvakantie). Dit hebben we nog lang 

volgehouden! Binnenkort weer eens poolen? Gerlof, leuk dat je ook een promotieonderzoek bent 

gaan doen, deels bij de nefro! Gezellig dat je af en toe bij me op kantoor komt zitten en bedankt 

voor de aangeboden hulp en je relativerende kijk op zaken. Martijn, bedankt voor het meten van de 

galzouten en voor alle andere samples die ik kwam brengen de afgelopen jaren. Marianne, Martijn 

en Gerlof, leuk dat we geregeld nog even bijkletsen tijdens de lunch!
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Het was even wennen toen een deel van ons gedurende mijn laatste onderzoeksjaar werd 

’toegevoegd’ aan de afdeling Kindergeneeskunde. Gelukkig kende ik al veel gezichten, vanwege 

de periodes die ik op het lab aldaar had doorgebracht. Mijn kamergenootjes van Y3.173 destijds, 

met name Tim, Vera, Nicoline en Irene, bedankt voor jullie interesse en support tijdens het schrijven.

~

Hoewel daarna mijn promotietijd ophield en ik een nieuwe baan kreeg, stond nog niet alles op 

papier. Er gingen nog de nodige jaren overheen, waarin ik nog veel heb geleerd en waarin ik veel 

nieuwe mensen heb leren kennen. Ik wil het in dit dankwoord dan ook niet laten bij de collega’s van 

toen, maar ook zeker enkele collega’s van de periode erna bedanken!

De vele collega’s van de nefrologie, waar ik al enkele jaren met plezier werk, bedankt! Stephan, 

bedankt voor de mooie kans om zelf een leuke interventiestudie te gaan uitvoeren, in samenwerking 

met FrieslandCampina. Onder lichte dwang moest ik leren bloedprikken (Ik? Bloed? Ik ben niet voor 

niets geen geneeskunde gaan studeren!), maar wat is dat eigenlijk leuk om te doen! Het intensieve 

contact met de deelnemers van de ‘Zuivelstudie’ en het uitvoeren van metingen en (simpele) 

medische handelingen vond ik erg leuk en leerzaam. Hoewel het een uitdaging bleek om naast dit 

arbeidsintensieve en tijdrovende project mijn boekje af te ronden, had ik het niet willen missen. 

Fijn dat ik nog een tijd bij de afdeling kan blijven werken. Martin, bedankt dat ik me nu kan gaan 

uitleven binnen NIGRAM2+!

Nefronerds! Wat een gezellige groep mensen, met een altijd wisselende samenstelling. Ik wist niet 

dat een afdeling zoveel PhD-studenten kon hebben! Ik ga ook maar niet proberen alle namen te 

noemen, ik promoveer ten slotte niet bij de Nefro . Wel allemaal bedankt voor de leuke sfeer 

binnen de afdeling, en de gezellige borrels en BBQ’s. Er komen nog heel wat promotiefeestjes aan 

binnenkort, succes allemaal! Ook mijn verschillende kamergenootjes in het Triade bedankt! Debbie 

en Maarten, de vele stage-wetenschappers, … Stephanie, ook al was je er de afgelopen maanden 

weinig, lief dat je elke keer vraagt hoe het ervoor staat met m’n boekje. Veel succes met je laatste 

onderzoeksjaar! Susan, bedankt voor het gezelschap in de weekenden! Zou leuk zijn als je een MD-

PhD kan gaan doen over zuivel!

Vanwege mijn onderzoek in gezonde vrijwilligers kwam ik helaas niet op de welbekende 

Nefro-congressen, maar gelukkig wordt er ook veel voedingsonderzoek uitgevoerd binnen de 

afdeling. Erg leuk was het tripje naar Argentinië in het kader van een voedingscongres met de 

voedingsgerelateerde Nefronerds (maar helaas zonder Michele die het congres had gespot). Joëlle, 

Lyanne, Rianne, Maryse, Yusof, Antonio en Camilo, waarmee we in Buenos Aires een enorme casa 

deelden, bedankt voor de gezelligheid! Ik zal voortaan wat vaker aanhaken bij de lunch, al wordt dat 

lastiger als Yusof straks weg is en me niet persoonlijk achter mijn bureau wegtrekt. Joëlle, leuk dat ik 

me nu net als jij met magnesium en vaatstijfheid ga bezighouden. Isidor! Zo leuk dat ik na Buenos 

Aires kon aanhaken bij je reis door Patagonië! Wat was het gaaf! Toevallig hadden we nagenoeg 
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tegelijk ons manuscript bij de leescommissie liggen, en konden we samen lekker klagen en stressen 

(Chocotorta helpt!) onder het genot van een UMCG-maaltje . Veel succes bij de Klinische Chemie! 

Ook vele anderen die me tijdens of na de zuivelstudie hebben geholpen, ontzettend bedankt! In 

het bijzonder Larissa, bedankt voor je tomeloze inzet op de veel te lange ‘Coby-dagen’, leuk dat we 

zo nu en dan weer even alle gekke (vooral onsmakelijke) gebeurtenissen de revue laten passeren 

terwijl we ons rond eten bij de wok (inclusief chocoladefontein). Dieuwke, bedankt voor je inzet, 

al was het soms moeilijk te combineren met je andere banen. Iris en Desie, leuk met jullie samen 

studenten te begeleiden. Ilse, ook van de zuivel, bedankt voor het meten van vetzuren terwijl je al 

zoveel samples te meten had, en Ingrid voor het in de weekenden meten van de vetzuren in rode 

bloedcellen. Het zou leuk zijn als we dit nog eens kunnen combineren en opschrijven! Eva, bedankt 

voor je input en adviezen ten aanzien van indirecte calorimetrie en het verwerken van voedingsdata. 

Fijn dat ik waar mogelijk ook je groepsmeetings kon bijwonen voor wat meer aansluiting met mijn 

voedingsonderwerp. Gerald, bedankt voor het aanbieden van je hulp bij de voorbereiding, zelf ook 

veel succes met afronden! Bettine, bedankt dat ik af en toe gebruik kon maken van jullie labtafel of 

vriezer en dat je zo nu en dan wilde bijspringen met pipetteren. Ook voor het erin wrijven dat ik al 

‘best lang’ bezig ben. Wanneer gaan we weer nasi met drap eten?

~

Naast collega’s zou ik ook graag mijn vrienden en familie bedanken, voor alles eigenlijk. De meesten 

van jullie zie ik veel te weinig, hopelijk gaat dat een beetje veranderen na september!

Lieve studievrienden, met sommigen bevriend vanaf dag 1 van onze studie, anderen gaandeweg 

leren kennen, maar met allemaal nog leuk contact! Lieve Coby, wat hadden we het leuk op ons 

woonbootje! En al jaren mijn maatje in de strijd tegen vetrolletjes. Onze wekelijkse sportplannen 

gaan vaker niet door dan wel, maar wandelen richting Kaap Hoorn is toch ook een soort sport? Lieve 

Tjitske, knap hoe jij destijds promoveren en moeder worden wist te combineren, respect! Hoewel 

we beide in Groningen wonen blijkt afspreken vaak lastig, maar gezellig is het altijd. Lieve Patricia, 

leuk dat je in je tijd als CRA nog geregeld in het UMCG was en we konden bijkletsen! Lieve Loes, 

altijd enthousiast, leuk dat we elkaar weer vaker zien en we af en toe een gezellige bio-date plannen. 

Lieve Niels, gezellig dat we af en toe weer even bijpraten, je hebt altijd weer veel meegemaakt in 

de tussentijd! Kletsen en koken tegelijk gaat soms wat lastig, maar uiteindelijk krijgen we altijd iets 

op tafel. Veel plezier met je lieve kleine viervoeter Yuna! Lieve Inge, jij weet als geen ander hoe het 

is, zo’n promotietraject. Vaak liepen we tegen dezelfde dingen aan, en konden we dit tijdens onze 

wekelijkse lunch even uitgebreid bespreken, fijn! Zoals je het zelf eens zo mooi hebt verwoord; we 

praatten elkaar in en weer uit de AIO-put! Maar opeens was je klaar! Mooi om te zien hoe je leven 

sindsdien is veranderd! 

Lieve lieden! Anne Marie, Carolien, Pim, Jeroen, Josse en Bas. Zo leuk dat we elkaar, ondanks dat we 

doorgaans allemaal in een andere stad wonen en ondanks de verschillende levens die we sinds de 

middelbare school (en basisschool!) hebben opgebouwd, niet uit het oog verliezen! Hoewel ik opzie 
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tegen jullie indrukwekkende carrières, ben ik binnenkort inderdaad de enige doctor in de zaal . Ik 

kijk uit naar nog vele mooie Liedenweekenden!

Lieve Marjolein, buddie, onze extra zus! We hebben heel wat beleefd samen en met z'n drieën. 

Bedankt voor je oprechte interesse en je betrokkenheid. Grappig dat je de afgelopen jaren vaak nog 

harder vloekte over mijn proefschrift dan ikzelf! 

Lieve schoonfamilie, de Jansma’s, dank voor het fijne plekje in jullie familie. Wat een verschil, een 

huishouden met vier broers! Bedankt voor jullie belangstelling in het onderzoek, en voor het mij 

(vaak onbewust) bijbrengen van de Friese taal. Dikke tút!

Lieve Ellis, mijn grote zus, skattie! Bedankt dat je de afgelopen jaren zo nu en dan de minder 

favoriete rol als stok achter de deur (‘evil sister’!) op je wilde nemen. Het hielp me wel om weekend 

na weekend, en tijdens mijn ‘proefschriftvakanties’ te gaan typen en bijschaven. Super dat je ook 

mijn paranimf wil zijn, zonder dat je weet wat je eigenlijk moet doen! 

Mijn allerliefste ouders, ook wel vati en mutti! (hoe we daar ooit op gekomen zijn?) Het is altijd 

fijn om jullie, ook (of misschien wel juist) in drukke tijden, een bezoek te brengen in de mooie 

Achterhoek. Lekker in jullie enorme tuin ploeteren, pannenkoek eten en gewoon gezellig samen 

zijn. Heel erg bedankt voor jullie onvoorwaardelijke steun, jullie geduld, en het vertrouwen in een 

goede afloop! Huppetee!

Lieve Hilco, liefde is….(wat zou ik hier ook alweer invullen ). Heerlijk hoe we altijd lekker gek 

kunnen doen, waardoor ik thuis het werk toch snel (een beetje) vergeet. Bedankt voor de ruimte die 

je me hebt gegeven en de steun die je hebt geboden om deze klus te klaren. Helaas moesten onze 

vakanties en weekenden er vaak voor wijken, en werd ik er geen leuker mens van. Mooi om te zien 

dat je je passie hebt gevonden en dat je er vol voor gaat. Nu zijn de rollen omgedraaid en ben jij 24/7 

aan het werk op de meest onmogelijke tijden; dat moet wel een mooie film worden! Lief dat je even 

tijd maakte om te helpen met de voorkant. Hopelijk vinden we binnenkort toch even tijd om weer 

samen op reis te gaan en de bioloog uit te hangen (dieren spotten!). 

Coby
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LIST OF ABBREVIATIONS

A   Arabinose

APE   Atom percent excess

AX   Arabinoxylan

BA   Bile acid 

CA   Cholic acid 

CB   Control bread 

CCK   Cholecystokinin 

CDCA   Chenodeoxycholic acid 

CI   Confidence interval

CV   Coefficient of variation

CVD   Cardiovascular disease

dAUC   Decremental area under the curve 

DCA   Deoxycholic acid 

EGP   Endogenous glucose production 

FB   Flat bread 

IFG   Impaired fasting glucose 

FXR  Farnesoid X receptor

GC/C/IRMS  Gas chromatography combustion isotope ratio mass spectrometry 

GC/MS   Gas chromatography–mass spectrometry 

GCR   Glucose clearance rate 

GH   Glycoside hydrolase 

GI   Glycemic index 

GIP   Glucose-dependent insulinotropic polypeptide 

GL   Glycemic load

GLP-1   Glucagon-like peptide-1 

GLUT   Glucose transporter

GRA  Rapidly available glucose 

GSA   Slowly available glucose 

GT   Total glucose

GTA   Total available glucose 

iAUC   Incremental area under the curve 

IGT  Impaired glucose tolerance

IR   Insulin resistance

IS   Insulin sensitivity

KB   Kernel bread

LCA   Lithocholic acid 

LC/MS   Liquid chromatography mass spectrometry 

LOQ   Limit of quantitation 

OGTT   Oral glucose tolerance test

PA   Pasta 
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PBB  Bread with purple wheat bran 

PLS  Partial least squares

QC   Quality-control

RaE   Rate of appearance of exogenous glucose 

RaT   Rate of appearance of total glucose 

RDS   Rapidly digestible starch

RS   Resistant starch 

ROS   Reactive oxygen species

RR   Relative risk

RSD   Relative SD 

SCFA   Short chain fatty acid

SD   standard deviation 

SDS   Slowly digestible starch

SEM   Standard error of the mean

SGLT-1   Sodium glucose linked transporter

T2DM   Type 2 diabetes mellitus

TCA   Tauro cholic acid

TGR5   G-protein coupled bile acid receptor (also known as GPBAR1)

UDCA   Ursodeoxycholic acid 

VAS   Visual analogue scale 

WU   Water-unextractable 

XRT   X-ray microtomography

X   Xylose








