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Frequently used Abbreviations 

A pool size 

ALAT alanine aminotransferase 

ASAT aspartaat aminotransferas 

c(z,y) fractional contribution of compartment y into compartment z 

C0
ab Initial concentration of label by extrapolation of absorption period 

C0
el Initial concentration of label by extrapolation of elimination period 

ChREBP carbohydrate response element binding protein 

Clag concentration at lag-time (tlag) 

Cmax Maximum concentration 

Ct concentration of label at time point t 

D Dose administrated label 

DHAP dihydroxyacetone phosphate 

DNL de novo lipogenesis 

E tracer to tracee ratio 

F fractional contribution of the administrated label to the sampled compartment 

f(z,y) fractional contribution of compartment y into compartment z 

F16P fructose-1,6-bisphosphate  

F1P fructose-1-phosphate  

F26P fructose-2,6-bisphosphate  

F6P fructose-6-phosphate  

G3P glyceraldehyde-3-phosphate  

G6P glucose-6-phosphate 

G6Pase glucose-6-phosphatase complex 

G6Pbal glucose-6-phosphate balance 

gal galactose 

GCMS gas chromatography mass spectrometry 

gI infusion rate of component g 

GIR glucose infusion rate 

GK glucokinase 

glcbal glucose balance 

GLUTx glucose transporter x 

glycbal glycogen balance 

GNG gluconeogenesis 

GP glycogen phosphorylase (as referred in this thesis) 

GS glycogen synthase (as referred in this thesis) 



 

Frequently used Abbreviations (continued) 

HGP hepatic glucose production rate 

HIEC hyperinsulineamic euglycemic clamp 

kab absorption rate constant 

kel elimination rate constant 

LDH lactate dehydrogenase 

LXR liver X receptor 

m mass isotopologue enrichment as measured by GC MS 

M mass isotopologue enrichment due to experiment 

M+x mass isotopologue enrichment of ion x 

MCR metabolic clearance rate 

Mg mass isotopologue enrichment measured of component g 

MIDA mass isotopomer distribution analysis 

MRT mean residence time of the label in the sampled compartment 

p precursor pool enrichment 

Parglc paracetamol-glucoside 

ParglcUA paracetamol-glucoronic acid 

PPARx peroxisom proliferator-activated receptor X 

pyr pyruvate 

pyrbal pyruvate balance 

r(z,y) contribution rate of compartment y into compartment z 

Ra(g) rate of appearance of component g 

Rd(g) rate of disposal of component g 

sI infusion rate from source s 

sM mass isotopologue enrichment from source s 

SREBP1c sterol regulatory-element-binding protein 1c 

t time point 

TCA tricarboxylic acid cycle 

Te tracee 

tlag time between administration and appearance 

tmax time (after lag time) at maximal label concentration 

Tr tracer 

UDPgal UDP-galactose 

UDPglc UDP-glucose 

UDPglcUA UDP-glucuronic acid 

V apparent volume of distribution 
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ENERGY MAKES THE WORLD GO ROUND 

 

 

Energy is defined as the capacity of a physical system to perform work. Energy is 

essential for life: without energy life would not be possible and the earth would be cold, 

dark and empty. Energy can, according to the laws of thermodynamics, not be created 

nor destroyed. It can only flow from one place to another or be transformed from one 

form into another. This implies that in situations of energy demand it has to be collected 

from available sources and in situations of excess it has to be transformed into other 

forms for storage. The “basic sources” of energy on earth are heat derived from 

geothermal sources and from the sun. The latter is, by far the most important source for 

life on the surface of the earth. Sun-derived energy is transmitted as light and 

subsequently captured and converted into chemical energy by a variety of life forms, 

mainly by plants. 

The conversion of radial into chemical energy requires the process of 

photosynthesis. In this process, radial energy, carbon dioxide and water are converted 

into oxygen and energy-rich compounds, i.e., carbohydrates, which can be processed to 

form fats. These products can be used for growth, reproduction and movement, whereas 

the surplus is stored. Mammals that are not able to use radiation directly as source of 

energy have to obtain their energy by eating energy stored in plants (herbivores) and/or 

other animals (omni/carnivores). Food is not always available to mammals, including 

humans, and often they have to spend a substantial amount of energy to find food. As a 

result, a mode of energy metabolism has developed that uses the gathered energy very 

economically. The surplus of energy is stored efficiently into the different tissues as 

glycogen or fat. During periods in which no food is available, the stores can be recruited 

to generate the energy required. Thus, during evolution, a metabolic system has been 

developed in mammals in which energy is handled with caution.  

During the last decades, however, humans in the western world have become 

exposed to an excess of (processed) food that is broadly available. Overall, this has 

resulted in excess energy intake over shorter periods of time. This, in combination with a 

sedentary life style, induces overfilling of energy stores in the body that might result in 

obesity. The combination of reduced energy expenditure and overfilled energy stores is 

often seen as the starting point of insulin resistance and type II diabetes.  

In the twentieth century, the metabolic pathways involved in synthesis and 

breakdown of energy-rich compounds like carbohydrates and fatty acids have been 

elucidated in great detail. They consist of a large number of reactions catalyzed by 
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proteins (enzymes and transporters). The flux of compounds through these pathways 

depends on the presence (amount) and activity of each of the enzymes/transporters 

involved. Regulation can be established at multiple levels, varying from DNA 

transcription to activation of proteins, e.g., by phosphorylation. Disturbances in fluxes 

can be induced by the absence or inappropriate function of one of the 

enzymes/transporters. This can be due either to inherited causes, as in the case of 

glycogen storage diseases, or be acquired due to life style factors as in type II diabetes. 

In countless studies, relevant metabolic fluxes are “estimated” from the amount 

of mRNA transcribed or from the activity of isolated enzymes. It is, however, 

questionable whether these parameters correlate with the actual flux through the 

respective metabolic pathways in vivo. The studies presented in this thesis focus on the 

use of stable isotopes to assess the magnitude of in vivo fluxes in carbohydrate 

metabolism. Stable isotopes were employed because these are non-harmful, can be used 

in animals as well as in humans but also because their use is much more informative 

when appropriate algorithms for calculations are used.  

 

Aim of the Thesis 

This thesis describes the development and application of several novel techniques to 

quantify specific pathways of carbohydrate metabolism in peripheral tissues as well as in 

the liver and intestine. A number of existing techniques were introduced and validated in 

our laboratory, with some relevant modifications. In addition, a number of new 

techniques have been developed. 

The aim of the thesis is twofold. Firstly, since the methodology and mathematical 

derivations used are rather complex, every consecutive step is explained in a simple and 

sometimes relatively naïve detail. This serves the purpose that the thesis should be used 

to introduce the methodology to new generations of (young) researchers in our 

laboratory and/or other laboratories with a similar focus. In Chapter 2, metabolic 

pathways in hepatic carbohydrate metabolism and peripheral glucose metabolism 

relevant for this thesis are discussed detail. In Chapter 3, a number of isotope 

techniques applicable to in vivo experiments and the measurements involved are 

discussed. In Chapter 4, the algorithms used in calculations of carbohydrate fluxes are 

discussed. Next to equations used in isotope dilution techniques, equations for mass 

isotopomer distribution analysis, glucose absorption kinetics and in first-order in one 

compartment kinetics are presented.  

Secondly, the thesis comprizes five experimental chapters, in which different 

techniques have been applied to quantify carbohydrate metabolism in rats and mice. In 

Chapter 5, changes in hepatic carbohydrate metabolism that occur after acute inhibition 
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of the glucose-phosphatase flux are quantified, using Mass Isotopomer Distribution 

Analysis. The pharmacological approach using the chlorogenic acid derivative S4048 in 

rats provided an experimental model of glycogen storage disease type Ia in humans. In 

Chapter 6, validation of a miniaturized sampling procedure is presented that allows 

stable isotope dilution and incorporation experiments in small animals (mice) and very 

small children. In Chapter 7, the hyperinsulinemic euglycemic clamp technique has been 

applied in conscious, freely moving mice to test the influence of pharmacological 

activation of the Liver X Receptor (by GW3965) on insulin sensitivity in a diabetic mouse 

model, i.e., the ob/ob mice. In Chapter 8, glucose absorption rates in Farnesoid X 

Receptor knockout mice, a mouse model with an unexpected fasting hypoglycemia, were 

calculated using the well-known Steele method in combination with multi-compartmental 

kinetic modeling. In Chapter 9, a kinetic model to assess hepatic and peripheral glucose 

metabolism is presented, making use of numerical modeling in combination with HOMA 

algorithms. This method allows to estimate the influence of insulin resistance on blood 

glucose kinetics Without perturbation of glucose metabolism in serial experiments over 

time. Finally, the presented methods and results obtained are discussed in Chapter 10. 
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INTRODUCTION 

An adequate intake, distribution, storage, and mobilization of energy-rich components is 

pivotal for optimal functioning of the body during the day with irregular periods of eating 

and activity. Glucose is one of the most important fuels. Since both low and high plasma 

glucose levels are detrimental, it is important that blood glucose concentrations are kept 

between rather strict limits. Severe complications can occur when blood glucose 

concentrations get too low, as in several inborn errors of metabolism, or when 

concentrations get to high, as in diabetes. The latter can lead to irreversible glycation of 

proteins that impairs their functioning. To keep an appropriate glucose homeostasis, a 

sophisticated system is operational in which the liver plays a central role. This organ has 

the capacity to absorb (in the postprandial state) as well as to produce glucose (in the 

post-absorptive state), allowing maintenance of blood glucose concentration at  

appropriate levels.  

Glucose that is taken up from food via the intestine enters the blood compartment 

and induces a rise in blood glucose levels. Glucose is taken up from the blood into 

various organs via dedicated transporter systems, followed by its phosphorylation by 

hexokinases. The inhibition of hexokinase activity in muscle and adipose tissue, by its 

product, i.e., glucose-6-phosphate, ensures a controlled uptake of glucose in peripheral 

tissue. In reaction to high blood glucose levels, the pancreas reacts by producing an 

additional amount of insulin which signals the liver to stop gluconeogenesis and to 

increase its glucose uptake. The liver is both an “energy consumer” as well as an “energy 

producer”. Firstly, it is able to absorb glucose from the circulation that can be either 

stored as glycogen or metabolized by glycolysis to acetyl-CoA moieties that may finally 

be incorporated into fatty acids that can be stored as triglycerides. Secondly, it can 

secrete glucose into the circulation, derived either from the degradation of glycogen or 

from de novo synthesis out of precursors like lactate, glycerol and amino acids 

(gluconeogenesis). These processes take place simultaneously, making the liver flexible 

in its reaction to changes in blood glucose levels. The coordination of these opposite-

acting pathways is regulated at several levels. Long-term control is exerted at the level 

of gene transcription, mid-term regulation is more at the level of hormonal control, i.e., 

by phosphorylation and de-phosphorylation of enzymes, and short-time control takes 

place at the level of metabolites like fructose-2,6-bisphosphate, glucose-6-phosphate 

and xylulose-5-phosphate. These regulatory mechanisms have been reviewed in detail 

by a number of authors i.e., Radziuk et al. (1), Bollen et al. (2), Van Schaftingen et al. 

(3), Wu et al. (4), Dentin et al. (5), Foufelle et al. (6), Agius et al. (7), Mithieux (8) and 

Wasserman et al. (9) and are shortly described below. Furthermore, the databases 
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UniProt.org, Reactome.org, and NCBI.nlm.nih.gov were used for discussions below. The 

simplified model of total body glucose metabolism, adopted for practical reasons in this 

thesis, is shown in Fig.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Glucose metabolism. 

I. Intestinal glucose absorption into bloodstream II. Hepatic glucose uptake; III. 

Glucokinase flux; IV, Glycogenesis; V. Glycolysis; VI. Gluconeogenesis; VII. 

Glycogenolysis; VIII. Glucose-6-phosphate flux; IX Hepatic glucose output, X;. 

Blood glucose disposal, XI; pentose phosphate flux. 

Note: At least for the time being, it was not possible to calculate fluxes of the 

pentose phosphate route with isotopomer models as presented in this thesis, 

implicating that this route will be largely excluded from further discussions.  
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EXTRA-HEPATIC CARBOHYDRATE METBOLISM 

As discussed above, it is important that cells in the 

peripheral tissue and organs are supplied by sufficient 

amounts of glucose. Ingested glucose is absorbed into 

the blood compartment and transported to peripheral 

tissue and organs. The magnitude of glucose disposal in 

these tissues, i.e., skeletal muscle, brain, and adipose 

tissue depends on blood flow, blood glucose 

concentration, glucose transport across membranes, and rate of intracellular 

phosphorylation of glucose.  

 

Intestine 

After food intake and digestion, food components and/or their metabolites are absorbed 

largely in the small intestine. Polysaccharides are hydrolyzed to monosaccharides, after 

which they are absorbed by a two-step transport system. Firstly, glucose is concentrated 

inside the enterocytes catalyzed by the sodium-dependent glucose transporter SGLT1 

(SLC5A1) localized at the apical membrane. Transport is driven by a electrochemical 

gradient of sodium ions (10). Subsequently, the intracellular glucose is released across 

the basolateral membrane by facilitated diffusion through the actions of glucose 

transporter GLUT2 (11). Next to transport directly through the enterocyte, glucose can 

be phosphorylated to glucose-6-phosphate (G6P) that is metabolized in the glycolysis 

pathway to generate energy. This phosphorylation process is mediated by hexokinase I 

(HK1, EC 2.7.1.1) and II (HK2, EC 2.7.1.1). More recently, it was shown that enterocytes 

might also contribute to endogenous glucose production (see reviews (8;12))  

 

Skeletal Muscle 

Skeletal muscle is the largest site for disposal of blood glucose. Glucose uptake into 

muscle depends on the blood flow through the muscle (see reviews (13) and (9)) and 

the transport rate across the plasma membrane which is mediated by GLUT4 (SLC2A4). 

Transport capacity is regulated by insulin, but also depends on muscular activity. In 

situations of high glucose and/or high insulin levels, the capillary blood flow in the 

muscle is increased as well as the number of GLUT4 transporters at the plasma 

membrane of the cells. The latter process is the result of intracellular trafficking to the 

plasma membrane of vesicles containing GLUT4, followed by docking and finally fusion 

with the plasma membrane (see review (14)). Thus, in this way more glucose can be 

taken up into the cells. Once in the cell, glucose is phosphorylated to form G6P mediated 

by hexokinase I (HK1, EC 2.7.1.1) and II (HK2, EC 2.7.1.1) which are sensitive to its 

Glucose-6-PGlucose

Intestine

Muscle         Brain   Adipose tissue
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product G6P in a feedback manner (see review (15)). After phosphorylation, glucose is 

trapped within the cell because of the lack of glucose-6-phosphatase activity in muscle 

and is stored as glycogen or directly oxidized to generate energy (glycolysis).  

 

Brain 

Glucose is the most important fuel for the brain under normal situations, although 

additional substrates like ketone bodies, acetate, glutamate, pyruvate and especially 

lactate can also be used (16). Because the intracellular concentrations of glucose and 

glycogen are relatively low in the brain, brain cells depend strongly on active transport 

from the circulation (see review (17)). Glucose is transported across the blood-brain-

barrier via the transporter GLUT1 (SLC2A1) after which it is taken up by the different 

cells types in the brain, mainly via the transporters GLUT1 and GLUT3 (SLC2A3). This 

transport is regulated by the systemic glucose concentration in mammalian brain and is, 

under normal conditions, not rate-limiting for intracellular metabolism. In fact, there is a 

near-equilibrium of glucose between blood and brain cells.  

 

Adipose Tissue 

An other important tissue that is able to take up glucose from the circulation is adipose 

tissue,  that represents the largest energy store in the body (~ 10 to 15 kg in humans). 

Although most of the energy stored comes from ingested triglycerides, a small part is 

synthesized from carbohydrates within the adipocytes themselves, i.e., de novo 

lipogenesis (DNL). Unfortunately, there is scarce information about adipocytic DNL, 

compared to the information available about DNL in the liver (see review (18)). Glucose 

transport across membranes of adipocytes is facilitated by GLUT1 and GLUT4 and, once 

within the cell, converted to precursors of DNL, e.g., citrate and acetyl-CoA. The 

expression of enzymes involved in DNL per gram tissue is less for adipose tissue then for 

liver. Yet, because of the size of this “organ”, the total amount of fatty acids newly 

synthesized maybe almost equal in adipose tissue and liver (1-2g per day for each 

tissue) (18). DNL is stimulated by glucose as well as by insulin, whereas it is inhibited by 

glucagon and polyunsaturated fatty acids. Genes involved in lipogenesis that are down-

regulated by polyunsaturated acids are GLUT4, fatty acid synthase, acetyl-CoA 

carboxylase, and stearoyl-CoA desaturase I. Furthermore, transcription factors like 

sterol-responsive element binding protein factor 1c (SREBP1c), NR1H3 (LXRα), MLX1PL 

alias carbohydrate responsive element binding protein (ChREBP) and peroxisome 

proliferator-activated receptors (PPARs) can be modulated by polyunsaturated fatty acids 

(19).  
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HEPATIC CARBOHYDRATE METABOLISM 

The liver is one of the few organs (next to 

kidney and probably the intestine (see reviews 

(8;12)) that are able to synthesize glucose 

from precursors after which it can be secreted 

into the circulation to maintain blood glucose 

levels. The intracellular glucose level in the 

liver is almost equal to that in the circulation 

(portal vein): liver and blood can thus be 

regarded as a single pool. This, in combination 

with its ability to take up glucose, makes the 

liver highly flexible to adjust for changes in blood glucose levels.  

 

Facilitated Glucose Transporter, member 2; GLUT2 (SLC2A2)  

Glucose transport across the plasma membrane of hepatocytes is facilitated mainly by 

GLUT2. Other transporters that may be involved are GLUT9 (SLC2A9) (20) and, the more 

recently described GLUT10 (SLC2A10) (21). An additional mechanism of glucose 

transport was proposed by the group of Thorens, i.e., membrane traffic-based pathway 

of glucose (exocytose) (22-24). GLUT2 transporters are present in hepatocytes but also 

in other tissues that are important for maintenance of blood glucose homeostasis like 

pancreas, intestine, kidney and hypothalamus. The transporters are localized in the 

plasma membrane and have a high capacity for many sugars like glucose, fructose and 

galactose. Because GLUT2 is a high-capacity transporter (25), it keeps the glucose 

concentration across the plasma membrane of the hepatocytes in near-equilibrium. 

mRNA expression of GLUT2 is induced in the post-absorptive state when blood glucose 

and blood insulin levels are high. However, a combination of high glucose and low insulin 

levels also induces expression of the GLUT2 transporter (arises for instance in 

streptozotocin-induced diabetic rodents (11)), indicating that hepatic glucose 

translocation is actually (partly) insulin-independent.  

 

Cycling of Blood Glucose and Glucose-6-phosphate 

Glucose absorption starts with the GLUT2-

mediated entry of glucose into the hepatocytes 

as discussed above. This is followed by its 

phosphorylation in the cytosol by glucokinase to 

form G6P. Using the model presented here, 

intrahepatic G6P can enter three distinctive 

Glucose-6-P

Pyruvate

UDPglc

Glucose Glycogen

F16P

Intestine

Peripheral tissue

Glucose-6-P

Pyruvate

UDPglc

Glucose Glycogen
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pathways, i.e., back to blood glucose, conversion into glycogen, or consumption in 

glycolysis. The conversion back to blood glucose is often called “futile cycling”, although 

these simultaneously occurring fluxes enables sensitive regulation and hence quick 

reactions and adaptations to changes in metabolic state (26-28). 

 

Glucokinase (Hexokinase 4); GCK (EC 2.7.1.2) 

The glucose phosphorylation to G6P by GCK 

(hexokinase IV or D and often referred as 

glucokinase) is the second committed step 

in hepatic glucose absorption (see review 

(29)). This enzyme is highly expressed in 

tissues controlling glucose homeostasis, especially liver and pancreatic β-cells, but also in 

gut and brain (30). Despite its name, specificity of GCK is not limited to glucose as 

substrate but other hexoses like mannose and fructose can be phosphorylated as well 

(31). It has a supra-physiological Km for glucose and is not inhibited by G6P in the 

physiological concentration range. The liver-specific promoter of glucokinase is mainly 

regulated by insulin and glucagon (32;33), via a SREBP1c-mediated process (6;34). 

Whether it is controlled by LXR is still under debate (35-37). In addition, it has been 

claimed that GCK could be directly activated by PPARγ  (38). The glucokinase regulator 

(GCKR) is mainly localized in the nucleus and controls the acute response of GCK to 

glucose (39). At low concentrations of glucose (< 5mM), GCKR binds GCK in the nucleus, 

from where it is rapidly released and translocated into the cytoplasm when glucose and 

insulin levels rises. Other ligands for GCKR are fructose-1-phosphate and fructose-6-

phosphate from which the first diminishes and the last enhances the interaction between 

GCK and GCKR (40;41). In the cytoplasm, GCK can interact with the bifunctional enzyme 

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-2 (PFKFP2) that is described 

below, resulting in a stable complex preserving GCK as glucose sensor (42;43).  In 

addition, GCK activity is associated with increases in glycogen synthesis, indicating that 

glucose-mediated GCK release is important for control of glycogen synthesis and less for 

glycolysis control (39;44). 

 

Glucose-6-phosphatase, catalytic unit; G6PC (EC 3.1.3.9) 

Glucose-6-phosphate transporter; G6PT (SLC37A4) 

Hydrolysis of G6P to glucose by the 

glucose-6-phosphatase complex (G6Pase) is 

the last step in glucose production from 

both newly synthesized G6P 

Glucose-6-phosphate

ADPATP

Glucose

Glucose-6-phosphateGlucose

H
2
OH3PO4
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(gluconeogenesis derived) and from glycogen degradation. The reaction is mediated by a 

complex of multiple enzymes that are situated in the endoplasmic reticulum (ER) for 

which Arion et al. proposed a model (45). It consists of four subunits, i.e., a catalytic 

subunit (G6PC) and transporters for each of the metabolites, G6P, glucose and 

phosphate, respectively. The active site of G6PC faces the lumen of the ER, implying that 

substrates as well as products of the reaction have to be transported across the ER 

membrane (46;47). Studies in inherited diseases (GSD-Ia and Ib) have confirmed the 

existence of two of these enzymes. Deficiency in the catalytic subunit is classified as 

GSD-Ia, whereas deficiency of the glucose-6-phosphate transporter (G6PT) is classified 

as GSD-Ib. Deficiencies of phosphate and glucose transporters have, up to now, not 

been reported (48). Around birth, when a newborn has to become self-supporting for 

glucose production, hepatic mRNA expression of G6PC increases which is accompanied 

by an enhanced enzyme activity (49).  In addition, expression of the enzyme depends on 

feeding status. Increases of up to 3.5 times in mRNA expression were seen during the 

first 48 hours of starvation, whereas upon more prolonged fasting (up to 96 hours), the 

increase in expression was reduced to about 1.5 times. Glucocorticoids, i.e., 

dexamethasone increases mRNA expression of G6PC in hepatoma cells (50) as well as its 

activity (51), that becomes even more enhanced by hepatocyte nuclear factor 1α 

(HNF1A) (52). The up-regulation of mRNA expression by HNF1A was seen in relation with 

c-AMP induced stimulation (53;54). Glucose stimulates also G6PC mRNA expression, 

which can be either directly (55) or indirectly mediated by intracellular glucose-derived 

components like xylitol, fructose and intermediates of the gluconeogenic pathway (56). 

At high glucose levels, mRNA expression of G6PC is elevated in cultured hepatocytes, in 

Fao hepatoma cells and in in vivo experiments in rats. Diabetic rats showed a 5-fold 

increase in mRNA expression that was corrected when glucose and insulin levels were 

normalized by treatment with the glucose transport inhibitor phloridzin (56-58). Finally, 

also long-chain fatty acids were known to increase G6PC mRNA and protein levels (59). 

In general, insulin overrides all stimulatory effects of above mentioned components, i.e., 

glucose, glucocorticoids, c-AMP, and fatty acids (60). Next to decreasing mRNA 

expression, insulin also loweres enzyme activity of G6PC (61), an effect that is 

stimulated by HNF1A in mouse hepatoma (62). A reduction in G6PC activity is further 

seen after refeeding of fasted mice with a carbohydrate-rich meal (63), an effect that is 

(probably) mediated by elevated insulin levels (64). Additionally, G6PC activity can be 

inhibited by some amino acids (47) and by fructose, which is probably mediated by 

fructose-1-phosphate (F1P) (65). Unsaturated free fatty acids reduce G6PC activity (66) 

which is also seen at low concentrations of acyl-CoAs (67;68). G6PT that is expressed 

ubiquitously, is already active before birth (69) and increases in expression after birth to 
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reach its adult values after about 4 weeks in rats (70). In HepG2 cells, G6PT mRNA 

levels showed a dose-dependent increase upon glucose administration (71). Increased 

mRNA levels were also seen after c-AMP administration (71) and during starvation (72). 

Insulin reduces G6PT mRNA expression but to a lesser extent then that of G6PC (61;62).  
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Glycolysis and Gluconeogenesis 

Glycolysis and gluconeogenesis are pathways in 

carbohydrate metabolism that act physiologically 

in opposite directions. Both pathways are 

subject to complex modes of control and share 

several enzyme activities. Some of these 

enzymes that are of less importance within the 

scope of this thesis and often operate under 

near-equilibrium conditions, are discussed 

briefly. 

 

Glucose Phosphate Isomerase; GPI (EC 5.3.1.9) 

This protein catalyzes the reversible isomerization of G6P and fructose-6-

phosphate (F6P) and is involved in both glycolysis and gluconeogenesis. 

The reaction is under most conditions close to equilibrium hence the two 

components can be considered as a single pool.    

 

 

 

 

Phosphofructokinase, liver type; PFKL (EC 2.7.1.11) 

The conversion of F6P into fructose-1,6-bisphosphate (F16P) in glycolysis and its 

reciprocal reaction in gluconeogenesis are mediated by different 

enzymes. In glycolysis, the reaction is catalyzed by PFKL that is 

positively regulated by ADP, AMP (73) and by the signaling molecule 

fructose-2,6-biphosphate (F26P), whereas ATP and citrate inhibit 

enzyme activity (73). 

 

 

 

Fructose-1,6-bisphosphatase 1; FBP1 (EC 3.1.3.11 ) 

The irreversible reaction in gluconeogenesis of F16P to F6P is 

catalyzed by FBPase 1, that is allosterically inhibited by AMP and 

competitively by  F26P (74).  
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6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2;  

PFKFB2 (EC 2.7.1.105/3.1.3.46) 

The signaling molecule F26P is synthesized from and also 

converted to F6P. Both reactions are mediated by the 

bifunctional enzyme PFKFB2. This enzyme contains two 

different active sites that are regulated in an on/off manner by 

phosphorylation. This phosphorylation is induced by cyclic AMP-

dependent protein kinase that, in turn is, stimulated by glucagon, giving an activation of 

FBPase 2 and a simultaneous inhibition of PFK-2-kinase which, together, results in 

decreased F26P levels. On the other hand, insulin induces de-phosphorylation of the 

enzyme, resulting in an increase of F26P levels (75). Next to these post-transcriptional 

regulations of PFKFB2 activity, insulin as well as glucagon act on gene expression (76). 
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Aldolase B, fructose-bisphosphate; ALDOB (EC 4.1.2.13) 

F16P is converted to the 

triosephosphate isomers 

glyceraldehyde-3-phosphate 

(G3P) and dihydroxyacetone 

phosphate (DHAP) by 

ALDOB. In mass isotopomer distribution analysis (MIDA), this reaction is considered as 

polymerization of triosephosphate isomers to F1P (see also Chapter 4).  

 

Triose phosphate isomerase 1; TPI1 (EC 5.3.1.1) 

There is a fast 

interconversion of the triose phosphate isomers catalyzed by the dimeric protein TPI1. 

With respect to the algorithms in MIDA (Chapter 4), it is crucial that the equilibrium is 

reached very fast.  

 

 

Three enzymes of less importance within the scope of this thesis are: 

 

 

Glyceraldehyde 3-phosphate dehydrogenase; 

GAPDH (EC 1.2.1.12) 

 

 

 

 

   

Phosphoglycerate kinase 1; PGK1 (EC 2.7.2.3)  

 

 

 

 

    

Phosphoglycerate mutase; PGAM1 to PGAM4 (EC 5.4.2.1)  
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Enolase 1, (alpha); ENO1 (EC 4.2.1.11) 

The interconversion of 2PG to phosphoenolpyruvate (PEP) and 

water results in an energy-rich enol-phosphate bond. The reaction 

is catalyzed by ENO1, a multifunctional enzyme that also plays an 

important role in other processes like growth control, hypoxia 

tolerance, allergic processes and autoimmune diseases (see review 

(77)).  

 

 

Pyruvate Kinase, liver and red blood cell; PKLR (2.7.1.40) 

The inter-conversions of PEP to pyruvate (pyr) are mediated by 

different enzymes in glycolysis and gluconeogenesis. In glycolysis, 

the irreversible reaction is catalyzed by PKLR, in a reaction that 

yields ATP. It is one of the key regulatory enzymes in glycolysis 

and is positively regulated by glucose and by other carbohydrates 

in the presence of insulin. PKLR inhibited by glucagon acting 

through cAMP (78). PKLR is also expressed in red blood cells 

whereas pyruvate kinase, muscle type (PKM2) is expressed in muscle. 

 

Pyruvate Carboxylase; PC (6.4.1.1) 

The first committed step in gluconeogenesis is the 

carboxylation of pyr to form oxaloacetate. The 

irreversible reaction is catalyzed by PC and is 

positively regulated by acetyl-CoA. PC is stimulated 

by glucagon and glucocorticoids and inhibited by insulin (78;79).  

 

Phosphoenolpyruvate Carboxykinase 1; PCK1, PCK2 (mitochondrial) (4.1.1.32) 

Next a high-energy phosphate bond in GTP 

is used in the conversion of oxaloacetate to 

phosphoenolpyruvate and CO2. This 

irreversible reaction is catalyzed by PCK1, 

also referred as PEPCK, that is stimulated by 

glucagon and glucocorticoids and inhibited by insulin (80).  
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Pyruvate Dehydrogenase (lipoamide) alpha 1; PDHA1 (EC 1.2.4.1) 

 Finally, pyruvate can be converted irreversibly into CO2 and acetyl-

CoA which may enter the tricarboxilyc acid (TCA) cycle. The reaction 

is catalyzed by PDHA1, that is part of the PDH complex. PDHA1 is 

stimulated by insulin, PEP, and AMP, and competitively inhibited by 

ATP, NADH, and acetyl-CoA.  
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Additional Relevant Reactions 

With respect to the Mass Isotopomer Distribution Analysis protocol we used to calculate 

gluconeogenesis, the metabolic pathways below are essential.  

 

Glycerol kinase; GK (EC 2.7.1.30) 

Glycerol is a precursor of glucose and enters gluconeogenesis at the level 

of the triose phosphates. Firstly, glycerol is phosphorylated to glycerol-3-

phosphate at the expense of ATP in a process mediated by GK. The 

expression of this enzyme is high in liver, kidney, testis and probably 

intestine (81).  

 

 

 

Glycerol-3-phosphate dehydrogenase 1 (soluble); GPD1 (EC 1.1.1.8) 

Glycerol-3-phosphate is in near equilibrium with DHAP, 

mediated by GPD1.  
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Glycogen Metabolism 

As discussed above, G6P plays a central role in 

glucose metabolism. It can be produced in the 

gluconeogenic pathway as well as by 

phosphorylation of blood-derived glucose. G6P 

can be oxidized via glycolysis, as described 

above, but it can also be stored in the form of 

glycogen. On the other hand, when necessary 

stored glycogen can be converted back into G6P. 

This “futile cycling” between G6P and glycogen enables sensitive regulation and hence a 

quick reaction to meet metabolic demands during changes in metabolic needs (26;27). 

Since this cycle plays a crucial role in regulation of glucose homeostasis, it will be 

discussed in detail below. 

 

Phosphoglucomutase-1; PGM1 (EC 5.4.2.2) 

The fast and reversible conversion of G6P to 

glucose-1-phosphate (G1P) with glucose-1,6-

diphosphate as enzyme-bound intermediate, is mediated by PGM1 (82;83). Since the 

reaction is near-equilibrium these two components can be considered as a single pool. 

 

UDP-glucose Pyrophosphorylase 2; UGP2 (EC 2.7.7.9) 

Subsequently, G1P is converted to an 

activated form of glucose, i.e., UDP-glucose 

(UDPglc), that is used in mammals as well 

as in plants as a glucosyl donor. It is in principle a reversible reaction catalyzed by UGP2, 

but because the pyrophosphate is rapidly hydrolyzed to orthophosphate, the reaction 

becomes irreversible towards UDPglc.  

 

Note: both reversible reactions described are fast, which allows the assumption that the 

three components, i.e., G6P, G1P, and for a certain extent UDPglc together with F6P (see 

above) can be considered as a single pool. This is of importance for tracer distribution 

used in MIDA algorithms as discussed in Chapter 4. 

 

Glycogenin 2; GYG2 (EC 2.4.1.186) 

The next step is the formation of a primer in glycogen synthesis by the autocatalytic 

attachment of UDPglc to tyrosine-194 of the protein glycogenin (84). This is followed by 
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elongation by α-1,4-glycosyl linkage of glucose residues from UDPglc in a process that is 

catalyzed by GYG2.  

 

Glycogen synthase 2 (liver); GYS2 (EC 2.4.1.11) (in this thesis referred to as GS) 

Glucan (1,4-alpha-), branching enzyme 1; GBE1 (EC 2.4.1.18) 

When the glycogen chain has reached a length of about 7 glucose 

residues, GS takes over the elongation process that at some point is 

interrupted by GBE1. This enzyme clips off and transfers a terminal 

block of about 6 units to a neighbouring chain where it attaches it to form α-1,6-glycosyl 

linkages creating a branched glycogen molecule. At high concentrations of glucose and 

intracellular G6P, GS migrates from the intracellular site to the plasma membrane where 

glycogen synthesis starts (85-87). Interestingly, it is G6P produced by GCK and not by 

hexokinase I that promotes this GS activation (88). The rate-limiting step in glycogen 

synthesis is mediated by GS. It is highly regulated by phosphorylation and de-

phosphorylation mechanisms (89). De-phosphorylated GS (GSa) is the active catalytic 

form whereas phosphorylated (GSb) is inactive. Phosphorylation of GS takes place at 

multiple serine residues and is, at least in vitro, catalyzed by several protein kinases, 

e.g. protein kinase A, protein kinase C, phosphorylase kinase, Ca2+- and calmodulin-

dependent protein kinase, AMP-stimulated protein kinase, and glycogen synthase kinase-

3β (GSK-3β; EC 2.7.11.26) (2). GSK-3β is inhibited by insulin mediated via protein kinase 

B (PKB alias of AKT1; EC 2.7.11.1) (90). Inactivated GSb can be stimulated to active 

values by G6P in presence of high glucose levels that are comparable with active GSa 

form (2). Additionally G6P stimulates the de-phosphorylation of GSb by glycogen-

associated protein synthase phosphatase-1 (PP1G; EC 3.1.3.16) in an insulin-

independent way (91;92). The de-phosphorylation of GSb by PP1G is counter-regulated 

by an allosteric inhibition of phosphorylase-a. At high concentrations of glucose, 

phosphorylase-a is inactive and abolishes this inhibition. 

 

Glycogen Phosphorylase, liver type; PYGL (EC 2.4.1.1) (in this thesis referred to as GP) 

amylo-1, 6-glucosidase, 4-alpha-glucanotransferase; AGL (2.4.1.25, 3.2.1.33) 

The degradation of glycogen to G1P involves a combined 

action of glycogen phosphorylase and debranching enzyme in 

the presence of phosphate. Debranching enzyme contains two 

catalytic domains, i.e., 4-α-glucanotransferase (EC 2.4.1.25) and amylo-α-1,6-

glucosidase (3.2.1.33). Glycogen phosphorylase releases successively the terminal 

glucose units by cleaving the α-1,4-glycosyl bonds until four units are left. Subsequently, 

debranching enzyme removes a chain of three glucose units from a α-1,6-bondage and 

Glucose-6-P Glycogen

Glycogen
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attaches them to the four units of the neighbouring chain. The remaining α-1,6-glucose 

unit is then released by amylo-α-glucosidase activity (2). The regulation of glycogen 

phosphorylase is mainly at the post-transcriptional level. In the liver this occurs primarily 

by phosphorylation and de-phosphorylation mechanisms. In other glycogen containing 

tissues, like brain and muscle, GP is regulated via allosteric activation (by AMP) or 

inhibition (by G6P). Glycogen phosphorylase is activated from the inactive b- to its active 

a- form (i.e., GPa to GPb) by phosphorylation that is catalyzed by phosphorylase kinase 

B; (PHKB; EC 2.7.11.19). This enzyme itself is also regulated by phosphorylation, the 

conversion from its inactive b- to the active a-form is catalyzed by protein kinase a (PKA; 

E.C. 2.7.11.1) which is activated by insulin. De-phosphorylation of both active enzymes, 

i.e., GPa and PHKa, is catalyzed by the same enzyme, i.e. PP1G. Glycogen breakdown is 

also regulated by intermediary metabolites. Firstly, F1P stimulates PP1G and thereby the 

de-phosphorylation of GPa, resulting in a reduced degradation of glycogen. Secondly, 

when glucose binds to GPa, glycogen degradation is reduced and, in addition, it renders 

the complex more sensitive to inactivation by de-phosphorylation.  
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In Summary, assuming 

that the intracellular glucose 

concentration in hepatocytes 

monitors the glucose 

concentration in the 

circulation, GPa acts as a 

“sensor” for blood glucose 

levels, i.e., a rise in blood 

glucose level will result in a 

reduction in hepatic glucose 

production from glycogen. 

Additionally, glucose 

abolishes the phosphorylase-

mediated inhibition of PP1G, 

resulting in phosphorylation 

of GSb to GSa and enhanced 

incorporation of glucose into 

glycogen. So, a rise in 

glucose levels in the 

circulation generates a feed-

back effect by reducing 

glucose release from 

glycogen accompanied with 

an enhanced glycogen 

synthesis. Auto-regulation 

by glucose levels is 

described in many reviews  

(93;94). 
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TRACERS 

 Introduction  

To be able to evaluate essential steps in carbohydrate metabolism in vivo in a 

meaningful manner, it is necessary to obtain information from the system without 

inducing overt disturbances in the system. Over the years, methods have been 

developed to obtain quantative information by introducing small amounts of labelled 

compounds into various compartments of the system (1). The compounds introduced 

(tracers) must have identical chemical and biological properties as the compounds 

present in the system (tracee) but can be measured because of different physical 

properties. 

According to Cobelli (1), an ideal tracer is: 

� Not perturbing the system studied 

� Metabolically indistinguishable from the tracee 

� Physically distinguishable from the tracee 

Prerequisite 2 and 3 obviously lead to the choice for isotopes to study in vivo kinetics of 

carbohydrate metabolism. The choice for stable isotopes rather than for radioactive 

isotopes, as will be explained in the following, implies that prerequisite 1 needs special 

attention. A substantial number of isotopes is available but, in the case of carbohydrate 

metabolism, use is restricted to isotopes from carbon, hydrogen, and oxygen. 

 

Isotopes 

Studies addressing differences in atomic masses between elements go back as far as 

1815 when William Prout published his “whole number rule”, implying that molecular 

masses are multiples of the mass of hydrogen (see review Budzikiewicz e.a. (2)). Soddy 

predicted in 1910 that lead obtained from the decay of uranium would have different 

mass compared to lead obtained from the decay of thorium, and stated that “Chemical 

homogeneity is no longer a guarantee that any supposed element is not a mixture of 

several different atomic weights……” (3). In 1913 he introduced the term “isotope” 

(Greek for same place) for “elements chemically identical and non-separable by chemical 

methods” (4). In 1920, Aston published photographic recordings of several elements 

using a mass spectrograph. (5). Hevesy introduced in 1935 the “tracer principle” for 

which he received the Nobel Prize in 1943 (see reviews (6;7)). The “tracer principle” 

states that “a radioactive atom might be used as a representative tracer of stable atoms 

of the same element”. The occurrence of isotopes of the elements present in 

carbohydrates, i.e., H, C, and O, as presented in table 1 were described in the 1930’s. In 

general, isotopes have stable as well as unstable (radioactive) appearances, from which 

the last decay by emitting radiation. They can be divided into a ‘natural’ and ‘technical-  
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Isotopes Number of 

protons 

Number of 

neutrons 

stability Natural 

occurrence 

% 

radiation Half life 

time 

1H 1 0 Stable 99,985   

2H 1 1 Stable 0,015   

3H 1 2 Radioactive  β 12,3 years 

       

11C 6 5 Radioactive  χ 20,3 minutes 

12C 6 6 Stable 98,89   

13C 6 7 Stable 1,11   

14C 6 8 Radioactive  β 5715 years 

       

15O 8 7 Radioactive  χ 122 seconds 

16O 8 8 Stable 99,76   

17O 8 9 Stable 0,04   

18O 8 10 Stable 0,2   

 

Table 1. Isotopes of hydrogen, carbon and oxygen. 

 

 

produced’ radionuclides. The first have relatively long half-life times, such as 3H and 14C, 

whereas the last, e.g. 11C and 15O, have very short half life times.  

 

Radioactive Isotopes 

The radioactive isotopes 3H and 14C decay after the loss of an electron, i.e. β-radiation 

(8), implying conversions of atoms. The loss of mass is equivalent to the loss of energy, 

i.e., 0,018 and 0.154 MeV for 3H and 14C, respectively, that can be measured by 

scintillation counters. The advantage of radioactive isotopes in tracer experiments 

include the relative ease in which measurements can be performed and the small 

amount of material that has to be introduced into the system. The latter perfectly fits to 

the requirements for a tracer as formulated by Cobelli (1). Limitations of radioactive 

tracers, however, are health risk for the subject of study and investigator. Related to 

this, there are legal limitations on use of rooms and technical facilities. This implicates 

that radioactive isotopes are not useful for our purposes that involve the introduction of 

tests in children and complicate experiments with small laboratory animals.  

 

Stable Isotopes 

Because of these and other considerations, we have chosen to use  stable isotopes as 

tracers in our in vivo studies of metabolic pathways (1;8). In nature, hydrogen, carbon, 
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and oxygen are predominantly present as 1H, 12C, and 16O, respectively (see table 1). 

Next to these isotopes, stable isotopes are present that are chemically and biologically 

indistinguishable from the “parent atom” but differ by weight. These differences are the 

result of one or two additional neutrons in the nucleus. Molecules in which one or more 

atoms have been substituted by the respective stable isotopes can be used as tracers 

since the mass difference can be detected. The contribution of tracer molecules in a 

sample is measured by mass spectrometry, as discussed below. Stable isotopes were 

first used in the 1930’s (9), but with the introduction of scintillation counting in the 

1950’s, radioactive isotopes were more and more considered as the tracers of choice. 

Technical developments of mass spectrometry in the 1970’s, together with increasing 

performance of computers and development of appropriate software programs, have led 

to renewed application of stable isotopes for metabolic studies. A major advantage of 

stable isotopes is obviously, the lack of radioactivity which enables their use in 

experiments in humans. The opportunity to detect multiple isotope incorporations within 

a single molecule is also an important advantage. The most obvious disadvantage of 

stable isotopes is their presence in nature which makes their measurement less sensitive 

compared to radioactive isotopes. This implies that higher tracer to tracee ratios are 

necessary in experiments that might violate the first statement of Cobelli (1), i.e., the 

amount of the tracer should not disturb metabolism.  

 

In conclusion, to study carbohydrate metabolism in rodents and humans, especially in 

children, stable isotopes are by definition the most appropriate tracers to be applied. 

However, one must be aware that there always is a possibility of disturbances in 

metabolism due to relative high tracer-to-tracee ratios that have to be used to allow 

accurate quantification. 
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Tracers within the Scope of this Thesis 

Tracers may consist of a different number of each isotopic atom that also can be situated 

at different places within the molecule. Isotopomers are molecules having the same 

number of each isotopic atoms but at different places (D-[2-13C]-glucose vs. D-[5-13C]-

glucose). Whereas, isotopoloques are molecules that differ in their isotopic composition 

(D-[2-13C]-glucose vs. D-[2,5-13C]-glucose vs. D-[U-13C]-glucose). 

 

A 

 

 

 

 

 

B 

 

 

 

 

 

C 

 

 

 

 

 

 

Figure 1: Isotopomers and isotopologues used in experiments as 

presented in this thesis. 

A: tracers, used in infusate of hyperinsulinaemic euglycemic clamp experiments, in 

measurements of glucose absorption rates and in the first-order single pool 

models. B: tracers, used in infusate of mass isotopomer distribution analysis 

protocol. C: metabolites generated in vivo during Mass Isotopomer Distribution 

Analysis protocols  

Bold characters indicate positions of stable isotopes, i.e., ‘C’ represents 13C and ‘H’ 

represents 2H, respectively. 
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GAS CHROMATOGRAPHY AND MASS SPECTROMETRY 

Introduction 

Knowledge of stable isotopes is directly connected to the history of mass spectrometry. 

First measurements were performed with cathode rays (1897) and somewhat later, Wien 

introduced canal rays in which positively charged ions were studied (see review 

Budzikiewicz e.a. (2)). In these experiments, it was observed that the rays travelling 

through a vacuum could be deflected in magnetic as well as in electric fields. The 

particles were collected on photographic paper or, at later times, on a fluorescent 

screen. It was possible to calculate the mass of the individual isotopes from the typical 

spectrum formed on the screen. The first ‘modern’ mass spectrometer was build by 

Asten and Fowler in 1922. By 1925 about 50 elements had been determined with an 

experimental error of ~0.1% in abundances. 

The mass spectrometer that was used (Fig. 2) was a high-vacuum system consisting of: 

� an ionization chamber to split molecules into ions 

� an acceleration unit to give the ions sufficient speed 

� a mass analyzer to separate/filter the ions  

� a detector  

� a recorder to visualize the signal  

 

 

 

 

 

 

 

Figure 2. Schematic representation of a mass spectrometer. 

 

 

Mass spectrometric analysis starts with the introduction of a sample into the ionisation 

chamber of the mass spectrometer (10), which can be done either directly or indirectly. 

Direct application is used for the analysis of pure substances that can be introduced with 

a probe or by vapour inlet directly into a beam of electrons with high energy (electron 

impact ionisation) or into a chamber of atoms electrons with high energy like argon and 

xenon (fast atom bombardment ionisation). These methods are also popular ionisation 

techniques for in-volatile and/or thermal labile molecules such as peptides and other 

complex molecules. The disadvantage is that samples should be purified before use. In 

general, more complex samples are introduced indirectly into the ionisation chamber. In 

Ionisation
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Acceleration
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Mass
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this case, the compounds of interest are isolated from the matrix online by either gas 

chromatographic, liquid chromatographic or electrophoreic techniques, depending on 

volatility and stability of the analytes. A fourth and more recently developed technique is 

a mass spectrometric “clean up” of samples before mass spectrometric analysis (ms/ms 

technique). In our studies of carbohydrate metabolism, compounds of interest are 

glucose, saccharic acid and paracetamol-glucuronic acid, which are all non-volatile 

products. After masking their reactive polar groups by derivatization, i.e., by alkylation, 

acylation or silylation, the products become more volatile making gas chromatographic 

techniques useful in isolating of the compounds from the complex matrix. Therefore, this 

application will be discussed in detail. 

 

Gas Chromatography 

The first complex on-line Gas Chromatographic-Mass Spectrometric instruments were 

introduced in 1958, and subsequently simplified by Ryhage in 1964 (11). Major 

developments in this technique were achieved after the introduction of data-processing 

units in 1968 (12) and capillary columns in 1975, and in 1981, fused silica capillary 

columns were applied for Gas Chromatograpy-Mass Spectrometry. (13).  

 

Chromatography 

Chromatography is a rather old technique, developed to separate compounds present in 

complex matrices. It was first described in 1906 by Tswett (14), who also introduced the 

name for this technique: chromatography is Greek for “colour-writing”. In one of the first 

experiments, the discrete coloured bands were described that appeared after separation 

of a chloroplast mixture in a glass tube containing calcium-carbonate as stationary phase 

that was eluted with a mixture of petroleum ether and alcohol as mobile phase.  Over 

the years, the technique developed. Different combinations of stationary and mobile 

phases were introduced and already in 1941 Martin and Synge made the suggestion to 

use a gas as mobile phase, i.e., gas chromatography (GC) (15). This idea was 

elaborated in 1952 by James and Martin (16) whereas Holmes and Morrell introduced the 

linkage of between GC and mass spectrometry in 1957 (17).  

 

Mechanism of Chromatograph 

The diffusion of molecules introduced into a gas-filled space can be described by 

Brownian motion. After introduction of a compound at one point (O) in a gas atmosphere 

at a temperature that is higher than its boiling point, the molecules will migrate 

randomly in all directions. After a certain period of time (t), the position of the molecules 

is described (in relation to O) by a Gaussian curve. The average of this curve is zero 
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whereas the standard deviation depends on time and temperature as discussed by 

Einstein in his theory of Brownian motion (see also (18)). When the compound is 

introduced in a linear stream of an inert gas as in gas chromatography, the Gaussian 

distribution of the molecules will be superimposed on this linear migration. At column 

temperatures lower than the boiling point of the compounds injected these compounds 

will condensate on the stationary phase of the column. At this temperature, they will 

evaporate slowly mainly depending on the affinity between compound and stationary 

phase: the higher the affinity between stationary phase and compound the slower the 

evaporation will be. After raising the temperature above boiling point, molecules are all 

in the gas phase and will migrate randomly and superimposed on the linear migration of 

the gas. Thus, the distribution of compounds over stationary and mobile phase depends 

on their boiling temperature and their affinity to both phases. The separation of mixtures 

containing a number of different compounds is achieved by slowly raising  the 

temperature and making use of differences in equilibrium of the compounds between the 

stationary and gas phase.  

 

Instrumentation 

James and Martin introduced gas chromatography in 1952 (16) as shown in the scheme 

below. The system consists of (Fig. 3): 

� gas supply 

� injection system 

� column  

� interface  

� detector  

 

 

 

 

 

 

 

Figure 3: Gas Chromatograph in block diagram. 

 

 

Mobile Phase 

The mobile phase, i.e., the carrier gas, is usually stored in high pressure (200bar) 

cylinders. The carrier gas has to be very pure and inert to avoid reactions with analytes; 

Gas 

supply

Injection

system column interface detector

autosampler oven
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interfering products, like oxygen, sulphur and chloride but also water and traces of oil 

have to be removed by filters before introduction into the system. The pressure of the 

gas is reduced to appropriate levels (~3 bar) after which the flow rate through injector, 

column and, in some circumstances, detector is controlled to either constant flow or 

constant pressure values. Most frequently used gasses are nitrogen, helium and 

hydrogen. In some applications argon and methane are being used depending on 

viscosity, efficiency, purity, reactivity, detection method and price of the gas. In all our 

studies helium was used as carrier gas. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Injection system. 

consisting of: 1: heating block. 2:  liner. 3: septum. 4:  column. 5 : gas inlet 

6 : septum purge. 7 : split vent. 8 : gas control valve. 9: injection syringe. 

 

 

Injection System 

The injector is used to introduce samples in narrow and reproducible bands into the 

system, at temperatures below boiling point of the analytes on the column. This is 

achieved by a quick and instantaneous evaporation of the sample that is subsequently 

transported by an inert gas (helium) to a relatively cold column onto which the sample 

condenses. In general, the injector consists of a heating block containing a liner (a glass 

tube in which the sample is introduced), that is closed with a septum on the top (Fig. 4) 

and is connected to the column at the bottom. A carrier gas inlet is connected to the 

heating block together with gas exit tubing, controlled by a valve. The temperature of 

the heating block is between 200 and 320°C, depending on the boiling point of all 

compounds in the sample. The liquid sample is injected into the liner by a syringe, which 

can be done by hand or autosampler, The latter is the preferred method with respect to 

reproducibility and efficiency. The sample evaporates quickly at these high 

3
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temperatures, after which it is transported completely (splitless) or partly (split) onto the 

column that has a much lower temperature (about 40 to 80°C). Other known injection 

techniques are on-column and large volume injections (19). In our analyses of 

carbohydrates and their derivatives, split and splitless techniques were used depending 

on the amount of analytes in the sample.  

 

Chromatography 

In general, chromatographic systems consist of two parts, i.e., a stationary and a mobile 

phase, with the latter moving along the first. In liquid chromatographic systems (LC) the 

stationary phase is a solid material and the mobile phase a liquid. In gas 

chromatography (GC), the stationary phase can be liquid (GLC) or solid (GSC) and the 

mobile phase is an inert gas. The first columns used in gas chromatography were 1 to 4 

meters long having a diameter of about 0.125 mm containing a coated packing. Today, 

fused silica glass or metallic columns are most commonly used with lengths of 10 to 100 

meters, diameters from 0.10 mm (narrow bore) to 0.53 mm (wide bore). These columns 

are internally coated with a stationary phase of 0.1 to 2 µm thickness. The chemically-

bonded stationary phase in GC can be divided into solid and liquid phases for GSC and 

GLC, respectively. GSC consists in principle of two chromatographic techniques, i.e., 

adsorption and molecular sieve, whereas in GLC the interaction depends on the solubility 

of the analytes in the stationary phase. This solubility of analytes is mainly defined by 

the polarity of the stationary phase. Polar compounds are more soluble in a polar liquid, 

whereas non-polar compounds prefer non-polar liquids. Different capillary columns are 

available with a wide variation of polarity classified by the so called CP-index. Mobile 

phases regularly used in GC are nitrogen, helium, argon, gut also hydrogen and 

methane. The choice of gas depends of purity, reactivity, viscosity, efficiency, detection 

method and price. The velocity of the mobile phase depends on the application and is 

approximately 210 mm/s ~ 0.7 ml/min. Temperature is another important parameter in 

GC analysis. For reproducible results, the columns are placed in ovens equipped with 

very accurate controlled heating/cooling capabilities ranging from 40 to 350°C. The 

analysis can be performed at constant temperature (isothermal analysis) but more often 

the temperature is increased over time (programmable analysis).  

For all purposes described in this thesis, GLC techniques with capillary columns of 

average polarity and He as mobile phase were employed. 

 

 

 

 



 49 

Detection 

GC signals are registered on a detector that converts changes in physical properties of 

the mobile phase due to the presence of an analyte into an electric signal.  

Detector types used in GC are:  

� Flame Ionization  Detector   (FID) 

� Thermal Conductivity Detector  (TCD) 

� Electron Capture Detector   (ECD) 

� Flame Photometric Detector  (FPD) 

� Nitrogen-Phosphor Detector  (NPD) 

� Mass Spectrometer    (MS) 

� Isotope Ratio Mass Spectrometer  (IRMS) 

 

GCMS Interface 

In some cases, (like FID, TCD, ECD, FPD, and NPD) the GC-column is directly connected 

to the detector. However, in case of mass spectrometer an interface has to be used to 

avoid disturbances in the high vacuum of the mass spectrometer. The interface passes 

analytes to the ion source where the mobile phase is diverted. Known interfaces are jet 

separators and an open split interface. 

 

Principles of Mass Spectrometry 

Neutral compounds entering the system are charged in the ionization chamber by either 

electron-impact ionization (EI), chemical ionization (CI), fast atom bombardment (FAB), 

secondary ion mass spectrometry (SIMS), field ionization (FI), or laser desorption 

ionization techniques. From these techniques, EI and especially CI are used in our 

protocols and will be discussed more in detail.  

 

Electron-impact Ionization  

Electron-impact ionization is the oldest and most applied technique for ionization in mass 

spectrometry. Electrons are produced in a wire filament and subsequently accelerated in 

an electric field towards an anode resulting in an energy of about 70eV (Fig. 2a). When 

neutral molecules from the sample pass through the beam of high-energy electrons, an 

electron can be knocked out from its valence shell giving ions as shown in Fig. 2b.  

The ionization process can be written as: 

M + e- → M+● + 2 e- 

 

From the ~70 eV that is transferred to the molecule only 7 to 15 eV is necessary for 

ionization. The additional amount of energy results in instability of the ion, due to 
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dissociations of chemical bonds resulting in fragmentation of the molecules. The 

fragmentation patterns are characteristic for each individual compound and can be used 

for identification of compounds or elucidation of unknown molecular structures.  

 

 

 

 

 

 

 

 

 

 

Figure 5A. Ionization chamber. 

 

 

 

 

 

 

Figure 5B. Ionization of mass spectrometer. 

a: ionization electron approaches a neutral molecule. b: deformation of the 

electron cloud of the molecule while ionization electron passes by. c: further 

deformation of the electron cloud. d: ejection of an electron from the electron 

cloud of the molecule after passage of an ionization electron.  

 

 

Chemical Ionization  

Next to direct ionization of molecules present in the analyte, the molecules can also be 

charged indirectly by chemical ionization (CI). In this method, the energy comes from 

high energy electrons in a reagent gas (ionization gas) that is present in the ionization 

chamber at a relatively high pressure (about 10 Pa) and therefore in large excess 

compared to the analyte. Collisions between reagent gas molecules give multiple 

transfers of energy creating ionization plasma as shown below. Finally, the reactions of 

the analyte with this plasma will result in formation of positive and negative ions. In this 

method, the introduced energy from the electrons is divided over multiple ions 

implicating that less energy is transferred by the collisions between the plasma and 

analyte, resulting in less fragmentations compared to EI. Ionization gases regularly used 
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are methane, isobutene and ammonia. Possible reactions during ionization of sample 

molecules with methane as ionization gas are shown below: 

 

EI reaction of ionization gas:        CH4 + e
- → CH4

+● + 2 e-    

Secondary Reactions:    CH4
+● + CH4 → CH3

● + CH5
+ 

          CH4
+● → H●+ CH3

+ 

  CH3
+ + CH4 → + C2H5

+ + H2 

Possible reactions in analyte:       CH5
+ + M → MH+ + CH4  proton transfer 

   C2H5
+  + M → MH+ + C2H4  proton transfer 

      CH3
++ M → (M-H)+ + CH4   hydrogen abstraction 

    C2H5
+  + M → (M-C2H5)

+
  addition 

 

Acceleration 

Once formed, the ions are accelerated in an electric field towards the entrance of the 

mass analyzer. When the voltage of the electric field is V and the fragments have a 

charge of z the velocity (v) will be: 

 (eq.1) 

 

and so: 

(eq.2) 

  

 

Mass Analyzers 

One of the first analyzers developed was the sector field analyzer, in which ions have to 

travel through a tube with a fixed radius R that is placed in a magnetic field. Known are 

also quadrupole mass analyzer and the time of flight instruments. The first two analyzers 

will be discussed briefly. 

 

Sector Field Analyzer 

Ions are separated in mass analyzers based on their mass-to-charge ratio. The 

underlying principle is that charged particles in electric and magnetic fields obey to the 

Lorentz force law. This implies that, in high vacuum, a particle with charge z, and 

velocity v in a magnetic field H, that is perpendicular to the velocity will face a force 

(Lorentz-force) of magnitude Hzv. This force is perpendicular to both H and v (Fig. 6).  
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Figure 6. Lorentz-force. 

 

 

The centripetal force, Hzv, is compensated by the centrifugal force, mv2/r. resulting in: 

 

(eq.3) 

 

 

Combining eq.3 with eq.2 this results in: 

 

(eq.4) 

 

 

At chosen electric and magnetic fields, only the ions of specific mass-to-charge ratio m/z 

resulting in a circular path with radius r that equals the fixed radius R can pass the tube 

and will reach the detector. Other ions end up at the wall of the tube and thus will not 

reach the detector, as can be seen in Fig. 7. The mass-to-charge ratio m/z determines 

the radius of the ions in a fixed electric and magnetic fields. Switching m/z is performed 

by adjusting the magnetic field at a constant acceleration field (scanning).  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Course of ions through the magnetic field. 
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Quadrupole Mass Analyzer 

Compared to the sector field analyzer the quadrupole mass analyzer has a more 

moderate vacuum, lower acceleration field and some limitations in m/z resolution and 

mass range. This linear mass analyzer consists of a set of four rods (electrodes)  with a 

space in the middle. The accelerated ions enter this space to be separated by their 

mass-to-charge ratio (Fig. 8A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Quadrupole Mass Analyzer. 

Path of ions through electro field of quadrupole mass analyzer.  

 

 

The filtering of ions by the quadrupole mass analyzer is achieved by applying a radio 

frequency (RF) and a constant direct current voltage (DC) to the electrodes that are 

paralleled to each other. In Fig. 8B it can be seen that during the first part of the RF 

cycle positively charged ions are dragged to the right and left rods, whereas in the 

second part they will be dragged to the upper and lower rods of the quadrupole (Fig. 

8C), resulting in a three dimensional wave. Ions of selected m/z travel between the four 

rods towards the detector (Fig. 8A). Ions of lower m/z will travel over a larger distance 

during the RF half cycle and finally collide with one of the rods and disappear (Fig. 9A). 

In contrast ions with higher m/z will hardly react to the alternating field but drift in the 

constant part of the electric field and will also finally collide with one of the rods (Fig. 

9B). Only ions of selected m/z will travel in a three dimensional wave between the rods 

to the detector: these are called resonant ions (Fig. 9C).  

For all purposes described in this thesis the quadrupole mass analyzer was used. 
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Figure 9. Course of ions in electric field. 

 

 

Detector 

Where in the past photographic plates or a fluorescent screen are used for detection of 

generated ions, nowadays the detector consists of an electron multiplier that induces 

multiple electrons after ion collection. When this is done multiple times a large number 

of electrons are produced after each ion collection (Fig. 10). After amplification the signal 

is transmitted to a recorder or to a computer for storage and data analysis.  

 

 

 

 

 

 

 

 

 

Fig. 10. Detector. 
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Evaluation of GCMS Data: a Practical Guideline 

For all studies on in vivo carbohydrate metabolism in rodents, as presented in this 

thesis, we have chosen for stable isotopes as tracer. This implies that fractional 

contributions of the tracer in the various samples (blood, urine) had to be measured by 

mass spectrometry in combination with a gas chromatograph. We used the quadrupole 

SSQ7000 mass spectrometer (Thermo-Finnigan, San Jose, CA, USA) and a HP 5890 gas 

chromatograph (Hewlett-Packard,Palo Alto, CA) for most of our studies. The gas 

chromatograph was equipped with an AT-5 capillary column 20 m x 0.18 mm inner 

diameter (0.4-µm film thickness) (Alltech, Breda, the Netherlands). Mass spectrometric 

analysis were performed by positive-ion chemical ionisation with methane and ions 

monitored were m/z m0–m6 for all derivatives. 

All series measured, are composed in blocks of samples from individual animals 

separated by control samples. These control samples reflect naturally enrichment, i.e., 

consist of a mixture of samples taken at time point 0 from all animals participating in the 

experiment. In the middle of the series, a dilution series is inserted to determine the 

range of constant response of the mass spectrometer. The dilution series have to be 

made from highly-enriched samples of all animals participating in the experiment. The 

final concentration of the derivatives has a range from about 8x dilution to about 8x 

concentration of the starting mixture. Measurements of all control samples and dilution 

series and so, the whole series, are accepted for further calculations when the following 

two criteria are fulfilled. First, a series is accepted when measurements are performed 

within constant response of the mass spectrometer over time. The dispersion of total ion 

abundances of the control samples has to be within the pre-established ranges, i.e., 

m0<1%, m1<2% , and m2<2%, respectively. Second, total ion abundances of all 

samples have to be in the range of constant response of the mass spectrometer. The 

dispersion of total ion abundances of the samples in the dilution series have to be within 

the pre-established ranges, i.e., m0<1%, m1<2%, m2<2% , and m6<3%, respectively. 

Finally, before the data acquired are used in calculations, the fractional 

distribution of isotopologues as measured by GCMS (m0–m6) was corrected for the 

fractional distribution due to natural abundance of 13C by multiple linear regression as 

described by Lee et al. (20) to obtain the excess fractional distribution of mass 

isotopologues (M0–M6) due to incorporation of the different infused labeled compounds in 

the different experiments, i.e., D-[6,6-2H2]-glucose, D-[U-
13C]-glucose, D-[1-2H]-

galactose , and D-[2-13C]-glycerol. 

 

 



 56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Actual series of measurements.  

A. The series is composed of blocks of samples from individual animals (white 

bars) separated by control samples (black bars). In the middle of the series a 

block containing a dilution series was positioned to determine the range of 

constant response (gray bars). Total ion abundance between lines indicates the 

range in which the fractional contributions of m1, m2, and m6 to total ion 

abundance are constant as can been seen in figure B. 

B. Fractional contributions of selected mass isotopomers as measured in the 

samples of the dilution series are plotted; m0, open circles; m1, closed circles; m2, 

open squares; and m6, closed squares. Fractional contributions to the total ion 

abundances are considered to be constant between the lines.  

C. Fractional contributions of selected mass isotopomers as measured in the 

control samples are plotted; m0, open circles; m1, closed circles; and m2, open 

squares. Fractional contributions to the total ion abundances are considered to be 

constant during the measurements of this series.  
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INTRODUCTION 

When it was decided to develop procedures for studying glucose metabolism and 

especially kinetics of hepatic carbohydrate metabolism in detail, a number of interesting 

models was available (1-6), including some that applied stable isotopically-labelled 

tracers (2;4;6). We choose to apply the method described by Hellerstein and Neese et al. 

in 1997 (6) because it allowed to calculate newly synthesized glucose-6-phosphate (G6P) 

flux to blood glucose as well as the flux to the inaccessible hepatic glycogen pool through 

indirect sampling of its precursor, i.e.,  UDP-glucose (UDPglc) by applying a “xenobiotic-

probe” technique.  

The “T-shape” model of hepatic carbohydrate metabolism with G6P as central 

metabolite as adapted by us, consists of three arms with six individual fluxes through 

enzyme systems as depicted in Fig. 1. To calculate all fluxes, i.e., glucose-6-phosphatase 

(G6Pase), glucokinase (GK) fluxes, glycolysis and gluconeogenesis (GNG) as well as 

glycogen synthase (GS) and glycogen phosphorylase (GP) fluxes, tracers have to be 

introduced into all three “arms” of the model and additionally, samples have to be taken 

from these “arms”.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Glucose metabolism. 

I. Blood glucose absorption; II. Hepatic glucose uptake; III. Glucokinase flux; IV, 

Glycogenesis; V. Glycolysis; VI. Gluconeogenesis; VII. Glycogenolysis; VIII. 

Glucose-6-phosphatase flux; IX. Hepatic glucose output; X. Blood glucose disposal 
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Sampling Sites 

As discussed in Chapter 2, blood glucose and intrahepatic glucose can be considered as 

one pool. This assumption implies that in our model, the GK flux is the sum of fluxes II 

and III and the G6Pase flux is the sum of fluxes VIII and IX. Sampling the hepatic 

glucose pool can therefore easily be done  the readily accessible blood glucose 

compartment. The other two arms from the “T-shape” model are intrahepatic and not 

directly accessible. However, the “arm” representing hepatic glycogen metabolism is 

indirectly assessable using the UDPglc pool. In addition to its conversion into glycogen, 

UDPglc is also metabolized to UDP-glucuronic acid (UDPglcUA) a metabolite used in 

detoxification of endogenous and exogenous components like paracetamol. After hepatic 

conjugation of paracetamol with glucuronic acid, paracetamol-glucuronic acid (ParglcUA) 

is partly excreted in the urine from which it can be isolated. Assuming that the isotope 

composition of the glucuronic part of ParglcUA is identical to that of the glucose part of 

hepatic UDPglc, the latter can be estimated using urinary ParglcUA. From the third “arm” 

of the model, i.e., glycolysis and GNG, it is clear that pyruvate (pyr) and/or its 

metabolite lactate are the components that easily can be sampled from blood. However, 

both components represent glycolysis in liver as well as peripheral tissues. To distinguish 

between these two, a labelled component has to be infused that is specific for hepatic 

glycolysis. Because up to now no adequate component has been identified, it was not yet 

possible to calculate hepatic glycolysis in vivo.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Hepatic glucose metabolism; sampling sites. 

Sampling sites used in hepatic carbohydrate model are the directly sampled blood 

and indirectly UDPglc pools. Metabolites are isolated from plasma or blood spot 

and urine or urine spot, respectively.  
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Labeling Sites 

As discussed above, blood glucose and intrahepatic glucose present a single pool 

implying that the blood compartment can be used for introduction of a tracer into the 

intrahepatic glucose pool. In our protocol D-[U13C]-glucose is used for this purpose; this 

label is conserved during carbohydrate metabolism in two of the three arms in the 

model, i.e., G6Pase/GK and GS/GP cycles, and in the third arm (glycolysis/GNG) up to 

the triose phosphate pool. A suitable tracer to label the second “arm”, i.e., GS/GP, 

galactose (Gal) is employed. Galactose is converted into galactose-1-phosphate and 

subsequently into UDP-galactose (UDPgal) that is metabolized to form UDPglc. It is 

assumed that galactose is exclusively metabolized in the liver and that galactose is 

completely converted to hepatic UDPglc. We used D-[1-2H]-galactose, i.e., a label that is 

conserved during carbohydrate metabolism in the G6Pase/GK and in GS/GP cycling but is 

lost in glycolysis/GNG cycling at the level of F16P. In case of the glycolysis/GNG “arm”, 

there is no direct and exclusive hepatic labelling site available. An elegant solution to this 

problem was proposed by Hellerstein and colleagues (5-8). They used labelled  

[213C]-glycerol that is incorporated into fructose-1,6-bisphosphate (F16P). This labelling 

is conserved in G6Pase/GK and in GS/GP cycling of carbohydrates and thus can be 

measured in blood glucose and in UDPglc samples. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Hepatic glucose metabolism; labelling sites. 

Intrahepatic glucose is labelled by intra venous infusion of D-[U13C]-glucose. 

Intrahepatic UDP-glucose is labelled by intra venous infusion of  

D-[1-2H]-galactose. Intrahepatic fructose-1,6-bisphosphate is labelled by intra 

venous infusion of [2-13C]-glycerol. 
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In summary. Three different labels are introduced in the three different “arms” of the 

“T-shaped” model, i.e., D-[U13C]-glucose, D-[1-2H]-galactose and (indirectly) labelled 

F16P. The migration of the three labels to the sampling sites blood glucose and UDPglc 

can thus be calculated. 

 

 

ISOTOPE DILUTION APPROACHES 

Turnover rates of glucose in the blood glucose pool as well as the turnover rates of the 

glucose residue of UDPglc can be calculated using stable isotope dilution algorithms. The 

principle hereof is relatively simple. Consider an isolated compartment C which contains 

an unknown number of particles (N, tracee) and a second compartment I containing a 

known number of labelled particles (n, tracer) (Fig. 4A). After mixing the particles from 

both compartments until a homogenous distribution is achieved, a small sample can be 

taken that represents the composition of the whole compartment (Fig. 4B).  

 

 

 

 

 

 

 

 

 

Figure 4. Isotope dilution technique. 

 

 

The fractional contribution (c) of labelled particles after mixing can be measured in the 

sample and equals to:       

Eq. 1 

 

From this, the initial number (N) can be calculated:       

Eq. 2  

 

Example 1: Isotope Dilution 

In our example, as shown in Fig. 4, the known amount of tracer (n) is 5 and fractional contribution (c) of 

labelled particles in the mixture as measured from the sample is 0.2.  

       

The initial amount of tracee (N) is calculated as: 
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In the body and in individual cells however, compartments of interest are not isolated 

but connected to each other in highly dynamic systems in which molecules can usually 

move from one compartment to another. To estimate the kinetics describing such 

dynamic systems, infusion protocols of tracers can be used. Consider a compartment 

which is supplied with a constant flow of molecules (rate of appearance; Ra). At steady 

state, the number of molecules in the compartment does not change over time which 

implies that the number of molecules leaving the compartment  (rate of disposal; Rd) 

equals that of entering, thus Ra = Rd, as shown in Fig. 5A. When an additional and 

constant rate of labelled molecules (I) is introduced, at steady state the number of 

labelled molecules that is leaving the compartment equals that of entering as shown in 

Fig. 5B. In this situation Rd is the sum of Ra and I (eq.3).  

 

Eq. 3 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Isotope dilution technique during a constant infusion of labelled 

molecules. 

 

 

The fractional contribution of labelled molecules (tracer) in the compartment can be 

described as: 

Eq. 4 

 

When the infusate is only partially labelled (MI) and the fractional contribution of tracer 

in the compartment is Mc and the equation becomes: 

Eq. 5 
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The rate of disposal is calculated as: 

Eq. 6 

 

The rate of appearance is calculated as: 

Eq. 7 

 

 

 

ISOTOPE INCORPORATION APPROACHES 

As discussed above, two of three “arms” from the “T-shape” model of glucose 

metabolism can be labelled directly. Unfortunately, direct labelling of the third arm 

(GNG) is, at least at this moment, not possible. That makes it more complicated to 

estimate the contribution of GNG to both sampling pools. Neese and Hellerstein et al. 

suggested that  GNG flux can be calculated by isotope incorporation (5). These authors 

proposed that glucose can be considered as a dimer of triose phosphates. As discussed in 

Chapter 2 and shown in Fig. 6, F16P is synthesized from DHAP and G3P. Assuming that 

the latter components are in near-equilibrium, they can be considered as a single pool 

(triose phosphate pool) and F16P as the dimer formed from this pool. Labelling of the 

triose phosphate pool is possible using labelled glycerol. When glycerol is labelled at the 

“C2-position” ([2-13C]-glycerol) the triose phosphate components will be labelled on the 

“C2-position”. This will result in incorporation of 13C in F16P at “C2- or “C5-position” 

(singly-labelled) and the simultaneous incorporation at “C2- and “C5-position” (doubly-

labelled), i.e., isotopologues MF16P
+1 and MF16P

+2 are formed. The positional labelling of 

F16P and the relative contributions of both isotopologues to the sum of these two 

isotopologues is conserved during the conversions of F16P to glucose and UDPglc. 

However, the relative contributions of both isotopologues to the sum of all isotopologues 

may change because of the influx of unlabeled hexoses from other sources as is shown in 

example 3.  

Example 2: Isotope Dilution in a Dynamic System 

In our example shown of Fig. 5, the known infusion rate (I) is 5 µmol per minute from which 80% is 

labelled (MI=0.8). The fractional contribution (c) of tracer in the mixture is 0.16. 
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Figure 6. Isotope incorporation technique.  

Fructose-1,6-diphosphate can be seen as a dimer of triose phosphate precursors, 

i.e., dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. During infusion 

of glycerol labelled at the “C2-position” with a 13C atom the triose phosphate 

molecules will also be labelled on the “C2-position”. This results in F16P containing 

either no label, a label at  the “C2-, or at the “C5-position” or simultaneously at 

the “C2- and “C5-position”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Example 3: Isotope Incorporation  

 

F16P

TP

Glc

X
 

 

Assume a triose phosphate pool (TP) that is labelled for 50%. Because one molecule F16P is synthesized 

from 2 molecules of the triose phosphate  pool, 25% of the F16P molecules have no (MF16P
+0), 50% one 

(MF16P
+1), and 25% two (MF16P

+2) labels. The ratio of doubly labelled over all labelled F16P molecules is 

0.333 (0.25/0.75). Next, F16P can be metabolized to glc that is also a target pool from another 

(unlabelled) source (X). When both sources, i.e., F16P and X, contribute for half of the input, 25% of the 

glucose will have one label (Mglc
+1), 12.5% two labels (Mglc

+2), and 62.5% no label (Mglc
+0). Although the 

isotopologue enrichments of both labels is changed, the ratio of the isotopologue enrichments remains the 

same: 0.333 (0.125/0.375). 
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The isotopologue enrichments of none, one and two labels as well as the relationship 

between them depend on the enrichment of the triose phosphate pool (p). Because F16P 

can be considered as a dimer, the theoretical isotopologue enrichments can be calculated 

from the frequency distribution, as shown below. 

  

Eq. 8 

 

 

n  is the number of subunits of the polymer; in case of glucose this equals 2 

p  is the probability of the presence of a labelled subunit; precursor  pool enrichment 

x  is the number of labelled subunit present in the polymer; in this case 0, 1, and 2  

 

As can be seen from this equation, p can be deduced from the ratio of the frequencies of 

both isotopologues (Fig. 7A) and the frequencies of both individual isotopologues, i.e., 

MF16P
+1 and MF16P

+2, can be deduced from p (Fig. 7B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Relationship between isotope incorporation in F16P and 

precursor pool enrichment.  

A: The precursor pool enrichment (p) can be deduced from ratios between 

measured isotopologue enrichments in blood glucose or UDPglc.  

B: isotopologue enrichments of F16P (M16FP
+1

 and M16FP
+2) can be estimated from 

the estimated precursor pool enrichment. 
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Example 4: Isotope Incorporation 

 

Calculation of the fractional contribution of gluconeogenesis: 

 

• The ratio is calculated from singly and doubly labelled isotopologues  

 

 

• Estimation of precursor pool enrichment from figure 7A 

 

 

• Estimation of fractional isotopologue distribution in 1,6-fructose-diphosphate from figure 7b                         

                 

 

• The fractional contribution of fructose-1,6-diphosphate representing the fractional contribution of 

gluconeogenesis is calculated 

From the calculated ratio of the measured isotopologue enrichments (M+1 and M+2) in glc 

and/or UDPglc, the precursor pool enrichment (p) is estimated by interpolation in figure 

7A. Using this estimated p-value, the theoretical isotopologue enrichments of newly 

synthesized F16P (MF16P
+1

 and MF16P
+2) are estimated by interpolation in figure 7B. The 

fractional contribution of F16P (representing GNG) to the total turnovers in the sampled 

pools (cF16P) is calculated from the dilution of F16P in these pools, i.e., the ratios M+1 

over MF16P
+1

 and/or M
+2 over MF16P

+2 can be used. In the studies described in this thesis, 

the isotopologue enrichments MF16P
+2 will be used for the calculations of dilution of 

labelled, newly synthesized F16P into blood glucose or UDPglc pool. 
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QUANTIFICATION OF HEPATIC CARBOHYDRATE METABOLISM 

Over the years the experimental approaches have been optimized and modified to allow 

for their use in mice, with major progress made in limiting blood sample sizes. Below, 

the latest approach is described in detail. 

 

Animal experiment 

Food is removed from the mouse cages 9 hours before the start of the experiment. This 

period was chosen to ensure absence of glucose influx from the intestine while, at the 

same time, excluding metabolic effects of prolonged fasting (see Chapter 6). 
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Example 5a: Experimental Data 

 

Carbohydrate fluxes were calculated in a 9h fasted mouse of 20.9 grams. The solution used contained 1.25 

mg/ml D-[U13C]-glucose, 3.0 mg/ml D-[1-2H]-galactose, 7.5 mg/ml [2-13C]-glycerol, as well as 1 mg/ml 

paracetamol and was infused at a rate of 0.6 ml/h. Blood and urine spots were taken hourly from which 

glucose and paracetamol-glucuronic acid, respectively were isolated.  

Isotopologue enrichments were measured in blood glucose and glucuronic part of paracetamol-glucuronic 

acid as well as in the infused D-[U13C]-glucose and D-[1-2H]-galactose by GCMS and corrected for natural 

abundances of 13C.  

 

Infusate  D-[U13C]-glucose  6
infM+  = 0.8891  rate   3.3 µmol.kg-1.min-1 

D-[1-2H]-galactose 1
infM+  = 0.9403    8.0 µmol.kg-1.min-1  

[2-13C]-glycerol              39.6 µmol.kg-1.min-1 

Glc  13C-enrichment  1
glcM+  = 0.2131 

2
glcM+  = 0.0230   

6
glcM+  = 0.0311 

2H-enrichment  1
glcM+  = 0.0368 

UDPglc  13C-enrichment  1
UDPglcM+  = 0.1779 

2
UDPglcM+  = 0.0198 

6
UDPglcM+   = 0.0041 

2H-enrichment  1
UDPglcM+  = 0.1679 

 

On the day of the experiment regularly at 7 AM, mice are placed in individual 

metabolic cages (home made) with filter paper (Schleicher and Schuell No2992,  

‘s-Hertogenbosch) under the wire floor of the cage to collect urine samples. Mice receive 

an infusion of a sterilized aqueous solution containing D-[U13C]-glucose (7 µmol.ml-1), 

[2-13C]-glycerol (81 µmol.ml-1), D-[1-2H]-galactose (17 µmol.ml-1), and paracetamol  

(1 mg.ml-1) at a rate of 0.6 ml.h-1 for 6 hours. During the experiment, blood glucose is 

measured using Euro Flash test strips (LifeScan Benelux, Beerse, Belgium) and 

bloodspots for GCMS measurements are collected before the start of the infusion and at 

six hourly intervals after start of the infusion. All blood samples are taken from tail tips 

and spotted on filter paper (Schleicher and Schuell No2992, ‘s-Hertogenbosch). Timed 

urine samples are collected at hourly intervals on filter paper under the wire floor. Blood 

spots and urine strips are air-dried and stored at room temperature until analysis.  

 

Analysis 

Analytical procedures were performed as described in Appendix 2. 
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Example 5b: Isotope Incorporation 

0.097
0.02300.2131

0.0230
Ratioglc =

+
=  

0.1780.00140.0971.95480.0971.505p 2glc =+•+•−=  

0.0316178.0M 22
F16P

glc ==+  

 0.100
0.01980.1779

0.0198
RatioUDPglc =

+
=  

  0.1820.00140.1001.95480.1001.505p 2UDPglc =+•+•−=  

0.03310.178M 22
F16P
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Isotope incorporation 

Example 5b shows the calculations of isotope incorporation for the same experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Turnover Rates  

Blood Glucose Turnover Rates 

For calculations of blood glucose turnover rates as presented here, steady state 

conditions have to be met. The turnover rate of blood glucose than equals its disposal 

rate (Rd(glc)) and is calculated from the dilution of infused labelled glucose, i.e., D-

[U13C]-glucose in this pool according to eq.9. In this equation, glcI is the glucose infusion 

rate (expressed as µmol.kg-1.min-1) whereas Minf
+6 and Mglc

+6 are the isotopologue 

enrichments of infusate and blood glucose, respectively, during the experiment. The 

metabolic clearance rate of blood glucose (MCR) represents the volume of blood that is 

cleared completely from glucose per kg mass and per time unit 

(ml.kg-1.min-1) and is calculated according to eq.10 as the ratio of total blood glucose 

turnover and blood glucose level (mmol.l-1). At steady state, the disposal rate equals the 

rate of appearance. The latter consists of the endogenous glucose production rate 
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Glucose-6-P

Pyruvate

UDPGlc

Glucose Glycogen

[1-2H]-Galactose

F1,6P

Glucose-6-P

Pyruvate

Glycogen

UDPGlc

Glucose

1,6-FP

[U-13C]-Glucose

Additional sources

Peripheral tissue

(Ra(glc)) and the rate of label infusion but also an entry rate of glucose from other 

sources (glcA) like intestine or additional (unlabelled) glucose infusions. Ra(glc) is 

calculated as the difference between Rd(glc), glcI and glcA as shown in eq.11. Additional 

glucose input is used during hyperinsulinemic or hyperglycaemic clamp studies or where 

an oral glucose test is performed during a constant infusion experiment. In eq.12, the 

calculation of Ra(glc) is shown in fasted animals without additional glucose 

administration.   

 

 

Eq. 9 

 

Eq.10 

 

Eq.11 

 

Eq.12 

 

 

 

UDP-glucose Turnover Rates 

The rate of UDP-glucose turnover equals the disposal rate (Rd(UDPglc)) and is calculated 

(eq.13) from the dilution of infused labelled galactose, i.e., D-[1-2H]-galactose, in this 

pool. In this equation, galI is the galactose infusion rate (expressed as µmol.kg-1.min-1) 

whereas Minf
+1 and MUDPglc

+1 represent the isotopologue enrichment of infusate and UDP-

glucose, respectively, during the experiment. At steady state, the rate of appearance of 

UDPglc (Ra(UDPglc)) is calculated as the difference between Rd(UDPglc) and galI (eq.14). 

It represents the contribution of G6P flux that is mediated by a number of enzymes as 

discussed elsewhere.  

Note that in the equations M+1 refers to the incorporation of deuterium from infused 

galactose. 

 

 

Eq.13 

 

 

Eq.14 

 

AIRd(glc)Ra(glc) glcglc −−=

[ ]glc

Rd(glc)
MCR =

I1
M

M
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6
inf
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+
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M

M
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Isotope Exchange 

From the three different labelling sites, i.e., blood glucose, UDPglc, and F16P, and the 

two sampling sites, i.e., blood glucose and UDPglc, the next four fractional contributions 

can be calculated. 

  

Fractional Contribution of UDP-glucose in Blood Glucose  

This contribution is calculated as the ratio of the 

fractional isotopologue enrichment of deuterium 

labelled blood glucose over the fractional 

enrichment measured in the glucose part of 

UDPglc:  

Eq.15 

 

 

 

Fractional Contribution of Gluconeogenesis (F16P) in Blood Glucose  

 This contribution is calculated as the ratio 

of the measured fractional isotopologue 

enrichment of doubly labelled blood 

glucose over the theoretical isotopologue 

enrichment of newly synthesized doubly 

labelled F16P as calculated by MIDA: 

 

Eq.16 

 

Example 5c: Turnover Rates 

 

94.33.3
0.0311

0.8891
Rd(glc) =•=   

44.88.0
0.1679

0.9403
Rd(UDPglc) =•=   µmol.kg-1.min-1 

 

15.4
6.1

94.3
MCR ==         ml.kg-1.min-1 

 

91.03.394.3Ra(glc) =−=    
36.88.0-44.8Ra(UDPglc) ==    µmol.kg-1.min-1 

 

( )
1

UDPglc

1
glc

M

M
1,3c

+

+

=

( )
2

F16P

2
glc

M

M
1,5c

+

+

=

Glucose-6-P

Pyruvate

Glycogen1
Glucose

3
UDPglc

F16P

Glucose-6-P

Pyruvate

UDPglc

Glycogen1
Glucose

5
F16P
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Fractional Contribution of Blood Glucose in UDP-glucose  

This contribution is calculated as the ratio 

of the measured fractional isotopologue 

enrichment of uniformly-labelled glucose 

as measured in the glucose part of 

UDPglc over the fractional enrichment 

measured in blood glucose: 

 

Eq.17 

 

 

Fractional Contribution of Gluconeogenesis ( F16P) in UDP-glucose 

This contribution is calculated as the ratio of the 

measured fractional isotopologue enrichment of 

doubly-labelled glucose as measured in the 

glucose part of UDPglc over the theoretical 

isotopologue enrichment of newly synthesized 

doubly labelled F16P as calculated by MIDA: 

 

Eq.18 

 

 

 

 

 

 

 

 

 

 

Total Endogenous Glucose Production Rates 

The contribution of the recycling rate should be added to the rates of appearance in 

order to obtain the total rate of appearance. Recycling of label results in an 

underestimation of label influx into the sampled compartments and consequently in an 

underestimation of production rates (see eq.9 and eq.13). The magnitude of this 

recycling can be calculated as described by Tayek et al. (9). 

Example 5d: Isotope Exchanges 

 

0.219
0.1679

0.0368
c(1,3) ==   0.727

0.0316

0.0230
c(1,5) ==  

    

0.132
0.0311

0.0041
c(3,1) ==   0.598

0.0331

0.0198
c(3,5) ==  

  

( )
2

F16P

2
UDPglc

M

M
3,5c

+

+

=

( )
6

glc

6
UDPglc

M

M
3,1c

+

+

=

Glucose-6-P

Pyruvate

Glycogen1
Glucose

3
UDPglc

F16P

Glucose-6-P

Pyruvate

Glucose Glycogen

5
F16P

3
UDPglc
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Example 5d: Total Turnover Rates 

 

13.891.0
0.132-1

0.132
r(1,1) =•=  104.813.891.0(glc)Ratotal =+=   µmol.kg-1.min-1

     

10.336.8
0.219-1

0.219
r(3,3) =•=  47.110.336.8(UDPglc)Ratotal =+=  µmol.kg-1.min-1

  

Total Endogenous Blood Glucose Production Rates 

Blood glucose recycling rate expressed as r(1,1) 

is calculated according to equation 19. The total 

endogenous blood glucose production rate is the 

sum of endogenous glucose production rate and 

the recycling rate (eq.20).  

 

eq.19 

 

eq.20 

 

 

Total Endogenous UDP-glucose Production Rates 

UDPglc recycling rate expressed as r(3,3) is 

calculated according to equation 21. The total 

endogenous UDPglc production rate is the sum of 

endogenous UDPglc production rate and the 

UDPglc recycling rate (eq.22).  

 

eq.21 

 

eq.22 

 

 

 

 

 

 

 

 

 

 

( ) ( )
( )

Ra(glc)
3,1c-1

3,1c
1,1r •=

( )1,1rRa(glc)(glc)Ra total +=

( ) ( )
( )

(UDPglc)Ra
1,3c-1

1,3c
3,3r total•=

( )3,3rRa(UDPglc)(UDPglc)Ratotal +=

Pyruvate

UDPglc

Glycogen1
Glucose

2
Glucose-6-P

F16P

Pyruvate

Glucose Glycogen2
Glucose-6-P

3
UDPglc

F16P
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Fluxes from Labelling Sites to Sampling Sites  

Flux from UDP-glucose to Blood Glucose 

Calculations are performed according to dilution algorithms. Blood glucose turnover rate 

is equal to the dilution of UDPglc in the blood glucose compartment multiplied by the flux 

of UDPglc in this compartment (r(1,3)) as shown 

in eq.23. After rearrangement r(1,3) can be 

calculated according to eq. 24 

 

eq.23 

 

eq.24 

 

 

Flux from blood glucose to UDP-glucose 

Calculations are performed according to dilution algorithms. The turnover rate of UDPglc 

pool is equal to the dilution of blood glucose in the UDPglc compartment multiplied by 

the flux of blood glucose in this compartment 

(r(3,1)) as shown in eq.25. After rearrangement 

r(3,1) can be calculated according to eq.26. 

 

eq.25 

 

eq.26 

 

 

 

 

 

 

 

Flux of Newly Synthesized F16P (Gluconeogenesis) to Blood Glucose  

Calculations are performed according to dilution algorithms. Blood glucose turnover rate 

is equal to the dilution of newly synthesized F16P in the blood glucose compartment 

multiplied by the flux of F16P to this compartment (r(1,5)) as shown in eq.27. After 

rearrangement r(1,5) can be calculated according to eq.28. This contribution has a direct 

and an indirect component, i.e., a route from F16P via UDPglc to blood glucose that is 

Example 5e: Fluxes 

 

20.794.30.219r(1,3) =•=  5.944.80.132r(3,1) =•=    µmol.kg-1.min-1 

   

( ) ( )1,3r
c(1,3)

1
1,3r

M

M
Rd(glc)

1
glc

1
UDPglc

•=•=
+

+

( ) Rd(glc)c(1,3)1,3r •=

( ) ( )3,1r
c(3,1)

1
3,1r

M

M
Rd(UDPglc)

6
UDPglc

6
glc

•=•=
+

+

( ) Rd(UDPglc)c(3,1)3,1r •=

Glucose-6-P

Pyruvate

Glycogen1
Glucose

3
UDPglc

F16P

Glucose-6-P

Pyruvate

Glycogen1
Glucose

3
UDPglc

F16P
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calculated as the contribution of UDPglc originally coming from GNG, to glucose (eq. 29). 

The direct contribution is calculated as the difference between the total and indirect 

contributions (eq.30). 

eq.27 

 

eq.28 

 

eq.29 

 

eq.30 

 

 

Flux of Newly Synthesized F16P (Gluconeogenesis) to UDPglc 

Calculations are performed according to dilution algorithms. The turnover rate of UDPglc 

is equal to the dilution of F16P in the UDPglc compartment multiplied by the flux of F16P 

in this compartment (r(3,5)) as shown in eq.31. After rearrangement r(3,5) can be 

calculated according to eq.32. This contribution has a direct and also an indirect 

component i.e. a route from F16P via blood glucose to UDPglc that is calculated as the 

contribution of blood glucose originally coming from GNG, to glucose (eq.33). The direct 

contribution is calculated as the difference between the total and indirect contributions 

(eq.34). 

eq.31 

 

eq.32 

 

eq.33 

 

eq.34 

 

 

 

 

 

 

 

Example 5f: Gluconeogenesis  

 

68.694.30.727r(1,5) =•=   26.844.80.598r(3,5) =•=  µmol.kg-1.min-1 

  

12.320.70.598r(1,5)indirect =•=   4.35.90.727r(3,5)indirect =•=  µmol.kg-1.min-1 

  

56.312.368.6r(1,5)indirect =−=   22.54.326.8r(3,5)indirect =−=  µmol.kg-1.min-1 

( ) ( )1,5r
c(1,5

1
1,5r

M

M
Rd(glc)

2
glc

2
F16P •=•=

+

+

( ) ( ) Rd(glc)1,5c1,5r •=

( ) Rd(UDPglc)c(3,5)3,5r •=

( ) ( ) ( )indirectdirect 1,5r1,5r1,5r −=

( ) ( ) r(1,3)3,5c1,5r indirect •=

( ) ( ) r(3,1)1,5c3,5r indirect •=

( ) ( ) ( )indirectdirect 3,5r3,5r3,5r −=

Glucose-6-P

Pyruvate

UDPglc

Glycogen1
Glucose

5
F16P

Glucose-6-P

Pyruvate

Glucose Glycogen

5
F16P

3
UDPglc

( ) ( )3,5r
c(3,5)

1
3,5r

M

M
Rd(UDPglc)

2
UDPglc

2
F16P •=•=

+

+
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Remaining Fluxes  

Flux from Glycogen to Blood Glucose  

When there is no additional source for blood glucose, i.e.,  there is no input of glucose 

from either intestine or infusate, the endogenous turnover rate is the result of hepatic 

gluconeogenesis (r(1,5)direct) and glycogenolysis 

(r(1,4)) as shown in eq.35. After rearrangement 

r(1,4) can be calculated according to eq.36. 

 

eq.35 

 

eq.36 

 

 

Flux from Glycogen to UDP-glucose  

In contrast to blood glucose, UDPglc has three sources of input, i.e., GNG (r(3,5)direct), 

blood glucose (r(3,1)) and from glycogen (r(3,4)) 

as  shown in eq.37. After rearrangement r(1,4) 

can be calculated according to eq.38.  

 

eq.37 

 

eq.38 

 

 

 

 

 

 

 

 

 

Fluxes in Metabolic Pathways 

Combining the four fluxes from labelling sites to sampling sites allows us to calculate 

fluxes through enzyme systems as drawn in our general scheme as shown in Fig. 3. 

Example 5g: Fluxes 

 

34.756.391.0r(1,4) =−=  16.55.922.544.8r(3,4) =−−=   µmol.kg-1.min-1

    

 

( ) ( )1,4r1,5rRa(glc) direct +=

( ) ( )direct1,5rRa(glc)1,4r −=

( ) ( ) ( )3,4r3,1r3,5rRd(UDPglc) direct ++=

( ) ( ) ( )3,1r3,5r-Rd(UDPglc)3,4r direct −=

Glucose-6-P

Pyruvate

UDPglc

1
Glucose

4
Glycogen

F16P

Glucose-6-P

Pyruvate

4
Glycogen

Glucose

3
UDPglc

F16P
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Gluconeogenesis 

The GNG flux represents the production rate of 

newly synthesized glucose-6-phosphate (G6P). It 

is calculated as the sum of the direct GNG fluxes 

towards both sampling sites, i.e., blood glucose; 

r(1,5)direct (eq.30) and UDPglc; r(3,5)direct 

(eq.34): 

eq.39 

 

 

Glucose-6-Phosphatase Flux  

The G6Pase flux represents the total endogenous 

glucose production rate; see eq.20, that consists 

of the sum of the direct GNG flux to blood 

glucose; r(1,5)direct (eq.30), the  glycogen flux to 

blood glucose; r(1,4) (eq.36) and glucose cycling 

r(1,1) (eq.19): 

 

eq.40 

 

Glucokinase Flux 

The GK flux represents the phosphorylation of blood glucose to form G6P. Additionally, it 

is assumed that the intra-hepatic glucose pool 

represents the blood glucose pool. It is 

calculated as the sum of the contribution of 

blood glucose to UDPglc; r(3,1) (eq.26) and 

glucose cycling r(1,1) (eq.19): 

 

eq.41 

 

( ) ( )directdirect 3,5r1,5rGNG +=

( ) ( ) r(1,1)r(1,4)1,5rglcRaG6Pase directtotal ++==

( ) r(1,1)3,1rGK +=

Glucose-6-P

Pyruvate

UDPglc

F16P

Glucose Glycogen

Glucose-6-P

Pyruvate

UDPglc

Glucose Glycogen

F16P

Glucose-6-P

Pyruvate

UDPglc

Glucose Glycogen

F16P
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Glycogen Synthase Flux 

The GS flux represents the incorporation of G6P into glycogen. It is calculated as  the 

sum of the total UDPglc turnover rate; Ra total 

(UDPglc) (eq.29) and the infusion rate of 

galactose; galI (where it is assumed that UDPglc 

is converted completely into glycogen) and is 

calculated as: 

eq.42 

 

 

Glycogen Phosphorylase Flux 

The GP flux represents the G6P production rate 

from glycogen. It is calculated as  the sum of the 

contribution rates of glycogen to blood glucose; 

r(1,4) (eq.36), UDPglc; r(3,4) (eq.38) and 

UDPglc cycling rate; r(3,3) (eq.21). 

 

eq.43 

 

 

 

 

Balances  

From four components in the “t-shape” model, i.e., glucose, glucose-6-phosphate, 

glycogen and pyruvate, input and output fluxes are calculated, as presented before. The 

differences between in- and output flux of each component represents its balance rate. 

 

Glycogen Balance 

The glycogen balance (glyc bal) is calculated as 

the difference between glycogen  input and 

glycogen output, thus the difference between 

GS (eq.42) and GP fluxes (eq.43).  

 

eq.44  

 

 

 

( ) r(3,3)3,4rr(1,4)GP ++=

I(UDPglc)RaGS galtotal +=

GPGSbal glyc −=

Glucose-6-P

Pyruvate

UDPglc

Glucose Glycogen

F16P
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UDPglc

Glucose Glycogen
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Hepatic Glucose Balance 

The hepatic glucose balance (glc bal) is 

calculated as the difference between  glucose 

input and glucose output thus the difference 

between G6Pase (eq.40) and GK fluxes 

(eq.41).  

eq.45 

 

 

“Pyruvate Balance” 

The pyruvate balance (pyr bal) can not be 

calculated because its input flux, i.e., glycolysis 

is missing. In our model it represents only a 

mathematical value that is equal to the negative 

GNG flux (eq.39).  

eq.46 

 

 

Glucose-6-Phosphate Balance 

Fluxes were calculated from labelling site to 

sampling site, i.e., from one “arm” of the model 

to another and always  the G6P pool. This 

implies that the input fluxes of G6P equals the 

output fluxes: 

 

eq.47 

 

Total Balance 

Equation 47 can be rewritten as shown in 

eq.48. After substitution, it can be seen that 

the hepatic glucose balance equals the 

difference between GNG and hepatic 

glycogen balance (eq.49) 

 

eq.48 

 

eq.49 

[ ] [ ] 0GSG6Pase-GPGKGNGbal G6P =+++=

Glucose-6-P

Pyruvate

UDPglc

Glucose Glycogen

F16P

GK-G6Pasebal glc =

Glucose-6-P

Pyruvate

UDPglc

Glycogen

F16P
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GNG0balpyr −=
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UDPglc
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F16P

[ ] [ ] 0GS-GPG6Pase-GKGNG =++

bal glycGNGbal glc −=
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Glucose-6-phosphate Metabolism 

Fraction of Newly Synthesized G6P to Blood Glucose 

The fraction of newly synthesized G6P that is 

directed to blood glucose is calculated as the 

ratio of the direct flux GNG  to blood glucose 

over the total GNG flux.  

 

  (eq.50)  

 

 

 

Fraction of Newly Synthesized G6P to Blood Glucose via UDPglc  

The relative indirect GNG flux is calculated as the 

ratio of indirect flux over total GNG flux  to blood 

glucose. 

 

(eq.51) 

 

 

 

 

 

 

 

 

 

Example 5h: Fluxes and Balances 

 

78.822.556.3GNG =+=    85.119.7104.8glcbal =−=       µmol.kg-1.min-1 

   

104.813.834.756.3G6Pase =++=  6.453.547.1glycbal −=−=    µmol.kg-1.min-1 

 

19.713.85.9GK =+=    [ ] [ ] 055.1104.861.619.778.8G6Pbal =+−++=  µmol.kg-1.min-1 

 

55.18.047.1GS =+=          µmol.kg-1.min-1 

 

61.610.316.534.8GP =++=         µmol.kg-1.min-1 

 

71.4%100%
78.8

56.3
f(1,5)direct =×=  17.9%100%

68.6

12.3
f(1,5)indirect =×=  

( ) ( )
100%

GNG

1,5r
1,5f direct

direct ×=

( ) ( )
( )

100%
1,5r

1,5r
1,5f indirect

indirect ×=

Glucose-6-P

Pyruvate

1,6-FP

Glucose Glycogen

UDPglc

1,6-FP

GlucoseGlucose

Glucose-6-P

Pyruvate

F16P

GlycogenGlucose

UDPglc
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SET-UP OF HYPERINSULINAEMIC EUGLYCEMIC CLAMP STUDIES IN MICE 

The hyperinsulinemic euglycaemic clamp (HIEC) is considered as gold-standard for 

assessment of insulin sensitivity of metabolic processes in liver and periphery and as 

such frequently used in human studies. Due to its complexity, particularly related to the 

requirements of frequent blood sampling, this 

method has had limited use in small 

experimental animals. However, the increasing 

availability of highly interesting (genetically 

modified) mouse models has prompted us to 

establish the HIEC in mice. Also in this case, the 

methodology has been adapted over the years: 

described below is the latest protocol that has 

been used in recent publications (10;11). 

 

 

Animal Experiment 

Food is removed from the mouse cages 9 hours before the start of the experiment. This 

period was chosen to ensure absence of glucose influx from the intestine while, at the 

same time, excluding metabolic effects of prolonged fasting (see Chapter 6). 

On the day of the experiment at 7 AM, mice are placed in individual home made 

metabolic cages. The mice receive a constant infusion consisting of insulin (44 mU/ml) to 

introduce elevated plasma insulin levels. The elevated insulin levels enhance blood 

glucose disposal and reduce hepatic glucose production resulting in lowering blood 

glucose levels. To maintain blood glucose levels to appropriate chosen values, a second 

solution is infused containing 300 mg.ml-1 glucose. This second solution is infused at a 

variable rate adjusted according to measured blood glucose levels and hence is a 

measure for total  body insulin sensitivity: the less glucose that needs to be infused to 

maintain euglycaemia the more insulin resistant the mouse is. Additionally,  

D-[U13C]-glucose is added to the infusate to calculate blood glucose turnover rates by 

isotope dilution algorithms allowing to differentiate between hepatic insulin resistance 

reflected by increased endogenous glucose production and peripheral insulin resistance 

reflected by decreased glucose disposal. To keep total infusion rates within acceptable 

levels (maximal 0.6 ml.h-1), the insulin solution also contains 200 mg.ml-1 glucose. Blood 

glucose levels are measured with a Lifescan EuroFlash glucose meter (Lifescan Benelux, 

Beerse, Belgium) in a small blood sample that is taken every 15 min from the tail. Every 

30 min, a blood spot is obtained on filter paper (Schleicher and Schuell No2992, ‘s-

Glucose-6-PGlucose
Insulin
[U-13C]-Glucose

Glucose

[U-13C]-Glucose

Peripheral tissue
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Hertogenbosch) by tail bleeding to measure isotopologue enrichments. Blood spots are 

air-dried and stored at room temperature until analysis.  

 

Analysis 

Analytical procedures were performed as described in Appendix 2. 

 

Calculations 

For calculations of blood glucose turnover rates as presented here, steady state 

conditions have to be met. The total glucose infusion rate is calculated as the sum of the 

constant and adjusted infusions: 

Eq.52 

 

When the fractional contributions of labelled glucose are different in the constant and 

adjusted infusate, the fractional contribution of the total infused glucose has to be 

calculated according to: 

 

Eq.53 

 

 

The blood glucose disposal rate is calculated according to the general equation (eq.6) as 

presented above, resulting in: 

Eq.54 

 

The endogenous glucose production rate is calculated as the difference between the 

disposal rate and total infusion rate: 

Eq.55 

 

The metabolic clearance rate of blood glucose is calculated as the ratio of glucose 

disposal rate over blood glucose level. 

Eq.56 
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Example 6: Hyperinsulinaemic Euglycaemic Clamp 

 

Carbohydrate fluxes were calculated in a 9h fasted mouse of 21.2 gram. During the experiment, two 

solutions were infused simultaneously. The first infusate contained 44 mU/ml insulin, 194 mg/ml glucose 

and 6 mg/ml D-[U13C]-glucose and was administered at a constant rate of 0.15 ml/h. The second solution 

contained 291 mg/ml glucose and 9 mg/ml D-[U13C]-glucose and was administered at a variable rate 

depending on blood glucose levels that were measured every 15 minutes. Blood spots were taken every 30 

minutes. Fractional isotopologue distributions were measured by GCMS in the blood glucose spots as well 

as in the infused solutions. 

 

Infusate  I D-[U13C]-glucose  6
infM+  = 0.0247  rate 131    µmol.kg-1.min-1 

Infusate  II D-[U13C]-glucose  6
infM+  = 0.0260  rate 319    µmol.kg-1.min-1 

 

Blood  D-[U13C]-glucose  1
infM+  = 0.0225 

  Glucose level          6.7  mmol.l-1  

 

 

Total glucose infusion: 

  Rate:    450319131Itotal
glc =+=   µmol.kg-1.min-1 

  

Enrichment:   [ ] [ ]
0.0256

450

3190.02601310.0247
M 6

glc
total =

•+•
=+  

 Parameters: 

  Disposal rate:    512450
0.0225

0.0256
Rd(glc) =×=  µmol.kg-1.min-1 

Endogenous production rate:  62450-512Ra(glc) ==   µmol.kg-1.min-1 

  Metabolic clearance rate:   67.2
6.7

450
MCR ==   ml.kg-1.min-1 
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Glucose

 

SINGLE POOL, FIRST-ORDER KINETIC MODEL 

IN BLOOD GLUCOSE METABOLISM 

Probably the most used index to determine insulin resistance in humans is derived from 

Homeostasis Model Assessments (HOMA index). This index uses the product of fasting 

glucose and insulin concentrations. However, no conclusions can be drawn about the kind 

of perturbation in glucose metabolism underlying changes in HOMA index, for instance 

whether glucose production by the liver or glucose consumption by peripheral organs is 

affected. Simple tests to estimate changes in glucose metabolism are the intravenous 

(IVGTT) and oral glucose tolerance tests (OGTT). More complex and also more 

informative is the hyperinsulinemic euglycemic clamp (HIEC) that is considered to be the 

“gold standard” in insulin sensitivity research. The major drawback of all three tests is 

that it is applied under perturbed conditions, in contrast to the HOMA index. With respect 

to mice, HIEC cannot be used in longitudinal studies. To overcome 

this hurdle, we used stably-labeled glucose in combination with a 

single-pool, first order kinetic model to determine blood glucose 

kinetics. A bolus of labelled glucose is administered that will be 

eliminated over time. Parameters that describe this elimination are 

used to calculate a number of kinetic parameters. This method can 

be used in longitudinal studies in mice and small children , and 

additionally, it is valid for the same conditions under which the 

HOMA-index is calculated. 

 

Animal Experiment 

Food is removed from the mouse cages 9 hours before the start of the experiment. This 

period was chosen to ensure absence of glucose influx from the intestine while, at the 

same time, excluding metabolic effects of prolonged fasting (see Chapter 6). 

On the day of the experiment at 7 AM, mice are placed in individual cages and at 

time point 0, mice received a small bolus of D-[6,6-2H]-glucose intraperitoneally  

(600 µmol.kg-1). Blood glucose levels are measured using Euro Flash test strips (LifeScan 

Benelux, Beerse, Belgium) and bloodspots are taken on filter paper (Schleicher and 

Schuell No2992, ‘s-Hertogenbosch) just before and at the time points 10, 20, 30, 40, 50, 

60, 75, and 90min after administration of the label. Blood spots were air-dried and 

stored at room temperature until analysis. 

 

Analysis 

Analytical procedures were performed as described in Appendix 2. 
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Calculations 

The concentration of intraperitoneally ingested labelled glucose (tracer) at time point t in 

blood ([Ct]) is calculated as the product of blood glucose concentration ([glc]) and 

fractional contribution of the label at this time point: 

Eq. 56 

 

The concentration curve of the tracer (Ct) plotted against time can be described by: 

 

Eq. 57 

 

This equation represents the absorption kinetics described by the absorption rate 

constant kab, the extrapolated tracer concentration at y-axis intercept C0
ab and the 

elimination kinetics described by the rate constant kel, and the extrapolated tracer 

concentration at y-axis intercept C0
el. SAAM II software was used to estimate these four 

parameters.  

 

The estimated parameters from each mouse were used to calculate the individual blood 

glucose kinetic parameters. After administration, it takes some time before the tracer 

enters the sampled pool (lag time). This time point, tlag, is characterized by the intercept 

of absorption and elimination curves, i.e., C(t)ab equals C(t)el: 

 

Eq. 58 

 So: 

Eq. 59 

 

 

The concentration of the tracer at lag time is calculated from either the absorption or 

elimination curve: 

           or     Eq. 60 

 

 

The general equation (Eq. 57) describing the single pool first-order kinetics can now be 

rewritten as: 

Eq. 61 
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Example 7a: Blood Glucose Kinetics 

 

Blood glucose kinetics were calculated in a 9h fasted mouse (bw 24.7g). After blood glucose was measured 

and a blood spot was taken, a 0.25ml bolus was administrated containing 52.8 µmol/ml D-[6,6-2H]-glucose 

(t=0). Subsequently, blood glucose levels were measured and blood samples were collected at time points 

10, 20, 30, 40, 50, 60, 75, and 90 minutes. Fractional isotopologue distributions were measured in the 

blood glucose spots by GCMS as well as in the administrated solution. The concentration of D-[6,6-2H]-

glucose was calculated from the product of blood glucose level and fractional contribution of the glucose 

label and plotted against time. Using SAAM II software curve parameters presented in eq.54 were 

estimated. 

 

       Time Point  Blood Glucose Level    M+2  D-[6,6-2H]-Glucose Level  

 Min                 mmol.l-1                         µmol.l-1 

   0   5.5  

 10   7.1  0.0363   256 

 20   7.2  0.0444   318 

 30   6.5  0.0370   240 

 40   6.6  0.0286   188 

 50   6.3  0.0208   131 

 60   6.2  0.0144     89 

 75   5.8  0.0100     58 

 90   5.9  0.0070     41 
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The concentration curve reaches its maximum at tmax when there is no change in 

concentration, i.e., dC/dt is zero and therefore tmax can be calculated as: 

 

Eq. 62 

 

Note: this represents the time period after the tracer entered the sampled pool 

 

The concentration at this time point Cmax is calculated as: 

Eq. 63 

 

The fraction of administered tracer that is available for metabolism, called bioavailability 

(F), is calculated as:  

Eq. 64 

 

The average time that it takes to eliminate the tracer irreversibly from the sampled pool, 

called mean residence time (MRT), is calculated as: 

Eq. 65   

 

The apparent volume of distribution of the sampled pool (V) is calculated as the product 

of the administered dose of the tracer (D) and its bioavailability (F) divided by the 

estimated initial concentration: 

Eq.66 

 

The pool size (A) is calculated as the product of apparent volume of distribution and 

blood glucose concentration:  

Eq.67 

 

The metabolic clearance rate (MCR) is calculated as the product of the rate of elimination 

of glucose and the volume of the sampled pool: 

Eq.68 

 

The turnover rate (Ra) of glucose is calculated as the product of the rate of elimination 

and the amount of glucose in the sampled pool: 

Eq.69 
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Example 7b: Whole Body Glucose Test 

 

4.2
0.033250.18131

6.637.25
tlag =

−

−
=      min 

 
 

656e755C 4.20.03325
lag =•= •−     µmol.l-1 

 

11.51.70
0.033250.18131

1
tmax =•

−
=     min 

 
 

( ) 366ee656C 11.50.1813111.50.03325
max =−= •−•−   µmol.l-1 

 
 

0.657
7550.18131

0.033251412
1F =









•

•
−=  

 

35.6
0.03325

1

0.18131

1
MRT =+=      min 

 

 

0.539
656

5380.657
V =

•
=       l.kg-1 

 

334862110.539A =•=       µmol.kg-1 

 

 

.01790.5390.03325MCR =•=      l.kg-1.min-1 

 

 

11133480.03325Ra =•=       µmol.kg-1.min-1 
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CONSIDERATIONS FOR NON-STEADY-STATE SITUATIONS 

Until now, glucose kinetics have been discussed only during metabolic steady-state 

conditions. However, in many in vivo situations, 

for instance upon glucose or insulin 

administration, a metabolic non-steady-state 

exists. To study glucose metabolism under 

these conditions, a very elegant method has 

been developed by Steele et al. in 1959 (12). 

Assumptions for this model are comparable to 

those described for steady state situations (13-

15):  

1) there is a single well-mixed glucose pool 

2) there is an instantaneous mixing of the infused tracer with the unlabeled glucose in 

the pool 

3) glucose molecules leave the pool irreversibly. 

 

Animal Experiment 

Food is removed from the mouse cages 9 hours before the start of the experiment. This 

period was chosen to ensure absence of glucose influx from the intestine while, at the 

same time, excluding metabolic effects of prolonged fasting (see Chapter 6). 

On the day of the experiment at 7 AM, mice are placed in individual home made 

cages and received a continuous infusion of D-[6,6-2H]-glucose for 5h to determine the 

total rate of glucose appearance. To determine the appearance of intestine-derived 

glucose, 2h after start of the infusion an oral glucose bolus of 2 g.kg-1 containing 30% D-

[U13C]-glucose is administered. Blood glucose levels are measured using Euro Flash test 

strips (LifeScan Benelux, Beerse, Belgium) and bloodspots are taken on filter paper 

(Schleicher and Schuell No2992, ‘s-Hertogenbosch) just before and at repeated time 

points during the experiment. Blood spots are air-dried and stored at room temperature 

until analysis. 

 

Analysis 

Analytical procedures were performed as described in Appendix 2. 

 

Calculations 

From the amount of tracer (Tr) and the amount of tracee (Te) the contribution of the 

tracer (E) can be calculated: 

and so     Eq.70 TeETr •=

Glucose-6-PGlucose[6,6-2H]-Glucose

Intestine

[U-13C]-Glucose

Peripheral tissue

Te

Tr
E =
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Since Tr, Te, and E are time-dependent: 

Eq.71 

 

When there is a difference between Ra and Rd this results in a change in the amount of 

tracee in the pool over time: 

Eq.72 

 

When there is a difference between the infusion rate of the tracer (I) and the rate at 

which the tracer leaves the pool this induces a change in the amount of tracer in the pool 

over time: 

Eq.73 

 

From equations Eq.71, Eq.72, and Eq.73 it can be deduced that: 

 

Eq.74 

 

and 

Eq.75 

 

The amount of tracee in the pool is expressed as the product of glucose concentration C 

and the volume of distribution V, the last has to be corrected for the fraction (F) that is 

rapidly mixing: 

Eq.76 

 

Over the period t=1 to t=2 the parameters become: 

Eq.77 

 

 

Eq.78 

 

Eq.79 

 

Eq.80 

 

in which C2,1 and E2,1 represent the concentration and tracer to tracee ratios, 

respectively. 
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Over the period from time point 1 to 2, equations 74 and 75 can now be written as: 

 

Eq.81 

  

 

Eq.82 

 

Equation 81 can be rewritten to: 

Eq.83 

 

 

Using equation 83, the entrance of exogenously administered glucose in blood (I) can be 

calculated when the turnover rate of blood glucose (Ra) is known. When different labels 

are used, one for the constant infusion of glucose and one for the oral bolus of glucose, it 

is possible to calculate the total blood glucose turnover rate (RaT) as well as the rate of 

appearance of orally administered glucose in blood (RaE). When the continuous infusate 

and/or the glucose bolus are not completely labelled, a correction has to be made for the 

fractional contribution of the tracers, i.e., Minf and Mbolus. Endogenous glucose production 

rate (EGP) is calculated as the difference between RaT and RaE.  

 

With a constant intra-venous infusion of tracer “iv” at a rate I, and an oral glucose bolus 

containing tracer “or” the derived equations become: 

 

Eq.84 

 

 

 

Eq.85 

 

 

 

Eq.86 

 

Eq.87 
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Note 1: parameters F and V are extensively discussed in literature. They were estimated 

in (13;16;17) and used in a number of other experiments. Using the elimination 

of orally administrated glucose label these parameters can be calculated for 

each individual according to the algorithms of single pool first-order model.  

 

Note 2: From GCMS measurements fractional contributions of the tracers are calculated 

rather than tracer-to-tracee ratios. For this, the contribution of the tracer (E) as 

shown in eq. 70 has to be adjusted.  

 

For the constant intra-venous administrated tracer the contribution becomes:  

 

and so                                                           Eq.88 

 

 

For the oral bolus administrated tracer the contribution becomes: 

 

and so                                                           Eq.89 
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Example 8: Experiment 

 

Blood glucose kinetics were calculated in a 9h fasted mouse (bw 26.0g). After blood glucose was measured 

and a blood spot was taken, the continuous infusion of 5.3 µmol/kg/min D-[6,6-2H]-glucose for 5h was 

started to determine the total rate of glucose appearance. To determine the appearance of intestine-derived 

glucose an oral bolus of 0.2ml containing 3.2 mmol/kg D-[U13C]-glucose in water from which 30% was 

labelled was given at 2h after start of the infusion. Blood glucose were determined and bloodspots were 

collected at time points -60, -30, 0, 15, 30, 45, 60, 75, 90, 105, 120, 150 and 180 minutes after the oral 

bolus was administrated. 

Note: For calculations in this example, time points 30 and 45 were used. 

 

Infusate  D-[6,6-2H]-glucose 2
infM+  = 0.8974   5.3  µmol.kg-1.min-1 

Bolus  D-[U13C]-glucose  6
bolusM+  = 0.3132        3200   µmol.kg-1 

F   0.45 

V   0.22 

 

Time points   t=45    t=30 

  Difference   15.0 

blood glucose  level  17.4    13.6  

Difference   1.8 

average    15.5 

2
spotM+      0.0210    0.0272 

Eiv     0.0214    0.0280 

Difference   0.0066 

average    0.0247 

6
spotM+     0.1014    0.1230 

Eor     0.1128    0.1404 

Difference   0.0246 

average    0.1266 

 

192
0.0247

15

0.0066
15.50.220.450.89745.3

RaT =

•••−•

=   µmol.kg-1.min-1 

 

80
0.30

15

0.0246
15.50.220.450.1266192

RaE =

•••+•

=    µmol.kg-1.min-1 

 

11280192EGP =−=       µmol.kg-1.min-1 

 

192
15

1.8
0.220.45192RdT =••−=     µmol.kg-1.min-1 
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ABSTRACT 

Effects of acute inhibition of glucose-6-phosphatase activity by the chlorogenic acid 

derivative S4048 on hepatic carbohydrate fluxes were examined in isolated rat 

hepatocytes and in vivo in rats. Fluxes were calculated using tracer dilution techniques 

and mass isotopomer distribution analysis in plasma glucose and urinary paracetamol-

glucuronide after infusion of D-[U-13C]-glucose, [2-13C]-glycerol, D-[1-2H]-galactose, and 

paracetamol. In hepatocytes, glucose-6-phosphate (G6P) content, net glycogen 

synthesis, and lactate production from glucose and dihydroxyacetone increased strongly 

in the presence of S4048 (10 µM). In livers of S4048-treated rats (0.5 mg.kg-1.min-1;  

8 hours) G6P content increased strongly (+440%), and massive glycogen accumulation 

(+1260%) was observed in periportal areas. Total glucose production was diminished by 

50%. The gluconeogenic flux to G6P was unaffected (i.e. 33 ± 2 versus 33 ± 3  

µmol.kg-1.min-1 in control and S4048-treated rats, respectively). Newly synthesized G6P 

was redistributed from glucose production (62 ± 1 versus 38 ± 1%; p < 0.001) to 

glycogen synthesis (35 ± 5% versus 65 ± 5%; p < 0.005) by S4048. This was 

associated with a strong inhibition (-82%) of the flux through glucokinase and an 

increase (+83%) of the flux through glycogen synthase, while the flux through glycogen 

phosphorylase remained unaffected. In livers from S4048-treated rats, mRNA levels of 

genes encoding G6P hydrolase (~9-fold), G6P translocase (~4-fold), glycogen synthase 

(~7-fold) and L-type pyruvate kinase (~4-fold) were increased, whereas glucokinase 

expression was almost abolished. In accordance with unaltered gluconeogenic flux, 

expression of the gene encoding phosphoenolpyruvate carboxykinase was unaffected in 

the S4048-treated rats. 

Thus, acute inhibition of glucose-6-phosphatase activity by S4048 elicited 1) a 

repartitioning of newly synthesized G6P from glucose production into glycogen synthesis 

without affecting the gluconeogenic flux to G6P and 2) a cellular response aimed at 

maintaining cellular G6P homeostasis. 

 

 

INTRODUCTION 

Glucose-6-phosphate (G6P) plays a pivotal role in hepatic carbohydrate 

metabolism both as a metabolite and as a signaling compound. G6P is the shared 

intermediate of gluconeogenesis (see Fig. 1, I + IV) and glycogenolysis (Fig. 1, II) and is 

formed by glucokinase (GK)-mediated glucose phosphorylation (Fig. 1, III). G6P provides 

the substrate for glucose production by the liver, via hydrolysis by glucose-6-

phosphatase (G6Pase) (Fig. 1, IV). It serves as substrate for glycolysis (Fig. 1, V) and is 
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the obligatory precursor for the synthesis of glycogen via UDP-glucose (Fig. 1, VI). 

Partitioning of newly synthesized G6P into glucose production, degradation via glycolysis, 

or storage as glycogen offers modes of auto-regulating hepatic glucose production 

without affecting the rate of gluconeogenesis. G6P stimulates the activity of glycogen 

synthase (GS) b and of GS phosphatase (1). G6P and/or its pentose-phosphate 

derivative xylulose-5-phosphate act as signaling compound in the control of gene 

expression (see Ref. (2) for a review). Recent data show that the effect of insulin on 

gene expression of hepatic enzymes involved in carbohydrate metabolism critically 

depends on concomitant intracellular metabolism of glucose (3;4), supporting a 

sequence of events starting with the direct induction of GK expression by insulin. 

Enhanced activity of GK results in increased intracellular concentrations of G6P and/or 

xylulose-5-phosphate. This appears to be essential in the action of insulin on the 

stimulation of expression of genes involved in glucose production, glycolysis, and 

lipogenesis (e.g. the hydrolytic subunit of glucose-6-phosphatase (G6PH), glucose 

transporter type 2 (GLUT2), liver-type pyruvate kinase ATP-citrate lyase, acetyl-CoA 

carboxylase, and fatty acid synthase (see Ref. (2) for a review).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic model of hepatic carbohydrate metabolism.  

Major metabolic pathways and enzymatic reaction in hepatic carbohydrate 

metabolism, sharing glucose 6-phosphate as metabolite. These metabolic 

pathways are as follows: 

I, de novo synthesis of G6P; II, glycogenolysis; III, glucose phosphorylation; IV, 

glucose 6-phosphate hydrolysis; V, glycolysis; VI, glycogen synthesis.  

The gluconeogenic flux to glucose (gluconeogenesis) is represented by I + IV, flux 

to UDP-glucose is shown by I + VI. 

 

 

Since G6P participates in so many reactions in hepatic glucose metabolism, the 

relationship between hepatic glucose production and gluconeogenesis in vivo is very 

complex. A major problem in studying G6P partitioning in vivo resides in the choice of 
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precursor, label, and isotopic model. In earlier studies, substrates labeled with 14C or 13C 

have been applied followed by determination of positional isotopomer distribution in 

either plasma glucose (5) or in urinary N-phenylacetylglutamine (6). Relative 

gluconeogenic fractions obtained in this way were converted into absolute rates of 

gluconeogenesis by multiplying with the plasma glucose turnover rate. With this method, 

the contribution of a particular substrate to the gluconeogenic flux directed into plasma 

glucose can be calculated. More recent methods estimate gluconeogenic flux from 

precursors directed to plasma glucose; these methods comprise 2H incorporation into 

specific positions in plasma glucose from 2H2O (7) or incorporation of [2-13C]-glycerol 

into mass isotopomers/isotopologues of plasma glucose (8;9). The development of an 

improved isotopic model based on the last method allows for the calculation of flux rates 

of newly synthesized G6P into plasma glucose as well as into glycogen (10). In the latter 

model, incorporation of [2-13C]-glycerol is measured in plasma glucose and urinary 

paracetamol-glucuronide (parGlcUA), as markers of two major metabolic routes of G6P 

(e.g. hepatic glucose production and glycogen synthesis via UDP-glucose, respectively 

(Fig. 1, I + IV and I + VI, respectively). The obtained fractional contributions for plasma 

glucose and UDP-glucose (via parGlcUA), respectively, are subsequently converted in 

absolute rates of gluconeogenic flux, directed to each of the compounds, by multiplying 

with the rates of appearance of plasma glucose and UDP-glucose (via parGlcUA), 

respectively. After correction for exchange of newly synthesized G6P between plasma 

glucose and glycogen, via UDP-glucose, the total gluconeogenic flux into G6P is obtained. 

It should be realized, however, that the gluconeogenic flux into G6P thus obtained 

represents a minimal estimate, since the flux of G6P into glycolysis (Fig. 1, V) is not 

considered in this isotopic model.  

Using this isotopic model, we have studied the effects of acute pharmacological 

inhibition of G6Pase in vitro and in vivo on the rate of gluconeogenesis and on the 

partitioning of G6P. Recently, a novel class of chlorogenic acid derivatives has been 

developed that inhibit G6Pase activity by blocking glucose-6-phosphate translocase 

(G6PT) (11). In experiments in anesthetized rats and perfused rat livers, it was 

demonstrated that these compounds inhibit hepatic glucose production and lower blood 

glucose concentration in a dose-dependent way (12;13). We addressed the following 

questions:  

1) Does inhibition of hepatic glucose production by G6PT blockade result in an 

inhibition of gluconeogenic flux into G6P and/or a change in the partitioning of 

G6P?  

2)  Does inhibition of G6PT acutely influence gene expression of enzymes involved in 

G6P metabolism? 
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EXPERIMENTAL PROCEDURES 

Materials 

D-[1-2H]-galactose (99.6% 2H APE) was purchased from Isotec, Inc. (Miamisburg, OH), 

and [2-13C]-glycerol (99.9% 13C APE) and D-[U-13C]-glucose 99.9% 13C APE) were 

purchased from CIL, Inc. (Andover, MA). All chemicals were pro analysis grade. Infusates 

were freshly made and sterilized by the Hospital Pharmacy the day before an 

experiment. 

 

In Vitro Experiments 

Hepatocytes were isolated from 20–24h-starved male Wistar rats (250 g) by ex situ liver 

perfusion with collagenase (14). Incubations of freshly isolated hepatocytes (5–10 mg 

dry mass/ml) were carried out at 37 °C in closed 25-ml plastic scintillation vials 

containing 2 ml in Krebs-Henseleit bicarbonate medium plus 10mM sodium HEPES  

(pH 7.4) and, where indicated, either 10mM dihydroxyacetone or 20mM glucose as 

substrate; the gas phase was 95% O2 and 5% CO2 (v/v). 

 

In Vivo Experiments 

Male Wistar rats (275 ± 14 g) were bred at the Central Animal Laboratory, University of 

Groningen (The Netherlands). The animals were housed in Plexiglas cages (25 x 25 x 30 

cm), with a controlled light-dark regime (12h dark and 12h light) and had free access to 

water and food (RMH-B, Hope Farms BV, Woerden, The Netherlands). One week before 

the experiment the animals were equipped with two permanent heart catheters, one for 

infusion and one to draw blood samples, as described by Kuipers et al. (15). Twenty-four 

hours before the start of the experiments, food was removed, but the animals had still 

free access to water. 

On the day of the experiment, the animals were placed in metabolic cages that 

allowed continuous collection of urine. The animals were infused with D-[U-13C]-glucose 

(1.0 ± 0.1 µmol.kg-1.min-1), [2-13C]-glycerol (9.2 ± 0.5 µmol.kg-1.min-1), D-[1-2H]-

galactose (4.7 ± 0.2 µmol.kg-1.min-1), paracetamol (total dose: 212 ± 10 mg.kg-1), and, 

where indicated, S4048 (total dose: 265 ± 13 mg.kg-1) in a sterile isotonic solution 

consisting of phosphate-buffered saline (pH 7.2) with Me2SO (6.1% v/v). Blood samples 

(200 µl) were drawn before the start of the infusion and 3, 6, 7, and 8h thereafter. 

Timed urine samples were collected at hourly intervals. The blood samples were collected 

in heparin-containing tubes and centrifuged immediately. Plasma and urine samples were 

stored at -20°C until analysis. At the end of the experiment, the animals were 

anesthetized with pentobarbital; a large blood sample was taken by heart puncture; and 

the liver was excised and weighed, and parts were frozen immediately in liquid N2. 
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Table 1.  Effects of S4048 on the production of glucose and lactate 

hepatocytes and on the intracellular content of  

glucose-6-phosphate and glycogen in hepatocytes 

Hepatocytes were incubated for 60 min in Krebs-Henseleit buffer with either 10 

mM dihydroxyacetone or 20 mM glucose with or without S4048 (10 µM) as 

described under “Experimental Procedures.” Glucose, lactate, glucose-6-

phosphate, and glycogen were determined at the end of the incubation period by 

standard enzymatic procedures as described under “Experimental Procedures.” 

S4048 was dissolved in Me2SO (final concentration in the incubations, 0.5% 

(w/v)). The controls contained Me2SO only. 
a, Significantly different (p < 0.001) between control and S4048. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 2.  Effects of S4048 treatment in fasted rats on plasma glucose and 

plasma insulin concentration and on hepatic glucose 6-phosphate 

and glycogen content 

Rats were infused for 8 h with or without S4048 as described in detail under 

“Experimental Procedures”. Measurements were done prior to infusion and at time 

points 6, 7, and 8 h after the start of infusion. Steady state measurements were 

performed between 6 and 8 h of infusion. Hepatic samples were taken at the end 

of the experiment after the animals were sacrificed.  
a, Significantly different (p < 0.05) between control and S4048. 
b, Significantly different (p < 0.05) between initial and steady state within the 

groups. 

 

 

 Measurement Control S4048 

Plasma glucose     mM Initial   4.7 ± 0.4     4.4 ±   0.4 

 Steady State   5.8 ± 0.0    3.5 ±   0.9 a 

Plasma insulin      ng.ml
-1 Initial   0.7 ± 0.2    0.5 ±   0.1 

 Steady State   0.9 ± 0.1    0.2 ±   0.0 a, b 

Hepatic G6P        µmol.(g dry weight)-1 End   0.5 ± 0.1    2.7 ±   0.3 a 

Hepatic glycogen µmol.(g dry weight)-1 End 17.8 ± 7.2 225.0 ± 41.1 a 

 

   Product 

Substrate N  Control S4048 

   µmol.(g dry weight)-1 

Dihydroxyacetone 3 Glucose 381 ± 17 22 ± 9a 

 3 Lactate 139 ± 26 277 ± 6a 

 3 G6P 0.10 ± 0.05 1.55 ± 0.05a 

 3 Glycogen 4 ± 2 122 ± 12a 

     

Glucose 6 Glucose - - 

 6 Lactate 59 ± 6 155 ± 5a 

 6 G6P 0.10 ± 0.05 0.65 ± 0.10a 

 6 Glycogen 31 ± 4 108 ± 4a 
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Analysis 

For all analytical procedures see Appendix 2.  

For correct gene names see Chapter 2. 

 

Calculations 

Metabolic fluxes at steady state were calculated essentially according to Hellerstein and 

Neese et al. (8;10;16;17), Magnussen e.a. (18), Wolfe (19), and Giaccari e.a. (20). 

Equations used are presented in Chapter 4.  

 

Statistics 

All values are expressed as mean ± S.D. Statistical differences were determined using 

Student’s t test p<0.05 was considered as significant.  

 

 

RESULTS 

 

S4048 Stimulates Glycogenesis and Glycolysis in Isolated Hepatocytes 

Table 1 summarizes the effects of S4048 on dihydroxyacetone and glucose metabolism 

in freshly isolated rat hepatocytes. S4048 at 10 µM completely inhibited glucose 

production from dihydroxyacetone, which was accompanied by an increase in lactate 

production and glycogen synthesis. In the presence of glucose, S4048 caused a 

significantly increased lactate production and strongly induced glycogen synthesis. 

Cellular G6P concentrations were substantially increased in the presence of S4048, with 

either glucose or dihydroxyacetone as the substrate 

 

S4048 Affects Plasma and Hepatic Parameters of Glucose Metabolism in 

Conscious Rats 

At the start of the experiment, plasma concentrations of glucose and insulin were similar 

in control and S4048-treated rats (Table 2). Plasma glucose concentration slightly 

increased during the experiment, i.e. by 23%, in control animals. In the animals treated 

with S4048, plasma glucose concentration dropped from ~4.4 to ~3.5 mM (-20%) 

during the first 3 h of the experiment and remained unchanged thereafter. Insulin 

concentrations in S4048-treated rats decreased significantly by 56%, in contrast to the 

control group in which plasma insulin was slightly elevated (+32%). The G6P content of 

the liver was significantly higher at the end of the experiment in animals treated with 

S4048 compared with the control group (+346%), and S4048-treated animals showed 

an almost 13-fold increase in hepatic glycogen content. At the end of the experiment, 
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liver weight was slightly increased in S4048-treated rats (8.5 ± 0.4 g wet weight versus 

9.3 ± 0.4 g wet weight, control versus S4048-treated, respectively). 

 

S4048 Induces Massive Periportal Glycogen Accumulation in the Liver 

Fig. 2A confirms that glycogen was almost absent in the livers from control rats. In livers 

of S4048-treated rats (Fig. 2B), on the other hand, massive amounts of PAS-positive 

material were present, indicating a high content of glycogen: most of the glycogen was 

present in periportal hepatocytes, i.e. the cells surrounding the portal vein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of S4048 on glycogen accumulation and distribution  

in the liver 

Livers of rats infused with either vehicle or S4048 for 8 h were treated with PAS to 

stain for glycogen and were examined by light microscopy. A, a representative 

micrograph of a liver of vehicle-treated rat; B, a representative micrograph for an 

S4048-treated rat. PV, perivenous area; PP, periportal area. 

 

 

S4048 Changes Partitioning of G6P without Altering Gluconeogenic Flux to G6P 

Fig. 3 shows the effects of S4048 treatment on total glucose production (Fig. 3A) and on 

total UDP-glucose production (Fig. 3B). The total glucose production rate decreased from 

40 ± 4 µmol.kg-1.min-1 in the control animals to 20 ± 4 µmol.kg-1.min-1 in animals 

treated with S4048. At the same time, the total UDP-glucose production significantly 

increased from 20 ± 2 in the control animals to 31 ± 2 µmol.kg-1.min-1 in S4048-treated 

rats. Compared with control animals, the total gluconeogenic flux into G6P was not 

changed significantly in animals treated with S4048 (Fig. 4; 33 ± 2 versus 33 ± 2 

µmol.kg-1.min-1 in control versus S4048-treated, respectively). The flux of de novo 

synthesized G6P directed to plasma glucose, however, was significantly decreased in 
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S4048-treated animals as compared with controls (from 21 ± 2 to 12 ± 2  

µmol.kg-1.min-1). In contrast, the flux of newly synthesized G6P directed to UDP-glucose 

significantly increased in S4048-treated animals as compared with controls (from  

12.5 ± 0.4 to 21.6 ± 0.8 µmol.kg-1.min-1). As a consequence, the partitioning of newly 

synthesized G6P changed from 62 ± 1% into plasma glucose and 38 ± 1% into glycogen 

in control rats to 35 ± 5% into plasma glucose and 65 ± 5% into glycogen in S4048-

treated rats. 

 

Figure 3. Effects of S4048 treatment in fasted rats on total plasma glucose 

production (A) and UDP-glucose production (B) 

The metabolic fluxes were calculated using the equations for 

Ratotal(glc) (IV; Fig. 1) and Ratotal(UDPglc) (VI; Fig. 1) in A and B, 

respectively, as described in Chapter 4 equations 20 and 22, 

respectively.  

*, significantly different between control and S4048. 

 

 

 

 

 

Figure 3. Effects of S4048 treatment in fasted rats on total plasma glucose 

production (A) and UDP-glucose production (B) 

The metabolic fluxes were calculated using the equations for Ratotal(glc) (IV; Fig. 1) 

and Ratotal(UDPglc) (VI; Fig. 1) in A and B, respectively, as described in Chapter 4 

equations 20 and 22, respectively.  

*, significantly different between control and S4048. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of S4048 inhibitor on gluconeogenesis flux and partitioning 

The gluconeogenic fluxes are shown directed into the plasma glucose pool (light 

gray bar) and into the UDP-glucose pool (dark gray bar). The fluxes were 

calculated using the equations for GNG(glc) (I + IV; Fig. 1) and GNG(UDPglc) (I + 

VI; Fig. 1), respectively, as described in Chapter 4 equations 28 and 32, 

respectively. 

*, significantly different between control and S4048 
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S4048 Affects in Vivo Fluxes through Enzymes Involved in G6P Metabolism 

In Fig. 5, the values of the various fluxes through enzymes involved in G6P metabolism 

are shown, as far as these flux rates could be estimated by the isotopic model used. 

Administration of S4048 resulted in a decrease of the flux through G6Pase from 40 ± 4 

µmol.kg-1.min-1 to 20 ± 4 µmol.kg-1.min-1 and through GK from 10.1 ± 0.4  

µmol.kg-1.min-1 to 1.6 ± 0.5 µmol.kg-1.min-1. Glucose/G6P cycling decreased from  

6.4 ± 0.1 µmol.kg-1.min-1 to 0.6 ± 0.3 µmol kg-1.min-1. The flux through GS increased 

upon administration of S4048 from 20 ± 2 µmol.kg-1.min-1 to 31 ± 2 µmol.kg-1.min-1, 

whereas the flux through GP was almost unaffected (17 ± 5 versus 16 ± 2  

µmol.kg-1.min-1). Glycogen/Glc-1-P cycling increased from 2 ± 2 to 8 ± 1  

µmol.kg-1.min-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effects of S4048 treatment in fasted rats on the fluxes through 

hepatic carbohydrate pathways 

The metabolic fluxes in vehicle-treated rats are shown in light gray bars, whereas 

the metabolic fluxes in S4048-treated rats are shown in dark gray bars. Individual 

fluxes were calculated as described in Chapter 4, using the equations for G6Pase 

(Fig. 1, IV), GK (Fig. 1, III), GS (Fig. 1, VI), and GP (Fig. 1, II), i.e., eq. 41, 40, 

42, and 43, respectively. Glucose/G6P and glycogen/Glc-1-P recycling were 

calculated using the equations for r(glc) and r(UDPglc), i.e.,  eq. 19 and 21, 

respectively.. 

 

 

S4048 Treatment Induces Rapid Changes in Gene Expression 

Expressions of genes involved in hepatic carbohydrate metabolism were studied by semi-

quantitative polymerase chain reaction (Fig. 6). Treatment with S4048 resulted in 
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markedly increased mRNA levels of the genes encoding GLUT2, G6PH and G6PT, GS, and 

liver-type pyruvate kinase within the 8 h time frame of the experiment. In contrast, GK 

gene expression was strongly suppressed. As expected on the basis of flux 

measurements, the mRNA levels of PEPCK and GP were unaffected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Effects of S4048 treatment in fasted rats on gene expression of 

enzymes involved in G6P metabolism  

A, gel electrophoresis patterns of reverse transcriptase-polymerase chain reaction 

products of enzymes indicated and of β-actin obtained from livers of vehicle-

treated (control) or S4048-treated rats (S4048). B, quantification of gel patterns 

as described in Appendix 2. The intensity ratios of the indicated enzyme over b-

actin are plotted. Open squares, individual animals in the vehicle-treated group; 

closed circles, S4048-treated animals. PK, pyruvate kinase. 

 

 

DISCUSSION 

This study reveals striking, rapid effects of acute pharmacologic inhibition of G6PT by 

S4048 on hepatic glucose metabolism in fasted rats. The absence of G6PT activity 

underlies glycogen storage disease type Ib. In the clinical presentation of this inborn 

error of metabolism, both the primary metabolic effects, due to the absence of the 

translocase activity, and the metabolic adaptations that occur contribute to the 

characteristic phenotype observed in these patients; i.e. fasting induced hypoglycemia, 
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hyperlactacidemia, and hyperlipidemia. A similar combination of primary and secondary 

effects is present in the recently generated G6PH knock-out mice (21). 

In view of the pivotal role of G6P in glucose metabolism, we interpret the changes 

in hepatic glucose metabolism induced by S4048 as a coordinate response aimed at 

maintenance of hepatocellular G6P concentration. Several experimental (22-24) studies 

and theoretical considerations (25) have emphasized the importance of maintaining 

constant concentrations of intermediates that are shared by several metabolic pathways. 

For G6P metabolism in muscle, Shulman et al. (22;23) proposed that changes in GS 

activity did not control glycogen synthesis but, instead, were aimed at maintaining a 

constant intracellular G6P concentration. Aiston et al. (24) proposed that activity of 

G6Pase in hepatocytes changed in such a way that hepatocellular G6P concentration was 

maintained during adenoviral G6Pase overexpression in freshly isolated hepatocytes. In 

line with this proposal, it was shown previously that inhibition of G6PT in rats resulted in 

an increase in steady state mRNA levels of G6PH (26). From a theoretical point of view, 

Kacser and Acerenza (25) argued that homeostasis of shared intermediates is necessary 

for independent regulation of metabolic pathways involved. 

The validity of the isotopic model and the MIDA approach has been substantiated 

in various studies, although some controversy still remains (27-39). Like any method, 

the MIDA approach is based on certain assumptions. Several of these assumptions have 

been addressed both experimentally (28;29;39-41) and theoretically (42), and the 

outcomes of these studies have been critically reviewed (42;43). The methodology 

tolerates a wide range of label disequilibrium in the triose phosphate pool. It may be 

sensitive to isotope gradients in the triose phosphate pool across the liver (i.e. those in 

periportal and perivenous cells), but the existence of such a gradient has not yet been 

proven experimentally. On the contrary, recent data by Siler et al. (27) make the 

existence of such a gradient unlikely. Although the applied [2-13C]-glycerol infusion rates 

are high in comparison with the usual infusion rates in in vivo tracer experiments, only 

minor confounding effects are to be expected due to [2-13C]-glycerol. Previs et al.(28) 

have shown in 30h fasted mice that steady state concentrations of glycerol in plasma 

started to increase at a glycerol infusion rate of 60 µmol.kg-1.min-1 and that the 

endogenous glucose production started to increase at 120 µmol.kg-1.min-1. In our 

experiments in rats, fasted for 24 h, a [2-13C]-glycerol infusion rate of less than 10 

µmol.kg-1.min-1 was used. The calculated isotope mole percent enrichment of the “true 

triose phosphate” precursor pool for de novo G6P synthesis (p value) was about 15% in 

our experiments, indicating that the [2-13C]-glycerol infusion contributed only 

moderately to the total production rate of intracellular triose phosphate. Finally, direct 

comparison of independent isotopic methods to estimate gluconeogenesis has yielded 
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either very similar or slightly lower values for the MIDA method (40;44). For our 

comparative study, these concerns are of lesser importance. We studied changes in de 

novo synthesis of G6P and partitioning of newly synthesized G6P brought about by acute 

inhibition of hepatic glucose production. Measurements were done under very similar 

conditions, and, as a consequence, the results obtained reflect actual changes in G6P 

metabolism. 

Quantitatively, the changes in the calculated fluxes through GS and GP brought 

about by S4048 were almost equal to the measured amount of glycogen found in livers 

of S4048-treated rats at the end of the experiment. Glycogen accumulation is the net 

result of the opposing fluxes through GS and GP. In the presence of S4048, the 

difference between the flux through GS (~30 µmol.kg-1.min-1) and GP  

(~15 µmol.kg-1.min-1) equals ~15 µmol.kg-1.min-1. At the end of the experiment, this 

results in 7200 µmol.kg-1 or; 225 µmol.(g wet weight)-1 of glycogen (liver weight was 

~34 g.(wet weight kg)-1), matching the measured amount of glycogen formed (~225 

µmol.(g wet weight)-1; Table II). The increased net glycogen synthesis (~15 µmol.kg-

1.min-1) was, however, less than the decrease in endogenous glucose production (~20 

µmol.kg-1.min-1) brought about by S4048. The remainder of the decrease in total glucose 

production (~5 µmol.kg-1.min-1) can be accounted for by the decrease in glucose/G6P 

cycling, which decreased from ~6 µmol.kg-1.min-1 to ~1 µmol.kg-1.min-1 in the presence 

of S4048. 

The de novo synthesis of G6P was unaffected by inhibition of G6PT. When 

gluconeogenesis would have been calculated based on the fractional contribution to 

plasma glucose alone, our results would have led us to conclude that gluconeogenesis 

was inhibited in parallel with inhibition of glucose production. By analyzing both plasma 

glucose and urinary parGlcUA, however, we were able to show that the decrease in 

hepatic glucose production was not associated with a decrease in the gluconeogenic flux 

to G6P but with a predominant partitioning of newly synthesized G6P into glycogen. 

Thus, no feedback inhibition on the gluconeogenic flux by its product G6P was observed 

in the 8h time frame of the experiment. Inhibition of G6PT decreased plasma glucose and 

insulin concentrations as well. The rate of de novo synthesis of G6P was also not 

increased in the face of decreased plasma glucose and insulin concentration. Gene 

expression of PEPCK was found to be unaffected, in parallel with the unaffected 

gluconeogenic flux to G6P. The role of PEPCK in controlling the gluconeogenic flux is a 

matter of controversy. Although PEPCK has been claimed to be rate-limiting in 

gluconeogenesis (45), measurements until now did not substantiate this claim. In 

hepatocytes from fasted rats, PEPCK exerted only minor control over gluconeogenesis 

from lactate (46). Recent data by the group of Magnuson (47), using an allelogenic 
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CreloxP gene targeting strategy to inactivate PEPCK specifically in mouse liver, 

substantiate these observations. Hepatic glucose production did not diminish until 

activity of PEPCK in liver reached levels below 90–95% of its initial activity. Hormone-

stimulated PEPCK gene expression can be repressed by high extracellular glucose 

concentrations in vitro after intracellular metabolism of glucose (48;49) We did not 

observe such a regulation. In our in vivo experiments, the high intracellular G6P 

concentration was, however, accompanied by low plasma glucose and insulin 

concentrations, which might contribute to the observed difference in outcome of the in 

vitro findings and our study (48;49). 

Acute inhibition of G6PT in vivo raised hepatocellular G6P concentration and 

abolished glucose/G6P cycling. The simultaneous action of G6PH, G6PT, and GK 

represents a homeostatic mechanism aimed at maintaining a constant intracellular G6P 

concentration (24). GK enzyme activity does not experience feedback inhibition by G6P 

(see Ref (50). and references therein), so that G6P in excess of metabolic demands must 

be hydrolyzed by G6PH. Inhibition of G6PT interferes with this homeostatic mechanism. 

In isolated hepatocytes, inhibition of G6PT also increased glucose incorporation into 

glycogen and glycogenolysis. This emphasizes the importance of glucose/G6P cycling in 

hepatocellular glucose metabolism. As has been reported previously, high intracellular 

concentrations of G6P markedly stimulated expression of the gene encoding G6PH 

(3;4;26). This was confirmed in the present study. GK gene expression, on the other 

hand, is strongly reduced by S4048 treatment. This suggest that at high intracellular G6P 

concentrations, a negative control system is operational to down-regulate GK expression, 

quite different from in vitro studies on GK gene expression (3;4). In the latter studies, 

GK gene expression was found not to depend on intracellular glucose metabolism. 

Irrespective of the very low GK mRNA levels, some glucose phosphorylation did still 

occur, as is evident from our calculations. It is important to realize that t1⁄2 of the GK 

protein is relatively long (30h; cf. Ref. (50)) in comparison with the duration of the 

experiment. The role of increased expression of the gene encoding for GLUT2 in 

maintaining a constant hepatocellular G6P concentration is not clear, particularly since 

very recent data show that glucose production from pyruvate is not affected in 

hepatocytes isolated from GLUT2 knock-out mice (1;51). The absence of GLUT2 did, 

however, lead to a sustained elevated intracellular G6P. This indicates a role of GLUT2 in 

regulating intracellular G6P concentration by exporting cytosolic glucose, thereby 

preventing re-phosphorylation of glucose by GK. 

Glycogen synthesis was strongly stimulated upon inhibition of G6PT. This was 

accompanied by an increased glycogen/Glc-1-P cycling. Apparently, both GS and GP 

were simultaneously active. G6P is an allosteric activator of GSb in hepatocytes and also 
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activates GS phosphatase, while glucose is a competitive inhibitor of GPa activity and 

promotes the de-phosphorylation and inactivation of GP (1). Inhibition of G6PT raised the 

hepatocellular concentration of G6P. This may have stimulated GSb activity and/or 

promoted its de-phosphorylation into its active a form by glycogen-associated protein 

phosphatase-1. As a consequence, flux through GS increased. On the other hand, 

inhibition of G6PT also decreased the concentration of plasma glucose, so that the 

activity of GPa may remain high. The observations on glycogen/Glc-1-P cycling are in line 

with studies by others with in vivo 13C MRS on the simultaneous synthesis and 

degradation of liver glycogen during a D-[1-13C]-glucose infusion in fasted and fed rats 

(1;52) and humans (18). The continuous degradation and synthesis of glycogen adds to 

G6P homeostasis. Newsholme and Crabtree (53) have argued that, in the presence of 

substrate cycling, large fluctuations in concentrations of intermediates can be dampened 

by relatively small changes in the rates of the opposing reaction, constituting the 

substrate cycle. In our study, GS gene expression was increased, while gene expression 

of GP was unaffected. The physiological importance of these changes in regulation of 

glycogen metabolism is not yet clear, but they may point to a control loop, at the level of 

gene expression, by which G6P stimulates its own deposition into glycogen, which adds 

to the proposed homeostatic mechanism. 

In freshly isolated hepatocytes, in short term incubations, glycolysis was strongly 

stimulated in the presence of S4048, and glucose was more effectively converted into 

lactate. These observations point to the importance of glucose/G6P cycling in glucose 

metabolism in this in vitro experimental system. Likewise, in vivo treatment of rats with 

S4048 resulted in an increased plasma lactate concentration, and the expression of the 

gene encoding liver-type pyruvate kinase was markedly up-regulated. Regulation of 

liver-type pyruvate kinase critically depends on glucose metabolism. Both G6P and 

xylulose-5-phosphate have been implicated in this regulation (see Ref. (2) for a review). 

Results of a number of studies on glycogen synthesis are in line with the proposed 

notion that the gluconeogenic flux to G6P is not subjected to acute changes (cf. Ref. 

(54)) under various experimental conditions. For instance, during refeeding after a 

period of fasting, glycogen is synthesized by two metabolic routes: a “direct” one (Glc → 

G6P → UDPglc → glycogen; Fig. 1, III + VI) and an “indirect” one (Glc →  C3-compound 

→ G6P → UDPglc → glycogen; Fig. 1, III + V + I + VI) (54). After glucose 

phosphorylation and glycolysis, the “indirect” pathway is identical to the gluconeogenic 

flux to G6P with subsequent partitioning of newly synthesized G6P into glycogen. 

Partitioning of G6P will determine whether newly synthesized G6P will go to either 

glucose production or glycogen synthesis. This partitioning is a function of the relative 

activities of the enzymes involved in G6P metabolism. In case of NIDDM, with 
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inappropriately high hepatic glucose production, this partitioning mechanism may be 

perturbed. In fact, it has been reported that in patients with NIDDM the activity ratio of 

G6Pase over GK was increased (55). Increasing the activity ratio of G6Pase over GK by 

adenovirus-mediated overexpression of the gene encoding G6PH was associated with 

increased hepatic glucose production in conscious rats (56). Overexpressing the gene 

encoding for the GK and thereby decreasing the activity ratio of G6Pase over GK resulted 

in a decreased hepatic glucose production in conscious rats (57). 

In summary, this study showed that acute pharmacologic inhibition of G6PT 

resulted in a marked increase in hepatocellular G6P and glycogen without affecting the 

gluconeogenic flux to G6P. The expression of genes of enzymes in glucose cycling, 

glycogen synthesis, and glycolysis was changed in such a way to maximize the ability to 

deposit newly synthesized G6P into glycogen in order to maintain cellular G6P 

homeostasis. 
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ABSTRACT 

In vivo studies of hepatic carbohydrate metabolism in (genetically modified) conscious 

mice are hampered by limitations of blood and urine sample sizes. We developed and 

validated methods to quantify stable isotope dilution and incorporation in small blood and 

urine samples spotted onto filter paper. Blood glucose and urinary paracetamol–

glucuronic acid were extracted from filter paper spots reproducibly and with high yield. 

Fractional isotopologue distributions of glucose and paracetamol–glucuronic acid when 

extracted from filter paper spots were almost identical to those isolated from the original 

body fluids. Rates of infusion of labeled compounds could be adjusted without perturbing 

hepatic glucose metabolism. This approach was used in mice to find the optimal 

metabolic condition for the study of hepatic carbohydrate metabolism. In fed mice, no 

isotopic steady state was observed during a 6 hour label-infusion experiment. In 9 hour 

fasted mice, isotopic steady state was reached after 3 hour of label infusion and 

important parameters in hepatic glucose metabolism could be calculated. The rate of de 

novo glucose-6-phosphate synthesis was 143 ± 17.µmol.kg-1.min-1 and partitioning to 

plasma glucose was 79 ± 5%. In 24 hour fasted mice, abrupt changes were noticed in 

whole body and in hepatic glucose metabolism at the end of the experiment. 

 

Keywords: Blood spots; Stable isotopes; MIDA; Gluconeogenesis; Glucose-6-phosphate 

 

 

INTRODUCTION 

Animal models are of crucial importance in the unraveling of pathological mechanisms 

that underlie insulin resistance, impaired glucose tolerance, and development of type 2 

diabetes. Recently, several stable isotope procedures to study hepatic glucose 

metabolism in vivo have been introduced (1-5). We have applied one of these 

procedures in rats (6), according to the 24 hour protocol of Hellerstein and Neese, to 

study the partitioning of newly synthesized glucose-6-phosphate (G6P) between plasma 

glucose and glycogen. In this study the metabolic consequences of pharmacological 

inhibition of glucose-6-phosphatase (G6Pase) were investigated. Rats, fasted for 24 

hour, were infused with D-[U-13C]-glucose, D-[1-2H]-galactose, [2-13C]-glycerol, and 

paracetamol. Isotope dilution and label incorporation were determined by gas 

chromatography mass spectrometry (GCMS) and mass isotopomer distribution analysis 

(MIDA) in glucose, isolated from plasma (50 µl) and in paracetamol–glucuronic acid 

(ParglcUA) isolated from urine (0.5 ml), the latter reflecting hepatic UDP–glucose 

(UDPglc) metabolism (7). 
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Recently, due to the possibilities of genetic engineering, mice are becoming more 

and more the animal species of choice in the study of the pathology of diabetes type 2. 

Genetic engineering allows for the generation of mice in which genes encoding for 

nuclear hormone receptors such as PPARα or LXR, enzymes such as glucose-6-

phosphatase, or hormone receptors such as insulin receptors have been knocked out (7-

9). Application of the same stable isotope methodology in mice as that used in rats poses 

several physical and analytical problems. First, rates of carbohydrate metabolism are 

considerably higher in mice than in rats, resulting in more pronounced isotope dilution. 

As a consequence, isotope infusion rates need to be adjusted; however, the maximal 

possible flow rate of infusate is much lower in mice than in rats. Second, sample sizes of 

plasma and urine that can be taken during the experiment are relatively small, 

particularly when serial sampling is necessary to estimate isotopically steady state. To 

collect sufficient material from mice either several animals were sacrificed at each time 

point (7;10) or the animals were transfused with blood from littermates to make up for 

the losses of blood due to sampling (11). Blood and urine collection as spots on filter 

paper seems to be an appropriate method to miniaturize sampling and thereby to allow 

serial sampling in mice. Sample collection on filter paper is commonly used in neonatal 

screening (see for review (12)) and in monitoring effects of therapy in patients with 

either inborn or acquired metabolic diseases such as phenylketonuria and diabetes (13-

17). Due to the miniaturization of sampling, problems in measuring mass isotopologue 

distributions by GCMS arise. 

We approached these problems by first, applying filter paper to sample body 

fluids and validating, using rats, analytical techniques suitable to measure mass 

isotopologue distributions in small amounts of material. Second, the infusion protocol, 

previously used with rats, was adapted to the higher metabolic rate in mice. Finally, we 

applied the infusion protocol and analytical methods to find the optimal metabolic 

conditions to quantify hepatic glucose metabolism in conscious mice. To that purpose, 

mice that were allowed to eat ad libitum until onset of the experiment (fed) or that were 

subjected to either 9 hour (postprandial) or 24 hour (fasted) of fasting before the start of 

the experiments were studied. 

 

 

EXPERIMENTAL PROCEDURES 

Materials 

[2-13C]-Glycerol (99% 13C APE), D-[1-2H]-galactose (98%v2H APE) (Isotec Inc., 

Miamiburg, OH, USA), D-[U-13C]-glucose (99% 13C APE) (Cambridge Isotope 

Laboratories, Inc., Andover, MA, USA) were used. All chemicals used were pro analysis 
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grade. Bloodspots and urine were collected on Schleicher en Schuell No. 2992 filter paper 

(Schleicher en Schuell, ‘s Hertogenbosch, The Netherlands). Infusates were freshly 

prepared and sterilized by the hospital pharmacy the day before the experiment. 

 

Animals 

Male Wistar rats (310 ± 15 g) were bred at the Central Animal Laboratory, University of 

Groningen (The Netherlands). C57BL/6J mice (24.1 ± 0.3 g) were obtained from Harlan 

Laboratories (Zeist, The Netherlands). Experiments were approved by the Ethical 

Committee for Animal Experiments, Faculty of Medical Sciences, University of Groningen. 

All animals were housed in plexiglas cages, under a controlled light–dark regime (12 

hour dark and 12 hour light) and temperature-controlled (20 °C) conditions. They had 

free access to water and laboratory chow (RMH-B Hope Farms BV, Woerden, The 

Netherlands). Rats were equipped with two indwelling permanent catheters in the heart, 

one for infusion and one for drawing samples as described by Kuipers et al. (18). Mice 

were equipped with a single catheter in the right jugular vein for infusion. After surgery 

rats and mice recovered for periods of 7 and 5 days, respectively, in individual cages. 

Food intake and body weight returned to preoperative levels within 2 days. Food was 

removed before the start of the experiment as indicated but the animals had free access 

to water. 

 

Blood and Urine Sampling from Rats 

On the day of the experiment, rats were placed in individual metabolic cages which 

allowed collection of urine at hourly intervals. They received an infusion, at a rate of 

3 ml.h-1 for 8 hour, of a solution consisting of D-[U-13C]-glucose (6.5 µmol.ml-1),  

[2-13C]-glycerol (64 µmol.ml-1), D-[1-2H]-galactose (33 µmol.ml-1), and paracetamol  

(3.0 mg.ml-1) in a sterile aqueous solution. Blood samples (200 µl) and blood spots from 

the tail tip were drawn before and at 5, 6, 7, and 8 hours after the start of the infusion. 

Both samples were taken with a time delay of less than 2 min. Urine samples were 

collected at hourly intervals. Samples (50 µl) from urine fractions were spotted onto filter 

paper strips. Blood samples were collected in heparin-containing tubes and centrifuged 

immediately. Plasma and urine were stored at -20°C until analysis. Blood and urine spots 

were air-dried and stored at room temperature until analysis.  

 

Optimization of Metabolic Conditions in Mice 

On the day of the experiment, mice were placed in individual metabolic cages. Filter 

paper was placed under the wire floor of the cage to collect urine samples and replaced 

hourly. Three groups of four mice each were used in the experiments. Food was removed 
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just before, 9 hours before or 24 hours before the start of the experiment in the fed, 

postprandial, and fasted groups, respectively. Mice received an infusion of a sterilized 

aqueous solution containing D-[U-13C]-glucose (13 µmol.ml-1), [2-13C]-glycerol  

(160 µmol.ml-1), D-[1-2H]-galactose (33 µmol.ml-1), and paracetamol (1 mg.ml-1) at a 

rate of 0.6 ml.h-1 for 6 hours. Blood glucose during the experiment was measured using 

Euro Flash test strips (LifeScan Benelux, Beerse, Belgium) and bloodspots for GCMS 

measurements were collected before the start of the infusion and at hourly intervals 

afterward until 6 hours after the start of the infusion. All blood samples spotted on filter 

paper were taken from tail tips. Timed urine samples were collected at hourly intervals 

on filter paper. Blood spots and urine strips were air-dried and stored at room 

temperature until analysis. 

 

Evaluation of GCMS Data 

Measurements of each derivative were accepted when two conditions were met. First, a 

particular series of measurements was accepted when the dispersions of the fractional 

contributions to total ion abundances around their respective means in control samples, 

inserted into the series, were less than 1% for m0 and less than 2% for m1 and m2. 

Second, measured total ion abundance of the samples for each derivative had to be 

within the range of constant response of the fractional contribution of m1, m2, and m6 to 

total ion abundances. Therefore, in each series of measurements a dilution series 

obtained from a mixture of the last, most enriched, samples taken at the end of an 

experiment was included. The mixture was divided into seven vials and dried under a 

stream of N2. Subsequently, increasing volumes of ethylacetate were added to the dry 

residues. In this way, a dilution series ranging from an 8x dilution to an 8x concentration 

of the starting mixture was obtained. The response was considered constant when the 

fractional contributions of m1 and m2 deviated less than 2% from the respective means. 

The deviation in the fractional contributions from the mean of m6 should be less than 3% 

in glucose derivatives and less than 5% in ParglcUA derivatives. 

The fractional isotopologue distribution measured by GCMS (m0–m6) was 

corrected for the fractional distribution due to natural abundance of 13C by multiple linear 

regression as described by Lee et al. (19) to obtain the excess fractional distribution of 

mass isotopologues (M0–M6) due to incorporation of infused labeled compounds, i.e., 

[2-13C]-glycerol, D-[U-13C]-glucose, and D-[1-2H]galactose. 
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Analysis 

For all analytical procedures see Appendix 2.  

For correct gene names see Chapter 2 

 

Calculations 

Metabolic fluxes at steady state were calculated essentially according to Hellerstein and 

Neese et al. (5;20-22), Magnussen e.a. (23), Wolfe (24), and Giaccari e.a. (25). 

Equations used are presented in Chapter 4.  

 

Statistics 

All values are expressed as mean ± S.D. Statistical differences were determined using 

ANOVA with repeated measurements, except in the calculation of body weight, where 

Student’s t test was used; p<0.05 was considered significant. The time invariance in 

presented parameters was determined by comparison of consecutive time points using 

Student’s t test with paired samples. Values were considered time-invariant when there 

was no significant difference (p>0.05) between the parameters on consecutive time 

points. 

 

 

RESULTS 

Sampling on Filter Paper in Rats 

Recovery of Glucose and ParglcUA from Filter Paper 

Extraction of glucose from filter paper disks punched out of bloodspots and of urinary 

ParglcUA from paper strips was highly efficient. After single extraction of the disks, the 

amount of glucose recovered was equivalent to that isolated from 8.0 ± 0.5, 6.8 ± 0.2, 

or 6.5 ± 0.3 µl plasma when spots were stored at room temperature for 1, 14, or 35 

days, respectively. Extraction efficiency of ParglcUA from filter paper did not depend on 

either the time of storage at room temperature (1 to 35 days) or the urinary 

concentrations of ParglcUA (0.6 to 4.0 mg.ml-1). Recovery was 90 ± 4 or 99 ± 3% after 

extraction of filter paper spots once or twice, respectively. 
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Figure 1. Actual series of measurements.  

Glucose pentaacetate (A), glucose aldonitril pentaacetate (B), paracetamol–

glucuronic acid ethyl–ester tetra-TMS (C), and saccharic acid diethyl–ester 

tetraacetate (D) by gas chromatography mass spectrometry. The series was 

composed of blocks of samples from individual animals (white bars) separated by 

control samples (black bars). In the middle of the series a block containing a 

dilution series was positioned to determine the range of constant response (gray 

bars). Total ion abundance between the dotted and the dashed lines indicates the 

range in which the fractional contributions of m1, m2, and m6 to total ion 

abundance are constant. 

 

 

GCMS Measurements of Mass Isotopologue Distribution 

In Fig. 1 an example of a series of measurements in extracts of blood spots and urine 

strips for each of the four derivatives, i.e., glucose pentaacetate (A), glucose aldonitril 

pentaacetate (B), the ParglcUA ethyl–ester tetra-TMS derivative (C), and the saccharic 

acid diethyl-ester tetraacetate derivative (D), is given. Series were composed of blocks 

of samples from individual animals separated by control samples. In the middle of a 

series, a dilution series was inserted to determine the range of constant response of the 

mass spectrometer for the whole series of each of the derivatives used. 
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Figure 2. Relationship between total ion abundance and fractional 

contributions of m1, m2, and m6. 

In measurements of glucose pentaacetate (A), glucose aldonitril pentaacetate (B), 

paracetamol–glucuronic acid ethyl–ester tetra-TMS (C), and saccharic acid diethyl-

ester tetraacetate (D). Fractional contributions of selected mass isotopologues 

used in the MIDA calculation of hepatic carbohydrate metabolism are plotted; m1, 

diamonds; m2, squares; and m6, triangles. Fractional contributions to the total ion 

abundances are considered to be constant between the dotted and the dashed 

lines. Measurements on samples of a dilution series prepared by combining the 

most enriched samples obtained at the last time point of rat experiments were 

performed by GCMS as described under Materials and methods. Data given in Fig. 

1 were used. 

 

 

Data were accepted for further calculations when the following two criteria were fulfilled. 

First, for each of the derivative total ion abundances of all samples had to be in the 

range of constant response. In Fig. 1 the upper and lower limits of the range of constant 

response of the mass spectrometer for each of the derivatives are indicated. These limits 

were determined as shown in Fig. 2. In this figure the observed range of constant 
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responses is indicated for the fractional contributions of m1, m2, and m6 in total ion 

abundances as a function of total ion abundances of each of the four derivatives. It is 

clear that the fractional contributions of m1, m2, and m6 are independent of the total ion 

abundances over only a limited range and that this range is different for each of the 

derivatives measured. The actual measured fractional contributions and calculated CVs 

within the indicated constant response range are given in Table 1 for each of the four 

derivatives. Second, a series was accepted for further calculations when the dispersion of 

total ion abundances of each derivative around the mean of the control samples was 

within the pre-established range for each of the derivatives.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Fractional contribution and calculated CVs of each of the used 

dilution series in the range of constant response.  

The dilution series of four derivatives was prepared from enriched samples of the 

last time point (t = 6h) of experiments as described under Materials and methods. 

Data given in Fig. 1 were used. 

 

 

The actual values of the means and dispersions around the mean of the control samples 

for each of the derivatives and the calculated CVs are given in Table 2 for each of the 

mass isotopologues of the respective derivatives. When these two considerations are 

taken into account, it is clear from Fig. 1 that, for these particular series of injections, 

total ion abundances were within the range of constant response for all samples but a 

few, indicated by arrows. These samples were concentrated or diluted and subsequently 

re-injected to obtain measurements within the range of constant response. 

 

 

 

 

 

Fractional contribution to total ion abundances 
Derivative 

 m0 m1 m2 m3 m4 m5 m6 

Glucose pentaacetate Mean 0.4368 0.3756 0.1212 0.0270 0.0065 0.0041 0.0287 
 Std 0.0013 0.0013 0.0016 0.0009 0.0003 0.0001 0.0007 
 C.V. 0.3% 0.3% 1.3%    2.4% 

         

Glucose aldonitril pentaacetate Mean 0.4657 0.3474 0.1192 0.0255 0.0056 0.0039 0.0328 
 Std 0.0041 0.0005 0.0017 0.0011 0.0006 0.0004 0.0009 

 C.V. 0.9% 0.2% 1.4%    2.9% 

         
Paracetamol ethyl-ester tetraTMS Mean 0.4785 0.3442 0.1204 0.0403 0.0087 0.0030 0.0048 

 Std 0.0018 0.0010 0.0007 0.0002 0.0002 0.0003 0.0002 

 C.V. 0.3% 0.5% 0.9%    4.1% 
         

Saccharic acid di-ethyl ester tetraacetate Mean 0.6434 0.2643 0.0680 0.0162 0.0033 0.0007 0.0040 

 Std 0.0064 0.0026 0.0013 0.0017 0.0003 0.0001 0.0001 
 C.V. 1.0% 1.0% 1.9%    2.5% 
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Table 2. Intra assay dispersion of fractional contribution to total ion 

abundances of control samples in a series of measurements. 

The dispersion was calculated from the control sample, prepared from combined 

samples of the derivatives before the start of the experiment. Data given in Fig. 1 

were used. 

 

 

Comparison of Fractional Mass Isotopologue Distributions 

In Fig. 3, a comparison between fractional mass isotopologue distributions has been 

made for glucose isolated from plasma obtained from heart catheter and glucose 

extracted from blood spots of tail tips from rats at different time points. As is clear from 

this figure, there was a very small and statistically non-significant overestimation  

(1.1 ± 2.9%) of the fractional contribution of m1, m2, and m6 to total ion abundances in 

plasma when bloodspots and plasma from two different sample sites were compared. 

 

Optimization of Experimental Approach in Conscious Mice 

Hepatotoxicity of Paracetamol Dose 

In view of reports on hepatotoxicity of paracetamol in mice, we studied the effects of two 

infusion rates of this compound in mice on the time course of clinical–chemical 

parameters of liver function. The effect of paracetamol dose (167 ± 2 or 300 ± 3  

mg.kg-1) on ALAT, ASAT, and LDH levels in plasma was tested in postprandial mice using 

the stable isotope infusion protocol as described under above. Before the start of the 

experiment ALAT levels were the same in both groups (27 ± 3 vs. 26 ± 2 U.ml-1; low vs. 

high dose, respectively). At the end of the experiment ALAT levels increased in both 

groups to comparable values (66 ± 47 vs. 88 ± 31 U.ml-1; low vs. high dose, 

respectively) but after 24 hour ALAT levels in the low-dose group normalized  

(24 ± 4 U.ml-1), whereas it increased further in the high-dose group  

(1629 ± 3119 U.ml-1). Similar effects were also seen for other liver enzymes measured, 

i.e., ASAT and LDH, and confirmed by liver histology. The dose of paracetamol had no 

 

Fractional contribution to total ion abundances 
Derivative 

 m0 m1 m2 m3 m4 m5 m6 

Glucose pentaacetate Mean 0.8407 0.1262 0.0271 0.0043 0.0012 0.0005 0.0000 
 Std 0.0021 0.0018 0.0004 0.0003 0.0001 0.0000 0.0000 
 C.V. 0.2% 1.4% 1.4%     

         

Glucose aldonitril pentaacetate Mean 0.8328 0.1382 0.0255 0.0029 0.0004 0.0001 0.0000 
 Std 0.0008 0.0006 0.0002 0.0001 0.0000 0.0001 0.0000 

 C.V. 0.1% 0.5% 0.9%     

         
Paracetamol ethyl-ester tetraTMS Mean 0.7138 0.1884 0.0778 0.0156 0.0028 0.0015 0.0000 

 Std 0.0018 0.0010 0.0007 0.0002 0.0002 0.0000 0.0000 

 C.V. 0.3% 0.5% 0.9%     
         

Saccharic acid di-ethyl ester tetraacetate Mean 0.8140 0.1500 0.0316 0.0039 0.0005 0.0001 0.0000 

 Std 0.0021 0.0020 0.0004 0.0001 0.0000 0.0000 0.0000 
 C.V. 0.3% 1.3% 1.1%     
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influence on calculations of isotope dilution and incorporation (data not shown), but for 

obvious reasons the low dose was used for further experiments. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison of fractional contribution in total ion abundance of 

m1, m2, and m6 in plasma glucose and glucose obtained from an 

indwelling heart catheter and glucose extracted from blood spot 

sampled from tail tip. 

Mass isotopologues of glucose aldonitril pentaacetate were selected and used in 

the calculation of hepatic carbohydrate fluxes shown as Bland–Altman plots; i.e. 

m1, diamands; m2, squares; and m6, triangles; bias of 1.1 ± 2.9%. 

 

 

Isotopic Infusion Rate 

Carbohydrate metabolism is considerably higher in mice than in rats; furthermore, the 

maximal possible flow rate of infusate is much lower in mice than in rats. Using the same 

composition of infusate in mice as that in rats at a lower infusion rate would result in a 

more pronounced (hardly measurable) isotopic dilution in plasma glucose and urinary 

ParglcUA. Based on the recommendations of Hellerstein and Neese (26) we adjusted the 

infusion rate and the composition of the infusate to obtain mass isotopologue 

distributions for each of the derivatives within the above-established analytical ranges. 

Best results were obtained with a sterilized, aqueous solution containing D-[U-13C]-

glucose (13 µmol.ml-1), [2-13C]-glycerol (160 µmol.ml-1), D-[1-2H]-galactose 

(33 µmol.ml-1), and paracetamol (1 mg.ml-1) and infused at a rate of 0.6 ml.h-1. 

 

Optimization of Metabolic Condition in Conscious Mice 

The above-presented methods were applied in mice to evaluate the effect of time of 

fasting on isotopic steady state during a 6h label infusion experiment. Mice studied were 

allowed to eat ad libitum until onset of the experiment (fed) or were subjected to either 

9 hour (postprandial) or 24 hour (fasted) of fasting before the start of the experiments. 

Body weight of fed and postprandial mice were similar on the day of experiments  
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(23.0 ± 1.0 g vs. 24.3 ± 0.4 g, fed vs. postprandial mice, respectively), whereas fasted 

mice showed a significant decrease in body weight upon fasting (23.0 ± 1.0 g vs.  

18.3 ± 0.9 g, fed vs. 24h fast; p < 0:05). Blood glucose concentration remained 

constant during the experiment in fed mice (11.0 ± 1.5 mM), decreased slightly but not 

significantly in postprandial mice (8.4 ± 0.8 to 7.4 ± 0.5 mM), and increased during the 

first 2 hour of infusion of stable isotopically labelled compounds in fasted mice from  

4.9 ± 0.6 to 10.1 ± 0.5 mM (p<0.01), after which it remained constant. 

In Fig. 4 serial sampling was used in individual mice to obtain time courses of 

total Ra of plasma glucose (Fig. 4A) and UDPglc (Fig. 4B). The time to reach isotopic 

steady state of plasma glucose depended on the time of fasting. In fed mice the total 

rate of plasma glucose appearance reached steady state only at the end of the 

experiment (169 ± 29 µmol.kg-1.min-1), whereas in postprandial mice steady state was 

reached at 3 hour (121 ± 17 µmol.kg-1.min-1). In fasted mice, Ra was stable between  

1 and 4 hour after the start of the experiment (153 ± 10 µmol.kg-1.min-1) after which it 

increased to 214 ± 11 µmol.kg-1.min-1. Time of fasting also had an effect on the total 

rate of appearance of hepatic UDPglc, as is clear from Fig. 4B. Hepatic UDPglc production 

rates tended to increase with the duration of fasting. Particularly in fasted mice, the rate 

of appearance of UDPglc at the beginning of the experiment was high in comparison with 

both fed and postprandial mice, but it declined at the end of the experiment to values 

very similar to those observed in both other groups. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Time courses of total rates of appearance.  

Plasma glucose (A) and UDPglc (B) in fed, postprandial, and fasted mice. Total 

rates of appearance of plasma glucose (Rd(Glc)) and UDPglc (Rd(UDPglc)) were 

calculated using Eq. (9) and (13), respectively as described in chapter 4. Data are 

means ± SD. Letters indicate that the parameter was time invariant, in fed (a, 

triangles), postprandial (b, circles), and fasted (c, squares) mice. 
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In Fig. 5 the metabolic clearance of plasma glucose (MCR) is shown during the 

course of the experiment in all three groups. Values of MCR of glucose calculated for fed 

and postprandial mice were 16 ± 2 and 17 ± 3 ml.kg-1.min-1, respectively. In fasted mice 

MCR between t = 2 and t = 4 hour was very similar to that observed in fed and 

postprandial mice (17 ± 1 ml.kg-1.min-1), but its value increased significantly to  

21 ± 2 ml.kg-1.min-1 during the last 2 h of the experiment.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Time course of metabolic clearance rate of plasma glucose in fed, 

postprandial, and fasted mice. 

Calculations were performed as described in Chapter 4. Data are means ± SD. 

Letters indicate that the parameter was time invariant, in fed (a, triangles), 

postprandial (b, circles), and fasted (c, squares) mice. 

 

 

In Fig. 6 the time courses of the fractional contributions of gluconeogenesis to 

plasma glucose and hepatic UDPglc appearance (Figs. 6A and B, respectively) are shown. 

The contribution to plasma glucose (f(Glc) and presented as c(1,5) eq. 16 in Chapter 4) 

reached stable values at 2, 3, and 4 hour after the start of the isotope infusion in fasted, 

postprandial, and fed mice, respectively. In this period, fractional contributions of GNG to 

plasma glucose in postprandial and fasted mice were very similar (79 ± 5 and 79 ± 2%, 

respectively), whereas in fed mice they were significantly lower (67 ± 6%; p<0.01). The 

fractional contribution of GNG to UDPglc (f(UDPglc) and presented as c(3,5) eq. 18 in 

Chapter 4) as shown in Fig. 6B was stable 2h after the start of isotope infusion in all 

groups. Fasted and postprandial mice showed very similar fractional contributions to 

UDPglc (72 ± 1 and 67 ± 9%, respectively) but was significant lower in fed mice  

(51 ± 7%; p<0:01). 

In Fig. 7 the rates of de novo G6P synthesis directed into plasma glucose and 

UDPglc calculated as means of the values at 2, 3, and 4h (Fig. 7A) and at 5 and 6h (Fig. 

7B) of the experiments. From the data in Fig. 7A it is clear that the flux of newly 
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synthesized G6P into plasma glucose did not change significantly with time of fasting 

(112 ± 13, 89 ± 15, and 110 ± 5 µmol.kg-1.min-1; fed, postprandial, and fasted, 

respectively). In contrast, the flux of newly synthesized G6P into UDPglc increased 

significantly from 34 ± 6 µmol.kg-1.min-1 in fed to 61 ± 21 µmol.kg-1.min-1 in 

postprandial and 88 ± 9 µmol.kg-1.min-1 in fasted mice. As a consequence, the total rate 

of de novo synthesis of G6P was equivalent in fed and postprandial mice  

(146 ± 18 vs. 150 ± 12 µmol.kg-1.min-1) but was increased in fasted mice  

(197 ± 6 µmol.kg-1.min-1). As is clear from the comparison of the data in Figs. 7A and B, 

there were no significant changes in the rates of de novo synthesis of G6P into glucose 

and UDPglc in fed and postprandial mice during the course of the experiment. In 

contrast, in fasted mice the partitioning of G6P changed quite drastically during the last 2 

hour of the experiment while the total rate remained unchanged (197 ± 6 vs. 209 ± 25 

µmol.kg-1.min-1). The partitioning of newly synthesized G6P into plasma glucose 

increased strongly from 56 ± 3 to 75 ± 5%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Time courses of the fractional contribution of gluconeogenesis to 

plasma glucose (A) and to UDPglc (B) in fed, postprandial, and 

fasted mice. 

Calculation of fractional contribution of gluconeogenesis to plasma glucose (c(1,5)) 

and fractional contribution to UDPglc (c(3,5)) as described in Chapter 4. Data are 

means ± SD. Letters indicate that the parameter was time invariant, in fed (a, 

triangles), postprandial (b, circles), and fasted (c, squares) mice. 
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Figure 7. Mean partitioning of de novo synthesis rate of glucose-6-

phosphate between time points 2 and 4h (A) and between time 

points 5 and 6h (B) of the experiment in fed, postprandial, and 

fasted mice.  

De novo syntheses of glucose-6-phosphate directed to plasma glucose and to 

UDPglc are indicated with dark and light bars, respectively. Calculations of de novo 

syntheses rate of glucose-6-phosphate and its fractional contribution to plasma 

glucose were done according to Chapter 4. Data are means ± SD. Significant 

differences between groups (*) and between time periods (#) are indicated. 

 

 

 

DISCUSSION 

In this study, we have developed and validated an analytical technique to measure 

hepatic carbohydrate metabolism with stable isotopically labeled compounds using small 

blood and urine samples collected at multiple time points on filter paper. These methods 

were applied in individual conscious mice during a 6 hour infusion experiment. The 

analytical methods to measure isotope dilution and incorporation were adapted to the 

small sample sizes in such a way that total ion abundances of each derivative in each 

sample remained within the range of constant response of the GCMS. The infusion rate of 

stable isotopically labeled compounds and paracetamol were adjusted to meet the 

criteria set for these purposes and to accommodate the higher metabolic rates of mice 

compared to rats. Furthermore, we studied the effect of time of fasting on isotopic 

steady-state during a 6 hour infusion experiment such that MIDA procedures could be 

applied under optimal metabolic conditions in conscious mice for the study of the effects 

of interventions in hepatic carbohydrate metabolism in vivo. 

Blood spots on filter paper are used for sampling blood in field studies, neonatal 

screening of congenital and inherited diseases, and control of treatment of inherited and 

acquired metabolic diseases. A drawback of spotting blood on filter paper is that the 
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volume taken up by the filter paper is not known. To circumvent this problem we used 

filter paper with a very regular and, between batches, reproducible texture, from which 

disks of known diameter were punched out, resulting in predictable amounts of blood 

isolated. For our purpose we used filter paper of Schleicher & Schuell (No. 2992) which is 

commonly used in neonatal screening. Fourteen days after spotting blood on filter paper 

we recovered an amount of glucose from a 6.5 mm disk punched out of bloodspots that 

was equivalent to the amount isolated from 6.8 ± 0.3 µl plasma. Considering the 

hematocrit value of blood, the calculated plasma volume compares well with the blood 

volume that Abysholm (17) measured by weighing 6.5 mm disks punched out of 

bloodspots (10.3 µl). We did not treat the filter paper with sodium fluoride solutions to 

prevent glucose utilization by erythrocytes after spotting blood on the filter paper. 

Consequently, we observed a slight decrease in the recovery of glucose, particularly 

during the first period after spotting. Abysholm (17) reported similar observations. In our 

application, however, the absolute concentration of blood glucose is of no importance, 

since extraction of a blood spot should recover only sufficient material in a reproducible 

manner to perform GCMS measurements with appropriate precision. 

The change in sampling method and sampling site had no significant effect on the 

fractional isotopologue distribution of glucose, indicating that blood spot sampling from 

tail tip is an appropriate alternative to blood sampling by heart catheter. To be able to 

come to this conclusion, we had to scale down our analytical techniques in proportion to 

the reduction of the sample sizes. One of the difficulties in the use of MIDA techniques is 

the lack of appropriate 13C-labeled internal standards to construct the necessary 

calibration curves for the accurate and precise measurement of the fractional mass 

isotopologue distribution. As discussed by Hellerstein and co-workers, this makes the 

method particularly vulnerable to nonlinearity in the response of the GCMS to changes in 

relative amounts of mass isotopologues entering the MS ion source. Therefore the GCMS 

has to be carefully calibrated with the same derivatives of naturally labeled glucose. The 

observed mass isotopologue distribution of the derivative should confirm the theoretically 

derived mass isotopologue distribution. These considerations have led us to concentrate 

in this study on ranges of constant response and minimal dispersion of responses during 

GCMS measurement of different derivatives rather than on limits of detection and 

quantification. 

We adapted higher infusion rates of stable isotopic compounds to measure 

carbohydrate metabolism with appropriate accuracy and precision. This was of particular 

importance since the GCMS data are used in complex calculations, in which propagation 

of errors always is a major problem. Hellerstein and Neese (26) have discussed these 

problems in relation to the in vivo application of the MIDA method. Based on theoretical 
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considerations and practical observations they defined a set of recommendations, that 

should be followed to estimate biosynthetic production rates in vivo reliably. We used 

this set of recommendations to estimate acceptable precision in GCMS measurements 

and to establish minimal estimates of the fractional contribution of the various mass 

isotopologues to total ion abundance for isotope dilution and incorporation in plasma 

glucose and urinary ParglcUA. We started from the assumption that the CV of the final 

calculated values of the fluxes in hepatic glucose metabolism should be less than 5%. 

Accordingly, it can be deduced that for incorporation of [2-13C]-glycerol into glucose or 

glucuronic acid residue of ParglcUA, the CV of the measured fractional contribution of m1 

and m2 to total ion abundance should be less than 2% with a minimal fractional 

contribution of m2 of 0.005. For dilution of D-[U-
13C]-glucose in plasma glucose and 

glucuronic acid residue of ParglcUA, the minimal reliable measured enrichment in the 

latter determines the minimal required enrichment in plasma glucose and so the 

appropriate infusion rate of this isotope. As is clear from Table 1, for both derivatives of 

ParglcUA, fractional contributions of m6 to total ion abundance of about 0.005 can be 

measured with a CV of about 5%. Since labeled plasma glucose is diluted 5–10 times 

when it appears in the glucuronic acid residue of ParglcUA, a minimal enrichment of  

D-[U-13C]-glucose in plasma glucose of about 0.03 – 0.05 is needed. Dilution of  

D-[1-2H]-galactose label in plasma glucose sets a minimal value for the enrichment in 

ParglcUA. Furthermore, isotope dilution of D-[1-2H]-galactose in glucuronic acid and 

plasma glucose was calculated as the difference of fractional contribution of m1 to total 

ion abundance of two derivatives (paracetamol ethyl–ester tetra-TMS and saccharic acid 

diethyl–ester tetraacetate), implicating a relatively higher infusion rate as estimated for 

D-[U-13C]-glucose to reduce the error in the calculation.  

These considerations were met in mice when infusion rates of isotopically labeled 

compounds were increased for D-[U-13C]-glucose to ~6 µmol.kg-1.min-1, for  

D-[1-2H]-galactose to ~14 µmol.kg-1.min-1, and for [2-13C]-glycerol to  

~68 µmol.kg-1.min-1. With respect to the relatively high infusion rate of glycerol, Previs 

et al. (27) observed no effects of glycerol infusion on hepatic glucose production in 30 

hour fasted BALB/C mice up to an infusion rate of 60 µmol.kg-1.min-1 for 3 hour. It is 

worth noting that the changes in hepatic glucose metabolism that we observed in 24h 

fasted C57BL/6J mice were observed only after 5 hour of infusion of stable isotopically 

labeled compounds. As was also reported by Previs et al. (27), we observed that the 

fractional incorporation of glycerol into plasma glucose showed no linear relationship with 

the infusion rate of [2-13C]-glycerol (data not shown). The volume flow of infusion 

chosen was 0.6 ml.h-1 for 6 hour, which represented about 90% of the daily fluid intake 

of mice (28;29). Special attention was paid to the dose of paracetamol in view of its 
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reported hepatotoxicity (30-33). At a rate of 0.4 mg.kg-1.min-1 (total dose 3.6 mg per 

mouse) hardly any liver damage was observed. Mice receiving a 2x higher paracetamol 

dose showed elevated plasma levels of ASAT, ALAT, and LDH. Because mice detoxify 

paracetamol predominantly by glucuronidation (~80%) sufficient ParglcUA could be 

extracted out of urine spots on filter paper when the low dose was used. 

We applied this newly developed method to determine the optimal metabolic 

condition for the study of hepatic carbohydrate metabolism. We therefore studied fed, 

postprandial, and fasted C57BL/6J mice, without anesthesia during the test. Several 

reports document effects of anesthesia on various aspects of hepatic glucose metabolism 

(e.g., ref (34)). We were able to obtain data on time courses of parameters of interest in 

individual mice. These time courses showed that postprandial mice are particularly well 

suited to the study of hepatic glucose metabolism using the isotope model of Hellerstein 

et al. (21). After 3 hour of label infusion, isotopic steady state was reached. Accordingly, 

constant values for the rates of appearance of plasma glucose and UDPglc and for the 

rate of metabolic clearance of glucose were calculated. Enrichments of the Triose 

phosphate precursor pool for de novo synthesized plasma glucose and de novo 

synthesized hepatic UDPglc were constant with time and very comparable. Constant 

values for the fractional contribution of gluconeogenesis to plasma glucose and hepatic 

UDPglc were obtained during the second half of the label-infusion experiment. In fed 

mice, both the equilibration of labels and the unpredictable influx of dietary nutrients led 

to generation of poorly interpretable data. It took almost the full experimental time (6 

hours) for plasma glucose rate of appearance to reach a constant value. Fasted mice 

showed a different problem: they lost about 25% of their body weight, and whole body 

and hepatic glucose metabolism were altered in the second half of the experiment. 

Additionally, hepatic gene expression was markedly reduced for several of the major 

enzymes in carbohydrate and fat metabolism (F.H. van der Sluijs, data not shown). Upon 

infusion of the labeled compounds glucose concentration in blood started to rise 

considerably. Total rate of plasma glucose appearance in fasted mice abruptly changed 

at the end of the experiment, as did the total rate of appearance of UDPglc. Metabolic 

clearance of glucose was constant only between 3 and 4 hour after the start of label 

infusion and was during this period similar to that observed in fed and postprandial mice. 

These values were very comparable to those calculated by Massillon et al. (11). During 

the last hours of the measurement, MCR of glucose increased by almost 25%. At the end 

of the 6 hour experiment, partitioning of G6P to plasma glucose increased concomitantly 

with an increased rate of appearance of plasma glucose and a decreased rate of 

appearance of hepatic UDPglc. These observations, collectively, indicated that a 24 hour 

fast in mice represents such a metabolically deprived condition that infusion of minute 
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amounts of glucose and some of its precursors can bring about major changes in whole 

body and hepatic glucose metabolism. This emphasizes the severity of the metabolic 

consequences of 24h fasting in mice, as compared to that in rats (26). 

In conclusion, we describe a new analytical method for the study of hepatic 

glucose metabolism in mice over time using stable isotopically labeled compounds. Blood 

and urine can be sampled at multiple time points in individual mice by spotting on filter 

paper. The analytical methods were adjusted to the very small sample volumes such that 

isotope dilution and incorporation could be measured precisely. The method can be used 

in experiments with other small animals and with very-low birth-weight infants. The rate 

of infusion of labeled compounds was increased to compensate for the higher metabolic 

and lower infusion rates in mice compared to those in rats. Measurements of hepatic 

glucose metabolism in fed, postprandial, and fasted mice showed the feasibility of this 

analytical method. Postprandial mice (i.e., removal of food 9h before start of the 

infusion) seem to be optimally suited to the study of hepatic carbohydrate metabolism in 

vivo using this procedure. 
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ABSTRACT 

Liver X receptor (LXR) agonists have been proposed to act as anti-diabetic drugs. 

However, pharmacological LXR activation leads to severe hepatic steatosis, a condition 

usually associated with insulin resistance and type 2 diabetes mellitus. To address this 

apparent contradiction, lean and ob/ob mice were treated with the LXR agonist GW3965 

for 10 days. Insulin sensitivity was assessed by hyperinsulinemic-euglycemic clamp 

studies. Hepatic glucose production (HGP) and metabolic clearance rate (MCR) of glucose 

were determined with stable isotope techniques. Blood glucose and hepatic and whole 

body insulin sensitivity remained unaffected upon treatment in lean mice, despite 

increased hepatic triglyceride contents (62 ± 7 vs. 12 ± 2 nmol.mg-1 liver, p < 0.05). In 

ob/ob mice, LXR activation resulted in lower blood glucose levels and significantly 

improved whole body insulin sensitivity. GW3965 treatment did not affect HGP under 

normo- and hyperinsulinemic conditions, despite increased hepatic triglyceride contents 

(221 ± 13 vs. 176 ± 19 nmol.mg-1 liver, p < 0.05). Clamped MCR increased upon 

GW3965 treatment (18 ± 1.0 vs. 14 ± 1 ml.kg-1.min-1, p < 0.05). LXR activation 

increased white adipose tissue mRNA levels of Glut4, Acc1 and Fas in ob/ob mice only. In 

conclusion, LXR-induced blood glucose lowering in ob/ob mice was attributable to 

increased peripheral glucose uptake and metabolism, physiologically reflected in a 

slightly improved insulin sensitivity. Remarkably, steatosis associated with LXR activation 

did not affect hepatic insulin sensitivity. 

 

 

INTRODUCTION 

Nuclear receptors act as cellular sensors of endogenous and exogenous compounds. 

When activated by their ligands, these receptors modulate transcription of their target 

genes to allow the cell to adapt adequately to changing conditions. The liver X receptor 

(LXR; NR1H3) has been identified as an oxysterolactivated nuclear receptor (1-3). After 

ligand binding, LXR forms a heterodimer with the retinoid X receptor (RXR; NR2B1). This 

complex binds to LXR response elements in promoter regions of genes, resulting in 

adaptation of gene transcription by attracting coactivator or corepressor complexes (4). 

LXR is well known to induce transcription of genes encoding proteins involved in reverse 

cholesterol transport, i.e., ATP-binding cassette transporter (ABC) A1 (5-9), ABCG1 

(10;11), ABCG5, ABCG8 (12-14), and Cyp7A1 (1;15;16). Pharmacological LXR activation 

increases high-density lipoprotein (HDL) cholesterol levels and stimulates fecal 

cholesterol excretion in mice (5;6;9;17). Treatment with agonists such as T0901317 or 

GW3965 attenuated development of atherosclerosis in apolipoprotein E-deficient  

(Apoe-/-) and low-density lipoprotein (LDL) receptor-deficient (Ldlr-/-) mice (18;19).  
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Thus synthetic LXR agonists were considered as potential anti-atherosclerotic agents. 

Application of LXR agonists, however, was found to be associated with a number of 

undesirable side effects. LXR also controls expression of various genes involved in 

lipogenesis and triglyceride (TG) metabolism, and severe hepatic steatosis developed in 

mice upon LXR agonist treatment (20;21). We have previously shown that 

pharmacological activation of LXR is associated with production of large, TG-rich very low 

density lipoprotein (VLDL) particles, leading to hypertriglyceridemia in a mouse model 

with a humanized lipid profile (20).  

Hepatic steatosis is associated with hepatic insulin resistance and type 2 diabetes 

mellitus (22;23). Counter intuitively, despite induction of hepatic steatosis, treatment 

with the LXR agonist GW3965 improved the response to a glucose tolerance test in 

C57BL/6J mice on a high-fat diet (24) but not in chow-fed mice. Cao et al. (25) showed 

that LXR activation reduced blood glucose levels in diabetic rodents, which was 

associated with decreased hepatic expression of the gene encoding phosphenolpyruvate 

carboxykinase (PEPCK), supposedly rate controlling in gluconeogenesis (GNG). Moreover, 

treatment of db/db mice with T0901317 markedly lowered hepatic Pepck gene 

expression in combination with more severe hepatic TG accumulation (26), suggesting 

that suppressed hepatic Pepck expression might result in a shift from GNG toward 

lipogenesis. 

So far, no quantitative data have been reported concerning the effects of LXR 

activation on hepatic and peripheral insulin sensitivity and on hepatic glucose 

metabolism. Moreover, the commonly used animal model for type 2 diabetes mellitus, 

the obese, leptin-deficient ob/ob mouse, has not been used to evaluate the anti-diabetic 

effects of LXR activation. Therefore, we quantified the effects of LXR activation by 

GW3965 on whole body and hepatic insulin sensitivity in lean and obese (ob/ob) mice. 

 

 

EXPERIMENTAL PROCEDURES 

Animals. 

Male lean and obese (ob/ob) C57BL/6J mice (Harlan, Horst, The Netherlands) were 

housed in a light- and temperature-controlled facility and were fed commercially 

available laboratory chow (RMH-B; Hope Farms, Woerden, The Netherlands) containing 

~6.2% fat and ~0.01% cholesterol (wt/wt). For 10 days, the animals were fed the same 

diet with or without the synthetic LXR agonist GW3965 (0.03% wt/wt; kindly provided by 

GlaxoSmithKline Pharmaceuticals, Stevenage, UK). On the 11th day, mice were 

subjected to one of the experiments described below. Experimental procedures were 
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approved by the Ethics Committee for Animal Experiments of the State University 

Groningen. 

 

Plasma and Tissue Sampling and Analyses. 

Lean and ob/ob mice were killed under isoflurane anesthesia on the 11th day of 

treatment. A large blood sample was collected by cardiac puncture and centrifuged. 

Plasma was stored at -20°C until analyzed. The liver was quickly removed, weighed, and 

frozen in separate portions for RNA isolation and lipid analyses. Abdominal white adipose 

tissue (WAT) and back limb muscle tissue were collected and frozen for RNA isolation. 

 

In Vivo Experiments 

Hyperinsulinemic Euglycemic Clamps. 

Lean and ob/ob mice were equipped with a permanent catheter in the right atrium via 

the jugular vein (27). The two-way entrance of the catheter was attached to the skull 

with acrylic glue. The mice were allowed a resting period of at least 5 days during which 

the treatment period was completed. Before the start of the experiment (9 hours), food 

was withdrawn, but mice still had free access to water. They were kept in metabolic 

cages during the experiment, allowing frequent collection of blood spots from the mice 

without anesthesia (28). 

The mice were infused for 6 hours with two solutions. The first one (insulin 

solution) was a 1% BSA solution containing 40 µg.ml-1 somatostatin (UCB, Breda, The 

Netherlands). This solution contained insulin (Actrapid; Novo Nordisk, Bagsvaerd, 

Denmark), leading to an insulin infusion rate of 10 mU.kg-1.min-1. To prevent high total 

infusion rates leading to possible higher morbidity, this solution contained 200 mg.ml-1 

glucose, from which 2% was D-[U-13C]-glucose (99% 13C atom % excess; Cambridge 

Isotope Laboratories, Andover, MA). The solution was infused at a constant flow rate of 

0.135 ml.h-1. The second infusate (glucose solution) was a 30% glucose solution, from 

which 3% was D-[U-13C]-glucose. Its infusion rate was adjusted according to measured 

blood glucose levels to maintain euglycemic conditions. Just before the start of the 

experiment, a small blood sample was obtained by tail bleeding. Blood glucose levels 

were measured with a Lifescan EuroFlash glucose meter (Lifescan Benelux, Beerse, 

Belgium) in a small tail blood sample that was taken every 15 min. For gas 

chromatography/mass spectrometry (GCMS) measurements, a blood spot was obtained 

by tail bleeding every hour. After the clamp, animals were killed by cardiac puncture 

under anesthesia. Blood samples were centrifuged, and the obtained plasma was stored 

at -20°C until analyzed. 
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Hepatic Carbohydrate Flux Measurements. 

After 10 days of treatment, hepatic carbohydrate fluxes were determined using infusion 

of stable isotopes, as previously described by van Dijk et al. (28). The mice were allowed 

a resting period after surgery of at least 5 days during which the treatment period was 

completed. Before the start of infusion (9 hours), food was withdrawn, but mice still had 

free access to water. They were infused at a rate of 0.3 ml.h-1 (lean mice) or 0.6 ml.h-1 

(ob/ob mice) with a solution containing 13.9 µmol.ml-1 D-[U-13C]-glucose, 160 µmol.ml-1 

[2-13C]-glycerol, 33 µmol.ml-1 D-[1-2H]-galactose, and 1.0 mg.ml-1 paracetamol. Blood 

and urine spots were collected at hourly intervals on filter papers. 

 

Analysis 

For all analytical procedures see Appendix 2.  

For correct gene names see Chapter 2. 

 

Calculations 

Equations used for the calculations of hepatic carbohydrate fluxes and the 

hyperinsulinemic euglycemic clamp study are presented in Chapter 4.  

 

Statistics.  

All values represent means ± SE for the number of animals or experiments indicated. 

Statistical analysis of two groups was assessed by Mann-Whitney U-test (plasma and 

hepatic parameters) or ANOVA for repeated measurement (flux and clamp experiment). 

Level of significance was set at P < 0.05. Analyses were performed using SPSS for 

Windows software (SPSS, Chicago, IL). 

 

 

RESULTS 

LXR activation increased Hepatic TG content in both Lean and ob/ob Mice 

Feeding the synthetic LXR agonist GW3965 (0.03% wt/wt) for 10 days did not affect 

body weights of either lean or ob/ob mice (Table 1). Lean mice developed increased liver 

weights and a fivefold increase in hepatic TG content upon GW3965 treatment (Table 1). 

Although ob/ob mice already showed severe hepatic steatosis on the control diet, LXR 

activation resulted in a further 25% increase in hepatic TG content. LXR activation 

resulted in a clearly altered hepatic fatty acid composition in lean mice (Fig. 1).  
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Figure 1. Hepatic fatty acid composition in lean and ob/ob mice fed a diet 

with or without the synthetic liver X receptor (LXR) agonist 

GW3965 for 10 days.  

Relative amounts of saturated (SAFA), monounsaturated (MUFA), and 

polyunsaturated (PUFA) fatty acids are shown in untreated (light bars) and treated 

(dark bars) mice. 

n = 6 mice. * P < 0.05, treated vs. untreated. 

 

 

GW3965 treatment significantly reduced the relative amount of hepatic saturated fatty 

acids and polyunsaturated fatty acids from 38 ± 1 to 29 ± 1% and from 42 ± 3 to  

28 ± 1%, respectively. In contrast, the relative amount of monounsaturated fatty acids 

significantly increased from 20 ± 3 to 44 ± 2% upon LXR activation. In ob/ob mice, LXR 

activation did not significantly affect hepatic fatty acid composition. Glycogen and G6P 

levels were higher in ob/ob mice than in lean mice. GW3965 treatment did not affect 

glycogen and G6P levels of lean mice. In ob/ob mice, in contrast, LXR activation reduced 

glycogen to levels comparable to those of lean mice, whereas G6P levels remained 

unchanged (Table 1).  

LXR activation resulted in elevated plasma cholesterol levels in lean mice  

(Table 1), mainly because of increased HDL cholesterol levels. Plasma TG and NEFA 

levels were not affected by the agonist in lean mice. Blood glucose levels were not 

affected by the treatment in lean mice (Fig. 2), but insulin levels were somewhat 

increased in the treated mice (Table 1). In ob/ob mice, LXR activation had no significant 

effect on plasma lipid levels, but the treatment resulted in reduced lower blood glucose 

(Fig. 2) and plasma insulin levels (Table 1).  
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 Lean ob/ob 

 Control GW3965 
 

Control GW3965 

Body weight (gram) 25.5 ± 1.0 25.0 ± 0.5  47.0 ± 1.3 # 47.4 ± 0.7 # 

Liver weight (% of bodyweight) 5.3 ± 0.1 6.3 ± 0.1 *  8.5 ± 0.4 # 8.4 ± 0.2 # 

Liver proteins (mg/g liver) 229.5 ± 4.2 223.6 ± 9.5  292.4 ± 14.5 # 296.9 ± 18.9 # 

Liver triglycerides (nmol/mg liver) 12.1 ± 2.0 61.7 ± 7.2 *  176.2 ± 18.8 # 220.8 ± 13.2 *# 

Liver glycogen (nmol/mg liver) 166 ± 9 152 ± 17  309 ± 23 # 209 ± 18 * 

Liver G6P (nmol/g liver) 645 ± 30 692 ± 35  762 ± 22 # 929 ± 67 # 

Plasma triglycerides (mM) 0.79 ± 0.06 1.10 ± 0.30  0.96 ± 0.11 0.59 ± 0.08 # 

Plasma free cholesterol (mM) 0.80 ± 0.03 1.21 ± 0.04 *  1.12 ± 0.09 1.17 ± 0.06 # 

Plasma cholesterylester (mM) 1.88 ± 0.07 2.73 ± 0.05 *  4.64 ± 0.34 # 5.18 ± 0.25 # 

Plasma HDL cholesterol (mM) 1.76 ± 0.44 2.88 ± 0.13  2.90 ± 0.33 3.51 ± 0.26 # 

Plasma NEFA (mM) 0.22 ± 0.02 0.21 ± 0.03  0.58 ± 0.03 # 0.51 ± 0.05 # 

Plasma insulin (ng/ml) 0.25 ± 0.06 0.48 ± 0.06 *  1.26 ± 0.49 # 0.47 ± 0.22 

 

Table 1.  Hepatic and plasma parameters in lean and ob/ob mice fed a diet 

with or without the synthetic LXR agonist GW3965 for 10 days 

G6P, glucose-6-phosphate; HDL, high-density lipoprotein; NEFA, nonesterified 

fatty acid. Values are means ± SE. 

n = 6 mice. P < 0.05, treated vs. untreated (*) and ob/ob vs. lean untreated (#). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Blood glucose levels (mM) in lean and ob/ob mice before and 

after 3 or 10 days diet with or without the synthetic LXR agonist 

GW3965.  

Shown are untreated (light bars) and treated (dark bars) mice.  

n = 6 mice. P < 0.05, treated vs. untreated (*) and vs. before treatment (#). 
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Improved Insulin Sensitivity in ob/ob Mice upon LXR activation 

To test whether insulin sensitivity was influenced by LXR activation, we performed 

hyperinsulinemic-euglycemic clamp studies in conscious mice for 6 hours. The total 

glucose infusion rate (GIR) was adjusted such that euglycemic conditions were 

maintained throughout the infusion period (Fig. 3A). In all four groups of mice, GIR 

reached constant values after ~3 hours of infusion (Fig. 3B). In lean mice, GIR did not 

differ significantly between the treated and non-treated group. Calculated for the last 3 

hours of the experiment, GIR was 593 ± 13 and 564 ± 14 µmol.kg-1.min-1 for untreated 

and treated lean mice, respectively. In untreated ob/ob mice, GIR was markedly lower 

than in lean mice, i.e., 95 ± 5 µmol.kg-1.min-1. After the 10-day treatment period, insulin 

sensitivity was improved significantly, as is evident from the 50% increase in GIR to a 

value of 141 ± 5 µmol.kg-1.min-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Blood glucose level and glucose infusion rate during 

hyperinsulinemic-euglycemic clamps in lean and ob/ob mice 

fed a diet with (solid line) or without (broken line) the 

synthetic LXR agonist GW3965 for 10 days.  

A: blood glucose levels (mM). B: glucose infusion rates (µmol.kg-1.min-1) during 

clamping.  

n = 6 untreated mice and n = 5 treated ob/ob mice. * P < 0.05, treated vs. 

untreated. 

 

 

Hyperinsulinemia reduced Hepatic Glucose Production irrespective of GW3965 

treatment 

LXR agonist treatment (10 days) did not affect any of the measurable fluxes in lean 

mice, but resulted in a tendency toward increased GNG and significantly increased fluxes 

through glycogen phosphorylase (GP), glucose-6-phosphatase (G6Pase), and glucokinase 

(GK) in ob/ob mice (Table 2). The ob/ob mice showed slightly higher glucose cycling 
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rates upon LXR activation (Table 2), confirming recent findings from our laboratory (29). 

Most importantly, endogenous glucose production (Ra(Glc;endo), hepatic glucose production 

(HGP)) did not differ between untreated and treated lean and ob/ob mice (Table 2).  

In lean mice, steady-state HGP during the last 3 hours of the clamp was strongly 

reduced and not affected by administration of the agonist: 11 ± 18 vs. 23 ± 15  

µmol.kg-1.min-1, untreated vs. treated (Fig. 3A). Thus HGP was almost completely 

inhibited in both groups, i.e., by 94 and 86%, respectively. Steady-state HGP under 

clamped conditions was higher in ob/ob mice compared with lean mice, indicating hepatic 

insulin resistance, without significant differences between untreated and treated ob/ob 

mice, i.e., 79 ± 7 vs. 64 ± 16 µmol.kg-1.min-1, respectively (Fig. 4A). The insulin-

mediated suppression of HGP was similar in untreated and GW3965-treated ob/ob mice, 

i.e., 48 and 61% respectively. 

 

 Lean  ob/ob 

 Control GW3965  Control GW3965 

Total gluconeogenic flux (µmol.kg
-1
.min

-1
) 144 ± 8 131 ± 6  143 ± 10 185 ± 4 

Glycogen synthase flux (µmol.kg
-1
.min

-1
) 111 ± 7 96 ± 7  56 ± 7 # 70 ± 12 # 

Glycogen phosphorylase flux (µmol.kg
-1
.min

-1
) 97 ± 7 84 ± 8  85 ± 7 114 ± 3 * 

Glucose-6-phosphatase flux (µmol.kg
-1
.min

-1
) 228 ± 16 191 ± 10  232 ± 12 289 ± 14 *# 

Glucokinase flux (µmol.kg
-1
.min

-1
) 82 ± 10 60 ± 7  101 ± 17 148 ± 17 *# 

Hepatic glucose production (µmol.kg
-1
.min

-1
) 173 ± 9 152 ± 8  153 ± 9 169 ± 2 

Cycling glucose – glucose-6-phospate (%) 23 ± 2 20 ± 2  34 ± 4 40 ± 4 

 

Table 2. Hepatic carbohydrate fluxes in lean and ob/ob mice fed a diet with 

or without the synthetic LXR agonist GW3965 for 10 days. 

Values are means ± SE; n = 5 mice. 

P < 0.05, treated vs. untreated (*) and; ob/ob vs. lean untreated (#). 

 

 

Slightly improved Metabolic Clearance of Glucose under Clamped Conditions in 

GW3965-treated ob/ob Mice 

From the data available, it is possible to calculate the MCR under both basal and clamped 

conditions (Fig. 4B). In lean mice, basal MCR was not affected by LXR activation. During 

the clamp, values of MCR increased 5.5-fold and 5.7-fold in untreated and treated 

C57BL/6J mice, respectively. In contrast, MCR did not change upon hyperinsulinemia in 

untreated ob/ob mice, but clamping increased MCR by 80% in treated ob/ob mice. Thus 

clamped MCR values were 18 ± 1 and 14 ± 1 ml.kg-1.min-1 (P < 0.05) in treated and 

untreated ob/ob mice, respectively. 
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Figure 4. Hepatic glucose production and metabolic clearance rate under 

basal (stable isotope infusion) and clamped conditions in lean 

and ob/ob mice fed a diet with or without the synthetic LXR 

agonist GW3965 for 10 days.  

A: hepatic glucose production (µmol.kg-1.min-1). B: metabolic clearance rate 

(ml.kg-1.min-1);. n = 6 untreated mice and n = 5 clamped treated ob/ob and basal 

lean mice. basal conditions are shown as light bars and clamp conditions as dark 

bars 

P < 0.05, ob/ob vs. lean untreated (*) and clamped vs. basal, same mice and 

treatment (#). 

 

 

Effects of LXR activation on hepatic gene expression in lean and ob/ob mice 

As expected, hepatic mRNA levels of genes encoding sterol-regulatory element-binding 

protein-1c (SREBP-1c) and fatty acid synthetase (Fas) increased upon LXR activation in 

the lean mice (Table 3). Expression of Fas was higher in ob/ob mice than in lean mice 

but was not affected by LXR activation. Expression of Lxrα, the major LXR isoform, was 

not affected by LXR activation. 

From the genes encoding relevant enzymes in hepatic carbohydrate metabolism, 

only expression of Gk, encoding for glucokinase, was significantly increased by 54% 

upon GW3965 treatment in the lean mice. (Table 3). Data suggest a tendency toward 

lower expression of Pepck and higher expression of the pyruvate kinase gene (Pk) in 

treated lean mice. Compared with lean mice, ob/ob mice showed significantly higher 

expression of Gk and G6pt. The latter gene encodes for G6P translocase, which is part of 

the G6Pase complex that controls the flux of G6P toward glucose. Upon LXR activation, 

expression of the genes encoding for both subunits of the G6Pase complex, G6pt and 

G6ph, was markedly reduced in ob/ob mice. 
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 Lean  ob/ob 

 Control GW3965  Control GW3965 

Srebp-1c 1.00 ± 0.18  2.61 ± 0.53*  1.27 ± 0.20 1.84 ± 0.18# 

Fas 1.00 ± 0.16 3.76 ± 1.27*  3.15 ± 0.31# 2.96 ± 0.38# 

Lxrα 1.00 ± 0.15 0.71 ± 0.05  1.46 ± 0.17 1.52 ± 0.25 

Gk 1.00 ± 0.12 1.54 ± 0.18*  2.21 ± 0.07# 2.45 ± 0.24# 

G6ph 1.00 ± 0.20 1.05 ± 0.41  1.07 ± 0.15 0.41 ± 0.08*# 

G6pt 1.00 ± 0.21 1.08 ± 0.11  1.56 ± 0.08# 0.86 ± 0.09* 

Gs 1.00 ± 0.19 0.94 ± 0.94  1.11 ± 0.15 0.99 ± 0.12 

Gp 1.00 ± 0.14 1.26 ± 0.36  1.11 ± 0.11 0.74 ± 0.11 

Pepck 1.00 ± 0.16 0.78 ± 0.23  0.96 ± 0.12 0.71 ± 0.07 

Pk 1.00 ± 0.15 1.35 ± 0.20  1.02 ± 0.24 0.60 ± 0.08# 

 

 

Table 3. Hepatic gene expression in lean and ob/ob mice fed a diet with or 

without the synthetic LXR agonist GW3965 for 10 days. 

Values are means ± SE. Results were normalized to β-actin mRNA levels, data 

from untreated lean mice defined as 1; n = 4 lean mice and, n = 6 ob/ob mice.  

P < 0.05, treated vs. untreated (*) and; ob/ob vs. lean untreated (#). 

 

 

Normalization of Glut4, Acc1, and Fas WAT mRNA levels in ob/ob mice upon 

LXR activation  

Because previous studies reported effects of LXR agonists on adipose and muscle mRNA 

expression profiles (24;30), we determined WAT in skeletal muscle mRNA levels of 

several genes encoding proteins involved in glucose or lipogenesis (Fig. 5). LXR 

activation resulted in a threefold increase of Srebp-1c in adipose tissue of the lean mice, 

but Fas and Acc1 (encoding for acetyl-CoA carboxylase-1) mRNA levels were not 

affected. Expression of these lipogenic genes was lower in untreated ob/ob mice 

compared with untreated lean mice. Yet, LXR activation resulted in a fourfold increased 

expression of Srebp-1c, whereas Fas and Acc1 expression were increased 2.6- and 2.3-

fold, respectively. Untreated ob/ob mice showed lower adipose mRNA levels of Glut4 

than untreated lean mice, but Glut4 expression normalized upon LXR activation in ob/ob 

mice. Expression of the genes encoding for hexokinase-1 (Hk1) and hexokinase-2 (Hk2) 

was not different between the two strains and not affected by LXR activation. In muscle 

tissue, LXR activation led a 8.6- and 3.5-fold increase of Srebp-1c mRNA levels in lean 

and ob/ob mice, respectively. Neither Fas, Acc2 (the isoform of ACC predominantly 

expressed in muscle; see Ref. 1), nor Glut4 muscle mRNA levels in lean and ob/ob mice 

were affected upon LXR activation. In ob/ob mice only, LXR activation slightly reduced 



 150 

muscle mRNA levels of Hk1 and Hk2. WAT and muscle Lxrα expression was not affected 

upon GW3965 activation in either lean or ob/ob mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. White adipose tissue (WAT) and skeletal muscle gene expression 

in mice fed a diet with (filled bars) or without (open bars) the 

synthetic LXR agonist GW3965 for 10 days.  

A: WAT mRNA levels from lean mice. B: WAT mRNA levels from ob/ob mice. C: 

skeletal muscle mRNA levels from lean mice. D: skeletal muscle mRNA levels from 

ob/ob mice. Shown are untreated (light bars); n=3 and treated (dark bars) mice; 

n=5. Results normalized to 18S mRNA levels.  

P < 0.05 treated vs. untreated (*) and ob/ob vs. lean untreated (#).  

Srebp-1c, sterolregulatory element-binding protein-1c; Fas, fatty acid synthetase; 

Acc1, acetyl-CoA carboxylase-1; Glut4, glucose transporter-4; Hk, hexokinase; 

Lxrα, liver X receptor-α. 

 

 

DISCUSSION 

This study documents that pharmacological LXR activation improves glucose metabolism 

in ob/ob mice by increased peripheral glucose uptake and slightly increased peripheral 

insulin sensitivity. Remarkably, HGP and hepatic insulin sensitivity remained unaffected 
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although LXR activation increased hepatic TG content dramatically. These observations 

indicate tissue-specific effects of LXR activation on fat and glucose metabolism. 

Treatment with the LXR agonist resulted in reduced blood glucose concentrations in 

ob/ob mice but had no effect whatsoever in lean mice (Fig. 2), in accordance with 

previous studies (24-26). Laffitte et al. (24) showed that obese, but not lean, C57BL/6 

mice had improved glucose tolerance after 1 wk of GW3965 treatment. The LXR agonist 

T0901317 lowered blood glucose in male db/db mice and male Zucker diabetic fatty rats 

but not in their non-diabetic controls (25;26). 

Previous studies (24-26) suggested that reduced GNG might, at least in part, 

account for the anti-diabetic effect of LXR agonists. However, this conclusion was based 

merely on the finding of reduced Pepck mRNA levels. To assess the actual effects of LXR 

activation on GNG flux and HGP, we quantified hepatic carbohydrate fluxes using stable 

isotope techniques (28;31). From these data (Table 2) it is evident that neither GNG nor 

HGP was affected upon LXR activation in lean or ob/ob mice. We found reduced blood 

glucose levels in ob/ob mice upon GW3965 treatment, but our data clearly indicate that 

this effect of LXR activation is not the result of reduced GNG. We found hepatic Pepck 

expression to be slightly reduced in both strains of mice upon GW3965 treatment. 

Previous reports (24;25) showed more drastic effects on Pepck expression. The type of 

agonist (T0901317 vs. GW3965), mode and dose of administration, and the diabetic 

animal model could account for the differences in this respect between these studies and 

our results. For GK expression, we found a 54% increase in lean mice and no change in 

ob/ob mice upon LXR activation, whereas others found a more than threefold induction in 

12-h fasted female C57BL/6J mice (24). Changes in GK mRNA levels could, at least in 

part, be the result of Srebp-1c induction (32). Nonetheless, our study demonstrates that 

changes in hepatic gene expression do not fully translate into changes in the metabolic 

fluxes. The slight reduction of Pepck gene expression was not reflected in the GNG flux 

(Table 3). Recently, it was pointed out that only severe reductions (-90%) or drastic 

increases (+300%) of Pepck expression are associated with changes in GNG in mice 

(33). Consequently, relatively small alterations in Pepck mRNA levels per se do not 

predict changes in gluconeogenic flux. 

Cao et al. (25) suggested that LXR activation improves insulin sensitivity. In 

contrast, we found a slight increase of plasma insulin levels in lean mice upon LXR 

activation (Table 2), which might suggest worsening of insulin sensitivity. The best 

possible technique to determine insulin sensitivity in vivo is the hyperinsulinemic-

euglycemic clamp. Hence, to determine whether insulin sensitivity was actually affected, 

we used this technique in conscious, unrestrained mice to mimic the normal, 

physiological situation. Insulin-mediated glucose uptake did not differ between treated 
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and untreated lean mice (Fig. 4B), indicating that LXR activation did not affect whole 

body insulin sensitivity. In addition, insulin-mediated suppression of HGP in lean mice 

was not affected by treatment with the LXR agonist (Fig. 4A), indicative for unaffected 

hepatic insulin sensitivity. In ob/ob mice, LXR activation resulted in a 50% increase of 

the GIR required to maintain euglycemia (Fig. 3, A and B). HGP was not significantly 

affected (Fig. 4A), indicating that the agonist had no measurable effect on hepatic insulin 

sensitivity. Yet, MCR was slightly increased upon clamping (Fig. 4B), indicating a 

positive, albeit only marginal, effect of the agonist on peripheral insulin sensitivity. 

Overall, insulin sensitivity of the treated ob/ob mice was still poor, since the effects on 

GIR, insulin-mediated suppression of HGP, and stimulation of MCR by no means yielded 

values for these parameters observed in lean C57BL/6J mice.  

LXR activation induced a considerable increase in hepatic TG content. Steatosis is 

usually associated with hepatic insulin resistance, which means that the liver is less 

sensitive to the suppressive effects of insulin on hepatic glucose and VLDL-TG 

production. There are multiple endocrine, metabolic, and transcriptionally active factors 

involved in the interaction between hepatic TG metabolism and hepatic insulin sensitivity. 

The hierarchy between these different factors in modulating hepatic insulin sensitivity is 

at present unclear (34). In the present study, however, we report the striking 

observation that LXR-induced hepatic steatosis lacks the association with insulin 

resistance, at least with respect to insulin-mediated suppression of HGP. This might be a 

result of potential counteracting anti-diabetic effects of the LXR agonist. In previous 

reports, it was already noticed that beneficial effects of LXR agonists on carbohydrate 

metabolism were only present in diabetic animal models (24-26). In these animals, 

insulin resistance associated with hepatic steatosis probably failed to overrule the effects 

of LXR on glucose homeostasis. Changes in hepatic fatty acid profile upon LXR activation 

may contribute in this respect (Fig. 1). LXR activation enhances transcription of the gene 

encoding stearoyl-CoA desaturase 1, Scd1, an enzyme involved in the conversion of 

saturated fatty acid into monounsaturated fatty acids (35). An increase in dietary 

monounsaturated fatty acids resulted in improved insulin sensitivity in healthy men and 

women (36), but had no effect on insulin secretion. Therefore, hepatic steatosis in which 

TG contain relatively more monounsaturated fatty acids, as observed in GW3965-treated 

lean mice, might be “healthier” than steatosis with predominantly saturated fatty acids 

containing TG. 

The LXR agonist increased expression of lipogenic genes Acc1 and Fas in WAT of 

ob/ob mice, but not in lean mice (Fig. 5A and 5B). A similar pattern was found for Glut4. 

Being aware of the discrepancy between mRNA expression and real enzyme activity and 

hence fluxes of substrates, it is tempting to speculate that LXR activation leads to 
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increased uptake of glucose by adipocytes in ob/ob mice. The observation that GW3965 

treatment did not affect expression of Acc2, Fas, and Glut4 in muscle tissue of lean and 

ob/ob mice (Fig. 5B) suggests that LXR activation specifically improved glucose uptake 

by adipocytes and not of muscle tissue, suggestive for a fat-specific mechanism for 

improved peripheral insulin sensitivity. After uptake in adipocytes, glucose is metabolized 

into acetyl-CoA, which serves as substrate for lipogenesis. Juvet et al. (37) already 

reported that LXR agonists increased the lipid content of 3T3-L1 adipocytes in culture. 

Therefore, in the long turn, LXR activation may lead to a further increase in adipose 

tissue mass in the already obese ob/ob mice. The fact that GW3965 treatment failed to 

increase Acc1, Fas, and Glut4 expression in WAT of lean mice might be attributable to 

circulating leptin. Orci et al. (38) reported that adenovirus-induced hyperleptinemia led 

to transformation of adipocytes to fat-oxidizing cells in wild-type Zucker diabetic fatty 

rats. Moreover, WAT lipogenic gene expression was decreased in these rats. In our 

study, normal plasma leptin levels in the lean mice were apparently still able to suppress 

lipogenic gene expression, but the ob/ob mice lack this capability. As a result, the WAT 

lipogenic mRNA levels were increased in ob/ob mice but not in lean mice. 

This study unequivocally demonstrates that antidiabetic effects of LXR agonists in 

ob/ob mice are exclusively the result of increased glucose uptake by peripheral tissues, 

i.e., probably by WAT. Moreover, LXR activation had no effect whatsoever on hepatic 

carbohydrate metabolism in lean or ob/ob mice. In adipose tissue, glucose might be 

more rapidly used as substrate for de novo lipogenesis. Because effects of general LXR 

activation on (peripheral) insulin sensitivity are limited in ob/ob mice and coincide with 

undesirable side effects as hepatic steatosis and hypertriglyceridemia, potential 

application of LXR modulators in diabetes treatment will require the development of 

gene- and/or organ-specific compounds. 
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ABSTRACT 

The farnesoid X receptor (FXR) is involved in regulation of bile acid and lipid metabolism. 

Recently, a role for FXR in control of glucose metabolism became evident. Because FXR 

is expressed along the length of the small intestine, we evaluated the potential role of 

FXR in glucose absorption and processing. During intravenous infusion of a trace amount 

of D-[6,6-2H2]-glucose, a D-[U-
13C]-glucose-enriched oral glucose bolus was given, and 

glucose kinetics were determined in wild-type and Fxr-/- mice. Compared with wild-type 

mice, Fxr-/- mice showed a delayed plasma appearance of orally administered glucose. 

Multi-compartmental kinetic modeling revealed that this delay was caused by an 

increased flux through the glucose-6-phosphate pool in enterocytes. Thus, our results 

show involvement of FXR in intestinal glucose absorption, representing a novel 

physiological function for this nuclear receptor. 

 

 

INTODUCTION 

The bile acid-activated farnesoid X receptor (FXR; NR1H4) is a member of the nuclear 

receptor superfamily that is expressed in liver, adrenals, kidney, small intestine, and 

colon (1). Through FXR activation in the liver, bile acids induce transcription of the 

atypical nuclear receptor short heterodimer partner (NR0B2), which, in turn, represses 

transcription of the Cyp7a1 gene, encoding the rate-controlling enzyme in bile acid 

synthesis (2). FXR also suppresses transcription of the gene encoding the hepatobiliary 

bile acid uptake transporter NTCP (Na+-taurocholate co transporting polypeptide; 

Slc10a1) and induces transcription of genes encoding canalicular bile acid transporters 

such as the bile salt export pump (ABCB11) and multidrug resistance protein-2 (ABCC2) 

(see reviews in Refs. (1) and (3)). In the intestine of mice, FXR stimulates transcription 

of the gene encoding the fibroblast growth factor 15 (4). Fibroblast growth factor 15 

reduces hepatic bile acid synthesis by repressing Cyp7a1 transcription in the liver. Apart 

from its clearly established effects on bile acid synthesis and transport, FXR is involved in 

the control of lipid and lipoprotein homeostasis. Fxr-/- mice have elevated plasma 

triglyceride and cholesterol levels (5;5), and FXR activation decreases plasma triglyceride 

levels in mice (6). FXR negatively controls apoA-I (7) as well as apoC-III expression (6), 

which contributes to FXR-mediated control of plasma lipid levels. 

Recently, a link between FXR and glucose homeostasis has become evident. It 

was shown that glucose induces hepatic Fxr expression in rodent liver, probably via 

intermediates of the pentose-phosphate pathway (8). Recent publications indicate that 

FXR plays a role in the regulation of the transcription of various hepatic carbohydrate 
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metabolism-related genes. Activated FXR represses the transcription of gluconeogenic 

genes, e.g. those encoding phosphenolpyruvate carboxykinase, fructose-1,6-

biphosphatase-1, and glucose-6-phosphatase (G6PC) in vitro (9). In vivo experiments 

showed that Fxr-/- mice have a reduced peripheral insulin sensitivity (10;11) and a 

reduced hepatic glucose production rate (12). 

Intestinal glucose transport is an important determinant of blood glucose levels. 

After uptake of glucose by the enterocyte, glucose can take either a direct or an indirect 

pathway through the cell. In the indirect pathway, glucose is phosphorylated by 

hexokinase 1 or 2 (HK1 or HK2) into glucose-6-phosphate (G6P). The catalytic subunit of 

glucose-6-phosphatase (G6PC) dephosphorylates G6P and makes glucose available for 

transport across the basolateral membrane into the portal vein (13;14). Recent studies 

revealing the localization of the FXR protein in the absorptive epithelium of the small 

intestine (15) lead us to determine the physiological impact of intestinal FXR on glucose 

homeostasis and intestinal glucose absorption. For this, oral D-[U-13C]-glucose tolerance 

tests (OGTT) were performed, and the absorption of glucose from the intestine was 

calculated in this non-steady-state situation. 

 

 

EXPERIMENTAL PROCEDURES 

Animals 

The Fxr-/- mice were generated by Deltagen, Inc. (Redwood City, CA) (16). Male 18–21-

week-old Fxr-/- mice and wild-type littermates were housed in a light- and temperature-

controlled facility. The animals were fed a commercially available lab chow (RMH-B; Hope 

Farms BV, Woerden, The Netherlands). All of the experiments were approved by the 

Ethics Committee for Animal Experiments of the University of Groningen. 

 

In Vivo Experiments 

Oral Glucose Tolerance Test 

After a 9 hour fast (11:00 pm to 8:00 am), the mice were given an oral glucose bolus of 

5.6 ± 0.2 mmol.kg-1 in 0.2 ml of water under light isoflurane anesthesia. Blood glucose 

levels were determined in 2 µl of blood drawn from the tail with a handheld Lifescan 

EuroFlash glucose meter (Lifescan Benelux, Beerse, Belgium) at the indicated time 

points. 

A similar experiment was conducted to determine the effect of the OGTT on 

plasma insulin levels. After a 9 hour fast (11:00 pm to 8:00 am), the mice were given an 

oral glucose bolus of 5.6 ± 0.2 mmol.kg-1 in 0.2 ml of water under light isoflurane 

anesthesia. About 40 µl of blood was collected by orbital bleeding shortly before the oral 
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glucose bolus. In addition, the same amounts of blood were drawn from the tail at the 

indicated time points after the oral glucose bolus. Plasma insulin levels were measured 

using a commercially available enzyme-linked immunosorbent assay kit (Mercodia 

ultrasensitive mouse insulin enzyme-linked immunosorbent assay; Orange Medical, 

Tilburg, the Netherlands). 

 

Oral D-[U-13C]-Glucose Tolerance Test Combined with Continuous D-[6,6-2H2]-Glucose 

Infusion 

The mice were equipped with a permanent catheter in the right atrium via the jugular 

vein (17). The entrance of the catheter was attached to the skull with acrylic glue, and 

the mice were allowed to recover for a period of at least 5 days. After a 9 hour fast 

(11:00 p.m. to 8:00 a.m.), the mice received a continuous infusion of  

4.4 µmol-1.kg-1.min-1 D-[6,6-2H2]-Glucose (Cambridge Isotope Laboratories, Andover, 

MA) for 5 hour to determine the total rate of glucose appearance. To determine the 

appearance of intestine-derived glucose, an oral glucose bolus of 11.2 ± 0.2 mmol.kg-1 

from which 30% was D-[U-13C]-glucose (Cambridge Isotope Laboratories) in 0.2 ml of 

water was given under light isoflurane anesthesia at 2 hour after start of the infusion. At 

indicated time points, the blood glucose levels were determined in 2 µl of blood with a 

handheld Lifescan EuroFlash glucose meter, and 10 µl of blood spots were taken from 

the tail on filter paper for analysis of isotopic enrichments (18). At the end of the 

experiment, the mice were killed by cardiac puncture under isoflurane anesthesia. The 

blood and livers were collected for further analysis. 

 

Short Term Oral Glucose Tolerance Test 

After a 9 hour fast (11:00 p.m. to 8:00 a.m.), the mice were either not treated or were 

given an oral glucose bolus of 11.2 ± 0.2 mmol.kg-1 in 0.2 ml of water under light 

isoflurane anesthesia. After 30 min, the mice were killed by cardiac puncture under 

isoflurane anesthesia. The blood and livers were collected for further analysis. Small 

intestines were removed and rinsed with 10 ml of saline and divided into three equal 

sections. The samples were taken from the very first part of the intestine and from the 

middle of each intestinal section for measurements of mRNA expression level and 

metabolite concentrations. 

 

Single-pool, First Order Kinetic Model 

The excess fractional distribution of mass isotopologues was used to calculate the first 

order absorption process in a one-compartment model (19-21) using SAAM-II software 

(version 1.2.1; SAAM Institute, University of Washington, Seattle, WA). The formulas 
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used to calculate the concentration versus time curves, and the kinetic parameters are 

given in supplemental Table S1. 

 

Analysis 

For all analytical procedures see Appendix 2. 

For correct gene names see Chapter 2. 

 

Calculations 

Equations used for the calculations of hepatic carbohydrate fluxes in non-steady-state 

situations are presented in Chapter 4.  

 

Statistics 

All of the values are expressed as the means ± S.E.. Statistical differences were 

determined using one-way analysis of variance or Mann-Whitney U test (metabolite 

concentrations and gene expression data). p < 0.05 was considered significant. 

 

 

RESULTS 

Fxr-/- Mice Show an Altered Plasma Glucose Response during an OGTT 

Although fed male Fxr-/- mice and wild-type littermates had comparable body weights, 

there was a small but statistically significant difference in weight loss upon 9 hour of 

fasting between both groups (Table 1). Blood glucose levels were significantly lower in 

Fxr-/- than in wild-type mice, before and after the 9 hour fast. Upon the OGTT, the Fxr-/- 

mice had a reduced and delayed increase of blood glucose levels compared with their 

wild-type controls with constituently higher plasma insulin concentrations (Fig. 1). This 

difference in blood glucose concentration between the genotypes might be due to the 

fact that Fxr-/- mice have: 

1) an enhanced glucose disposal rate 

2) a reduced and/or delayed intestinal glucose absorption rate  

3) a stronger reduction of the endogenous glucose production rate upon OGTT  

 

We therefore investigated blood glucose kinetics in more detail in an experiment in which 

30% of the oral glucose bolus was substituted by D-[U-13C]-glucose. This experiment 

was performed in combination with a continuous infusion of a trace amount of  

D-[6,6-2H2]-glucose. 
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Table 1. Biometrical parameters of wild-type and Fxr-/- mice 

Male wild-type and Fxr-/- mice were fasted for 9h. Body weight and blood glucose 

concentrations were determined before and after fasting.  

The values are averages ± S.E.; n = 12 (wild-types) and n = 10 (Fxr-/-).  

 a, p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Blood glucose and plasma insulin concentrations during an OGTT. 

9h fasted male wild-type and Fxr-/- mice were subjected to an OGTT (5.6 mmol-

1.kg-1). A, blood glucose levels during the OGTT. B, the area under curve of the 

excess of blood glucose level (base line is time point 0 and time points 120–180 

min). C, plasma insulin levels during the OGTT. 

The values are averages ± S.E. (n = 5).  *, p < 0.05; **, p < 0.01. 

 

 Wild-Type mice Fxr-/-  mice 

Fed body weight (g) 32.8 ± 1.0  33.9 ± 1.0 

Fasted body weight (g) 29.9 ± 0.9 30.1 ± 0.9 

Weight loss (g)   2.9 ± 0.1   3.8 ± 0.1a 

Weight loss (%)   8.8 ± 0.6 11.2 ± 0.9 a 

Fed blood glucose (mmol.l-1)   9.5 ± 0.6   6.3 ± 0.3 a 

Fasted blood glucose (mmol.l-1)   6.4 ± 0.6   5.1 ± 0.5 a 
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Before the start of the D-[U-13C]-glucose-containing OGTT, the Fxr-/- mice had 

slightly lower blood glucose levels compared with wild-type mice (Fig. 2A). Within 15 min 

after oral glucose administration, blood glucose levels rose to maximal levels of  

19.0 ± 1.3 mmol.liter-1 in wild type and to 14.5 ± 1.1 mmol.liter-1 in Fxr-/-. These levels 

returned to pre-OGTT levels after 90 min. Blood D-[U-13C]-glucose versus time curves 

were different between both groups (Fig. 2B). Compared with wild-type mice,  

D-[U-13C]-glucose concentrations were lower in Fxr-/- mice during the first 45 min but 

higher during the last part of the experiment. Applying the formulas for single-pool, first 

order kinetics (see Chapter 4), curves were fitted for each individual mouse. Fig. 2B 

shows the averages of data points and estimated curves, whereas the estimated and 

derived parameters are presented in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Blood glucose kinetics before and during OGTT using the first 

order, one-compartment model.  

9h fasted male wild-type and Fxr-/- mice were subjected to an OGTT (11.3 

mmol.kg-1, from which 30% was D-[U-13C]-glucose) while they were infused with 

4.4 µmol.kg-1.min-1 D-[6,6-2H2]-glucose. A, blood glucose concentrations before 

and during the OGTT. B, calculated blood D-[U-13C]-glucose concentrations from 

the fractional contribution of D-[U-13C]-glucose with the estimated curve using 

SAAM II software. 

The values are averages ± S.E. (n = 5). *, p < 0.05; **, p < 0.01. 

 

 

Extrapolated blood D-[U-13C]-glucose concentrations at time point 0 (derived from 

the extrapolation of the elimination period and from extrapolation of the absorption 

period) were significantly lower in Fxr-/- mice compared with wild types. A significantly 

lower elimination rate constant (kel) was also evident without differences in absorption 

rate constant (kab). This observation clearly falsifies the first hypothesis to explain the 

perturbed blood-glucose curve in Fxr-/- mice upon the OGTT. Surprisingly, significantly 
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higher values were calculated for the apparent bioavailability of the oral glucose dose (F) 

in the Fxr-/- mice. This higher F can be explained by a more gradual introduction of  

D-[U-13C]-glucose into the blood compartment, supporting our second hypothesis:  

Fxr-/- mice have a reduced and/or delayed intestinal glucose absorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Kinetic parameters of ingested D-[U-13C]-glucose during the OGTT. 

9h fasted male wild-type and Fxr-/- mice were subjected to an OGTT (11.3 

mmol.kg-1, from which 30% was D-[U-13C]-glucose) while they were infused with 

4.4 µmol.kg-1.min-1 D-[6,6-2H2]-glucose. The kinetic parameters were calculated 

using SAAM II software for curve fitting. DL, oral dose administrated D-[U-
13C]-

glucose); C(0)el, initial D-[U-13C]-glucose concentration by extrapolation of 

elimination period; C(0)ab, initial D-[U-13C]-glucose) concentration by extrapolation 

of the absorption period; kel, elimination rate constant; kab, absorption rate 

constant; tlag, time between administration and appearance of D-[U-
13C]-glucose in 

sampled compartment; Clag, concentration at lag time calculated from elimination 

or absorption curve; tmax, time of maximal D-[U-
13C]-glucose concentration; Cmax, 

D-[U-13C]-glucose concentration at tmax. t½
el, half-life of blood glucose; MRT, mean 

residence time of glucose in sampled compartment. F, fractional contribution of 

administrated D-[U-13C]-glucose to the sampled compartment; VD, apparent 

volume of distribution of administrated D-[U-13C]-glucose.  

The values are averages ± S.E. (n_5). a,p < 0.01. b, p < 0.05. 

 

 

 Wild-Type mice Fxr-/-  mice 

DL (mmol.kg
-1) 3.47 ± 0.09 3.34 ± 0.10 

C(0)el (mmol.l-1) 9.26 ± 0.44 3.91 ± 0.123a 

Kel (min-1) 0.0331 ± 0.0005 0.0201 ± 0.0008a 

C(0)ab (mmol.l-1) 13.16 ± 0.41 4.74 ± 0.24a 

kab (min-1) 0.091 ± 0.007 0.100 ± 0.007 

tlag (min) 6.0 ± 0.4 2.4 ± 0.6a 

Clag (mmol.l
-1) 7.60 ± 0.33 3.72 ± 0.13a 

tmax (min) 17.4 ± 0.8 20.1 ± 1.0b 

Cmax (mmol.l
-1) 2.72 ± 0.24 1.99 ± 0.07b 

t½
el (min) 20.9 ± 0.2 34.5 ± 1.2a 

MRT (min) 41.1 ± 1.0   59.7 ± 1.9 a 

F 0.48 ± 0.04   0.76 ± 0.02 a 

VD (l.Kg
-1) 0.222 ± 0.016 0.678 ± 0.028a 
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Figure 3. Glucose appearance rates before and during OGTT.  

9 h fasted male wild-type and Fxr-/- mice were subjected to an OGTT  

(11.3 mmol.kg-1, from which 30% was D-[U-13C]-glucose) while they were infused 

with 4.4 µmol.kg-1.min-1 D-[6,6-2H2]-glucose. A, total rate of glucose appearance 

in blood before and during OGTT. B, total rate of glucose appearance in blood 

before and during OGTT after correction for base-line glucose appearance (base 

line is time points -1 – 0h and 2 – 3h). C, rate of appearance of orally 

administrated glucose. D, fractional recovery of orally administrated glucose over 

time with fractional recovery of orally administrated glucose during the first 45 min 

and during the 45–180 min after oral glucose bolus (inset). E, endogenous glucose 

appearance rate with baseline values (inset). The values are averages ± S.E.  

(n = 5). *, p < 0.05; **, p < 0.01. 
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Fxr-/- Mice Show Delayed Intestinal Glucose Absorption after an OGTT 

To elucidate why blood glucose levels were markedly less increased after an OGTT in  

Fxr-/- mice, we used non-steady-state equations according to Steele (23).  

The continuous infusion of D-[6,6-2H2]-glucose enabled us to calculate blood 

glucose turnover rates during the experiment. Fxr-/- mice had a significant reduced 

baseline glucose turnover compared with wild-type mice (102 ± 7 versus 128 ± 8 

µmol.kg-1.min-1, p < 0.05) (Fig. 3A). After correction for baseline values (the average 

from time points -30, 0 and 120–180 min), it was clear that the OGTT-mediated maximal 

increase of glucose appearance rate was also decreased in Fxr-/- mice (186 ± 20 versus 

111 ± 17 µmol.kg-1.min-1, Fxr-/- versus wild type, p < 0.05) (Fig. 3B). In addition, the 

decline of glucose rate of appearance to baseline values was slower in Fxr-/- mice. 

Because the oral glucose bolus contained a different stable isotope of glucose than 

the infusate, we were able to calculate the appearance rate of glucose derived from the 

intestine. Wild-type mice showed a steep, isolated peak in intestinal glucose absorption, 

whereas Fxr-/- mice showed a blunted absorption rate with a much slower decrease to 

baseline (Fig. 3C). In Fxr-/- mice, the reduced recovery of intestine-derived glucose in the 

first 45 min after the oral glucose bolus was fully compensated for in the period 

thereafter (Fig. 3D). Altogether, this resulted in similar recoveries at the end of the test. 

These data show that Fxr-/- mice had delayed but not reduced intestinal glucose 

absorption after OGTT. 

The difference between the total rate of glucose appearance and the appearance 

of intestine-derived glucose gives the EGP. Baseline EGP was significantly lower in Fxr-/- 

mice than in wild-type mice (Fig. 3E). The EGP was significantly reduced in both groups 

upon administration of the glucose bolus, but the reduction was more pronounced in 

wild-type mice. The relative reduction was 50 ± 3% versus 30 ± 4% in wild-type and 

Fxr-/- mice, respectively. This latter observation of reduced reduction in EGP is 

inconsistent with our third hypothesis that EGP could be more reduced upon the OGTT in 

Fxr-/- than in wild-type mice. 

 

Reduced Intestinal Glucose Absorbance in Fxr-/- Mice Is Likely the Result of 

Increased Glucose Phosphorylation in Proximal Enterocytes  

From the three proposed mechanisms that might explain the delayed increase of blood 

glucose in Fxr-/- mice upon the OGTT, only a delayed intestinal glucose absorption rate 

seems to be valid. We next tried to unravel the cause of this hampered glucose 

absorption and tested whether enterocytic glucose handling might be disturbed in Fxr-/- 

mice. Therefore, glucose, glycogen, and G6P contents in the liver and small intestine 

were measured after the absorptive phase of the OGTT.  
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Figure 4. Contents of metabolites in liver and intestine. 

9 h fasted male wild-type and Fxr-/- mice were subjected to an OGTT (11.3 

mmol.kg-1, from which 30% was D-[U-13C]-glucose). A, fractional recovery of 

ingested glucose in the lumen of the small intestine 30 and 180min after the oral 

glucose bolus. B, hepatic G6P concentration 30 min after the oral glucose bolus. C, 

hepatic glycogen concentration 30 min after the oral glucose bolus. D, proximal 

intestinal G6P concentration 30min after the oral glucose bolus compared with 9 h 

fasted mice. 

The values are averages ± S.E. (n = 5). *, p < 0.05 between genotypes; **, p < 

0.01 between genotypes; #, p < 0.05 between time points. 

 

 

The animals were sacrificed when the blood glucose values reached their peak 

value (30 min after glucose administration) or at the end of the test (180 min after 

glucose administration). At both time points hardly any administered glucose was found 

in the intestinal lumen of both groups, indicating a complete uptake in all mice (Fig. 4A).  

Fxr-/- mice had lower hepatic glycogen and G6P contents than wild-type mice 30 min 

after the oral glucose bolus (Fig. 4, B and C). In 9 hour fasted mice, G6P concentrations 

in the proximal section of the small intestine were lower in the Fxr-/- mice than in wild-

type mice (Fig. 4D). Enterocyte G6P concentrations were not affected by the OGTT in 
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Figure 5. Gene expression profiles of the small intestine.  

Gene expressions of enzymes involved in intestinal glucose metabolism in nine-

hour fasted male wild-type and Fxr-/- mice. Relative mRNA expression was 

measured by real time PCR as described in Appendix 2. The results are normalized 

to β-actin and to the most proximal part of the wild type mice. Sglt1, sodium-

dependent glucose/galactose transporter-1; Glut2, glucose transporter-2; G6pc, 

glucose-6-phosphatase, catalytic subunit; G6pt, glucose-6-phosphatase, 

transporter 1. 

The values are averages ± S.E. (n = 5). *, p < 0.05 between genotypes. 
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wild-type mice. In Fxr-/- mice, however, they significantly increased to values comparable 

with that of wild-type mice. 

Next, we compared the expression of genes encoding proteins involved in 

intestinal glucose absorption and metabolism in sequential parts of the small intestine. 

Expression patterns of the gene encoding the brush border located sodium-dependent 

glucose/galactose transporter 1 (SGLT1; Slc5A1) and the basolaterally located GLUT2 

(glucose transporter-2; Slc2A2) was similar in the Fxr-/- and wild-type mice (Fig. 5, A and 

B). Compared with wild-type mice, the expression of the genes encoding the glucose-

phosphorylating enzymes HK1 and HK2 was significantly increased in the proximal part 

of the small intestine of Fxr-/- mice (Fig. 5, C and D). Expression of G6pc and the gene 

encoding glucose-6-phosphatase, transporter 1 (G6pt; Slc37a4) did not differ between 

both genotypes, although both tended to be lower in Fxr-/- mice compared with wild type 

(Fig. 5, E and F). Combined, these data suggest that delayed glucose passage through 

proximal enterocytes of Fxr-/- mice is likely the result of an increased glucose 

phosphorylation. 

 

Diverted Glucose Flux through G6P Pool in Enterocytes of Fxr-/- Mice 

The metabolic and gene expression data are indicative for an enhanced flux of glucose 

through G6P in the enterocyte of Fxr-/- mice compared with wild-type mice. We therefore 

considered it feasible to address the process of intestinal glucose absorption using a 

compartmental model (build using SAAM II software) comprising the direct (without 

intracellular metabolism) and indirect pathways (comprising the HK and G6Pase 

reactions) (Fig. 6A) as described by Stümpel et al. (13). The fit between the simulated 

appearance of D-[U-13C]-glucose in the circulation (Fig. 6B) was obtained when the initial 

direct flux was calculated to be equal to 187 µmol.kg-1.min-1 in the wild-type mice and 

lower (134 µmol.kg-1.min-1) in the Fxr-/- mice (Fig. 6C). In contrast to the decreased 

direct flux in Fxr-/- mice, the values for the flux through both the HK and G6Pase was 

increased in the Fxr-/- mice. (Fig. 6, D and E). The sum of the direct and G6Pase fluxes 

representing the total flux resulted in a glucose flux that is clearly reduced in Fxr-/- mice 

(Fig. 6F), especially in the first 30 min after glucose administration. The compartmental 

model shows that the D-[U-13C]-glucose disposal rate was initially lower in Fxr-/- mice but 

was compensated at the end of the experiment (Fig. 6G). It can be concluded from this 

simulation study that in enterocytes of wild-type mice glucose is absorbed preferentially 

by the direct pathway. In enterocytes of Fxr-/- mice, the indirect pathway becomes 

equally important. 
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Figure 6. Estimated glucose fluxes during OGTT using compartmental 

modeling.  

9 h fasted male wild-type and Fxr-/- mice were subjected to an OGTT  

(11.3 mmol.kg-1, from which 30% was D-[U-13C]-glucose) while they were infused 

with 4.4 µmol.kg-1.min-1 D-[6,6-2H2]-glucose. From the proposed model of glucose 

metabolism in enterocyte (see Refs. 13 and 14), a compartmental model was 

made that was used in SAAM II software to calculate fluxes through the 

compartmental model. A, the used compartmental model. The oral bolus was 

administrated in the intestinal lumen of the mouse. After transport over the brush 

border membrane the glucose can either leave the enterocyte directly or it is 

phosphorylated by HKs to G6P. G6P, in turn, can be hydrolyzed in the endoplasmic 

reticulum to glucose by G6Pase. Both the direct flux and the flux via G6P end in 

the blood compartment where samples are taken. The amount of glucose ingested 

has to be corrected to get the amount that enters the sampled pool (F). The 

volume of distribution (VD) and the lag time (tlag) also have to be known. These 

three parameters are introduced in the “delay compartment.” The used values for 

these parameters were: F=0.48; VD=0.222 liters.kg
-1; tlag=6.0 min. B, calculated 

concentrations of D-[U-13C]-glucose in the sampled pool with the estimated curve. 

C, direct flux from lumen to blood compartment. D, hexokinase flux.  

E, glucose-6-phosphatase flux. F, flux to the sampled pool after correction for F, 

VD, and tlag. G, flux of D-[U-
13C]-glucose disposal.  

The values are averages (n = 5). 
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DISCUSSION 

FXR is a bile acid-activated nuclear receptor that regulates biosynthesis and 

enterohepatic transport of bile acids (3;4). Recently, it was shown that FXR mRNA levels 

and activity are regulated by glucose (8). In addition, FXR controls expression of several 

genes encoding enzymes in gluconeogenesis, e.g. Pck1, Fbp1, and G6pc (9). These 

findings indicate a role for FXR in control of hepatic glucose metabolism, particularly 

during the fasting-feeding transition (12). Recent reports showed the presence of FXR in 

the absorptive epithelium of the small intestine (15). The results of the current study 

clearly show that Fxr-/- mice have delayed intestinal glucose absorption caused by an 

enhanced G6P turnover in the proximal enterocytes. Thus, these results add an extra 

regulatory role to FXR in the regulation of energy substrate metabolism. 

We noticed a difference in blood glucose increase between wild-type and Fxr-/- 

mice during an OGTT (Fig. 1). The increase in blood glucose was clearly delayed in Fxr-/- 

mice, and we therefore speculated that Fxr-/- mice might have 1) an enhanced glucose 

disposal rate; 2) a reduced and/or delayed intestinal glucose absorption rate; and/or 3) a 

less effective suppression of endogenous glucose production upon OGTT. Accordingly, we 

decided to analyze intestinal glucose absorption and glucose clearance applying single-

pool, first order kinetics to distinguish between these possibilities. Isotopic data were 

used, obtained by OGTT enriched with D-[U-13C]-glucose while the mice were infused 

with a trace amount of D-[6,6-2H2]-glucose before and during the OGTT. 

Using the blood D-[U-13C]-glucose concentrations solely, glucose absorption and 

elimination parameters were estimated. The kel was significantly lower in Fxr-/- mice. 

Thus, compared with wild-type mice, Fxr-/- mice had a significantly increased blood 

glucose half-life. Therefore, our first hypothesis to explain the hampered increase in 

blood glucose upon an oral glucose bolus in Fxr-/- mice, i.e. an enhanced glucose disposal 

rate in these mice, has been falsified. Based on earlier work (10), this outcome was 

expected. 

Using both D-[U-13C]-glucose and D-[6,6-2H2]-glucose data, we were able to 

calculate glucose turnovers and intestinal glucose absorption under non-steady-state 

conditions (Fig. 3). Compared with wild type mice, Fxr-/- mice had a reduced appearance 

of glucose in the first 45 min, which was compensated in the period thereafter, resulting 

in recoveries that were almost the same between both genotypes at the end of the 

experiment (Fig. 3D). This fits with the observation that hardly any glucose was left in 

the intestinal lumen at 30 and 180 min after oral glucose administration (Fig. 4A). These 

data establish that Fxr-/- mice have a delayed but not a decreased glucose appearance 

rate. 
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Previously, Cariou et al. (12) showed that Fxr-/- mice had a reduced EGP 

compared with wild types, which we could confirm in our experiments (Fig. 3E). The data 

from the current study suggest reduced hepatic insulin sensitivity because the 

suppression of the EGP upon the OGTT was less pronounced in Fxr-/- mice compared with 

wild-type mice (Fig. 3E). Remarkably, the OGTT-mediated reductions of the EGP in Fxr-/- 

and wild-type mice (Fig. 3E) were fully comparable with was seen before when 

hyperinsulinemic euglycemic clamp experiments were performed (12). We also found a 

tendency toward increased plasma insulin concentrations in the Fxr-/- mice shortly after 

the OGTT (Fig. 1C). For 1 h after the OGTT onwards, the plasma insulin levels were 

statistically significant increased in the Fxr-/- mice. The higher plasma insulin levels of 

Fxr-/- mice (Fig. 1C) coincided with lower liver glycogen and liver G6P concentrations 

(Fig. 4, B and C), again pointing toward a reduced hepatic insulin sensitivity. In addition, 

the increased blood glucose mean residence time in the sampled compartment (Table 2) 

in Fxr-/- mice point toward a reduced peripheral insulin sensitivity, as has also been 

shown before (10;11). Thus, the current and previous studies (10-12) show reduced 

hepatic and peripheral insulin sensitivity in Fxr-/- mice. 

From our initial hypotheses to explain the hampered increase in blood glucose 

during an OGTT in Fxr-/- mice, only a delayed appearance of intestine-derived glucose in 

Fxr-/- mice holds. This delayed appearance can be explained by a delayed glucose 

transport through the enterocyte and/or enhanced absorption of portal glucose by the 

liver. The latter is unlikely in view of the reduced hepatic glycogen and G6P 

concentrations at 30 min after the oral glucose dose (Fig. 4, B and C). We developed a 

compartmental model to simulate the consequences of an enhanced glucose metabolism 

inside enterocytes on the kinetics of glucose absorption. The model was based on the 

observations published by Stümpel et al. (13). They showed that in isolated intestines of 

Glut2-/- mice, addition of the G6Pase inhibitor S4048 almost completely abolished 

glucose transport across the intestinal wall. Apparently, when the direct transport of 

glucose across the intestinal wall via SGLT1 and Glut2 is absent, glucose transport 

proceeds by means of an indirect pathway involving glucose 

phosphorylation/dephosphorylation inside enterocytes. When this model is applied using 

our glucose data, it becomes clear that Fxr-/- mice have an enhanced flux through the 

enterocytic G6P pool compared with wild-type mice (Fig. 6, D and F). An enhanced 

enterocyte glucose cycling is supported by the observation that the oral glucose 

administration resulted in a 6-fold increase of G6P in the proximal part of the small 

intestine in Fxr-/- mice, whereas this increase was absent in wild-type mice (Fig. 4D). The 

increased Hk1 and Hk2 mRNA levels in the proximal part of the small intestine in Fxr-/- 
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mice compared with wild-type mice (Fig. 5, C and D) also underscore an increased 

conversion of glucose in G6P in this part of the intestine. 

Remarkably, the largest effects of Fxr deficiency on gene transcription were found 

in the very proximal part of the small intestine (Fig. 5, C and D), the part considered not 

to contribute to absorption of bile acids secreted into the bile. Therefore the physiological 

relevance of bile acids in control of intestinal glucose metabolism is unclear and needs 

more investigation. The role of FXR as a glucose-regulated nuclear transcription factor 

(8) suggests a physiological function in intestinal glucose absorption. Whether 

postprandial bile acids activate FXR in proximal small intestine remains to be established. 

The presence of FXR in tissues that are normally not exposed to bile acids, e.g. adipose 

tissue, adrenal glands, and skin (15), suggests the existence of alternative endogenous 

FXR ligands. 

In conclusion, the experiments described in this paper show that Fxr-/- mice have 

delayed intestinal glucose absorption, supporting a novel regulatory role of FXR in the 

enterocyte. Once again, these studies show that bile acid, carbohydrate, and lipid 

metabolism are closely linked. In addition, this paper shows the feasibility of the single 

pool, first order kinetic model to study kinetics of intestinal glucose absorption and 

processing with stable isotopes. 
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ABSTRACT 

The incidence of type 2 diabetes (T2DM) has increased during the last decades to 

pandemic proportions. In general, T2DM is diagnosed from fasting blood glucose levels, 

sometimes in combination with fasting plasma insulin levels (HOMA-index). Deeper 

insight in the underlying pathology is usually obtained via methods that disturb steady 

state glucose metabolism. Here we describe a method in which blood glucose kinetics are 

determent in mice without perturbing basal glucose homeostasis. 

 Nine hours fasted mice received 2.5 mg D-[6,6-2H2]-glucose intra-peritoneally. 

The decay of the deuterated glucose in the blood compartment could be described by 

single-pool, first order kinetics. The test was validated in a high-fat fed mouse model. 

Upon high-fat diet, insulin sensitivity index decreased due to increased insulin and 

glucose concentrations. Volume of distribution of glucose was reduced and its metabolic 

clearance rate was lower but no effects were seen on mean residence time, pool size, 

and turnover rates of blood glucose. 

In conclusion, we describe a simple method that produces detailed information 

about fluxes and kinetic parameters of glucose metabolism. Application in high-fat fed 

mice demonstrates that use of this method readily provides insight in the underlying 

mechanism of high-fat diet induced insulin resistance. 

 

 

INTRODUCTION 

The World Health Organization (WHO) has indicated that in 2005, on a global scale, 

approximately 1.6 billion adults (age 15+) were overweight (BMI>25) and at least 400 

million were obese (BMI>30). By 2015, these already astronomic numbers will be 

increased to approximately 2.3 billion and 700 million, respectively (1). Obesity has been 

recognized as a major pathogenic factor for diseases like hypertension, dyslipidemia, 

coronary disease, heart failure, myocardial steatosis and type 2 diabetes mellitus (T2D) 

(2). The latter disease is preceded by insulin resistance and early recognition of this 

condition is of great clinical importance. Diabetes is defined by the value of fasting blood 

glucose levels; the American Diabetes Association defined fasting glucose levels between 

5.6 - 6.9 mmol.l-1 as impaired, and levels higher than 7.0 mmol.l-1 as diabetic, whereas 

normal blood glucose values were defined as lower than 5.6 mmol.l-1. This parameter for 

diagnosis of T2D falls short of diagnosing insulin resistance which develops at normal 

levels of plasma glucose. A variety of indices has been developed to determine insulin 

resistance in humans. One of the indices often used is derived from Homeostasis Model 

Assessments (HOMA index). This index uses the product of fasting glucose and insulin 

concentrations relative to a population considered to have normal glucose and insulin 
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responses (3). Although easy to generate, it has a major drawback, since no conclusions 

can be drawn about the kind of perturbation in glucose metabolism underlying the 

changes in HOMA index, whether glucose production by the liver or glucose consumption 

by peripheral organs has been affected. Simple tests to estimate the changes in glucose 

metabolism like the intravenous (IVGTT) and oral glucose tolerance tests (OGTT) apply 

high amounts of unlabelled glucose to perturb glucose metabolism and subsequently 

measure the relaxation of the perturbed glucose concentration to its initial 

concentrations. These tests give valuable information on glucose metabolism and can be 

applied repeatedly which makes them applicable consecutively in longitudinal studies in 

humans as well as in small animals, but they have drawbacks. Firstly, they measure the 

combined influence of defects in glucose metabolism and insulin signaling. Secondly, the 

parameters obtained are derived under conditions different from those of the HOMA 

index. In addition to these relatively simple tests, a significant number of much more 

complex methods have been developed that provide more detailed insight in glucose and 

insulin kinetics. Of these more complex models the hyperinsulinemic euglycemic clamp is 

the most often used and is considered as the “gold standard” in insulin sensitivity 

research. Also in these tests, the parameters obtained are only valid for the perturbed 

situations. Furthermore, practical considerations limit the use of this technique in 

longitudinal studies. (4;5).  

To overcome these hurdles with afore mentioned techniques, particularly in small 

laboratory animals, we used stable isotopically-labeled glucose in combination with a 

single-pool, first order kinetic model to determine blood glucose kinetics (BGK). This 

method can be used in longitudinal studies and is valid for the same conditions under 

which the HOMA-index is calculated. We have validated the combination of HOMA-index 

and BGK, referred to as Whole Body Glucose Test (WBGT), in a well-established animal 

model of reduced insulin sensitivity, i.e., the high-fat fed mouse model.  

 

 

EXPERIMENTAL PROCEDURES 

Animals 

A total of 40 male C57BL/6J-OlaHsd mice (20.0 ± 0.4 g), aged 5 ± 1 wks, were used in 

the studies described below. The animals were obtained from Harlan Laboratories (Horst, 

The Netherlands). After arrival, animals were allowed to recover for 1 week in groups of 

6 animals in plexiglas cages, receiving a commercially available lab chow (RMH-B, Arie 

Blok Diervoeding, Woerden, The Netherlands). Mice were subsequently housed 

individually for 1 week after which the first WBGT (day 0) was performed. Next, mice 

received either the same lab chow or a high-fat diet (35% (wt/wt) bovine tallow,  
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i.e., 60 energy% fat) (6) for 5 weeks after which the WBGT was repeated. During the 

whole experiment mice were housed individually under a controlled light-dark (7.00-

19.00h light, 19.00-7.00h dark) and temperature (21°C) regime. The experiments were 

approved by the Ethical Committee for Animal Experiments of the University of 

Groningen. 

 

Whole Body Glucose Test 

After a 9 hour fast (11.00 PM to 8.00 AM), at time point 0, mice received a bolus of  

2.5 mg D-[6,6-2H2]-glucose in 0.25 ml by intraperitoneal injection (about 600 µmol kg-1 

BW). Blood glucose concentrations were determined and bloodspots were taken just 

before and at indicated time points after glucose administration. At the end of the test, a 

blood sample of ~40 µl was taken for insulin measurements by orbita puncture under 

light anaesthesia. Blood samples were centrifuged immediately and plasma was stored at 

-20°C until analysis. Blood spots were air-dried and stored at room temperature until 

analysis. 

 

Analysis 

For all analytical procedures see Appendix 2.  

For correct gene names see Chapter 2. 

 

Calculations 

Equations are presented in Chapter 4.  

 

Statistics 

Data were plotted as their median values of data sets together with their ranges. We 

observed that blood glucose concentrations were normally distributed, whereas plasma 

insulin concentrations showed a more skewed distribution using the Shapiro-Wilk 

normality test. All data were considered nonparametric. Two group comparisons were 

done by the Wilcoxon or Mann-Whitney U test for related and unrelated groups, 

respectively. Multiple group comparisons were done by the Kruskal-Wallis H test followed 

by either Post Hoc Mann-Whitney U or Friedman followed by Post Hoc Wilcoxon test for 

related and non-related groups, respectively. Slopes and intercepts of two linear 

regression lines are compared by global regression. Differences were considered 

statistically significant when p<0.05. Because of the complexity of the graphs, asterisks 

indicating significance are not shown but are described in the text and legends. 
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RESULTS 

Homeostasis Model Assessment (HOMA) adjusted to mice 

The Homeostasis Model Assessment expresses changes in insulin sensitivity and β-cell 

function relative to a population in which these parameters are considered to be normal 

(3). In this study, young mice of 7 weeks were used for this purpose. Assuming that this 

group of relatively young mice had normal median insulin sensitivity (S) of 100%, the 

reference value can be calculated from median blood glucose concentration  

(6.4 mmol.l-1) during the test and median plasma insulin concentration (2.2 mU.l-1) at 

the end of the test (Fig 1A). For this study, this value was 14.1. Therefore, the HOMA-

index was calculated as:  

Eq.1 

 

in which [I] is the plasma insulin concentration in mU.l-1 

 

Starting Conditions 

Blood glucose concentrations in the 40 mice at day 0 ranged from 5.7 to 8.2 mmol.l-1 

(median 6.4 mmol.l-1) whereas plasma insulin concentrations ranged from 0.3 to 5.7  

mU.l-1 (median 2.2 mU.l-1) as shown in Fig.1A. From the insulin concentrations, 25th, 

50th, and 75th percentiles were defined that were used to divide the 40 mice into four 

quartiles (QI to QIV). The ten mice in the lowest percentile formed QI (plasma insulin 

concentrations <0.9 mU.l-1), followed by QII (plasma insulin concentrations 0.9 – 2.1  

mU.l-1) and QIII (plasma insulin concentrations 2.3 – 3.8 mU.l-1). Finally, the 10 mice in 

the highest percentile formed QIV (plasma insulin concentrations >3.8 mU.l-1).  

Matched for these insulin concentration, groups of five mice were selected from 

each quartile to be fed either a high-fat diet for 5 weeks or the regular chow. In Fig. 1B 

and 1C the initial distributions of insulin and glucose concentrations over the different 

quartiles are shown. The way of grouping resulted in significant differences of median 

plasma insulin concentrations between (p<0.001) but not within the quartiles as shown 

in Fig. 1B. Importantly, no significant differences were present between or within the 

quartiles in median blood glucose concentrations (Fig. 1C). The resulting distribution of 

the HOMA index (S), as calculated according to the equation 1, in the different quartiles 

is shown in Fig. 1D. The median S was significantly different between (p<0.001) but not 

within the four quartiles. Strikingly, even in relatively young, chow fed-mice a wide 

variation in S-values exists.  

[ ] [ ]
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Figure 1: Starting conditions 

Fig. A shows the relationship between fasting plasma insulin and blood glucose 

concentrations in a group of 40 mice on the first day of experiment. Related to 

statistically assessed percentiles, plasma insulin concentrations the group was 

divided into 4 quartiles i.e. QI to QIV. From each quartile 5 mice matched for 

plasma insulin concentration received for five weeks either a chow (white bars) or 

high-fat diet (grey bars). From all subgroups fasting plasma insulin (B) and blood 

glucose concentrations (C) are shown together with the calculated insulin 

sensitivity (D). Bars in Fig. B, C, and D represent the ranges of data whereas the 

line shown in the bar represents the median value. There were no differences with 

respect to blood glucose concentrations. Plasma insulin concentrations and insulin 

sensitivity were significantly different between and equal within the quartiles.  

 

 

Effect of Diet on Insulin Sensitivity 

After 5 weeks, no significant changes were observed in the distribution of plasma insulin 

concentrations over the quartiles as compared to the start of the experiment in the 

chow-fed mice, as shown in Fig. 2A, although the ranges within the quartiles became 

larger. Plasma insulin concentrations between quartiles remained significantly different 

(p<0.05), indicating that these differences reflect intrinsic features of the individual 

mice. In quartiles I to III median insulin concentrations rose slightly over time, this 

increase was, however, significant in QI and QII (p<0.05). 
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Figure 2: Effect of diet on insulin sensitivity 

From all quartiles insulin concentrations (A and B), blood glucose concentrations 

( C and D), and insulin sensitivity (E and F) are shown. Animals received a chow 

diet are presented by white bars and those receiving a high-fat diet by grey bars.  

Plain bars represent day 0 and dashed bars day 35.  

In chow fed mice, plasma insulin concentrations and the calculated insulin 

sensitivity were significantly different between quartiles. Within quartiles only QI 

and QII showed significant differences. No differences were seen with respect to 

blood glucose concentrations. High-fat feeding for 35 days resulted in significantly 

higher values for plasma insulin and blood glucose concentrations within but not 

between the quartiles, resulting in significant differences in insulin sensitivity 

between as well as within quartiles. 
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No changes were observed in blood glucose concentrations, as shown in Fig. 2C, 

resulting in reduction of S only in quartile II (Fig. 2E). In contrast to the chow-fed 

animals, high-fat feeding for 5 weeks resulted in significantly higher plasma insulin 

concentrations (p<0.05) in mice of all four quartiles (Fig. 2B) and the initially observed 

differences between the quartiles were abolished (p=0.07). In addition, the high-fat diet 

resulted in significantly higher blood glucose concentrations in all quartiles (p<0.05), as 

shown in Fig. 2D. Blood glucose concentrations increased to similar values in all quartiles 

(~ 11.5 mmol l-1) and no differences between the quartiles were seen on day 35. 

Remarkably, the rise in plasma insulin and in blood glucose concentrations were very 

comparable for all mice. From the measured insulin and glucose concentrations, insulin 

sensitivity was calculated for all eight subgroups. In chow-fed mice, S at day 35 did not 

differ significantly from to the values on day 0 (Fig. 2E). Between quartiles, the 

differences remained significantly different (p=0.01). High-fat-feeding during 5 weeks 

reduced S significantly in all quartiles (p<0.05) (Fig. 2F). Strikingly, the initial differences 

between the quartiles were, although less pronounced, still conserved (p<0.05). 

 

Single-pool, First-order Kinetic Model 

To calculate blood glucose kinetics (BGK), 2.5 mg D-[6,6-2H2]-glucose was 

intraperitoneally injected in 9 hour fasted young mice at t=0 of day 0. It resulted in a 

marginal and non-significant increase in blood glucose concentrations from median 

values of 6.5 (range 5.5 – 9.8) to 6.9 (range 5.5 – 9.3) mmol l-1 (Fig. 3B). During the 

course of the experiment, a significant decline in blood glucose concentration over time 

was observed (p<0.001), likely attributable to prolonged fasting. Insulin concentrations 

measured after the test were not different from those measured in an age-matched 

group not subjected to the protocol (data not shown). Fig. 3C and 3D show the time-

dependence of blood D-[6,6-2H2]-glucose concentrations in all tested mice on day 0 in a 

normal and in a semi-logarithmic plot, respectively. The linear regression line shown in 

Fig. 3D is based on values at time points 50, 60, 75, and 90 minutes and extrapolated to 

the y-axis. The correlation factor of the line was excellent (r2 = 0.9993) and the residual 

values of the time points 50 to 90 min were not significantly different from zero, 

indicating that the assumption of first order kinetics was valid at least for the last part of 

the experiment. Additionally, the residual values of time points 20, 30, and 40 min were 

not significantly different from zero either, indicating that no additional compartments 

were involved in the elimination of the glucose label from the accessible pool. The 

residual value at time point t=10 minutes was significantly different from zero because of 

incomplete influx of  D-[6,6-2H2]-glucose at this time point into the blood compartment. 

Furthermore, it is clear from this figure that there is a time-delay in the appearance of 

labelled glucose into this accessible pool.  
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Figure 3: The kinetic model 

The assumed single-pool, first-order kinetic model is presented in Fig. A where the 

blood compartment represents the accessible pool. Blood glucose curve during the 

test on day 0 is shown in Fig. B and in Fig. C the concentration curve of the 

ingested D-[6,6-2H]-glucose in the accessible pool. Median values at each time 

point of 40 mice are shown together with their ranges. Fig. D shows the semi-

logarithmic curve of data shown in Fig. C. The circles represent measured data 

from which the closed circles are used in linear regression algorithm. The triangle 

represent the residual values calculates as the difference between extrapolated 

and measured data. Blood glucose curve during the test on day 35 is shown in  

Fig. E. Median values are presented for mice received either a chow (open 

squares) or high-fat diet (closed squares). Fig. F shows the semi-logarithmic curve 

of data shown in Fig. E. The slope of both lines were identical whereas the  

y-intercept were significantly different. 
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Altogether, these data show that the appearance of intraperitoneally injected  

D-[6,6-2H2]-glucose can be described by first-order kinetics in a one-compartment 

model. To account for lag time in the appearance of labelled glucose into the circulation, 

an additional compartment was added, i.e., the site of D-[6,6-2H2]-glucose injection  

(Fig. 3A). Fig. 3E and 3F show the time-dependence of median blood D-[6,6-2H2]-glucose 

concentrations in a normal and semi-logarithmic plot, respectively, for the 20 mice that 

received either a high-fat or chow diet for 5 weeks. The slope of the curves in Fig. 3F 

were identical, i.e., -0.2857 ± 0.0010 and  -0.2707 ± 0.0003 units for high-fat and chow 

fed mice, respectively, whereas the intercepts were significantly different, i.e.,  

6.28 ± 0.06 and 6.57 ± 0.02 (p<0.001) units for chow fed and high-fat mice, 

respectively. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Effect of diet on Elimination Rate Constant of D-[6,6-2H]-glucose 

From all quartiles the elimination rate constant (A and B) and the mean residence 

time (C and D) are shown. Animals received a chow diet are presented by white 

bars and those receiving a high-fat diet by grey bars. Plain bars represent day 0 

and dashed bars day 35. There were no differences between or within the quartiles 

with respect to elimination rate constant and mean residence time for both groups. 
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Effects of Diet on Blood Glucose Kinetics 

The single-pool, first-order kinetic model allows determination of changes in BGK related 

to changes in S using the HOMA-index. In 9 hour fasted mice on chow diet, values for S 

were widely distributed (Fig. 1D). In these chow-fed mice, values for S and its 

distribution did not change significantly after 5 weeks (Fig. 2E). In contrast, high-fat 

feeding led to elevated plasma insulin (Fig. 2B) and blood glucose concentrations (Fig. 

2D) and, as a consequence, a decreased value of S (Fig. 2F). Using our method, we were 

able to determine how glucose metabolism changed from day 0 to day 35 in chow- and 

high-fat fed mice. Data presented include the elimination rate constant (kel), mean 

residence time (MRT), apparent volume of distribution (V), metabolic clearance rate 

(MCR), pool size (A) and turnover rate (Ra) ( Fig. 4 - 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Effect of diet on Apparent Volume of Distribution and Metabolic 

Clearance Rate 

From all quartiles apparent volume of distribution (A and B) and metabolic 

clearance rate (C and D) are shown. Animals received a chow diet are presented 

by white bars and those receiving a high-fat diet by grey bars. Plain bars represent 

day 0 and dashed bars day 35. There were no differences between or within the 

quartiles with respect to apparent volume of distribution and metabolic clearance 

rate for the chow fed group. With respect to the high-fat fed group the apparent 

volume of distribution and metabolic clearance rate were significantly different 

within but not between quartiles.  
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Irrespective of the distribution of insulin sensitivity over the quartiles, on day 0 neither of 

the above mentioned kinetic parameters showed significant differences between the 

quartiles. Quite to our surprise, neither chow nor high-fat feeding over 5 weeks had a 

significant effect on kel and its related MRT of glucose in the circulation as obtained by an 

in-depth data analysis of the individual decay curves (Fig. 3F and 4A-D). However, this 

does not mean that the exit of labelled glucose from the circulation remained unaffected. 

In Fig. 5A-D the associated values for V and MCR, are given for both the chow-fed and 

high-fat fed mice at day 0 and at day 35. In chow-fed mice no differences were seen 

with respect to V and MCR (Fig. 5A and 5C). In contrast, for all quartiles, in high-fat fed 

mice V decreased significantly (p<0.05), as can be seen in Fig. 5B, but there were no 

differences between the quartiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Effect of diet on Pool Size and Turnover Rate of glucose 

From all quartiles the pool size (A and B) and turnover rate (C and D) are shown. 

Animals received a chow diet are presented by white bars and those receiving a 

high-fat diet by grey bars. Plain bars represent day 0 and dashed bars day 35.  

There were no differences between or within the quartiles with respect to pool size 

and turnover rates for both groups. 
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Irrespective of unchanged kel, this resulted in a significant decrease in MCR in high-fat 

fed mice in all quartiles. In-depth data analysis of the decay curve of labelled glucose 

also revealed that the y-intercept was significantly higher in high-fat fed mice (Fig. 3F) 

resulting in a decreased V which contributed to the decreased MCR in these animals. 

Besides exit parameters, also the endogenous glucose production during the test could 

be calculated. For that, A and Ra are the parameters to calculate. There were no 

significant differences observed between or within quartiles at day 0 and 35 with respect 

to pool size as shown in Fig. 6A and 6B, respectively. There were also no differences 

between or within quartiles in mice fed either chow or a high-fat diet with respect to the 

endogenous glucose production (Fig. 6C and 6D, respectively). 

Table 1 shows a comparison between values of MCR and Ra obtained with single-

pool, first-order kinetic model and the injection of tracer amounts stably-labelled glucose 

with the values obtained by our group in mice of the same strain with steady state 

continuous infusion experiments for chow-fed and high-fat fed animals (7-9). As is clear, 

both methods were very comparable with respect to the calculated parameters MCR and 

Ra. Moreover, additional parameters like kel, V, and A can be calculated with the 

presented BGK test.  

 

 Blood glucose kinetics  Continuous infusion protocol 

 Chow 

Diet 

High-fat 

Diet 

 Chow 

diet 

Chow 

Diet 

Chow 

Diet  

High-fat 

Diet  

kel 

(min-1) 

0.0300 

(0.0237-0.0410) 

0.0292 

(0.0186-0.0401) 
     

V 

(l.kg-1) 

0.629 

(0.487-0.943) 

0.455 

(0.354-0.646) 
     

MCR 

(l.kg-1.min-1) 

0.020 

(0.015-0.026) 

0.013 

(0.010-0.016) 
 

0.018 

(0.016-0.022) 

0.017 

(0.014-0.022) 

0.017 

(0.015-0.025) 

0.012 

(0.011-0.016) 

A 

(µmol.kg-1) 

4214 

(3240-5970) 

5185 

(3588-7166) 
     

Ra 

(µmol.kg-1 min-1) 

130 

(98-164) 

146 

(122-176) 
 

115 

(99-137) 

132 

(113-173) 

109 

(93-143) 

125 

(104-139) 

 

Table 1: Comparisons between the blood glucose kinetic and constant 

infusion protocols 

Parameters retrieved from wash-out curves as presented in Fig. 5 and 6 are shown 

together with data from continuous infusion protocols as were presented before by 

our laboratory. Presented are elimination rate constant (kel), apparent volume of 

distribution (V), metabolic clearance rate (MCR), pool size A, and the turnover rate 

(Ra). Data given are median values of the group and their respectively ranges. 
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DISCUSSION 

In this study, we present and validate a new method, referred to as Whole Body Glucose 

Test (WBGT), which allows estimating blood glucose kinetics in mice with a minimal 

disturbance of glucose metabolism. The test consists of two parts, both adapted from 

known protocols, i.e., the HOMA index to determine insulin sensitivity and a single-pool, 

first order kinetic model to determine blood glucose kinetics (BGK). The method makes it 

possible to study glucose metabolism at particular concentrations of insulin and glucose 

consecutively in longitudinal studies without perturbing the situation prior to injection of 

the tracer. Particularly, the subsequent in-depth data analysis of the concentration vs. 

time curve of labelled glucose generates parameters which allow for careful description 

of the changes in whole body glucose metabolism in individual mice. 

The WBGT has several experimental advantages. Only very small blood samples 

collected (~12 µl) as bloodspots on filter paper are being used. It therefore meets the 

requirement to limit total volume of blood (200 µl) that can be drawn from small 

laboratory animals as ordained by most Ethical Committees for Animal Experiments. This 

test can be repeated (within limits of time) in the same animal which is of importance 

particularly in feeding and long-term drug interference experiments.  

In kinetic analysis of individual concentration vs. time curves, estimation of model 

parameters is difficult because of the unknown experimental error in the individual data 

points. For each group, we used the mean glucose curves with the corresponding 

fractional SD of the data points to fit the kinetic model (Eq. 2) most accurately. The four 

kinetic parameters obtained and their SD were used as constrain on the analysis of 

curves from each mouse to obtain their individual kinetic parameters. When the mean of 

these individual parameters was identical to that obtained from the mean data, all 

parameters were accepted. In this way a consistent set of kinetic parameters was 

generated which could in part be compared with data obtained from more complex 

experimental set-ups, such as constant infusion experiments (4;5). The methodological 

validation with published values for the MCR and Ra in chow and high-fat diet fed mice 

from our group (Table 1) clearly showed that the values obtained by these two 

completely different approaches were comparable. Moreover, the kinetic analysis of the 

D-[6,6-2H2]-glucose vs. time curves makes it possible to estimate additional parameters 

like pool size (A), apparent volume of distribution (V), and mean residence time (MRT). 

It introduces the possibility to distinguish between changes in V and/or kel when MCR are 

calculated, simultaneously, changes in Ra can be assigned to in either a change in A 

and/or changes in kel, which is not possible in the constant infusion protocol. In fact, with 

this approach it is possible to study two different kinds of insulin resistance, i.e., a 

reduction in V, A or a reduction in disposal rate (kel) expressed as enhanced MRT. In our 
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view, the single pool kinetic analysis of intraperitoneally injected D-[6,6-
2
H2]-glucose 

offers a valuable alternative to estimate whole body glucose metabolism without 

perturbing glucose metabolism.  

We have validated the WBGT physiologically in young C57BL/6J-OlaHsd mice 

before and after a period of 5 weeks in which they received either a chow or a high-fat 

diet.  It is well-known that feeding mice a high-fat diet induces insulin resistance (10). 

The important observation was made that young mice receiving chow diet display highly 

variable fasting insulin concentrations in combination with similar blood glucose 

concentrations, indicating that insulin plays a minor role in blood glucose control under 

these conditions. It was for this reason that we divided the cohort into 4 smaller groups 

of 10 mice each with a low, median, high and very high basal concentrations of insulin. 

High-fat feeding increased both insulin and glucose concentrations in all groups. We have 

previously reported, using mass isotopomer distribution analysis, that high-fat feeding 

resulted in peripheral insulin resistance accompanied by a decreased MCR (7;9;9;11). 

These observations were made in a continuous infusion experiment using labelled 

glucose for 6 hours at isotopic steady state. The same profile, i.e., reduced peripheral 

insulin sensitivity in combination with unchanged hepatic insulin sensitivity, was seen in 

the present study. This validates the new whole body glucose test.  

Parameters obtained by in-depth data analysis allows for a more detailed 

discussion of the cause of the decrease in MCR. This parameter depends on both kel and 

V. No effect was found on kel, which can be interpreted as normal efflux of glucose from 

the circulation. The median apparent volume of distribution V was affected by the high-

fat diet. On day 0, the calculated V was 0.67 l kg-1, i.e., ~3-fold higher than the 

extracellular fluid volume (0.22 l kg-1) that is often used in the application of the Steele 

equations under non-steady-state conditions (12;13). This implies additional that 

extracellular fluid compartments or other compartments are involved in the distribution 

of the administered glucose. High-fat feeding reduced V to 0.46 l kg-1, which is still ~2 

fold higher than the estimated extracellular fluid volume. The decrease in V is probably 

the result of a reduction in the intracellular volume involved in glucose uptake. The effect 

of high-fat feeding on V has not been reported before, although it is known that high-fat 

feeding reduces GLUT4 concentration and translocation of this transporter from 

intracellular stores to the plasma membrane (14-16). Furthermore, high-fat feeding 

impairs central insulin stimulation of blood flow (17) that also might result in a perturbed 

glucose disposal in peripheral tissue and so in a reduced volume of distribution. 

Additionally, a minor reduction was seen in the elimination and hence in MRT of blood 

glucose in mini-pigs receiving a high-fat/high sucrose diet (16;18). 
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In conclusion, we describe a novel method based on a combination of known 

protocols in which it is possible to calculate insulin sensitivity and its influence on blood 

glucose kinetics in basal situations that can be repeated over time longitudinally. 

Interestingly, the ability to use small sample sizes makes the WBGT also suitable for 

glucose studies in for instance neonates and more complex human experiments. 
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CHAPTER 10 

 

Discussion and Perspectives 
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To acquire the energy that is needed for synthesis of products essential for cellular 

functions and survival, an integrated network of chemical reactions exists in virtually all 

cells in the body (adapted from Sauerwein (1)). This network consists of countless 

reactions that constitute fluxes of metabolites and ions within the cell and is fuelled by 

extensive traffic of energy-rich and structural compounds between cells and/or organs. 

The reactions that maintain the network are tightly regulated and mediated by proteins 

(enzymes/transporters) whose activities can be regulated at different levels. The proteins 

involved are synthesized according to their encoding DNA sequences: copies (RNA) are 

made from DNA (transcription) and, subsequently, the base-pair sequences in RNA are 

translated into the amino acid sequence of the protein (translation). The proteins formed 

may subsequently be modified by several mechanisms to modulate their 

(enzymatic/transport) activities. Disturbances within the integrated network, for instance 

due to dysfunction of a certain protein, often results in adaptive responses, that 

sometimes lead to predictable, but more frequently to unexpected redirections of the 

metabolic fluxes (2;3). Causes of such disturbances can be various. For instance, they 

can be due to an inherited defect in the production of a certain enzyme, as is the case in 

glycogen storage diseases and certain β-oxidation defects. Such disturbances can also be 

acquired, as for instance occurs in diabetes mellitus type II. It is also possible to 

interfere in certain processes by pharmacological means, e.g., by drug-mediated 

blockade of enzyme activity or induction of transporter activity.   

The consequences of disturbances in integrated networks can sometimes 

relatively easy be evaluated by measuring concentrations of products of the network in 

tissues or blood samples (clinical chemistry, now often referred to as metabolomics). 

With the introduction of molecular biological techniques, it became more and more 

common to measure expression levels of genes participating in the network (genomics, 

transcriptomics) as a means to predict metabolic adaptations. Changes in levels of the 

different proteins contributing in the network can also be quantified (proteomics) as well 

as their modifications (e.g., kinome profiling). However, all these “static” measurements 

refer to the status of a particular network at a certain point of time (“snapshot”) and, by 

definition, do not provide insight in the magnitude of the metabolic flux through the 

pathway. In view of the fact that many of the relevant metabolic processes show strong 

diurnal variations, interpretation of the static data often results in incorrect conclusions.  

In addition, data are often generated in cell culture experiments or in isolated organs. 

Although such results definitively provide valuable information about the network 

studied, the results can by definition not directly be extrapolated to in vivo metabolism in 

a whole organism. With the introduction of flux measurements in vivo (fluxomics) by 

others and by us (this thesis) it became possible to quantify changes in metabolic 
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networks over time (“real-time movie”), i.e., from substrate to product in conscious, 

freely moving animals as well as in humans. 

The fluxomic approaches described in this thesis were initially developed for use 

in rat models (Chapter 5) but, due to the possibilities of genetic modification, mice 

became the animal specie of choice for our experiments. This change of animal model 

forced us to adapt both the experimental and analytical protocols, as detailed in  

Chapter 6. These protocols have successfully been employed in studies addressing 

insulin sensitivity of hepatic and peripheral glucose metabolism in mouse models of 

diabetes (Chapter 7) and the kinetics of glucose absorption (Chapter 8). Finally a novel, 

simple technique has been developed that allows to determine insulin sensitivity in mice 

over time (chapter 9). Applications of these techniques can be found in a series of 

recently published articles from our laboratory ((4-19) and manuscripts in preparation of 

Boer et al., Fijlstra et al., Houten et al., Prawitt et al., Stroeve et al. , Zonneberg et al.). 

Furthermore, protocols have been adapted/developed and applied to assess de novo 

lipogenesis and fatty acyl chain elongation ((20-22) and manuscripts in preparation of 

Frayn et al., Koolman et al., Stroeve et al.,) and several aspects of cholesterol 

metabolism ((21;23-25) and manuscripts in preparation of Brufau et al., Herrema et al., 

Stroeve et al., van Meer et al., van der Wulp et al.)   

 

 

EXPERIMENTAL PROTOCOLS  

Novel and existing mouse models allowed to study metabolic fluxes in conditions of 

inherited disorders like MCADD (6;7) and acquired metabolic diseases like type 2 

diabetes mellitus (12;14). Application of the stable isotope methodologies of choice in 

mice posed several physical and analytical problems. Experimental set-ups used for rat 

studies could not always be used for mice. We constructed a new type of experimental 

cage that enabled frequent collection of blood and urine from unanaesthetized mice (see 

Appendix 1). Furthermore, constant infusion protocols had to be developed, including a 

miniaturized mixing moiety for the insulin-clamp experiments (see Appendix 1). 

Turnover rates of carbohydrate metabolism are, when expressed per kg body weight, 

considerably higher in mice compared to rats and humans. Isotope infusion rates had to 

be adjusted taking into account that the maximal flow rate of infusion is relatively low in 

mice. The adapted infusion rates were employed in healthy and in hyperglycemic mouse 

models (14;16). In mouse models suffering from hypoglycemia, as used by Derks et al. 

and Herrema et al. (6;7), the total carbohydrate load during the experiment was reduced 

by 50% to avoid the induction of changes in blood glucose levels. Because this reduction 
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in input rate did not influence the calculated carbohydrate fluxes in the healthy control 

groups nor analytical precision, it became our standard protocol. 

The small amount of urine that is produced by mice was collected effectively in 

timed intervals on filter paper placed under the wired floor of the designed cages. With 

the introduction of blood sampling on filter paper (bloodspot) it was possible to reduce 

the total volume of blood taken during the experiments. Sample collection on filter paper 

is commonly used in neonatal screening of human newborns (26) and for monitoring of 

therapy in patients with either inborn or acquired metabolic diseases such as 

phenylketonuria and diabetes (27-31). In contrast to Von Schenck (28) and Abyholm 

(31), who used sulfosalicylic acid and perchloric acid solutions to elute glucose from the 

bloodspots, we have chosen for a mixture of water and ethanol because of the rapid 

evaporation of this solution in derivatization procedures. Bloodspot sampling has a 

number of beneficial aspects for our purposes: 1) the dried samples can be stored at 

room temperature for a relatively long period (weeks), 2) the dried samples can be 

transported easily 3) the sampling procedure can be used for experiments in small 

(neonatal) children (Zonnenberg et al., manuscript in preparation). In addition, 

bloodspot samples from children suffering from kwashiorkor or marasmus taken in 

Malawi (Africa) have been transported to our laboratory to be analyzed (Bandsma et al., 

manuscript in preparation), demonstrating its feasibility for field studies. It was also 

possible to use bloodspot sampling in studies  addressing cholesterol kinetics in mice, as 

shown by van der Veen et al. (24) and in very small children (van Meer et al., 

manuscript in preparation). 

 

Analytical Protocols  

Analytical methods had to be adjusted to the small sample sizes without changes in 

accuracy and reproducibility of the measurements. An important improvement in 

analytical procedures was the conversion of ParglcUA acid into Parglc as reported by 

Derks et al. (6). After enzymatic hydrolysis, the released glucose can be analyzed in the 

same way as blood glucose. Additionally, it provides the opportunity to calculate 

gluconeogenesis (GNG) flux to UDPglc using additional protocols. 

 

Hepatic Glucose Metabolism 

In our first study on hepatic carbohydrate metabolism, we used a rat model in which 

glucose-6-phosphate translocase was partially inhibited by the chlorogenic acid 

derivative S4048 (32-34). For this purpose, we adapted Mass Isotopomer Distribution 

Analysis (MIDA) algorithms as published by Hellerstein and Neese (35-38) to evaluate 

GNG directed to blood glucose or to hepatic glycogen. We were able to show that partial 
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inhibition of the translocase resulted in a 50% reduction in hepatic glucose production 

without any influence on GNG or glycogen phosphorylase flux (Chapter 5). 

At the time this experiment was designed, four tests were available to estimate 

gluconeogenic and non-gluconeogenic fluxes in vivo: 

1. 13C nuclear magnetic resonance spectroscopy using [1-13C]-glucose 

infusion protocols. 

2. recycling of glucose and glucose carbon using [U-13C]-glucose infusion 

protocols. 

3. incorporation of tritium or deuterium into glucose using tritiated or 

deutrated water, respectively. 

4. incorporation of 13C into glucose (and UDP-glucose) from infused [2-13C]-

glycerol.  

 

1. 13C Nuclear Magnetic Resonance Spectroscopy  

Glycogen concentration in the liver can be measured repetitively by 13C nuclear magnetic 

resonance spectroscopy in a noninvasive manner. In combination with magnetic 

resonance imaging to estimate liver volume, glycogen content in the liver can be 

calculated. The changes in glycogen content over time can be converted into glycogen 

turnover rates. GNG is calculated as the difference between glucose production rate and 

estimated hepatic glycogenolysis. This elegant method was first published by Rothman et 

al. in 1991 (39) Glycogen synthesis and simultaneous glycogenolysis can be estimated 

when sequential infusions of [1-13C]-glucose and unlabelled glucose are given (40). This 

method allows estimation of turnover rates of one of the precursors of blood glucose in 

the inaccessible hepatic pool, i.e., liver glycogen. In combination with calculated blood 

glucose turnover rates using isotope dilution algorithms, the absolute contribution of 

GNG to blood glucose can be estimated. Additionally, the flux from blood glucose to 

glycogen can be calculated and is taken as a measure of glycogen synthesis. However, 

the flux of GNG to glycogen can not be determined using this technique. Additionally, 

this technique requires the availability of expensive equipment. Details of this technique 

are beyond the scope of this thesis but are described in detail elsewhere (41-44). 

 

2.  Recycling of Glucose Molecules  

Blood glucose can be engaged in the flux through glycolysis → tricarboxylic acid (TCA) 

cycle → GNG. Katz and Tayek proposed a method to estimate GNG in which  

[U-13C]-glucose (M+6) is infused into the bloodstream (45-48) . After glycolysis, 

uniformly labelled pyruvate (M+3) is formed from which, within the TCA cycle  

(Chapter 2), 13C atoms can be exchanged for 12C atoms resulting in pyruvate containing 
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one or two 13C atoms. In GNG the labelled pyruvate will be converted to glyceraldehyde-

3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) in the triose phosphate 

pool. The condensation of these molecules yield one fructose-1,6-P2 (F16P) (Chapter 2) 

containing one to six 13C atoms. When enrichments are low, molecules containing four to 

six 13C atoms are present at negligible abundances in plasma. Therefore, only glucose 

molecules containing one (M+1), two (M+2), or three (M+3) 13C atoms can be measured. 

Since the sum of M+1, M+2, and M+3 represents the fraction of recycled glucose, M+6 

represents the fraction of infused label. Absolute GNG can be calculated as the product 

from fractional GNG and plasma glucose turnover rate, as described in Chapter 4 (Eq. 9). 

One of the first studies using this methodology was performed by Kalderon (49), 

who studied the cycling of [U-13C]-glucose in children suffering from glycogen storage 

disease type I and type III using this approach (50;51). The method was further refined 

by Katz et al. (45) and, in cooperation with Tayek, a number of equations were derived 

to determine parameters of glucose metabolism like glucose production, GNG, recycling 

of carbon atoms, and recycling of glucose molecules (46;47;52). Landau et al. 

challenged these calculations because of the underestimation of the “true GNG” due to 

the lack of steady-state in label distribution caused by dilution with unlabeled 

gluconeogenic substrates. Subsequently, Landau et al. introduced “corrected” equations 

(53). An alternative, the reciprocal pool model, was proposed by Haymond and Sunehag 

(54). Mao et al. used a long, primed-infusion protocol and showed that lack of isotope 

steady-state could account for a large part of the underestimation in GNG (55). 

We have tested a long infusion protocol (eight hours without the priming) in 

C57BL/6J mice as suggested by Mao et al. (40). As presented in Appendix 1A, an 

isotopically steady-state level of infused [U-13C]-glucose was achieved within 3 hours, 

whereas isotopically steady-state of singly, doubly, and triply labelled glucose was not 

achieved within the experimental period. Consequently, the calculated fractional GNG 

rose over time to 58% in isotopically steady-state, which is slightly lower than the 65% 

(unpublished data) and 68% (Chapter 6) that were calculated when MIDA protocols were 

used during 8 hour infusions. Using the equation of Haymond (54) in isotopically steady-

state, the fractional GNG exceeds 100% by far. These results imply that the 

underestimation of GNG might be the result of the lack of isotope equilibrium as 

suggested by Mao et al. (55) and correction factors used in some equations are needed 

to adjust for isotopically non-steady-state situations.  

 

3. Incorporation of Tritium or Deuterium into Glucose 

Rognstad et al. showed in 1974 for the first time that incorporation of tritium from 3H2O 

into glucose can be used to calculate the contribution of GNG in glucose production  
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in vitro (56). In 1991, these authors suggested that this protocol should also be suitable 

for use in in vivo experiments (57). The substitution of tritiated for deuterium-enriched 

water made in vivo experiments in rats (58;59) and in humans (60) more attractive. 

When body water of individuals is enriched with 2H2O (0.25 to 0.5%), deuterium 

will be incorporated at different positions of the glucose skeleton, depending on the 

metabolic processes (see also Chapter 2): 

[6-2H]-glucose (C6)  conversions of pyruvate to phosphenolpyruvate 

via oxaloacetate  

[5-2H]-glucose (C5)   conversion of dihydroxyacetone phosphate to 

glyceraldehyde-3-phosphate.  

[2-2H]-glucose (C2)  conversion of fructose-6-phosphate to 

glucose-6-phosphate  

The enrichments at the C5 and C6 positions in blood glucose represent GNG from 

glycerol and pyruvate, respectively, under the assumption that the labeling is complete 

and that there is no dilution of the label during the flux to G6P. Whereas the positional 

enrichment on C5 position is indeed complete (61;62), for C6 it varies from 65 to 80% 

(59;60;63), probably due to the influx of unlabelled molecules at the level of the triose 

phosphate pool. The incorporation of deuterium at the C2 position represents the GNG 

flux and the flux from glycogen to blood glucose under the assumption that F6P and G6P 

can be considered as a single pool. Therefore, the fractional contribution of GNG to 

glucose production can be calculated as the ratio of deuterium labeling at C5 and at C2 

positions. Because it has been shown that the fractional enrichment of deuterium at C2 

equals that of body water (61), the latter is often taken into the equations. Absolute GNG 

to blood glucose is calculated as the product of fractional contribution and its turnover 

rate calculated from isotope dilution algorithms and constant infusion protocols with 

[6,6-2H2]-glucose (see also Chapter 4). 

The major advantages of this protocol are related to the simplicity of experimental 

design and the relative low costs of the labelled compounds. Although over the years 

there has been hardly a debate concerning this protocol, very recently it was shown that 

deuterium enrichment at the C5 position might be influenced by transaldolase exchange 

and/or isotope effects at the level of the triose phosphate isomerase step (64) resulting 

in an overestimation of the C5 over C2 ratio. In the calculation of the absolute flux of 

GNG to blood glucose, it is assumed that isotopologues [5-2H]-glucose, [2-2H]-glucose, 

and [6,6-2H2]-glucose are metabolically identical. Unfortunately, very large volumes of 

blood are needed for analyses, which makes experimentation in small animals and 

children impossible. Additionally, with this protocol it is impossible to calculate GNG 

directed to glycogen. However, after analytical improvements, especially the conversion 



 202 

of ParglcUA into Parglc as described by Derks et al. (6), this option can now be explored. 

Furthermore, the complicated and time-consuming chemical procedures (especially to 

form the hexamethylenetetramine molecule) that are used in these methods (60) can 

possibly be simplified by the analytical procedure presented by Chacko (65). 

 

4. Incorporation of 13C Labels from infused [2-13C]-Glycerol into Glucose 

Neese and Hellerstein (37) and also Peroni (66) argued in 1995 that glucose can be 

considered as a dimer of C-3 units, i.e., DHAP and G3P, generated from a number of 

precursors (like glycerol, alanine, lactate, and pyruvate) that are assembled to form 

F16P. By combinatorial algorithms it is possible to estimate the enrichment in the hepatic 

triose phosphate pool (precursor pool enrichment) from which enrichments in F16P 

present in the inaccessible hepatic pool can be derived. Subsequently, the fraction newly 

synthesized glucose in blood and newly synthesized hepatic UDPglc can be calculated 

(see also Chapter 4). Equations to calculate a large part of hepatic carbohydrate 

metabolism were first presented by Hellerstein in 1997 (35), by an approach called Mass 

Isotope Distribution Analysis (MIDA). This protocol provides the opportunity to estimate 

GNG fluxes to blood glucose as well as to hepatic glycogen, which is very attractive for 

studies addressing the metabolic consequences of glycogen storage diseases. In our first 

experiment (Chapter 5) we have adapted the protocols published by Hellerstein and 

Neese (35;37;67-69). Over the years, improvements were made with respect to infusion 

protocols and calculation algorithms. Calculations were adjusted according to isotope 

dilution algorithms that finally resulted in balanced input and output fluxes as discussed 

in Chapter 4.  

 

Discussion on Methodologies 

From the four protocols to estimate GNG discussed here, the MIDA protocol is likely the 

one most criticized in the literature. In the late nineties, criticism was mainly focussed on 

assumptions related to glycerol metabolism. Previs et al. argued that, to obtain 

“reasonable estimates” of the fractional GNG rate (87%) in 30 hour-fasted mice, very 

high infusion rates of glycerol would be needed (70). In our first experiments in mice, we 

have used such high infusion rates (Chapter 6). Mice fasted for 9 and 24 hours showed a 

similar fractional GNG rate (79 ± 5%). When we switched to low glycerol infusion 

protocols, as used by Derks et al. and Herrema et al. (6;7), fractional GNG rates in 9 

hour fasted mice were not much different (73 ± 2%). Additionally, Ackermans et al. 

showed that in healthy human volunteers an additional infusion of glycerol had no effect 

on carbohydrate fluxes nor on the fractional contributions of GNG to plasma glucose 

using the deuterium protocol (71). The combined results from mice and humans makes 
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the assumption that fractional GNG is modulated by the glycerol infusion rate less 

plausible.  

Landau et al. and Previs et al. presented data that suggest the existence of a 

zonation in precursor pool enrichment in perfused livers of long-term fasted rats (72;73) 

and, additionally, Previs et al. showed data to indicate that there are large variations in 

triose phosphate labelling of hepatocytes when exposed to the same amount of [U-13C]-

glycerol (74). These authors concluded that these observations might result in an 

underestimation of GNG as determined by the MIDA protocol. Siler et al. (75) countered 

this argument: first, several laboratories have reported “appropriate values” of fractional 

GNG using MIDA protocols; second, in literature a large variation in values for fractional 

GNG has been reported; third, the variations in estimation of fractional GNG were 

obtained with [U-13C]-glycerol instead of [2-13C]-glycerol which in itself tends to lead to 

an underestimation of GNG because of a loss of 13C-carbon via the pentose-phosphate 

cycle, as was shown by Kurland et al. (76). Liu, Rojek and colleagues (77;78) showed 

that aquaporin-9 is the major transporter for glycerol uptake by mouse erythrocytes and 

hepatocytes. Remarkably, the expression of this transporter in the liver is localized 

predominately in the perivenous zone. Therefore, hepatocytes closer to the hepatic 

artery, that are exposed to higher glycerol concentrations, have a lower capacity for 

uptake compared to hepatocytes in the perivenous area that are exposed to lower 

concentrations. This suggest that actual uptake may be similar in all hepatocytes, 

independent from their localization in the liver acinus. These observations are not 

consistent with the assumptions made by Landau et al. (79). 

We have experimentally tested the existence of a physiologically relevant gradient 

in precursor pool enrichment over the liver lobule in the bile diverted rat model described 

by Kuipers et al. (80). In this experiment, precursor pool enrichments and fractional 

contributions of GNG were calculated in plasma glucose, paracetamol glucuronic acid and 

bilirubin glucuronic acid isolated from both urine and bile. The infusion protocol was 

identical to that described in Chapter 5 (see Appendix 1B). Precursor pool enrichment 

derived from blood glucose and ParGlcUA sampled from the bile were 0.185 and 0.153, 

respectively, and the fractional contributions of GNG were identical (60%). Assuming 

that the two precursor pool enrichments represent the average of two zones situated 

next to each other in the lobule, the gradient across the liver lobule might range from 

0.140 to 0.200. From this, fractional synthesis rates calculated over this gradient have a 

range from 59.5 to 61.5% (table 1 Appendix 1B). This small range is in sharp contrast to 

the values deduced by Previs et al. (72).   
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Conclusions on Methodology 

The four different protocols discussed, all using stable isotope techniques, may give 

somewhat different results when performed under the same conditions. However, in 

some cases also comparable results have been obtained. There has been a lot of debate 

which protocol would give the “true” fractional synthesis of glucose. From a practical 

point of view, several issues in the debate concerning the MIDA protocol could be 

addressed in a satisfactory manner. The MIDA protocol gives the possibility to calculate 

hepatic carbohydrate fluxes from/to blood glucose, from/to glycogen and the fractional 

synthesis of glucose and UDPglc. In our opinion, experiments performed according to the 

presented (low dose) protocol give very reproducible results in hyper-, normo-, and 

hypoglycaemic mouse models. It can be performed in small animal species, as well as in 

small children because of the small sample sizes required. Analytical procedures are 

relatively easy to perform and are very reproducible. Isotopic steady-state is reached 

within three hours and holds for at least another three hours.  

 

Insulin Sensitivity of Glucose Metabolism 

To assess insulin sensitivity of glucose metabolism in vivo, a number of tests is available. 

Easy to perform is Homeostasis Model Assessments (HOMA index). This index uses the 

product of fasting glucose and insulin concentrations relative to the value in a population 

considered to have normal glucose and insulin responses (81). The major drawback of 

this index is that no conclusions can be drawn about the kind of perturbation in glucose 

metabolism underlying the changes in HOMA index, i.e., whether the liver or the 

peripheral organs are affected. The oral and intraperitoneal glucose tolerance tests 

(OGTT and IVGTT) and the intraperitoneal insulin tolerance test (IVITT) are somewhat 

more complicated but also more informative. In these tests, relatively large amounts of 

glucose (with or without stably labelled glucose) or insulin are administered to animals or 

human subjects to perturb glucose metabolism and subsequently measure the relaxation 

of the perturbed blood glucose concentration to its initial level. Complicated tests are the 

hyperinsulinaemic euglycemic clamp (HIEC), the hyperglycemic clamp (HGC), and the 

minimal model, but these are by far the most informative ones. 

 

Clamp Studies in Mice 

From the three tests mentioned, the HIEC is most often used. It involves a continuous 

infusion of insulin to introduce a high-physiological insulin concentration that is normally 

only present during postprandial periods. The high insulin concentration enhances blood 

glucose disposal into peripheral tissue and inhibits hepatic glucose production rates, 

resulting in a decrease of blood glucose concentration over time. The reduced glucose 
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concentration is, during the test, compensated for by infusion of glucose at a rate just 

sufficient to maintain euglycemia. The glucose infusion rate (GIR) at steady-state is a 

measure for total body insulin sensitivity; a higher value of GIR demonstrates that the 

total body is more sensitive to the actions of insulin.     

The use of HIEC was first reported by DeFronzo and colleagues in 1979 (82) to 

evaluate insulin sensitivity in humans. In 1983, the technique was adapted for use in 

rats by Burnol et al. (83) and Kraegen et al. (84), employing anaesthetized and 

conscious animals, respectively. Studies using HIEC techniques in (anaesthetized) mice 

were first reported by Veroni et al. in 1991 (85) and Marshall et al. in 1994 (86). More 

recently, the HIEC was combined with isotope dilution algorithms, which makes it 

possible to assess the total body insulin sensitivity as well as hepatic insulin sensitivity. 

This method is often considered as “the gold standard” to assess insulin sensitivity of 

glucose metabolism.   

Over the years, numerous protocols have been developed for HIEC, especially 

with respect to its use in mouse models (87). Unfortunately, the protocols are not always 

accurately documented (88), which makes interpretation of presented results 

cumbersome. Different conditions have been employed in published clamp studies: 

different fasting periods before the start of the experiment, duration of the experiment, 

use of conscious or anaesthetized mice during the test, conscious mice that were either 

restrained or not. All our experiments have been performed in unanaesthetized, freely 

moving mice. Handling of conscious mice is an important issue because it may have an 

effect on hormone levels, e.g., catecholamines, that interfere with glucose metabolism 

(88;89). A number of different infusion protocols have been described, i.e., constant 

infusion protocols and primed constant infusion protocols, and there are variations in the 

infusion rates of insulin. In some cases the infusion solutions contain additional 

substances, like somatostatin to block β-cell function. Care with interpretations of results 

has also to be taken when different strains of mice are involved, because large 

differences in glucose metabolism between mice strains have been reported (90).    

Our first clamp experiment in rats (see thesis Wiegman (91)) was adapted from 

published  protocols. For the first clamp experiment in mice (Chapter 7), this protocol 

was adjusted to MIDA protocols as were developed for mice including the use of 

experimental cages. These cages allowed to handle the tail of mice for a very short 

period of time to obtain a small blood sample from the tail tip. It has been shown that 

this procedure of sampling has a minor effect on catecholamine levels (88). The two 

separate infusion solutions that are used in HIEC experiments have to be mixed just 

before entering the bloodstream of the mouse. For this purpose, we introduced a special, 

low-volume mixing moiety (see Appendix 1) that can be attached on the skull with 
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acrylic glue, leaving a very small dead volume between the mixing tool and the heart 

where the jugular vein catheter ends. 

Duration of fasting is another important issue in this type of experiments. Ayala et 

al. (88) argued that mice that were fasted overnight (18 hours) have an increased insulin 

sensitivity compared to 5 hour fasted mice. A variety of behavioral and physiological 

adaptations in mice were seen, including body weight loss, increased appetite and 

spontaneous light cycle activity, reduced metabolic rate, and decreased heart rate and 

decreased blood pressure (92). In the HIEC protocol, we used a 9 hour fasting period 

prior to the experiment (Chapter 7) like in our MIDA experiments. The conscious and 

unrestrained animals received a constant insulin infusion at the rate of 10 mU.kg-1.min-1, 

i.e., 15 mU.h-1. Additionally, 40 µg.ml-1 somatostatin was added to inhibit pancreatic 

function. The second and variable infusate contained 300 mg.ml-1 glucose, from which 

3% was [U-13C]-glucose to avoid systematic errors in calculation, i.e., underestimation of 

glucose turnover rates due to insufficient mixing of endogenous and exogenous glucose 

(93;94). To prevent too high total infusion rates, the first solution contained 200 mg.ml-1 

glucose, from which 3% was [U-13C]-glucose. 

To establish our protocol, two tests have been performed prior to its introduction. 

Firstly, we determined the influence of insulin infusion rate on blood glucose kinetics. 

Secondly, we studied the differences in glucose kinetics between conscious, freely-

moving mice and anaesthetized mice. Both experiments are described in detail in 

Appendix 1C. In the first experiment, we were able to show that there was, as expected, 

a dose-dependent relationship between insulin infusion rate and the parameters of blood 

glucose kinetics, i.e., glucose infusion rate (GIR), glucose disposal rate (Rd), glucose 

production rate (Ra), and metabolic clearance rate (MCR). To our opinion, an insulin 

infusion rate of 6 mU.h-1 is preferable for experiments in mice because this allows to 

detect changes in metabolism to higher and lower rates. This conclusion was also drawn 

by Shen et al. (95) who calculated in a comparable experiment similar values for Ra and 

MCR at a comparable insulin infusion rate of 5 mU.kg-1.min-1. In the second experiment, 

one group of conscious, freely-moving mice received a continuous infusion of stable 

isotopically-labelled glucose for 3 hours. The second group was subjected to the HIEC 

protocol described above for the same period of time. The first period of 3 hours was 

followed by a second period of 3 hours in which the mice were anaesthetized  by an i.p. 

injection with a mixture of acepromazine, midzolam and fentanyl (doses: 6.25, 6.25, and 

0.31 mg.kg-1, respectively) while the infusion protocols were continued unchanged. As 

shown in Appendix 1D, blood glucose concentrations in the constant infusion group 

dropped significantly (35%) after introduction of anaesthesia. The kinetic parameters Rd, 

Ra and MCR were 55%, 55% and 29% lower, respectively, when anaesthesia was 
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compared to no anaesthesia. In the HIEC group, the GIR was reduced significantly 

(53%) when conscious mice were anaesthetized and, accordingly, Rd, Ra and MCR were 

respectively 57%, 67% and 57% lower under these conditions. Based on these major 

effects on blood glucose kinetics exerted by introduction of anaesthesia, we decided to 

perform all future tests exclusively in conscious, freely-moving mice using the HIEC 

protocol as described above. 

For the first protocol (Chapter 7), a relatively long infusion period (6 hours) was 

chosen, to reach isotopic and metabolic steady-states for accurate calculations of kinetic 

parameters. With growing experience, we were able to obtain isotopic and metabolic 

steady-state within 2 hours  that could be maintained for another 4 hours. This made it 

possible to introduce a protocol in which the HIEC was scaled-down to last for 3 hours 

from which the last hour represented the steady-state period. The 3 hours HIEC period 

can be preceded by a constant infusion protocol of 3 hours which allows to calculate 

basal blood glucose kinetics before hyperinsulinemic kinetics in individual animals 

(manuscripts in preparation). Spectacular improvements were made by combining the 

MIDA infusion protocol, i.e., 2-13C-glycerol, 1-2H-galactose, and paracetamol, with this 

basal/clamp protocol. This combination provides the possibility to evaluate peripheral 

and intrahepatic fluxes at basal and at high insulin levels in the same animal 

(manuscripts in preparation). For future experiments, we speculate that this 

methodology can also be used in hyperglycaemic clamp studies. 

In conclusion, HIEC protocols that were developed and evaluated over the years 

provide excellent tools to estimate insulin sensitivity and its influence on blood glucose 

kinetics and hepatic carbohydrate metabolism in small laboratory animals. However, it 

must be emphasized that the tests require complicated calculation algorithms and, with 

respect to mice, the requirement to implant a jugular vein catheter implies that these 

protocols can not be used for longitudinal long-term studies in individual animals.  

 

Whole Body Glucose Test 

To meet the demand of longitudinal studies, i.e., to assess time-dependent effects of 

diets or drug treatments in individual animals in time, we introduced the so-called Whole 

Body Glucose Test (WBGT) as is described in Chapter 9. A small amount of [6,6-2H]-

glucose (~5% of pool size) is introduced intraperitoneally in mice without disturbing 

blood glucose levels and, assumingly, blood glucose kinetics. The introduced label is 

absorbed into the blood compartment and subsequently eliminated from this pool, a 

process that can be described by a single-pool first order kinetic model. Parameters 

retrieved from the single-pool first order kinetic model can be used to calculate 

parameters that describe blood glucose metabolism. From insulin concentrations that are 
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measured at the end of the test and blood glucose concentrations, insulin sensitivity 

during the test can be calculated as a mouse-specific HOMA-index. This protocol has 

already been used in a number of mouse models (manuscripts in preparation). Recently, 

it has been shown that the delicate physical and metabolic systems in an arthritis mouse 

model are not disturbed when the WBGT was performed three times over a period of 

three weeks (Unpublished data in collaboration with Dr. W. Dokter, MSD, Oss). Readout 

parameters like fasting blood glucose levels, body weight and scores of arthritis in the 

tested mice were identical to a group that was not exposed to a WBGT during these 

three weeks (data not shown). We speculate that the methodology will also be feasible 

for use in humans. 

In contrast to clamp studies discussed previously, the WBGT is calculated at 

metabolic steady-state but at the same time at isotopic non-steady-state. This implies 

that different calculation algorithms have to be used to estimate kinetic parameters like 

Ra and MCR. In the procedure four kinetic parameters, shown in equation 57 of Chapter 

4, have to be estimated, i.e., the absorption rate constant (kab), the extrapolated 

concentration of the labelled glucose at t=0 (C0
ab), the elimination rate (kel) and the 

extrapolated label concentration at t=0 (C0
el). For this purpose, we used a numerical 

model in SAAM II software (Version 1.2.1 SAAM Institute, University of Washington) to 

fit these parameters to the measured data points. Next, a number of known parameters 

can be calculated, i.e., volume of glucose distribution (V), pool size (A) and, 

bioavailability (F) from which finally Ra and MCR can be deduced. Validity of and 

equations for this protocol are described in Chapter 4 and in Chapter 9.  

An important issue concerns the interpretation of parameters generated by WBGT. 

The algorithms for the isotopic non-steady-state calculations are essentially adapted 

from the field of pharmacokinetics. Whereas in pharmacological studies a xenobiotic is 

usually introduced into the blood compartment that is then eliminated over time. In 

WBGT, a labelled endogenous product is introduced which is, on top of being eliminated 

from the pool, also diluted over time due to the endogenous production. After labelled 

glucose has entered the blood compartment there is a constant dilution by unlabelled 

glucose resulting in a continuous decrease in the fractional contribution of the tracer over 

time. This dilution is a measure for glucose production rate, which during fasting, is 

accounted for glucose production by the liver. At each time point, the concentrations of 

the tracer are calculated from glucose concentrations and fractional contributions of the 

tracer. These concentrations decrease gradually over time (analogous to the decline of 

concentrations of xenobiotics in pharmacology) and so the elimination is a measure for 

glucose disposal, i.e., a peripheral parameter. At metabolic steady-state, the amount of 

glucose in the pool remains unchanged, and as a result, the rate constants for dilution 
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and elimination must be equal. From this, kel, V and in combination MCR are parameters 

for peripheral glucose uptake, where Ra is the parameter for glucose production rate. 

 

Protocols to determine Glucose Kinetics in Non-Steady-State Conditions 

A third possibility in which it can be relevant to assess blood glucose kinetics is during 

isotopic and metabolic non-steady-state conditions, e.g., after administration of an oral 

or intravenous glucose bolus. An often used protocol to study non-steady-state glucose 

metabolism was introduced by Steele et al. in 1956 and modified in 1959 (96;97). Over 

the years, it was adapted by many investigators, including ourselves, i.e., in Wielinga et 

al. (13), van Dijk et al. as shown in Chapter 8 (5) and by Brufau et al. (manuscript in 

preparation). However, there is some debate about this protocol, especially with respect 

to false negative values for endogenous glucose production that are sometimes obtained. 

This error is due to the estimates used for exchangeable pool (p) and volume of 

distribution (V) (shown in eq. 82 and 83 of Chapter 4). Because these parameters can 

not be calculated for each individual experiment it has to be estimated from separate 

experiments in a similar group of experimental animals/subjects. Cobelli et al. (98) and 

Mari et al. (99) did some effort to calculate these parameters for humans studies, 

whereas Proietto et al. (100) determined them for rat experiments. Over the years, 

these values have been copied to different experimental models in which they might not 

fit ideally and therefore introduce systemical errors. In Chapter 8, we were able to show 

that from the elimination of orally administered labeled glucose both parameters p and V 

can be calculated for each individual animal when it is demonstrated that the assumption 

of single-pool first order kinetics is valid. This procedure was discussed in detail for 

WBGT in Chapter 9.   

 

Modeling 

Isotopic protocols described above constitute powerful tools to obtain a better 

understanding of the physiology and pathophysiology of glucose metabolism within the 

body. The protocols consist of the introduction of stable isotopically-labeled compounds 

in carbohydrate pools of the body, i.e., blood glucose pool, hepatic UDP-glucose pool, 

and hepatic fructose-1,6-diphosphate pool. Sampling of compounds of interest is 

performed from accessible pools, i.e., blood glucose and urinary UDP-glucose. The 

fractional contributions of the stably labelled compounds are measured by mass 

spectrometry after which carbohydrate kinetics can be calculated according to isotope 

dilution algorithms. Subsequently, carbohydrate fluxes between labeling and sampling 

sites are deduced. However, the fluxes calculated with the models presented in this 

thesis represent only a part of total carbohydrate metabolism in the body.  
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For the interpretation of the whole carbohydrate metabolic system including 

inaccessible pools, a link has to be made between the information available from the 

accessible pools and the events occurring in the inaccessible pools. This requires a 

structural model based on known information and assumptions about the whole system. 

For analysis of these structural models, SAAM II software (Version 1.2.1 SAAM Institute, 

University of Washington) was used. 

A compartmental model was constructed to describe intracellular carbohydrate 

fluxes to explain delayed glucose absorption in Fxr-/- mice (Chapter 8). The model used 

was adapted from Stumpvoll et al. (101) and gave strong support for the proposed 

model of  intracellular carbohydrate metabolism in enterocytes, although it should be 

realized that it does not provide direct proof. For future exploration, it seems to be useful 

to translate the discussed model of hepatic carbohydrate metabolism (Chapter 4) into a 

compartmental model in which additional fluxes, i.e., glycolysis and the pentose 

phosphate flux, can be estimated.  

Relatively simple compartmental models can be transferred into so-called 

numerical models. An example of a numerical model is the estimation of blood glucose 

kinetics as described in the whole body glucose test in Chapter 9 and the oral glucose 

tolerance test in Chapter 8. 

 

 

OVERALL CONCLUSIONS 

During the last couple of years, we have developed a number of models to estimate 

blood glucose kinetics and hepatic carbohydrate fluxes in small laboratory animals, such 

as rats and mice, using stable isotope techniques. Specifically for applications in 

(genetically-modified ) mice, surgical procedures were optimized and specialized tools for 

the experiments were developed, including experimental cages and mixing tools for 

multiple infusion protocols. The set-up during the day of experiment was carefully 

evaluated (like fasting time and period of the day, influence of anaesthesia, experimental 

area) and optimized. Furthermore, we succeeded to miniaturize sample sizes and were 

able to reduce infusion rates to allow for application of the procedures in mice. In 

addition, a simple protocol (WBGT) was developed to allow for longitudinal studies of 

blood glucose kinetics in individual mice. 

The studies conducted sofar, i.e., fluxomics in combination with genomics, 

proteomics and metabolomics, have significantly increased our knowledge of glucose 

metabolism in small laboratory animals. This combination of techniques allowed us to 

deduce information on control strength of a number of enzymes participating in the 

networks of  cellular and whole body carbohydrate metabolism. In the years to come, 
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application of the combined approaches will allow us to assess the (patho)physiological 

significance of newly identified genes in the development of metabolic diseases, to 

elucidate the metabolic consequences of (healthy) ageing and to assess the metabolic 

effects of novel drugs and diet components.  Importantly, since all the methodology is 

based on the use of stable isotopes, all the procedures that have been developed can 

directly be applied to humans, including young children and pregnant females, without 

introducing health risks.  
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To be able to understand the (patho) physiology of carbohydrate metabolism and 

etiology of inborn and acquired metabolic diseases, such as GSD and type II diabetes, it 

is of crucial importance to have insight in relevant metabolic fluxes. For instance: is high 

blood glucose due to increased glucose production or is it caused by impaired peripheral 

uptake? This thesis is focused on quantitative assessment of changes in carbohydrate 

metabolism induced by different interventions. Presented and discussed are a number of 

calculation algorithms to evaluate and quantify carbohydrate metabolism in conscious 

small laboratory animals, particular in (genetically-modified) mice. 

Hepatic and peripheral carbohydrate metabolism and their regulation are 

described in Chapter 2. Specific processes and mechanisms that are of importance for 

this thesis are reviewed and discussed, in detail. 

All novel procedures developed for use in mice that are presented in this thesis 

involve dilution and/or isotope incorporation algorithms. The available tracers for these 

kinds of studies and argumentation to use stable isotopes are discussed in Chapter 3. 

Additionally, the instrumentation used for the analyses is presented and discussed. 

In Chapter 4, the different kinetic models are discussed. Firstly, a model for 

blood glucose metabolism is presented. Shown are the sites or compartments where 

tracers were introduced and where samples were taken during the experiments, i.e., 

labeling and sampling sites. Next, the principles of isotope dilution and isotope 

incorporation techniques are discussed. Detailed explanations are given of algorithms for 

the proposed mathematical model of hepatic carbohydrate metabolism. Furthermore, 

algorithms are discussed for the extended hyperinsulinaemic euglycaemic clamp 

technique, for the single pool, first-order kinetic model, and for metabolic non-steady-

state models. 

Glycogen storage disease type I is a well-known inherited disease of glucose 

metabolism. The underlying cause is the absence of glucose-6-phosphatase activity 

resulting in fasting-induced hypoglycemia, hyperlactacidemia, and hyperlipidemia. 

However, the effects of this disease on hepatic carbohydrate metabolism were unknown. 

In Chapter 5 an animal model is described in which glucose-6-phosphate translocase 

was pharmacologically inhibited to induce an acute model of glycogen storage disease 

type Ib. A partial block of glucose-6-phosphate translocase with S4048 resulted in 

decreased blood glucose levels, a decreased glucose production, and elevated 

hepatocellular G6P and glycogen levels. Using the mathematical model for hepatic 

carbohydrate metabolism, we were able to show that the gluconeogenic flux, i.e., the 

flux from fructose-1,6-bisphosphate to glucose-6-phosphate, was not affected. However, 

the conversion of glucose-6-phosphate changed from mainly glucose to mainly glycogen. 

Furthermore, this experiment showed that for estimations of de novo synthesis rates of 
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glucose-6-phosphate, fluxes have to be measured from fructose-1,6-bisphosphate to all 

its metabolites. In addition, a very poor relationship appears to exist between changes in 

mRNA expression of so called rate controlling enzymes and the calculated carbohydrate 

flux through these enzymes, underlining the necessity to quantify metabolic fluxes.  

For decades, rats have been used in medical research. But in the nineteen-

nineties, mice became more and more the rodent species of choice because of the 

possibilities to apply genetic engineering in these animals. However, to be able to 

perform the methodologies in mice that were used for rats, a number of physical and 

analytical problems had to be tackled. Chapter 6 describes a number of improvements 

in experimental and analytical techniques that addresses these issues. Infusion rates and 

tracer concentrations were adapted to take the smaller body size into account and to 

allow assessment of the higher glucose turnover rates in mice. It is demonstrated that 

very small sample sizes can be taken multiple times during experiments when blood and 

urine samples are collected on special filter paper. Furthermore, analytical methods were 

adjusted to these small sample sizes without reductions in accuracy and reproducibility 

of the measurements. Finally, the method was validated in three groups of conscious 

freely-moving mice that were fasted for varying periods of time. 

The “gold standard” to test insulin sensitivity is the hyperinsulinemic euglycemic 

clamp technique (HIEC). The procedure was adapted for use in mice, in relation to the 

protocol presented in chapter 6. An example of the HIEC in mice is presented in Chapter 

7. A study is presented that was designed to asses insulin sensitivity in conscious, 

freely-moving lean and ob/ob mice that were treated with the LXR agonist GW3965. It is 

demonstrated that a metabolic steady-state was reached after three hours of insulin 

infusion and that this could be maintained for another three hours. The steady-state 

period was used to calculate kinetic parameters like hepatic glucose production and 

metabolic clearance rate. It was shown that the anti-diabetic effects of the LXR agonist 

seen in ob/ob mice is related to an enhanced metabolic clearance of blood glucose 

(especially to adipose tissue) and, surprisingly, that the glucose production by the liver 

remained unchanged. 

The bile acid-activated Farnesoid X Receptor (FXR) plays a prominent role in 

control of bile acid synthesis and bile acid transport and is also involved in regulation of 

lipid and lipoprotein metabolism. Additionally, it was recently shown that there is a link 

between FXR and maintenance of glucose homeostasis, particular during the fasting-

feeding transition. Chapter 8 describes a study in which glucose absorption was 

quantified in Fxr-/- and control mice. The study shows that, compared to wild-type mice, 

Fxr-/- mice have a delayed glucose absorption due to an enhanced intracellular 

glucose/glucose-6-phosphate cycling within the enterocytes. To prove this, we used 
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different mathematical models. Firstly, an OGTT with labeled glucose was used to 

estimate the fractional glucose absorption rate, which was confirmed in a second 

experiment, i.e., assessment of the non-steady-state model according to Steele. Thirdly, 

the single pool first-order kinetic model was used to estimate the fractional contribution 

of administrate glucose in blood. Finally, a compartmental model was constructed in 

which we were able to support the observation that the delayed absorption is related to 

enhanced glucose/glucose-6-phosphate cycling in Fxr-/- mice. 

The HOMA-index is widely used to estimate insulin resistance in humans and, in 

multiple cases, also in laboratory animals. This index is calculated as the product of 

fasting glucose and insulin concentrations relative to a population considered to have 

normal glucose and insulin levels. For more detailed examinations a number of tests 

have been developed that were mostly performed under different metabolic conditions 

compared to the HOMA-index. In Chapter 9 a protocol is introduced that is performed 

under identical metabolic conditions as the HOMA-index. A small amount of  

stably-labeled glucose was administered to fasted conscious and freely-moving mice. 

Using the single-pool, first order kinetic model, it was possible to determine blood 

glucose kinetics and the HOMA-index in the same experimental setting. The test was 

validated and compared to constant infusion protocols in a well-established animal model 

of reduced insulin sensitivity, i.e., the high-fat fed mouse model. The reduced insulin 

sensitivity calculated in the high-fat group could be linked to a reduced metabolic 

clearance rate of blood glucose caused by a reduced apparent volume of distribution. 

Surprisingly, there were no differences in turnover rates and pool sizes. The parameters 

retrieved from the single-pool, first order kinetic model were identical to those retrieved 

from constant infusion protocols. 

Finally, in Chapter 10 The novel protocols are critically reviewed and compared 

to other methods. The mathematical model to calculate hepatic carbohydrate metabolism 

is compared to three other often used models. Advantages and disadvantages are 

discussed for all methodologies 
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APPENDIX 1 

 

Newly constructed tools to test unanaesthetized mice 
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Picture A shows an example of a metabolic cage used in mouse experiments. 

Picture B shows blood sampling during an experiment.  

Picture C shows the miniaturized mixing moiety used in clamp experiments. 

 

 

Experiment A: The effect of isotope equilibrium on the estimation of 

gluconeogenesis by D-[U-13C]-glucose method 

Blood glucose can be engaged in the metabolic flux through glycolysis → tricarboxylic 

acid (TCA) cycle → GNG. Katz and Tayek proposed a method to estimate GNG in which 

[U-13C]-glucose (M+6) is infused into the bloodstream (1-5). After glycolysis, uniformly 

labelled pyruvate (M+3) is formed from which, within the TCA cycle (Chapter 2),  

13C atoms can be exchanged for 12C atoms resulting in pyruvate containing one or two 
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13C atoms. In GNG the labeled pyruvate will be converted to G3P and DHAP in the triose 

phosphate pool. The condensation of these molecules yield one fructose-1,6-P2 (Chapter 

2) containing one to six 13C atoms. However, when enrichments are low, molecules 

containing six 13C atoms are present at negligible abundances in plasma. Therefore, 

glucose molecules containing one to five 13C atoms (M+1 to M+5) are labeled products of 

gluconeogenesis, and M+1 to M+6 represent the labeled precursors. The fraction of 

labeled species of glucose derived from gluconeogenesis is according to Haymond (6): 

 

Eq.1 

 

 

Because this calculation gives an underestimation of the fractional gluconeogenesis, 

Haymond introduced a correction to adjust for the exchange of labeled for unlabeled 

carbon. Mao (7) however, showed that the lack of isotope steady state could account for 

the underestimation of GNG. We tested this last hypothesis using the infusion protocol of 

Mao (but without priming) in combination with the uncorrected equation of Haymond as 

shown above. The time curves of isotopologues were modeled to the single exponential 

curves:  

Eq.2 

 

In which Mn represents enrichment of isotopologue n, Mt and M∞ represent isotopologues 

enrichment at time point t and plateau, respectively, whereas kn represents the rate 

constant of isotopologue n.  

Fed lean and diabetic, (db/db) mice received an infusion of D-[U-13C]-glucose at 

the rate of 13 µmol.kg-1.min-1 during 8 hours. Before the start of the infusion and at 

hourly intervals blood samples were taken from tail tips. Blood glucose concentrations 

were measured using a handheld OneTouch Ultra Blood Glucose Meter (LifeScan 

Benelux, Beerse, Belgium) and bloodspots were collected on filter paper for GCMS 

measurements. Bloodspots were air-dried and stored at room temperature until analysis. 

Glucose was isolated, from blood spots, derivatized to glucose pentaacetate, and 

analyzed by GCMS as described in Appendix 2.  

Figure 1 shows average values of isotopologues in both groups. The fractional 

contributions of the isotopologues M+1 to M+6 at different time points are shown in 

figures 1A and 1B, for lean and db/db mice, respectively. Figures 1C and 1D show the 

estimated curves of isotopologues from both groups (Eq.2). As can be seen in the figure 

the infused D-[U-13C]-glucose (M+6) reaches a plateau within three hours after start of 

the infusion. Whereas the other isotopologues rise over time and did not reach their 
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plateau within the time of the experiment. Consequently, fractional gluconeogenesis 

calculated from all time points rises (Eq.1) and does not reach the maximum value 

within the time of the experiment (figures 1E and F). Fractional gluconeogenesis 

calculated from the extrapolated isotopologues enrichments at plateau are 58% and 

63%, for lean and db/db mice, respectively.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Fractional gluconeogenesis in fed mice. 

Graph A and B show the measured fractional contributions of isotopologues M+1 to 

M+6 in lean and db/db mice, respectively. Graph C and D show the estimated 

curves from fractional contributions of isotopologues M+1 to M+6 in lean and db/db 

mice, respectively. Graph E and F show the estimated curves of fractional 

gluconeogenesis in lean and db/db mice, respectively. 
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Experiment B: The influence of zonation in labelling of triose phosphate on the 

calculation of fractional gluconeogenesis. 

Landau and Previs estimated on theoretical grounds that there is a zonation in precursor 

pool enrichment in perfused livers of long term fasted rats. Additionally, Landau 

assumed that there is a large variation in triose phosphate labelling of hepatocytes when 

these are exposed to the same amount of [U-13C]-glycerol (8-10). To test these 

calculations and their influences in our protocol, we performed an experiment in bile 

diverted rats. We assumed that fractional gluconeogenesis calculated from blood glucose 

represents metabolism in the periportal zone whereas fractional gluconeogenesis 

calculated from paracetamol glucuronic acid represents metabolism in the pericentral 

zone of the liver.  

Male Wistar rats (275 ± 14 g) were bred at the Central Animal Laboratory, 

University of Groningen (The Netherlands). The animals were housed in Plexiglas cages, 

with a controlled light-dark regime (12h dark and 12h light) and had free access to 

water and food (RMH-B, Hope Farms BV, Woerden, The Netherlands). One week before 

the experiment the animals were equipped with two permanent heart catheters (one for 

infusion and one to draw blood samples) together with permanent catheters in bile duct 

and duodenum, as described by Kuipers et al. (11). Catheters in bile duct and duodenum 

were connected after surgery and temporary interrupted during the experiment. The 

MIDA experiment performed was identical to the protocol described in Chapter 5. 

Twenty-four hours before the start of the experiment, food was removed, but the 

animals had still free access to water. Blood samples (200µl) were drawn before the 

start of the infusion and 3, 6, 7, and 8h thereafter. Timed urine and bile samples were 

collected at hourly intervals. The blood samples were collected in heparin-containing 

tubes and centrifuged immediately. All samples were stored at -20°C until analysis. 

Glucose was isolated from plasma and derivatized to glucose-aldonitril-pentaacetate as 

described in Chapter 5. Paracetamol glucuronic acid was isolated from urine and bile 

samples as described in Chapter 5. Elution time and volume of bilirubin glucuronic acid 

was different from Paracetamol glucuronic acid. The glucuronic acid residue from both 

compounds were oxidized to saccharic acid and subsequently converted to its 

tetraacetate-diethylester. GCMS analysis and calculations are described in Appendix 2 

and Chapter 4, respectively.   

Precursor pool enrichments were calculated of five different samples, i.e., 

paracetamol glucuronic acid and bilirubin glucuronic acid (isolated from urine and bile) 

and plasma glucose. The most extreme divergent values in precursor pool enrichment 

were seen between plasma glucose (0.185) and paracetamol glucuronic acid (0.155) 
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collected from both urine and bile (figure 2A). The calculated fractional contribution of 

gluconeogenesis (60%) was for all samples very comparable (figure 2B). Assuming that 

the two precursor pool enrichments represent the average of two zones situated next to 

each other in the lobule, it is possible to create a gradient in precursor pool enrichment 

over the lobule on theoretical basis. In this case the extreme values would be 0.200 and 

0.140. This results in fructose-1,6-bisphosphate isotopologue enrichments (M+1
F16P, 

M+2
F16P) of 0.3200, 0.0400 and 0.2408, 0.0196, respectively (see table 1).  

 

 

Table 1: Influence of a gradient in precursor pool enrichment on the 

calculated fractional contribution of gluconeogenesis in plasma 

glucose. 

Calculations are performed according to equations discussed in Chapter 4. Original 

data are given from which estimated extreme sources are deduced. Six theoretical 

compositions are made from the extreme sources, assuming that fractional 

gluconeogenesis in the sampled pools is 60% irrespectively the origin of the 

products. 

 Original Data Extreme Values 

 
plasma 

glucose 
UDPglc Max. Min. 

Compositions 

maximum   A  100% 80% 60% 40% 20% 0% 

minimum    B 0% 20% 40% 60% 80% 100% 

M+1
glc 0.1817 0.1564         

M+2
glc 0.0206 0.0143         

M+1
glc/(M

+1
glc+M

+2
glc) 0.898 0.916         

M+2
glc/(M

+1
glc+M

+2
glc) 0.102 0.084         

p1 0.185 0.155 0.200 0.140       

p2 0.185 0.155 0.200 0.140       

M+1
F16P 0.3014 0.2615 0.3200 0.2408       

M+2
F16P 0.0342 0.0239 0.0400 0.0196       

f1 60% 60%         

f2 60% 60%         

           

M+1
glc  (if GNG is 60%)   0.1920 0.1445 0.1920 0.1825 0.1730 0.1635 0.1540 0.1445 

M+2
glc (if GNG is 60%)   0.0240 0.0118 0.0240 0.0216 0.0191 0.0167 0.0142 0.0118 

M+1
glc/(M

+1
glc+M

+2
glc)     0.889 0.894 0.901 0.908 0.916 0.925 

M+2
glc/(M

+1
glc+M

+2
glc)     0.111 0.106 0.099 0.092 0.084 0.075 

p1     0.200 0.191 0.181 0.169 0.156 0.140 

p2     0.200 0.191 0.181 0.169 0.156 0.140 

M+1
F16P     0.3200 0.3091 0.2964 0.2813 0.2631 0.2408 

M+2
F16P     0.0400 0.0365 0.0327 0.0287 0.0243 0.0196 

f1     60.0% 59.0% 58.4% 58.1% 58.5% 60.0% 

f2     60.0% 59.0% 58.4% 58.1% 58.5% 60.0% 
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When the contribution of gluconeogenesis is 60% from each source over the lobule 

isotopologue enrichment in blood glucose (M+1
glc, M

+2
glc) will be 0.1920, 0.0240 and 

0.1445, 0.0118, respectively when there is a single precursor pool enrichment, i.e., 

0.200 or 0.140. However it is possible that isotopologue distributions measured by GCMS 

in blood glucose and glucuronic acid samples are actually mixtures of gluconeogenic 

products coming from different sources in the lobule. In table 1 six different 

compositions from the extreme values are shown. Next, MIDA calculations can be 

performed as is described in Chapter 4. 

From the data in table 1 and figure 2C it is clear that a precursor pool gradient 

from 0.140 to 0.200 (~35% difference) over the liver lobule has a minor influence on 

calculated fractional contributions of gluconeogenesis in the sampled pools. The 

calculated ranged from 58.1 to 60.0% (~3.2% difference).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Relationship between precursor pool enrichment and the 

fractional contribution of gluconeogenesis in the sampled 

pools. 

Figure A shows the calculated precursor pool enrichments in different metabolites 

(glucose and UDP-glucose) that were sampled with different probes (paracetamol 

and bilirubin) and collected in different samples (plasma, urine, and bile). Figure B 

shows the calculated fractional contributions of gluconeogenesis. Figure C 

demonstrates the relation between precursor pool enrichment and calculated 

fractional contributions of gluconeogenesis in plasma glucose and UDP-glucose. 



 232 

Experiment C: Relation between the insulin infusion rate and blood glucose 

metabolism during a hyperinsulinemic euglycemic clamp study in conscious-

freely moving mice. 

In literature, numerous of hyperinsulinemic euglycemic clamp studies are described that 

estimate insulin sensitivity in humans, but also in dogs and rodents. From the last group, 

mice became over the last decade the specie of interest because of possibilities of 

genetic engineering of these animals. Initially, protocols of hyperinsulinemic euglycemic 

clamps in rodents were adapted from human-studies but were, especially with respect to 

mice, hampered by handling of the animals and the small sample sizes. This resulted in 

different protocols that were developed over the years to overcome these problems. 

Most prominent are variations in infusion rates of insulin and the choice between 

conscious or anesthetized mice during the test (12). 

 After we did our first hyperinsulinemic euglycemic clamp study in mice (Chapter 

7), we decided that most optimal protocol with respect to insulin infusion rates had to be 

deduced. Five different insulin infusion rates in separate groups of C57BL/6J mice (22.3 

± 1.5 g) were tested. Five days prior to the experiment, all mice were equipped with a 

permanent catheter in the right atrium via the jugular vein. The two-way entrance of the 

catheter was attached to the skull using acrylic glue. All mice were allowed to recover for 

four days. Food was withdrawn nine hours (from 11 PM until 8 AM) prior to the start and 

during the experiment. Mice were kept in metabolic cages and had free access to water. 

All in vivo infusion experiments lasted for six hours and were performed in conscious, 

unrestrained mice. During the clamp, mice were infused with two solutions. The first 

consisted of bovine serum albumin (BSA; 1% w/v, Sigma-Aldrich) containing 

somatostatin (40 µg.ml-1, UCB, Breda, The Netherlands), and insulin in different 

concentrations, i.e., 11, 22, 44, 111, and 222 mU.ml-1 (Actrapid; Novo Nordisk, 

Bagsvaerd, Denmark). Additionally, glucose was added to the solution in concentrations, 

(50, 150, or 200 mg.ml-1), depending on expected blood glucose turnover rates. The 

solutions were infused at a constant rate of 0.135 ml.h-1, resulting in insulin infusion 

rates of 1.5, 3.0, 6.0, 15.0, and 30.0 mU.h-1, respectively. The second solution consisted 

of glucose i.e., 50, 150, or 200 mg.ml-1 glucose, depending on expected blood glucose 

turnover rates. The infusion rate of this solution was adjusted depending on blood 

glucose concentrations in order to maintain euglycemia. Each of the glucose solutions 

contained 3% D-[U-13C]-glucose. An additional group of mice received a continuous 

infusion of 2.7 µmol.kg-1.min-1 D-[13C]-glucose to calculate basal glucose metabolism. 

During the experiment, blood glucose concentrations were measured every 15 minutes 

in a small drop of blood that was taken from the tail vein using OneTouch Ultra Blood 

Glucose Meter (LifeScan Benelux, Beerse, Belgium). Every 30 minutes, a bloodspot was 
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collected on filter paper via tail bleeding for GCMS measurements. Analytical protocols 

and GCMS procedures are described in detail in Appendix 2. Algorithms for isotope 

dilution protocols are described in Chapter 4. The different groups were compared using 

one way ANOVA and differences were considered as statistically significant when p<0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Influence of insulin infusion rate on blood glucose kinetics during 

hyperinsulinemic euglycemic clamp. 

Shown are averages and standard deviations during steady state in six different 

group of C57BL/6J mice receiving increasing amounts of insulin. Blood glucose 

concentrations (A) and glucose infusion rates (B) are shown next to calculated 

kinetic parameters, i.e., blood glucose disposal rates (C), glucose production rates 

(D) and metabolic clearance rates (E). Blood glucose concentrations of the groups 

were comparable, whereas all glucose parameters were significantly different 

between the groups. 
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All groups had comparable blood glucose concentrations of about 7 mmol.l-1 during the 

test as can be seen in figure 4A. The different insulin infusion rates required a dose 

dependent glucose infusion rate (figure 4B) to maintain euglycemia. With respect to 

glucose production rates (figure 4C), blood glucose disposal rates (figure 4D), and 

metabolic clearance rates (figure 4E) dose dependent turnovers were seen. 

To our opinion, the preferable insulin infusion rate for future experiments is 

4 mU.kg-1.min-1, i.e., 6.0 mU.h-1. This infusion rate has, with respect to the kinetic 

parameters of whole body glucose metabolism, the largest window for variation to lower 

as well as to higher values.    

 

 

Experiment D: Influence of anaesthesia on whole blood glucose metabolism. 

We tested the influence of anaesthesia in two separate groups of C57BL/6J mice  

(25.0 ± 1.5 g). In the first group the effect of anaesthesia was tested during a constant 

infusion protocol and in the second group during a hyperinsulinemic euglycemic clamp 

study. Five days prior to the experiment, all mice were equipped with a permanent 

catheter in the right atrium via the jugular vein. The two-way or single entrance of the 

catheter for the first and second group, respectively, was attached to the skull of the 

mice using acrylic glue. All mice were allowed to recover for four days. Food was 

withdrawn 9 hours (from 11 PM to 8 AM) prior to the start and during the experiment.  

The mice were kept in metabolic cages and had free access to water. All in vivo 

infusion experiments were performed in conscious, unrestrained mice, during the first 

three hours and during anaesthesia during another three hours. The hyperinsulinemic 

euglycemic clamp group received two solutions. The first consisted of bovine serum 

albumin (BSA; 1% w/v, Sigma-Aldrich) containing somatostatin (40 µg.ml-1, UCB, Breda, 

The Netherlands), insulin 44 mU.ml-1 (Actrapid; Novo Nordisk, Bagsvaerd, Denmark), 

and glucose (200 mg.ml-1) containing 3% D-[U-13C]-glucose (99% 13C atom% excess; 

Cambridge Isotope Laboratories, Andover, MA, USA). The second solution consisted of 

glucose (200 mg.ml-1) containing 3% D-[U-13C]-glucose. The first solution was infused at 

a constant rate of 0.135 ml.h-1, resulting in insulin infusion rates of 6.0 mU.h-1. The 

infusion rate of the second solution was adjusted depending on blood glucose 

concentrations in order to maintain euglycemia. The second group of mice received a 

continuous in fusion of 1.6 µmol.kg-1.min-1 D-[13C]-glucose to calculate basal glucose 

metabolism. During the experiment, blood glucose concentrations were measured every 

15 minutes in a small drop of blood that was taken from the tail vein using a EuroFlash 

glucose meter (Lifescan Benelux). Every 30 minutes, a bloodspot was collected on filter 

paper via tail bleeding for GCMS measurements. During the last part of the experiment  
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Figure 4: Influence of anaesthesia on blood glucose metabolism during 

hyperinsulinemic euglycemic clamp study. 

Shown are averages and standard deviations during steady state in two different 

group of C57BL/6J mice during either a constant infusion or hyperinsulinemic 

euglycemic clamp experiment. Both experiments were divided in a period in which 

the mice were conscious and a period in which they were anaesthetized. receiving 

increasing amounts of insulin. Blood glucose concentrations (A) and glucose 

infusion rates (B) are shown next to calculated kinetic parameters, i.e., blood 

glucose disposal rates (C), glucose production rates (D) and metabolic clearance 

rates (E). Figure F shows the change in parameters after the conscious mice 

received anaesthesia. #, indicates significant differences (p<0.05) between 

conscious and anaesthesia and * significant differences (p<0.05) between basal 

and clamp. 
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mice were anaesthetized by a mixture of acepromazine, midzolam, and fentanyl (doses: 

6.25, 6.25, and 0.31 mg.kg-1, respectively). Analytical protocols and GCMS procedures 

are described in detail in Appendix 2. Algorithms for isotope dilution protocols are 

described in Chapter 4. From the basal experiment and the hyperinsulinemic euglycemic 

clamp, values for glucose levels and kinetic parameters representing the steady state 

periods, for both type of experiments are presented in figure 4. The anaesthesia period 

was compared to the basal period using paired t-test and differences were considered as 

statistically significant when p<0.05. 

Anaesthesia had a major influence on blood glucose metabolism in mice in basal 

situations and during the hyperinsulinemic euglycemic clamp (figure 4). Under basal 

conditions, hence during continuous infusion of labelled glucose at a rate of 1.6  

µmol-1.kg-1.min-1 blood glucose levels dropped significantly after anaesthesia (4.7 vs. 7.2 

mmol.l-1, p<0.05) as can be seen in figure 4A. Furthermore, all calculated kinetic 

parameters were significantly lower during anaesthesia compared to the conscious 

situation. Glucose disposal rate (figure 4C) and glucose production rate (figure 4D) 

dropped by 55% (p<0.01), and metabolic clearance rate dropped by 29% (p<0.05). 

During the hyperinsulinemic euglycemic clamp blood glucose concentrations were 

identical (figure 4A) but the glucose infusion rate to maintain euglycemia was 

significantly reduced by 53% (p<0.001). Calculated parameters of glucose disposal rate 

(figure 4C), glucose production rate (figure 4D), and metabolic clearance rate (figure 4E) 

were significant lower during anaesthesia, i.e., 56% (p<0.001), 67% (p<0.01), and 

58% (p<0.001), respectively. Remarkably, anaesthesia reduced a number of kinetic 

parameters to the same extend, under basal conditions and during the hyperinsulinemic 

euglycemic clamp (figure 4F). However, the reduction in metabolic clearance rate was 

during the clamp twice that was seen during the basal experiment. In conclusion, 

anaesthesia induces enormous reductions in blood glucose metabolism of mice under 

basal situations and during hyperglycaemic euglycemic clamp. The reduction was 

identical for the rate of appearance and disposal rate of glucose but different with 

respect to blood glucose concentration and metabolic clearance rate.  
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APPENDIX 2 

 

Extraction and Isolation of Metabolites 

Isolation of Glucose from Plasma 

On the day of analysis, 50 µl plasma was deproteinized in a reaction vial by adding 500 

µl ice-cold ethanol. The mixture was placed on ice for 30 min and then centrifuged for 10 

min. The supernatant was removed and split into two equal portions for further analysis.  

 

Extraction of Glucose from Bloodspots 

On the day of analysis, a disk (6.5 mm in diameter) was punched out of a bloodspot. 

The disk was transferred to a reaction vial and wetted with 50 µl water after 10 min 

followed by 500 µl ethanol. The solution was shaken for 45 min at room temperature or 

incubated overnight, and then centrifuged for 5 min. The supernatant was collected and 

split into two equal portions for further analysis. 

  

Extraction of Paracetamol glucuronic acid (ParGlcUA) from Filter Paper 

On the day of analysis, urine spots were visualized by UV and marked. Paper strips of 

each urine sample were cut into small pieces and transferred into a 10 ml glass reaction 

tube. The strips were extracted with a methanol:water (75:25 v/v) mixture and 

sonicated for 15 min. Extracts were dried at 80 °C under a stream of nitrogen. The 

residues were dissolved in 300 µl 0.2% ammonium formate in water (pH 4.8). 

 

Isolation of ParGlcUA from Urine or Filter Paper Extract  

200 µl of urine or filter paper extracts in ammonium formate were injected into a 

Nucleosil 7C18 SP250/10 column (Bester, Amstelveen, The Netherlands), which was 

mounted in a HPLC system consisting of a Milton Roy CM400 pump (Interscience, Breda, 

The Netherlands) and a Waters 486 variable-wavelength ultraviolet detector (Waters, 

Etten-Leur, The Netherlands). For integration, Millennium software (Waters) was used. 

Baseline separation of ParGlcUA was performed with a two buffer gradient program, with 

buffer A consisting of 0.2% ammonium formate in water (pH 4.8) and buffer B consisting 

of 40% acetonitrile (Merck) in water (v/v). The program started with 100% A at 3.3 

ml.min-1; at 10.7 min the composition was changed to 92.5% A and 7.5% B within 0.1 

min, and at 20 min buffer B was increased to 100% and the flow was raised to 5.0 

ml.min-1 within 2 min. Under these conditions, the ParGlcUA peak eluted at 18.6 min. 

The collected fraction was divided into two equal portions for further analysis. 
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Isolation of Paracetamol Glucoside ( ParGlc) 

Two hundred microliters of the ParGlc reaction product in ammonium formate was 

injected into a Nucleosil 7C18 SP250/10 column (Bester), which was mounted in a HPLC 

system consisting of a Milton Roy CM400 pump (Interscience) and a Waters 486 

variable-wavelength ultraviolet detector (Waters). For integration Millennium software 

(Waters) was used. Baseline separation of ParGlc was performed with a two buffer 

gradient program, with buffer A consisting of 0.2% ammonium formate in water (pH 4.8) 

and 4% acetonitrile (Merck) in water (v/v). And buffer B consisting of 40% acetonitrile in 

water (v/v). The program started with 100% A at 3.3 ml.min-1. During the first 0.4 min 

the contribution of buffer A was linearly changed to 96%, and to 74% during the next 

5.6 min. Between 6.0 and 8.0 min, the program changed from 74 to 0% buffer A. Under 

these conditions the ParGlc peak eluted at 9.6 min, in a volume of about 1.4ml.  

 

Conversions of Metabolites 

Conversion of ParGlcUA from Urine and Filter Paper Extract to ParGlc  

The solution containing ParGlcUA from either urine or filter paper extract was transferred 

to a Teflon-capped reaction vial and dried at 115°C under a stream of nitrogen. After 

cooling, ParGlcUA was derivatized to its methyl-ester by adding 400 µl methanol 

acetylchloride (10/1 v/v) to the dry residue and incubating for 45 min at room 

temperature, after which the mixture was and dried at 60°C under a stream of nitrogen. 

500 µl methanol was added followed by the addition of 40 mg sodium borohydride and 

the mixture was allowed to react overnight. The solution was neutralized with formic acid 

(amount? Of check pH?) and was dried at 60°C under a stream of nitrogen. The residue 

was dissolved in 300 µl 0.2% ammonium formate in water (pH 4.8). 

 

Hydrolysis of ParGlc to Paracetamol and Glucose 

After the collected HPLC fraction containing ParGlc was partially dried at 60°C under a 

stream of nitrogen, glucose was obtained by enzymatic conversion upon adding 100 µl of 

a 2 U.ml-1 β-glucosidase solution and a reaction at 37°C overnight. The final mixture was 

divided into two equal portions for further analysis. 
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Derivatization of Metabolites 

Derivatization of Glucose to Glucose pentaacetate 

Supernatant containing glucose from either plasma, blood spot or the hydrolysis product 

of ParGlc was transferred to a Teflon-capped reaction vial and dried at 60°C under a 

stream of nitrogen. Glucose was converted to its pentaacetate derivative by adding  

100 µl pyridine and 200 µl acetic anhydride to the residue and a 30 min incubation at 

60°C, followed by drying at 60°C under a stream of nitrogen. The dry residue was 

dissolved in 500 µl of ethylacetate in the case of plasma samples or 200 µl of 

ethylacetate in the case of blood spot samples. The solutions were transferred into 

injection vials for analysis by GCMS. 

 

Derivatization of Glucose to Glucose aldonitril pentaacetate 

Supernatant containing glucose from either plasma, blood spot or the hydrolysis product 

of ParGlc was transferred to a Teflon-capped reaction vial and dried at 60°C under a 

stream of nitrogen. Glucose was converted to its aldonitril pentaacetate derivative by 

adding 100 µl pyridine containing 2% (w/v) hydroxylamine and a 45 min incubation at 

100°C. After cooling, 200 µl acetic anhydride was added and the solution was incubated 

for 30 min at 60°C. Next, the sample was dried at 60°C under a stream of nitrogen. The 

dry residue was dissolved in 500 µl of ethylacetate in the case of plasma samples or 200 

µl of ethylacetate in the case of blood spot samples. The solutions were transferred into 

injection vials for analysis by GCMS. 

  

Derivatization of ParGlcUA to of ParGlcUA trimetylsilyl ethyl-ester 

The solution containing ParGlcUA from either urine or filter paper extract was transferred 

to a Teflon-capped reaction vial and dried at 115°C under a stream of nitrogen. After 

cooling, ParGlcUA was derivatized to its ethyl-ester by adding 400 µl ethanol containing 

acetylchloride (10/1 v/v) to the dry residue and incubating for 45 min at room 

temperature, after which the mixture was dried at 60°C under a stream of nitrogen. To 

the dry residue 200 µl N,O-bis(trimethylsilyl)trifluoro-acetamide/pyridine/trimethyl-

chlorosilane, 5:1:0.07 (v/v), was added and the mixture was incubated for 120 min at 

90°C. After drying at 60°C under a stream of nitrogen, the residue was dissolved in 1 ml 

of ethylacetate in the case of urine samples or 200 µl of ethylacetate in the case of urine 

spot samples. The solutions were transferred into injection vials for analysis by GCMS. 
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Conversion of ParGlcUA into Saccharic acid diethyltetraacetate 

The solution containing ParGlcUA from either urine or filter paper extract was transferred 

to a Teflon-capped reaction vial and dried at 115°C under a stream of nitrogen. After 

cooling, ParGlcUA was oxidized to saccharic acid by adding 50 µl sodium nitrite solution 

(0.4 g.ml-1 in water) and 100 µl nitric acid (32.5% v/v) and a 25 min incubation  

at 130°C. The sample was dried at 115°C under a stream of nitrogen. After cooling, 

saccharic acid was derivatized to its diethyl ester by adding 400 µl ethanol (Merck) 

containing acetylchloride (10/1 v/v) to the dry residue and incubating for 45 min at room 

temperature. Next, the mixture was filtered (Grade GF/D 2.7 um, Whatman, ‘s 

Hertogenbosch, Netherlands) and the filtrate was dried at 60°C under a stream of 

nitrogen. Saccharic acid diethyl ester was converted to its tetraacetate derivative by 

adding 100 µl pyridine and 200 µl acetic anhydride to the residue and incubating for 30 

min at 60°C, followed by drying at 60°C under a stream of nitrogen. The residue was 

dissolved in 200 µl of ethylacetate in the case of urine samples or 50 µl of ethylacetate 

in the case of urine spot samples. The solutions were transferred into injection vials for 

analysis by GCMS. 

 

Gas Chromatography - Mass Spectrometry Procedures 

Measurements 

All samples were analyzed by gas chromatography (GC) quadrupole mass spectrometry 

(MS) (SSq7000; Thermo-Finnigan, San Jose, CA USA). For all calculations of mass 

isotopomer distribution, Excalibur software (Thermo-Finnigan, San Jose, CA USA) was 

used. Derivatives were separated on an AT-5MS 30m x 0.25mm ID (0.25µm film 

thickness) capillary column (Alltech, Breda, The Netherlands). The GC oven temperature 

program for separation of glucose pentaacetate, glucose aldonitril pentaacetate, and 

saccharic acid diethyl-ester tetraacetate derivatives was as follows: the oven 

temperature started at 80°C for 1 min, increased to 280°C at a rate of 20 °C.min-1 , and 

remained at 280°C for 3 min. Mass spectrometric analysis were performed by positive-

ion chemical ionisation with methane. Ions monitored were m/z 331-337 for glucose 

pentaacetate, m/z 328-334 for glucose aldonitril pentaacetate and m/z 375-381 for 

saccharic acid diethyl-ester tetraacetate derivatives, all corresponding to the mo- m6 

mass isotopomers. The GC oven temperature program for ParGlcUA ethyl-ester tetra-

TMS analysis was as follows: the oven temperature started at 150°C for 1 min, increased 

to 300°C at a rate of 30 °C.min-1 , and remained at 300°C for 9 min. Mass spectrometric 

analysis were performed by electron impact ionisation. Ions monitored were m/z 331-

337, corresponding to the mo- m6 mass isotopomers. 
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Evaluation of GCMS data 

For all derivatives measured, series are composed in blocks of samples from individual 

animals separated by control samples, made from naturally enriched samples, i.e., a 

mixture of samples taken at time point 0 from all animals participating in the 

experiment. In the middle of the series, a dilution series is inserted to determine the 

range of constant response of the mass spectrometer. The dilution series is constituted 

from highly enriched samples of all animals participating in the experiment. The final 

concentration of the derivatives should range from about 8x dilution to about 8x 

concentration of the starting mixture. 

Measurements of all control samples and dilution series and are accepted for 

further calculations when the following two criteria are fulfilled. First, a series is accepted 

when measurements are performed within constant response of the mass spectrometer. 

The dispersion of total ion abundances of the control samples has to be within the pre-

established ranges, i.e., m0<1%, m1<2% and m2<2%, respectively. Second, total ion 

abundances of all samples have to be in the range of constant response of the mass 

spectrometer. The dispersion of total ion abundances of the samples in the dilution 

series have to be within the pre-established ranges, i.e., m0<1%, m1<2%, m2<2% and, 

m6<3% respectively. 

 Accepted fractional isotopomer distribution measurements by GCMS (m0-m6) was 

corrected for the fractional distribution due to natural abundance of  13C by multi-linear 

regression as described by Lee et al. (13), to obtain the excess fractional distribution of 

mass isotopomers (M0-M6) due to incorporation of infused labelled compounds. 

 

 

Metabolite Assays 

Insulin 

Plasma insulin concentrations were determined by a radioimmunoassay RI-13K (Linco 

Research, Inc., St Charles, MO) or commercially available ELISA kits (Mercodia 

ultrasensitive mouse insulin ELISA, Orange Medical, Tilburg, the Netherlands). 

 

Glucose 

Plasma glucose concentrations were determined enzymatically by use of the Beckman 

glucose analyzer II (Beckman Instruments, Palo Alto, CA). 
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Triglycerides, free and total Cholesterol, Phospholipids and non-esterified Fatty acid 

Metabolites were determined using commercially available kits (Roche Diagnostics, 

Mannheim, Germany, Wako Chemicals, Neuss, Germany and DiaSys, Holzheim, 

Germany). Plasma HDL cholesterol concentrations were determined after precipitation of 

apoB-containing cholesterol with phosphotungstate/Mg2+ using reagent from 

Roche/Boehringer Mannheim (Mannheim, Germany; cat. no. 543004). After incubation, 

the supernate was isolated  and the cholesterol was determined  

 

Isolation of Glycogen and Glucose-6-phosphate 

Samples for measurement of glycogen and G6P of liver tissue were prepared by 

extracting liquid N2-cooled liver powder (about 100 mg wet weight) with either 1 ml of 

0.1 M KOH (glycogen) or HClO4 (4%, w/v; G6P); this was then followed by the same 

procedure as described below for hepatocytes.  

 

Triglycerides, free Cholesterol, and total Cholesterol 

Hepatic concentrations of triglycerides, free cholesterol and total cholesterol were 

measured in homogenized livers using commercial kits (Roche Diagnostics,Wako 

Chemicals, Neuss, Germany and DiaSys, Holzheim, Germany) after lipid extraction 

according to Bligh and Dyer (2) and redissolving the lipids in 2% Triton X-100 in water.  

 

Phospholipds 

Phospholipid content of the liver was determined according to Böttcher et al. (14) after 

lipid extraction. 

 

Proteins 

Protein concentrations in livers were determined according to Lowry et al. (15) using 

BSA (Pierce, Rockford, IL) as standard. 

 

In Vitro Assays 

Glucose and Lactic acid 

Glucose and lactate concentrations in hepatocytes were determined in HClO4-extracted, 

KOH-neutralized samples with ATP, NADP+, hexokinase, and G6P dehydrogenase 

(glucose) and with NAD+ and lactate dehydrogenase (16). 
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Glycogen 

To measure glycogen content of hepatocytes, aliquots of cells were diluted with 4 

volumes of ice-cold 0.9% NaCl with 10 mM MOPS (pH 7.4) and centrifuged. After 

removal of the clear supernatant, the pellets were dissolved in 0.1M KOH and heated for 

40 min at 85° C. The solution was acidified to pH 4.5 with acetic acid (3M) and 

centrifuged to remove the protein. To 100 ml of the supernatant, 0.14 units of 

amyloglucosidase was added and the mixture was incubated for 2 h at 40° C. The 

glucose formed was measured fluorometrically as described (16). Background glucose 

was measured in identically treated samples, without addition of amyloglucosidase (16). 

 

Glucose-6-phosphate (G6P) 

For measurement of intracellular G-6-P, an aliquot of the cell suspension was diluted 

with 4 volumes of ice-cold 0.9% NaCl with 10 mM MOPS (pH 7.4) and centrifuged for 1 s 

in a microcentrifuge. The cell pellet was immediately extracted with HClO4 (4%, w/v) 

and the precipitate was neutralized with a mixture of 2 M KOH and 0.5 M MOPS. G6P 

was determined fluorometrically with NADP+ and G6P dehydrogenase (16). 

 

Fatty acid composition 

Fatty acid composition was determined by gas chromatography after methylation, as 

described previously (17;18). 

 

 

Liver Histology 

To visualize glycogen deposition in the liver, staining with PAS was performed on 4 µm 

thick slices from frozen livers excised from the studied rats according to standard 

procedures. 

 

Hepatic RNA Isolation and Measurement of mRNA Levels with gel 

electrophoresis patterns of RT-PCR products (specific Chapter 5) 

Total RNA was isolated from ~30 mg of liver tissue using the Trizol method (Life 

Technologies, Inc.) followed by the SV Total RNA Isolation System (Promega, Madison, 

WI) according to the protocols provided by the manufacturer. Isolated total RNA was 

converted to single-stranded cDNA by a reverse transcription procedure with M-Mulv-RT 

(Roche Molecular Biochemicals) according to the manufacturer’s protocol. For 

polymerase chain reaction amplification studies, amounts of cDNA corresponding to ~30 

ng of RNA were amplified with Taq DNA polymerase (Roche Molecular Biochemicals) and 

the appropriate forward and reverse primers (Life Technologies), essentially according to 
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the manufacturer’s protocols and optimized for the particular amplification cycler used. 

Gel electrophoresis of both assay and calibration incubations were done simultaneously. 

All gels were photographed with an Image Master VDS system (Amersham Pharmacia 

Biotech), and intensities were quantified by video-scanning densitometry, using the 

software program Image Master 1D Elite 3.0 (Amersham Pharmacia Biotech). All 

quantified intensities of experimental samples were within the linear part of the 

calibration curves. 

 

Hepatic and intestinal RNA Isolation and Measurement of mRNA Levels by Real-

time PCR (Taqman)(general procedure) 

RNA was isolated from liver and intestinal tissue using the TRIzol or TriReagent method 

(Invitrogen/Sigma). Using random primers, RNA was converted to cDNA with Moloney 

murine leukemia virus reverse transcriptase (Roche Applied Science/Invitrogen) 

according to the manufacturer’s protocol. The cDNA levels of the genes of interest were 

measured by reverse transcription-PCR using the ABI Prism 7700 sequence detection 

system (Applied Biosystems, Foster City, CA). An amount of cDNA equivalent to 20ng of 

total RNA was amplified using the qPCR core kit (Eurogentec, Seraing, Belgium) 

according to the manufacturer’s protocol with the appropriate forward and reverse 

primers (Invitrogen) and a template-specific 3’-6-carboxy-tetramethyl-rhodamine, 5’-6-

carboxy-fluoresceinlabeled Double Dye Oligonucleotide probe (Eurogentec). Calibration 

curves were run on serial dilutions of pooled cDNA solutions as used in the assay. The 

data were processed using an ABI sequence detector v.1.6.3. in the linear part of the 

calibration curves.  
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The following primer sequences were used in rat experiments (Chapter 5): 

Gene Primers Sequences (5’ to 3’) GenBankTM accession no. 

G6ph (G6pc) Forward ACT TTG GGA TCC AGT CGA CT NM_013098 

 Reverse ACA GCA ATG CCT GAC AAG AC  

G6pt (Slc37a4) Forward ATG AGA TCG CTC TGG ACA AG NM_031589 

 Reverse TTC GGA GTC CAA CAT CAG CA  

Gk (Gck) Forward GTG GGC TTC ACC TTC TCC TT NM_012565 

 Reverse TCA CCA TTG CCA CCA CAT CC  

Glut2 (Slc2a2) Forward GGA TCT GCT CAC ATA GTC AC NM_012879 

 Reverse TCT GGA CAG AAG AGC AGT AG  

Gs (Gys2) Forward CCA ATT CCA TGA ATG GCA GG NM_013089 

 Reverse GCC TGG ATA AGG ATT CTA GG  

Gp (Pygl) Forward GAG ACT ACA TTC AGG CTG TG NM_022268 

 Reverse CTA GCT CAC TGA AGT CCT TG  

Pk(Pklr) Forward TAC ATT GAC GAC GGG CTC AT NM_012624 

 Reverse ATG CTC TCC AGC ATC TGT GT  

Pepck (Pck1) Forward GCC AGG ATC GAA AGC AAG AC NM_198780 

 Reverse CCA GTT GTT GAC CAA AGG CT  

β-actin Forward AAC ACC CCA GCC ATG TAC G NM_031144 

 reverse ATG TCA CGC ACG ATT TCC C  

 

Primers and probes used for real-time PCR analysis  

G6ph, glucose 6-phosphate hydrolase; G6pt, glucose 6-phosphate translocase;Gk, glucokinase;Glut 

glucose transporter Gs, glycogen synthase; Gp, glycogen phosphorylase; liver-type Pk, liver-type 

pyruvate kinase; Pepck, phosphoenolpyruvate carboxykinase 
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The following primer sequences were used in mouse experiments (Chapter 7): 

Gene  
RTprimerDB 

ID 
Sequences (5’ to 3’) 

GenBankTM 

accession no. 

β-Actin (ACTB) Forward  AGCCATGTACGTAGCCATCCA NM_007393  

 Reverse  TCTCCGGAGTCCATCACAATG  

 Probe  TGTCCCTGTATGCCTCTGGTCGTACCAC  

18S rRNA Forward  CGGCTACCACATCCAAGGA X00686 

 Reverse  CCAATTACAGGGCCTCGAAA  

 Probe  CGCGCAAATTACCCACTCCCGA  

Srebp-1c (Srebf1) Forward 503 GGAGCCATGGATTGCACATT NM_0011480 

 Reverse  CCTGTCTCACCCCCAGCATA  

 Probe  CAGCTCATCAACAACCAAGACAGTGACTTCC  

Fasn Forward 494 GGCATCATTGGGCACTCCTT NM_007988  

 Reverse  GCTGCAAGCACAGCCTCTCT  

 Probe  CCATCTGCATAGCCACAGGCAACCTC  

Acc1 (Acaca) Forward 490 GCCATTGGTATTGGGGCTTAC NM_133360 

 Reverse  CCCGACCAAGGACTTTGTTG  

 Probe  CTCAACCTGGATGGTTCTTTGTCCCAGC  

Acc2 (Acacb) Forward 1273 CATACACAGAGCTGGTGTTGGACT NM_133904 

 Reverse  CACCATGCCCACCTCGTTAC  

 Probe  CAGGAAGCCGGTTCATCTCCACCAG  

Lxrα Forward 501 GCTCTGCTCATTGCCATCAG NM_013839 

(Nr1h3) Reverse  TGTTGCAGCCTCTCTACTTGGA  

 Probe  TCTGCAGACCGGCCCAACGTG  

Gk (Gck) Forward 1251 CCTGGGCTTCACCTTCTCCTT NM_010292 

 Reverse  GAGGCCTTGAAGCCCTTGGT  

 Probe  CACGAAGACATAGACAAGGGCATCCTGCTC  

G6pt (Slc37a4) Forward 1250 GAGGCCTTGTAGGAAGCATTG NM_008063 

 Reverse  CCATCCCAGCCATCATGAGTA  

 Probe  CTCTGTATGGGAACCCTCGCCACG  

G6ph (G6pc) Forward 1249 CTGCAAGGGAGAACTCAGCAA NM_008061 

 Reverse  GAGGACCAAGGAAGCCACAAT  

 Probe  TCGTTCCCATTCCGCTTCGCCT  

Gp (Pygl) Forward 1253 GAAGGAGGCAAACGGATCAAC NM_133198 

 Reverse  TCACGATGTCCGAGTGGATCT  

 Probe  CCTCTGCATCGTGGGCTGCCA  

Gs( Gys2) Forward 1254 GCTCTCCAGACGATTCTTGCA NM_145572 

 Reverse  GTGCGGTTCCTCTGAATGATC  

 Probe  CCTCTACGGGTTTTGTAAACAGTCACGCC  

Pepck (Pck1) Forward 1257 GTGTCATCCGCAAGCTGAAG NM_011044 

 Reverse  CTTTCGATCCTGGCCACATC  

 Probe  CAACTGTTGGCTGGCTCTCACTGACCC  

Pk (Pklr) Forward 1259 CGTTTGTGCCACACAGATGCT NM_013631 

 Reverse  CATTGGCCACATCGCTTGTCT  

 Probe  AGCATGATCACTAAGGCTCGACCAACTCGG  

Sglt1 (Slc5a1) Forward 3787 GTTGGAGTCTACGCAACAGCAA NM_019810 

 Reverse  GGGCTTCTGTGTCTATTTCAATTGT  

 Probe  TCCTCCTCTCCTGCATCCAGGTCG  

Glut2 (Slc2a2) Forward 3858 AGAGGCATCGACTGAGCAGAA NM_031197 

 Reverse  AGGATGGGCTGTCGGTAATTG  

 Probe  TCTCCGTGATCCAGCTCTTCACGGA  

Glut4 (Slc2a4) Forward 3384 CTCATGGGCCTAGCCAATG NM_009204 

 Reverse  GGGCGATTTCTCCCACATAC  

 Probe  CATTGGCGCCTACTCAGGGCTAACATC  

Hk1 Forward 3385 CACCGGCAGATTGAGGAAAC NM_010438 

 Reverse  CTCAGCCCCATTTCCATCTCT  

 Probe  TCCCACTTCCGCCTCAGCAAGC  

Hk2 Forward 3386 GGAACCCAGCTGTTTGACCA NM_013820 

 Reverse  CAGGGGAACGAGAAGGTGAAA  

 Probe  TGCCTGGCCAACTTCATGGACAAGC  

 

Primers and probes used for real-time PCR analysis  

Srebp, sterol regulatory element-binding protein; Fasn, fatty acid synthase; Acc, acetyl-

CoA carboxylase; Lxr, liver X receptor; Gk, glucokinase; G6pt, glucose 6-phosphate 

translocase;G6pc,glucose-6-phosphatase,catalytic,  G6ph, glucose 6-phosphate hydrolase; 

Gp, glycogen phosphorylase; Gs, glycogen synthase; Pepck, phosphoenolpyruvate 

carboxykinase; Pk, pyruvate kinase; Sglt1,(sodium/glucose cotransporter), member 1 

Glut, glucose transporters; Hk, hexokinase. 

All primer and probe sequences sets are deposited in the RTprimerDB , see ID  
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Alle levende organismen zijn afhankelijk van energie; zonder energie is er geen leven 

mogelijk. Uit de thermodynamica is bekend dat energie niet gemaakt kan worden, maar 

ook niet kan verdwijnen, het kan alleen overgaan van de ene vorm van energie in een 

andere vorm of worden getransporteerd. Voor de aarde is de zon de belangrijkste bron 

van energie. De uit nucleaire bronnen vrij gekomen energie wordt in de vorm van licht 

van de zon naar de aarde getransporteerd, waar het kan worden opgevangen en 

omgezet in chemische energie. In dit natuurlijk proces (fotosynthese) worden licht, 

koolstofdioxide en water omgezet in zuurstof en energierijke producten zoals 

koolhydraten en, na enige omzettingen, ook in vetten. Deze energierijke producten 

worden door de planten gebruikt om te overleven en zich te reproduceren terwijl de niet 

gebruikte producten worden opgeslagen. Levensvormen die niet de mogelijkheid hebben 

om energie uit licht te maken, zoals dieren, moeten hun energie uit hun voedingsstoffen 

halen. Omdat er in het verleden niet altijd voldoende voedsel direct voorradig was en er 

vaak zelfs een grote hoeveelheid energie nodig was om aan voedsel te komen, hebben 

de dieren (inclusief mensen) een metabolisme ontwikkeld dat erg zuinig omgaat met hun 

suikers en vetten. Overschotten aan energie worden bewaard in glycogeen (koolhydraat) 

of vetweefsel. Wanneer er een te kort is aan energie kunnen deze voorraden worden 

gemobiliseerd. Echter, gedurende de laatste tientallen jaren staan wij (vooral in de 

westerse wereld) bloot aan een overmaat aan eenvoudig verkrijgbare, hoogcalorisch 

voedsel. Dit heeft er toe geleid dat binnen steeds kortere tijdsperiodes steeds grotere 

hoeveelheden energie worden opgenomen wat in combinatie met steeds minder 

lichaamsbeweging aanleiding geeft tot overvolle energie voorraden. De combinatie van 

verminderd energie verbruik en overvolle energie voorraden wordt gezien als aanleiding 

tot het ontstaan van insuline resistentie en type II diabetes. 

Van de verschillende energierijke componenten wordt in dit proefschrift vooral 

aandacht besteed aan suiker (glucose). Om het suiker metabolisme en de afwijkingen 

die hierin kunnen optreden te kunnen begrijpen is het noodzakelijk om inzicht te krijgen 

in de relevante “metabole fluxen”. Komt een te hoge bloed glucose waarde doordat er 

teveel nieuwe glucose wordt gemaakt, doordat teveel glucose uit de voorraad glucose 

wordt gemobiliseerd of doordat er te weinig glucose door de verschillende weefsels wordt 

opgenomen? In dit proefschrift worden een aantal berekeningen gepresenteerd om het 

glucose metabolisme te kwantificeren in niet-verdoofde, kleine proefdieren. Enkele van 

de methoden zijn overgenomen uit de literatuur en vervolgens aangepast voor onze 

omstandigheden en een aantal zijn door ons zelf ontwikkeld en gevalideerd.  

In Hoofdstuk 2 worden de belangrijkste stappen van het glucose metabolisme 

die van belang zijn voor dit proefschrift uitgelegd. Voor de diverse processen in dit 

metabolisme zijn enzymen nodig. Enzymen zijn eiwitten die worden samengesteld uit 
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aminozuren volgens een specifiek patroon dat is vastgelegd in het erfelijk materiaal, het 

DNA. Voor het maken van een eiwit moet het DNA worden “afgelezen” en gekopieerd in 

mRNA (transcriptie). Vervolgens wordt het mRNA vertaald in het bijbehorende eiwit 

(translatie). Het proces van DNA via mRNA naar een functionerend eiwit is erg 

ingewikkeld en wordt nauwkeurig gereguleerd door bijvoorbeeld hormonen (zoals 

insuline) en/of metabolieten (zoals glucose). Bij de transcriptie van DNA naar mRNA 

spelen ook specifieke eiwitten in de celkern (nucleaire receptoren) een erg belangrijke 

rol. Deze receptoren kunnen worden geactiveerd na binding van speciale liganden 

waarna DNA kan worden “afgelezen”.   

Het is niet zonder meer mogelijk om het glucose metabolisme in het lichaam te 

meten. Voor een nauwkeurige bestudering van het metabolisme hebben wij in de hier 

beschreven experimenten een heel klein beetje glucose gegeven dat iets afwijkt van het 

natuurlijke glucose. Dit afwijkende glucose wordt “labelled glucose” of “tracer” genoemd. 

In de voor dit proefschrift gebruikte tracers zijn één of meer atomen van het natuurlijke 

molecuul vervangen door één of meer atomen die iets zwaarder zijn (een stabiel 

isotoop), waardoor de tracer in z’n geheel iets zwaarder is. Dit verschil in gewicht heeft 

echter geen gevolg voor het metabolisme; het lichaam ziet geen verschil tussen de 

tracer en het natuurlijke glucose. Wel kan het verschil in gewicht worden gemeten met 

een zogenaamde Massaspectrometer. In Hoofdstuk 3 worden de verschillende isotopen 

en de gebruikte tracers besproken. Ook de voor dit proefschrift gebruikte analyse 

apparatuur en analyse methoden worden gedetailleerd uitgelegd. 

Omdat het glucose metabolisme van een compleet organisme (mens of dier) erg 

ingewikkeld is, worden er vaak modellen samengesteld. Hierin wordt het metabolisme 

schematisch verdeeld in zogenaamde compartimenten en worden aannames gemaakt 

met betrekking tot het metabolisme. Binnen zo’n model kunnen een aantal parameters 

van het koolhydraat metabolisme worden berekend. De modellen die werden gebruikt 

voor dit proefschrift zijn beschreven in Hoofdstuk 4. Als eerste wordt een model van 

bloed glucose metabolisme gepresenteerd; compartimenten worden aangewezen waarin 

tijdens een experiment tracers worden toegediend en compartimenten waaruit kleine 

hoeveelheden materiaal (als bloed of urine sample) worden afgenomen. Uit de analyses 

kunnen een aantal parameters worden berekend die het glucose metabolisme 

beschrijven. De gebruikte berekeningen van isotoop verdunning en isotoop inbouw 

worden uitgebreid besproken en de berekeningen voor het gebruik van de 

hyperinsulinemische euglycemische clamp, de single pool, first-order kinetic model en 

glucose absorptie worden uitgelegd. 

 Glycogeen stapeling ziekte type I is een erfelijke ziekte die wordt veroorzaakt 

doordat glucose-6-fosfaat niet in glucose kan worden omgezet, een proces dat zich 
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voornamelijk in de lever afspeelt. Het heeft tot gevolg dat de energie voorraden in de 

lever van deze patiënten erg hoog zijn (glycogeen en vet) terwijl ze, na vasten, vaak erg 

lage bloed glucose waarden hebben. Het effect dat deze ziekte heeft op het glucose en 

vet metabolisme in de lever was echter onbekend. In Hoofdstuk 5 wordt een 

experiment beschreven waarin wij een model gebruiken voor de bestudering van het 

koolhydraat metabolisme in de lever. In dit experiment werd bij ratten het enzym 

glucose-6-fosfaat translocase farmacologisch geremd (met S4048), waardoor het nog 

maar beperkt mogelijk was glucose te maken. Uit de analyses bleek dat het ontstane 

ziektebeeld overeen kwam met dat van patiënten met glycogeen stapeling ziekte type 

Ib. De dieren hadden lage bloed glucose concentraties en hoge concentraties glucose-6-

fosfaat en glycogeen in de lever. Met het gebruikte model konden wij aantonen dat de 

nieuw synthese van glucose-6-fosfaat niet veranderd was, maar dat er meer van het 

geproduceerde glucose-6-fosfaat naar glycogeen gaat en minder naar het bloed. 

Bovendien kon worden aangetoond dat er een geringe relatie was tussen mRNA 

expressie van zogenaamde “rate controling enzymes” en de berekende flux van 

koolhydraten door deze enzymen. 

In het verleden werden vooral ratten gebruikt in dit type experimenten, maar 

vanaf het eind van de vorige eeuw is het gebruik van muizen sterk toegenomen. Deze 

dieren zijn namelijk erg geschikt voor genetische modificatie (het experimenteel 

veranderen van het erfelijke materiaal), waardoor het mogelijk is om meer inzicht in het 

metabolisme te krijgen. Om de door ons gebruikte methoden voor rat experimenten ook 

voor muizen te kunnen gebruiken moesten een aantal problemen worden opgelost die in 

Hoofdstuk 6 worden beschreven. Zo werden voor muizen de infuussnelheden verlaagd 

en werden tracer concentraties in het infuusvloeistof verhoogd, omdat muizen in 

vergelijking met ratten een sneller metabolisme hebben. Voor alle hier beschreven 

experimenten is het nodig meerdere bloed en urine samples te nemen. Het totale 

volume bloed dat mag worden afgenomen van muizen tijdens een experiment is echter 

gelimiteerd (~0.2 ml). Ook het volume urine dat door muizen tijdens een experiment 

wordt geproduceerd is beperkt. De problemen van deze zeer kleine samples kon worden 

opgelost door bloed en urine als spots op te vangen op speciaal filtreer papier. De 

gewenste componenten kunnen dan op een later tijdstip uit het papier worden 

geëxtraheerd, waarna de gebruikelijke analytische procedures kunnen worden 

uitgevoerd. Vanwege de geringe hoeveelheid materiaal dat zich in de spots bevindt en 

om de nauwkeurigheid van de analyses te handhaven, moesten ook de reguliere 

analytische methoden worden aangepast. Het ontwikkelde protocol werd getest in een 

experiment waarin het koolhydraat metabolisme in de lever werd berekend van gevoede 

muizen en muizen die 9 of 24 uur gevast waren. 
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Een bekende nucleaire receptor, de Liver X Receptor (LXR), speelt een belangrijke 

rol in het cholesterol en vet metabolisme. Metabolieten van cholesterol (oxysterolen) zijn 

de natuurlijke activators van LXR, maar voor experiment zijn ook synthetische 

activatoren beschikbaar. Uit eerdere experimenten was gebleken dat de stimulatie van 

LXR leidt to lagere bloed glucose waarden en een vermindering van de atherosclerose in 

diabetische muizen. Stimulatie van LXR kan echter aanleiding geven tot vet ophoping in 

de lever hetgeen in relatie wordt gebracht met insuline resistentie en diabetes type II. 

Om deze tegengestelde bevindingen te onderzoeken hebben wij gebruik gemaakt van 

een hypergycemische euglycemische clamp methode (HIEC). In Hoofdstuk 7 wordt 

beschreven dat na stimulatie van LXR met het synthetische product GW3965, bloed 

glucose in diabetische muizen wordt verlaagd door een hogere glucose opname door de 

spieren, maar vooral door een verhoogde glucose opname door vetweefsel. De glucose 

productie door de lever veranderde echter niet. De stimulatie van LXR had geen invloed 

op het glucose metabolisme van de controle muizen.  

Een andere belangrijke nucleaire receptor is de Farnesoid X Receptor (FXR). 

Galzouten zijn de natuurlijke activators voor deze receptor, maar er zijn ook 

synthetische activatoren beschikbaar. Voor experimenten zijn er ook muizen beschikbaar 

die door genetische modificatie deze receptor missen (Fxr-/- muizen). Al vrij lang was het 

bekend dat FXR een belangrijke rol speelt bij de synthese en transport van galzouten en 

dat het ook invloed heeft op het vetzuur metabolisme. Heel recent werd aangetoond dat 

FXR een rol speelt bij het glucose metabolisme en vooral tijdens de overgang van vasten 

naar voeden. Om dit proces te bestuderen hebben wij een aantal experimenten 

uitgevoerd die in Hoofdstuk 8 staan beschreven. Als eerste werd een Orale Glucose 

Tolerantie Test (OGTT) uitgevoerd. Hierin werden de muizen een relatief grote 

hoeveelheid glucose in de maag gegeven. Uit de resultaten bleek dat de Fxr-/- muizen 

een veranderde opname van glucose uit de darm hebben. Deze veranderde opname 

werd nauwkeuriger onderzocht in een zogenaamde “non-steady-state” experiment. Er 

werd weer een grote hoeveelheid glucose gegeven waaraan echter nu ook een 

hoeveelheid tracer was toegevoegd. Om ook de snelheid van het glucose metabolisme te 

berekenen werd een infuus met een tweede tracer gebruikt. Uit dit experiment bleek dat 

de veranderde glucose opname werd veroorzaakt door een vertraging in het glucose 

transport vanuit de darm naar het bloed wat waarschijnlijk wordt veroorzaakt door een 

afwijking het metabolisme in darmcellen van de Fxr-/- muizen. Het glucose transport 

door de darmcellen werd onderzocht met behulp van een zogenaamde “compartmental 

model”. Hierin wordt het glucose metabolisme van darmcellen in kleine vakjes verdeeld 

waarna het met een computer model mogelijk is de verschillende glucose stromen te 

berekenen. Uit dit experiment kwam naar voren dat de opgenomen glucose uit de darm 
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niet direct aan het bloed wordt afgegeven in de darmcellen van Fxr-/- muizen zoals in de 

controle muizen. In deze Fxr-/- muizen wordt glucose gedeeltelijk eerst omgezet in 

glucose-6-fosfaat en daarna weer terug in glucose dat uiteindelijk aan het bloed wordt 

afgegeven. Dit proces neemt zoveel tijd dat er een vertraagde opname van glucose in 

het bloed wordt waargenomen. 

Om te controleren of bij iemand insuline correct werkt (d.w.z. insuline gevoelig is) 

worden meestal nuchtere bloed glucose waarden gemeten. Waarden lager dan 5.6 

mmol.l-1 zijn normaal, waarden tussen 5.6 en 6.9 mmol.l-1 worden gezien als verhoogd 

en glucose waarden van 7.0 mmol.l-1 of hoger worden beschouwd als diabetisch. Soms 

worden ook insuline waarden gemeten en het product van de nuchtere glucose en 

insuline waarden (HOMA-index) vormen dan een veel nauwkeuriger maat voor insuline 

resistentie. Nader onderzoek kan dan volgen door middel van een orale of intraveneuse 

glucose tolerantie test of door middel van de meer ingewikkelde HIEC. Het nadeel van 

deze testen is dat de gevonden waarden betrekking hebben op andere metabole 

omstandigheden dan waarbij de HOMA-index wordt bepaald. Voor kleine proefdieren 

heeft de HIEC het nadeel dat het per proefdier slechts een keer kan worden gebruikt. In 

Hoofdstuk 9 is de Whole Body Glucose Test (WBGT) gepresenteerd die onder dezelfde 

metabole omstandigheden wordt uitgevoerd als de HOMA-index en die meerdere keren 

per dier kan worden gebruikt. Tijdens de test krijgt het proefdier een zeer kleine 

hoeveelheid tracer toegediend die het glucose metabolisme niet verstoord. Hierna wordt 

gedurende 90 minuten meerdere keren bloed afgenomen om de glucose spiegel te 

meten en een bloed spot waarin de fractie tracer in het bloed glucose te bepalen. De 

concentratie van de tracer in het bloed daalt gedurende het experiment. Deze daling kan 

worden beschreven door een zogenaamde “single-pool, first order kinetics” model 

waaruit een aantal kinetische parameters van het glucose metabolisme kunnen worden 

berekend. Deze test werd gevalideerd in een experiment met muizen die gedurende vijf 

weken een normaal dieet kregen of een hoog vet dieet waarvan bekend is dat het 

insuline resistentie veroorzaakt. De resultaten uit de WBGT werden vergeleken met een 

constant infuus protocol dat in eerdere experimenten werd gebruikt. Het bleek dat de 

“glucose turnover rate” en “metabolic clearance rate” berekend met de WBGT protocol 

gelijk zijn aan de resultaten berekend met het infuus protocol. Bovendien konden met de 

WBGT een aantal extra parameters zoals “apparent volume of distribution”, “mean 

residence time” en “pool size” worden berekend. De groep die hoog vet dieet kregen 

hadden een duidelijk lagere insuline gevoeligheid, zowel nuchtere bloed glucose als 

insuline waarden waren hoger dan in de controle muizen. De opname van glucose in het 

perifere weefsel was lager in de hoog vet gevoerde muizen terwijl de glucose productie 
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onveranderd was. De verlaagde opname was vooral het gevolg van een kleinere volume 

waarin het glucose zich bevond. 

Tenslotte worden in Hoofdstuk 10 de gebruikte protocollen besproken. Het door 

ons gebruikte model voor het berekenen van het koolhydraat metabolisme in de lever 

wordt vergeleken met drie andere methoden. Enkele gepubliceerde nadelen van de door 

ons gebruikte methode worden nader toegelicht. De door ons gebruikte protocol van de 

HIEC wordt besproken en er worden suggesties gedaan voor uitbreidingen binnen de 

methode.  
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Na een lange weg (26 jaar lab kindergeneeskunde) komt een “boekje” in zicht. De weg 

kende kronkels, een aantal heuvels, een enkel dal en ….. halverwege een betonnen 

paaltje. In het “boekje” worden een aantal wetenswaardigheden beschreven die zich in 

de laatste 13 jaar hebben afgespeeld, dus nadat ik het paaltje (met veel moeite) was 

gepasseerd. De ingeslagen weg kan waarschijnlijk na een klein bochtje (even goed 

uitkijken) nog 13(?) jaren worden vervolgd. 

 

De grote initiator, van wat uiteindelijk computational analysis is genoemd, is Dr. D-J. 

Reijngoud. Beste Dirk-Jan, wij kennen elkaar bijna 26 jaar. In deze periode heb je mij de 

vrijheid gegeven om, naast de reguliere patiëntenzorg, een aantal “nieuwe” analyse 

methoden te implementeren en valideren (b.v. voor de bestudering van het 

purine/pyrimidine en homocysteïne metabolisme, en de monitoring van phenylalanine 

spiegels in PKU patiënten m.b.v. bloedspots). Een betonnen paaltje veranderde echter 

alles. Na een revalidatie van meer dan zes maanden kwam jij op het ingenieuze idee dat 

artikelen van Hellerstein en Neese een uitstekende therapie zouden kunnen zijn voor een 

snelle terugkeer in de maatschappij. Deze vooruitziende blik heeft mij (en het lab) zeker 

geen windeieren gelegd. Onder jouw leiding werd de MIDA methode implementeert en 

uitgebreid van rat naar muis modellen waarna ook nog andere methoden konden worden 

geïntroduceerd.  

 

Eén van de weinigen die mijn hele weg heeft kunnen volgen is mijn eerste promotor; 

Prof. Dr. F. Kuipers. Beste Folkert, vanaf het allereerste moment was jij betrokken bij de 

MIDA experimenten. Jouw inbreng bij het dierexperimenteel werk, de uitwerking en 

interpretatie van de resultaten was onmisbaar. Je bracht ons in contact met prof.dr. 

Hellerstein, wat na een eerste kennismaking in Groningen in 2000 tot een bezoek aan 

Berkeley leidde. Hoewel soms verbaasd, was je meestal redelijk positief wanneer ik weer 

eens een “pilot experiment” wilde uitvoeren. De vrijheid die je mij altijd gaf weet ik nog 

steeds te waarderen, maar het grootste respect heb ik voor de manier waarop je een 

door mij gekookte woordenbrij kan omzetten in een goed lopend verhaal. 

 

Mijn tweede promotor Prof. Dr. A.K. Groen ken ik nog maar (relatief) kort. Maar, beste 

Bert, jouw input was en is daar niet minder om. De waardevolle tips die je gaf bij het 

schrijven van het manuscript waren onmisbaar. Maar vooral de manier waarop je mijn 

één dimensionale weg in een drie dimensionale ruimte hebt weten te zetten, is voor mij 

en ik denk vooral voor mijn toekomst van onschatbare waarde.  

 



 259 

The manuscript Committee: dear Profs. Hellerstein, Sauerwein and Verkade, thank you 

for your willingness to judge my work. Dear Marc, it was a pleasure to visit you in 

Berkeley back in 2002. Your input and valuable remarks were very important for the 

understanding of the MIDA techniques. Beste Hans, de tijdslijn van dit proefschrift valt 

samen met dat van de AMGRO. De opbouwende kritiek van jou en jouw groep die ik 

gedurende deze besprekingen mocht ontvangen zul je wellicht in dit proefschrift terug 

kunnen vinden. Beste Henkjan, wij kennen elkaar een groot aantal jaren en nog steeds 

verheug ik mij op jouw scherpzinnige kritiek. 

 

De in vivo experimenten in muis en rat hadden niet kunnen worden uitgevoerd zonder 

de kundige operaties van Rick Havinga en (vooral in het begin) Folkert Kuipers. 

Onmisbaar was ook de samenwerking met Rick voor het uitvoeren van de eerste 

experimenten. En voor de ontwikkeling van de diverse instrumenten die nodig waren 

voor de uitvoering van in vivo experimenten in muis modellen hebben wij enkele noten 

moeten kraken. Onze samenwerking beslaat een periode van 26 jaar, waarin jouw altijd 

scherpe analyses van (vooral z’n eigen) voetbalwedstrijden een openbaring waren. Een 

groot compliment is op z’n plaats voor Gerrit Messchendorp die in staat was om onze 

(soms wilde) ideeën voor de te ontwikkelen instrumenten ook wist te realiseren. Van zijn 

hand zijn bijvoorbeeld de experimentele muizen kooitjes en “Y-stukjes” voor clamp-

experimenten die beide onmisbaar zijn voor ons onderzoek. Zonder zijn inbreng was dit 

proefschrift een heel moeilijk verhaal geworden. Voor alle uitgevoerde experimenten 

werden de broodnodige isotopen geregeld door Frans Stellaard. De introductie van muis 

modellen had tot gevolg dat monsters die kunnen worden verkregen vele malen kleiner 

zijn moesten de analyse procedures worden aangepast. Vooral de reproduceerbaarheid 

en nauwkeurigheid van de GCMS analyses werd van cruciaal belang. Optimaliseren van 

deze analyse methoden en het gebruik van kwaliteit controles was zeker niet gelukt 

zonder de kundige inbreng van Theo Boer. Het lukte het met hulp van Jan Peter Rake 

chemische procedures die nodig zijn voor het meten van isotoop verrijkingen in UDP-

glucose te vereenvoudigen. Met deze nieuwe methode is het waarschijnlijk ook mogelijk 

om met de positionele verrijking van deuterium in UDP-glucose te meten. Doordat de 

opzet van een experiment steeds ingewikkelder werd, is een juiste toepassing van 

statistiek onmisbaar. Voor mij was de input van Vincent Bloks dan ook onmisbaar.  

 

Dit proefschrift omvat de ontwikkeling en validatie van een aantal computer modellen 

die het in vivo koolhydraat metabolisme beschrijven. Al het werk was ondenkbaar zonder 

de vraagstelling en de input van een groot aantal AIO’s. De ingewikkelde experimenten 

(veelal uitgevoerd op ADL08) kenmerkten zich veelal door lange werktijden, muisjes 
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gezellig op tafel, soepje erbij, kopje koffie en een koekje, zoals door één van hun werd 

opgemerkt. Het eerste MIDA experiment in een rat model is uitgevoerd samen met Coen 

Wiegman en in het eerste MIDA experimenten in muis modellen met Robert Bandsma. 

Het MIDA protocol voor muizen werd later aangepast met Terry Derks en Hilde Herrema 

zodat ze ook bruikbaar werden voor hypoglycemische omstandigheden (nu gebruikt als 

standaard model). Bij de ontwikkeling van de populaire hyperinsulinemische 

euglycemische clamp procedures in niet-verdoofde muizen was de input van Aldo 

Grefhorst onmisbaar. De vraag naar deze methode door derden werd toen zelfs zo groot 

dat wij meer op ADL08 verbleven dan in het lab (en de firma “Clamp & Co.” was 

geboren). Samen met Maaike Oosterveer en Marijke Schreurs werd het experiment 

gesplitst in een basale en hyperinsulinemische periode. Samen met Anke Laskewitz en 

Annelies Stroeve werd dit protocol gecombineerd met het MIDA protocol. Ook hebben zij 

voor het eerst de combinatie van het hyperglycemische clamp en het MIDA protocol 

uitgevoerd. Bij onze nieuwste aanwinst (de WBGT) speelden Anke en Aldo een 

belangrijke rol en samen met Eva Corpeleijn worden nu de eerste experimenten gedaan 

om de methode bruikbaar te maken voor humane toepassingen.  

Voor het correct en optimaal uitvoeren van dierexperimenten zijn ook de medewerkers 

van het CDP onmisbaar, en in het bijzonder Diana, Harm, Ralph, Ar, Lucas en Natasha. 

 

Wat buiten dit proefschrift valt, maar wat voor het lab (en mij) minstens zo belangrijk is, 

zijn de ontwikkelingen in kinetische modellen voor cholesterol en vetzuur metabolisme. 

Nadat Robert Bandsma de MIDA methoden hiervoor had geïntroduceerd en wij enige 

aanpassingen hadden doorgevoerd zijn het standaard procedures binnen ons 

laboratorium geworden. De methode voor cholesterol is gebruikt voor dier experimenteel 

onderzoek (door o.a. Robert, Jelske van der Veen, Maxi Meisner, Hilde Herrema, Gemma 

Brufau, Mariette van der Wulp) maar is ook gebruikt voor onderzoek in kleine kinderen 

(door o.a. Loraine Renfurm en Hester van Meer). Samen met Jelske, Gemma en Mariette 

worden ook protocollen voor de berekening van cholesterol absorptie en cholesterol 

excretie toegepast. Met Maaike en Dirk-Jan zijn wij er in geslaagd naast de nieuw 

synthese van vetzuren ook een schatting te maken van de ketenverlenging. Deze 

procedure gaf bovendien een beter inzicht in de MIDA algoritmes en het vetzuur 

metabolisme.  

 

Dan hebben we nog de periode van vòòr het paaltje. In 1984 ben ik opgeleid door de 

derde persoon die mijn hele weg kent; Klaas Bijsterveld. Beste Klaas, jij leerde mij de 

toen gebruikte analytische methoden o.a. de aminozuuranalyse op de LKB4400 en, erg 

belangrijk, de trucs om dit apparaat draaiende te houden (let op afvalval, druk van 
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stikstofcilinder, lekkages, statische elektriciteit, het gebruik van groene schroevendraaier 

voor de autosampler) en het stellen van prioriteiten: voorbewerken op dinsdag en 

vrijdag, op donderdag PKU draaien en rekenen op maandag en woensdag. Vervolgens 

heb ik deze (toen sterk verbeterde analyses) uitgevoerd met Janneke van der Molen en 

Albert Gerding. Eerst zaten wij in een “ziek makende ruimte”, later in een nette kamer 

mèt airconditioning. In samenwerking met Francjan van Spronsen resulteerde dit werk in 

een drietal peer-reviewed arikelen. De periode op Bloemsingel 10 met Lena, Gea, Klaas, 

Henk en Henk en Henk, Klary, Rick, Renze, Wilma, Carla, Toos, Eveline, Folkert, Albert, 

Trijnie, Tinie, Helma, Inge, Jannie, Janneke, Henkjan, Halbe, Martin, Roel, Ruud, Dirk-

Jan kenmerkte zich door gezelligheid en vrij veel sport (met name tafeltennis, voetbal en 

volleybal).      

 

Vanaf het begin was het secretariaat voor mij een speciale plaats, eerst was Lena 

Westerdijk; altijd aanwezig om even bij praten, m’n hart te luchten of gewoon te 

roddelen, later is deze plaats feilloos over genomen door Gea en Hilde (alfabetische 

volgorde). 

 

Bij mijn worsteling met zwarte letters en wit papier, het omgaan met onbekende 

protocollen en procedures heb ik zeer belangrijke tips gekregen van mijn “ervaren” 

voorgangers (o.a. Jurre, Jaap, Aldo, Esther en Maaike), mijn lotgenoten (o.a. Anniek, 

Hilde en Sabine) en andere geïnteresseerden (o.a. Barbara en Theo) maar vooral mijn 

onmisbare “kleine leescommissie” (Vincent en Anke).  

 

Hoewel alle AIO’s voor mij natuurlijk aan elkaar gelijk zijn heb je er ook altijd een paar 

die meer gelijk zijn dan anderen; de paranimfen. Zij waren net als iedereen 

verantwoordelijk voor vele plezierige uren op ADL08, interessante reizen (congres 

bezoeken), gezellige kletspraat en hebben een belangrijke bijdrage geleverd aan dit 

proefschrift. Maar…., wij hebben meer gemeenschappelijke kwaliteiten; wij zijn namelijk 

brokkenpiloten. Wij houden er van (soms door eigen onhandigheid) de omgeving de 

stuipen op het lijf te jagen. Maarrr..., na een lange periode van herstel en een 

therapeutische fase komen wij dan ook keihard terug.      

 

Tenslotte wil ik iedereen die werkzaam zijn/waren op lab kindergeneeskunde bedanken 

voor de vele tips die ik; zij zijn het die het lab maken tot wat het is: een werkplek om 

niet meer te verlaten: Wytske, Annette, Barbara, Robert, Juul, Pim, Aycha, Conny, Theo, 

Marije, Trijnie, Renze, Gemma, Jan Freark, Vincent, Marianne, Klaas, Frans, Eva, Arne, 

Margot, Albert, Aldo, Bert, Jurre, Rick, Gea, Hilde, Wietse, Fetty, Elles, Hermi, Jenny, 
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Anniek, Anke, Agnes, Sabina, Hester, Maxi, Pim, Stiny, Janneke, Klary, Niels, Maaike, 

Torsten, Maurien, Jan Peter, Dirk-Jan, Hilde, Andrea, Marijke, Fjodor, Jaana, Peter, 

Greet, FrancJan, Frans, Annelies, Uwe, Nicolette, Jelske, Ingrid, Willemien, Henk, 

Marjan, Coen, Mariette.  

En in memoriam Anniek Werner en Harmen Wiersma. 

 

Het schrijven van dit proefschrift kende vele ups en downs en heeft vrij lang (vier jaar) 

geduurd. Een periode waarin thuis sommige (noodzakelijke) werkzaamheden zijn blijven 

liggen maar dan kon ik gelukkig altijd blijven rekenen op de o zo belangrijke hulp van 

het hele thuisfront. Peter en Jacolien, Gera en Berry, jullie belangstelling, en de geboden 

hulp hebben mij altijd gestimuleerd om door te gaan op de ingeslagen weg. Bovenal, het 

was Jurian die me zei dat opa het proefschrift nu maar eens moest gaan afmaken. De 

onvoorwaardelijke steun en hulp kwamen altijd van haar die mij het dierbaarst is;  

Jenny, mijn echte baas 

 

 

 

 

 

 

 

P.S. Natuurlijk ben ik ook iedereen dankbaar die hun naam niet in het dankwoord 

hebben kunnen vinden.  

 

Statler: Well they are actually gone, will we ever forget them? 

Waldorf: Who? 

Statler: Oh, you know what’s-their-name. 
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CURRICULUM VITAE 

 

Taeke Henderikus (Theo) van Dijk werd op 2 juli 1957 in Uithuizen geboren. Het 

Atheneumdiploma werd behaald op 16 juni 1977 aan de Rijksscholengemeenschap te 

Warffum waarna de militaire dienstplicht werd vervuld in de periode september 1977 

tot en met oktober 1978. De studie werd daarna voortgezet met het Hoger 

Natuurwetenschappelijk Onderwijs aan de Dagschool voor Laboratorium Personeel te 

Groningen. Het afstudeeronderzoek werd uitgevoerd in de apotheek van het 

Academisch Ziekenhuis in Groningen onder leiding van dr. D.R.A. Uges en betrof 

“Polarografie in de Klininisch Toxicologische en in de Klinisch Farmacologische 

Analyse. Het HNWO diploma werd op 9 juli 1982 behaald. 

 Direct aansluitend begon Theo als analist bij de vakgroep Nucleaire Geneeskunde 

met een onderzoek naar de synthese en het gebruik van radiofarmaceutica in 

proefdieren onder leiding van dr. J.M. Bolster en dr. W. Vaalburg wat resulteerde in 

een viertal peer-reviewed artikelen. In 1984 werd de overstap gemaakt naar de 

vakgroep Kindergeneeskunde waar hij als analist werd aangesteld bij de werkgroep 

Metabole Ziekten onder leiding van dr. R. Berger (later dr. D-J. Reijngoud). Hoewel 

de werkzaamheden zich voornamelijk concentreerden op de screening en diagnostiek 

van aangeboren metabole ziekten werden tussen 1984 en 1997 ook een viertal peer-

reviewed artikelen gepubliceerd. Vanaf 1997 tot heden concentreerden de 

werkzaamheden zich op het ontwikkelen en uitvoeren van studies met behulp van 

stabiele isotopen in kleine proefdieren onder leiding van dr. D-J. Reijngoud en Prof. 

Dr. F. Kuipers (later ook Prof. Dr. A.K. Groen). Gedurende deze periode werden meer 

dan twintig peer-reviewed artikelen gepubliceerd. Dit werk zal in de toekomst worden 

gecontinueerd met de nadruk op toepassingen binnen de system biology. 
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