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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. 
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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 



 233 

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 



 244 

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.  



 245 

 

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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