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Introduction Introduction 
Plasmaa glucose levels are controlled within relatively narrow margins. Low 

bloodd sugar levels are dangerous, because brain function is critically dependent on 
glucose.. Conversely, if postabsorptive glucose levels are only slightly increased, 
diabetess mellitus is diagnosed. This diagnosis has profound implications, because it 
iss associated with considerable morbidity and mortality. Therefore, this thesis 
focusess on the regulation of postabsorptive glucose production, especially in 
patientss with type 2 diabetes mellitus. 

/ . /.. type 2 diabetes mellitus 

Diabetess mellitus encompasses different diseases with different 
pathogenesis,, the most common variants are type 1 and type 2 diabetes. Both type 
11 and 2 diabetes mellitus result in hyperglycemia and therefore share the 
complicationss of chronic hyperglycemia: retinopathy, nephropathy, and autonomic 
andd peripheral neuropathy. In type 1 diabetes mellitus, hyperglycemia is the result 
off  failing insulin secretion due to pancreatic beta-cell destruction, whereas in type 
22 diabetes, hyperglycemia is the result of the combination of defective insulin 
secretionn and resistance to the action of insulin, the so called insulin resistance. Of 
alll  patients with diabetes mellitus, over 90 percent has type 2 diabetes mellitus. 
Consequently,, this disease is the most prevalent metabolic disease in the world 
(43).. Moreover, in the last decades, the incidence and prevalence of type 2 diabetes 
mellituss is increasing (2). In the Netherlands, the prevalence of type 2 diabetes 
mellituss in elderly Caucasians recently appeared to be 8.4 % (42). 

Thee primary causes of type 2 diabetes are unknown, but as mentioned 
earlier,, the syndrome is characterized by insulin resistance and a relative failure of 
insulinn secretion by the pancreatic p cell. The debate remains whether insulin 
resistancee or a dysfunctional secretion is the primary cause of the disease (18;21). 
Somee studies indicate that the earliest observed defect is dysfunctional secretion 
(31;48),, whereas other publications state that a defect in insulin action is the 
predominantt abnormality in the early stages of the development of the disease 
(14;53).. The first detailed longitudinal study among a population with the highest 
documentedd prevalence of type 2 diabetes in the world, the Pima Indians of 
Arizona,, confirmed the development early in the pathogenesis of type 2 diabetes of 
bothh defects in insulin action as well as in insulin secretion (72). Since insulin 
resistancee is a consistent finding in patients with type 2 diabetes (3), and it 
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precedess the onset of type 2 diabetes by more than ten years (37), it is thus clear 
thatt insulin resistance has an crucial role in the development of type 2 diabetes 
mellitus. . 

Thiss resistance to the action of insulin becomes apparent in those tissues 
thatt are dependent of insulin for glucose disposal (skeletal muscle and fat) or 
glucosee production (mainly the liver). In skeletal muscle, the stimulatory effect of 
insulinn on muscle glycogen synthesis is decreased (38). Recently, it has been 
shownn that impaired insulin-stimulated glucose transport is the rate limiting step 
responsiblee for this decrease in skeletal muscle glycogen synthesis (7). Glucose 
transportt into adipose tissue is quantitatively less than into muscle, but the same 
mechanismm is thought to be responsible for the adipose tissue resistance to insulin. 
Thee major site for glucose production is the liver, and in type 2 diabetic patients 
theree is resistance to the ability of insulin to acutely suppress hepatic glucose 
productionn (9;36). Thus, in type 2 diabetes mellitus, insulin resistance results in 
hyperglycemiaa through diminished peripheral glucose uptake and insufficient 
suppressionn of endogenous glucose production. 

1.2.1.2. glucose metabolism in healthy humans 

Inn healthy humans, plasma glucose concentration is tightly controlled: it 
remainss at about 5 mmol/1 throughout the day, rising only transiently and slightly 
afterr a carbohydrate containing meal. This fine-tuning of plasma glucose 
concentrationn occurs through adaptations in the rate of delivery of glucose to the 
systemicc circulation (= rate of appearance of glucose, Ra) and the rate of glucose 
uptakee by the tissues (= rate of disappearance, Rd). This is possible mainly by 
alterationss in glucoregulatory hormones, mainly insulin and glucagon, and through 
thee autonomic nervous system (20). Glucose uptake is either independent of 
insulin,, like in the brain, or dependent on the action of insulin, mainly in muscle 
andd adipose tissue. In contrast to muscle and fat, the brain cannot produce glucose, 
sincee glucose is not stored in the brain. In the postabsorptive state, therefore, brain 
functionn is critically dependent on the circulating concentrations of glucose. Since 
inn the postabsorptive state ~ 2 mg/kg/min glucose is taken up in the body (20), the 
samee amount of glucose has to be produced to maintain extracellular glucose 
concentrationn between its narrow ranges. 

Inn the postabsorptive state, the production of glucose is mainly produced 
byy the liver, but the kidney is also capable of glucose release (5;64;65). It remains 
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controversial,, however, whether the kidney has a significant role in the production 
off  glucose in the nonfasting nonacidotic condition. Some authors suggest that about 
25%% of total glucose production after an overnight fast is derived from the kidney. 
Otherr authors using the arteriovenous balance technique across the kidneys and the 
splanchnicc area combined with intravenous infusion of [UI3C6]-glucose, [3-
3H]glucose,, or [6-3H]glucose, estimated the renal contribution to total glucose 
productionn in the overnight fasted state to be only ~5%. During prolonged fasting, 
however,, renal glucose production becomes substantial, comprising 20-25% of 
totall  glucose production after 60 h of fasting (17). In this thesis the term 
endogenouss glucose production is used, which includes both hepatic and renal 
glucosee production. 

Endogenouss glucose production is the resultant of two pathways: direct 
deliveryy of stored glucose (glycogen), a process called glycogenolysis, and of 
newlyy synthesized glucose molecules from different precursors, like aminoacids or 
lactate,, called gluconeogenesis. 

Underr basal conditions, basal endogenous glucose production is regulated 
byy fluctuations in portal vein insulin concentrations (61;62). An increase in portal 
veinn insulin concentrations inhibits endogenous glucose production whereas 
stimulationn of glucose production occurs when portal vein insulin concentration 
decreases.. After a (carbohydrate containing) meal, both insulin and glucagon 
regulatee glucose production. First, insulin secretion is stimulated and endogenous 
glucosee production is inhibited. The latter is the result of inhibition of 
glycogenolysiss by insulin as well as by the increased plasma glucose concentration. 
Afterr absorption of the meal, the plasma glucose concentration decreases to values 
frequentlyfrequently below those of short-term fasting. This relative hypoglycemia is 
sufficientt to increase the secretion and the portal concentration of glucagon, which 
triggerss an increase in glycogenolysis and hepatic glucose production (68). 
Recently,, it was found in healthy humans, that under hypoglucagonemic 
conditions,, the inhibitory effect of insulin on net glycogenolysis is through 
stimulationn of glycogen synthase, whereas inhibition of glycogen phosphorylase 
occurss by the increased plasma glucose concentration (47). Thus, both hormonal 
andd substrate signals are simultaneously required to promote optimal rates of net 
hepaticc glycogen synthesis. 

Endogenouss glucose production however is not only dependent on 
gluconeogenicc precursor supply or glucoregulatory hormones. Infusion of 
gluconeogenicc precursors like glycerol, amino acids or lactate increase 
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gluconeogenesis,, but fail to increase overall glucose production (25;28;74). These 
observationss have led to the concept that endogenous glucose production is 
autoregulated,, i.e. remains constant irrespective of variations in gluconeogenic 
flux. flux. 

Variouss mechanisms have been proposed to account for  this constancy of 
endogenouss glucose production. Some of them have been proven to be not true. 
Autoregulationn is not dependent on changes in the concentrations of major 
glucoregulatoryy hormones since it persists when plasma concentrations of insulin 
andd glucagon are maintained constant by infusions of somatostatin, insulin and 
glucagonn (28;67). Autoregulation is also present during administration of a beta-
adrenoreceptorr  antagonist propranolol, indicating that changes in beta-adrenergic 
activityy are not responsible for  this adaptation (22). Potential mediators of hepatic 
autoregulationn are Kupffer  cell products and the autonomous nervous system. In 
thee liver, there is intensive interaction between Kupffer  cells and hepatocytes, and 
inin  vitro animal data suggest that products of these Kupffer  cells influence glucose 
productionn by hepatocytes. For  instance, stimulated Kupffer  cells produce 
prostaglandinss (13), cytokines (13;39), and nitri c oxide (NO) (4;39), and all these 
mediatorss can affect glucose production (4). Indomethacin influences the secretion 
off  different mediators: prostaglandins, cytokines, as well as NO. Administratio n of 
indomethacinn stimulates endogenous glucose production in healthy adults without 
anyy influence on the plasma levels of glucoregulatory hormones, insulin as well as 
C-peptidee (12). These data suggest that intrahepatic produced mediators could 
influencee endogenous glucose production via paracrine mechanisms. 

Inn type 2 diabetes mellitus, there is a loss of the fine-tuning of plasma 
glucosee concentration because of a dysfunctional secretion of insulin, as well as a 
resistancee to the action of insulin. The adaptations in the rate of delivery of glucose 
too the systemic circulation and/or  the rate of glucose uptake by the tissues are 
insufficient,, and postprandial and fasting hyperglycemia is the result. Thus, in type 
22 diabetes mellitus, endogenous glucose production is inappropriately increased, 
consideringg normal or  even elevated insulin concentrations. The underlying 
mechanisms,, however, still remain to be understood. 

1.3.1.3. regulation of endogenous glucose production in type 2 diabetes mellitus 

Despitee the presence of hyperinsulinemia and hyperglycemia, basal 
endogenouss glucose production in type 2 diabetes is increased, in the 
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postabsorptivee state as well as in the postprandial state. There is a striking linear 
positivee relationship between the rate of basal endogenous glucose production and 
thee degree of fasting hyperglycemia: the higher the fasting plasma glucose 
concentration,, the higher is the rate of endogenous glucose production (15;19;26). 
Althoughh absolute rates of glucose production in patients with fasting plasma 
glucosee concentration <10 mmol/L are not increased compared to healthy controls, 
comparablee rates of glucose production reflect inappropriately increased rates of 
glucosee production considering the presence of hyperinsulinemia and 
hyperglycemiaa in type 2 diabetics. 

Severall  factors are thought to be responsible for this increase in 
endogenouss glucose production. 
1)) hyperglucagonemia: significantly higher fasting plasma glucagon levels are 
presentt in patients with type 2 diabetes compared to control subjects, whereas 
glucosee induced suppression of glucagon secretion is reduced (1;54;71). Moreover, 
administrationn of glucagon after infusion of somatostatin increases hepatic glucose 
productionn as well as plasma glucose concentration in the absence of insulin (27). 
AA recent prospective study in non-diabetic women indeed demonstrated that high 
glucagonn secretion (measured as response to intravenous administration of 
arginine)) predicts glucose intolerance (35) 

2)) increased availability of gluconeogenic substrates: In patients with type 2 
diabetess mellitus the delivery of gluconeogenic substrates to the liver is increased, 
ass well as gluconeogenic efficiency of the liver (10; 11). However, modulation of 
deliveryy of gluconeogenic substrates does not alter hepatic glucose production or 
plasmaa glucose levels. For instance, when lipolysis in patients with type 2 diabetes 
wass inhibited by acipimox, with concomitant decrease in plasma FFA and glycerol 
levels,, fasting hyperglycemia or the rate of endogenous glucose production does 
nott alter, although gluconeogenesis decreases (52). In accordance, inhibition of 
gluconeogenesiss by ethanol also reduces gluconeogenesis from endogenous 
precursors,, but does not alter endogenous glucose production or plasma glucose 
concentrationn (60). Thus, in type 2 diabetes, the inappropriately increased 
endogenouss production of glucose is not merely the result of increased hepatic 
deliveryy of gluconeogenic substrates, but other factors must be involved. 

3)) hyperglycemia: glucose itself is able to promote its own disposal and to inhibit 
endogenouss glucose production in the presence of basal concentrations of insulin. 
Forr instance, hyperglycemia per se inhibits glucose production in nondiabetic 
individualss (56). Recently, an impairment in this regulation of glucose production 
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byy glucose per se was found in patients with type 2 diabetes mellitus. In that study, 
somatostatinn was infused in patients with type 2 diabetes and healthy, matched 
controls,, in the presence of basal replacement of glucoregulatory hormones and 
plasmaa glucose was maintained at either 5 or 10 mmol/1. In the presence of 
identicall  and constant plasma concentrations of insulin, glucagon and growth 
hormone,, an equivalent increase in circulating glucose concentrations (from 5 to 10 
mmol/1)) inhibited endogenous glucose production by 42% in healthy controls, but 
failedd to lower endogenous glucose production in the diabetic patients (40). Thus, 
thee autoregulatory effect of hyperglycemia is decreased in type 2 diabetes mellitus. 
However,, because the mechanisms by which hyperglycemia per se affects 
endogenouss glucose production in healthy subjects have not been completely 
elucidated,, the reason why the autoregulatory effect of hyperglycemia is decreased 
inn type 2 diabetes mellitus is also unclear at present. 

4)) altered regulation by paracrine mechanisms: The possible influence of 
intrahepaticc paracrine mechanisms on endogenous glucose production was 
demonstratedd by our group in healthy humans (12), and further confirmed in 
patientss with uncomplicated falciparum malaria, in whom the already increased 
basall  endogenous glucose production could be increased even more by 
indomethacinn without any change in plasma glucoregulatory hormones or 
circulatingg cytokines (16). Thus, in healthy adults as well as in patients with certain 
infectiouss diseases, basal endogenous glucose production is not maximally 
stimulated,, but is partially inhibited, possibly by paracrine factors like 
prostaglandin's,, cytokines and/or nitric oxide. Consequently, it is possible, that 
thesee paracrine factors also influence endogenous glucose production in other 
conditionss like in type 2 diabetes mellitus. If this is the case, dysregulation of 
paracrinee interaction could be important co-factor in maintaining increased 
endogenouss glucose production in type 2 diabetes mellitus. 

5)) the influence of diets and meal composition: nutritional intake itself is an 
importantt determinant of the rate of postabsorptive endogenous glucose 
production.. In healthy humans, there is a direct relation between carbohydrate 
intakee and postabsorptive endogenous glucose production (58). Carbohydrate 
overfeedingg increases postabsorptive glucose production (8), whereas fasting 
reducess glucose production (30). A deterioration in carbohydrate metabolism could 
bee induced by a "modern" high fat diet in non diabetic Pima Indians, a population 
withh high prevalence of type 2 diabetes, as well as in non diabetic Caucasians (66). 
Noo data are available on the potential role of eucaloric changes in dietary content in 
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thee regulation of glucose production in healthy subjects. As FFA stimulates 
gluconeogenesiss (6), it is quite possible that fat wil l stimulate glucose production 
(andd via this way contribute to the development of type 2 diabetes mellitus), even 
inn the absence of the induction of adiposity. 

1,4,1,4, methods for quantifying endogenous glucose production and 
gluconeogenesis gluconeogenesis 

1.4.1.. estimation of endogenous glucose production 
Isotopess of glucose are used for the estimation of endogenous glucose 

productionn in humans in vivo. The procedures involve primed, continuous infusion 
off  labeled glucose. Both radioactively labeled glucose, e.g. [3-3H]glucose, as well 
ass stable isotopes of glucose, e.g. [6,6-2H2]-glucose can be used for quantification 
off  endogenous glucose production (73).These isotope dilution methods require 
assumptionss regarding the distribution volume of glucose, the presence of steady 
statee of the isotope at the time of calculation, and of characteristics of the behavior 
off  the glucose molecules in one or more pools. 

Whenn isotopic steady state is reached, i.e. when glucose specific activity 
(radioactivee isotope) or the tracer/tracee ratio of glucose (stable isotope) does not 
changee during a certain time, the endogenous production of glucose can be 
calculatedd using steady state equations according to Steele (63): 

KK = -
E E 

wheree Ra = the rate of appearance of glucose (in (xmol/kg/min), F = tracer infusion 
ratee (in jimol/kg/min) and E = percent of glucose molecules enriched with H. 

Thee purpose of the priming dose is to instantaneously label the whole 
glucosee pool to the tracer steady state level that would eventually be reached with 
thee constant infusion alone. In healthy subjects, reliable calculations of Ra can be 
madee using the steady state equations, two hours after a fixed priming dose of the 
tracer.. Isotopic tracer equilibrium has than been achieved. 

Majorr differences in absolute basal rates of endogenous glucose production 
weree reported in patients with type 2 diabetes mellitus, varying from normal rates 
(e.g.. similar as in healthy subjects) to 140% higher than normal (15;57). In 1990, a 
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studyy was conducted in type 2 diabetic patients in the overnight fasted state to 
elucidatee whether these differences could be due to the mode of priming, fixed or 
adjustedd to the prevalent hyperglycemia, and/or to the mode of calculation: steady 
statee or non-steady state equations (24). Between 10-16 h of fasting, plasma 
glucosee concentration was not constant, but declined -0.5 mmol/l/h. Furthermore, 
usingg fixed priming, tracer steady state was not reached within 6 h, whereas using 
adjustedd priming a constant tracer steady state was obtained within 60 min. Thus, 
thee fasting state in patients with type 2 diabetes mellitus is not a steady state 
conditionn and consequently, using Steele's equations after fixed priming, glucose 
productionn rates calculated after 2 h will be overestimated in proportion to fasting 
hyperglycemia.. Thus, in patients with type 2 diabetes mellitus a prime, adjusted to 
thee prevalent hyperglycemia has to be administered and calculations have to be 
performedd assuming non-steady state. 

Modificationss of the formula of Steele (63) allow us to calculate the rate of 
appearancee of glucose under non-steady state conditions: 

FF F(C t +C2) (E2-Ex) 

(£2+£ t ) ) 
2 2 

wheree Ra = rate of appearance of glucose (in u\mol/kg/min), 
FF = tracer infusion rate (in |imol/kg/min) 
EE = percent of glucose molecules enriched with 2H (in absolute values) 
CC = plasma glucose concentration (in mmol/L) 
tt = time point for measurement 
pV== effective distribution volume of glucose 

Thiss non-steady state equation of Steele is based on several assumptions: 
1)) the presence of a single, well mixed glucose pool in our body. 
2)) uniform and instantaneous mixing of the infused glucose tracer with the 

unlabeledd glucose pool. 
3)) once glucose has left the glucose pool, no glucose molecule will reenter the 

pool. . 
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Itt was recognized by Steele that glucose being sampled in the (plasma) pool, does 
nott mix instantaneously with the total body glucose pool. He therefore suggested to 
multiplyy the distribution volume of glucose (V) by a pool correction factor p, a 
fudgee factor to define an effective volume of distribution of glucose (pV) and to 
compensatee for the use of calculations based on a single-pool model in a system 
thatt is actually multicompartimental. For this reason, and because pV may change 
inn time during non-steady state, the rate of appearance can be calculated by using 
differentt values of pV, ranging from the smallest plausible volume (e.g. the plasma 
volume)) to the largest one (e.g. interstitial volume) in order to approximate bounds 
off  the true value. 

1.4.2.. quantification of gluconeogenesis andglycogenolysis 
EndogenousEndogenous glucose production consists of two components: 

gluconeogenesiss and glycogenolysis. Since the introduction of isotopes for 
estimationn of molecular fluxes, several methods have been developed to measure 
thee contribution of gluconeogenesis and glycogenolysis to endogenous glucose 
production: : 

Inn the seventies, several methods were introduced involving measurement 
off  arteriovenous differences across the splanchnic area. This technique involves 
splanchnicc catheterization and measurements of arterial as well as venous 
concentrationss of gluconeogenic substrates. By multiplying the difference between 
arteriall  and venous concentrations by the hepatic blood flow (measured by 
indocyaninee green) (69), gluconeogenesis can be calculated. However, calculating 
splanchnicc net balance does not account for hepatic uptake of substrates formed 
withinn the splanchnic bed, like the intestinal release of amino acids and lactate, nor 
doo they allow for splanchnic extra-hepatic glucose utilization and the renal 
contributionn to endogenous glucose production (70). Moreover, the large variation 
coefficientt of the flow measurements precluded the detection of small arterio-
venouss differences in substrate concentrations. 

AA simple and non-invasive method for quantifying gluconeogenesis is the 
infusionn of different radioactive and stable isotopes of precursors of 
gluconeogenesis.. However, the application of labeled precursors of 
gluconeogenesiss like lactate, alanine and pyruvate suffer from the limitation that 
thesee tracers are diluted in the rapidly turning over oxaloacetate pool, before its 
conversionn to glucose. This oxaloacetate pool can not be measured directly, but has 
too be taken into account when measuring the enrichment of the precursor pool for 
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gluconeogenesis,, before gluconeogenesis can be calculated (41). Moreover, 
isotopicc exchanges in the oxaloacetate pool result in uncertain dilution of the labels 
(59).. As a result, all these stable isotope approaches are limited by uncertain 
assumptionss regarding the enrichment of this oxaloacetate pool. 

AA totally different method for the estimation of gluconeogenesis was 
introducedd in the early nineties by Shulman et al. (55). In contrast to the 
abovementionedd techniques, this method directly measures glycogenosis, by 
quantificationn of changes in hepatic glycogen, applying NMR spectroscopy in 
combinationn with magnetic resonance imaging (MRI) of liver volume in order to 
calculatee the depletion of hepatic glycogen. Gluconeogenesis can then be 
calculatedd by subtracting the rate of net hepatic glycogenolysis from the rate of 
endogenouss glucose production as measured by 3H-glucose. Gluconeogenesis thus 
iss not measured directly but depends on an estimate of the difference in hepatic 
glycogenn content. Moreover, as mentioned earlier, endogenous glucose production 
comprisess hepatic, as well as renal glucose production, whereas glycogenolysis 
withh this method is only measured from the liver. 

Threee different stable isotope methods for quantification of 
gluconeogenesiss in vivo have been described, that do not involve the assumptions 
regardingg the enrichments within the oxaloacetate precursor pool. The first method 
wass introduced by Hellerstein and co-workers, who applied mass isotopomer 
distributionn analysis (MIDA ) as a method for estimating the fractional synthetic 
ratee of various biopolymers, including cholesterol, fatty acids, glucose, and DNA 
(23).. Glucose is considered as a dimer formed from the condensation of two triose 
phosphatee molecules. Thus, MIDA of glucose made from a 13C-labeled 
gluconeogenicc precursor (infused as [2-13C]glycerol or [U13C3]glycerol) has been 
proposedd as a method for estimating the contribution of gluconeogenesis (f) to total 
endogenouss glucose production (44). These MIDA calculations of f are not subject 
too artifacts of isotope exchange or dilutions, provided the main underlying 
assumptionn of MIDA is fulfilled, that is: the triose phosphate pool(s) in all 
gluconeogenicc cells must be at similar I3C enrichments, otherwise f wil l be 
underestimatedd (32;50;51). 

Theree are, however, conflicting opinions regarding the general applicability 
off  MIDA for estimating f during the infusion of [13C]glycerol in vivo. Several 
investigatorss have infused [2-13C]glycerol and concluded that correct estimates of f 
wass possible (44-46), whereas others infused [U13C3]glycerol and concluded that f 
wass underestimated and that MIDA is not a reliable method for estimating f 
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(32;50).. A recent publication has shown that in vitro the relative contribution of 
[13C]]  glycerol versus other gluconeogenic precursors influences the determination 
off,, such that f increases as the contribution of [13C] glycerol increases. Moreover, 
glucosee production increases as the supply of glycerol increases (51). These 
substratee induced effects of [13C]glycerol infusion on glycerol and glucose 
metabolismm were further confirmed in in-vivo experiments in 30 h fasted mice. 
Estimatess of f by MIDA yielded erroneous results with low infusion rates of [2-
,3C]glycerol,, whereas reasonable estimates of f were obtained at glycerol infusion 
ratess that perturb glycerol and glucose metabolism (49). 

AA modification of MIDA to quantify gluconeogenesis, based on the use of 
[U-13C]glucosee was published by Tayek and Katz (29), but proved underestimate 
gluconeogenesis,, because underlying assumptions could not be fulfilled, and 
becausee the contribution of gluconeogenesis from glycerol and amino acids not 
metabolizedd was ascribed to glycogenosis (34). 

Thee third method was introduced by Landau et co-workers, using the oral 
administrationn of  2H20 with subsequent measurement of the enrichment of 
deuteriumm in specific positions of glucose (32;33). Because the exchange of 
deuteriumm between the gluconeogenic precursors and body water occurs after 
passingg through the oxaloacetate pool, this method also does not involve the 
limitationss of the unknown enrichment of this pool. The approach rests on the fact 
thatt hydrogen bound to carbon 5 of glucose formed by gluconeogenesis, in the 
conversionn of phosphoenolpyruvate to 2-phosphoglyceric acid, has water as its 
source.. Furthermore, when glycerol is converted to glucose, carbon 5 of the 
glucosee is from carbon 2 of glyceraldehyde-3-P. Hydrogen from water is 
transferredd to that carbon in the isomerization of dihydroxyacetone-3-P from the 
glyceroll  with glyceraldehyde-3-P, and that isomerization is extensive. In 
glycogenolysiss on the contrary, there is no exchange with water of the hydrogen 
boundd to carbon 5 of the glucose formed. Thus, the ratio of enrichment at carbon 5 
off  glucose to that at carbon 2, or in water at steady state, is a direct measure of the 
fractionn of glucose formed by gluconeogenesis. A number of possible hydrogen 
exchangee reactions, however, can also occur that would not represent true 
gluconeogenesis,, like the exchange of  2H into fructose-1,6-difosfate (FDP) in the 
processs of incomplete FDP aldolase cleavage reaction. This would result in 
overestimationn of the fractional contribution of gluconeogenesis. 
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Thus,, although new methods have been developed that get round the 
problemss of the oxaloacetate precursor pool enrichment, so far no method can be 
consideredd to be the gold standard for measurements of gluconeogenesis. 

L5.L5. outline of the present thesis 

Postabsorptivee endogenous glucose production in patients with type 2 
diabetess mellitus is inappropriately increased as result of resistance to the 
suppressivee action of insulin on the liver. The cause of this hepatic insulin 
resistancee in type 2 diabetes mellitus is unknown. Other factors like 
hyperglucagonemia,, increased availability of gluconeogenic substrates or 
autoregulatoryy effect of glucose can not adequately explain this increase in 
postabsorptivee glucose production. Recent studies indicate that in healthy subjects 
intrahepaticc paracrine factors can influence basal endogenous glucose production. 
Itt is currently unknown, if these paracrine regulators also influence basal 
endogenouss glucose production in type 2 diabetes mellitus. 

Thee objective of this thesis was to obtain more insight in the regulation of 
endogenouss glucose production in the postabsorptive state in patients with type 2 
diabetess mellitus, with a focus on the possible role of paracrine factors, and diet 
andd in the relative contribution of gluconeogenesis and glycogenolysis to total 
glucosee production in the postabsorptive state. 

Researchh questions: 
A]A]  Role of paracrine factors in the induction of changes in endogenous glucose 
production production 

Prostaglandin'ss are products of stimulated Kupffer cells that can stimulate 
glucosee production in hepatocytes. Indomethacin influences the secretion of these 
mediatorss and administration of indomethacin to healthy volunteers stimulates 
basall  endogenous glucose production without any changes in glucoregulatory 
hormonee concentrations. If the same holds true for patients with type 2 diabetes 
mellituss is one of the research questions. It is also known that indomethacin can 
potentiallyy inhibit glucose stimulated insulin secretion. The second research 
questionn was therefore: is an effect of indomethacin on glucose production 
dependentt on the ambient plasma insulin concentration? 
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Adenosinee is another paracrine regulator which can be formed and released 
inn tissues, including the liver. Administration of pentoxifylline, an adenosine 
receptorr antagonist, inhibited transiently endogenous glucose production in healthy 
humanss without any changes in glucoregulatory hormone concentrations. To 
evaluatee the possible modulatory role of adenosine on endogenous glucose 
productionn in type 2 diabetes, aminophylline, a potent adenosine receptor 
antagonist,, was administered intravenously to type 2 diabetic patients. 

B]B]  Role of nutritional substrate in the induction of changes in endogenous glucose 
productionproduction and gluconeogenesis 

Nutritionall  intake is an important determinant of the rate of postabsorptive 
glucosee production (58). Changes in post-absorptive glucose production reflect 
changess in gluconeogenesis and/or glycogenolysis, because endogenous glucose 
cann only be derived from gluconeogenesis and glycogenolysis. Quantification of 
thesee two pathways is essential for better understanding of changes in intra-hepatic 
glucosee metabolism induced by variations in carbohydrate intake. We therefore 
quantifiedd gluconeogenesis (by ingestion of  2H20) and glycogenolysis after 11 
dayss of a high carbohydrate (85% carbohydrate), control (44% carbohydrate) and 
veryy low carbohydrate (2% carbohydrate) diet in six healthy males. Diets were 
eucaloricc and provided 15% of energy as protein. Post-absorptive endogenous 
glucosee production was measured by infusion of [6,6-2H2]glucose. 

C]C]  Measurement of gluconeogenesis in vivo in humans 
Thee quantification of gluconeogenesis by two new methods: the 

administrationn of  2H20 and by [2-13C]glycerol and the mass isotopomer distribution 
analysiss (MIDA) of glucose, does not involve assumptions regarding the 
enrichmentt of the oxaloacetate pool. Both methods are used as a golden standard 
forr measurement of gluconeogenesis in vivo, but it is currently unknown if both 
methodss give identical results. The relative value of each method was tested by 
comparingg these two methods in healthy postabsorptive volunteers under identical, 
strictlyy standardized eucaloric conditions on three separate occasions: once after 
orall  administration of  2H20, once during a primed, continuous infusion of [2-
13C]glycerol,, and once during a primed continuous infusion of unlabeled glycerol 
afterr oral administration of  2H20 to investigate the possible influence of glycerol 
infusionn on glucose production and gluconeogenesis measurements. 
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D]D]  Changes in endogenous glucose production and gluconeogenesis during short-
termfasting. termfasting. 

Inn healthy subjects, endogenous glucose production adapts to short term 
starvationn (< 24 h) by a decrease in glycogenosis, whereas gluconeogenesis does 
nott change. In type 2 diabetes mellitus plasma glucose concentration decreases 
fasterr during short term starvation. It is unknown if this difference in changes in 
plasmaa glucose over time between healthy subjects and patients with type 2 
diabetess mellitus is reflected in comparable changes in glucose production and 
gluconeogenesis.. To evaluate the adaptation of glycogenosis and 
gluconeogenesiss to a short extension of the postabsorptive state, we compared in 
patientss with type 2 diabetes mellitus plasma glucose concentration, endogenous 
glucosee production and gluconeogenesis between 16 to 20 hours of fasting versus 
betweenn 20 to 24 hours of fasting. Endogenous glucose production was measured 
byy infusion of [6,6-2H2] glucose, and gluconeogenesis by administration of  2H20. 
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Abstract Abstract 

Inn healthy subjects, basal endogenous glucose production is partly regulated 

byy paracrine intrahepatic factors. Administration of indomethacin, a prostaglandin 

synthesiss inhibitor, resulted in a transient stimulation of endogenous glucose 

productionn without changes in glucoregulatory hormone concentrations. It is 

unknownn whether similar paracrine factors influence basal endogenous glucose 

productionn in type 2 diabetes mellitus. The effects of 150 mg indomethacin, a non-

endocrinee stimulator of glucose production in healthy adults, and placebo, on 

endogenouss glucose production were measured in a randomized placebo controlled 

studyy in patients with type 2 diabetes mellitus (3 men and 3 women, mean age 58.5 yrs 

andd mean BMI 28.6 kg.m2). Endogenous glucose production was measured before 

andd during 6 hours after administration of placebo/indomethacin, by primed, 

continuouss infusion of [6,6-2H2] glucose. After indomethacin, plasma glucose 

concentrationn and endogenous glucose production increased in all subjects by 14% 

(p<0.05)) and 48% (p<0.05), respectively. In the control experiment, plasma glucose 

concentrationn and endogenous glucose production declined gradually in all subjects 

byy 22% (p<0.001) and 17% (p=0.004), respectively. The stimulation of glucose 

productionn coincided with inhibition of insulin secretion by 52% within one hour after 

administrationn of indomethacin (p<0.001). In the control experiment insulin secretion 

decreasedd gradually by 18% after six hours (p<0.001). Thus, indomethacin inhibits 

insulinn secretion and stimulates endogenous glucose production in type 2 diabetes. 

Introduction Introduction 

Inn type 2 diabetes mellitus hyperglycemia is attributed to both increased 

endogenouss glucose production (EGP) and impaired glucose uptake (GU) by 

peripherall  tissues (1;7). Theree is a close correlation between the degree of elevation 

off  EGP and the severity of fasting hyperglycemia in type 2 diabetes mellitus 

(10;; 13). The impairment of adequate suppression of EGP in view of the present 

hyperglycemiaa and hyperinsulinemia is associated with increased gluconeogenesis 

(GNG)) by enhanced delivery of gluconeogenetic substrates and increased 

efficiencyy of intrahepatic substrate conversion (4). In addition, regulation of EGP 

byy glucose per se seems to be impaired in type 2 diabetes mellitus (19). In healthy 

adults,, there are indications that besides regulation of glucose production by the 

classicc hormones, other, probably intrahepatic, mechanisms must be operative in 

maintainingg basal endogenous glucose production, a process frequently referred to 
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ass autoregulation (20). Potential mediators of this proces are Kupffer cell products. 
Inn the liver, there is intensive interaction between Kupffer cells and hepatocytes, 
andd in vitro animal data suggest that products of these Kupffer cells influence 
glucosee production by hepatocytes. For instance, stimulated Kupffer cells produce 
prostaglandinss (6), cytokines (6; 17), and nitric oxide (NO) (2; 17), and all these 
mediatorss can affect glucose production (2; 12). Indomethacin influences the 
secretionn of all these mediators: prostaglandins, cytokines, as well as NO. 
Administrationn of indomethacin in our previous study stimulated EGP in healthy 
adultss without any influences in the plasma levels of glucoregulatory hormones, 
insulinn as well as C-peptide (5). These data suggest that intrahepatic produced 
paracrinee mechanisms could influence EGP. The influence of these paracrine 
factorss on EGP was further confirmed in patients with uncomplicated falciparum 
malaria,, in which the already increased basal EGP could be increased even more by 
indomethacinn without any change in plasma glucoregulatory hormones or 
circulatingg cytokines (8). This lead us to conclude that in healthy adults as well as 
inn patients with certain infectious diseases, basal EGP is not maximaly stimulated, 
butt is partially inhibited, possibly by paracrine factors like prostaglandins, 
cytokiness and/or NO. It is currently unknown if these paracrine factors also 
influencee basal EGP in other conditions with increased EGP like type 2 diabetes 
mellituss and if so, if dysregulation of paracrine regulation is an important co-factor 
inn maintaining increased EGP in type 2 diabetes mellitus. 

Too evaluate the effects of indomethacin on EGP in type 2 diabetes mellitus, 
wee measured endogenous glucose production in a placebo controlled crossover 
studyy by infusion of [6,6-2H2]glucose before and after administration of 150 mg 
indomethacinn in patients with type 2 diabetes mellitus. 

SubjectsSubjects and Methods 

Subjects Subjects 
Sixx patients with type 2 diabetes mellitus were studied. Their clinical 

characteristicss are shown in table 1. Their mean glycosylated hemoglobin level 
wass 8.5% (range 7.0-10.5%), and except for the presence type 2 diabetes, they 
weree otherwise healthy and were taking no other medication known to affect 
glucosee metabolism. None had been treated with insulin. Oral antidiabetics were 
discontinuedd 72 hours before the start of the study. All consumed a weight-
maintainingg diet of at least 250 g carbohydrate for 3 days before the study. Written 
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informedd consent was obtained from all the patients. The studies were approved by 
thee Institutional Ethics and Isotope Commities. 

TableTable 1. Clinical characteristics of the 6 patients with type 2 diabetes mellitus 

sex x 

f f 

m m 

f f 

f f 

m m 

m m 

age e 

(y) ) 

51 1 

65 5 

54 4 

67 7 

37 7 

57 7 

BMI I 

(ke/m2ï ï 

34.7 7 

28.4 4 

29.1 1 

33.2 2 

24.7 7 

21.7 7 

FPG G 
(mmol/1) ) 

7.9 9 

10.0 0 

12.5 5 

8.7 7 

12.6 6 

17.8 8 

FPI I 
(pmol/1) ) 

105 5 

80 0 

100 0 

70 0 

50 0 

65 5 

FPC-pept t 
(pmol/1) ) 

1122 2 

835 5 

1050 0 

1320 0 

600 0 

655 5 

FPG,, FPI, FPC-pept: mean fasting plasma glucose, insulin and C-peptide concentrations 
att the start of the two experiments (indomethacin vs placebo) after a 17 hour fast 

StudyStudy design (figure 1) 

Eachh subject served as his or her own control and completed two study 
protocolss separated by at least 8 weeks. On one occasion, the subjects were studied 
afterr taking indomethacin 150 mg orally and on the other occasion after taking 
placeboo (control experiment). The sequence of both studies was determined by 
randomm assignment. The subjects were studied in the postabsorptive state, after a 
14-hrr fast. A 19-Gauge catheter was inserted in a forearm vein for infusion of [6,6-
H2]glucose.. Another 19-gauge catheter was inserted retrogradely into a wrist vein 

off  the contralateral arm and maintained at 60 °C in a thermoregulated plexiglass 
boxx for sampling of arterialized venous blood. 

Afterr obtaining a baseline sample for determination of background isotopic 
enrichmentt and plasma glucose concentration, a primed, continuous (0.22 JLX 
mol/kg/min)) infusion of [6,6-2H2]glucose (99% Isotec, Miamisburg, OH) dissolved 
inn sterile isotonic saline and sterilized by passage of the solution through a 
milliporee filter (0.2 (Im, Minisart; Sartorius, Gottingen, Germany) was started, and 
continuedd throughout the study. The priming dose was increased according to the 
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FigureFigure 1: study design 

Hoodsamples s 

\\ IUÜUI1 1 \ \ \ 

feé-^lgliKose feé-^lgliKose 

8.000 11.00 1200 13.00 14.00 15.00 16.00 17.00 

t t 
1500 n£ 
indomethacin/placebo o 

formulaa derived by Hother-Nielsen et al (13): adjusted prime = normal prime (17,6 
jjmol/kg)) x [actual plasma glucose concentration (mmol/L) / 5 (= normal plasma 
glucose)]. . 

Fastingg plasma glucose concentration was measured at the bedside using a 
Precisionn Q.I.D.™ glucometer (Medisense®, Abbott Laboratories Company, 
Chicago,, 111). After 165 minutes of [6,6-2H2]glucose infusion , three blood samples 
weree collected at 5 minute intervals for determination of the plasma glucose 
concentrationn and [6,6-2H2]glucose enrichment. Blood samples for measurement of 
plasmaa concentrations of insulin, counterregulatory hormones and cytokines (IL-6 
andd TNF) were also collected after 175 minutes. 

Att time 0, after a three hour equilibration period of [6,6-2H2]glucose 
infusion,, either 150 mg of indomethacin or placebo was administered. Blood 
sampless for measurement of plasma glucose concentration, [6,6-2H2]glucose 
enrichment,, glucoregulatory hormones and cytokines were obtained every 15 
minutess for the first two hours after the intervention and every hour thereafter untill 
thee end of the study. Blood samples for free fatty acids (FFA) were collected at 
timee 0, 45 min and 6 hours after the intervention. 

Assays Assays 

Alll  measurements were performed in duplicate, and all samples from each 
individuall  subject were analyzed in the same run. The glucose concentration and 

35 5 



ChapterChapter 2 

[6,6-2H2]glucosee enrichment in plasma were measured by gas 
chromatography/masss spectrometry using selected ion monitoring. The method 
wass adapted from Reinauer et al, using phenyl-P-D-glucose as internal standard 
(21). . 

Plasmaa insulin concentration was measured by commercial RIA 
(Pharmaciaa Diagnostics, Upsala, Sweden), C-peptide by 125I radio-immunoassay 
(Bykk Santec, Dietzenbach, Germany), plasma Cortisol levels by fluorescence 
polarizationn immunoassay on technical device X (Abbot laboratories, Chicago, 111), 
Growthh hormone by chemiluminescence immunometric assay (Nichols Institute 
Diagnostics,, San Juan Capistrano, CA), glucagon by RIA (Linco Research Inc., St. 
Charles,, MO); glucagon-antiserum elicited in guinea pigs against pancreatic 
specificc glucagon; cross reactivity with glucagon-like substances of intestinal 
originn less than 0.1%), and plasma epinephrine and norepinephrine by high 
performancee liquid chromatography with fluorescence detection, using a-methyl 
norepinephrinee as internal standard. 

CytokineCytokine assays. TNF concentrations were measured by an enzyme-
amplifiedd sensitivity immunoassay (EASIA; Medgenix, Amersfoort, the 
Netherlands)) with a detection limit of 5 pg/mL. Plasma concentrations of IL-6 were 
measuredd by an enzyme-linked immunosorbent assay (CLB, Amsterdam, the 
Netherlands),, with a detection limit of 2 pg/mL. 

CalculationsCalculations and statistics 

EGPP was calculated by the non-steady state equations of Steele (27) in 
theirr derivative form, since it has been known that in patients with Type 2 Diabetes 
thee fasting state is not a steady state (13). The effective distribution volume for 
glucosee was assumed to be 165 mL/kg. 

Resultss are reported as the mean  SEM. Data were analyzed by a two-
sidedd non-parametric test for paired samples (Wilcoxon Signed Rank test). Data 
withinn the groups were analyzed by ANOVA for randomized block design, and by 
Fisher'ss least-significant difference test for multiple comparisons when indicated. 
AA p-value of less than 0.05 was considered to represent a statistical significant 
difference. . 
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Results Results 

PlasmaPlasma glucose concentration and endogenous glucose production (fig 2) 
Meann baseline plasma concentrations of glucose were not significantly 

differentt between the two experiments (10.3 6 mmol/L and 11.2 + 1.7 mmol/L, 
controll  vs indomethacin). 

Inn the control experiment, plasma glucose concentration and endogenous 
glucosee production decreased gradually in all subjects, by 22% (pO.001) and 17% 
(p<0.004),, respectively, during the 6 hour observation period. 

Afterr administration of indomethacin, plasma glucose concentration and 
endogenouss glucose production increased transiently in all subjects. Plasma 
glucosee concentration increased from 11.2  1.7 to a maximum of 12.8  1.7 
mmol/LL (or by 14%) (p<0.05 vs control). Glucose production increased from 12.0 

 1.7 to a maximum of 17.8 + 1.9 (Xmol/kg/min (or by 48%) (p<0.05 vs control). 

HormoneHormone and cytokine concentrations (fig 3 and 4) 
Baselinee values of insulin, C-peptide and counterregulatory hormones were 

nott different between the two studies (figure 2 and 3). In the control experiment 
plasmaa insulin and C-peptide concentrations decreased gradually in all patients 
fromfrom 88  15 to 72  17 pmol/L (or by 18%) (pO.001) and from 952  134 to 720 

 88pmol/L(orby22%)(p<0.001). 
Afterr administration of indomethacin plasma insulin and C-peptide 

concentrationss decreased transiently in all subjects from 78  11 to a nadir of 38
55 pmol/L (or by 52%) at t=1.75 hours (p<0.05 vs control) and from 992  120 to a 
nadirr of 497  75 at t = 1.5 hours (p<0.05). 

Basall  levels of plasma glucagon, Cortisol, adrenaline and noradrenaline 
levelss were not significantly different between the two studies and remained 
similarr throughout the study. Basal levels of growth hormone were not different 
betweenn the two studies, but a statistical significant rise in growth hormone levels 
wass noticed 2 and 3 hours after administration of indomethacin, reaching basal 
levelss again at 4 hours. 
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FigureFigure 2: plasma glucose concentration and endogenous glucose production (EGP) after 

administrationadministration of indomethacin (closed circles) or placebo (open circles). The X axis 

representsrepresents time (hours) * represents a statistical significant difference between the groups 

(p<0.05) (p<0.05) 
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FigureFigure 3: Plasma insulin, C-peptide, and glucagon concentrations after administration of 

indomethacinindomethacin (closed circles) or placebo (open circles). The x-axes represents time 

(hours);(hours); * represents a statistical significant difference between the groups (p<0.05) 
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Basall  plasma levels of free fatty acids (FFA) were elevated but not 
statisticallyy different between the two studies. At the end of the study plasma levels 
off  FFA were lower in the indomethacin experiment (p<0.05) . Basal levels of TNF 
weree below the detection limit of the assay during both experiments and remained 
unchangedd (separate data not shown). Basal levels IL-6 were not elevated and not 
statisticallyy different between the two studies. The plasma levels did not change 
significantlyy during both experiments. 

FigureFigure 4: plasma Cortisol, growth hormone (gh), adrenalin, noradrenalin and interleukin-6 

(IL-6)(IL-6) concentrations after administration of indomethacin (closed circles) or placebo 

(open(open circles). 
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Discussion Discussion 

Administrationn of the prostaglandin synthesis inhibitor indomethacin to 
patientss with type 2 diabetes mellitus resulted in inhibition of insulin secretion, 
reflectedd in decreased insulin and C-peptide levels. This was accompanied by a 
transientt increase of 48 % in glucose production and an increase in plasma glucose 
concentrations.. This inhibitory effect of indomethacin on insulin secretion and 
associatedd stimulation of endogenous glucose production occurred without any 
changess in counterregulatory hormone, except growth hormone, or cytokine 
concentrations. . 

Indomethacinn increased endogenous glucose production to a similar extent 
inn patients with type 2 diabetes compared to the effects in healthy volunteers (~6 
umol/kg/minn vs 5-7 jimol/kg/min from basal) (5) (8). Nonetheless, the increase in 
plasmaa glucose concentration was much higher in the diabetics (3.5 mmol/L vs 1.5-
22 mmol/L from basal). The combination of the same increase in endogenous 
glucosee production and a difference in the change in glucose concentration must be 
duee to a decrease in glucose clearance. A good explanation for this difference 
betweenn healthy volunteers and patients with type 2 diabetes is the finding that 
insulinn secretion was significantly reduced by indomethacin in type 2 diabetes but 
nott in healthy volunteers. A statistical significant rise in growth hormone levels 
wass measured 2 and 3 h after administration of indomethacin. Growth hormone 
itselff  can stimulate endogenous glucose production (15) but it is unlikely that 
endogenouss glucose production was driven by growth hormone or vice versa. The 
changess in endogenous glucose production and insulin concentrations occurred 
withinn 45 minutes after administration of indomethacin, whereas plasma growth 
hormonee concentrations started to rise more than 90 minutes after administration of 
indomethacin.. Moreover, if growth hormone was driven by the rise in endogenous 
glucosee production, an inhibition rather than a stimulation of growth hormone 
secretionn would be expected (29). At the end of the indomethacin experiments FFA 
concentrationss were somewhat lower than in the control experiments. This can be 
duee to the rebound in insulin concentration after initial inhibition. 

Inn our study the increase in glucose concentration and glucose production 
coincidedd with the decrease in peripheral C-peptide levels and insulin 
concentrations.. Sindelar et al, recently published data on the relationship of portal 
veinn insulin concentration and basal hepatic glucose production in overnight fasted 
consiouss dogs. Within 15 minutes, after a selective fall of portal insulin 
concentrationn from 150 to 30 pmol/L, basal hepatic glucose production increased to 
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aa maximum of 22 umol/kg/min above basal, and after 3 hours hepatic glucose 
productionn was still significantly increased by 6 umol/kg/min above basal (26). 
Therefore,, unlike in healthy volunteers, in type 2 diabetes the observed stimulatory 
effectt of indomethacin on endogenous glucose production is likely to be the result 
off  inhibition of pancreatic insulin secretion. 

Thee effect of a single oral dose of indomethacin on basal insulin levels in 
humanss has been investigated in only four studies to our knowledge (5;8;16;28). In 
threee of these four, basal insulin levels remained unaffected, whereas in the fourth 
aa small, but significant fall from 9.5 to 6.4 (lU/ml was observed 1 hour after 50 mg 
off  indomethacin vs 8.0 to 6.9 u.U/ml after placebo (28). 

Thee effect of indomethacin on glucose-induced acute insulin secretion is 
differentt from that under basal circumstances. All studies, but one (28), in humans 
showingg an inhibitory effect of indomethacin on insulin secretion (for review, see 
reff  (22)) were done in experimental settings involving glucose infusions. 
Therefore,, the effect of indomethacin on peripheral insulin levels differs depending 
onn basal versus glucose-stimulated conditions. In our type 2 diabetic patients 
insulinn secretion was stimulated, as can be deducted from the two- to threefold 
increasee in basal insulin levels compared to normal values (5). It can thus be 
postulatedd that the effect of indomethacin under conditions were insulin secretion 
iss stimulated chronically, like in the present study, resembles the situation of acute 
glucosee stimulated insulin secretion. Indomethacin has no effect on insulin 
secretionn under basal conditions, as is reflected by our experiments in healthy 
humanss (5). 

Althoughh indomethacin is a prostaglandin synthesis inhibitor, it is unlikely 
howeverr that the effect of indomethacin on the beta cell is due to inhibition of 
prostaglandinn synthesis. Prostaglandin E2, synthesized by the pancreatic islet, 
inhibitss glucose-induced insulin secretion (23). Thus inhibition of prostaglandin 
synthesiss would result in stimulation rather than inhibition of insulin secretion. 
However,, besides inhibition of prostaglandin synthesis indomethacin also 
stimulatess cytokine production. In healthy humans indomethacin is a potent 
stimulatorr of interleukin (IL)-l-beta, both in vitro as well as in vivo (9). IL-1 beta 
stimulatess the generation of the inducible form of cyclooxygenase (COX-2), the 
enzymee responsible for generation of prostaglandin E2 from arachidonic acid. The 
effectt of IL-1 can be either directly by increasing gene expression of COX-2 
mRNA,, or indirectly through production of nitric oxide (NO) (18). Thus, 
stimulationn of IL-1 by indomethacin could result in inhibition of insulin secretion, 

42 2 



IndomethacinIndomethacin in type 2 diabetes 

throughh stimulation of COX-2 . A similar IL-1 mediated effect by indomethacin 
cann stimulate growth hormone release (24;25), through stimulation of growth 
hormonee releasing hormone (GHRH) by IL-1 (11). Growth hormone secretion can 
thuss be stimulated directly by indomethacin, independently of endogenous glucose 
production. . 

Anotherr possibilityy for inhibition of insulin secretion by indomethacin is its 
abilityy to affect the insulin receptor itself, by inhibiting autophosphorylation of the 
betaa subunit of the insulin receptor (3). Very recent publications indicate that that a 
functionall  insulin receptor is a prerequisite for a normal glucose-stimulated insulin 
secretionn (14). Insulin stimulates its own release by a positive feedback loop 
throughh binding to its own receptor in the beta cell. Impairment of the function of 
thee insulin receptor by indomethacin by inhibiting autophosphorylation of the beta 
subunitt could lead to inhibition of insulin secretion. The dose of 150 mg of 
indomethacinn used in this study is equivalent to the daily therapeutic recommended 
dosee as antiflogistic or anti inflammatory agent. Our data suggest that this dose can 
influencee glucoregulation in patients with type 2 diabetes mellitus. 

Inn conclusion, in patients with type 2 diabetes mellitus, indomethacin 
blockss insulin secretion and stimulates endogenous glucose production. 
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Abstract Abstract 

Inn patients with type 2 diabetes mellitus, indomethacin stimulates endogenous 

glucosee production and inhibits insulin secretion. To evaluate wether this stimulatory 

effectt on glucose production is solely attributable to inhibition of insulin secretion, 

indomethacinn was administered in a placebo controlled study to 5 patients with type 2 

diabetess during continous infusion of somatostatin, in order to block endogenous 

insulinn and glucagon secretion, and infusion of basal concentrations of insulin and 

glucagon.. Endogenous glucose production was measured 3 hours after the start of the 

somatostatin,, insulin and glucagon infusion, for 4 hours after administration of 

placebo/indomethacin,, by primed, continuous infusion of [6,6-2H2] glucose. At the time 

off  administration of placebo or indomethacin, plasma glucose concentrations and 

endogenouss glucose production rates were not significantly different between the two 

experimentss (16.4  2.09 mmol/1 vs 16.6  1.34 mmol/1 and 17.7  1.05 

micromol/kg/minn and 17.0  1.06 micromol/kg/min), control vs indomethacin). In the 

fourr hours after administration of indomethacin or placebo plasma glucose 

concentrationn did not change significantly. There was no difference in the decrease in 

endogenouss glucose production between both experiments after placebo or 

indomethacin.. Mean plasma C-peptide concentrations were all below the detection 

limi tt of the assay as a reflection of adequate suppression of endogenous insulin 

secretionn by somatostatin. Plasma concentrations of insulin (76  5 vs 74  4 pmol/1) 

andd glucagon (69  8 vs 71  6 ng/1) were not different between the studies and 

remainedd unchanged in both experiments. Plasma concentrations of Cortisol, 

epinephrinee and norepinephrine were not different between the two studies and did 

nott change significantly. We conclude that indomethacin stimulates endogenous 

glucosee production in patients with type 2 diabetes mellitus by inhibition of insulin 

secretion. . 

Introduction Introduction 

Inn healthy subjects, basal endogenous glucose production is partly 

regulatedd by paracrine intrahepatic factors. For instance, administration of 

indomethacin,, a prostaglandin synthesis inhibitor, resulted in a transient 

stimulationn of endogenous glucose production without changes in glucoregulatory 

hormonee concentrations (2). A similar transient stimulatory effect of indomethacin 

onn glucose production was also observed in patients with type 2 diabetes mellitus. 
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However,, in contrast with the absence of an effect of indomethacin on insulin 
secretionn in healthy volunteers, indomethacin inhibited insulin secretion in patients 
withh type 2 diabetes. Since a lowering of portal insulin concentrations stimulate 
glucosee production (11), a possible direct hepatic effect of indomethacin can not be 
discriminatedd from the effect on insulin secretion. Therefore, we evaluated, 
whetherr the effects of indomethacin on endogenous glucose production in type 2 
diabetess were solely attributated to its inhibitory effect on insulin secretion, by 
measuringg endogenous glucose production in a placebo-controlled crossover study, 
beforee and after administration of 150 mg indomethacin in patients with type 2 
diabetess mellitus. Endogenous glucose production was measured by infusion of 
[6,6-2H2]glucose.. The effect of indomethacin on insulin secretion was blocked by 
infusionn of somatostatin to block endogenous secretion of insulin and glucagon, 
andd infusion of exogenous insulin and glucagon to maintain plasma concentrations 
att basal levels. 

SubjectsSubjects and methods 
Subjects Subjects 
Fivee patients with type 2 diabetes mellitus were studied. Their clinical 
characteristicss are shown in table 1. Their mean glycosylated hemoglobin level was 
7.7%% (range 6.5-8.6 %), and except for the presence type 2 diabetes, they were 
otherwisee healthy and were taking no other medication known to affect glucose 
metabolism.. None had been treated with insulin. Oral antidiabetics were 
discontinuedd 72 hours before the start of the study. All consumed a weight-
maintainingg diet of at least 250 g carbohydrate for 3 days before the study. Written 
informedd consent was obtained from all the patients. The studies were approved by 
thee Institutional Ethics and Isotope Commities. 
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TableTable 1: clinical characteristics 

patientt sex age BMI Glyc Hb FPG 

yryr kg/m2 % mmol/L 

11 m 65 27.3 7.9 10.4 

22 m 80 28.0 7.1 11.4 

33 m 60 27.4 8.3 14.3 

44 f 59 26.0 6.5 10.8 

55 m 45 23.8 8.6 20.0 

EE 4 /1 62 6 26.5  0.7 7.7 4 13.4 . 

BMI:BMI:  body mass index; Glyc Hb: glycosylated hemoglobin; FPG: mean fasting plasma 

glucoseglucose concentration on both occasions at 8.00 a.m. after a 14 hour fast. 

StudyStudy design (figure I) 

Eachh subject served as his or her own control and completed two study 
protocolss separated by 2 to 3 weeks. On one occasion, the subjects were studied 
afterr taking indomethacin 150 mg orally and on the other occasion after taking 
placeboo (control experiment). The sequence of both studies was determined by 
randomm assignment. The subjects were studied in the postabsorptive state, after a 
14-hrr fast. A 19-Gauge catheter was inserted in a forearm vein for infusion of [6,6-
2H2]glucose,, somatostatin, insulin, and glucagon. Another 19-gauge catheter was 
insertedd retrogradely into a wrist vein of the contralateral arm and maintained at 60 
°CC in a thermoregulated plexiglass box for sampling of arterialized venous blood. 

Att 8.00 a.m., after obtaining a baseline sample for determination of 
backgroundd isotopic enrichment and plasma glucose concentration, a primed, 
continuouss (0.22 |imol/kg/min) infusion of [6,6-2H2]glucose, (99% Isotec, 
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FigureFigure 1: study design 

bloodsamples s 

somatostatinn 250 ng per h / insulin 0,15 mU/kg per min / glucagon 0.75 ng/kg per min 

[6,6-2HJglucosee 0,22 umol/kg per min 

8.000 9.00 10.00 11.00 12.00 13.00 14.00 15.00 timeofday 

t t 
1500 mg indomethacin/placebo 

Miamisburg,, OH) dissolved in sterile isotonic saline and sterilized by passage of 
thee solution through a millipore filter (0.2 (Im, Minisart; Sartorius, Gottingen, 
Germany)) was started, and continued throughout the study. The priming dose was 
increasedd according to the formula derived by Hother-Nielsen et al.(4): adjusted 
primee = normal prime (17.6 |imol/kg) x [actual plasma glucose concentration 
(mmol/L)) / 5 (= normal plasma glucose)]. 

Att the same time, a continuous infusion of somatostatin (250 |J.mol/h, UCB 
Pharma,, Breda, the Netherlands), insulin (0.15 mU/kg/min"1 (Actrapid, Novo 
Nordiskk A/S Bagsvaerd, Denmark), and glucagon (0.75 ng/kg/min"1, GlucaGen, 
Novoo Nordisk A/S Bagsvaerd, Denmark) was started, which were also continued 
throughoutt the study. This infusion was prepared with 200 mg/ml human albumin 
dilutedd in saline. Fasting plasma glucose concentration at the bedside was 
measuredd using a glucose analyser (Beekman Instruments, CA) every 20 min 
duringg the first 3 hours of the study (the equilibration period), and every 15 
minutess thereafter until the end of the study. After 170 minutes of [6,6-2H2]glucose, 
somatostatin,, insulin and glucagon infusion, three blood samples were collected at 
55 minute intervals for determination of the plasma glucose concentration and [6,6-
2H2]glucosee enrichment. Blood samples for measurement of plasma concentrations 
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off  insulin, glucagon, Cortisol and catecholamines were also collected after 175 
minutes. . 

Att 11.00 a.m. (time= 0), after a three hour equilibration period of infusion 
off  [6,6-2H2]glucose, somatostatin, insulin and glucagon infusion, either 150 mg of 
indomethacinn or placebo was administered orally. Blood samples for measurement 
off  plasma glucose concentration, [6,6-2H2] glucose enrichment, C-peptide, and 
glucoregulatoryy hormones were obtained every 15 minutes for the first three hours 
afterr the intervention and every 30 minutes for the last hour. Hourly blood samples 
weree collected for free fatty acids (FFA) at time 0, 1, 2, 3 and 4 hours after the 
intervention.. Blood samples for measurement of plasma concentrations of 
indomethacinn were obtained at time 0, and 30 and 60 minutes after administration 
off  indomethacin/placebo. 

Assays Assays 

Al ll  measurements were performed in duplicate, and all samples from each 
individuall  subject were analyzed in the same run. The glucose concentration and 
[6,6-2H2]]  glucose enrichment in plasma were measured by gas 
chromatography/masss spectrometry using selected ion monitoring. The method 
wass adapted from Reinauer et al, using phenyl-p-D-glucose as internal standard 
(8). . 

Plasmaa insulin concentration was measured by commercial RIA 
(Pharmaciaa Diagnostics, Upsala, Sweden), C-peptide by 125I radio-immunoassay 
(Bykk Santec, Dietzenbach, Germany), plasma Cortisol levels by fluorescence 
polarizationn immunoassay on technical device X (Abbot laboratories, Chicago, 111), 
glucagonn by RIA (Linco Research Inc., St. Charles, MO); glucagon-antiserum 
elicitedd in guinea pigs against pancreatic specific glucagon; cross reactivity with 
glucagon-likee substances of intestinal origin less than 0.1%), and plasma 
epinephrinee and norepinephrine by high performance liquid chromatography with 
fluorescencefluorescence detection, using a-methyl norepinephrine as internal standard. 

CalculationsCalculations and statistics 

EGPP was calculated by the non-steady state equations of Steele (12) in 
theirr derivative form, since it has been known that in patients with type 2 diabetes 
thee fasting state is not a steady state (4). The effective distribution volume for 
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glucosee was assumed to be 165 mL/kg. Results are reported as the mean  SEM. 
Dataa were analyzed by a two-sided non-parametric test for paired samples 
(Wilcoxonn Signed Rank test). Data within the groups were analyzed by ANOVA 
forr randomized block design. A p-value of less than 0.05 was considered to 
representt a statistical significant difference. 

Results Results 

PlasmaPlasma glucose concentration and endogenous glucose production (fig 2) 
Beforee the start of the hormone infusions, (8.00 am) plasma concentrations 

off  glucose were not significantly different between the two experiments (13.13
1.788 mmol/1 and 13.61  1.82 mmol/1, control vs indomethacin). At 11.00 am (t= 
0),, 3 hours after the start of the somatostatin, insulin and glucagon infusion, plasma 
glucosee concentrations were not different between the two experiments (16.40
1.622 mmol/1 and 16.60  1.34 mmol/1, control vs indomethacin). In the subsequent 
fourr hours after administration of indomethacin/placebo, plasma glucose 
concentrationn did not change significantly. 

Thee rates of endogenous glucose production at t= 0 were not significantly 
differentt between the two experiments (17.7  1.05 mmol/1 and 17.0  1.06 
mmol/1,, control vs indomethacin). In the subsequent four hours after administration 
off  indomethacin/placebo a gradual decrease in the rates of glucose production 
occuredd in both experiments by 18% vs 27%, respectively (ns, control vs 
indomethacin).. At the end of the experiments, the rates of endogenous glucose 
productionn were not significantly different between the two studies. 

PlasmaPlasma hormone concentrations (fig 3) 

Att 8.00 a.m. plasma concentrations of insulin, C-peptide and glucagon 
weree not différents between the two experiments. At t= 0 hours (11.00 a.m.), 3 
hourss after the start of the combined infusion of somatostatin, insulin and glucagon, 
plasmaa insulin and glucagon concentrations were 76  5 vs 74  4 pmol/1 and 69
88 vs 71  6 ng/1, respectively (ns, control vs indomethacin), and were, except of 
timee points 12.30 and 14.00 hours, not significantly different between both 
experiments. . 
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FigureFigure 2: mean plasma glucose concentration and endogenous glucose production four 

hourshours after administration of indomethacin (closed circles) vs placebo (open circles) 
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Al ll  plasma C-peptide concentrations were below the detection limit of our assay 
(<1000 pmol/1) at t=0, and remained suppressed until the end in both experiments. 
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FigureFigure 3: mean plasma insulin and glucagon concentration four hours after administration 

ofof indomethacin (closed circles) vs placebo (open circles) 
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Att t=0, plasma concentrations of Cortisol (358  89 and 390  101 nmol/1), 
epinephrinee (0.11  0.04 and 0.05  0.02 nmol/1) and norepinephrine (1.09  0.10 
andd 1.58  0.14) were not significantly different between the two experiments. 
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IndomethacinIndomethacin concentrations 
Serumm indomethacin concentrations were detectable 30 minutes after 

ingestionn and were all within the therapeutic range 60 minutes after the oral 
administrationn of indomethacin (mean 1.25 mg/1; therapeutic range 0.8-2.5 mg/1). 

Discussion Discussion 
Administrationn of the prostaglandin synthesis inhibitor indomethacin to 

patientss with type 2 diabetes mellitus, in the presence of stable insulin 
concentrationss during somatostatin and insulin infusion, did not influence 
endogenouss glucose production. 

ParacrineParacrine factors influence basal glucose production in healthy subjects, 
sincee administration of indomethacin stimulates endogenous glucose production by 
-50%% from basal in healthy subjects without any changes in glucoregulatory 
hormonee concentrations (2). Subsequently, a disturbance in the paracrine 
regulationn of basal endogenous glucose production was explored as a possible 
mechanismm for increased glucose production in type 2 diabetes mellitus. 
Administrationn of indomethacin induced the same increase in glucose production in 
typee 2 diabetics as in healthy subjects, but this increase in glucose production 
coincidedd with inhibition of insulin secretion (7). If prostaglandins are 
representativee for this modulatory action of mediators produced by the Kupffer 
cells,, it must be concluded that overproduction of mediators in this paracrine 
systemm is not the pathophysiological mechanism behind the increased glucose 
productionn in type 2 diabetes mellitus, since there were no effects of indomethacin 
inn the presence of stable insulin concentrations. Therefore, the effect of 
indomethacinn on glucose production in type 2 diabetes mellitus observed in our 
previouss study must have been caused by decreased insulin secretion. 

Theoretically,, indomethacin can affect insulin secretion in three ways: 
first,, by inhibiting prostaglandin synthesis. Under physiological conditions the 
beta-celll  tonically synthesizes prostaglandin E2, a process known to be stimated by 
glucosee (13). On the other hand, prostaglandin E2 inhibits glucose-induced insulin 
secretionn (10). Thus, it appears unlikely, that the effect of indomethacin on beta 
cellss is due to inhibition of prostaglandin synthesis, because that would result in 
stimulationn rather than inhibition of insulin secretion. Second, indomethacin can 
inhibitt insulin secretion by stimulation of cytokine production. In healthy humans 
indomethacinn is a potent stimulator of interleukin (IL)-l-beta, both in vitro as well 
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ass in vivo (3). IL-1 beta stimulates the generation of the inducible form of 
cyclooxygenasee (COX-2), the enzyme responsible for generation of prostaglandin 
E22 from arachidonic acid (9), either directly by increasing gene expression of 
COX-22 mRNA, or indirectly through production of nitric oxide (NO)(6). Thus, 
stimulationn of IL-1 by indomethacin can result, through stimulation of COX-2, in 
inhibitionn of insulin secretion. The third possibility is by affecting the signal-
transductionn pathways of the insulin receptor itself. For instance, mice with tissue-
specificc knockout of the insulin receptor in beta-cells, but not elsewhere in the 
body,, develop insulin secretory defects similar to those in type 2 diabetes (5). A 
functionall  insulin receptor on beta-cells thus is a prerequisite for a normal glucose-
stimulatedd insulin secretion. Apparently, insulin stimulates its own release by a 
positivee feedback loop through binding to its own receptor in the beta cell. 
Interestingly,, indomethacin can inhibit autophosphorylation of the beta subunit of 
thee insulin receptor (1). Therefore, impairment of the function of the insulin 
receptorr by indomethacin by inhibiting autophosphorylation of the beta subunit 
couldd lead to inhibition of insulin secretion. 

Inn the present study basal endogenous glucose production was -45% 
higherr than in the previous study without somatostatin. After administration of 
indomethacinn without somatostatin endogenous glucose production increased from 
12.00 pmol.kg.min~1 to a maximum value of 17.8 pmol.kg.min'1 (7), whereas basal 
endogenouss glucose production in our experiments with somatostatin was 16 
pmol.kg.min~1,, and insulin and glucagon concentrations were comparable. The 
patientss in the somatostatin study thus seem to be more insulin resistant. If the 
modulatoryy role of paracrine factors is limited to situations where endogenous 
glucosee production is only mildly deranged, no effect of indomethacin could be 
expectedd in the somatostatin study, however, this consideration does not affect our 
conclusionn with respect to the inhibitory effects of indomethacin on insulin 
secretionn in type 2 diabetes. 

Inn conclusion, indomethacin deranges basal endogenous glucose 
productionn in patients with type 2 diabetes by inhibition of insulin secretion. From 
aa clinical perspective, the use of indomethacin should be discouraged in patients 
withh type 2 diabetes mellitus. 
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Abstract Abstract 

Inn healthy subjects, basal endogenous glucose production is partly regulated 

byy paracrine intrahepatic factors. Administration of pentoxifylline, an adenosine 

receptorr antagonist, inhibited transiently endogenous glucose production in healthy 

humanss without any changes in glucoregulatory hormone concentrations. It is 

unknownn whether similar paracrine factors influence basal endogenous glucose 

productionn in type 2 diabetes mellitus. To evaluate the modulatory role of adenosine 

onn endogenous glucose production in type 2 diabetes, aminophylline, a potent 

adenosinee receptor antagonist, was administered intravenously to 5 patients with type 

22 diabetes mellitus in a saline controlled study. Endogenous glucose production was 

measuredd before and during 6 hours after administration of aminophylline/saline, by 

primed,, continuous infusion of [6,6-2H2]glucose. During both experiments, the 

decreasee in plasma glucose concentration was similar (16 vs 18% from basal, ns). 

Afterr aminophylline administration, basal endogenous glucose production was 

transientlyy inhibited within 15 minutes to 70% from basal, whereas it did not change 

significantlyy in the control experiment (p= .02). The inhibition of glucose production 

coincidedd with stimulation of insulin secretion to 144% from basal, 90 minutes after 

thee administration of aminophylline (p= .008). In the control experiment insulin 

secretionn decreased gradually by 29% after six hours. 

Thus,, aminophylline stimulates insulin secretion and inhibits endogenous 

glucosee production in type 2 diabetes. 

Introduction Introduction 

Endogenouss glucose production is regulated predominantly by 

glucoregulatoryy hormones and substrate supply (5; 12; 15). In addition to these 

majorr regulatory mechanisms, there are indications in healthy adults, that other 

factorss are involved in the modulation of basal endogenous glucose production, a 

processs frequently referred to as autoregulation (15). One of these factors involves 

thee interaction between hepatocytes and Kupffer cells via mediators like adenosine. 

Adenosinee is released in all tissues, including the liver (1;6;17;22) In vitro, 

adenosinee stimulates g lycogenos is in hepatocytes (10; 16). In vivo, adenosine 

antagonists,, like pentoxyfylline, inhibits basal endogenous glucose production in 

healthyy humans without changes in glucoregulatory hormone concentrations (3;4). 

Thesee data indicate that mediators like adenosine are involved in the regulation of 

basall  glucose production. 

64 4 



AminophyllineAminophylline in type 2 diabetes 

Inn patients with type 2 diabetes mellitus, basal endogenous glucose 
productionn is inappropriately increased, considering the elevated glucose and 
insulinn concentrations. In addition, regulation of endogenous glucose production by 
glucosee per se seems to be impaired in type 2 diabetes mellitus (14). It is currently 
unknown,, whether paracrine factors also influence basal endogenous glucose 
productionn in patients with type 2 diabetes mellitus. Therefore, we evaluated the 
involvementt of adenosine in the regulation of basal glucose production in type 2 
diabetes,, by measuring endogenous glucose production during intravenous 
administrationn of aminophylline, a adenosine receptor antagonist, in a saline 
controlledd study, in 5 patients with type 2 diabetes mellitus. 

MaterialsMaterials and Methods 
Subjects Subjects 

Fivee patients with type 2 diabetes mellitus were studied. Their clinical 
characteristicss are shown in table 1. 

TableTable 1: clinical characteristics 

patient t sex x age e 
yr yr 

BMI I 

kg/mkg/m2 2 

GlycHb b 

% % 

FPG G 

mmol/L mmol/L 

FPI I 

pmol/l pmol/l 

m m 65 5 28.4 4 7.8 8 75 5 

2 2 

3 3 

4 4 

5 5 

f f 

f f 

m m 

m m 

54 4 

67 7 

64 4 

69 9 

29.1 1 

33.2 2 

32.4 4 

21.3 3 

8.5 5 

7.0 0 

7.1 1 

5.7 7 

11.0 0 

8.3 3 

8.5 5 

7.6 6 

95 5 

80 0 

210 0 

115 5 

EE 3/2 63.8 6 28.9 1 7.2 5 8.8 6 115 5 

BM:BM: body mass index; Glyc Hb: glycosylated hemoglobin; FPG: mean fasting plasma 

glucoseglucose concentration after a 17 hour fast; FPI: mean fasting plasma insulin after a 17 

hourfast hourfast 
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Theirr mean glycosylated hemoglobin level was 7.2  0.5 %. Except for the 
presencee type 2 diabetes, they were otherwise healthy and taking no other 
medicationn known to affect glucose metabolism. None had been treated with 
insulin.. Oral antidiabetic agents were discontinued 72 hours before the start of the 
study.. All consumed a weight-maintaining diet of at least 250 g carbohydrate for 3 
dayss before the study. Written informed consent was obtained from all the patients. 
Thee study was approved by the Institutional Ethics and Isotope Committees. 

StudyStudy design (figure 1) 
Eachh subject served as his or her own control and completed two study 

protocolss separated by at least 2 weeks. On one occasion, the subjects were studied 
duringg intravenous administration of aminophylline and, on the other occasion, 
duringg intravenous administration of saline (control experiment). The sequence of 
bothh studies was determined by random assignment. The subjects were studied in 
thee post-absorptive state, after a 14-hr fast. A 19-Gauge catheter was inserted in a 
forearmm vein for infusion of [6,6-2H2]glucose. Another 19-gauge catheter was 
insertedd retrogradely into a wrist vein of the contralateral arm and maintained at 60 
°CC in a thermoregulated plexiglas box for sampling of arterialized venous blood. 

FigureFigure 1: study design 

bloodsamples s 

44 41ÜUUU1 I l l Ï 
(( aminophylline / NaCl 0.9% 

[6,6-- H?]glucose 

.000 11.00 12.00 13.00 14.00 15.00 16.00 17.00 
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Afterr obtaining a baseline sample for determination of background isotopic 
enrichmentt and plasma glucose concentration, a primed, continuous (0.22 JJ, 
mol/kg/min)) infusion of [6,6-2H2]glucose (99% Isotec, Miamisburg, OH) dissolved 
inn sterile isotonic saline and sterilised by passage of the solution through a 
Millipor ee filter (0.2 Jim, Minisart; Sartorius, Gottingen, Germany) was started, and 
continuedd throughout the study. The priming dose was increased according to the 
formulaa derived by Hother-Nielsen et al. (11): adjusted prime = normal prime (17.6 
[imol/kg)) x [actual plasma glucose concentration (mmol/1) / 5 (= normal plasma 
glucose)]. . 

Fastingg plasma glucose concentration was measured at the bedside using a 
Precisionn Q.I.D.™ glucometer (Medisense®, Abbott Laboratories Company, 
Chicago,, 111). After 165 minutes of [6,6-2H2]glucose infusion, three blood samples 
weree collected at 5 minute intervals for determination of the plasma glucose 
concentrationn and [6,6-2H2]glucose enrichment. Blood samples for measurement of 
plasmaa concentrations of insulin, counter-regulatory hormones and cytokines (IL-6 
andd TNF) were also collected after 175 minutes of isotope infusion. 

Att time 0, after a three hour equilibration period of [6,6-2H2]glucose 
infusion,, either aminophylline (Euphyllin, Byk, The Netherlands, priming dose 5.6 
mg/kgg infused during 20 min, followed by 0.45 mg/kg/min), or isotonic saline was 
administeredd intravenously. Blood samples for measurement of plasma glucose 
concentration,, [6,6-2H2] glucose enrichment, glucoregulatory hormones and 
cytokiness were obtained every 15 minutes for the first two hours after the 
interventionn and every hour thereafter until the end of the study. Blood samples for 
freefree fatty acids (FFA) were collected at time 0, 45 min and 6 hours after the 
intervention. intervention. 

Assays Assays 

Al ll  measurements were performed in duplicate, and all samples from each 
individuall  subject were analysed in the same run. The glucose concentration and 
[6,6-2H2]glucosee enrichment in plasma were measured by gas 
chromatography/masss spectrometry using selected ion monitoring. The method 
wass adapted from Reinauer et al, using phenyl-(3-D-glucose as internal standard 
(18). . 

Plasmaa insulin concentration was measured by commercial RIA 
(Pharmaciaa Diagnostics, Upsala, Sweden), C-peptide by 125I radio-immunoassay 
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(Bykk Santec, Dietzenbach, Germany), plasma Cortisol levels by fluorescence 
polarisationn immunoassay on technical device X (Abbot laboratories, Chicago, 111), 
glucagonn by RIA (Linco Research Inc., St. Charles, MO); glucagon-antiserum 
elicitedd in guinea pigs against pancreatic specific glucagon; cross reactivity with 
glucagon-likee substances of intestinal origin less than 0.1%), and plasma 
epinephrinee and norepinephrine by high performance liquid chromatography with 
fluorescencefluorescence detection, using a-methyl norepinephrine as internal standard. 

CalculationsCalculations and statistics 

EGPP was calculated by the non-steady state equations of Steele (21) in 
theirr derivative form, since it has been known that in patients with type 2 diabetes 
thee fasting state is not a steady state (11). The effective distribution volume for 
glucosee was assumed to be 165 ml/kg. 

Resultss are reported as the mean  SEM. Data were analysed by a two-
sidedd non-parametric test for paired samples (Wilcoxon Signed Rank test). Data 
withinn the groups were analysed by ANOVA for randomised block design. A p-
valuee of less than 0.05 was considered to represent a statistical significant 
difference. . 

Results Results 
GlucoseGlucose kinetics (fig 2) 

Basall  plasma glucose concentrations were significantly different between 
thee two experiments (9.4  0.7 mmol/1 and 8.2  0.5 mmol/1, aminophylline vs. 
control).. However, in both the control experiment as well as after administration of 
aminophylline,, the decrease in plasma glucose concentration during the six hour 
observationn period was similar (16% and 18% from basal, ns between both 
studies). . 

Basall  endogenous glucose production was not significantly different 
betweenn the two experiments (9.4  0.9 umol/kg/min and 9.9  1.2 jxmol/kg/min, 
aminophyllinee resp control (ns)). During the control experiment endogenous 
glucosee production did not change significantly. Within 15 minutes after start of 
thee administration of aminophylline, endogenous glucose production was inhibited 
transientlyy to 70% from basal (nadir: 6.6 nmol/kg/min)(p= .02). Subsequently, 
glucosee production rose to a maximum of 11.0  1.4 ^mol/kg/min, 45 min after the 
administrationn of aminophylline (p= .024 vs. control). 
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FigureFigure 2: plasma glucose concentration and endogenous glucose production during 

aminophyllineaminophylline (closed circles) and saline (open circles). Represents a statistical significant 

differencedifference and change between the groups. Data are expressed as mean  SEM. 
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C-peptidee concentrations decreased gradually in all patients from 111  26 to 79
21 1 
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FigureFigure 3: plasma insulin and C-peptide concentrations during aminophylline (closed 

circles)circles) and saline (open circles). Represents a statistical significant difference between the 

groups.groups. Data are expressed as mean  SEM. 
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Afterr administration of aminophylline plasma insulin as well as C-peptide 
concentrationss increased in all patients from 117  24 to a maximum at t= 1.5 
hourss of 169  31 pmol/1 (or by 44%) (p= .008 vs. control) and from 1334  244 to 
16488  245 pmol/1 (or by 24%)(p= .003). At the end of the aminophylline study, 
plasmaa insulin concentration was still significantly higher than in the control 
experimentt (114 + 22 vs. 79  21 pmol/1) (p= .008 at t = 6 h, aminophylline vs. 
control).. Plasma C-peptide concentration declined more rapidly and was not 
significantlyy different from the control experiment at the end of the study (1168
2144 vs. 884 + 244 pmol/l)(p= .06 vs. control). 

FigureFigure 4: plasma glucagon, Cortisol, adrenalin and noradrenalin concentrations during 

aminophyllineaminophylline (closed circles) and saline (open circles), ̂ represents a statistical significant 

differencedifference between the groups. Data are expressed as mean  SEM. 
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Basall  levels of plasma glucagon, Cortisol, adrenaline and noradrenaline 
weree not significantly different between the two studies and no significant 
differencess were observed during both experiments. 

Basall  levels of free fatty acids (FFA) were not different between the two 
studiess (0.78 3 vs 0.70  0.06 mmol/1, aminophylline vs control). During the 
controll  experiment plasma FFA concentrations did not change significantly (0.78
0.033 to 0.88  0.08 mmol/1) whereas during administration of aminophylline 
plasmaa FFA concentrations increased with 33 % (to 0.93  0.11 mmol/1, p= .034). 

Aminophyllinee serum concentrations were all in the range of 10 - 20 mg/1 
att t= 30 min, t= 2 h, as well as at t= 6 h. 

Discussion Discussion 

Administrationn of aminophylline to patients with type 2 diabetes mellitus 
stimulatedd insulin secretion, reflected in increased insulin and C-peptide levels. 
Thiss was associated with a transient decrease in endogenous glucose production of 
30%% without affecting plasma glucose concentrations. Because aminophylline is an 
adenosinee receptor antagonist, these data indicate that adenosine may inhibit 
postabsorptivee insulin secretion in patients with type 2 diabetes mellitus. 

Thee basal values of glucose production and hormone levels were similar in 
bothh experiments. Plasma glucose levels, however, were slightly lower in the 
controll  experiment. Nonetheless, this does not affect our conclusion with respect to 
thee effect of aminophylline on insulin secretion. During short-term starvation 
insulinn secretion decreases in patients with type 2 diabetes (7;8) like in healthy 
subjectss in contrast to the stimulatory effects of aminophylline in postabsorptive 
patientss with type 2 diabetes mellitus. 

Inn healthy subjects pentoxyfylline, another adenosine receptor antagonist, 
inhibitss glucose production without any effect on glucoregulatory hormones. In 
patientss with type 2 diabetes mellitus the inhibitory effect of aminophylline on 
basall  glucose production is associated with increased insulin levels. This inhibitory 
effectt of aminophylline on endogenous glucose production in vivo in humans is 
differentt from the stimulatory effect on glucose production found in rats in vivo. 
Aminophyllinee increased hepatic glucose production as well as insulin secretion in 
ratss (20). This difference between humans and rodents suggest interspecies 
differencess with respect to postabsorptive glucoregulation, which have also been 
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documentedd with respect to the glucoregulatory effects of another  paracrine 
mediatorr  like prostaglandines. 

Aminophyllin ee appears to have multipl e effects and inhibit s 
phosphodiesterase,, in addition to blocking adenosine receptors. It is unlikely, 
however,, that the inhibitio n of endogenous glucose production was due merely to 
inhibitio nn of phosphodiesterase by aminophylline. For  instance, Rizza et al. (19) 
showedd that theophylline stimulated rather  than inhibited endogenous glucose 
productionn in the presence of glucagon in healthy subjects. 

Thee effect of aminophylline on basal insulin secretion in vivo in humans 
hass been studied in three other  studies, in healthy subjects. Cathcart-Rake et al, 
studiedd 13 healthy subjects during administration of aminophylline with similar 
plasmaa aminophylline levels compared to the present study (10-20 ug/ml). They 
observedd small increases in plasma glucose levels without any changes in plasma 
concentrationss of insulin or  other  glucoregulatory hormones (2). In accordance, 
Jenkinss et al. found no short-term effect of low-dose aminophylline (30 min at an 
infusionn rate of 0.2 mg/kg/min) on glucose or  insulin concentrations in four  healthy 
volunteerss (13). In contrast, Vestal et al. studied six postabsorptive healthy males 
duringg four  different infusion rates of aminophylline, reaching theophylline 
concentrationss between 4.5 and 20 ug/ml, respectively. They observed dose-related 
increasess in plasma concentrations of glucose and insulin (23). Endogenous 
glucosee production was not measured in any of those studies. Finally, another 
adenosinee receptor  antagonist, pentoxifylline, did not alter  plasma insulin 
concentrationss during an observation period of 7 hours in healthy subjects (3;4). 
Thus,, in healthy humans the effects of adenosine-receptor  antagonists on basal 
insulinn are inconclusive. 

Inn addition to inhibitio n of insulin secretion, adenosine also influences 
insulin-stimulatedd glucose uptake. A recent study showed, that adenosine 
potentiatess insulin-stimulated glucose transport by enhancing the increase in 
GLUT 44 at the cell surface of rat skeletal muscle, a process that could be blocked by 
administrationn of adenosine deaminase (9). In our  study, despite a significant 
increasee in insulin concentrations and decrease in the production of glucose, 
plasmaa glucose concentration declined at a similar  rate during aminophylline 
administration,, as during the control experiment. This is in accordance with the 
abovee mentioned study in rats that administration of an adenosine receptor 
antagonist,, like aminophylline, can increase peripheral insulin resistance. 
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Inn conclusion, aminophylline stimulates insulin secretion, associated with 
transientt inhibition of endogenous glucose production in patients with type 2 
diabetess mellitus. This observation indicates that basal insulin secretion is actively 
inhibitedd in patients with type 2 diabetes mellitus by mechanisms that involve 
factorss like adenosine. 
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Listt of abbreviations 

CII  Chemical Ionization 

EGPP Endogenous glucose production 

EII  Electron Impact Ionization 

ff  fractional gluconeogenesis 

GNGG Gluconeogenesis 

GPAA Glucose penta-acetate 

m/zz Mass to charge ratio 

MIDAA Mass Isotopomer Distribution Analysis 

pp Precursor pool enrichment 

PWW Plasma water 

SACC Dimethyl tetraacetyl saccharate 
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Abstract Abstract 
Thee quantification of gluconeogenesis (GNG) by 2H20 and by [2-13C] glycerol 

andd the mass isotopomer dilution analysis (MIDA) of glucose does not involve 
assumptionss regarding the enrichment of the oxaloacetate precursor pool. To 
comparee these two methods we measured GNG in 6 healthy postabsorptive males 
underr identical, strictly standardized, eucaloric conditions on three separate 
occasions.. Once after oral administration of  2H20, once during a primed continuous 
infusionn of [2-13C] glycerol, and once during primed continuous infusion of unlabeled 
glyceroll  after the oral administration of  2H20 to investigate the possible influence of 
glyceroll  infusion on glucose production and GNG measurements. Endogenous glucose 
productionn (EGP) was measured by infusion of [6,6-2H2]glucose. EGP was not 
differentt after 2H20 administration or during [2-l3C]glycerol infusion (12.2  0.7 vs. 
11.77  0.3 umol/kg.min). However, GNG measured after 2H20 administration and 
duringg [2-13C]glycerol infusion was 7.4  0.7 vs. 4.9  0.6 umol/kg.min, (p=0.03), 
representingg -60 vs -41% of EGP, resp. The infusion of unlabeled glycerol did not 
affectt the measurement of GNG with 2H20, viz. 7.4  0.7 without glycerol vs 7.6  0.9 
umol/kg.minn with glycerol, representing -60 vs -62% of EGP. In conclusion, GNG 
measuredd by 2H20 yields higher results than measured by [2-13C] glycerol. This 
discrepancyy is not merely caused by infusion of glycerol per se. Rather, the 
discrepancyy between both methods probably relates to conceptual problems in 
underlyingg assumptions in one or both methods 

Introduction Introduction 
Endogenouss glucose production (EGP) consists of two components: 

glycogenolysiss and gluconeogenesis (GNG). In the past decades several methods have 
beenn developed to measure the contribution of these two components of glucose 
production.. These methods involve the measurement of arterio-venous differences 
acrosss the splanchnic area (33), methods applying NMR technology to quantify 
changess in hepatic glycogen (28) and the infusion of different radio-active and stable 
isotope-labeledd precursors of GNG (19). 

Thee application of radioactive and stable isotopes for the measurement of 
GNGG is attractive, because of the simple and noninvasive study design. However, 
conceptuall  problems in the application of these isotopes for this purpose have been 
recognizedd since many years. The application of labeled gluconeogenic precursors 
likee alanine, pyruvate and lactate suffer from the limitation that these tracers are 
dilutedd in the relatively rapidly turning over oxaloacetate pool, before conversion 
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too glucose. Moreover, in the calculation of GNG the enrichment of the precursor 
pooll  for GNG, the oxaloacetate pool, has to be taken into account, which can not 
bee measured directly (19) Isotopic exchanges in the oxaloacetate pool result in 
dilutionn of the labeling (29). Consequently, these stable isotope approaches are 
limitedd by assumptions regarding the enrichment of this oxaloacetate pool. 

Inn recent years two different stable isotope methods for the quantification of 
GNGG have been described, that bypass the problems of the oxaloacetate precursor 
pooll  enrichment. Hellerstein et al. infused [2-13C]glycerol and measured the 
enrichmentt and mass isotope distribution of  13C in glucose. In this method the 
enrichmentt of the precursor pool of GNG, the triose phosphate pool, was derived by 
thee principles of the mass isotopomer distribution analysis (MIDA) (6). Another 
methodd to quantify GNG by MIDA, based on the use of [U-13C]glucose was 
publishedd by Tayek and Katz (31). According to Landau et al. (16) however, this 
methodd proved to give underestimates because underlying assumptions apparently 
couldd not be fulfilled and because the contribution of GNG from glycerol and amino 
acidss not metabolized was ascribed to glycogenolysis. Recently, Katz and Tayek (9) 
presentedd and discussed their questioned approach by publishing a theoretical analysis 
off  recycling and concluded that their method was correct. Nevertheless, again Landau 
(12),, Kelleher (10) and Radziuk and Lee (26) questioned the presentation and stated 
thatt this approach was invalid. The administration of  2H20 according to the method of 
Landauu measures the enrichment of deuterium in specific positions in glucose, namely 
C22 and C5 (14; 15). Because the exchange of deuterium between the gluconeogenic 
precursorss and body water occurs after passing through the oxaloacetate pool, this 
methodd also does not involve the limitations of the unknown enrichment of this pool. 
Althoughh the methods of both Hellerstein et al. and Landau et al. seem to be very 
attractive,, a direct comparison of these two different approaches has not been 
performed. . 

Inn previous studies we applied the [2-,3C]glycerol and the 2H20 method in 
separatee study designs, which did not enable a comparison between the two methods 
(3;4).. To elucidate the uncertainty concerning the comparison of these methods for 
quantifyingg GNG, we compared these two techniques directly in six healthy, 
postabsorptivee males. 

Methods Methods 
HumanHuman subjects and experimental protocols 

Sixx healthy male volunteers, ages 26 to 54 yr were studied. Their weights 
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rangedd from 60 to 95 kg (BMI 20.0-24.5 kg/m2). The volunteers were studied on 
threee separate occasions in a randomized balanced design, where GNG was 
measuredd twice by the 2H20 method (without and with the infusion of unlabeled 
glycerol),, and once by the [2-l3C]glycerol method. The time interval between the 
studiess was at least two weeks. For three days preceding the studies the out-patient 
volunteerss ingested a strictly standardized eucaloric diet composed of 13% 
proteins,, 48% carbohydrates and 39% fat (Nutridrink, Nutricia, Zoetermeer, The 
Netherlands),, last intake 22.00 h the evening prior to the study. On the morning of 
thee 2H20 study, the subjects ingested at 8.00 h 1 g/kg body water 2H20 (99% pure, 
Cambridgee Isotopes, Cambridge, MA) with intervals of 30 min until a total dose of 
55 g/kg body water was reached. Body water was estimated to be 60% of body 
weight.. At 10.00 h a primed (26.4 (imol/kg) continuous infusion of [6,6-
2H2]glucosee (0.33 umol/kg/min) (99% enriched, Cambridge Isotopes, Andover, 
MA)) was started. Arterialized blood for the measurement of background 
enrichmentss was drawn at 8.00 and 10.00 h and for isotope analyses and analysis of 
thee glucoregulatory hormones at 12.00, 12.30 and 13.00 h. Urine was collected at 
8.000 h for background enrichment and from 12.00 to 13.00 hour for the 
determinationn of the deuterium enrichment in body water. Water, ingested ad 
libitumm throughout the study, was enriched with 0.5% 2H20 to maintain the steady 
statee of 0.5% deuterium enrichment in body water. On the morning of the [2-
13C]glyceroll  study, a primed (190 u.mol/kg) continuous infusion of [2-13C]glycerol 
(3.155 (xmol/kg/min) (99% enriched, Cambridge Isotopes, Andover, MA) was 
startedd at 9.00 h. At 10.00 h a primed (26.4 umol/kg) continuous infusion of [6,6-
2H2]glucosee (0.33 (imol/kg/min) was started. Arterialized blood for background 
enrichmentss was drawn at 9.00 h and for isotope analyses and the analysis of the 
glucoregulatoryy hormones at 12.00, 12.30 and 13.00 h. As mentioned earlier, all 
volunteerss were also studied on a third occasion, in order to exclude an effect of the 
amountt glycerol infused on the total glucose production and the gluconeogenesis. 
Thee protocol of this study was the same as on the 2H20 study day except for the 
factt that a primed (190 |imol/kg) continuous infusion of unlabeled glycerol (3.15 
jimol/kg/min)) was started at 9.00 h and continued til l 13.00 h. In order to show that 
thee 2 h equilibration period for the 2H20 is sufficient in this protocol, we measured 
duringg this study plasma water enrichment each 15 minutes from 8.00 to 10.00h 
andd then every 30 minutes til l 13.00 h. One additional sample was taken at 16.00 h. 
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QuantificationQuantification ofGNG by 2H20 and [2-l3C]glycerol 

SampleSample preparation 
22HH2200 method. Glucose concentration and [6,6-2H2] glucose enrichment in 

thee samples were measured using a method adapted from Reinauer et al (27). 
Twenty-fivee \il  xylose (10 mM) was added to the plasma samples (50 pi) as 
internall  standard. The samples were deproteinized by mixing with 1 ml methanol. 
Afterr centrifugation, the supernatant was evaporated to dryness under a stream of 
N2.. The aldonitrile penta-acetate derivative of glucose and the aldonitrile tetra-
acetatee derivative of xylose were prepared with 100 ul hydroxylamine in methanol 
(55 mg hydroxylamine and 12.5 mg sodium acetate in 1 ml methanol) and the 
mixturee was heated for 60 min at 60 °C. After drying the sample under a stream of 
N2,, 100 ul acetic anhydride was added and the sample was heated another 60 min 
att 120 °C. The reaction mixture was cooled and partitioned between water (750 ul) 
andd methylenechloride (750 (xl). The lower methylenechloride layer was dried and 
reconstitutedd in ethylacetate which was injected into the gaschromatograph (model 
68900 gas chromatograph coupled to a model 5973 mass selective detector, 
equippedd with an electron impact ionization mode, Hewlett-Packard, Palo Alto, 
CA).. For the determination of the glucose concentration a calibration graph using 
thee internal standard method was used. The columns used and the gas 
chromatographicc and mass spectrometric conditions are given in Table 1. The 
enrichmentt of [6,6-2H2] glucose was determined by dividing the peak area at M+2 
byy the total peak area of the glucose aldonitrile penta-acetate peak and correction 
forr the natural abundance by subtracting the natural abundance from measured 
M+22 enrichment. 

Forr the calculation of the relative contribution of GNG to EGP the 
deuteriumm enrichments at the C5 and the C2 position of the glucose must be 
known.. The deuterium enrichment at the C5 position in glucose was determined as 
describedd by Landau et al (15). For the determination of the enrichments in 
hexamethylenee tetra-amine (HMT) calibration standards were prepared at known 
enrichmentss with 2H7-glucose. Fractional GNG was calculated by: 

x-- ,- i / .XT^ C5 enrichment 
fractionall  GNG = 

TBWW enrichment 

Inn addition to the original publication, we performed an adaptation, to 
evaluatee whether the use of calibration solutions is necessary. The principle of 
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MIDD A can be used to calculate enrichments if the molecule which is measured can 
bee interpreted as a polymer. In the case of the [2-13C]glycerol method, the glucose 
moleculee is seen as a dimer of two triose molecules. In the case of the H20 
method,, the HMT molecule can be seen as hexamere of the formaldehyde 
molecule.. This implies that, using a theoretical table, the distribution over the 
differentt masses of the HMT molecule (MO, Ml , M2 etc.) can be calculated 
startingg from the enrichment in the formaldehyde, originally derived from the 
glucosee molecules. Using this table the enrichment on the C5 position can be 
calculatedd from the measured excess Ml (EMI) in the HMT molecule, making a 
calibrationn curve superfluous. As can be seen from Table 2, there were no 
significantt differences between the enrichment on the C5 position as determined 
usingg the method as described by Landau et al (15) and the value obtained using 
thee calculated MIDA table for HMT. Therefore the calculated table can be used in 
steadd of the laborious use of calibration solutions. 

Landauu et al (15) showed that the enrichment at the C2 position is the same 
ass the enrichment in the total body water. Therefore we measured the deuterium 
enrichmentt in urine, reflecting total body water enrichment, instead of the 
deuteriumm enrichment on the C2 position. We also measured the deuterium 
enrichmentt in plasma water, which proved to be in good agreement with the 
deuteriumm enrichment in urine (Table 4). The deuterium enrichment in body water 
wass measured as described by van Kreel et al (11). The enrichment in plasma water 
wass measured in the same way, handling the plasma as if it was urine. 
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QuantificationQuantification ofGNG by 2H20 and [2-I3C]glycerol 

TableTable 2: Results for C5 enrichment in the 2H20 method measured according to Landau et 

ahah and using a MIDA table 

C55 enrichment 

Subjectt Landau MIDA 

No.. et al Table 

// 0.30% 0.30% 

22 0.29% 0.30% 

33 0.30% 0.30% 

44 0.26% 0.25% 

55 0.32% 0.33% 

66 0.22% 0.21% 

Meann 0.28% 0.28% 

SDD 0.04% 0.04% 

p-valuee ns 

[2-[2-  CJglycerol method. In order to calculate the rate of GNG using 
infusionn of [2-13C] glycerol, one has to know the precursor pool enrichment (triose 
phosphatee pool enrichment), which can be calculated from the excess M2 (EM2) 
overr excess Ml (EMI) in the dimethyl tetracetyl saccharate molecule. This 
moleculee is prepared from the glucose molecule in the plasma (8). The EMI and 
EM22 are calculated by subtraction of the baseline Ml or M2 from the measured 
Mll  or M2. If the [2-13C]glyceroI study was performed first, this distribution was 
thee same as for unenriched glucose. 
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QuantificationQuantification ofGNG by 2H20 and [2-13C]glycerol 

Inn the case the 2H20 protocol had been performed two weeks before some (but very 
little )) deuterium label was still present in the glucose, but this effect can be 
accountedd for  by calculating the excesses by using the baseline values for  Ml and 
M22 instead of the theoretical natural abundances. The calculation of the precursor 
pooll  enrichment is done by the principl e of MID A as described by Hellerstein et al 
(6).. In order  to calculate the [6,6-2H2]glucose enrichment in the samples, the 
glucosee penta acetate derivative was also prepared as described by Hellerstein et al 
(8)) and the M2 was measured (3) (model 5890 Series II  gas chromatograph 
coupledd to a model 5989 A model mass spectrometer, Hewlett-Packard, Palo Alto, 
CA).. This instrument is equipped with both an electron impact and a chemical 
ionizationn mode. The columns used and the gas chromatographic and mass 
spectrometricc conditions are given in Table l.The glucose penta-acetate derivative 
wass used in stead of the aldonitril e penta-acetate derivative because for  this 
derivativee it is easier  to keep the values for  the unenriched glucose within the 3% 
levelss of the theoretical ones and this derivative gives two peaks for  glucose (oc-
andd p-anomer) resulting in a duplicate value for  one sample The fractional GNG 
wass calculated by: 

EMI I 
fractionalfractional  GNG = —— 

A, , 

wheree A / is the maximum EMI that can be reached for  the measured precursor 
pooll  enrichment (6). An example of the MID A calculations for  Subject 1 is given 
inn detail in the Appendix. 

Too measure the glucose concentration in the sample we prepared the 
sampless a second time, this time adding xylose to the sample at a final 
concentrationn of 3.33 mM as internal standard. A calibration graph using the 
internall  standard method was constructed for  the glucose concentration using 
standardd solutions of glucose in water. Addition of xylose as internal standard for 
thee determination of the glucose concentration did not influence the results for  the 
triosee phosphate pool enrichment nor  the results for  the relative contribution of 
GNGG to the EGP. Using the calibration solutions the glucose concentration in the 
plasmaa samples can be measured in one analytical run together  with the [6,6-
2H2]glucosee enrichment. 

GlycerolGlycerol concentration and glycerol enrichment. Glycerol concentration 
andd [2-13C]glycerol enrichment during [2-13C]glycerol infusion were measured as 
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describedd elsewhere (1). With an enzymatic method (Roche, Mannhein, Germany) 
thee glycerol concentration was measured in all samples of 12.00 h. 

MucoregulatoryMucoregulatory hormones. Plasma insulin concentration was measured by 
commerciall  RIA (Pharmacia Diagnostics, Upsala, Sweden), C-peptide by 125I 
radio-immunoassayy (Byk Sangtec, Dietzenbach, Germany), plasma Cortisol levels 
byy fluorescence polarization immunoassay on technical device X (Abbott 
Laboratories,, Chicago, 111), Growth hormone by chemiluminescence immunometric 
assayy (Nichols Institute Diagnostics, San Juan Capistrano, CA), glucagon by RIA 
(Lincoo Research Inc., St. Charles, MO; glucagon-antiserum elicited in guinea pigs 
againstt pancreatic specific glucagon; cross reactivity with glucagon-like substances 
off  intestinal origin less than 0.1%), and plasma epinephrine and norepinephrine by 
highh performance liquid chromatography with fluorescence detection, using a-
methyll  norepinephrine as internal standard (32). 

Statistics Statistics 

Dataa were analyzed by a two-sided nonparametric test for paired samples 
(Wilcoxonn matched pairs test). A p-value of less than 0.05 was considered to 
representt a statistical significant difference. 

Results Results 

ComparisonComparison of the [2-13C]glycerol and the 2H20 method 
Plasmaa glucose concentrations were not different between the 

[2-13C]glyceroll  and the 2H20 studies. Starting values were 5.0  0.5 mM on the 
[2-13C]glyceroll  day vs. 5.3  0.5 mM on the 2H20 day. Table 3 gives the measured 
Mll  and M2 values for the different molecules during the respective protocols. The 
calculatedd values for triose phosphate precursor pool enrichment (p), fractional 
GNGG (f) and [6,6-2H2]glucose enrichment on [2-13C]glycerol study day and the 
measuredd values for deuterium enrichment on C5 position, total body water 
enrichment,, plasma water enrichment and [6,6-2H2]glucose enrichment on 2H20 
studyy day are given in Table 4. The rates of EGP and GNG for the six subjects are 
givenn in Table 5. EGP was not different between both methods (12.2  0.7 on the 
2H200 day vs 11.7  0.3 umol/kg/min on the [2-13C]glycerol day). However, GNG 
ass measured in both methods was different (7.4  0.7 on the 2H20 day vs 4.9  0.6 
(imol/kg/minn on the [2-13C]glycerol day, p=0.03). GNG represents 60.4  6.9 on 
thee 2H20 day vs. 41.0  5.3% on the [2-13C]glycerol day of EGP after an overnight 
fast.. Data for the glycerol concentration, the [2- 13C] glycerol enrichment and the 
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glyceroll  turnover on the day of the [2-13C]glycerol protocol are given in Table 6. 
Theree was no difference in measured plasma values of the glucoregulatory 
hormoness (insulin, Cortisol, C-peptide, growth hormone, glucagon and 
catecholamines)) between the two study days (Table 7). 

ComparisonComparison of the 2H20 method without and with infusion of unlabeled glycerol 
Tablee 3 gives the measured Ml and M2 values for the different molecules 

duringg the respective protocols. The measured values for deuterium enrichment on 
C55 position, total body water enrichment, plasma water enrichment and [6,6-
2H2]]  glucose enrichment on both study days are given in Table 4. The rates of EGP 
andd GNG for the six subjects are given in Table 5. EGP was not different between 
bothh method (12.2  0.7 without glycerol vs 12.3 1 (xmol/kg/min with glycerol 
infusion).. From the enzymatic analysis of the glycerol concentration, it was clear 
thee level of glycerol was about three times as high as on the 2H20 day without 
glyceroll  infusion (188  29 vs 67  7 (xM). but not different between [2-
13C]glyceroll  day and the 2H20 day with glycerol infusion (188  29 vs 190  26 
uMM resp). Also, GNG as measured without and with glycerol infusion was not 
differentt (7.4  0.7 without glycerol infusion vs 7.6  0.9 umol/kg/min with 
glyceroll  infusion). GNG represents 60.4  6.9 without glycerol infusion vs. 62.1
6.9%% with glycerol infusion of EGP after an overnight fast. There was no 
differencee in measured plasma values of the glucoregulatory hormones (insulin, 
Cortisol,, C-peptide, growth hormone, glucagon and catecholamines) between the 
studyy days (Table 7). 
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TableTable 6: Glycerol concentration, [2- C]glycerol enrichment and 

endogenousendogenous rate of appearance of glycerol during the [2-3C]glycerol 

studystudy day. 

Subjectt [Glycerol] (|iM) [2-13C]glycerol glycerol turnover 

No.. baseline 12-13h enrichment ((imol/kg/min) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

47 7 

53 3 

74 4 

59 9 

32 2 

34 4 

56 6 

85 5 

113 3 

78 8 

65 5 

52 2 

60.0% % 

49.4% % 

46.3% % 

51.7% % 

56.8% % 

63.1% % 

2.10 0 

3.23 3 

3.65 5 

2.94 4 

2.40 0 

1.84 4 

Meann 50 75 55% 2.69 

SDD 15.8 22.6 6.5% 0.70 

12-13hh = mean value measured between 12.00 and 13.00 h, which is 3 to 4 

hourss after starting the primed continous infusion of [2-13C]glycerol 
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EquilibrationEquilibration of2H20. 
Inn figure 1 the mean  sd of plasma water enrichments as measured during 

thee 2H20 protocol with unlabeled glycerol infusion are given, clearly demonstrating 
thatt steady state was reached 1 hour before EGP/GNG-analyses. 

FigureFigure 1: Mean  sd (n=6) for the plasma water enrichment during the H2O study with 

glycerolglycerol infusion 

EGP/GNGG measurements 

11 \ i 

HiHi  1 

11  1 ' 1  1  1  1  1  1 ' r 
88 9 10 11 12 13 14 15 16 

timee of day (h) 

Discussion Discussion 
Thiss study indicates that the use of  2H20 and [2-13C]glycerol for measuring 

GNGG yield different results when compared under identical conditions. There appears 
too be a difference in the rate of GNG between both methods representing -18% of 
EGPP after an overnight fast. Since the rate of EGP was not different between both 
studies,, the diet prior to both studies was strictly controlled and the order of the two 
studiess was determined by random assignment, this discrepancy can not be explained 
byy differences in study design. 

Ourr data from the [2-13C]glycerol method are in good agreement with the data 
providedd by the original publications, the rate of GNG representing ~36 % of EGP in 
11-hh fasted subjects (8). Using the 2H20 method, our data show fractional GNG 
percentagess comparable to those published by Landau (60% of EGP in our study vs. 

p. . 

0.75 5 

0.50--

0.25 5 

0.00 0 
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477 to 60 % (2;15;22). Therefore, when comparing the data in the original publications, 
thee rates of GNG yielded by both methods seem to be different (19), the 2H20 data 
yieldingg higher or, conversely, the [2-13C]glycerol data yielding lower rates of GNG. 

AA major assumption in the application of mass isotopomer distribution 
analysiss to measure GNG is that there is a single triose phosphate pool. However, 
Landauu et al. found that the isotopomer distributions in glucose and glucuronic acid 
fromfrom urinary acetaminophen glucuronide on administration of U-13C-glycerol were 
incompatiblee with GNG from a single pool of triose phosphates, which is required for 
MIDAA (13). In contrast, Neese et al. (20) and Hellerstein et al. (5) found that the ratios 
off  doubly labeled/singly labeled ,3C in glucose and glucuronide after infusion of [2-
13C]glyceroll  were identical in rats and humans, supporting the contention of a single 
triosee phosphate pool. Their findings were supported by Peroni et al. who tested the 
validityy of the MIDA approach by [2-13C]glycerol in rats in vivo and in vitro (21). 
Neesee et al and Peroni et al calculated contributions of close to 100% in rats starved 
forr 2 days (15;20;21). In contrast, Landau et al. using [U-I3C]glycerol calculated a 
fractionalfractional contribution of GNG to glucose production of only -60% in 60-h fasted 
humanss (13). In accordance with Landau et al., Previs et al. observed a fractional 
contributionn of GNG of 36-64% using [U-13C]glycerol or [U-13C]lactate in vivo in rats 
starvedd for 2 days, and 84-85% with [2-13C]glycerol in perfused livers of rats starved 
forr 2 days (24). Several explanations have been provided to explain these 
discrepanciess among the different studies employing mass isotopomer distribution 
analysiss in the quantification of GNG. Because there is a marked transhepatic gradient 
off  glycerol, Landau et al. hypothesized that there is a progressive decrease in the 
labelingg of triose phosphates from the periportal to the perivenous region of the liver 
lobuless (13). Different infusion rates of the glycerol tracer could result in differences 
inn the concentration gradient of glycerol across the liver. In accordance with this 
hypothesis,, Previs et al. observed a higher fractional contribution of GNG with 
increasingg glycerol concentrations in liver perfusate (24). However recently they 
showedd that in-vitro the 13C labelling of triose was not equal in all (rat)hepatocytes, 
evenn when exposed to the same substrate concentrations and enrichment (25). They 
thereforee concluded that zonation of other processes than glycerol phosphorylation 
contributess to heterogeneity of triose phosphate labeling from glycerol. Nevertheless, 
thee same group recently reported that reasonable estimates are obtained at glycerol 
infusionn rates sufficiently high to perturb glucose and glycerol metabolism (23). 
Accordinglyy by flooding the liver by high glycerol tracer infusion rates as done in our 
studyy (see also Table 6) the risk of significant underestimation of GNG is less 
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probable.. These data are in accordance with the conclusion by Hellerstein and Neese 
inn a recent extensive review that zonation means that the simple binomial model of 
MIDAA becomes a (probably close) approximation rather than an exact description of 
biosynthesiss (7). On the other hand, we show that the amount of glycerol infused does 
nott affect the endogenous glucose production and the percentage gluconeogenesis as 
measuredd with the 2H20 method (Table 5). 

Thee differences in the rates of GNG measured by the two approaches are the 
resultt of underestimation by the [2-13C]glycerol method (see above) and/or 
overestimationn by the 2H20 method. Analytical problems related to the simultaneous 
administrationn of  2H20 and [6,6-2H2] glucose do not seem to be involved, because 
Chandramoulii  et al showed that this did not affect the measurement of the 
enrichmentss at C2, C5 and C6 of glucose (2). Overestimation of GNG by the 2H20 
methodd might involve processes other than GNG causing erroneously low values for 
C22 enrichment and/or erroneously high values of C5 enrichment in plasma glucose. 
Gluconeogenesiss using the C5/C2 ratio will be overestimated by 1) the degree of 
cyclingg between glucose-6 phosphate and triose phosphate 2) loss of glucose-6-
phosphatee via the pentose cycle 3) transaldolase exchange reactions (22). The 
contributionn of the cycling between glucose-6-phophate and triose phosphate resulting 
inn an increase in the labeling of C5 and thus in an overestimation of gluconeogenesis, 
measuredd with deuterated water, has been estimated by Landau to be 2-3% (22). This 
cyclingg is probably less of a possibility for obtaining an aberrant estimation of 
gluconeogenesiss by MIDA, as changes in Mj and M2 enrichment in this cycle will be 
att random, without a systematic change in a certain direction. Cycling of glucose-6-
phosphatee in the pentose cycle has been judged to give a similar overestimation 
(17;; 18). For the same reason as given above pentose phosphate cycling will not 
influencee the measurement of gluconeogenesis by MIDA. About the quantitative 
aspectss of the transaldolase reactions on the measurement of GNG no estimates can be 
givenn due to lack of data. 

Interestingly,, under conditions where GNG is assumed to be near 100% (after 
aa prolonged fast) the difference between both methods in humans was still consistent, 
AA mean contribution to GNG of 93% of glucose production after 42 hours of fasting 
usingg 2H20 (15) versus only 78% GNG in healthy humans fasted for 60 hours using 
thee [2-13C]glycerol and MIDA method (8). The same discrepancy eg. underestimation 
byy the MIDA and/or overestimation by the 2H20 method is evident. 

Somee remarks can be made about the practical implications of both methods. 
Onee has to keep in mind that the costs for the isotopes are much less for the 2H20 
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methodd than for the [2-13C]glycerol method This however is compensated by the fact 
thatt the laboratory procedures for measuring fractional GNG by the 2H20 method are 
muchh more complicated and take much more time. Another practical difference 
betweenn both is that the 2H20 method requires more blood and is therefore impractical 
inn some conditions like in small children, at least for measurement of C5 enrichment 
(30). . 

Differentt approaches are available to measure gluconeogenesis in vivo, the 
validityy of which is derived from testing the underlying assumptions. Direct 
comparisonn of different methods to measure gluconeogenesis in identical study 
designs,, like the present study, are rare. This study indicates that the measurement of 
GNGG by 2H20 results in higher values man measurement by [2-,3C]glycerol. Due to 
thee lack of a golden standard for the measurement of GNG no firm statements about 
thee most appropriate method can be made. Until a golden standard is accepted for the 
measurementt of GNG that exactly measures gluconeogenesis this is probably not a 
majorr issue as the difference between the MID A and the deuterated water method 
seemss to be constant in a range of physiological rates of gluconeogenesis. The choice 
forr a specific method should therefore also be based on other considerations as 
discussedd above. When data about gluconeogenesis in different studies are compared 
onlyy data obtained with the same method of measurement should be taken in 
consideration,, as not only the MIDA and the deuterated water method give different 
results,, but also the deuterated water method and the NMR approach, when compared 
inn one single study (22). 
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Appendix::  Example of MI D A calculations for  subject 1. 

Althoughh the rationale of the MIDA approach and the calculations have 
beenn described extensively (6; 7) an example of the MIDA calculations used for this 
paperr may illustrate the principle of this approach. Therefore on the following 
pagess the calculations are given for Subject no. 1. The results in this example are 
minimallyy different from the results in Table 4 from the paper because usually 
roundingg of the numbers is not done until the final result is obtained, but in this 
examplee rounding is already done from the beginning to keep things clear. 

CalculationCalculation of the Excess Ml and M2 for different p values 
Inn the MIDA approach [2-13C]glycerol is infused, resulting in enrichment 

off  the triose phosphate pool, the precursor pool for GNG. Glucose produced via 
GNGG is a dimer of two trioses from this precursor pool, and will be labelled on the 
C22 and/or C5 position with 13C from [2-13C]glycerol in agreement with the 
precursorr pool enrichment. For the determination of the precursor pool enrichment, 
pp glucose is derivatized to the dimethyl tetra acetyl saccharate (SAC), which 
impliess the removal of the H or 2H present at C6 position. Therefore this molecule 
doess not contain the 2H on the C6 position originating from [6,6-2H2]glucose, but it 
stilll  contains the 13C atoms from [2-13C]glycerol when present. In the mass 
spectrometricc analysis of SAC using chemical ionization, a fragment of the total 
moleculee minus one acetyl group is measured, which is a fragment with a mass to 
chargee ratio (m/z) for a fragment without natural enrichment or labels of 347. As a 
consequencee of natural enrichment there wil l be a distribution over fractional 
abundancess MO, Ml and M2 for SAC, SAC with one extra 13C from [2-
13C]glyceroll  and SAC with two extra 13C atoms from [2-13C]glycerol. This 
distributionn is given in Tablee 8. 

Supposee the precursor pool enrichment (triose phosphate pool enrichment) 
iss 10% (p=0.10). As glucose is a dimer of two triose phosphates, and the chance to 
obtainn an unlabeled triose phosphate in this case is 0.9 and to obtain a [2-13C] 
labeledd triose phosphate is 0.1, the chance to obtain an unlabeled glucose molecule 
fromm this pool is 0.9 x 0.9= 0.81. Similarly the chance to obtain a glucose molecule 
withh only one label equals 0.9 x 0.1 +0.1 x 0.9 = 0.18, and the chance to obtain a 
glucosee molecule with two 13C labeled triose phosphates equals 0.1 x 0.1 =0.01 
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TableTable 8: Fractional abundances for MO, Ml and M2 in the dimethyl 
tetraacetyltetraacetyl saccharate fragment 

m/z z 

SAC C 

SACC with one extra I3C 

SACC with two extra 13C 

MO O 

347 7 

0.8379 9 

0.0000 0.0000 

0.0000 0.0000 

Ml l 

348 8 

0.1349 9 

0.8469 9 

0.0000 0 

M2 2 

349 9 

0.0273 3 

0.1270 0 

0.8560 0 

Onee can now calculate the fractional abundances for M0, Ml and M2 for this 
precursorr pool enrichment. The calculation of the fractional abundance of a certain 
masss Mi (i = 0, 1 or 2) is: 
Mii  = chance of unlabeled glucose x Mi(SAc) + chance of glucose with one 

extraa 13C label x Mi (SAc with one extra i3C) + chance of glucose with two extra 
CC labels x Mi(SAc with two extra i3C) (Eq. 1) 

Inn our example (p = 0.10 and SAC fragment) this wil l yield the following fractional 
abundances: : 
M00 = 0.81 x 0.8379 + 0.18 x 0.0000 + 0.01 x 0.0000 = 0.6787 
Mll  = 0.81 x 0.1349 + 0.18 x 0.8469 + 0.01 x 0.0000 = 0.2617 
M22 = 0.81 x 0.0273 + 0.18 x 0.1270 + 0.01 x 0.8560 = 0.0535 

Too calculate the excesses of Ml and M2 (EMI and EM2) in glucose derived from 
GNGG during [2-l3C]glycerol infusion one simply subtracts from the values 
obtainedd at a certain p value the value of unlabeled SAC or the baseline. Thus: 
EMii  = Mi (at certain p vaiue) - Mi (SAc) (Eq.2) 
Forr p = 0.10 this results in the following numbers: 
EMII  = M I ^ . H » - M1(SAC) = 0.2617 - 0.1349 = 0.1268 
EM22 = M l ^ i o ) - M2(SAc without no = 0.0535 - 0.0273 = 0.0262 
andd EM2/EM1 = 0.0262/0.1268 = 0.2066 

Thiss EM2/EM1 is characteristic for the precursor pool enrichment of 0.10 
accordingg to the principle of binomial distribution. In this way a range of 
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EM2/EM11 values can be calculated for different p values and finally one can 
constructt a graph of p versus EM2/EM1. A mathematical relation between these 
dataa can be derived resulting in the following equation: 
pp = 5.3236 x (EM2/EM1)5 -10.901 x (EM2/EM1)4 + 10.288 x (EM2/EM1)3 

-- 6.2366 x (EM2/EM1)2 + 2.9377 x (EM2/EM1) - 0.3139 (Eq. 3) 

Forr Subject 1 we measured a baseline value for Ml of 0.1341 and of M2 of 0.0277. 
Afterr infusion of [2-13C]glycerol Ml is 0.2436 and M2 is 0.0618 (see Table 3) 
Subsequently,, for Subject 1: 
EMII  = 0.2436 - 0.1341 = 0.1095 and 
EM22 = 0.0618 - 0.0277 = 0.0341 
yieldingg an EM2/EM1 ratio of 0.3114 and resulting in a p value of 0.2199 or p is 
21.99%% when using equation 3. 

CalculationCalculation ofAj and the percentage GNG (f) 
Ai**  is the maximal value of EMI that can be reached at a certain p value, 

whichh is the EMI that is calculated for a certain p in the example above. For 
instance,, p is 0.10 gives an Ai*  of 0.1268. Physiologically this is the EMI value in 
thee situation where there is 100 % GNG. One can construct a graph of Ai*  versus 
thee p values and mathematically a polynome fitting these data can be derived, 
resultingg in: 
A rr = -0.0136p5 - 0.1282p4 + 0.0545p3 - 1.4728p2 + 1.4315p + 6xl0'9 (Eq. 4) 

Forr Subject 1 with a p value of 0.2199 application of Eq. 4 yields for At : 
Ai**  = -0.0136 x (0.2199)5 - 0.1282 x (0.2199)4 + 0.0545 x (0.2199)3 - 1.4728 x 

(0.2199)22 + 1.4315 x (0.2199) + 6xl0'9 = 0.2438 

Thee relative contribution of GNG to the glucose production (f) equals EMI/A] , 
resultingg in the case of Subject lin: 
ff  = EMl/Ai *  = 0.1095/0.2438 = 0.4491 or 44.91% 

CalculationCalculation of the [6,6-2H2j
fglucose enrichment 

Forr the measurement of the [6,6-2H2]glucose enrichment glucose is 
derivatizedd to glucose penta acetate (GPA), and the fragment of the complete 
moleculee minus one acetyl group is measured. For this fragment the mass to 
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TableTable 9: Mass distribution pattern of the measured GPA fragment 

m/z z 

GPA A 

GPAA with one extra label (13C or 2H) 

GPAA with two extra labels (13C or 2H) 

MO O 

331 1 

0.8368 8 

0.0000 0 

0.0000 0 

Ml l 

332 2 

0.1344 4 

0.8461 1 

0.0000 0.0000 

M2 2 

333 3 

0.0255 5 

0.1265 5 

0.8371 1 

chargee ratio (m/z) for a fragment without natural enrichment or labels is 331. The 
masss distribution pattern for this fragment is given in Table 9. In GPA the 
measuredd M2 enrichment will reflect both carbon labels at C2 and C5 position 
fromm incorporation from [2-13C]glycerol infusion as well as the two 2H labels 
derivedd from the infusion of [6,6-2H2]glucose. Consequently one cannot simply 
measuree M2 enrichment, but one has to correct for the underlaying 13C pattern. The 
correctionn is performed as follows. 

Inn our study design in the plasma three kinds of glucose molecules, derived from 
differentt sources are present: original glucose, glucose derived from GNG and 
[6,6-2H2]glucosee all with different mass distribution patterns. Original glucose will 
resultt in a GPA fragment with a mass distribution over M, M+l and M+2 equal to 
thee distribution of unlabeled glucose. The mass distribution of the GPA fragment 
fromfrom [6,6-2H2] glucose is the one of unlabeled glucose, corrected for the fact that 
twoo H atoms are already enriched. The GPA fragment from glucose from GNG has 
aa mass distribution over M, M+l and M+2 equal to the one that corresponds with 
p=0.2199,, which can be calculated using Eq. 1 and the mass distributions of the 
GPAA fragment. Results of these calculations are shown in Table 10. 

TableTable 10: Mass distribution patterns for the GPA fragment from glucose derived 

fromfrom different sources 

MM M+l M+2 

m/zz 331 332 333 

GPAA from original glucose 

GPAA from GNG glucose (p=0.2199) 

GPAA from [6,6-2H2]glucose 

0.8368 8 

0.5092 2 

0.0000 0 

0.1344 4 

0.3721 1 

0.0000 0 

0.0255 5 

0.1003 3 

0.8371 1 
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Noww one can calculate a theoretical calibration curve for [6,6-2H2]glucose 
includingg the correction for the underlying 13C pattern. One has to calculate the 
masss distribution patterns for different [6,6-2H2]glucose enrichments. For Subject 1 
f=0.4491.. When no [6,6-2H2]glucose present ([6,6-2H2]glucose enrichment is 0%) 
thee fraction of glucose molecules having a mass distribution of original glucose 
wil ll  be 1-f and the fraction of glucose molecules having the mass distribution of 
glucosee derived from GNG will be f. In this case this will result in: 

MM = (1-f) x Moriginai glucose + f x MGNGglucose = 0.5501 x 0.8368 + 0.4491 x 
0.50922 = 0.6894 

M+ll  = (1-f) X (M+l original glucose + f x (M+1 )GNG glucose = 0.5501 X 0.1344 + 
0.4491x0.3721=0.2413 3 

M22 = (1-f) x (M+2)originalglucose + f x (M+2)GNGglucose = 0.5501 x 0.0255 + 
0.4491x0.10033 = 0.0592 

Iff  the fraction of [6,6-2H2]glucose molecules is 0.01 ([6,6-2H2]glucose enrichment 
iss 1%) the fraction of glucose molecules having a mass distribution of original 
glucosee will be l-f-0.01, the fraction of glucose molecules having the mass 
distributionn of glucose derived from GNG wil l be f, and the fraction of glucose 
moleculess having the mass distribution pattern of [6,6-2H2]glucose is 0.01, 
resultingg in the total mass distribution pattern of: 

MM = ( l - f - 0 . 0 1) * Monginal glucose + f X MGNG glucose + 0 .01 X M[6(6.2H2]glucose ~ 

0.540 11 x  0.836 8 +  0.449 1 x  0.509 2 +  0.0 1 x  0.000 0 =  0.681 1 

M+ ll  = (l-f-0.01)x(M+l)orig inaigiucose + fx(M+l) GNGglUcose + 0 .01 X 

( M + ll  )[6,6-2H2]glucose = 

0.54011 x 0.1344 + 0.4491 x 0.3721 + 0.01 x 0.0000 = 0.2400 
M+22 = (l-f-0.01) x (M+2)originaigiUC0Se + f x (M+2)GNGgiucose + 0.01 x 

(M+2)[6j6_2H2]glucosee = 

0.54011 x 0.0255 + 0.4491 x 0.1003 + 0.01 x 0.8371 = 0.0673 

Thee calculations for a [6,6-2H2]glucose enrichment of 2% and 3% are similar. The 
nextt step is to calculate the fractional abundances of M2. The fractional abundance 
cann be calculated from the mass distribution pattern according to: 

M22 = (M+2)/(M + (M+l) + (M+2)) 
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Subsequentlyy from these fractional abundances a calibration curve for each subject 
cann be constructed for the [6,6-2H2]glucose enrichment versus M2 which belong to 
thee p and f value of that subject. Linear regression gives the mathematical equation 
off  this calibration curve, resulting in this case in: 
[6,6-2H2]glucosee enrichment = 1.997 x M2 - 0.0716 (Eq. 5) 

Ass can be seen in Table 3 the measured M2 for Subject 1 in GPA was 0.0821 and 
thuss using Eq. 5 this results in a [6,6-2H2]glucose enrichment for Subject 1 of: 
[6,6-2H2]glucosee enrichment = 1.1997 x 0.0821 - 0.0716 = 0.0269 or 2.69% 
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Abstract Abstract 
Too evaluate the effect of dietary carbohydrate content on postabsorptive 

glucosee metabolism, we quantified gluconeogenesis and glycogenosis after 11 days of 
aa high carbohydrate (85% carbohydrate), control (44% carbohydrate) and very low 
carbohydratee (2% carbohydrate) diet in six healthy males. Diets were eucaloric and 
providedd 15% of energy as protein. Post-absorptive glucose production was measured 
byy infusion of [6,6-2H2] glucose and fractional gluconeogenesis by ingestion of  2H20. 
Postabsorptivee glucose production rates were 13.0  0.7, 11.4  0.4 and 9.7  0.4 
junol-kg'-min"11 after high carbohydrate, control and very low carbohydrate diet, 
respectivelyy (p<0.001 between the three diets). Gluconeogenesis was » 14% higher 
afterr the very low carbohydrate diet (6.3  0.2 umol'kg'-min"1; p=0.001) compared to 
thee control diet, but was not different between the high carbohydrate and control diet 
(5.55  0.3 vs 5.5  0.2 junoMtg'^min"1). The rates of glycogenosis were 7.5  0.5 
u-mol-kg'̂ min*1,, 5.9  0.3 nmoMtg'̂ min"1 and 3.4  0.3 u^nol-kg^-min"1, respectively 
(p<0.0011 between the three diets). 

Wee conclude that, under eucaloric conditions in healthy subjects, dietary 
carbohydratee content affects the rate of post-absorptive glucose production mainly by 
modulationn of glycogenosis. In contrast, dietary carbohydrate content affects the 
postabsorptivee rate of gluconeogenesis minimally, evidenced only by a slight increase 
off  gluconeogenesis during severe carbohydrate restriction. 

Introduction Introduction 
NutritionalNutritional intake is an important determinant of the rate of postabsorptive 

glucosee production. There is a direct relation between carbohydrate intake and 
postabsorptivee glucose production (23). Carbohydrate overfeeding increases 
postabsorptivee glucose production (4), whereas fasting reduces glucose production 
(12;22).. Changes in post-absorptive glucose production reflect changes in 
gluconeogenesiss and/or glycogenolysis, because endogenous glucose can only be 
derivedd from gluconeogenesis and glycogenolysis. Quantification of these two 
pathwayss is essential for better understanding of changes in intra-hepatic glucose 
metabolismm induced by variations in carbohydrate intake. Several studies have 
addressedd this issue by measuring incorporation of gluconeogenic precursors into 
glucose.. In perfused livers of rats fed a eucaloric carbohydrate-free diet conversion 
off  alanine and pyruvate to glucose is increased compared to a control diet (6). In 
humans,, conversion of alanine to glucose is decreased after several days of 
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excessivee carbohydrate intake (4). Although alanine is an important precursor of 
gluconeogenesis,, extrapolation to total gluconeogenesis should be interpreted with 
caution. . 

Recently,, Landau et al. described the use of  2H20 for the measurement of 
gluconeogenesiss (2; 14). This method allows for quantification of total 
gluconeogenesiss irrespective of the contribution of individual gluconeogenic 
precursors.. To study the effect of dietary carbohydrate content on the contribution 
off  gluconeogenesis and glycogenosis to postabsorptive glucose production, we 
usedd 2H20 and measured the effects of variation of carbohydrate content in 
isocaloricc diets on postabsorptive glucose production and gluconeogenesis in 6 
healthyy men. Each diet was used for 11 days and contained an identical amount of 
proteinss of similar composition, whereas the remainder of the calories consisted of 
onlyy carbohydrates (diet 1), only fat (diet 2) or an approximately equal distribution 
off  carbohydrates and fat (diet 3). 

SubjectsSubjectsff materials and methods 
Subjects Subjects 

Sixx healthy males (age 29-55 yr., BMI 21-26 kg/m2) were studied on three 
separatee occasions after an overnight fast. All subjects were in good health and did 
nott use any medication. All participating subjects gave written informed consent. 
Thiss study was approved by the Medical Ethical Committee of the Academic 
Medicall  Center. 

Diets Diets 
Thee subjects were studied on three occasions, each time after 11 days on a 

differentt diet. The sequence of the three studies was determined by random 
assignment.. The three diets consisted of liquid formulas and contained identical 
amountss (15 % of the calories) and identical protein composition. In addition to the 
proteins,, the high carbohydrate diet (diet 1) contained 85 % of calories in the form 
off  carbohydrates. The control diet (diet 2) contained 44 % of the calories in the 
formm of carbohydrates and 41 % in the form of lipids. The very low carbohydrate 
diett (diet 3) contained 2 % of the calories in the form of carbohydrates and 83 % in 
thee form of lipids. Caloric requirements for each subject were assessed by a 
dieticiann by means of a 3-day dietary journal. Meals with predetermined amounts 
off  calories were taken at six fixed timepoints each day between 8:00 am and 9:30 
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pmm for eleven days. In addition to the diets, the subjects were only allowed to drink 
waterr ad libitum. Subjects were seen daily to receive their diet for the next day. All 
subjectss refrained from alcohol and exercise was limited to normal daily activities 
duringg the experimental diets. Compliance with the diet was assessed by measuring 
thee respiratory quotient, which reflects the ratio of carbohydrate/fat intake (17). 
Respiratoryy quotients were measured after 10 and 11 days of the experimental diet 
afterr an overnight fast of 14 hours with an energy expenditure unit (Sensormedics 
modell  2900, Anaheim, CA, USA) using the ventilated hood technique. For each 
subjectt the period between the beginning of two successive experimental diets was 
8-100 weeks, during which period the subjects used their habitual diet. 

Protocol Protocol 

Thee subjects were admitted to the clinical research center and studied in the 
supinee position. At 06:45 a.m., after an overnight fast of 10 hour, a catheter was 
insertedd in an antecubital vein in each arm. One catheter was used for sampling of 
arterializedd blood using a heated handbox (60 °C). The other catheter was used for 
infusionn of [6,6-2H2]-glucose. At 06:55 a.m. urine and blood samples were taken 
forr determination of background enrichments of body water and plasma glucose, 
respectively.. From 07:00 until 9:00 a.m. 2H20 (>99.8 % enriched, Cambridge 
Isotopes,, Ma) was administered orally every half hour up to a total dose of 5 g/kg 
bodyy water to achieve a deuterium enrichment of body water of approximately 
0.5%.. Body water was estimated to be 60 % of total body weight. At 9:00 a.m., 
afterr taking a blood sample for background enrichment of plasma glucose, a 
primed-continuouss infusion of [6,6-2H2]glucose (>99 % enriched, Cambridge 
Isotopes,, Ma) was started at a rate of 0.33 (xmol/kg/min (prime 26.4 umol/kg). The 
subjectss voided urine at 11.00 a.m., which was discarded. Subsequently a urine 
samplee was obtained between 11.00 and 12.00 a.m. for determination of body 
waterr enrichment. At 11:30, 11:45 and 12:00 a.m. blood samples were taken for 
enrichmentt of [6,6-2H2]glucose and deuterium at C5 of plasma glucose, glucose 
concentrationn and plasma levels of glucoregulatory hormones. During the study, 
subjectss were allowed to drink only water, which was 0.5 % enriched with 2H20. 

AA nalytical procedures 
Plasmaa samples for glucose enrichments of [6,6-2H2]glucose were 

deproteinizedd with methanol (9). The aldonitril penta-acetate derivative of glucose 
(10)) was injected into a gas chromatograph/mass spectrometer system. Separation 
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wass achieved on a J&W DB17 column (30 m x 0.25 mm, df 0.25 |im). Glucose 
concentrationss were determined by gaschromatography using xylose as an internal 
standard.. Glucose was monitored at m/z 187,188 and 189. The enrichment of [6,6-
2H2]]  glucose was determined by dividing the peak area of m/z 189 by the total peak 
areaa and correcting for natural enrichments. 
Too measure deuterium enrichment at the C5 position, glucose was converted to 
hexamethylenetetraaminee (HMT) as described by Landau et al. (14). HMT was 
injectedd into a gaschromatograph mass spectrometer. Separation was achieved on 
ann AT-Amine column (30 m x 0.25 mm, df 0.25 Jim). HMT consists of six 
formaldehydee molecules, originally derived from the C5 of six glucose molecules. 
Thee distribution of the different masses in HMT can be used to calculate the 
originall  deuterium enrichment at C5 by mass isotopomer distribution analysis 
(MIDA )) (9). This adaptation to the method of Landau et al. (14) was validated in 
ourr laboratory and the results from this adapted method were not different from the 
resultss obtained by using a calibration curve with [l,2,3,4,5,6,6-2H7]glucose (98%, 
CIL,, Andover, Ma, US) (n=18, p>0.9 paired t-test). Quality control was 
incorporatedd at two levels. Within each series, unlabeled glucose (Merck, 
Darmstadt,, Germany) was also converted to HMT and M+l in this HMT was 
determined.. If the measured M+l was not within 3% of the theoretical value of 
naturall  abundance of M+l the series was rejected. If the series was accepted a 
secondd control was measured, a plasma sample with repeatedly measured 
deuteriumm enrichment at C5 (0.31 %, n=15, intra-assay coefficient of variation 
8%).. The series was also rejected, if the measured enrichment from the second 
controll  was not within two standard deviations. Deuterium enrichment in body 
waterr was measured by a method adapted from Previs et al (20). All isotopic 
enrichmentss were measured on a gaschromatograph mass spectrometer (model 
68900 gaschromatograph coupled to a model 5973 mass selective detector, equipped 
withh an electron impact ionization mode, Hewlett-Packard, Palo Alto, CA). 

Plasmaa insulin concentration was determined by RIA (Insulin RIA 100, 
Pharmaciaa Diagnostic AB, Uppsala, Sweden), intra-assay coefficient of variation: 
3-55 %, inter-assay c.v.: 6-9 %, detection limit: 15 pmol/1. C-peptide was 
determinedd RIA (RIA-coat c-peptide, Byk-Sangtec Diagnostica GmbH & Co. KG, 
Dietzenbach,, Germany), intra-assay c.v.: 4-6 %, inter-assay c.v.: 6-8 %, detection 
limit :: 50 pmol/1. Cortisol was measured by enzyme-immunoassay on an Immulite 
analyseranalyser (DPC, Los Angeles, CA), intra-assay c.v.: 2-4 %, inter-assay c.v.: 3-7 %, 
detectionn limit: 50 nmol/1. Glucagon was determined by RIA (Linco Research, St. 
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Charles,, MO, USA), intra-assay c.v.: 3-5 %, inter-assay c.v.: 9-13 %, detection 
limit :: 15 ng/1. Norepinephrine and epinephrine were determined by an in-house 
HPLCC method. Norepinephrine: intra-assay c.v.: 6-8 %, inter-assay c.v.: 7-10 %, 
detectionn limit: 0.05 nmol/1. Epinephrine: intra-assay c.v.: 6-8 %, inter-assay c.v. 7-
122 %, detection limit: 0.05 nmol/1. Serum free fatty acids were measured by an 
enzymaticc method (NEFAC; Wako chemicals GmbH, Neuss, Germany), intra-
assayassay c.v. 2-4 %, inter-assay c.v.: 3-6 %, detection limit: 0.02 mmol/1. 

CalculationsCalculations and statistics 

Thee rate of endogenous glucose production (Ra) was calculated by 
dividingg the infusion rate of [6,6-2H2]glucose by the resulting M+2 enrichment of 
plasmaa aldenotril penta-acetate glucose. The fractional rate of gluconeogenesis was 
calculatedd by dividing deuterium enrichment at C5 of plasma glucose by deuterium 
enrichmentt in body water. The absolute rates of gluconeogenesis were calculated 
byy multiplying fractional gluconeogenesis with endogenous glucose production. 
Onlyy absolute rates of gluconeogenesis are reported, unless stated otherwise. 
Glycogenosiss was calculated by subtracting the absolute rate of gluconeogenesis 
fromfrom endogenous glucose production. 

Thee results of the three diets were analyzed with analysis of variance for 
randomizedd block design and Fisher LSD-test when appropriate. A p-value <0.05 
wass considered to be statistically different. Data are presented as means  SE. 

Results Results 

Dietaryy compliance was assessed by measuring the postabsorptive 
respiratoryy quotient after 10 and 11 days of the experimental diets. The respiratory 
quotientt increased with increasing dietary carbohydrate content from 0.73  0.01 to 
0.811  0.01 to 0.86  0.02 (p<0.014 for differences between each diet). The 
postabsorptivee (14 h fast) concentrations of plasma glucose (table 1) were not 
differentt between the high carbohydrate and the control diets, but were lower after 
thee very low carbohydrate diet compared to control diet (p<0.05). The rate of post-
absorptivee glucose production depended on the carbohydrate content of the diets: 
13.00  0.7, 11.4  0.4 and 9.7  0.4 umol-kg'^min"1 after 11 days of high 
carbohydrate,, control and very low carbohydrate diet respectively (p<0.001 
betweenn the three diets). 
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TableTable 1. Postabsorptive concentrations of plasma glucose and glucoregulatory hormones 

afterafter 11 days on high carbohydrate, control and very low carbohydrate diet. 

Glucosee (mmol/1) 

Insulinn (pmol/1) 

C-peptidee (pmol/1) 

Glucagonn (ng/1) 

Cortisoll  (nmol/1) 

Epinephrinee (nmol/1) 

Norepinephrinee (nmol/1) 

high h 
carbohydrate e 

5.111 1 

388 3 

3622  35 

600 4 

2244  14 

0.311 7 

1.944 9 

control l 

5.177 7 

377 3 

4355  73 

577 3 

2177 1 

0.311 5 

1.888 9 

low w 

carbohydrate e 

a a 

b b 

1955  55c 

655 7 

2655  26 

0.244  0.05 

1.855 8 

Resultss are expressed as means  SE.a p<0.05, bp<0.01, cp<0.001 vs control diet. 

Baselinee deuterium enrichments of body water and on the C5 position of 
glucosee at the beginning of each infusion protocol were not different between the 
dietss and equaled natural abundance. Therefore, there was no underestimation of 
fractionalfractional gluconeogenesis due to deuterium label on the C5 position of glucose 
derivedd from previous experiments. Deuterium enrichments on the C5 position of 
glucosee between 11.30 and 12.00 were constant within each experiment. Actual 
enrichmentss of body water and on the C5 position of glucose are shown in table 2. 
Thee postabsorptive rates of gluconeogenesis and glycogenolysis are presented in 
figurefigure 1. Gluconeogenesis was not affected by high carbohydrate diet compared to 
thee control diet, but was ~14 % higher (p=0.001 versus both other diets) after 11 
dayss of very low carbohydrate diet. The rate of glycogenolysis was related to 
dietaryy carbohydrate content with the highest rate after high carbohydrate and the 
lowestt rate after very low carbohydrate intake (p<0.001 between the three diets). 
Afterr 11 days of eucaloric, very low carbohydrate feeding the rate of 
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TableTable 2. Mean deuterium enrichments in body water and on the C5 position of glucose 
betweenbetween 11.30 and 12.00 a.m. 

subjectt high carbohydrate control low carbohydrate 

C55 body water C5 body water C5 body water 
%% % % % % % 

11 0.22 0.55 0.27 0.53 0.34 0.51 

22 0.23 0.48 0.22 0.47 0.29 0.47 

33 0.21 0.53 0.24 0.53 0.32 0.52 

44 0.20 0.44 0.22 0.44 0.31 0.46 

55 0.16 0.39 0.18 0.35 0.28 0.42 

66 0.19 0.43 0.21 0.44 0.34 0.48 

glycogenolysiss was 3.4  0.3 uinol-kg'-min"1 or ~35 % of post-absorptive glucose 
production. . 

Plasmaa insulin and C-peptide concentrations were lower after the very low 
carbohydratee diet compared to the other diets. Other glucoregulatory hormones 
weree not different between the diets (table 1). Plasma concentrations of free fatty 
acidss were higher after the very low carbohydrate diet compared to the control diet 
(0.788  0.12 vs 0.36  0.05 mmol/1, p=0.001), but were not different between 
controll  and the high carbohydrate diet (0.36  0.04 mmol/1). 
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Fig.1.Fig.1. Postabsorptive rates of gluconeogenesis and glycogenolysis after 11 days on high 

carbohydrate,carbohydrate, control and very low carbohydrate diet in 6 healthy men. Values are means 

 SE. * Indicates a significant difference (p< 0,001) compared to the control diet. 
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Discussion Discussion 

Thiss study describes the effects of modulation of carbohydrate content in 
isocaloricc diets on postabsorptive glucose production. The data indicate that the 
postabsorptivee rate of glucose production is a reflection of dietary carbohydrate 
content.. The main mechanism involved is modulation of the rate of glycogenolysis. 
Highh dietary carbohydrate intake results in high postabsorptive rates of 
glycogenolysiss without any change in the rate of gluconeogenesis. After very low 
carbohydratee intake the rate of glycogenolysis is low compared to control feeding 
andd gluconeogenesis is slightly stimulated. 

Inn the present study 2H20 was used to quantify gluconeogenesis. The ratio 
off  deuterium enrichment at the C5 position of glucose over the enrichment in body 
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waterr was used to quantify fractional gluconeogenesis. Chandramouli et al. showed 
thatt deuterium enrichment in body water equals that at the C2 position of glucose 
inn the same study design of isotope administration that we used in the present study 
(2).. Chandramouli et al. also showed that deuterium enrichment at C2 and in body 
waterr was essentially at steady state =1 h after completion of  2H20 intake (2). 
Previouslyy we found that deuterium enrichment in body water was at steady state 
withinn 1 h after completion of  2H20 intake under conditions identical to the present 
studyy (unpublished data). Since samples for determination of gluconeogenesis in 
thee present study were taken 2.5 h after completion of  2H20 it is unlikely that 
steadyy state was not achieved. However, under other conditions, for instance in 
diabetess mellitus, a longer period between 2H20 administration and sampling might 
bee required. 

Anotherr methodological issue may be raised, in that we administered both 
2H200 and [6,6-2H2]glucose, which might result in analytical interference of the 
isotopomers.. However, administration of [6,6-2H2]glucose in the absence of  2H20 
didd not cause a detectable increase above natural abundance in Mi at the C5 
positionn of glucose as was observed by others (7) as well as ourselves (unpublished 
data).. The increase due to administration of  2H20 without [6,6-2H2]glucose in the 
enrichmentt in M2 in the glucose fragment used to measure enrichment from [6,6-
2H2]glucosee was negligible at infusion rates of 0.33 ^imolkg'min"1 [6,6-
2H2]glucosee (unpublished data). Background enrichments for M2 were taken 2 
hourss after the first administration of  2H20, to reduce possible interference even 
further.. Therefore it is very unlikely that the results in the present study are subject 
too methodological errors. 

Too study the effects of varying carbohydrate intake two approaches are 
possible.. Carbohydrates can be simply added to or removed from a standard diet 
withoutt altering absolute amounts of fat and protein, as has been done before. 
Thesee studies indicate that post-absorptive glucose production is related to 
carbohydratee intake (23) and that excessive carbohydrate intake reduces 
gluconeogenesiss (4). However, this approach also affects caloric intake. To our 
knowledge,, studies have not been carried out studying the effect of isocaloric 
changess in carbohydrate to fat ratio on gluconeogenesis and glycogenosis. 
Therefore,, in our approach we replaced carbohydrates by fat to maintain a constant 
caloricc intake. 

Inn the present study the amount and composition of proteins between the 
threee diets were identical, precluding any effect of protein intake on the differences 

120 0 



EffectsEffects of carbohydrates on glycogenolysis and gluconeogenesis 

observedd in our study in postabsorptive glucose metabolism. Interestingly, post-
absorptivee glucose production still amounted to 9.7 umolkg^min"1 after 11 days 
off  carbohydrate but not caloric deprivation, whereas in other studies prolonged 
fastingg resulted in lower rates of glucose production, ranging from 7.9 to 8.7 
umolkg'min"11 (2;10;12;22). These data suggest that the rate of glucose production 
afterr isocaloric carbohydrate deprivation is higher than during carbohydrate 
deprivationn in starvation. This might be attributed to an adequate protein intake 
duringg the very low carbohydrate diet in contrast to starvation, because modulation 
off  protein intake affects glucose production (15; 16). 

Ourr results indicate that the rate of post-absorptive glucose production 
dependss on the amount of carbohydrate intake, as glucose production is reduced by 
diminishingg carbohydrate intake. This reduction in glucose production is caused 
exclusivelyy by a decrease of the rate of glycogenolysis. Glucoregulatory hormones, 
suchh as glucagon, adrenalin, insulin and glucocorticoids, have a distinct 
modulatoryy effects on glycogenolysis (1). It seems unlikely that glucoregulatory 
hormonee levels contributed to the differences in glycogenolysis, since most 
hormonee levels were not different between the diets. Plasma insulin levels were 
evenn lower after the very low carbohydrate diet, which would favour an increase 
ratherr than a decrease of glycogenolysis. Therefore, it is likely that other factors are 
involved.. For instance, the rate of glycogenolysis might, at least in part, be 
regulatedd by hepatic glycogen concentrations. In the present study glycogenolysis 
iss defined as the rate of breakdown of glycogen molecules that were already 
presentt before administration of  2H20, because formation of glycogen from 
gluconeogenesiss and subsequent conversion to glucose during the study would be 
measuredd as gluconeogenesis. Surprisingly, glycogenolysis still accounted for -35 
%% of post-absorptive glucose production after eleven days of virtually absent 
carbohydratee intake, which indicates that glycogen stores were not fully depleted. 
Thiss is supported by the observation that hepatic glycogen concentration in rats 
afterr 4 weeks of high-fat feeding was still =50 % of that of carbohydrate-fed 
animalss (5). Since glycogen could not have been derived from dietary 
carbohydratess after 11 days of carbohydrate deprivation, the contribution of 
glycogenn to postabsorptive glucose production must ultimately have been derived 
fromfrom gluconeogenesis, shuttled to glycogen. 

Thee rate of gluconeogenesis is regulated by several factors, including 
glucoregulatoryy hormones (19). Insulin suppresses gluconeogenesis, whereas 
glucagon,, glucocorticoids and catecholamines enhance gluconeogenesis (18). 
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Otherr factors include free fatty acids, which have been shown to stimulate 
gluconeogenesiss (3). In the present study the rate of gluconeogenesis was not 
differentt between high and intermediate carbohydrate feeding, which is compatible 
withh the fact that neither glucoregulatory hormones nor free fatty acid 
concentrationss were different. The fact that eucaloric, high carbohydrate intake had 
noo suppressive effect on postabsorptive gluconeogenesis appears to be in contrast 
too hypercaloric carbohydrate overfeeding, which reduces gluconeogenesis from 
alaninee (4). This discrepancy may be due to methodological differences as well 
differencess in study design. In the present study total gluconeogenesis was 
measured,, i.e. the sum of all precursors incorporated into glucose, instead of 
incorporationn of a single gluconeogenic precursor. Moreover, hypercaloric 
carbohydratee overfeeding increased glucose and insulin concentrations (4), both 
causingg inhibition of phosphoenolpyruvate carboxykinase activity (7;11), an 
enzymee that contributes to the control of gluconeogenesis. 

Eucaloricc low carbohydrate feeding, i.e. high-fat feeding, stimulated 
gluconeogenesis,, associated with increased plasma free fatty acid and decreased 
plasmaa insulin levels. A similar effect of eucaloric low carbohydrate feeding has 
beenn observed in rats (6). As has been proposed before (6), mitochondrial acetyl 
CoAA probably plays a pivotal role, because after 11 days of virtually no 
carbohydratee intake fatty acids are the main substrate for oxidation, which results 
inn production of large amounts acetyl CoA. Acetyl CoA activates pyruvate 
carboxylase,, which might accelerate gluconeogenesis because pyruvate 
carboxylasee has a high flux control coefficient in gluconeogenesis (8). In addition, 
thee decrease in plasma insulin might also stimulate gluconeogenesis by induction 
off  phosphoenolpyruvate carboxykinase. Therefore, a very low carbohydrate diet 
probablyy stimulates gluconeogenesis by enhanced fatty acid availability and 
reducedd insulin levels. 

Inn conclusion, carbohydrate intake affects post-absorptive glucose 
productionn mainly by modulation of glycogenolysis. The post-absorptive rate of 
gluconeogenesiss is not affected by high carbohydrate intake, but increases after 
eucaloricc very low carbohydrate feeding. 

Acknowledgements Acknowledgements 

Thiss study was supported by the Dutch Diabetes Foundation, grant 96.604. 
Wee thank An Ruiter from the Dept. of Clinical Chemistry for analytical assistance. 

122 2 



EffectsEffects of carbohydrates on glycogenolysis and gluconeogenesis 

ReferenceReference List 

1.. Bollen M, Keppens S, Stalmans W.1998 Specific features of glycogen metabolism 

inn the liver. [Review] [180 refs]. BiochemJ. 336:19-31 

2.. Chandramouli V, Ekberg K, Schumann WC, Kalhan SC, Wahren J, Landau 

BR.. 1997 Quantifying gluconeogenesis during fasting. Am J Physiol 273:E 1209-

E1215 5 

3.. Chen X, Iqbal N, Boden G.1999 The effects of free fatty acids on gluconeogenesis 

andd glycogenolysis in normal subjects. J Clin Invest. 103:365-372 

4.. Clore JN, Helm ST, Blackard WG.1995 Loss of hepatic autoregulation after 

carbohydratee overfeeding in normal man. J Clin Invest. 96:1967-1972 

5.. Conlee RK, Hammer RL, Winder WW, Bracken ML, Nelson AG, Barnett DW. 1990 

Glycogenn repletion and exercise endurance in rats adapted to a high fat diet. 

Metabolism.Metabolism. 39:289-294 

6.. Eisenstein AB, Strack I, Steiner A. 1974 Increased hepatic gluconeogenesis without 

aa rise of glucagon secretion in rats fed a high fat diet. Diabetes. 23:869-875 

7.. Granner D, Andreone T, Sasaki K, Beale E.1983 Inhibition of transcription of the 

phosphoenolpyruvatee carboxykinase gene by insulin. Nature. 305:549-551 

8.. Groen AK, Vervoom RC, Van der Meer R, Tager JM.1983 Control of 

gluconeogenesiss in rat liver cells. I. Kinetics of the individual enzymes and the 

effectt of glucagon. J Biol Chem. 258:14346-14353 

9.. Hellerstein MK, Neese RA.1992 Mass isotopomer distribution analysis: a technique 

forr measuring biosynthesis and turnover of polymers. [Review] [35 refs]. Am J 

Physiol.Physiol. 263:E988-1001 

10.. Hellerstein MK, Neese RA, Linfoot P, Christiansen M, Turner S, Letscher A. 1997 

HepaticHepatic gluconeogenic fluxes and glycogen turnover during fasting in humans. A 

stablee isotope study. J Clin Invest. 100:1305-1319 

123 3 



ChapterChapter 6 

11.. Kahn CR, Lauris V, Koch S, Crettaz M, Granner DK.1989 Acute and chronic 

regulationregulation of phosphoenolpyruvate carboxykinase mRNA by insulin and glucose. 

MolMol Endocrinol. 3:840-845 

12.. Klein S, Sakurai Y, Romijn JA, Carroll RM.1993 Progressive alterations in lipid and 

glucosee metabolism during short-term fasting in young adult men. Am J Physiol. 

265:E801-6 6 

13.. Knap DR. 1979 Handbook of analytical derivatization reactions. 

14.. Landau BR, Wahren J, Chandramouli V, Schumann WC, Ekberg K, Kalhan, 

SC.19966 Contributions of gluconeogenesis to glucose production in the fasted state. 

JJ Clin Invest. 98:378-385 

15.. Lariviere F, Chiasson JL, Schiffrin A, TaveroffA, Hoffer U.1994 Effects of dietary 

proteinn restriction on glucose and insulin metabolism in normal and diabetic 

humans.. Metabolism. 43:462-46 

16.. Linn T, Geyer R, Prassek S, Laube H.1996 Effect of dietary protein intake on insulin 

secretionn and glucose metabolism in insulin-dependent diabetes mellitus. J Clin 

EndocrinolEndocrinol Metab. 81:3938-3943 

17.. McCargar LJ, Clandinin MT, Belcastro AN, Walker K.1989 Dietary carbohydrate-

to-fatt ratio: influence on whole-body nitrogen retention, substrate utilization, and 

hormonee response in healthy male subjects. Am J Clin Nutr. 49:1169-1178 

18.. Pilkis SJ, el Maghrabi MR, Claus TH. 1988 Hormonal regulation of hepatic 

gluconeogenesiss and glycolysis. [Review] [268 refs]. Annu Rev Biochem. 57:755-

783 3 

19.. Pilkis SJ, Granner DK.1992 Molecular physiology of the regulation of hepatic 

gluconeogenesiss and glycolysis. [Review] [140 refs]. Annu Rev Physiol. 54:885-909 

20.. Previs SF, Hazey JW, Diraison F, Beylot M, David F, Brunengraber H.1996 Assay 

off  the deuterium enrichment of water via acetylene. J MOW Spectrom. 31:639-642 

124 4 



EffectsEffects of carbohydrates on glycogenolysis andgluconeogenesis 

21.. Reinauer H, Gries FA, Hubinger A, Knode O, Severing K, Susanto F.1990 

Determinationn of glucose turnover and glucose oxidation rates in man with stable 

isotopee tracers. J Clin Chem Clin Biochem. 28:505-511 

22.. Rothman DL, Magnusson I, Katz LD, Shulman RG, Shulman GI.1991 Quantitation 

off  hepatic glycogenolysis and gluconeogenesis in fasting humans with 13C NMR. 

Science.Science. 254:573-576 

23.. Schwarz JM, Neese RA, Turner S, Dare D, Hellerstein MK.1995 Short-term 

alterationss in carbohydrate energy intake in humans. Striking effects on hepatic 

glucosee production, de novo lipogenesis, lipolysis, and whole-body fuel selection. J 

ClinClin Invest 96:2735-2743 

125 5 





CHAPTERR 7 

Glycogenosiss and Gluconeogenesis in an Extended 

Overnightt Fast in Type 2 Diabetes Mellitus 

Albertoo M. Pereira Arias1,3, Fleur Sprangers1, Eleonora PM Corssmit1, Mariette T 

Ackermans2,, Erik Endert2, Johannes A. Romijn3 and Hans P Sauerwein1 

MetabolismMetabolism Unit, Department of Endocrinology and Metabolism, 2 Department of 

ClinicalClinical Chemistry, laboratory of Endocrinology, Academic Medical Center, University of 

Amsterdam,Amsterdam, Amsterdam, and3 Department of Endocrinology, Leiden University Medical 

Center,Center, Leiden, The Netherlands. 

Diabetes,Diabetes, provisory accepted for publication 

127 7 



ChapterChapter 7 

Abstract Abstract 
Inn healthy subjects, endogenous glucose production adapts to short term 

starvationn (< 24 h) by a decrease in glycogenosis, whereas gluconeogenesis does not 
change.. In type 2 diabetes mellitus plasma glucose concentration decreases faster 
duringg short term starvation. To evaluate the adaptation of glycogenosis and 
gluconeogenesiss to a short extension of the postabsorptive state, we compared in six 
patientss with type 2 diabetes mellitus plasma glucose concentration, endogenous 
glucosee production and gluconeogenesis between 16 to 20 hours of fasting versus 
betweenn 20 to 24 hours of fasting. Endogenous glucose production was measured by 
infusionn of [6,6-2H2] glucose, and gluconeogenesis by administration of  2H20. Between 
166 to 20 h of fasting, plasma glucose concentration as well as endogenous glucose 
productionn decreased by 16% due to a decrease in glycogenosis by 43%. These 
changess occurred without changes in glucoregulatory hormones or FFA. Between 20 
too 24 h of fasting plasma glucose nor endogenous glucose production changed. 
Glycogenosiss decreased by only 8% (p< .05), whereas gluconeogenesis increased by 
10%% (p< .05). Plasma concentations of FFA increased by 31%. These changes were 
associatedd with a decrease in C-peptide levels. These data demonstrate that in type 2 
diabetess mellitus, the adaptation of glucose concentration to the postabsorptive state is 
att least in part caused by a fall in glycogenosis. Subsequently, glycogenosis 
decreasess only minimally and a further decrease in endogenous glucose production is 
preventedd by an increase in gluconeogenesis. Therefore, the pattern of changes in 
glycogenosiss a nd gluconeogenesis induced by short term starvation differs between 
patientss with 2 diabetes mellitus and those previously published in healthy controls. 

Introduction Introduction 
Thee change in plasma glucose concentration during fasting is the result of 

thee changes in postabsorptive endogenous glucose production and peripheral 
glucosee uptake. In healthy individuals, the decrease in plasma glucose 
concentrationn between 16 and 22 hours is minimal (less than 10% from basal) 
(3;4;14),, despite a linear decrease in endogenous glucose production in the same 
periodd by - 20% (2-4). Apparently, a major decrease in plasma glucose is 
preventedd by a decrease in peripheral uptake. The decrease in endogenous glucose 
productionn is due to a decrease in the rate of glycogenosis, whereas the absolute 
ratee of gluconeogenesis remains unchanged (2;3). 
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Inn type 2 diabetes mellitus a different pattern is seen. In several studies 
plasmaplasma glucose concentration was measured at regular intervals during a 24 hour 
fastt (1;5-7;12). These studies show two differences with the data obtained in 
healthyy subjects: a) plasma glucose concentration decreased substantially (-30%) 
betweenn 16 h and 24 hours of fasting, and b) this decrease was non-linear due to a 
levellingg of the rate of decrease after 20 hrs of fasting. Whether this non-linear 
decreasee in plasma glucose concentration in type 2 diabetes mellitus is due to 
changess in gluconeogenesis and/or glycogenolysis is currently unknown. 
Therefore,, we compared in six patients with type 2 diabetes mellitus the changes in 
plasmaa glucose concentration, the rates of endogenous glucose production and 
gluconeogenesiss after 16 to 20 hours of fasting versus 20 to 24 hours of fasting. 
EndogenousEndogenous glucose production was measured by infusion of [6,6-2H2]glucose, and 
gluconeogenesiss by the deuterated water method (10). 

ResearchResearch design and methods 
Subjects Subjects 

Sixx patients with type 2 diabetes mellitus were studied. They had no 
complicationss from their diabetes. Their clinical characteristics are shown in table 
1.. Their mean glycosylated hemoglobin level was 7.5  0.5 % and their BMI 28.0 

 1.5. Except for the presence of type 2 diabetes, they were healthy and were 
takingg no other medication known to affect glucose metabolism. None had been 
treatedd with insulin. Oral antidiabetic drugs were discontinued 72 hours before the 
startt of the study. They consumed a weight-maintaining diet of at least 250 g 
carbohydratess for 3 days before the study. Written informed consent was obtained 
fromfrom all subjects. The studies were approved by the Institutional Ethics and 
Researchh Commities. 

StudyStudy design 

Thee study was designed to compare the adaptation to two different lengths 
off  fast in type 2 diabetes. Since the nadir in plasma glucose concentration is 
expectedd around 20 hours of fasting (1;6;12), an extended overnight fast (16-24 
hours)) was divided into two periods of equal length: one in which the decrease in 
glucosee concentration per hour is supposed to be constant (period A: 16-20 hours of 
fasting),, and one in which the decline in glucose concentration is supposed to be 
minimall  (period B: 20-24 hours of fasting). Each subject served as his or her own 
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controll  and was studied twice on the same day, to exclude confounding effects that 

mightt occur during studies on separate days. 

TableTable 1: clinical characteristics. 

sex x 

m m 

m m 

m m 

m m 

f f 

m m 

5 /1 1 

age e 

yr yr 

54 4 

52 2 

73 3 

65 5 

57 7 

54 4 

59.11 3 

BMI I 

kg/mkg/m2 2 

27.7 7 

32.5 5 

22.0 0 

26.9 9 

31.0 0 

28.0 0 

28.00 5 

GlycHb b 

% % 

6.7 7 

8.5 5 

5.8 8 

8.3 3 

8.9 9 

7.0 0 

7.55 5 

FPG G 

mmol/L mmol/L 

7.5 5 

11.5 5 

7.2 2 

11.9 9 

9.5 5 

8.7 7 

9.44 1 

BMI:: body mass index; Glyc Hb: glycosylated hemoglobin; FPG: fasting plasma glucose 
concentrationn after a 16 hour fast 

Thee study started at 8.00 a.m. after a fasting period of 10 hours. A 19-
gaugee catheter was inserted in a forearm vein for infusion of [6,6-2H2]glucose. 
Anotherr 19-gauge catheter was inserted retrogradely into a wrist vein of the 
contralaterall  arm and maintained at 60 °C in a thermoregulated plexiglass box for 
samplingg of arterialized venous blood. After obtaining a baseline sample for 
determinationn of background isotopic enrichment and plasma glucose 
concentration,, the subjects ingested lg/kg body water 2H20 (99,7 % enriched, 
Cambridgee Isotopes, Cambridge, MA) with intervals of 30 min until a total dose of 
55 g/kg body water was reached. Body water was estimated to be 60% of body 
weightt in men and 50% in women. At the same time a primed, continuous (0.22 \i 
mol/kg/min)) infusion of [6,6-2H2] glucose (99 % enriched, Isotech, Miamisburg, 
OH)) dissolved in sterile isotonic saline and sterilized by passage of the solution 
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throughh a millipore filter (0.2 (Im, Minisart; Sartorius, Gottingen, Germany) was 
started,, and continued throughout the study. The priming dose was adapted to 
plasmaa concentrations according to the formula derived by Hother-Nielsen et al(8): 
adjustedd prime = normal prime (17.6 |imol/kg) x [actual plasma glucose 
concentrationn (mmol/1) / 5 (= normal plasma glucose concentration)]. Fasting 
plasmaa glucose concentration at 8 a.m. was measured at the bedside using a 
Precisionn Q.I.D.™ glucometer (Medisense®, Abbott Laboratories Company, 
Chicago,, 111). 

Att t = 0 (i.e. 16 h of starvation), after a six hour equilibration period of 
[6,6-- H2]glucose infusion, blood samples for measurement of plasma glucose 
concentration,, [6,6-2H2]glucose enrichment, glucoregulatory hormones and free 
fattyy acids (FFA) were obtained every hour until the end of the study (i.e. 24 h of 
starvation).. Blood samples for measurement of enrichment of deuterium at carbon 
55 of glucose and of plasma water were obtained every two hours until the end of 
thee study. During the study water for drinking was allowed which was 0.5% 
enrichedd with 2H20. 

Assays Assays 

Al ll  measurements were performed in duplicate, except of the deuterium 
enrichmentt at carbon 5 of glucose, and all samples from each individual subject 
weree analyzed in the same run. Glucose concentrations and [6,6-2H2]glucose 
enrichmentt in plasma were measured using a method adapted from Reinauer et al 
(11).. The aldonitril penta-acetate derivative of glucose was dissolved in 
ethylacetate.. A calibration graph using xylose as an internal standard was used for 
thee determination of glucose concentration. The enrichment of [6,6-2H2]glucose 
wass determined by dividing the peak area at M+2 by the total peak area of the 
glucosee aldonitril penta-acetate peak and correction for the natural abundance by 
substractingg the natural abundance of the M+2 enrichment from the measured M+2 
enrichment.. The deuterium enrichment at carbon 5 of glucose was measured as 
describedd by Landau et al.(10). Instead of measuring deuterium enrichment at 
carbonn 2 of glucose, we measured body water enrichment as described by van 
Kreell  et al.(15), which yields similar enrichments as hydrogen enrichment at 
carbonn 2 of plasma glucose in the study design used (2). All isotopic enrichments 
weree measured on a gaschromatograph mass spectrometer (model 6890 
gaschromatographh coupled to a model 5973 mass selective detector, equipped with 
ann electron impact ionization mode, Hewlett-Packard, Palo Alto, CA). 
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Plasmaa insulin concentration was measured by commercial RIA (Pharmacia 
Diagnosticss AB, Uppsala, Sweden), plasma Cortisol levels by enzyme-
immunoassayy on an Immulite analyser (DPC, Los Angeles, CA), glucagon by RIA 
(Lincoo Research Inc., St. Charles, MO); glucagon-antiserum elicited in guinea pigs 
againstt pancreatic specific glucagon; cross reactivity with glucagon-like substances 
off  intestinal origin less than 0.1%), and plasma epinephrine and norepinephrine by 
highh performance liquid chromatography with fluorescence detection, using a-
methyll  norepinephrine as internal standard. Free fatty acids were determined by 
usingg the NEFA C kit (code no. 994-75409) from Wako Chemicals (Neuss, 
Germany). . 

CalculationsCalculations and statistics 
Endogenouss glucose production was calculated by the non-steady state 

equationss of Steele (13) in their derivative form. The effective distribution volume 
forr glucose was assumed to be 165 ml/kg. Gluconeogenesis was calculated by 
multiplyingg the fractional contribution of gluconeogenesis (measured deuterium 
enrichmentt at carbon 5 of glucose divided by the measured enrichment in body 
water)) with EGP. Glycogenolysis was calculated as the difference of EGP and 
gluconeogenesis. . 

Thee results are reported as mean  SEM. The data of both periods of 
starvationn were compared by a two-sided non-parametric test for paired samples 
(Wilcoxonn Signed Rank test) and by Spearman's rank test for calculation of 
correlationn coefficients. A p-value of less than 0.05 was considered to represent a 
statisticall  significant difference. 

Results Results 
PlasmaPlasma concentrations of glucose and free fatty acids 

Betweenn 16 to 20 h of fasting plasma glucose concentration decreased by 
16%% (p= .027), whereas between 20 to 24 h of fasting plasma glucose 
concentrationn did not change significantly (Fig. 1 and Table 2). Between 16 to 20 h 
off  fasting plasma concentrations of FFA did not change (0.49 4 vs 0.51 2 
mmol/1),, whereas from 20 to 24 h of fasting the plasma concentrations of FFA 
increasedd by 31% (0.51  0.02 vs 0.67  0.06 mmol/1; p = .027). 
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GlucoseGlucose kinetics 

Betweenn 16 to 20 h of fasting endogenous glucose production decreased by 
16%% (p= .028), whereas prolongation of the postabsorptive state by another four 
hourss did not significantly affect endogenous glucose production (Table 2). 
Metabolicc clearance rate did not change between 16 to 20 h of fasting (1.11  0.11 
vss 0.13  0.1 ml/kg/min) nor during the subsequent 4 hours of fasting (0.13  0.1 
vss 0.12 +0.1 ml/kg/min). 

FigureFigure 1: the changes in plasma glucose concentration (upper panel) and endogenous 

glucoseglucose production and gluconeogenesis (lower panel) from 16 to 20 hours of fas ting and 

fromfrom 20 to 24 hours of fasting. * represents a statistical significant difference from baseline 

(p<(p< .05). 

s s 
G> > 
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Thee deuterium enrichment at carbon 5 of glucose increased gradually from 
26%% after an overnight fast of 16 h to 37% at 24 h of starvation (p = .003). This 
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wass not associated with changes in the deuterium enrichment of plasma water 
(Tablee 3). 

Betweenn 16 and 20 h of starvation glycogenosis decreased by 43% (p= 
.028),, whereas there was no change in the rate of gluconeogenesis (Table 2). 
Betweenn 20 to 24 h of fasting glycogenosis decreased by only 8% (p= .028), 
whereass gluconeogenesis increased by 10% (p= .028). Although glycogenosis 
decreasedd in both periods of fasting, the rate of change was significantly faster 
betweenn 16-20 h versus 20-24 h of fasting (p= .028). 

TableTable 2: The changes in glucose kinetics within the two different fasting periods. 

postabsorptivee state 1 6 " 2 0 h Pv a l u e 2 0 " 2 4 h P value 

fastingg plasma glucose 
o ^ c ii  7 Ü 4 ^ « onn 7.9 5 - 7.5 7 NS 

(mmol/1)) 9.4 9 5 .027 

endogenouss glucose 

productionn 9.5 - 8.0 2 .028 8.0 2 - 8.4 8 NS 

(umol/kg/min) ) 

Gluconeogenesis s 
4.88 0 - 5.3 3 NS 5.3 3 - 5.9 0 .028 

((imol/kg/min) ) 

Glycogenolysis s 
4.77 3 - 2.7 3 .028 2.7 3 - 2.5 4 .028 

((imol/kg/min) ) 

Valuess are expressed as means  SE; NS: not significant. p< .05 represents a statistical 

significantt difference 

HormoneHormone concentrations 
Betweenn 16 to 20 h of fasting plasma concentrations of insulin, C-peptide, 

glucagon,, Cortisol, epinephrine and norepinephrine did not change significantly. 
Betweenn 20 to 24 of fasting plasma only plasma C-peptide concentrations 
decreasedd significantly (Table 4). 
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Discussion Discussion 
Thiss study describes the adaptation of glycogenolysis and gluconeogenesis 

duringg a short prolongation of the postabsorptive state in patients with type 2 
diabetess mellitus. In line with previous obeservations plasma glucose 
concentrationss decrease non-linearly during the first 24 hours of fasting in these 
patients,, unlike the linear changes in healthy subjects (2;3). Moreover, our data 
indicatee that the initial decrease in postabortive glucose concentrations are at least 
inn part the result of a decrease in glycogenolysis, whereas during a slight 
prolongationprolongation of this overnight fast plasma glucose concentrations do not decline 
moree because an increase in the rate of gluconeogenesis compensates for the 
furtherr decrease in glycogenolysis. 

Thee rate of change in plasma glucose concentrations was significanty 
differentt between the two periods of fasting. This is in accordance with previous 
studiess (1;5;7;12). For instance, Faiman and Moorhouse (5) fasted five patients 
withh type 2 diabetes for 72 h and observed that glucose concentrations did not 
furtherr decrease after approximately 24 h of fasting. Thus, stabilization of the 
adaptationn of plasma glucose concentration occurs in type 2 diabetes after 
approximatelyy 20 h of fasting. 

AA non-linear decrease in endogenous glucose production apparently 
preceedss the non-linear decrease in plasma glucose. Only one of the 
abovementionedd studies measured endogenous glucose production during the 
initiall  24 h of starvation in patients with type 2 diabetes (7). Our data are in line 
withh their observation that endogenous glucose production decreases non-linearly 
duringg a prolongation of the postabsorptive state. However, their data obtained 
betweenn 16 and 19 h of fasting might be subject to error, because the priming dose 
off  the glucose tracer was not adjusted for hyperglycemia and isotopic equilibration 
wass not achieved within the initial 19 h of starvation (7). Nonetheless, in type 2 
diabetess the decrease in plasma glucose concentration is non-linear, at least in part 
ass a result of a non-linear fall in endogenous glucose production. 

Thee change in plasma glucose concentration from 16 to 24 h of fasting in 
healthyy subjects is different from type 2 diabetic subjects. In healthy subjects the 
decreasee in glucose concentration is linear (3-5). This is associated with a linear 
decreasee in endogenous glucose production between 16 and 24 h of fasting (3;4), 
duee to a decrease in glycogenolysis whereas gluconeogenesis does not change, as 
hass been convincingly shown by Landau et al and Boden et al (2;3). The decrease 
inn the rate of glycogenolysis seems to be larger in our patients with type 2 diabetes 
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mellitus,, than described in healthy controls (-47 vs -35%). Finally, the regulation 
off  gluconeogenesis during the adaptation to the postabsorptive state is altered in 
patientss with type 2 diabetes, because gluconeogenesis does not change in healthy 
volunteerss between 16 and 24 h of fasting (2;3), whereas gluconeogenesis slightly 
increasess during the same period in our type 2 diabetic patients. 

Thee changes in endogenous glucose production, and thus in 
gluconeogenesiss and glycogenolysis within the first period of fasting occurred 
withoutt significant changes in glucocounterregulatory hormone concentrations. 
Theyy can therefore not explain these changes. Between 20 to 24 h of fasting, 
insulinn secretion diminished, as is reflected by the decrease in C-peptide 
concentrations.. Portal insulin concentrations could thus be decreased between 20 to 
244 h of fasting, possibly explaining the stabilisation of endogenous glucose 
productionn between 20 to 24 h of fasting. Recently the role of FFA as a potential 
regulatorr of glucose production has got attention. In healthy volunteers Chen et al. 
recentlyy (3) demonstrated that lowering of plasma FFA by oral administration of 
nicotinicc acid led to a decrease in gluconeogenesis. After stopping the nicotinic 
acidd a FFA rebound led to an acute increase in gluconeogenesis without 
influencingg endogenous glucose production suggesting a decrease in 
glycogenolysis.. In our observational study in patients with type 2 diabetes similar 
.correlationss were found between plasma concentrations of FFA and 
gluconeogenesis.. In the first period of starvation plasma FFA nor gluconeogenesis 
changed.. In the second period of fasting plasma FFA increased associated with an 
increasee in gluconeogenesis, as could be expected from the data obtained by Boden 
andd others. They proposed that FFA promote gluconeogenesis by increasing the 
productionn of ATP and NADH, as well as by increasing pyruvate carboxylase 
activityy via acetyl-CoA or long-chain fatty acyl-CoA, generated during FFA 
oxidationn (3;9). However, the data from our study do not permit a conclusion with 
respectt to a causal relationship between the changes in FFA and gluconeogenesis. 

Wee conclude that in type 2 diabetes mellitus, the decrease in glucose 
concentrationss during an extension of an overnight fast is, at least in part, caused 
byy a fall in glycogenolysis during the initial period of the fast. Subsequently, the 
decreasee in the rate of glycogenolysis is minimal and a further decrease in 
endogenouss glucose production is prevented by an increase in gluconeogenesis, 
associatedd with an increase in plasma FFA concentrations. Therefore, this pattern 
off  adaptation of glycogenolysis and gluconeogenesis to short term starvation of 24 

138 8 



GlycogenolysisGlycogenolysis and gluconeogenesis in type 2 diabetes 

hh differs between patients with type 2 diabetes mellitus and those previously 
publishedd in healthy volunteers. 
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Typee 2 diabetes mellitus is characterized by postabsorptive hyperglycemia 
andd increased endogenous glucose production. There is a positive correlation 
betweenn the rate of endogenous glucose production and the degree of 
postabsorptivee hyperglycemia: the higher fasting plasma glucose concentration, the 
higherr the rate of endogenous glucose production (8; 10; 13). Factors like 
hyperglucagonemia,, increased availability of gluconeogenic substrates or 
autoregulatoryy effects of glucose can not adequately explain this increase in 
postabsorptivee glucose production. Previous studies in healthy subjects indicated 
thatt intrahepatic paracrine factors may influence basal endogenous glucose 
production.. It is currently unknown, if these paracrine regulators also influence 
basall  endogenous glucose production in type 2 diabetes mellitus. The studies in 
thiss thesis show that the regulatory mechanisms of postabsorptive endogenous 
glucosee production in type 2 diabetes mellitus differ from those in healthy humans. 

8.1.8.1. The role of paracrine factors 
Administrationn of indomethacin, a prostaglandin synthesis inhibitor, to 

patientss with type 2 diabetes increases endogenous glucose production to a similar 
extendd as previously reported by our group in healthy volunteers (by -50% from 
basal)) (6). In contrast, however, to the data in healthy volunteers, in type 2 diabetic 
patientss insulin secretion was inhibited at the same time by ~50%. When 
indomethacinn was administered to these patients together with somatostatin in 
combinationn with insulin and glucagon in order to clamp insulin and glucagon 
concentrationss at basal levels, the stimulatory effect of indomethacin on 
endogenouss glucose production was no longer found. This proves that the 
stimulatoryy effects of indomethacin on hepatic glucose production in type 2 
diabetess mellitus are caused by inhibition of insulin secretion. Superficially, this 
mayy seem the most obvious conclusion. An alternative possibility has to be 
considered:: namely when the modulatory role of paracrine factors is limited to 
situationss where endogenous glucose production is only mildly deranged. In our 
firstt study without somatostatin mean endogenous glucose production increased 
fromfrom 11.2 to a max of 17.8 fimol.kg.min-1, whereas basal endogenous glucose 
productionn in our study with somatostatin was already 16 ^mol.kg.min"1 prior to 
administrationn of indomethacin. It is, therefore, still possible that the influence of 
paracrinee regulation of glucose production is only apparent when glucose 
productionn is between 10 and 16 ^mol.kg.min'1 . A comparable possibility with a 
glucosee regulatory system only active in a certain area of the whole system has also 
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beenn suggested for  the regulation of the glucose production by the plasma glucose 
concentrationn itself (EPM Corssmit, Amsterdam Thesis Publishers 1993). 
Unfortunately,, the studies presented in the present thesis do not permit a 
conclusionn in this respect and additional studies are required to solve this issue. 

Inn this thesis the original aims of the studies were focussed on the 
evaluationn of paracrine, intrahepatic regulation of glucose metabolism by mediators 
lik ee prostaglandins or  cytokines. Rather, in type 2 diabetes, our  data suggest that 
prostaglandinss are involved in the regulation of the secretion of the main 
glucoregulatoryy hormone: insulin. It has been known for  decades that under 
physiologicall  conditions the beta-cell tonically synthesizes prostaglandin E2, a 
processs known to be stimated by glucose (19). On the other  hand, prostaglandin E2 
inhibit ss glucose-induced insulin secretion (17). Thus, it appears unlikely, that, 
althoughh indomethacin inhibit s prostaglandin synthesis, the effect of indomethacin 
onn beta cells is due to inhibitio n of prostaglandin synthesis, because that would 
resultt  in stimulation rather  than inhibitio n of insulin secretion. However, in 
additionn to inhibitio n of prostaglandin synthesis indomethacin also stimulates 
cytokinee production. In healthy humans indomethacin is a potent stimulator  of 
interleukinn (IL)-l-beta , both in vitro as well as in vivo (9). IL- 1 beta stimulates the 
generationn of the inducible form of cyclooxygenase (COX-2), the enzyme 
responsiblee for  generation of prostaglandin E2 from arachidonic acid(16). The 
effectt  of IL- 1 can be either  directly by increasing gene expression of COX-2 
mRNA,, or  indirectly through production of nitri c oxide (NO)(15). Thus, 
stimulationn of IL- 1 by indomethacin could result in inhibitio n of insulin secretion, 
throughh stimulation of COX-2. 

Finally,, inhibitio n of insulin secretion can be accomplished by affecting 
thee signal-transduction pathways of the insulin receptor  itself. For  instance, mice 
withh tissue-specific knockout of the insulin receptor  in beta-cells, but not elsewhere 
inn the body, develop insulin secretory defects similar  to those in type 2 diabetes 
(14).. A functional insulin receptor  on beta-cells thus is a prerequisite for  a normal 
glucose-stimulatedd insulin secretion. Apparently, insulin stimulates its own release 
byy a positive feedback loop through binding to its own receptor  in the beta cell. 
Interestingly,, indomethacin can inhibi t autophosphorylation of the beta subunit of 
thee insulin receptor  (5). Therefore, impairment of the function of the insulin 
receptorr  by indomethacin by inhibitin g autophosphorylation of the beta subunit 
couldd lead to inhibitio n of insulin secretion. 
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Adenosinee is another potential paracrine modulator of endogenous glucose 
production.. Therefore, we evaluated the effect of modulation of adenosine activity 
onn endogenous glucose production in type 2 diabetes mellitus. However, the same 
differencess with respect to insulin secretion between patients with type 2 diabetes 
mellituss and healthy humans was found like with indomethacin (see above), when 
aminophylline,, an adenosine receptor antagonist, was administered to type 2 
diabeticc patients. Administration of aminophylline resulted in a transient inhibition 
off  endogenous glucose production similar to the effect in healthy humans 
associatedd with an increase in insulin secretion, whereas aminophylline did not 
affectt insulin concentrations in healthy volunteers. Despite the fact that plasma 
insulinn concentrations were stimulated in patients with type 2 diabetes, the absolute 
decreasee in endogenous glucose production was less than in healthy volunteers, 
indicatingg that intrahepatic paracrine factors do not play a major role under 
conditionss were insulin secretion is stimulated like in type 2 diabetes mellitus. It 
alsoo indicates that basal insulin secretion is actively inhibited in patients with type 
22 diabetes by mechanisms that involve factors like adenosine. This is in accordance 
withh the only available (in vitro) study on the role of adenosine on pancreatic beta-
cells:: In mouse islets adenosine caused an inhibition of glucose-induced insulin 
release.. This inhibition was no longer observed when insulin release was 
potentiatedd by cAMP (2). Since aminophylline also inhibits phosphodiesterase, it is 
alsoo possible that the stimulatory effect on insulin secretion in type 2 diabetes is the 
resultt of inhibition of phosphodiesterase, resulting in increased cAMP 
concentrations. . 

Inn conclusion, we found no evidence for a modulatory role of intrahepatic 
paracrinee factors in increased postabsorptive glucose production in type 2 diabetes 
mellitus.. However, we did find evidence for altered, probably paracrine, regulation 
off  insulin secretion in type 2 diabetes mellitus, documented by the effects of 
indomethacinn and aminophylline on insulin secretion. 

8.2.8.2. The role of changes in glycogenolysis and gluconeogenesis in postabsorptive 
endogenousendogenous glucose production 

Thee quantification of gluconeogenesis by 2H20 and by [2-13C]glycerol does 
nott involve assumptions regarding the enrichment of the oxaloacetate precursor 
pool.. Although both methods are considered as golden standard, a direct 
comparisonn of these two different approaches had not yet been performed. 
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Whenn compared in healthy postabsorptive males under identical, strictly 
standardized,, eucaloric conditions on three separate occasions, the contribution of 
gluconeogenesiss to glucose production measured after 2H20 administration and 
duringg [2-13C]glycerol infusion appeared to be significantly different, representing 
-600 vs -41% of endogenous glucose production, respectively. Since this 
discrepancyy is not merely caused by infusion of glycerol per se, it probably relates 
too conceptual problems in underlying assumptions in one or both methods. This has 
profoundd implications for the comparison of fractional and absolute gluconeogenic 
ratess in different studies. Only data obtained with the same method of measurement 
shouldd be taken in consideration. 

Inn type 2 diabetes mellitus, the non-linear decrease of plasma glucose 
concentrationn in the postabsorptive state was preceded by a non-linear decrease in 
endogenouss glucose production. This was initially at least in part caused by a fall 
inn the rate of glycogenolysis, whereas later into the fast glycogenolysis only 
decreasedd minimally but a further decrease in endogenous glucose production was 
preventedd by an increase in gluconeogenesis. This pattern of changes in 
glycogenolysiss and gluconeogenesis differs from those previously published in 
healthyy subjects (3;4), in whom the decrease in plasma glucose concentration and 
endogenouss glucose production was linear, due to decreases in glycogenolysis, 
whereass the absolute rate of gluconeogenesis did not change. 
Thee adaptation to short-term starvation thus differs between patients with type 2 
diabetess and healthy subjects: 

1)) in healthy subjects a major decrease in plasma glucose is prevented by a 
decreasee in peripheral uptake, since endogenous glucose production 
decreasesdecreases by about 20% between 16 and 22 hours of fasting, whereas 
plasmaa glucose concentration hardly changes. 

2)) in patients with type 2 diabetes mellitus a decrease in plasma glucose 
concentrationn is not prevented by a decrease in peripheral glucose uptake 
(reflectedd by the metabolic clearance rate, which did no change), but by a 
stabilizationn of endogenous glucose production, through an increase in the 
ratee of gluconeogenesis. 

Changess in endogenous glucose production rather than changes in glucose 
uptakee seem to be the major mechanism in the adaptation to short-term starvation 
inn type 2 diabetes. Type 2 diabetes mellitus is caused by a combination of 
disturbancess in insulin secretion and insulin resistance with respect to glucose 
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uptake.. In healthy subjects the adaptation to short term starvation induces an 
decreasee in insulin sensitivity with respect to glucose uptake. This mechanism 
enabless to maintain plasma glucose levels within certain limits despite a decrease 
inn endogenous glucose production (18), It is tempting to speculate that this 
mechanismm of decreased insulin sensitivity is already present in type 2 diabetes 
mellituss in the postabsorptive state, precluding a further adaptation during short 
termm starvation. Consequently, during short term starvation plasma glucose levels 
inn type 2 diabetes are dependent on the rate of endogenous glucose production, 
ratherr than on the combination of decreasing glucose production and decreased 
glucosee uptake, like in healthy subjects. 

8.38.3 The role of changes in postabsorptive plasma glucose concentration and the 

durationduration of the fast in type 2 diabetes 
Inn contrast to type 1 diabetes, the onset of type 2 diabetes is insidious and 

iss usually recognized only 5-12 years after hyperglycaemia develops. During this 
periodd of undiagnosed diabetes, hyperglycaemia, in combination with lifestyle 
factors,, dyslipidaemia, obesity, insulin resistance and hypertension frequently 
associatedd with type 2 diabetes, promote the initiation and progression of micro-
andd macrovascular complications. This delay in diagnosing the disease results in a 
highh prevalence of chronic complications at the time of actual diagnosis: 
cardiovascularr disease and neuropathy are found in approximately 10% of cases, 
andd retinopathy and nephropathy in 15-20%. It is therefore very important to 
securee earlier detection that leads to fast and aggressive treatment of the 
acceleratedd chronic complications. Since 1985, the diagnose of type 2 diabetes 
mellituss was based according to the WHO criteria (12): fasting plasma glucose 
concentrationn of >7.8 mmol/1 and an impaired oral glucose tolerance test (OGTT) 
(ass measured 2 hours after an oral 75 gram glucose load). Recently, the American 
Diabetess Association (ADA) introduced new diagnostic criteria. These new criteria 
aree based only on fasting plasma glucose levels, avoiding the burdensome OGTT. 
Sincee then, in several studies the 1997 ADA criteria were compared with the 1985 
Worldd Health Organization (WHO) criteria with respect to the prevalence of 
diabetes.. In the Dutch population of the Hoorn Study the prevalence of diabetes 
wass similar for both sets of criteria, but -40% of subjects who were diagnosed with 
diabetess according to the 1997 ADA criteria were not classified as having diabetes 
whenn using the 1985 WHO criteria. Similarly, of 285 subjects diagnosed with 
impairedd fasting glucose by the 1997 ADA criteria, 195 (68.4%) were classified as 
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havingg normal glucose tolerance by the 1985 WHO criteria and the overall 
agreementt was poor (kappa 0.33; 95% CI 0.28-0.38)(7). 

Thee fasting plasma glucose concentration is thus used as the key feature in 
diagnosingg type 2 diabetes mellitus according to the ADA criteria. However, in a 
recentt study comparing the 1997 ADA criteria with the 1985 World Health 
Organizationn (WHO) criteria with respect to the prevalence of diabetes in the U.S. 
population,, the overnight fast was defined by an interval between 9 and 24 hours 
afterr the last meal! (11). 

Ourr studies however clearly indicate that the fasting plasma glucose 
concentrationn is dependent not only on the duration of the fast (thus the time of the 
lastt meal), but also on the composition of the meal. 

Figuree 1 clearly illustrates that that the time of the last meal the evening 
beforee (the duration of the fast), as well as the time of sampling during the day, 
influencess postabsorptive glucose concentration: When the last (carbohydrate) 
containingg meal was taken at 6 pm, mean plasma glucose concentration decreased 
fromm 8 to 11 am the following morning by 1.4 mmol (from 9.3  0.7 to 7.9  0.5 
mmol/1). . 

FigureFigure 1: The effect of: I) time of consumption of last evening meal and of 2) time of 

samplingsampling during the day from 8 a.m. to 5 p.m, on mean (+ SEM) fasting plasma glucose 

concentrationconcentration in patients with type 2 diabetes mellitus. Closed circles: last meal 10 p.m. the 

eveningevening before (n=6).Open circles: last meal at 6 pm the evening before (n=6). 
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Inn another 6 patients with type 2 diabetes plasma glucose concentration 
wass determined after consumption of the last meal at 10 pm. Between 8 and 11 am, 
meann plasma glucose concentration only decreased by 0.6 mmol/1 (from 10.5  0.6 
too 9.9  0.8 mmol/1). 

Thus,, it is well possible, that in some patients, the diagnosis of diabetes 
wil ll  be missed, because the duration of the fast (time of last meal and time of 
samplingg during the day) is not strictly defined, resulting in a prolonged fasting 
period.. Since the diagnosis has such profound implications with respect to 
mortalityy and morbidity, we recommend standardization of the fasting period 
involvedd in the measurement of fasting plasma glucose concentrations in 
individualss screened for impaired glucose tolerance or diabetes mellitus. 

8.4.8.4. Implications for the treatment and future research in patients with type 2 

diabetesdiabetes mellitus 
Thee UKPDS study clearly indicates that the standard therapy for patients 

withh type 2 diabetes mellitus is not extremely effective, even when it is applied as 
strictt as possible, as the HbAiC levels deteriorates over the years(l). Apparently, 
typee 2 diabetes mellitus is a progressive disease, irrespective of therapy. Therefore, 
alternativee approaches are warranted. As increased glucose production is one of the 
hallmarkss of type 2 diabetes, the possibility of alternative explanations for this 
disturbancee with concomitant new possibilities for drug treatment are worthwhile 
too explore. Drugs that modulate the production of prostaglandin's, adenosine and 
possiblee other mediators wil l not be very effective drugs for the treatment of 
hyperglycemia,, not only because dysregulation at the level of Kupffer cell-
hepatocytee interaction is at most only a minor mechanism in the induction of 
hyperglycemiaa in type 2 diabetes mellitus, but also because these mediators are 
involvedd in the regulation of the glucose-stimulated insulin secretion, an other 
hallmarkk of this type of diabetes. 

Thee difference in the response of endogenous glucose production between 
healthyy subjects and type 2 diabetics in the adaptation to short-term starvation 
suggestt that it is worthwhile to explore the pathophysiological background of this 
difference,, particularly because basal endogenous glucose production is the main 
determinantt of fasting plasma glucose concentration. The role of diet in this aspect 
iss an important one to explore in this disease as the data in chapter 6 clearly 
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indicatee that even in healthy subjects eucaloric changes in the composition of a diet 
havee major influences on endogenous glucose production and its components. 
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Summary Summary 

Thee aim of this thesis was to investigate whether certain regulatory 
mechanismsmechanisms of postabsorptive glucose production in healthy individuals also 
influencee the increased endogenous glucose production in the postabsorptive state 
inn patients with type 2 diabetes mellitus. In the first part of this thesis studies are 
presentedd who focus on a possible role of paracrine factors in the modulation of 
postabsorptivee endogenous glucose production in patients with type 2 diabetes 
mellitus.. The second part of this thesis contains studies in healthy adults as well as 
inn patients with type 2 diabetes mellitus, investigating the relative contribution of 
gluconeogenesiss and glycogenolysis to total endogenous glucose production after 
ann overnight fast. 

Inn Chapter 1, the literature is reviewed on the increasing incidence and 
prevalencee of type 2 diabetes mellitus as well as the pathogenesis of the disease: 
failingg insulin secretion and insulin resistance. Postabsorptive glucose metabolism 
iss discussed first in the fysiologie state in healthy humans and then in the 
pathologicc hyperglycemic state in type 2 diabetes. Finally, the methodological 
problemss involved in the measurements of total endogenous glucose production 
andd fractional contribution of gluconeogenesis and glycogenolysis are discussed. 

Inn Chapter 2, the effects of indomethacin, which stimulates glucose 
productionn in healthy adults, and placebo, on endogenous glucose production were 
measuredd in a randomized, placebo-controlled study in patients with type 2 
diabetess mellitus. Endogenous glucose production was measured before and during 
66 hours after administration of placebo/indomethacin, by primed, continuous 
infusionn of [6,6-2H2]glucose. After indomethacin, plasma glucose concentration 
andd endogenous glucose production increased in all subjects by 14 % (p<0.05) and 
488 % (p<0.05), respectively. In the control experiment, plasma glucose 
concentrationn and endogenous glucose production declined gradually in all subjects 
byy 22 % (pO.001) and 17 % (p=0.004), respectively. The stimulation of glucose 
productionn coincided with inhibition of insulin secretion by 52 % within one hour 
afterr administration of indomethacin (pO.001). In the control experiment insulin 
secretionn decreased gradually by 18% after six hours (pO.001). We conclude that 
inn patients with type 2 diabetes, indomethacin inhibits insulin secretion and 
stimulatess endogenous glucose production. 
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Chapterr 3. In chapter 2, it was found that in contrast to the effect in 
healthyy volunteers, the stimulatory effect of indomethacin on endogenous glucose 
productionn in type 2 diabetics coincided with an inhibition of insulin secretion. 
Therefore,, indomethacin or placebo were again administered to patients with type 2 
diabetes,, this time in the presence of continuous infusion of somatostatin, in order 
too block endogenous insulin and glucagon secretion, and infusion of basal 
concentrationss of insulin and glucagon. Endogenous glucose production was 
measuredd by primed, continuous infusion of [6,6-2H2]glucose. A possible direct 
hepaticc paracrine effect of indomethacin on endogenous glucose production can be 
evaluatedd in this study design because of the fixed endocrine conditions. At the 
timee of administration of indomethacin/placebo, plasma glucose concentrations and 
endogenouss glucose production rates were not different between the two 
experimentss (16.4  2.1 vs 16.6  1.3 mmol/1 and 17.7  1.1 vs. 17.0  1.1 
micromol/kg/min,, control vs indomethacin). In the four hours following 
administrationn of indomethacin or placebo plasma glucose concentrations did not 
changee significantly. In accordance, the rates of endogenous glucose production 
weree not different between the two studies. All plasma C-peptide concentrations 
weree below the detection limit of the assay as a reflection of adequate suppression 
off  endogenous insulin secretion by somatostatin. Plasma concentrations of insulin 
(766  5 vs 74  4 pmol/1) and glucagon (69  8 vs 71 + 6 ng/1) were not different 
betweenn the studies. We conclude, that in patients with type 2 diabetes, the 
stimulatoryy effect of indomethacin on endogenous glucose production is caused by 
inhibitionn of insulin secretion. 

Adenosinee is another modulator of endogenous glucose production in 
healthyy humans. In Chapter 4 we evaluated the possible role of adenosine on 
endogenouss glucose production in type 2 diabetes, by administering aminophylline, 
aa potent adenosine receptor antagonist, intravenously to 5 patients with type 2 
diabetess mellitus in a saline-controlled study. Endogenous glucose production was 
measuredd before and for 6 hours after administration of aminophylline/saline, by 
primed,, continuous infusion of [6,6-2H2]glucose. During both experiments, plasma 
glucosee concentration decreased similarly (16 vs 18% from basal, ns). After 
aminophyllinee administration, basal endogenous glucose production was 
transientlyy inhibited within 15 minutes to 70% from basal, whereas it did not 
changee significantly in the control experiment (p= .02). The inhibition of glucose 
productionn coincided with stimulation of insulin secretion to 144% from basal, 90 
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minutess after the administration of aminophylline (p= .008). In the control 
experimentt insulin secretion decreased gradually by 29% after six hours. Thus, 
aminophyllinee stimulates insulin secretion and inhibits endogenous glucose 
productionn in type 2 diabetes. Therefore, we can conclude from these experiments 
thatt basal insulin secretion is actively inhibited in patients with type 2 diabetes 
mellituss by mechanisms that involve factors like adenosine. 

Inn Chapter 5 two new methods for quantification of gluconeogenesis, by 
administrationn of  2H20 and by [2-13C]glycerol and subsequent mass isotopomer 
distributionn analysis (MIDA) of glucose, were compared in healthy postabsorptive 
males.. These methods do not involve assumptions regarding the enrichment of the 
oxaloacetatee precursor pool. Gluconeogenesis was measured under identical, 
strictlyy standardized, eucaloric conditions on three separate occasions: once after 
orall  administration of  2H20, once during a primed continuous infusion of [2-
13C]glycerol,, and once during primed continuous infusion of unlabeled glycerol 
afterr the oral administration of  2H20 to investigate the possible influence of 
glyceroll  infusion on glucose production and the rate of gluconeogenesis. 
Endogenouss glucose production was measured by infusion of [6,6-2H2]glucose. 
Endogenouss glucose production was not different after 2H20 administration or 
duringg [2-13C]glycerol infusion (12.2  0.7 vs. 11.7  0.3 umol/kg.min). However, 
gluconeogenesiss measured after 2H20 administration and during [2-13C]glycerol 
infusionn was 7.4  0.7 vs. 4.9  0.6 umol/kg.min, (p=0.03), representing -60 vs 
- 4 1%% of glucose production, respectively. The infusion of unlabeled glycerol did 
nott affect the measurement of gluconeogenesis with 2H20, viz. 7.4  0.7 without 
glyceroll  vs 7.6 + 0.9 umol/kg.min with glycerol, representing -60 vs -62% of 
glucosee production. Thus, gluconeogenesis measured by 2H20 yields higher results 
thann measured by [2-13C]glycerol. This discrepancy is not merely caused by 
infusionn of glycerol per se. Rather, the discrepancy between both methods 
probablyy relates to conceptual problems in underlying assumptions in one or both 
methods. . 

Nutritionall  intake is an important determinant of the rate of postabsorptive 
glucosee production. In Chapter 6 the effect of dietary carbohydrate content on 
postabsorptivee glucose metabolism was evaluated in healthy volunteers. 
Gluconeogenesiss and glycogenosis were quantified after 11 days of a high 
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carbohydratee (85% carbohydrate), control (44% carbohydrate) and very low 
carbohydratee (2% carbohydrate) diet. Diets were eucaloric and provided 15% of 
energyy as protein. Postabsorptive glucose production was measured by infusion of 
[6,6-2H2]] glucose and gluconeogenesis by ingestion of 2H20. Postabsorptive glucose 
productionn rates were 13.0  0.7, 11.4  0.4 and 9.7  0.4 umolkg'min"1 after 
highh carbohydrate, control and very low carbohydrate diet, respectively (p<0.001 
betweenn the three diets). Gluconeogenesis was =14 % higher after the very low 
carbohydratee diet (6.3  0.2 ^molkg'min"1; p=0.001) compared to the control 
diet,, but was not different between the high carbohydrate and control diet (5.5
0.33 vs 5.5  0.2 umolkg'min"1). The rates of glycogenolysis were 7.5  0.5, 5.9
0.33 and 3.4  0.3 umolkg^min"1, respectively (p<0.001 between the three diets). 
Wee conclude that, in healthy subjects under eucaloric conditions, dietary 
carbohydratee content affects the rate of postabsorptive glucose production mainly 
byy modulation of glycogenolysis. In contrast, dietary carbohydrate content affects 
thee postabsorptive rate of gluconeogenesis minimally, evidenced only by a slight 
increasee of gluconeogenesis during severe carbohydrate restriction. Consequently, 
studiess on postabsorptive glucose metabolism need to control dietary carbohydrate 
intakee more carefully. 

Inn healthy subjects, endogenous glucose production adapts to short term 
starvationn (< 24 h) by a decrease in glycogenolysis, whereas gluconeogenesis does 
nott change. In type 2 diabetes mellitus plasma glucose concentration decreases 
fasterr during short term starvation. In Chapter 7 we therefore evaluated in six 
patientss with type 2 diabetes mellitus the adaptation of glycogenolysis and 
gluconeogenesiss to a short extension of the postabsorptive state. Plasma glucose 
concentration,, endogenous glucose production and gluconeogenesis were 
comparedd between 16 to 20 hours of fasting, versus between 20 to 24 hours of 
fasting.. Endogenous glucose production was measured by infusion of [6,6-
2H2Jglucose,, and gluconeogenesis by administration of 2H20. Between 16 to 20 h 
off fasting, plasma glucose concentration as well as endogenous glucose production 
decreasedd by 16% due to a decrease in glycogenolysis by 43%. These changes 
occurredd without changes in glucoregulatory hormones or FFA. Between 20 to 24 
hh of fasting plasma glucose nor endogenous glucose production changed. 
Glycogenolysiss decreased by only 8% (p< .05), whereas gluconeogenesis increased 
byy 10% (p< .05). Plasma concentations of FFA increased by 31%. These changes 
weree associated with a decrease in C-peptide levels. These data demonstrate that in 
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typee 2 diabetes mellitus, the adaptation of glucose concentration to the 
postabsorptivee state is, at least in part, caused by a fall in glycogenolysis. 
Subsequently,, glycogenolysis decreases only minimally and a further decrease in 
endogenouss glucose production is prevented by an increase in gluconeogenesis. 
Therefore,, the pattern of changes in glycogenolysis and gluconeogenesis induced 
byy short term starvation differs between patients with 2 diabetes mellitus and those 
previouslyy published in healthy controls. 

Samenvatting Samenvatting 

Hett doel van dit proefschrift was om te onderzoeken of bepaalde regulatie 
mechanismenn van de nuchtere glucose produktie bij gezonde mensen, ook van 
invloedd zijn op de verhoogde nuchtere glucose produktie bij patiënten met type 2 
diabetess mellitus. In het eerste deel van het proefschrift worden studies beschreven 
diee focusen op een mogelijke rol voor paracriene factoren in de modulatie van de 
nuchteree glucose productie bij patiënten met type 2 diabetes mellitus. Het tweede 
gedeeltee van het proefschrift bevat studies, uitgevoerd zowel bij gezonde 
volwassenenn als bij patiënten met type 2 diabetes mellitus, die de relatieve bijdrage 
onderzoekenn van gluconeogenese en glycogenolyse aan de totale endogene glucose 
productie,, bestudeerd na een avond en nacht vasten. 

Hoofdstukk 1 geeft een overzicht van de literatuur over de toenemende 
incidentiee en prevalentie van type 2 diabetes mellitus alsmede over de pathogenese 
vann de ziekte: het tekortschieten van de insuline secretie én insuline resistentie. Het 
glucosee metabolisme tijdens kortdurend vasten wordt besproken, allereerst de 
fysiologiee bij gezonde mensen en vervolgens de pathologie van hyperglycaemie bij 
patiëntenn met type 2 diabetes mellitus. Tot slot worden de methodologische 
problemenn besproken bij het meten van de endogene (=totale) glucose productie en 
dee fractionele bijdrage van gluconeogenese en glycogenolyse. 

Inn Hoofdstuk 2 worden de effecten van orale toediening van 
indomethacine,, een stimulator van de glucose produktie bij gezonde volwassenen, 
aann patiënten met type 2 diabetes mellitus, geëvalueerd in een placebo 
gecontrolleerdee studie. De endogene glucose productie werd gemeten vóór en 
gedurendee 6 uren na toediening van placebo/indomethacine, dmv continue infusie 
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vann [6,6-2H2]glucose. Na toediening van indomethacine steeg zowel de plasma 
glucosee concentratie als de endogene glucose produktie bij alle patiënten met 
respectievelijkk 14% (p<0.05) en 48% (p<0.05). Tijdens het controle experiment 
tradd een geleidelijke daling op van zowel de plasma glucose concentratie als de 
endogenee glucose produktie bij alle patiënten van respectievelijk 22% (pO.001) en 
17%% (p=0.004). De stimulatie van de glucose produktie kwam overeen met een 
inhibitiee van de insuline secretie met 52% t.o.v. basaal, binnen 1 uur na toediening 
vann indomethacine (p<0.001). Tijdens het controle experiment verminderde de 
insulinee secretie geleidelijk met 18% na zes uur (pO.001). Wij concluderen dat bij 
patiëntenn met type 2 diabetes mellitus, indomethacine de insuline secretie inhibeert 
enn de endogene glucose productie stimuleert. 

Hoofdstukk 3. In hoofdstuk 2 werd gevonden dat in tegenstelling tot de 
effectenn bij gezonde vrijwilligers, het stimulerende effect van indomethacine op de 
endogenee glucose produktie bij patiënten met type 2 diabetes samenviel met 
inhibitiee van de insuline secretie. Daarom werd indomethacin/placebo opnieuw 
oraall  toegediend aan patiënten met type 2 diabetes, deze keer met continue infusie 
vann somatostatine, om de endogene insuline en glucagon secretie te blokkeren, en 
continuee infusie van basale concentraties insuline en glucagon. De endogene 
glucosee produktie werd gemeten d.m.v. infusie van [6,6-2H2]glucose. Een mogelijk 
directt hepatisch paracrien effect van indomethacine op de endogene glucose 
produktiee kan in deze studie geëvalueerd worden gezien de gefixeerde endocriene 
omstandigheden.. Ten tijde van toediening van indomethacine/placebo, waren 
plasmaa glucose concentraties en glucose productie snelheid niet verschillend tussen 
dee twee experimenten (16.4 + 2.1 vs 16.6  1.3 mmol/1 en 17.7  1.1 vs 17.0  1.1 
(imol/kg/min,, control vs indomethacin). In de vier uren na toediening van 
indomethacinee of placebo veranderde de plasma glucose concentratie niet 
significant.. In overeenstemming hiermee verschilde de glucose produktie evenmin 
tussenn de twee studies. All e plasma C-peptide concentraties waren onder de 
detectielimiett van de assay als een reflectie van adequate suppressie van de 
endogenee insuline secretie door somatostatine. Plasma concentraties van insuline 
(766  5 vs 74  4 pmol/1) en glucagon (69  8 vs 71 6 ng/1) waren niet 
verschillendd tussen de studies. Wij concluderen dat bij patiënten met type 2 
diabetes,, het stimulatoire effect van indomethacine op de glucose produktie 
veroorzaaktt wordt door inhibitie van de insuline secretie. 
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Adenosinee is een andere modulator van de glucose produktie bij gezonde 
volwassenen.. In hoofdstuk 4 onderzochten we de mogelijke rol van adenosine op 
dee endogene glucose produktie bij type 2 diabetes, d.m.v. i.v. toediening van 
aminophylline,, een krachtige adenosine receptor antagonist, versus infusie van 
NaCll  0.9%, bij 5 patiënten met type 2 diabetes mellitus. De endogene glucose 
produktiee werd gemeten vóór en gedurende 6 uren na het begin van de 
aminophylline/NaCll  infusie, d.m.v. (bolus gevolgd door continue) infusie van [6,6-
2H2]glucose.. Tijdens beide experimenten daalde de plasma glucose concentratie 
(166 vs 18% t.o.v. basaal, ns). Na toediening van aminophylline, werd binnen 15 
minutenn de endogene glucose produktie kortdurend geinhibeerd tot 70% van 
basaal,, terwijl tijdens het controle experiment geen significante verandering optrad 
(p== .02). Deze inhibitie van de glucose produktie kwam overeen met stimulatie van 
dee insuline secretie tot 144% van de basale waarde, 90 minuten na toediening van 
aminophyllinee (p= .008). Tijdens het controle experiment daalde de insuline 
secretiee geleidelijk tot 29% na 6 uur. Dus, aminophylline stimuleert de insuline 
secretiee en inhibeert de glucose productie bij patiënten met type 2 diabetes. We 
kunnenn daarom uit deze experimenten concluderen dat de basale insuline secretie 
bijj  patiënten met type 2 diabetes actief geinhibeerd word door mechanismen die te 
makenn hebben met factoren zoals adenosine. 

Inn Hoofdstuk 5 worden 2 nieuwe methoden voor het kwantificeren van 
gluconeogenese,, d.m.v. toediening van 2H20 en d.m.v. [2-13C]glycerol infusie 
gevolgdd door massa isotopomeer distributie analyse (MIDA) van glucose, 
vergelekenn in nuchtere, gezondevolwassen mannen. Deze 2 methoden bevatten 
geenn aannames m.b.t. de verrijking van de oxaloacetaat pool. Gluconeogenese 
werdd gemeten op drie verschillende dagen onder strict gestandariseerde, 
eucalorischee condities: eenmaal na orale toediening van 2H20, eenmaal tijdens 
continuee infusie van [2-13C]glycerol, en eenmaal tijdens continue infusie van 
ongelabeldd glycerol na orale toediening van 2H20 om de mogelijke invloed van 
glyceroll  infusie op de glucose produktie en gluconeogenese te kunnen 
objectiveren.. De endogene glucose produktie werd gemeten d.m.v. infusie van 
[6,6-2H2]]  glucose. De endogene glucose produktie was niet verschillend na 
toedieningg van 2H20 of tijdens [2-,3C]glycerol infusie (12.2  0.7 vs. 11.7  0.3 
jxmol/kg.min).. Echter, gluconeogenese gemeten na toediening van 2H20 en tijdens 
infusiee van [2-13C]glycerol was 7.4  0.7 vs. 4.9  0.6 umol/kg.min, (p=0.03), wat 
~600 vs. respectievelijk - 41% van de totale glucose produktie representeerde. De 
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infusiee van ongelabeld glycerol beinvloedde de gluconeogenese metingen m.b.v. 
2H200 niet: 7.4  0.7 zonder glycerol infusie vs. 7.6  0.9 ^mol/kg.min'1 met 
glyceroll  infusie ( respectievelijk ~60 vs. ~62% van de totale glucose produktie). 
Dus,, gluconeogenese gemeten m.b.v. 2H20 geeft hogere uitslagen dan gemeten 
m.b.v.. [2-,3C]glycerol. Deze dicrepantie wordt niet voornamelijk veroorzaakt door 
dee infusie van glycerol per se. Het is juist veel aannemelijker dat de dicrepantie 
tussenn de twee meetmethoden gerelateerd is aan conceptuele problemen in de 
onderliggendee aannames in één of in beide methoden. 

Voedingg is een belangrijke determinant van de nuchtere glucose produktie. 
Inn Hoofstuk 6 werd het effect gemeten van variabele hoeveelheden koolhydraten 
inn het dieet op de nuchtere glucose stofwisseling bij gezonde vrijwilligers. 
Gluconeogenesee en glycogenolyse werden gekwantificeerd, elf dagen na een hoog 
koolhydraatt (85% koolhydraten), controle (44% koolhydraten) en zeer laag 
koolhydraatt (2% koolhydraten) dieet. De dieten waren cukalorisch en voorzagen 
voorr 15% van de energiebehoefte in de vorm van eiwitten. De nuchtere glucose 
produktiee werd gemeten d.m.v. infusie van [6,6-2H2] glucose en gluconeogenese 
m.b.v.. orale toediening van 2H20. De nuchtere glucose produktie bedroeg 13.0
0.7,, 11.4  0.4 en 9.7  0.4 iimol/kg.min"1 na respectivelyk het hoog koolhydraat, 
controlee en zeer laag koolhydraat dieet (p< 0.001 tussen de drie dieten). 
Gluconeogenesee was -14% hoger na het dieet met zeer laag koolhydraatgehalte 
(6.33  0.2 umol/kg.min"1; p= 0.001) vergeleken met het controle dieet, maar was 
niett verschillend tussen het hoog koolhydraat en controle dieet (5.5  0.3 vs. 5.5 

22 umol/kg.mhï1). Glycogenolyse was respectievelijk 7.5  0.5, 5.9  0.3 en 3.4 
 0.3 ^imol/kg.min"1 (p< 0.001 tussen de drie dieten). We concluderen, dat onder 

eucalorischee condities bij gezonde volwassenen, de hoeveelheid koolhydraten in de 
voedingg de nuchtere glucose productie beïnvloed voornamelijk door veranderingen 
inn glycogenolyse. Daarentegen wordt de nuchtere gluconeogenese door de 
hoeveelheidd koolhydraten in de voeding nauwelijks beïnvloed, wat geïllustreerd 
wordtt door slechts een geringe stijging van de gluconeogenese tijdens ernstige 
koolhydraatt onthouding. 

Tijdenss kortdurend vasten past de endogene glucose produktie zich bij 
gezondee individuen aan door een afname in glycogenolyse, terwijl de 
gluconeogenesee niet verandert. Bij patiënten met type 2 diabetes mellitus daalt de 
plasmaa glucose concentratie sneller tijdens kortdurend vasten. In hoofstuk 7 
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hebbenn we derhalve het effect onderzocht op gluconeogenese en glycogenolyse van 
eenn korte verlenging van de vastenperiode bij 6 patiënten met type 2 diabetes 
mellitus.. Plasma glucose concentratie, endogene glucose productie en 
gluconeogenesee werden vergeleken tussen twee perioden: van 16 tot 20 uur vasten, 
versuss van 20 tot 24 uur vasten. De endogene glucose produktie werd gemeten 
m.b.v.. infusie van [6,6-2H2]glucose en gluconeogenese d.m.v. orale toediening van 
2H20.. In de eerste periode van 16 tot 20 uur vasten daalde zowel de plasma glucose 
concentratiee als de endogene glucose produktie met 16% als gevolg van een 
reductiee van de glycogenolyse met 43%. Deze veranderingen traden op zonder 
veranderingenn in glucoregulatoire hormonen of FFA concentraties. In de periode 
vann 20 tot 24 uur vasten veranderden noch de plasma glucose concentratie, noch de 
endogenee glucose produktie. Glycogenolyse daalde slechts met 8% (p< .05), terwijl 
dee gluconeogenese steeg met 10% (p< .05). Plasma FFA concentraties stegen met 
31%.. Deze veranderingen waren geassocieerd met een daling van de C-peptide 
concentraties.. Deze data demonstreren, dat bij patiënten met type 2 diabetes 
mellitus,, de adaptatie van de plasma glucose concentratie aan kortdurend vasten 
tenminstee gedeeltelijk veroorzaakt wordt door een sterke reductie in glycogenolyse. 
Vervolgens,, daalt de glycogenolyse slechts minimaal verder en wordt een verdere 
dalingg van de endogene glucose produktie voorkomen door een toename in 
gluconeogenese.. We kunnen hieruit dus concluderen, dat het patroon van 
veranderingenn in glycogenolyse en gluconeogenese geïnduceerd door kortdurend 
vasten,, anders is bij patiënten met type 2 diabetes mellitus dan die zoals eerder 
beschrevenn in gezonde controle personen. 
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DANKWOORD D 

Zoalss bekend, kan een dergelijk manuscript niet tot stand komen zonder de steun 
enn inzet van vele anderen. Tevens is bekend dat dit gedeelte van het proefschrift 
hett best belezen is en soms meer prijs geeft van de auteur dan het CV. Ik laat deze 
mogelijkheidd dan ook niet onbenut om diegenen persoonlijk op passende wijze te 
bedanken. . 

Allereerstt mijn promotores: 

Prof.dr.. H.P. Sauerwein, beste Hans. Jij bent de grote initiator van dit proefschrift. 
Toenn ji j mij in 1995 vroeg of ik onderzoek bij de Metabole Groep wilde doen, 
hoefdee ik er niet lang over na te denken. De internist die onoverzichtelijke 
klinischee problemen aan jonge collega's met: 'amice, luister, ten eerste...' op 
briljantee en onnavolgbare wijze wist te deduceren tot simpele en overzichtelijke 
klinischee feiten, wilde o.a. met mij samenwerken. Geen moment heb ik spijt van 
dezee beslissing gehad. All e vooroordelen die ik als jonge assistent over je had zijn 
inn stand gebleven. Als geen ander bezit je de gave waarnemingen te interpreteren 
enn te vertalen naar heldere concepten. Maar er was meer. Welke promotor helpt je 
alss het nodig is om 7 uur 's morgens met bloed afnemen, kan verschrikkelijk lekker 
kokenn en dendert als een kamikaze zwarte pistes in de Franse Alpen af. Deze 
meerwaarde,, met als hoogtepunt de gesprekken samen in de skilift, is aan weinigen 
weggelegd.. Ik ben er trots op tot je vriendenkring gerekend te mogen worden. 

Prof.dr.. J.A. Romijn, beste Hans. Jij bent de grote lanceerbasis van nieuwe ideeën 
enn de motor die altijd voor mij bleef draaien. Velen met mij zien jou als dé internist 
enn ook dé wetenschapper van de toekomst. De vele 'tips' die ik, sinds je mijn 
supervisorr was op zaal, van je heb gekregen bewezen in de loop der tijd ook jou 
meerwaarde:: je beschikt als clinicus, wetenschapper én mens over uitzonderlijke 
kwaliteiten.. Je weet dat ik je daarvoor erg dankbaar ben. Ik ben dan ook erg trots 
datt ook ji j mijn promotor bent, dat we nu samen kunnen werken in Leiden en hoop 
datt we in de toekomst nog veel mooie momenten als collega en vriend zullen 
delen. . 

Naa de promotores is het essentieel zich te realiseren dat er geen proefschrift zou 
zijnn als niet tientallen patiënten zich belangeloos ter beschikking hadden gesteld 
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voorr de onderzoeken. Alle diabetes patiënten, zowel in Hoorn als in Amsterdam, 
will  ik hierbij hartelijk danken voor hun bereidwilligheid deel te nemen aan de 
onderzoeken. . 

Prof.dr.. L.Arisz. U heeft me als assistent aangenomen en de kans gegeven internist 
tee worden. Nooit heeft u me in de steek gelaten en dat zal ik nimmer vergeten. U 
heeftt grote invloed gehad op mijn vorming als internist en ik ben ook erg trots dat u 
ookk nog in de beoordelingscommissie heeft willen plaatsnemen. 

Prof.dr.. R.T. Krediet, prof.dr. R.J. Heine, Dr. A.J.Meijer en Dr. F.A. Wijburg, dank 
ikk voor hun bereidwilligheid plaats te nemen in de beoordelingscommissie van dit 
proefschrift. . 

Prof.dr.W.M.. Wiersinga, mijn opleider in de Endocrinologie. Beste Wilmar, 
ontzettendd bedankt voor de uitermate collegiale manier waarop je me begeleid hebt 
tijdenss de gehele opleiding. Opgeleid worden door dé topper in de endocrinologie 
iss een voorrecht en ik ben daar ontzettend trots op. 

Dr.. G. Nijpels, beste Giel, ik dank je voor de mogelijkheden die je me hebt 
gebodenn om in het Diabetesonderzoekscentrum proeven te doen. Het feit dat je 
zelfss in de weekenden vroeg de de deuren voor me opendeed of een infuus voor me 
inbrachtt als het mij niet lukte, getuigt van intense collegialiteit. 

Mijnn lieve ouders, die aan de basis hebben gestaan van dit alles. Jullie hebben me 
dee kans hebben gegeven arts te worden en me altijd en op alle mogelijke manieren 
gesteund. . 

Mijnn broers Antonio, Hugo en Gustavo. Alhoewel we allemaal een heel 
verschillendd levenspad hebben gekozen, zijn we er altijd voor elkaar als het nodig 
is.. Ik ben er trots op julli e als mijn broers te hebben! 
Mijnn zus Elvira, Querida hermana Elvira, aunque nuestras vidas se separan por 
muchoss kilometros, te quiero mucho y estoy orgulloso de tenerte como mi 
hermana. . 

Mijnn schoonouders Vaclav en Milus" Bouda, voor de manier waarop ze me hebben 
opgenomenn in de familie. Bedankt voor de liefde en vriendschap. 
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Roelof,, Gerrit en Jenneke. In de Sarphatiestraat begon het allemaal in 1985. 
Alhoewell  de 'Amsterdamse periode' is afgelopen weet ik zeker dat we nog 
hartstikkee leuke momenten met elkaar zullen beleven in de toekomst. Dank voor 
allee steun en liefde. 

Paull  Sonke en Abel Kroeders, voor de langdurige en waardevolle vriendschap. 
Naastt het ziekenhuis is er gelukkig een ander leven en in de hectiek van de carrière 
warenn de voetbal-avondjes een welkome afwisseling die naar ik hoop tot in het 
oneindigee door zullen gaan. Daarnaast waren er echter andere momenten die 
typerenn waarom ik trots ben dat julli e tot mijn vriendenkring behoren. Ontzettend 
bedankt! ! 

Bartt Fijnheer en Phillippine de Boer, Karel en Janneke Holtrop, Mare Schultz en 
Watskee Smit, Stephen Tilon, Igor Tulevski, Paul Zuure en Evelien Butter, alhoewel 
wee elkaar weinig zien betekent julli e vriendschap heel veel voor mij. 

Peterr Bisschop en Jesse de Metz, mijn 'maatjes' op F5. Samen hebben we veel 
gedeeldd en altijd waren julli e bereid om me te helpen, en ik mis het nu al. Peter, je 
bereidwilligheidd om me te helpen, in Hoorn of met het oplossen van hormonen in 
dee juiste concentraties om half zeven 's morgens voor de somatostatine clamp, zal 
ikk nooit vergeten. 

All ee ander leden van de Metabole Groep, Noortje Corssmit, Erik Endert, Mieke 
Godfried,, Anne van Kempen, An Ruiter, Fleur Sprangers en Mare van der Valk 
dankk ik voor de prettige manier van samenwerken, ook tijdens de wintersporten! 

All ee medewerkers van het Diabetes Onderzoekscentrum te Hoorn dank ik voor de 
onvoorwaardelijkee gastvrijheid en steun die mij jarenlang is verleend. 

Hett verplegend personeel van de afdeling F5N dank ik voor de talloze extra handen 
diee soms voor of na een proef nodig waren. 

Mij nn paranymphen Mariëtte Ackermans en Walter Vervenne voor hun 
inspanningenn en steun tijdens de (voorbereiding van de) promotie. Mariëtte, de 
uitermatee collegiale manier waarop ik met je heb mogen samenwerken heeft 
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geresulteerdd in een oprechte vriendschap en ik ben dan ook erg blij dat je mijn 
paranymphh wilde zijn. Walter, wij zijn jaargenoten en hebben samen de opleiding 
tott internist gedaan. De vriendschap met jou, Marijke en je kinderen die zich 
sedertdienn heeft ontwikkeld waardeer ik zeer en is voor Lenka en mij zeer kostbaar. 
Dankk dat ook ji j mijn paranymph wilde zijn. 

Lenka,, mijn lief, woorden schieten hier te kort... 
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CurriculumCurriculum Vitae 

Dee schrijver van dit proefschrift werd op 23 november 1966 geboren in Pando, een 
kleinn stadje in het departement Canelones in Uruguay. Sedert 1968 groeide hij op 
inn Nederland waar hij van 1979 tot 1985 het gymnasium doorliep aan het 
Emmauscollegee te Rotterdam. Van 1985 tot 1992 studeerde hij geneeskunde aan de 
Universiteitt van Amsterdam, en verrichtte hij wetenschappelijk onderzoek in het 
Referentiee Laboratorium voor Bacteriële Meningitis te Amsterdam (Hoofd: Dr. L. 
vann Alphen). Direct na het behalen van het arts examen kon hij beginnen als arts-
assistentt op de afdeling Inwendige Geneeskunde van het Academisch Medisch 
Centrum.. De opleiding tot internist (1 oktober 1993 tot 1 januari 1999) werd 
gevolgdd in Amsterdam in het Academisch Medisch Centrum (opleiders prof.dr. 
J.Vreeken,, prof.dr. L.Arisz en prof.dr. E.Briët) en in het Onze Lieve Vrouwe 
Gasthuis,, (opleider Dr. J. Silberbusch). Tijdens de opleiding werd gestart met het 
wetenschappelijkk onderzoek wat aanleiding was voor het huidige proefschrift. Van 
11 oktober 1998 tot 1 april 2000 volgde hij de opleiding voor de aantekening 
Endocrinologiee op de afdeling Endocrinologie en Metabolisme van het 
Academischh Medisch Centrum (opleider prof.dr. W.M. Wiersinga). 
Vanaff  1 april 2000 is hij als staflid verbonden aan de afdeling 
Stofwisselingsziektenn & Endocrinologie van het Leids Universitair Medisch 
Centrum,, te Leiden. 
Hijj  is getrouwd met Lenka en ze verwachten hun eerste kind eind augustus 2000. 

173 3 









STELLINGEN N 

1.. Dé nuchtere bloedsuiker bestaat niet bij patiënten met type 2 diabetes mellitus 
(dit(dit proefschrift) 

2.. De insuline secretie bij type 2 diabetes wordt mede beïnvloed door paracriene 
factorenn rond de bèta cel (dit proefschrift) 

3.. Het vergelijken van de bijdrage van gluconeogenese aan de totale 
glucoseproductiee is slechts legitiem als in de studies dezelfde meetmethode is 
toegepastt (dit proefschrift) 

4.. In de adaptatie aan kortdurend vasten bij type 2 diabetes zijn veranderingen in 
endogenee glucose productie het belangrijkste mechanisme in tegenstelling tot 
dee situatie bij gezonde personen (dit proefschrift) 

55.. Paars duidt zowel in de politiek als in de kliniek op insufficiëntie 

6.. De vooruitgang in het wetenschappelijk onderzoek verlegt de grenzen der 
ethiek k 

7.. Door Pinochet als een vriendelijke man af te schilderen, maakt Margareth 
Thatcherr zich schuldig aan geschiedvervalsing 

8.. Bij oplevering van een nieuwbouwhuis is het aantal gebreken omgekeerd 
evenredigg aan het aantal interventies van de koper tijdens de bouw 

9.. Kwaliteitsdocumenten zijn geen kwaliteitsgaranties 

10.. Het feit dat elke dokter thyroxine kan voorschrijven rechtvaardigt niet het 
voorstell  om de facultatieve stage endocrinologie tijdens de opleiding tot 
internistt af te schaffen 

11.. 'Faith is only possible when there is doubt' (JAMA april 2000, pag 1665) 

Stellingenn behorende bij het proefschrift: 
'Regulationn of postabsorptive glucose production in patients with type 2 diabetes 
mellitus' ' 

A.M.. Pereira Arias 
Amsterdam,, 27 juni 2000 
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