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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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